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Introduction 
 

In contemporary science we can observe more and more specialization in various 
scientific disciplines. This specialization makes that research is conducted with not proper 
consideration of the knowledge of other scientific disciplines even if they belong to the same 
field of knowledge. Thus, the specialists dealing with the theme that belongs to the „Machine 
Building and Operating” discipline, are reluctant to study achievements of the related 
disciplines such as: „Automation and Robotics”, „Electronics”, „Electrical Engineering”, 
„Energetics”, „Computer Science”, „Mechanics” or “ Transport”. Much more unconcerned is 
the knowledge of such disciplines as: „Biocybernetics & Biomedical Engineering” and 
„Biotechnology”, although they are classified to the field of knowledge defined as „technical 
sciences”. The situation is understandable. It follows from the anxiety that study of 
developments in other scientific disciplines may cause falling behind with developments in 
the discipline practiced by the given scientist. In consequence, making a Doctoral Thesis can 
be admittedly easier but making a Habilitation Thesis – much more difficult. Habilitation can 
be achieved among others when a candidate in his/her research output can prove application 
for the first time the knowledge of any other discipline, e.g. „Mathematical Sciences”. 

In each scientific discipline, independently which field of knowledge it belongs to, the 
science is being developed in result of applying proper scientific methods. However, 
regardless of application of the specific methods, in each scientific discipline there are also 
used deductive and inductive methods if the created knowledge is supposed to have essential 
cognitive properties. Deductive methods are used when it is necessary to prove a thesis 
statement (statements). When a hypothesis (hypotheses) is (are) to be verified then the 
inductive or deductive methods are applied. As a rule, underestimated is the method called 
analogy. The analogy, however, enables searching for a common reason (rationale, cause) 
characterizing different research objects (specific for particular scientific disciplines), while 
deduction consists in matching consequence (result, conclusion) to reason, and induction  – 
reason to consequence. 

For this reason it might be of interest to many scientists and also beneficial for 
development of technical sciences to present in the Journal of POLSH CIMAC designed for 
publication of articles concerning the knowledge enclosed in the „Machine Building and 
Operating” discipline, also these works which are classified to other mentioned scientific 
disciplines belonging to the field of knowledge - „technical sciences”, although they are not 
directly related to the theme being  the mainstream of this journal. This volume contains 
precisely this kind of publications. I remain with the conviction that such an approach to the 
dissemination of knowledge comprising both cognitive properties (important for science) and 
utilitarian properties (important in practice of designing, manufacturing and operating 
technical equipment), will contribute to accelerating the development of the technical 
sciences. 

 
          Editor-in-Chief 

prof.  Jerzy Girtler 
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KINEMATICS OF DRUM MOVEMENT OF THE CUTTING UNIT OF A 
STRAW CUTTER 

Andrzej Bochat, Marcin Zastempowski 

University of Technology and Life Sciences in Bydgoszcz 
Faculty of Mechanical Engineering 

ul. Kaliskiego 7, 85-796 Bydgoszcz, Poland 
e-mail: zastemp@utp.edu.pl 

 
Abstract 

 
In the study there have been presented mathematical dependencies describing the kinematics of the drum movement of 
a straw cutter’s cutting unit. Formulating of dependencies may be used at the stage of different types of analyses and 
simulation studies on new drum constructions of cutting units for cutting of a layer of vegetal material into chaff. 

Key words: straw cutter, drum cutting unit, kinematics of movement, vegetal material
 
 
1.Introduction

The drum cutting unit constitutes the basic operating assembly of self-propelled, attached or 
stationary straw cutters. The task of the drum assembly is to cut the vegetal material (stalks or 
stems) into parts of a definite length – into chaff.   

Application of this type of an assembly in straw cutters makes it possible to obtain the required 
degree of material’s size-reduction [1, 3, 4, 7]. 

The rotational motion of a cutting drum results in relocating of cutting knives together with it. 
Knives moving in relation to the immovable counter cutting edge cause at the first stage squeeze – 
pressing of a layer of vegetal material and then its cutting.                             

Feeding of material between the knife’s blade and the counter cutting blade takes place thanks 
to the rotary movement of pulling in-squeezing rollers, which pre-form and compact the material. 

The essence of the process of feeding and cutting of vegetal material with the use of a cutting  
drum is presented in the Fig. 1. 
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Fig. 1. Process of feeding and cutting of vegetal material with the use of a cutting drum: 

1 – layer of material, 2 – upper pulling in- squeezing roller, 3 – pressure plate, 4 – cutting knife, 5 – cutting drum,  
6 – counter cutting edge, 7 – lower pulling in-squeezing roller, 

h0 – height of the layer of material before compacting, h – height of the layer of material after compacting 
 

One of the basic problems facing the design engineers of the straw cutter is the correct 
designing of their operating-drum cutting assembly. It shall be possible on condition of precise 
finding of dependencies between geometrical and kinematic parameters of construction of a given 
drum assembly and the location and thickness of the layer of the cut material. 

It results from the literature studies, that the above issue [1, 2, 3, 4, 5, 6, 7] has not been 
precisely solved yet. 

That is why in this study, the attempt of mathematical description of a cutting drum’s 
movement has been assumed as the basic goal of the work particularly considering its knives at the 
stage of cutting of a material’s layer. 
 
2. Analysis of the issue 

Analyzing a complex movement of a single cutting edge it may be noticed, that the cutting 
speed � c  is a variable value and is strictly determined by the tangential velocity of knives �b  and 
the speed of material feeding �m for cutting. The direction and value of the speed � c , vary 
together with the value of the drum’s rotation angle � . For any location of a knife’s location, 
pursuant to Fig. 2, speed � c may be calculated from dependencies: 
 

                                                   ������ cos222
mbmbc ��� .                                              (1) 

 
 

12



 
Fig.2. Location of the drum rotation’s axis in relation to the counter cutting edge 

 
 

In case of no specific location of the counter cutting edge in relation to the drum’s axis, the 
knife shall cause pushing away of material what shall result in the increase of cutting resistances 
and the increase of unevenness of chaff’s cutting.                                                                                                    

Limiting location of the counter cutting edge at constant thickness of fed layer assuring correct 
cutting shall take place when the component horizontal linear velocity of a knife is equal to the 
material’s feeding speed what takes place when : 
 

                                                           .sin
�
��

b

m�                                                                    (2) 

 
   It results from the analysis of the Fig. 2, that: 

                                                        ,1sin1 ��
�� RRRh

b

m ���                                         (3) 

where: 
 R – radius of cutting drum, 

�� kinematic ratio of a drum cutting assembly specified as a quotient of the tangential velocity       
      �b  of cutting knife to feeding speed �m  of material to be cut. 
 

So, the distance of the counter cutting edge from the drum’s axis in the vertical plane may be 
calculated from the formula: 

                                                                      .2 �
R

hA ��                                                                 (4) 

 
While the distance of the drum rotation’s axis from the counter cutting edge in the horizontal 

plane may be calculated from the dependence: 

                                                .1

2
222 	



�

�


� �����

�
R

hRARb                                                  (5) 

 
From the analysis of equations (4) and (5) it results, that location of counter cutting edge in 

relation to the rotation’s axis of a cutting drum depends on a drum’s radius, thickness of cut laser 
of material and the kinematic index. 
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Due to the fact, that the cutting drum makes rotational motion and material moves with 
uniformly linear motion in its direction, the movement path of knives has the form of a trochoid 
which, pursuant to Fig. 3  is described by a parametric equation: 
 

                                                    ,cos tRtx ma �� ��                                                              (6) 
 

                                                     � �.sin1 tRya ���                                                                 (7) 
 

 
 

Fig.3. Path of drum’s knives in relation to the cut layer of material 
                                                      

In order to determine resultant speed �  and acceleration a  of a knife, one should appropriately 
differentiate equations (6) and (7) and to make appropriate mathematical operations. 
 

Differentiating equations (6) and (7) once, the below was received: 
 

                                                    ,sin tR
dt
dx

m
a

xa ���� ���                                                         (8) 

 

                                                    .cos tR
dt
dya

ya ��� ���                                                            (9) 

 
Taking into account that the resultant speed of the knife is described by the dependence: 

 
                                                    ,22 ��� yaxa ��                                                                      (10) 

 
after conversions there has been received: 
 

                                             .RtsinRmm ������ 222 2 ���                                                  (11) 
 

However, differentiating twice the equations (6) and (7) there has been obtained: 
 

                                                   ,cos2 tR
dt

da xa
xa ��� ���                                                        (12) 
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                                                    .sin2 tR
dt

d
a ya

ya ��
� ��                                                            (13) 

Taking into account that the resultant acceleration of the knife is described by the dependence: 
 

                                                         ,22 aaa yaxa ��                                                                     (14) 
 
after conversion there has been received: 
 

                           � � � � .sincos 222
22 ����� RtRtRa ����                                              (15) 

 
Distances between the adjacent trochoid loops deposited on the layer of cut material are equal 

to each other and constitute the so-called computational cutting length corresponding to the length 
of chaff. 

The theoretical length of chaff l  with sufficient approximation may be calculated from the 
dependence: 

                                                           ,
30 zzn

l mm

�
�

�
�

�
���                                                               (16) 

where: 
��m speed of material feeding, 

�n  rotational speed of cutting drum, 
�� angular velocity of cutting drum, 
�z number of knives. 

 
 
 
3. Final conclusions 

In the light of the conducted analysis of this issue, the following conclusions may be formed: 
 

1. Mathematical dependencies presented in the study describing kinematics of drum 
movement of a cutting assembly of a straw cutter and in particular of its cutting knives, 
constitute the first attempt of comprehensive presentation of that issue. 

 
2. Derived dependencies make it possible to establish relationships between the basic 

operational parameters of a cutting drum and its constructional and geometric features  in 
the aspect of kinematics of the movement of knives cutting the layer of material. 

 
3. Developing the dependencies may be used at the stage of simulation tests with new drum 

constructions of cutting assemblies of a straw cutter and in the process of automation of 
their operation’s steering. 
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CONTROLLING RATE OF DELIVERY OF APPLICATORS AT THE 
HARVEST OF SUBSTRATES BIOGASWORKS - PRELIMINARY ISSUES. 

 
Sylwester Borowski, 

University of Technology and Life Sciences in Bydgoszcz 
al. Prof. S. Kaliskiego 7, 85-789 Bydgoszcz 

tel.: +48 52 3408132 e-mail: sylwa@utp.edu.pl 
 

At the paper preliminary issues concerning applications of preparations preserving to silages were introduced.  
Such silages can be used as forage of animals and substrates of the bio-gasworks.  During the harvest of green fodder 
to silages getting an end product of the better quality is one of more important problems.�It is possible to obtain it 
using additions facilitating ensilage.  Using them allows also for the improvement of the quality of the long preserved 
silage.  One should aspire to it to get regular distributing preparation in the entire capacity of the silo.  In the course 
of the application losses of preparation should be minimal. 
 
Keywords: additives, biogasworks, silage, substrates,  
 
1. Introduction 

Achievement of the best quality products and application of high preservation technology and 
methods for loss reduction in each phase of production are of top priority in plant production. In 
order to achieve this goal it is necessary to implement agricultural-technical procedures consistent 
with the philosophy of precise agriculture whose main element is mapping of crops. It stimulates  
the development of technological solutions connected with recording and processing of data 
concerning the crops. Collected and analyzed in this way information allows to synchronize local 
and temporary land-soil properties with intensity of agricultural -technical processes.  

In case  of harvesting machines, definition of temporary volume of plant stream can not only 
be used for elaboration of a harvest map for a given area but also for determination of a precise 
dose of  supporting preservatives  applied during the harvest. In both cases the development of this 
technology involves improving precision of detection of changes occurring  in the used machines 
which can be associated with a nonlinear rate of the plant stream flow. For this, purpose there are 
used different types of sensors, which properly sited, enable generation of signals which make it 
possible to define the plant material stream volume in a real time.  

Application of additives during silage preparation reduces losses of energy contained in the 
substrate which are connected with lactic fermentation and further storage in silos. Thanks to 
additives it is also possible to obtain a higher level of the biogas yield [3, 2]. 

Nowadays, additives are dosed during the harvest or during loading and placing the plants into 
containers. Although the methods of application of preservatives into fodder plants undergo 
constant modification each of them allows to adjust the preparation dose to: field conditions, kind 
of the harvested plant, type of the additive and model of the harvesting machine or the machine 
loading the material to containers (silos). Methods of the applicator rate control can be divided into 
three basic groups, including: manual, semi-manual and automatic. 
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2. Rate of applicators 

The rate of applicators can be referred to as volume or mass of the preservative , which is being 
applied into the plant material, during a given time This value can be characterized by the 
following formulas:.  
 

 
 (1) 

 
 

 (2) 

where: 
 
Q1 – rate of applicators dosing preservatives in the form of fluid, (ml min-1)  
Q2 – rate of applicators dosing solid preparations, (g min-1)  
V – the preparation volume, (ml), 
m – the preparation mass, (g), 
t – time in which a given mass or volume is placed in the harvested material (min). 
 

Control of the applicator rate enables to match the additive dose withthe applied fodder 
preservation technology, species of plants and recommendations of the preservative producer. One 
of the simplest methods enabling to change the dose of fluid additives is application of a system of 
exchange nozzles. It is the most common solution as it does not affect significantly the costs 
connected with construction of the application installations.  

Another manual solution involves using chocking valves, by means of which, it is possible to 
control flow of the additive. This kind of control is used, among others, in a fluid applicator 
Junkkari HP5 of Finnish production, presented in figure 1. The rate is regulated by screw in the  
flow-meter.  

 

 

Fig. 1. Picture of HP 100 dosing installation of Junkkari company: 1 – cords;
 2 – membrane pumpwith a flow-meter; 3 – container with a preservative with an elastic conduit; 4 – controller; 

5 – nozzle; 6 – leak protection valve 
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2�

3

4 5� 6�

18



A popular solution is also a remote control of the rate by means of electronic controllers. This 
solution involves fixing a regulation device in the tractor cabin (self-propelled straw cutter)by 
means of which the machine operator can control the installation operation [10]. 

By means of a  controller  the operator can cut off the preservative inflow during  manoeuvers. 
The controller has also an automatic summing meter of the flow, thanks to which, it is possible to 
read the actual amount of the pumped additive. Additionally, the system notifies of low amount of 
an additive in the container. If HP 1000 dosing system is equipped with a speed sensor it is 
possible to obtain a  reading in the approximate area from which  the plants have been harvested. 
Moreover, application of  a the controller special mode of operation, after being preprogrammed, 
increases the amount of preservative in relation to the speed [10]. The operation principle of 
automatic dosing systems is  based on defining  temporary mass or volume of the harvestedgreen 
crop. Distribution of the preservatives can also depend on the harvested  fodder plant quality. Such 
an innovative solution is offered by Harvest Tec (USA) in the harvest technology of green fodder 
for hay by means of both roll  and cube balers. It is the most efficient method as it provides not 
only effective distribution of  the preparation measured  dose but also improves the operator’s 
comfort. Additionally, application of such systems reduces losses of additives which contributes to 
decreasing costs of fodder production. It also leads to elimination of the environment degradation 
threat connected with the use of chemical compounds and prolongation of lifetime of the machine 
elements being in direct contact with them [11]. 

Optimal adjustment of the applicator rate has an influence on the level of the aditive losses The 
best solution is to control the dose which is to be adjusted to the plant stream flow changes during 
the harvest machine operation. It has a positive influence not only on improving the preservative  
distribution efficiency but also increases the comfort of work as well as reduces the phenomenon 
of corrosion of elements which are in contact with the preservation solution.  

An assessment of dosing devices operation is based mainly on the degree of mixing  uniformity 
of precisely measured preservative doses with the plant material, with regard to its potential losses. 
Factors which determine the quality of this procedure include: distribution of nozzles applying the 
substance in harvesting or cutting machines and the degree of the plant material fragmentation. A 
uniform distribution of the preservative in the harvested material is the only way to achieve good 
results [4, 5, 6, 7, 16, 8, 9]. 

 
3. Experiment
 

In order to establish the site for green fodder application in a  roll baler the material used for 
the analysis   was a mixture of meadow grass with moisture content 56%. 5% water solution of 
sodium chloride was used as an additive. The preparation of green fodder was added to green 
fodder during its harvest by means of Junkkari HP5 applicator which was mounted in the front part 
of the round baler (fig.1). The applicator was equipped with two vortex nozzles of Hardi with the 
inlet opening diameter Ø 0,025 mm,  pressure was 0,5 MPa. The nozzles were placed in three 
different places (Fig. 2) in such a way that they could spray the additive on the whole width of the 
round baler.  
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Fig. 2. Location of fastening the nozzle of applicator in round baler: I —ahead of the pick-up unit; 

 II —over the pick-up; III —in the front part of the press chamber 
 

The size of  additive losses (water solution of NaCl) was determined basing on the marking of 
CL concentration of ions. The size of these losses is referred to as a ratio of the preparation amount 
left on  measurement plates to the amount given according to dependence: 
 

 (3) 

 
where: 
 
L –losses of sodium chloride % 
Vp–amount of sodium on measurement plates, dm3/ton of green fodder   
Vz–given amount of sodium chloride (control), dm3/ton of green fodder   
 

Measurement distances with length 100 m were determined by means of poles prior to  the test. 
Rollers with plant material were manually arranged in such a way that they were characterized 
with equal height and width and uniform distribution of mass over the whole length. 

The aggregate moved at the speed 4.58 km h-1 (1.27 m s-1). Three plates with dimensions 
1.0 m · 2.5 m  were placed on the line of its pass under green fodder lying in the roller. The plates 
provided coverage of the aggregate whole  working space. Plates were fixed to the ground by steel 
bolts in order to avoid pulling them up during the bale pass. Along the ride of the unit the plate 
was rinsed with the distilled water (100 ml). 

The  solution, obtained in result of rinsing the preparation which remained on the base (plate), 
was put into glass containers. Mrking of the concentration of CL ions was made by mercurymetric 
method [1]. 

Measurements of concentration of CL ions were made for all the locations of nozzles. Tests 
were performed three times. The obtained tests results were subjected to analysis of variance. 
Calculations were performed according to computer program ANAWAR 1.0. Significance of 
differences between experimental groups (different locations of nozzles) was examined  by 
Tukey’s range test. 

3. Results 

On the basis of the obtained results there was made a histogram of sodium chloride losses 
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distribution in dependence on its application to green fodder in roll baler which has been presented 
in figure 3. It shows that in relation to the quantity of the given amount (2.5 dm3 t-1 of green 
fodder), losses of the preparation in the amount 35.6% occurred while dosing it to green fodder 
placed in the roller. It was 12.8%. The smallest losses, in the amount 2.0%, were found for dosing 
it to green fodder lying in the baler. A distinct  losses reduction occurred for dosing the solution 
into green fodder placed in the baler pickup. It was 12.8%. the smallest losses, in the amount of 
2.0%, were found for dosing green fodder in the  front part of the rolling  chamber.  

The carried out statistical analysis of tests results show that losses  of sodium chloride   differ 
statistically significantly between application sites – ahead of the pickup (watered roller of green 
fodder) and application sites above the pickup and in the front part of the prees chamber. 
Statistically significant differences occurred between the application site above the pickup and 
application site in the front part of the rolling  chamber (fig.3). 
 
 

Fig. 3. Distribution histogram for the loss sodium chloride with respect to the location of the applicator in a forage 
harvester. Mounting locations for the applicator: I -ahead of the pick-up unit (the roll of crop sprinkled), II - over the 

pick-up unit, III - in the front part of the bale chamber. The values A and B (denoted by capital letters) are 
significantly different from one another (p 	 0.01), whereas the values a and b (denoted by lower-case letters) are 

statistically significant (p 	 0.05). 
 

Results of markings of the number of  lactic acid bacteria have been presented in table 1. It 
proves that the smallest  amount of lactic acid  bacteria was characteristic for green fodder of 
group I (without additives) with moisture content 81% (6.1% x 102 of units making up cells per 
one gram of green fodder). 
 
 
4. Conclusions 

The location of the applicator significantly affected the loss of additive. The smallest losses 
(about 2%) occurred of the applicators mounted in the front part of the bale chamber, whereas, the 
highest losses (up to 35.6%) occurred with the applications ahead of the pick-up unit. 

For forage of moisture content up to 70% (wet and wilted forage), additive application 
produced silage of higher quality compared with forage without additive. 
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The article deals with the design and the operation principle of presses for forming cylindrical bales from shredded 
materials, there has been made an assessment of the quality of silage obtained from beet pulp prepared by a press 
manufactured by Norwegian company Orkel (model MP 2000 Compactor). It has been proved that quality of the 
obtained fodder does not differ from the quality of fodders formed in long foil sleeves. It has been found that on the 
domestic market machines of this type are not available for small and medium companies. 
 
Keywords: shredded materials, pulp, biogass power plant, silage   
 
1. Introduction 
 

Shredded materials include: pressed pulp, spent grain, sawdust, tree bark, short straw, and 
other production materials often referred to as production waste. Products of plant origin are often 
used as animal fodder for cattle. However, due to limited access to these materials during the 
whole year it can’t be provided throughout it. In such a situation silage of these products seems to 
be a good solution. Silage of fragmented materials with minimum loss is possible only by 
maximum reduction of pollution and ensuring oxygen free conditions of storage throughout the 
whole period of their fermentation, storage and feeding [4,5,6,18]. Such possibilities are provided 
by the newest – currently offered technology of fodder silage in the form of cylindrical bales. This 
technology does not apply merely to fodders collected by a round baller (straw, hay, green crop) 
but also includes solutions basing on stationary machines whose task is to form bales from 
shredded material with simultaneous protecting it from access of air [5,10,15,19]. The silage 
quality obtained for the cylindrical bales depends largely on the material density degree and its 
protection from the air access. 

The density degree is affected mostly by physical properties of the material used for silage, that 
is, dimensions, humidity, elasticity. These properties, apart from their distinct impact on the 
fermentation process course, also affect the use of consumables (net, foil) as well as the costs of 
transport and storage [1,8,13,16,20]. 
 
2. Review of designs of stationary round balers for shredded materials 
 

In the small group of manufacturers of these machines there are two European companies: 
Norwegian company Orkel (MP2000 model Compactor) and Austrian (model LT-Master). 
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Presently, in Poland there are used only two presses by Orkel companies in sugar factories of 
groups: Pfeifer und Langen and Nordzuker. They are used for silage of beet pulp. The design of 
this machine (Fig. 1) is based on a uni-axial chassis. In the back part of the machine (Fig. 1b) there 
is a cutting basket 4, with a horizontal chain - strip conveyor to which the pulp is fed. The basket 
can be supplied directly from the production line or by means of different types of loaders (grip, 
head, telescopic loaders, etc.). The main operation system of the machine is an innovative box for 
rolling bale 2, consisting of powered smooth rollers and two structural rubber belts of length 1.2 
m. The operation box is powered by a channel from the top by means of a inclined chain - strip 
conveyor. 

Formation of the bales is based on the principle of hybrid baller. In the initial phase of its 
operation the rubber belts, run through a stationary rolling chamber and their positions in relation 
to each other is of ‘V’ shape (Fig. 2).  
 
 
 
 
 
 
 
 
 

 
Fig. 1. Press Orkel MP 2000 Compactor: a - general view, b - construction schedule: 1 - wrapper,  

2 - chamber collapse, 3 - inclined conveyor, 4 - receiving basket 
 

Along with supplying the pulp, the chamber successively increases and the rubber belts are 
pressed down to steel rollers. A formed in this way ballot can be protected from falling apart by 
means of a net or polyurethane foil. This process is continued in the rolling chamber. The ballot 
after being wrapped by a net goes to the wrapper table where it is protected from the impact of 
atmospheric factors by 6 layers of standard tensile foil for silages of width 0.75 m. (fig.3). 

After being wrapped by a foil the ballot falls freely on the ground along an inclined ramp. 
Ready ballots can be loaded onto transport means ant carried directly to customers or stored in the 
sugar company. Operation of the machine MP 2000 Copmactor is fully automatic and all functions 
of its subsystems are monitored, displayed and programmed by a controller. According to the 
manufacturer a demand for power is 90 kW and the capacity is within 40-60 bales per hour (to 
60 t h-1 for the bale dimensions 1.2 m x 1.2 m) depending on the pressed material. The source of 
power can be both an agricultural tractor and an electric motor [6]. 

 
Fig. 2. Folding chamber shape in the initial phase of 

work (top view): 1-wrapper, 2-coiled material,  
3- lateral ventricle wall collapse 

 
 

Fig. 3. Formed bale wrapping with stretch film 
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Göweil company offers a press marked with symbol LT-Master (Fig. 4). Its design and the 
operation principle of the main operating system, that is, the rolling chamber, is quite similar to the 
press MP 2000 Compactor. The main differences between presses Orkel and Góweil involve: the 
way of connection with the tractor, the place of drive transmission and the manner of supplying the 
formed bale on the wrapper table. Change of the transporting position into the operating one and 
the other way round does not require its disconnection with the tractor [6]. The design of the 
dumping basket is a big advantage because it can be loaded directly from the self-loading trailer.  

Similar solutions are offered by a Japanese manufacturer Takakita Co, Ltd. This company 
offers presses designed for forming cylindrical bales from fragmented materials with symbol MR -
810 (Fig. 5)., MW 1020 and MW 1220 (Fig. 6). In these machines there is a stationary rolling 
chamber which is an immovable front part 2 and a movable (lifted and lowered) back part 3. A 
distinctive feature of this Japanese manufacturer’ presses is a dumping basket which rises after 
being filled, thus facilitating transport of the material to the pressing chamber [6].  

Machines with symbols MW 1020 and MW 1220 combine a steady-chamber stationary press 
with a dumping basket 2 and wrapper 3 with two rotary arms (Fig. 6).  

 
Fig. 4. Baler G
wel LT-Master: 1-unloading ramp, 2- 

wrapper, 3-chamber collapse, 4-inclined conveyor,  
5-receiving basket 

 
 

Fig. 5. Japanese business newspaper Takakita Co. Ltd 
model MR 810: 1-receiving basket,  

2- the front part of the chamber collapse, 3-back, 
moving part of the chamber collapse 

 

 
 

Fig. 6. Japanese business newspaper Takakita Co. Ltd model MW 1220: 1-chamber collapse, 2-hopper, 
3-wrapper, with two rotating arms 

 
 
3. Analysis of the fodder quality 
 

An analysis of the quality of fodder prepared with the use of Orkel (model MP 2000 
Compactor) has been made. Smples of silage from the pulp in a sugar factory in Opalenica near 
Pozna� belonging to the Nordzucer Polska Group. Silage had been stored for 8 weeks in bales. 
Samples for assessment were taken from 15 different sites of the bale (7). 
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Fig. 7. Scheme of sampling sites 
 

The range of chemical analysis covered marking of the dry mass and raw ash content 
(according to weede�ska method) and ammonium (by Conwey method) as well as organic acids 
(Lepper’s method): lactic, acetic and butyric acids [2]. Value of pH was marked by means of pH - 
meter N5172. The main parameters of chemical content and quality of silages prepared from beet 
pulp in bales have been presented in table 1.  
 

Tab. 1. The chemical composition and quality of pulp silage 
 

Dry matter pH Raw ash 
 Ammonia Lactic 

acid 
Acetic 
acid 

Butyric 
acid 

Flieg-Zimmer’s 
quality 

g  g kg-1 D.M. points rating 
279,4 
±18,5 

3,53 
±0,03 

55,03 
±2,05 

0,85 
±0,22 

68,55 
±16,39 

8,95 
±1,40 

0,00 
0,00 100 very 

good 
D.M. – dry matter 
 

Comparing quantity of the obtained parameters with literature data it should be remembered 
that the kind of material must be accounted for. Usually the data concerning good silages refer to 
fodders prepared from green crop or grass papilionaceous plants or corn. 

The content of dry mass in the analyzed samples was characteristic for a good silage prepared 
from pressed beet pulp. Mc Donald at al. [7] claim that the share of dry mass in pressed pulps 
ranges from 180 to 250 g kg-1. Low concentration of raw ash indicates high purity of the obtained 
fodder. Wilkinson [17] says that the content of this component in an ideal fodder is below 80 g kg-

1 of dry mass.  
The quality of silages is defined by numerous parameters connected with the process of 

fermentation, one of the most important being pH [3]. The value of this parameter was lower than 
the value referred to as the proper one for good silages 4,0 - 4,2 [17]. Fodders with low pH can be 
the cause of occurrence of acidosis in ruminants [12]. 

Content of ammonium as a product of protein decomposition is also an index of the silage 
quality. In the carried out tests the content of ammonium was at a low level. Silages of good 
quality contain less of this compound than those poor ones [7]. 

The content of lactic acid shows that the fermentation process during silage runs in a proper 
way. In fact, its content in good silages should reach the level 100 - 150 g kg-1 of dry mass, 
however, the share of this acid in the sum of all the acids was 88.45%, which is considered to be a 
proper index. 

In the tested silages the content of fungistatic, that is, acetic acid was 2.5 g in fresh mass which 
does not guarantee the fodder stability in oxygen conditions, after being taken out from the 
cylindrical bale. High concentration of lactic acid and lack of fungistatic volatile fatty acids 
inhibiting yeasts, can have a detrimental effect on the silage durability after being taken out from a 
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container. Only with the content of 8 g of un-dissociated acetic acid in a fresh mass inhibits a 
development of fungi and yeasts which are responsible for the silage heating [11]. According to 
Wilkinson [17] an ideal silage can contain from 20 to 30 g of acetic acid in its dry mass. 

In the analyzed silages there was no butyric which can be considered as an ideal result [17]. 
Absence of butyric acid in cylindrical bales of beet pulp silages indicates no effects of Clostridium 
bacteria operation during fermentation and – apart from the content of raw ash, it is an indicator of 
their purity. However, low pH can also be considered to be the inhibitor as it limits a growth of 
these microorganisms [7, 14].  

An appropriate ratio of butyric acid tin the sum of the three acids has found reflection in a high 
assessment of quality. According to Flieg - Zimmer scale the analyzed silages reached the highest 
grade – very good.  
 
 
4. Conclusion 
 

Balers forming cylindrical bales from fragmented materials are mainly stationary machines. 
They are usually powered by a power take off shaft and designed for formation of cylindrical bales 
from such materials as: beet pulp, spent grain, fragmented corn cobs, corn chaff. As compared to 
the classical presses instead of a net dipper they have a built-in dumping basket and the bale 
forming chamber usually consists of powered smooth shafts and two structural rubber belts whose 
width is equal to the width of the press. Formation of bales is performed according to the rule of 
hybrid press operation. The ballot, after being wrapped by a net, goes to the bottom of the wrapper 
where it is protected from atmospheric factors by a few layers of standard foil for silages. The 
carried out assessment of the obtained silages quality reveled that their quality was very high, 
though were characterized by low pH.  

Due to small content of acetic acid they can’t be durable in oxygen conditions. Lack of butyric 
acid indicates a good hygienic status of the silages from pressed beet pulps prepared in cylindrical 
bales. It can be stated that their quality is not lower than the quality of fodders formed in long foil 
sleeves. 

The above presented machines are extremely useful for service units and food production 
companies whose by-products are a desirable fodder for farm cattle.  

It can be expected that the technology for silage of different plant materials with the use of 
presses will be competitive for foil bags (sleeves) formed by a silo press. 

It should be emphasized that on the domestic market machines of this type are not available for 
small and medium companies (maximal capacity up to 10 bales per hour). The concept of such a 
press has been developed in the Division of Agricultural Technology of the University of 
Technology and Life Sciences in Bydgoszcz and Department of Agricultural Engineering of the 
Technological University in Koszalin. Cylindrical bales of different fragmented fodders protected 
from the air access by a flexible foil, have already become an attractive product available on the 
market of many countries. 
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Abstract

The paper discusses issues of examination supporting structure of forage trailer. Tests were applied to supporting 
structure, lowered in order to adjust the height of mix feeding for younger cattle. Lowering obtained by spreading of 
supports caused increase of the structure effort and increase of stress exceeding acceptable values. The paper 
describes the manner of preparation of numerical model and results of tests performed with its application. Based 
upon the results modification of the structure in critical areas was proposed. Implementation of such modifications 
resulted in improvement of effort of forage trailer supporting structure..

  
Keywords: agricultural machinery, forage trailer, structure tests, FEM, ANSYS

1. Introduction 

Forage trailer are widely used in particular on big farms which breed the cattle on large scale 
and intend to improve their stock efficiency through correct feeding of animals. Basic functions of 
forage trailer (Fig. 1) are: dosing correct feed dose, mixing and transportation to pasture.  

Fig. 1. Forage trailer EVO
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Special screw with knives is used for feed mixing and crushing. High and large capacity box 
allows for feed supply. Appropriately located gears transfer trailer supplied drive, move the screws 
and belt conveyors. Whole structure, additionally loaded by significant amount of feed is based on 
supporting frame. One of crucial parameters of forage trailer structure is the height at which 
animals take the mix – if its too high, shorter animals have difficulties with reaching the feed.  The 
paper undertakes testing of lowered supporting frame structure. Such lowering was obtained by 
moving away of rear support which resulted in increase of deflecting moments acting on the 
frame. Numerical analyses were performed in order to set the structure strength and guidelines 
were specified for further modification of frame which was subsequently verified.  

2. Object and testing conditions

Tested object was supporting frame of low EVO forage trailer. Characteristic dimensions of 
the object are presented at Fig. 2. On rear and front holders (Fig. 2) there is a basket containing the 
screw for feed mixing. Main supporting beams are made of closed sections 80 x160. The frame is 
made of S235JR steel. 

Fig. 2. Dimensional drawing of supporting frame of low EVO forage trailer 

The frame is supported on two supports located in rear part at height of load bearing beam 
front. Rear supports are used for fixing of axis with wheels. Trailing hook acts as a front support. 
Total frame load resulting from founded basket results from masses: 2 000 kg –basket, 1 300 kg -
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screw, 5 000 kg - feed, after summing up total mass - 8 300 kg. It was assumed for analyses that 
force of Q=81.5 kN will be applied to the frame. The force was divided into components: rear 
loads RT operating in rear holders and front loads RP operating in front holder. The form of both 
components is defined by set dependencies (1) and (2). 

(1)

(2)
gdzie: 
R – radius of a circle defined on points setting centres of supports.
H - distance between supports measured in direction 0Z acc. to Fig. 2.

Based upon measurements performed with supplied documentation values of R = 976.5 mm 
and H = 1672.5 mm were set resulting in the fact that the frame is loaded with three forces: at front 
holder with force of 33.9kN and at rear holders with forces of 23.8 kN.

3. Conditions for performing of numerical analyses 

Numerical examinations were performed according to method of complete elements [2] in 
ANSYS Workbench environment. Based upon geometrical models of EVO frame, layer division 
grid was prepared. Threshold conditions for analyses were selected in such manner that at rear 
supports translation degrees of freedom in direction 0Y (Fig. 3a) were achieved. In front support 
condition of Remote displacement [3] type was defined which is presented schematically at Fig. 
3b. In holders forces of Remote force [3] type were introduced of values specified in point 2, 
operating in direction 0Y (Fig. 4).  

 a) b)  

Fig. 3. Supports defining scheme: a) rear, b) front 
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Fig. 4. Scheme of load application 

4. Numerical tests and modification of supporting frame

After preparation of division grid and defining of threshold conditions numerical solution of 
the problem was obtained. Calculation results were presented in the form of distribution of stresses 
in the frame at Fig. 5.  

Fig. 5. Distribution of stresses reduced in EVO frame prior to modifications 

It was stated that values of maximum stresses for the frame, identified with symbol Max at 
Fig. 5, which are present at the point of rear support fixing, significantly exceed acceptable 
stresses. In order to improve the state of frame effort in this area constructional changes were 
proposed. The changes would focus on introduction of ribs of 10mm thickness, supporting the 
support. Weld between rear support and main supporting beam was eliminated. The frame 
modified in this area is presented at Fig. 6. 
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Fig. 6. Geometrical form of modified rear support 

Moreover, a number of fine modifications was proposed leading to reduction of stresses at 
selected frame nodes. First modification was based on lowering down to 4mm of thickness of 
platform for drive gears  (Fig. 2). In case of front bridge radius R55 was changed to radius R65 
and the bridge thickness was increased to 24mm. Also, front holder height was increased from 210 
mm to 380 mm (Fig. 7b). Geometrical form of modified bridge is presented at Fig. 7a, and 
modified holder at Fig. 7b.

a) b)

Fig. 7. Geometrical form of modified: a) front bridge, b) holder 

After introduction of modifications of geometrical form for unchanged threshold conditions 
numerical solution to the problem was obtained. Calculation results are presented in the form of 
stress distribution in the frame at Fig. 8.

lack of weld
 
bracket
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Fig. 8. Distribution of reduced stresses in EVO frame after modifications

5. Summary 

The paper presents conditions for performance and results of numerical analyses of lowered 
supporting structure of forage trailer. After performing of calculations it was stated that values of 
acceptable stresses in the area of rear support were significantly exceeded. Moreover, it was stated 
that acceptable stresses were exceeded to a lesser degree in main supporting beam in the area of 
platform for drive gears and in holder and front bridge. In order to reduce stresses in critical nodes 
of the frame constructional changes were proposed. Their introduction led to improvement of the 
structure effort state.  

In order to verify correctness of performance of numerical analyses one should compare their 
results with the results of analytical calculations performed for main supporting beams. Also, 
performance of experimental tests e.g. with strain gauge method at selected points of supporting 
structure, would allow for verification of assumptions applied for analyses.  
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Abstract 

The paper presents manner of analytical modelling of forage trailer supporting structure. Process of obtaining 
mathematical model from physical model was presented as well as  final form of mathematical model in the form of 
equations describing deflections and stresses of the forage trailer construction. Results of analytical calculations were 
compared with results of numerical calculations with the method of complete elements. Good, 5%, compliance of the 
results of analytical and numerical calculations was achieved.  
  
Keywords: agricultural machinery, mathematic modelling, Clebsch method,  

1. Introduction 

The paper [1] presents results of calculations with MES method of forage trailer supporting 
structure. Basic functions of forage trailers are: dosing of correct feed dose, feed mixing and 
transportation to pasture. It is a complex object – contains large number of constructional elements 
and many constructional nodes of complicated manner of stress transmission.  Construction of 
numerical model for such structure is very time consuming and can be burdened with many errors. 
Modelling errors can be avoided by using the possibility of verification of numerical model with 
analytical calculations.  

The paper presents analytical mathematical model of forage trailer supporting frame. With 
model application, analytical calculations were performed in order to specify stresses and 
deflections in the function of wagon frame length. Results of analytical calculations were 
compared with  results of numerical calculations, obtaining good, 5%, compliance.  

2. Object and testing conditions  

Based upon supplied constructional documentation of low forage trailer frame, 
simplification of its geometrical form was performed. Simplified form is presented at Fig.1. The 
figure presents dimensional scheme and locations of supports and application of external loads.  
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Fig. 1. Characteristic dimensions of EVO 12 frame 

Based upon the scheme as of Figure 1, values of parameters present in analytical 
dependencies (1÷3) were specified. Based upon the scheme as of Figure 2 the form of dependency 
was set and value of moment of inertia of beams horizontal cross-section (4÷5) was calculated. 
Main supporting beams are made of closed sections 80x160mm and flat sections 180x14mm. 
Values of the aforementioned parameters are presented in Table 1.  

a) b) hp = 180mm

hz = 160mm

he = 150mm

bp = 14mm

bz = 80mm

bw = 70mm

Fig. 2. Cross-section of main supporting beam a) scheme, b) values of parameters  
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3. Analytical calculations  

Simplified geometry of forage trailer was modelled with beam supported on both sides  (Fig. 
3). After dismantling of knots and application of external loads mathematical model as on Figure 3 
was obtained.  

Fig. 3. Scheme of forces layout 

Solving of layout presented at Figure 3 with Clebsch method [2] leads to setting the 
deflecting functions with dependency (1) and deflecting moments with dependency (2):

(1)

(2)

Where integration constants and reaction values are described with dependencies (3): 

(3a)

(3b)

(3c)

Crucial element of calculations of frame deflecting (1) is correct setting of inertia moments 
for supporting beam cross-section, presented as a scheme at Fig. 2.  

After necessary transformations, location of gravity centre was described with dependency 
(4) and value of inertia moment with dependency (5): 

(4)
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(5)

Thus, it was possible to specify value of stress in the most distant fibres from neutral axis 
(6): 

(6)

4. Results of analytical calculations  

Based upon dependencies (1)÷(6) assuming values of individual parameters presented in 
Table 1, distributions of normal stresses and deflections of main beam, changing along wagon 
frame length, were set.  Table of distributions specified by analytical and numerical means is 
presented for stresses as at Fig. 4 and for deflections as at Fig. 5. for such comparisons, in 
numerical models platform for drive gears fixing was skipped.  

Table 1. Values of parameters specifying balance layout at Fig. 3 

Parameter Value 

a 547 mm 

b 2 220 mm 

L 4 670 mm 

P1 47 584 N 

P2 33 916 N 

Ix 29 402 785 mm4 

E 2e5 MPa 

Very good compliance of numerical calculations results and analytical stresses is noticeable 
(Fig. 4). Differences result only from simplifications of analytical model based on skipping of 
local changes of stiffness caused by joining of main supporting structure of the forage trailer with 
other constructional elements. It is important that maximum values of stresses, which decide about 
the frame supporting ability, differ only by ca. 3%.  
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Fig.4. Set of results of analytical calculations and numerical analyses for stresses in supporting beam of low EVO 12 
frame  

In case of deflections nature of changes in both cases of analyses is identical. Local stiffness 
do not influence the change of  nature of function of forage trailer deflections. Value of deflections 
calculated numerically is only by 5% higher than the one obtained analytically.  

Fig. 5. Set of results of analytical calculations and numerical analyses for deflections in supporting beam of EVO 12 
frame  
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5. Summary 

The paper presents modelling manner and results of analytical analyses of modified forage 
trailer supporting structure. Calculation results were compared with results of numerical MES 
calculations. Very good compliance of analytically calculated stresses and deflections with the 
ones obtained based on MES calculations was achieved. Thus, it should be stated that even in case 
of complex technical objects, correctly performed modelling process of analytical model allows 
for obtaining correct results. Despite significant simplifications at construction of analytical 
mathematical model, achieved results are useful for initial verification of numerical model.  

References 

 [1] Cichański A., Burak M., Skibicki D., Stopel M., Numeryczna analiza konstrukcji nośnej 
wozu paszowego, Journal of Polish CIMAC, Gdańsk, 2012.

 [2] Siołkowski B., Holka H., Malec M., Zbiór zadań ze statyki i wytrzymałości materiałów,
Akademia Techniczno-Rolnicza w Bydgoszczy, Bydgoszcz, 1988. 

40



STRAIN GAUGE VERIFICATION OF NUMERICAL ANALYSIS OF 
FORAGE TRAILER SUPPORTING STRUCTURE 

Artur Cichański, Michał Burak, Dariusz Skibicki, Zbigniew Lis 

University of Technology and Live Sciences in Bydgoszcz 
ul. Kaliskiego 7, 85-789 Bydgoszcz, Poland 
tel.: +48 52 3408235, fax: +48 52 3408245 

e-mail:artur.cichanski@utp.edu.pl 

Abstract 

The paper presents experimental verification of forage trailer supporting structure. Conditions for performance of 
strain gauge measurements of stresses at selected frame points were presented. Results of strain gage  measurements 
were compared with results of calculations by method of complete elements. Dozen percentage compliance of results 
of numerical calculations and experimental measurements was obtained. Maximum stresses were specified with 
accuracy of ca.2%. During measurements asymmetrical distribution of load in the frame was stated. 
  
Keywords: agricultural machinery, forage trailers, strain gauge measurements, numerical analyses 

1. Introduction 

At the stage of constructional works numerical analyses are conducted in order to evaluate 
structure. Such tests are mostly performed with the finite elements method FEM. Results, obtained 
during analysis, refer to boundary conditions specified for FEM and in particular they assume that 
tested objects did not indicate any process defects and material they are made of met continuum 
criterion continuum and criterion of isotropy of mechanical properties [3]. Thus, distribution of 
stresses in real constructional elements can differ from values set numerically. In order to estimate 
the scale of such differences, experimental tests are performed on stress state in constructional 
elements. One of most widely used measurement methods in this respect is resistance strain gauge 
measurement. [2]. 

The paper undertakes verification tests of numerical analyses of the structure of modified 
supporting frame of forage trailer. For the frame a discrete model of geometric shape was prepared 
and bonduary conditions were proposed. [1]. As a result of solving FEM issue, distributions of 
deflections and stresses were set. Based upon distributions of stresses specified in the paper [1] 
characteristic points of supporting frame were specified at which strain gauge measurements were 
performed.  

2. Object of tests 

The object of tests was supporting frame of a low forage trailer EVO Fig. 1. Geometric form of 
tested trailer was described in detail in the paper [1]. Main supporting beams are made of closed 
profiles x160. The frame is made of S235JR steel. On two rear holders and one front holder. (Fig. 
1) basket  filled with feed is installed. Moreover a screw for infeed mixing is installed in the 
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basket. Frame load results from the mass of the very basket and its filling. The frame is supported 
on two supports located in rear part at height of head of supporting beam. Rear supports are used 
for mounting of axis with wheels. Trailing hook acts as the front support. 

Fig. 1. Object of tests 

3. Conditions for performance of tests 

Based upon results of numerical analyses, characteristic points on the surface of supporting 
beam were indicated and strain gauge measurements were performed at these points. The scheme 
of numbering of strain gauges is presented at Fig. 2.  

Fig. 2. Scheme of numbering of strain gauges 

On upper shelf of right beam there are  strain gauges located at locations no 1 to 4. on lower 
shelf of right beam there are  strain gauges located at locations no 5and  6. In addition, on left 
beam there are  strain gauges located at locations no 3 and 4. The system located on right beam 
was specified as strain gauge no 3 and on left beam as no 3L. Similar convention was adopted for 
labelling of strain gauges no 4. Location of strain gauges no 1 to 4 in relation to component 
elements of frame is presented at Fig. 3. 
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Fig. 3. Scheme of location of strain gauges 1 to 4 

Location of strain gauges no 5 and 6 in relation to component elements of frame is presented 
at Fig. 4. 

Fig. 4. Scheme of location of strain gauges 5 and 6 

Measurements were performed on a complete forage trailer (Fig. 5). Load was applied to 
forage basket and measured with a scale included in the trailer equipment. Strain gauge tests were 
performed with 8 channel universal strain gauge bridge made by National Instruments – NI SCXI-
1520 and  USB module for data acquisition with 13bits resolution and sampling frequency of 200 
kS/s – NI SCXI-1600. Strain gauges made by HBM – 1-LY11-6/120-3-3m were used, with 
measurement base of  6 mm and fast drying glue  1-Z70. Data was recorded with NI LabVIEW 
SignalExpress software. 
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Fig. 5. Conditions for performance of strain gauge measurements 

4. Results of strain gauge measurements 

Results of strain gauge measurements and their corresponding values of stresses set 
numerically for load of 2 000kg are presented in table 3, for load of 3 350kg in table 4 and for load 
of 2 000kg in table 5. Percentage error of measurements is specified from dependencies (1).

(1)

Table. 3. Stresses set strain gauge and numerically for load of 2000kg 

Strain 
gauge 

Set no 1 Set no 2 
FEM  

[MPa] 
Measuremen 

[MPa] δ [%] FEM  
[MPa] 

Measuremen 
[MPa] δ [%] 

1 -26.89 -21.0 21.9 -26.89 -22.5 16.3 

2 -33.37 -26.0 22.1 -33.37 -27.0 19.1 

3 -34.60 -30.0 13.3 -34.60 -30.0 13.3 

3L -34.60 -32.5 6.1 -34.60 -32.5 6.1 

4 -33.37 -35.0 4.9 -33.37 -34.0 1.9 

4L -33.37 -35.0 4.9 -33.37 -36.0 7.9 

5 28.24 27.5 2.6 28.24 27.5 2.6 

6 23.64 22.5 4.8 23.64 22.5 4.8 
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Table. 4. Stresses set strain gauge and numerically for load of 3350kg 

Strain 
gauge 

Set no 3 Set no 4 
FEM  

[MPa] 
Measuremen 

[MPa] δ [%] FEM  
[MPa] 

Measuremen 
[MPa] δ [%] 

1 -45.04 -36.0 20.1 -45.04 -36.0 20.1 

2 -55.90 -41.5 25.8 -55.90 -42.0 24.9 

3 -57.96 -46.0 20.6 -57.96 -47.0 18.9 

3L -57.96 -52.0 10.3 -57.96 -52.0 10.3 

4 -55.90 -55.0 1.6 -55.90 -55.0 1.6 

4L -55.90 -57.0 2.0 -55.90 -57.0 2.0 

5 47.30 46.0 2.8 47.30 46.0 2.8 

6 39.59 35.0 11.6 39.59 35.0 11.6 

Table. 5. Stresses set strain gauge and numerically for load of 2000kg 

Strain 
gauge 

Set no 5 Set no 6 
FEM  

[MPa] 
Measuremen 

[MPa] δ [%] FEM  
[MPa] 

Measuremen 
[MPa] δ [%] 

1 -26.89 -22.5 16.3 -26.89 -22.5 16.3 

2 -33.37 -26.0 22.1 -33.37 -26.0 22.1 

3 -34.60 -29.0 16.2 -34.60 -29.5 14.7 

3L -34.60 -32.0 7.5 -34.60 -32.0 7.5 

4 -33.37 -34.0 1.9 -33.37 -34.0 1.9 

4L -33.37 -35.0 4.9 -33.37 -36.0 7.9 

5 28.24 28.0 0.9 28.24 28.0 0.9 

6 23.64 22.5 4.8 23.64 22.5 4.8 

For each tested levels of load two series of measurements were performed. Averaged values  of 
percentage error at load level for individual strain gauges are presented in the form of a graph at 
Fig. 6.  

Comparison of measurement error for strain gauges no 3 and 4 indicates asymmetrical 
distribution of load on the frame. Stresses set at selected points located on right frame side (Fig 4) 
reach higher values than analogical stresses at left frame side. This can be due to inaccuracy in 
structure engineering of the welded frame. Maximum stresses each time were measured in strain 
gauges no 4 and 4L. values read on these strain gauges at maximum load  of 3350kg are 
characterised with low value of error, ca. 2%. Maximum error for the whole analysis does not 
exceed dozen of percentage. Higher error values occur at the side of overestimation and lower at 
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the side of underestimation of numerically set stresses. Along with the load increase, 
underestimation error of stresses decreases.  

Fig. 6. A set off errors in strain gauge measurements 

5. Summary 

The paper presents conditions for performance and results of strain gauge tests of forage trailer 
supporting structure. Measurement results were compared with results of numerical calculations 
FEM. Good compliance of experimentally set stresses with the ones obtained from FEM 
calculations was achieved. FEM analyses error does not exceed dozen of percentage in the whole 
measurement range. For maximum measured stress values FEM analyses error does not exceed 
several of percentage. During measurements asymmetrical distribution of load in supporting 
structure was observed.  
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Abstract 

 
This work explains the influence of a local structural heterogeneity and resulting mechanical heterogeneity in welded 
joints on the location and nature of welded joint failure. Toughened structural steel S355 with a thickness of 7mm, 
welded using laser beam or gas metal arc welding (GMAW) was used for the purposes of this analysis. Hardness 
penetration pattern in welded joint cross-section was defined and mechanical properties of a welded joint in static 
tensile test (Re, Rm, A5, Z) were determined. Microstructure and microfractographic tests of fractures were 
performed.     

Key words: laser beam welding, GMAW, hardness, macrostructure, microstructure  
 
1. Introduction  

Welding methods use heat sources with a different level of energy flux concentration. Particularly 
difficult to establish are relations between local structural changes and mechanical properties of welded 
joints. From a practical point of view, these relations have a decisive effect on the weldability of 
metals, as well as affecting welding technology itself and, ultimately, working properties.  
 Finding solutions to complex technical problems, dependent on the identification of both 
physical processes related to welding and its effects within a welded joint and the entire structure is the 
subject of numerous experimental and theoretical studies [1,3-6,9]. 
The current knowledge based on the studies of heat-induced structural changes which accompany 
welding is insufficient to provide an in-depth analysis of the influence of microstructure differences in 
the vicinity of a welded joint on the mechanical properties [1,3]. According to E. Ratanowski [8,9], the 
differences of the microstructure within a welded joint area lead to changes of the local stresses and 
mechanical properties, as well as determining location and nature of welded joint failure.  
 The aim of this study is to analyse the structure and properties of a welded joint obtained at 
significantly different values of heat energy concentrations.     

2.  Material, programme and testing methodology 

Toughened structural steel S355 with chemical composition as provided in table 1 was used for the 
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studies.  

Table 1. Chemical composition of S355 steel (percent of mass) 

C Si S P Mn Ni Cr Mo Cu Ti Al Sn Zn Mg
0.212 0.403 0.008 0.014 1.416 0.067 0.030 0.009 0.021 0.0 0.053 0.008 0.020 0.049 

Mechanical properties of tested steel were defined based on a static tensile test. The properties are 
as follows: Re=734MPa, Rm=797MPa, A5=11.2%, Z=42.4%). 

Single-run butt welding of test plates with a thickness of 7mm and dimensions of   
300x100mm using GMAW or laser beam welding was performed. Transverse macroscopic welded 
joint microsections etched with Marble reagent were made. Hardness penetration pattern was 
determined using Vickers HV1 method. Flat quintuple tensile test specimens were cut from the 
plates. Metallographic nital etched specimens were observed under an optical microscope. 
Microfractographic analyses of fractures following tensile tests were performed using SEM.           

3. Test results  

Macrostructure of a welded joint made using GMAW is presented in figure 1, while that of a joint 
made using laser beam welding in figure 3. Hardness penetration patterns in weld cross-section 
(figure 2 and 4) were made in each of the areas characteristic of a welded joint (MP-HAZ-SP) 
halfway through the thickness of the plates. 

�
1 2 3 

4 5 6 

Figure 1. Macrostructure of a joint welded using GMAW, magnified 4x times. Microstructure of numbered areas,  
70x  times magnified, nital etched    
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Figure 2. Hardness penetration pattern in cross-section of a joint welded using GMAW 

�
 

1 2 

3 4 

 
Figure 3. Macrostructure of a laser beam welded joint, magnified 6x times. Microstructure of numbered areas,  

70x times magnified, nital etched    
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�

Figure 4. Hardness penetration pattern in a laser beam welded joint cross-section   

Strength properties of welded joints are presented in table 2. Measurement results were given 
confidence interval at coefficient 1-� = 0.95.�

Table 2. Results of welded joints static tensile test  

Welding method  Re�r, MPa Rm�r, MPa A5�r, % Z�r % 

GMAW 480.6 � 31.8 686.0 � 11.8 12.88 � 1.27 38.98 � 6.33 
Laser beam welding  737.4 � 8.7 793.2 � 4.1 11.34 � 0.72 42.77 � 1.97 

Joints made using GMAW were destroyed in the areas with reduced hardness, i.e. in the joint area 
or in the heat-affected zone. Laser beam welded joints become destroyed only in base metal.  
 As a rule, joints made using GMAW become destroyed in the areas with reduced hardness, 
i.e. in the joint area or in the heat-affected zone. Reduced hardness in these areas results from the 
microstructure that occurs there. The microstructure of an SP weld with a hardness of ca. 200HV 
consists of coarse-grained, column ferrite and pearlite. The narrow heat-affected zones with 
increased hardness adjoining the welded joint have a fine pearlite structure. During the heating, 
these areas had an austenitic structure. The relatively high speed of heat penetration into the inside 
of the material causes austenite to be converted into dense pearlite with a hardness of 255HV. The 
subsequent area of reduced hardness (fig. 2) results from the conversion of austenite under 
conditions of lower cooling and tempering speed (temperature belowAr1). 

In the case of laser beam welding, energy concentration within a small area of a welded joint 
and a very large gradient of temperature causes non-diffusive transformation to occur, which 
results in obtaining a maximum hardness of 490HV (fig. 4). The joint is destroyed as a 
consequence of tensile test only in base metal.  

Morphological characteristics of the fracture surfaces in specimens depend on the location of 
a fracture (base metal, heat-affected zone and weld). This is closely connected with the type and 
quantity of structures present there.      

In the case of GMAW, fractures most often run along the border of the heat-affected zone –
base material or in the weld. The occurrence of a coarse-grained ferritic and pearlitic structure in 
these areas determines largely the nature of fractures which can be classified as transcrystalline 
ductile and fissile with ductile being predominant.   

Laser welded specimens were destroyed in base metal. The fracture is mainly transcrystalline 
and ductile with small fissile fracture presence (fig. 7).   
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Figure 5. Microfractography of a joint welded using GMAW, fracture in the heat-affected zone, 1500x times magnified 
�

�

Figure 6. Microfractography of a joint welded using GMAW, fracture in the weld, 1500x times magnified 

Figure 7. Microfractography of a laser welded joint, fracture in the base metal, 1500x times magnified 
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Experimental studies enabled the widths of areas with different hardness to be determined. The 
outcome of the experimental tests was input data for MES numeric calculations [4]. The basis for 
determination of the areas with a varied microstructure was the value of maximum temperature 
and time t8/5, which was determined based on the temperature isotherms running through any given 
cross-section point. With time values t8/5 as a function of a distance from the weld axis, it was 
possible to set the width of respective zones using CTPc-S graphs [2,7]. The widths of the zones 
established based on MES and experiments, both for GMAW and laser beam welding 
demonstrated good compliance.   

 
4. Conclusions  

A joint welded using GMAW becomes destroyed in areas with reduced hardness compared to base 
metal, i.e. in the weld area or in the heat-affected zone, whereas in the case of laser beam welded 
joints the failure is located only in base metal.  
 Fracture in GMA welded joints is combined, transcrystalline fissile with some ductile 
characteristics. Fracture in laser welded joints is transcrystalline and ductile with small fissile 
fracture present. 
 The strength of a GMA welded joint is substantially reduced compared to that made using 
laser beam welding. Worth noting is also much higher scatter of results around the average in the 
case of GMAW compared to laser beam welding. 
 Further tests should be focused on determining parameters of joint crack resistance.     
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Abstract 
 
The application of plasma techniques for surface modification like cleaning, activation and etching are described 

in this article. Technological process of glass packaging decoration takes place on a continuously operating conveyor 
line. A machine tool for plasma modification with a movable vacuum chamber has been designed. Construction and 
structure of mechanical, pumping and electric power supply systems have been described, together with machine tool 
operating cycle.  

Keywords:   production automation, plasma modification, plasma cleaning, plasma activation, plasma etching, low 
temperature plasma 

1. Application of plasma techniques for surface modification 

Low pressure plasma allows for various possibilities of surface modification. Some of the 
applications are as follows: precise cleaning of dirty structural components, plasma activation, 
etching and coating of components [1], [2].  

Plasma cleaning is a method of surface cleaning which proved to be effective, economic and 
safe for the natural environment. Plasma cleaning is six times more effective than traditional 
cleaning methods, and cleaned surface is ready for subsequent operations with no significant loss 
of material. Electrons are accelerated to very high velocities by oscillating electromagnetic field 
and excite atoms and gas molecules, which results in plasma generation. Ultraviolet radiation 
emitted during plasma generation very effectively breaks bonds of most organic compounds which 
contaminate the surface. The surface is physically cleaned using ion bombardment, and, depending 
on gas type, by chemical reactions. Contaminations are transformed into gaseous phase and sucked 
off.  

Plasma cleaning has been used for:  
- removal of lubricants, oils, oxides,  
- pretreatment before bonding, soldering or gluing,  
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- pretreatment of components before lacquering [3].  
Plasma activation can be used in case of surface modification of new packaging materials. 

Material surface is machined by plasma, using oxygen, for example. Radical points are created, 
ensuring good adhesiveness (which is necessary before overprinting, lacquering, gluing of 
components).  

In the process of material structuring, creating good adhesiveness of associated materials when 
producing packaging materials, surface etching of such material can be useful. The surface is 
etched using a reactive process gas. The material is removed, converted into gaseous phase and 
sucked off. It may increase the area and wetting characteristic.  

Plasma modification of a surface may take place on different organic materials, giving them 
hydrophobic, hydrophilic characteristic, resistance to external mechanical impacts. Shaping of the 
profile of textural surface properties of organic materials is not excluded. Moreover, plasma 
technology can be used to create barrier coatings, resistant to external mechanical impacts, 
including hydrophobic and hydrophilic coatings [1], [2], [4].  
 
2. Industrial application

 
The need for automated plasma treatment of bottles before their decoration resulted from 

insufficient quality of the process which has been realized in existing production lines in the 
leading company operating in Poland. Up till now, corona plasma cleaning using individually set 
gas burners has been used. The results of such cleaning have been unsatisfactory because of local 
(partial) burns of the cleaned surfaces and variations of surface adhesion.  

A conveying line shown in drawing 2 is used in the automatic line for bottle decoration 
presented in drawing 1. Components, which are being machined, move continuously, which results 
from the technological process related to repeated application of paints and lacquers, and 
ultraviolet curing of the surface. Cleaning and activation of surface using low temperature plasma, 
which ‘flows around’ the component being cleaned in the vacuum chamber, have been proposed.  

It required practical verification of proposed plasma method on specially built test stand, and 
designing a mechanical assembly consisting of a moving vacuum chamber, which was 
sequentially closing a batch of components being machined, and, after plasma treatment, was 
returning to initial position. Such solution has not been used on the market of vacuum devices for 
plasma cleaning, so it has been a subject of patent application [5].   
 
3. Machine tool construction and design

 
Machine tool (drawing 3) consists of a stand with guides, on which a slide 1 is placed with a 
vacuum chamber 2. A system of aluminium sections item® has been used to build a movable 
assembly. Slide 1,  driven by a servo-motor 4, moves along the guides of the stand 5. Vacuum 
chamber has been divided into two parts, which are closed by pneumatic actuators 3. On the front 
of two parts of the chamber a silicone seal is placed, in which holes have been cut for spindles 
which fasten components to be machined (drawing 4). Because of seal durability, when the 
chamber is closed, spindles are centered with V-blocks elastically fastened to both sides of the 
chambers.  
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Fig. 1. Glass packagings for machining – plasma cleaning   
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig . 2. Continuously operated line 
 
The vacuum chamber dimensions are as follows: 1900 x 160 x 160mm. The vacuum chamber 

has been made as a welded structure of 1.4306 stainless steel. The slide with the vacuum chamber 
moves along the conveyor line, on which the cleaned elements are fastened (bottles) with a 
constant pitch of 100mm. The conveyor line moves with a uniform speed of 4m/min. Vacuum is 
created by a pump assembly, consisting of an initial rotary pump and a Root WA501 pump made 
by PfeiferVacuum. The pumps make it possible to achieve the vacuum of 10-3mbar. Fast pumping 
away of the chamber is necessary, so an additional ballast tank 8 is used, of 0,5m3 capacity. The 
pump assembly is connected to the vacuum chamber with a flexible hose 12. Pressure inside the 
chamber is measured with a TPR Pirani gauge. Pure argon or a mixture of argon and oxygen in a 
ratio of 9:1 as technological gas can be supplied to the vacuum chamber. Gas flow rate is set with 
a mass controller Bronkhorst (18…900sccm). The control of the mechanical drive system and 
pump assembly is realized by a PLC with vacuum valves 9, 10, 11. Dora Power System 16 is used 
as a power supply for the plasma generator. It constitutes an autonomic current source, in which 
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the distribution of power is independent of load impedance [6], [7]. Current stabilizing takes place 
in the processing system without any feedback. To fulfill these conditions, a resonant circuit of 
power conversion with a resonant circuit quality factor stabilizing is used in DPS power supply. 
Energy supply is controlled discretely thanks to group modulation of generator signal which 
controls a bridge which keys a resonant frequency. Positive and negative poles are connected to 
electrodes 18 placed opposite to each other in both parts of the vacuum chamber 2 – drawing 4. 
Structural presentation of the machine tool with a pump system is shown in drawings 5 and 6.  

 

 
 

 Fig. 3. The diagram of the machine tool for plasma cleaning of the elements in continuously operated line, 
(description in the article)  

4. Working cycle – the process of plasma cleaning and activation  
 
The system operates in the following way: elements which are to be machined are moved on a 

conveyor 17, continuous movement, at a uniform speed, and vacuum chamber 2 is opened and 
placed in a terminal position of the stand guides 5. Next, the vacuum chamber is moved – 
accelerated motion – until movement speed is equal to the line speed, and the chamber is closed. 
There are 19 elements fastened to the spindles in the chamber. Now, the vacuum chamber 2 with 
elements to be cleaned moves with a speed which is equal to the speed of the conveyor line. After 
closing the vacuum chamber the valve 9 is opened, so the chamber is connected with the ballast 
tank. Pressures are equalized to the level of approximately 450mbar within about 2,5sec.  
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 Fig. 4. Arrangement of electrodes and sealing of the chamber and spindles 
 

Then the valve cuts off the ballast tank and further pumping is performed only by the pumps. 
After reaching the vacuum level of 100mbar, DPS power supply is switched on and plasma is 
initiated. Optimum time of the cleaning process is 3 seconds, and has been set on the grounds of 
test results. So, it is advantageous to continue vacuum pumping with simultaneous metering of the 
technological gas. After that time the power supply is switched off. Then vacuum pumping is 
switched from the vacuum chamber 2 to the ballast tank 8 by closing the valve 9 and opening the 
valve 10, after opening the valve 11 the air gets into the vacuum chamber. Operating time of the 
vacuum valves is 0,2 sec. and the time of filling with air is 2,5sec. After the air got into the 
chamber it is possible to open the chamber and slow down, then the chamber goes back to the 
initial position. Return movement time is 3 sec. Then the working cycle is repeated. 

 

 
Fig. 5. The designed machine tool for surface plasma modification in continuously operated line  
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5. Conclusions

The machine tool has been designed and made, for modifying the surface of the elements on 
the continuously operating conveyor line. Machine tool has been introduced in the industrial plant 
in the region. Economical purposefulness of the introduction is based on the high quality of the 
product and the possibility of application of this technology in other production lines in the plant. 
It is possible to employ this solution in the production lines in the industry of glass packagings and 
plastic packagings, in food and pharmaceutical industries .   

 
 

 
 
 

Fig. 6. Machine tool for surface plasma modification in continuously operated line  
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Abstract 
It was investigated multi-disc grinders in directions knowledge of, describe and utilize, for design and structural 

purposes, the characteristics that indicate the relations between speeds, idle movement, loads and the indicators of 
motion variables in the grinding space. The mathematical description of the states of and changes in grains, their 
surface and volume during movement (idle and working movement) of the components and assemblies in the multi-
hole grinding process was obtained as a objective of this work.    

Keywords: biomass grinding, square of quasi-cutting, working elements geometry  
 

1. Introduction  
 

Investigations into multi-disc grinders demonstrate that it is possible to acquire knowledge of, 
describe and utilize, for design and structural purposes, the characteristics that indicate the 
relations between speeds, idle movement, loads and the indicators of motion variables in the 
grinding space.     
The objective of this work is to provide a mathematical description of the states of and changes 
in grains, their surface and volume during movement (idle and working movement) of the 
components and assemblies in the multi-hole grinding process.    
 

2. Motional Characteristics  
 

Usable characteristics and multi-disc and multi-hole grinding outcome variables: power demand 
(PR=f(n)), degree of fineness (�=f(n)) and mass target efficiency (Qm= f(n), Qc�Qm) depend on the 
common area of the edges of two  holes (Sc,ST), density and volume of grain in the working space 
(�m,Vg), rotational, angular and linear speed of a component and time  (n,
,v,�,ti) - 
L(PR,�,Qm,Qc)=P( n,
,v,�,ti); they also depend on the volumetric dosing of mass 
feed q(0;1).  
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b )  a )  

 
Fig.1. RWT-5KZ multi-hole five-disc grinder working unit, [8,9]: a) grain filling in two adjoining working holes of the 
quasi-cutting unit: Tn-1 do Tn+2 – subsequent grinding discs, hG – height of material column before the cutting plane, hD 
– height of material column behind the cutting plane, Vg

G – calculated volume of material before the cutting plane, Vg
D 

– calculated volume of material behind the cutting plane, SC – common area of the quasi-cutting pair of holes; b) 
cross-section of the multi-disc unit: 1 –bearing, 2 – grinding disc (so-called „preceding” disc), 3 – grinding disc (so-

called “subsequent” disc), 4 – body, 5 – shaft, 6 – pulley 

The usable characteristics of grinding, dependent on the movement of grain and grinder 
components were named the motional characteristics of grain [1,2,7-11]. 

Assumptions: To determine motional characteristics of grain, two states were assumed which 
are dependent on the linear speed of the grinding holes edges (Fig. 1) [7,11]: the first one – idle 
state, involving only movement and  mixing, exclusive of grinding (linear speed of points on edges 
– below 0.7m·s-1), second – working state, with significant grinding initiators (above 0.7m·s-1). 
The characteristics have been formulated applying the following assumptions [1,2,7,11]: 

a) the number of contacts between grains, components and particles along their pathway 
influences the quality and grinding effects,   

b) the positioning of holes in respective discs of the grinding unit forms a line in the internal 
cone that starts on the initial diameter (d) with the pitch (s) and the length of the helical line 
(c), which increases by the thickness (g) and the number of discs (n) up to the length (C) – 
finished with an external cone of the hole edges,    

c) movement, mixing and grinding of grains (p-m-r) depend, among other things, on friction 
conditions, structural features of discs and the positioning of holes in discs, with dynamic 
movement of the machine structural components and of grain (p=pm+pz) occurring during 
idle movement and when working load is applied to the machine (pm=pj+pr), and of grains 
(pz=po+pp) during axial and radial movement within the hole and disc space, 

d) during movement and mixing of grain (p-m), apart from following trajectory similar to the 
helical line (original path), grains also rotate around the centre of gravity (secondary 
movement); grinding dynamics does not rule out both types of movement (r),   

e) grinding on the edges of holes between adjoining discs is performed through equally split 
quasi-cutting,  

f) cross-section of holes in discs is dependent on the outflow and can be described using   
Kvapil’s theory [5]: 

2
min )5( zdnKS ����  

where: Smin – the smallest cross-section of the hole through which grain is freely moved  – m2, K – 
experimental coefficient (for corn grains K=1,4), n – coefficient for the shape of holes in discs, for 
round holes n=0,85, dz – average size of grain – m. 
 

In both states of component movement, in particular in the second one – depending on the 
shape of grain and tools (holes) and the positioning of their cutting edge in relation to the 
movement direction – some of the edges perform the cutting, other scratching operations and yet 
other the cutting of grooves in grains. Hence, what we see here is dynamic, complex and 
volumetric intensity of grinding per path unit. On assuming fixed reference values expressed in 
coefficients, grinding intensity can be expressed applying the following dependency: 
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where: U- volumetric loss of grain in  dm³, L- path (p-m-r) in m, P=Pj+PR – power supplied to the 
system to defeat resistance to idle and grinding motions in W, N – normal unit load in MPa, cDR – 
factor of proportionality in dm²·m-1·W-1, d – substitute height of the cutting edges measured 
perpendicularly to the motion direction in m, x=(ilkr/ilzk) relation between the number of cutting 
edges and the total number of grains and edges on motion trajectory, H – grain hardness, y – 
coefficient characterising relative number of grains and holes edges in transferring discs 
(CkR )), susceptible to load (y=f(CkR). 
 

The positioning of grains being ground in the working space of a multi-hole grinder (Fig. 1a) is 
described by statistical distribution of its length. Because the material present in the holes of this 
same disc is characterised by the same particle size � and is subject to the same grinding and 
cutting process in each hole, its state for the purpose of this analysis is indexed with the cutting 
number (m) and the disc number (n) [7,8]: 
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The thickness of the n-th disc, for the purpose of this analysis, is marked with the symbol yn, and 
the height up to which the material fills the hole in the n-th disc prior to the k-th cut by the 
symbol )(~ k

ny .  
In efficient grinding and cutting, length distribution of grains which filled the empty space in 

the (n+1)-th disc changes as per the following dependency (Fig.1a): 
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while of those left in the  n-th disc as per: 
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where: A, B – scholastic operators for m-th cut, n-th disc.  
It was assumed for simplification purposes that, subsequent to grinding, distribution of 

granulated product in the hole spaces of the (n+1)-th disc will be uniform (cut fraction and that 
present in the hole before cutting will mix) and it will therefore be the weighted average from k
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During the modelling of the common part surface, integration of grinding momentary cross-
section was employed [1,2,5]: 
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where: 
 a1 , a2 , b1 , b2  - C1 and C2 hole centres coordinates 
 R1, R2 - holes radius vector. 
 

Based on what has been said, distribution of grain length in ground material which filled the 
empty space of the (n + 1)-th disc changes as follows: 

                         (7) 

whereas in the material left within n-th disc in the following way (analogical reasoning): 
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                          (8) 

It must be remembered that the column of the material being cut is not the entire material that 
has been moved to the lower hole. Its volume is Sc · hD whereas that of the entire material moved 
from the preceding hole to the subsequent hole is 

 
It means that the second and third component in (8) must be multiplied by the relation between 

these volumes: 
 

                    (9) 

It was assumed for simplification purposes that, subsequent to cutting, the grain length distribution 
in the (n+1)-th disc will be uniform (cut fraction and that present in the hole prior to cutting will 
mix), and therefore it will be the weighted average from       and   . 

                                      (10) 

The filling level of the quasi-cutting unit and thus the efficiency of the cutting process depend on 
the value of the function V D, V G and Sc which in turn depend on the direction of the effective 
gravitation and on the total volume of material in both holes before cutting   

. 
Other indicators of variables are provided based on tests. 

Intensity is the measure of the reduction of initial volume of grains (Vg) on the way from the 
entrance to the exit from a multi-disc unit, per unit of power consumed by the grinding drive 
system. The first state of multi-disc grinding, where only movement and mixing (vR<0,7m·s-1) 
occur, does not result in explicit volume reduction (U), however, grinding elements travel a 
specific path (L) and the system is supplied with power (Pj). After efficient speed is exceeded 
(vR>0,7m·s-1), volume reductions are observed resulting from the effects of the cutting edges with 
grinding power (PR) on the path (L). Dynamic intensity of grinding is directly proportional to the 
unit load (N) and inversely proportional to the grain hardness (H) and the conditions of the 
grinding unit (CkR ),Ck). The interpretation of the grinding mechanism should be that a 
grain with the area S, being moved between the edges of a grinding element, pressed using axial 
force N, is deformed elastically and plastically by the width b, becoming swollen over the volume 
of the front surface. After the load is removed, deformations are reduced by the value of elastic 
deformations to 
1. Assuming that the nature of elastic deformation is analogous to that resulting 
from ball indentation, a different formula is obtained for grinding intensity: 

Wm
dm

E
NkdnI zDR �

��		



�
��



�
����

3

gTc
1

3 ;)V,S,(S11
��

                                        (11) 

where: n – number of grains carrying normal load N, dz – grain diameter in m, k – factor of 
proportionality taking account of the relations between momentary volumes, surfaces and power, 
in m³·m-1·W-1, E – coefficient of elasticity (tensile modulus) in MPa.  
 

Because it is difficult to precisely determine elastic and plastic deformations for grains in 
accordance with (11), and the grinding intensity is determinable by complex physical and 
mechanical processes, path and power for grinding is calculated or determined based on 
measurements.  

Similarly, in modelling and identification of grinding with regard to grain in motion as per the 
dependency (1), in particular with regard to movement and mixing of grains, the effect of internal 
friction must be taken into account. The assumption no. b indicates that movement, mixing and 
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grinding involves the friction and helical trajectories, in the space described by two radial lines: 
L=C-c (between external and internal edges of holes in discs, e.g. along the spiral of Archimedes 
with the polar equation: r=a�) and thus:  
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where: � – coefficient determining the effect of internal friction (�w) on the grain movement speed 
(vp+m) in the tp+m time of passage through the multi-disc unit: 
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D – outer diameter of the helical line on which the holes are positioned in m, d – inner diameter of 
the helical line on which the holes are positioned in m, s – pitch equal to disc thickness – m. 
 

It was assumed in the experimental verification that the trajectory of grain moving in the area 
between the radial lines of the external and internal cone (holes positioning envelope) is a 
continuous line – in terms of movement and mixing (first state) and continuous and disrupted (for 
the duration of grinding) – in the case of the second state (efficient edge speed, for e.g. corn: 
vR>0,7m·s-1). As the speed of grains during movement and mixing is low and because grains are 
stopped for the duration of quasi-cutting and there is a potential increase in the flying movement of 
grain specks as a result of bouncing subsequent to grinding, it can be assumed for simplification 
purposes that the second state has the motion trajectory and time equal to   tp+m+r=tp+m. 

Idle movement characteristics: Characteristics that are identical for states and changes in all 
multi-hole spaces of multi-disc grinding units are variable power demand  depending on the 
rotational speed of units and grinder components  (machine idle running characteristics) – 
without ground material: 

                                                              (13), 
which, depending on the linear speed of a grinding element  , takes the following form: 

                                  (13a) 
Similarly, power  for machine idle movement with grain (feeding with grain q, movement 
of machine components and grain with the speed , without grinding): 

                                                   (14), 
which leads to the dependency that takes into account the volume of grain  in material moved 
between discs:  

            (14a) 

Dependencies from (13) to (14a) require tests to be conducted to determine idle movement 
modules and calculate moved material functional volume: 

 
Thus, we obtain the model of power dependency for machine components movement, with or 

without grain feed – without grinding operation (only grain movement), on the rotational speed, at 
zero or constant power supply, without grain size changes, without grinding efficiency, at target 
efficiency equal to zero (Qc=0) but with movement efficiency or efficiency equal to power supply, 
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without grinding operation . The characteristic of idle running is a special type of load 

characteristics. It corresponds to the mixing power characteristics (PR=Pm).   
Load movement characteristics: For different rotational speeds of discs (linear speed  on 

the radius vectors of the pass-through and grinding holes edges) and variable power supply/grain 
feed q(0;1), variable degrees of fineness, mass and target efficiencies (loads with full grinding) and 
totally different mass  and target  efficiencies (of a product specified in terms of size and 
geometry) are obtained. 
Power utilised for grinding includes components of idle and grinding loads and of dynamic 
increase – depending on phenomena complexity: 
 

 
                        (15), 

Below is a proposed experimental description of power input under load relative to cross-sections 
of grain mass in grinding holes  and on the intra-disc surfaces , in the form of a general 
dependency, dependent on the speed of the grinding edge [9]: 

     (15a) 
Dependencies (15) and (15a) require tests to be conducted to define dynamic increase module and 
calculate probable cross-sections participating in material grinding: 

 
 

3. Indicators analysis results
 

 In order to determine the characteristics of idle running , load 

, efficiency  and unit power consumption 

, power demand of a five-disc grinder was tested in the cutting 

operation, both with and without ground material. In this work, an analysis was conducted to 
determine substitute function Fr (Fig.2), which takes into account the complexity of Fr =f 
( ). Sample results are presented in figure 2. 

 
Fig. 2. Momentary function of Fr cross-section substitute function, dependent on the surface and volume of the 

adjacent working holes in discs , for a) increase in the number of holes between discs PLOT= 2, b) 
PLOT=1 

 

a) b)
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Active power P, consumed depending on the number of holes, angular speed of discs and under 
conditions of the programmed feeding of triticale, maize and rice grains (working movement, 
under load) are shown in figure 3.  

The power demand function (Fig. 3 - mathematical description of states and changes of 
grinding power) obtained from a statistical analysis, movement of the multi-hole grinding 
components and units in the triticale and rice grinding process demonstrate percentage compliance 
of model and process response: Q= . On the other hand, in the case of maize, quality 
function reaches on average slightly lower percentage compliance of results: Q= . 

 

 
Fig 3. Active power consumed by drive units (Pj) utilized for the grinding of triticale, maize and rice grains, depending 

on the angular speed [8] 

The results of machine tests of the grinding process were also estimated with momentary 
characteristics of their surface and grinding volume (e.g. as per Fig. 2). Here too the quality 
function reaches relatively high values as far as the model’s quality estimator is concerned, which 
indicates that there is significant discrepancy between the response of the model and the actual 
object: Q=  - in the case of an increase in the number of holes between discs (in rows) 
PLOT=2, and in the case of PLOT=1, Q= , which can be considered a value that coincides 
with the evaluations of the power function (Q= ) of rice and triticale. 

The results obtained from the machine test, the function of cross-section and momentary 
volumes in the form of dependencies (11) are sufficient for a general function of grinding intensity 
in grain motion to be formulated: 

 
 

This function can form the basis for further optimisation or modernisation of the multi-disc and 
multi-hole grinding structure used for the grinding of e.g. triticale and rice, with high level of its 
compliance with experimental results.    
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4. Results analysis
 

With the stabilised motion of grinding components ((n,
,v)=const), for the analysed scope of 
grain movement and with the use of functional models, it is possible to acquire knowledge of and 
design mutual relations within the multi-hole and multi-disc system of the grinder working unit: 
filling of the transport and grinding area, power, process target and mass efficiency as well as 
linear (circumferential) and rotational speeds of operating discs.  

The systematised characteristics of idle running and load, based on specialist calculations and 
investigations into grinders, indicate that the filling of the quasi-cutting unit, and therefore 
efficient, power demand and energy consumption in the grain cutting process, depend on the 
values of operating speeds of both quasi-cutting and feeding. These, in turn, depend on motional 
and drive parameters of individual grinding units and the sum of momentary cross-sections, 
material volume in adjacent holes, making up a grinding unit. The grain motion characteristics, at 
various stages of disintegration and movement, depend on the common areas of the preceding and 
subsequent holes and their filling level with material both before and behind the cutting plane.  

Applying a practical approach related to the structure and operation of food machines–assuming 
a design solution (as a logical conjunction of criteria and structural features of a quasi-cutting unit) 
within the conceptual space, providing an optimal solution from the point of view of the selected 
criteria including objective, minimum power, auto-adjustment and multi-level structure–it is 
possible to propose a new pro-developmental solution with regard to further analyses of the 
integrated grinding system in the field of permissible variability of structural features and 
processing parameters.  
 

5. Conclusions

The methodology of calculations and examination of the characteristics of grain motion, for idle 
and loaded grinding, may lead to improvement and development of processing machines.  

The selected characteristics of grain motion point to the need for reaching a compromise 
between the two basic functions: movement and grinding within the intra-hole working space. 
Proposed and partly verified models will facilitate selection of optimal structural features and 
multi-disc grinding process parameters. It is a useful and desired course, resulting ultimately in 
obtaining a nutritious/high energy product with a defined form, structure and repeatable 
dimensions. 

The analysis of the current studies and structural basics of triticale, maize and rice grain 
grinders, as well as detailed mathematical descriptions of the grinding process in relation to the 
structure of disintegrating units confirm the possibility of development and experimental 
verification of mathematical models useful for optimisation (modernisation and advancement) of 
multi-disc grinding structures. Models and corresponding mathematical dependencies facilitate 
efficient designing and planning of multi-hole grinding systems utilisation.        
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Abstract 

 
The paper  presents  the synthesis  of the receptance  by using  the block diagrams. The  presented method is also 

very useful when the machine or a group of machines is mounted on a flexible roof which is hard to describe 
analytically.  Such a case occurred while analyzing vibrations of a group of pumps installed on a floor of an assembly 
hall. Pumps, apart from excitations generated by the operation, are subjected to kinematic excitations from 
 a vibrating foundation. A synthesis of the pump connection with a flexible base has been presented in this paper. 
 
Keywords: pump, vibrations, structural synthesis, flexible foundation 
 
1.  Introduction 
 

In  paper [3] vibrations of a mixed flow pump rotor shaft seated with neighboring machines on 
a susceptible floor. The  vibrating shaft generated the pump vibrations which through the 
susceptible roof were  transferred onto the neighboring machines causing a kinematic excitation, 
Figure 1.  

Fig. 1. A group of pumps installed on the first floor of an 
assembly hall 
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Thus, there was crated a dynamic system consisting of  the pump and roof for which, due to an 
unknown flexible continuous system, the analytic description is  difficult. A interesting method of 
analysis discrete and flexible systems is structural synthesis of their receptance, [1, 2]. The 
simplification of a description is based on the idea that the unknown and difficult for fully 
identification flexible sub-system is replaced by its receptance, obtained by experiments, only in 
the points of connection.  

A structural scheme of connection built this way can be treated as the object of control and is 
completely ready for the analysis which are used in the control engineering by means of the matrix 
transfer function [4].  The method will be illustrated using the example. 
 
2. The synthesis of the receptance 
 

Let us consider the system presented in Fig. 2. 
 

 
 

Fig. 2. The model of the system 
 

In the point A of analyzed system the input force P(t) is acted. On point C there is the mass m 
or spring k. The aim of this work is minimization of vibration of the point B.  

This model consists of the flexible sub-system “�” and discrete “�“. Because the continuous 
sub-system � is very difficult for analytical description ,the unknown data of this receptances were 
determined experimentally. 
The matrix receptance  � has the form 
 

 � �
�
�
�

 

!

"
"
"

#

$
�

CCCBCA

BCBBBA

ACABAA

i
%%%
%%%
%%%

�% , (1)

                                                                              
where:   �ij = �ji. 
After connection the block diagram can be drawn (Fig. 3). 
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Fig. 3. Synthesis  of the receptances 
 

From  above structure the receptance � after connection has the form: 
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System response is obtained  from the equation 
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, (3)

  
or in shorten notation 
 

 P�Z � , (4)
  
where:  Z  is column vector including outputs  zA ,  zB,  zC , 
             �  is the matrix of receptances of the whole system after  connection, 
             P  is the column vector of input forces. 
 

From equation  (4)  one can write: 
 )()( tPiz BAB �� � , (5)

  
where:   �BA  is the receptance between points  B  and  A. 
The receptance  �BA  is obtained from above general presented diagram - Fig. 4. 
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Fig. 4. The block diagram of the �BA 
Solving above diagram we have: 

 
 � �

� ��
�

&%
%%&%%

�
iM
iLBA

CCCC

CABCCCCCBA
BA

)(
�

�
��

� . (6)

  
The coordinate  zB  is zero when  �BA = 0,  that is mean when  LBA = 0 

 
 � � 0��� CABCCCCCBA %%&%% , (7)

now 
 

BA

CCBACABC
CC %

%%%%
&

�
� . (8)

 
The  receptance  �CC can get the following forms: 

 
 mass 2

1
�

&
�

��
mCC , (9)

  
 spring 

kCC
1

�& . (10)

 
Substituting equations  (9) and  (10)  to (8) we can calculate  mass the  m  or stiffness  k: 

 
 

CABCCCBA

BAm
%%%%

%
�

�
�)( , (11)

  
 

CCBACABC

BAk
%%%%

%
�

�
�)( . (12)

 
3. Calculation 
 

The sub system  �  was experimentally  described  (Tab. 1) and graphically presented in  Fig. 5. 
 

Tab. 1. The experimentally  determined receptances   � 
 

� %BC %CA %BA %CC 
50 10-6 50-6 50-6 70-6 

60 14-6 60-6 60-6 82-6 
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70 20-6 66-6 66-1 89-6 

80 26-6 72-6 72-6 95-6 

90 33-6 76-6 76-6 100-6 

100 41-6 80-6 80-6 110-6 

110 50-6 83-6 83-6 120-6 

120 58-6 85-6 85-6 135-6 

130 67-6 86-6 86-6 140-6 

140 78-6 87-6 85-6 148-6 

150 88-6 87-6 80-6 150-6 

160 100-6 87-6 73-6 140-6 

170 113-6 86-6 64-6 130-6 

180 110-6 85-6 55-6 120-6 

 

 
 

Fig. 5. The receptances of sub-system � 
 

Substituting  the values of the receptances  �BC , �CA , �BA  anad  �CC  from Tab. 1 to equation 
11 the mass of  subsystem  �  is obtained, Fig. 6. 
 

 
 

Fig. 6.  The mass of the subsystem  � 
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Now one can check the result of calculation, for  
=60 rad/s and  100 rad/s,  m(60)=4 kg  and 
m(100) =1,5 kg . 

If the calculation is correctly done, the receptance  �BA  (equ. 6)  should be zero for above  
masses, Fig. 7. 
 

 
 

Fig. 7. The receptance �BA for m=4 kg and m=1,5 kg 
 

From presented diagrams  (Fig. 7) one can see that really for  
=60 rad/s and  
=100 rad/s  the 
receptance �BA = 0, that means zB = 0. 
                                                                                                                                                                
4. Conclusion 

As the result of the above work the following conclusion have been drawn: 
1. As it  has been demonstrated  the method is very useful for systems in which the continuous 
system is difficult to describe analytically. In such a case the continuous system can be  described 
by the experiment only in the points of connection with the discrete system. 
2. On the basis of this example, it can be said that reduction of vibrations in selected points of the 
continuous system is possible and it is even possible to seat the machines in such a way that 
vibrations can reduce each other. 
3. For large roofs the equipment for taking dynamic characteristics is expensive and, above all, 
needs to have relatively high power. It is usually used in construction engineering.  
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Abstract

This paper describes a need of diagnostics  present ship plants according to current technical state. In order to 
reach competent physical quantity describing fatigue of materials by congregated energy. This paper describes using 
some diagnostics methods (acoustic emission AE, vibration, thermovision, deformation) in order to definition fatigue 
state of construction material. The author tries to find correlation between measured quantities which describe 
continuous process of fatigue wear. Innovation of this research allows use a new, little-know and little-recognized 
acoustic emission method by energetic fatigue research. Besides the results of AE will verified by use well-knowing 
and described research methods that are using to appreciate fatigue  materials (vibration, thermovision, deformation). 
Used diagnostic methods were verified with photos of cracked scrap. The conclusion describes suggestion of research 
results. They will be needed to classification of fatigue symptoms that are measured by the above methods and are 
giving competent diagnostic dependence. This paper deals the results of elementary research on laboratory stand. 
They will be used to diagnostic of ship plants and their driving elements (shafts, cams, valves). 

Keywords: ship plants, drive elements, energetic methods for fatigue materials, vibration methods, acoustic 
emission

1. Introduction

The fatigue of materials is continuous process that attends maintenance of machines. It is in all 
constructional element working with changeable loading so it is in many working machines. 
Present researches and experiences show that elements work in loading area making stresses under 
durable value of fatigue stresses is non-failure. The breakage is at the time result of wear or 
excessive loading [1, 2, 3] (fig. 1, fig. 2). It should think  however how can determine technical 
state of device or its individual parts, if they were exposed for excessive loading or bad 
maintenance (f.e. disappearance of oil lubrication), appearance of notch or concentration stresses. 
This situation concerns especially driving elements of machines working with changeable loading. 
In this situation would be local weakness of material and start of crack. The breakage influences 
for shorter time of maintenance, less reliability and uncertainty of technical state.      

Continuous monitoring of susceptible and important machine’s elements is realized in lots of 
devices and constructions. For reliability very important is determination technical state according 
to continuous monitoring (maintenance according to present technical state).  It concerns devices 
that demand high reliability like marine power plants and turbogenerators. According to this 
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knowledge user can provide next sensible maintenance and moment of damage. This measuring 
technique is helpful to prevent and  decrease damage and accidents. This technique and automatic 
systems can create modern diagnostic systems and limit human’s mistakes.

2. The purpose of test stand building 

The purpose of test stand building has been determination the degradation of material’s 
property (especially constructional materials used to driving elements of marine power plants). 
This test stand is used to determination of fatigue strength limit for standard test pieces. In this 
case we can get Wöhler characteristic of material that is loaded of oscillatory bending moment.  
The method of making fatigue tests on this test stand is knowing very well and described at 
national standard PN-76/H-04326. The test stand is now provided with modern measuring 
apparatus that can describe fatigue state.  This test stand is very useful to making basic tests by use  
apparatus detect fatigue of material at first time loading.  

The tests making on this test stand have the purpose that we can describe a fatigue state of 
material by use present apparatus and methods. The described test stand is introduction to next 
experiments that are realized as doctorate study. A topic of the doctorate study includes diagnostic 
of  some driving elements of marine power plants that are hazarded oscillatory loading, especially 
by use Acoustic Emission’s parameters as diagnostics symptom.

3. The test stand and the using measuring apparatus  

The test stand was built probably in 50’th year XX century by workers and lectors worked on 
Mechanical Department of Gdansk University of Technology for making fatigue tests. The 
appearance and construction is similar to any test stands had been described on speciality literature 
[4]. The test stand was renovated and accommodated for test of fatigue process by use modern 
apparatus. 

For recording quantities describing fatigue state of material’s test piece the test stand is 
provided with following  measuring apparatus: 

� Acoustic Emission (AE-system AMSY-5 of Vallen), 
� vibration (vibration meter SVAN 956 of Svantek), 
� temperature (thermovision camera of FLIR), 
� deflection (dial indicator [0,01mm]), 
� basic quantity (loading, number of cycles, time, rotational speed).
The sensors were installed with directions for use for measure quantity that describe actual 

fatigue state. It is especially important a graduation of measuring apparatus because they have to 
inform about actual material’s property.  This attention concerns especially Acoustic Emission and 
thermovision camera  

The Acoustic Emission apparatus is provided with right filters that can record (after right 
process) frequency spectrum of material’s cracks. Classification of right signals and random noises 
is laborious and demands right experience. Application of Acoustic Emission in described tests 
was possible only with experience that were got in earlier projects. This experience allows right 
correct Acoustic Emission apparatus and its software [5]. By temperature measurement we should 
especially attention that the measurement of emitted radiation spectrum informs about right 
temperature of test piece (the correct emission factor). The tests had show that the warmest point is 
not in this same side and “drifts”. The fig. 1 shows a side where the sensors were installed:
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Fig. 1. Installation of sensors 

The loading of test piece is caused by weights that are hung under test stand and make constant 
bending moment by stiff string system – fig. 2: 

Fig. 2. The loading of test piece 

The oscillatory stresses are caused by rotation of test piece that is loaded bending moment. If
we know the properties of material we can count a number of cycles (fatigue life) and vice versa. 
The properties of material and chemical constitution were identified by tension test in certification 
laboratory of Gdansk University of Technology. The tension test helped to identify the right 
material of test pieces. The material of test pieces is unalloyed weldable fine-grained steel S355N. 
If we know dimensions of the stiff string system (fig. 2) we can count very easy stresses that are in 
test piece. The final relation is following: 
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The installation of Acoustic Emission sensor and vibration sensor together on one bearing 
housing causes to get comparable information (fig. 1). The information will analyse in the next 
experiment. This method allows to locate cracks of test piece. The time of cracks and velocity of 
wave propagation (steel) allow to count the place of cracks (fig. 5, fig. 6). The two-dimensional 
analysis (two Acoustic Emission sensors) was made by use special Visual Class program. 

The results of tests, experience and literature show high scatter of Wöhler characteristic for 
oscillatory bending test.  A number of cycles for constant loading (fatigue life) differs over 100%. 
It is necessary to make statistical verification.

              
4. Tests

The tests were made according to Wöhler characteristic. The fatigue strength limit was 
determined according to literature, experience and material’s certificate.  The next step consisted 
in start from high loading and reduce it and observe the parameters. The range of loading and 
measurements was determined after break a few test pieces. The test was made for fifteen test 
pieces and makes introduction to the next tests and statistical verification. 

The measurement of vibration, deflection and temperature were taken reading after particular 
number of cycles (discrete measurement). The characteristic of measurement for particular test 
pieces was described on this way (fig. 4). The test was planned in this case, that reading of 
parameters were made for every test pieces after particular number of cycles. In this way we can 
get comparable information about analysis of fatigue process. The measurement for parameters of
Acoustic Emission (AE) was read continuous off. This way caused get the quantities describe a 
shape of AE wave (RMS, number of level’s overflows). 

The analysis of results allows to state that amount of dissipative energy in cyclic loaded driving 
elements could be a information about fatigue state of material. The range of hysteresis lop (co-
ordinate system stress - strain) describes amount of energy U that is necessary to deformation of 
material at every cycle. Some of energy is wasted for internal friction in microstructure of material 
[2,8]. In this case losses of energy make increase of temperature. The final relation between the 
total losses of energy in material W and strain’s energy U is following 2 [8]: 
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where: 

σrz z – true stresses by break (by tensile test), 
σa – amplitude of stresses, 
Θ – factor describes intensity of increase of energy W with energy U together with increase of 
cycle’s number  Nf described relation for plastic materials 3, 
erz – true strain for  σrz z.

rze37,0085,01
��

	
(3)

Every loss of energy is described range of hysteresis lop and is propagated as elastic wave in 
material. A shape and parameters of this wave are measured by AE sensors. The results of test 
show that for low number of cycles the energy at one cycle is “sufficient high”. The signal 
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generated of this way is measured by AE sensors. The results of test show that for big number of 
cycles the energy at one cycle is “low” and the crack’s energy losses in material could not measure 
by AE sensors. The temperature and AE are good correlation of parameters that describe losses of 
energy in cyclic loaded test piece. The fig. 3 shows increase of temperature for one test piece 
measured by use the thermovision camera for followed cycles. The fig. 4 shows characteristic of 
temperature and strain cycles-dependet for four test pieces loaded the same weight. The table 1 
includes basic data and results of tests.

         

Fig. 3. Increase of temperature for followed cycles and moment of crack 
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Fig. 4. The temperature T[oC] (red line) and strain Ug[10-2mm] (blue line) cycles-dependet k for four test pieces: 10, 

11, 12 i 13 (loading 22kg) 
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Tab. 1. Basic data and results of tests for four test pieces 

Test piece
10

Test piece
11

Test piece
12

Test piece
13

number of cycles until crack 55x103 45x103 509x103 1450x103

didn’t crack
max. temperature after 20 x103 cycles 48,1 oC 53,6 oC 39,0 oC 31,3 oC
strain after 20 x103 cycles 0,59 mm 0,42 mm 0,09 mm 0,08 mm
absolute change of AE amplitude 
(after moment of strain hardening) 4,4% 4,2% 1,5% 0,1%

visible crack’s location (AE signal) YES YES WEAKLY NO
amplitude of stresses 211 MPa 211 MPa 211 MPa 211 MPa

The results show that thanks to AE method is possible separation of signal that genesis is from 
fatigue source. High elementary energy which is emitted in one cycle is measured by AE 
apparatus. Fig. 6 shows signal location described by number of location events and measure by AE 
sensors. For 10 and 11 test pieces (short fatigue life) we can very clearly see the signals generated 
in the middle range of test piece between AE sensors (the crack place). For 12 test piece (fig. 5, 
fig. 6) we can see this same signal generated in middle range but noise from bearings is stronger. 
In this case we could not detect a material defect and a crack location. The signal of 14 test piece 
doesn’t show fatigue cracks. This analysis is acknowledged by temperature, strain and basic data
in table 1.

This results show that loss of energy in cyclic loaded material describe its duration (fatigue 
life). We can very right measure this process by use Acoustic Emission. A low diagnosticability is 
for test pieces have long fatigue life (big number of cycles until crack) and low storage of energy 
in material. 

Fig. 5. The number of location events were measured in range between AE sensors
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Fig. 6. The location of crack range (from left: test piece 10, 11, 12, 13) 
It is a correlation between amplitude of AE signal and fatigue state of material. At the moment 

of strain hardening (point on characteristic where strain-line is curved) the amplitude of AE is 
decreasing (tab. 1, fig. 7. fig. 8). The decrease is more clear for test pieces which have a low 
fatigue life (10 and 11 test piece). The decrease is weakly clear for test pieces which have a high 
fatigue life and unclear strain hardening (12 test piece). A change of AE amplitude is not visible 
for uncracked test piece (13 test piece). The moment of crack is described increase of AE 
amplitude. The general rule for energetic evaluation of multi-symptoms tests of fatigue material is 
described following: strain hardening – decrease of strain – lower energy – lower AE amplitude –
stabilization of temperature. 

Fig. 7. The change of AE amplitude [dB] at moment of 
the strain hardening – 10. test piece

Fig. 8. The change of AE amplitude at moment of the 
strain hardening cycles-dependet

The process of fatigue material can be described by frequency spectrum of vibration. A
measurement was taken reading after particular number of cycles because a memory of vibration 
meter was limited (discrete measurement). With following decrease of section of test piece a 
rigidity of joint is decreasing. This process shows high amplitude in particular frequency spectrum 
of vibration (analysis FFT fig. 9, fig. 10). Spectrum of high amplitude of frequency is in the range 
of first harmonic (after noise’s filtering - noises from bearings). The next analysis can find range 
of frequency which is symptom of fatigue material. The frequency: second harmonic (100Hz) and 
four’th harmonic (200Hz) are symptoms of following fatigue crack of material.  

A visible increase of energy signal which is measured by AE sensors is not sufficient measure 
by vibration sensors. Fig. 9 shows frequency spectrum of vibration before loading. With following 
degradation of material (fatigue material) the second harmonic (100Hz) and four’th harmonic 
(200Hz) are more visible – harmonic which are characteristic for fatigue crack of shafts. The
measurement for four test pieces loading this same weight (tab. 1) does not show increase of 

81



amplitude in frequency spectrum of vibration for second harmonic and four’th harmonic (analysis 
FFT - fig. 10) – however the increase of AE parameters is visible. This measure shows that 
vibration method is useful for diagnostic of technical state at the final life of devices (10 - 20% life 
before break-down).The vibration method is useful because by use analysis FFT we can recognize 
defect (characteristic frequency spectrum of vibration) but we can not describe quantitative (by 
amount) damage or sufficient describe diagnostic of fatigue state of material.

Fig. 9. Analysis FFT for test piece before loading (spectrum): velocity (left) and acceleration (right) 

Fig. 10. Analysis FFT for test piece during test: velocity (left) and acceleration (right) 

The used parameters give diagnostics information about progress of fatigue material and its 
quantitative describing. However for describing structure of material were made metallographic 
photos of fatigue scrap (fig. 11). They were useful for verification of measured parameters and for 
more precise describing of fatigue process and for explanation their run. This procedure can help 
to describe state of material in crack point together with results of measurement. This procedure 
can help to compare fatigue scrap with run of measured parameters. 

The parameters of overnamed apparatus and fatigue scraps show loss of energy in one cycle 
and describe state of material. Fig. 11 shows 10 and 12 test piece. The fatigue scrap for 12 test 
piece is characterized small spacing between crack’s lines and big ratio between fatigue range and 
plastic-brittle range. This fatigue scrap shows big number of cycles to break-down and small loss 
of energy in one cycle. This statement is described by results of AE, strain and temperature. The 
fatigue scrap for 10 test piece is characterized for low cyclic test. A big loss of energy in one cycle 
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is characterized big spacing between crack’s lines. This statement is described by results of AE, 
strain and temperature (very clear location of crack – fig. 6).

Fig. 11. Metallographic photos of fatigue scrap (left: 10. test piece; right: 12. test piece) 

The metallographic photos show that diagnostic of technical state for machines by use loss of 
energy in cyclic loading material is very useful. The used apparatus is very useful for this tests. 

A right shape of AE wave and its characteristic frequency (analysis FFT), amplitude and RMS 
will be helped in next tests to associate in individual groups for common runs of waves. In this 
process will be made classifiers which could help to separation a individual frequency responsible 
for useful signal (fatigue material) and noises. The next analysis of results will be made by use 
special Visual Class program. 

5. Conclusion 

The results of made tests give interesting conclusions. It is common correlation between 
measured parameters: Acoustic Emission, vibrations, temperature and deflection. This statement 
was very probable because process of fatigue material is continuous process and following 
degradation of structure of material has to give changeable symptoms. Moreover fatigue material 
is energetic process which is characterized cyclic strain that makes increase of temperature and 
strain hardening. It should mark that the highest temperature which is measured at test is not 
always in crack point. This observation could show that material has internal defects or
heterogeneous structure. However at the moment of crack the highest temperature was always in 
crack point. The strain hardening is characterized decrease of strain and this makes less deflection 
and less moment of inertia (less moment of rotational mass) and increase of rotational speed.

A previous tests give information that we can see relation between AE and vibration 
parameters [6]. The frequency and amplitude which  are results of fatigue material are visible by 
use AE apparatus more earlier. A fatigue material which is energetic process is characterized for 
loss of energy in material and change its properties which are recording by use AE apparatus. The 
Acoustic Emission gives information about damage location and amplitude’s value. Thanks to this 
information we can estimate state of fatigue material as function of loss of energy in material. 
Thanks to this information we can decide about maintenance and work of drive system in the 
future. When we compare a vibration method and Acoustic Emission we have to make statement 
that the vibration method allows to estimate a fatigue material by use a characteristic frequency 
(frequency spectrum) and not by use change of amplitude (RMS). 

A big scatter of number of cycles until crack for test pieces loaded this same weight was 
caused probably influence of strain hardening of primary material during rolling. All test pieces 
were cut and made from the one steel plate (this same material S355N). The test pieces were 
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turned in this cause that axis of test piece is parallel to direction of rolling.  The test pieces which 
were cut from surface layer had a higher internal work-hardening (internal stresses and direction of 
grains as a result of plastic working) that could be a reason of higher fatigue strength [8] (fig. 4). 

It is relation between number of cycles and measured parameters. This is a general statement 
and true for all test pieces. We can make statement that we can predict a future time for crack of 
test piece on the basis of measured parameters. This statement says measured parameters give 
information about quantitative (by amount) description of fatigue material and how many cycles a 
test piece can work. 

In the next part of test will be introduced changes in material (cut notch) and continuous 
change of loading for test pieces work over a fatigue strength.  This method will show technical 
state of machines or their parts work with overloading and with internal preliminary fatigue wear. 
This method will allow determine a relationship between diagnostic parameters and predict 
possibility of fatigue life.
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Abstract 
The permanent rice of consumption and price of meet products over the world have created necessity of looking 

for every possibility decrease cost of feed production, in this range, first of all, process machines. 
15 mln ton corn grains was milled for feet every year by beater grinder. This part of machines characterize 

substantial energy consumption from 36 to 72 kJ/kg [1,2]. 
Analysis of literature and own investigation over grinders proved, that modernization of working unit may be 

reason to importance of energy saving in the process. To put into changes of beaters geometric, which consideration 
the structure of grain grinding. The verify of test the new rotor solution show advantage energetic compare to 
traditional one about 24%. 

Keywords: beater, grinder, corn grain, rotor, modernization, energy saving 

1. Introduction  
Grain’s grinding is the main technological operation in mixed feed production. It is achieved 

with the help of beater grinder (Fig. 1), which are commonly used owing to their all-purpose 
employment as far as the feeding stuff row material is concerned, their simple structure and 
service. The essential fault of these machines is height energy consumption [1, 2].

The technological process in the grinder is as follows, a weighed and placed in tank sample of 
the raw material is delivered to hammer mill encharging hopper at uniform rate through feeder. 
Next, it is transported gravitionally to the operation chamber where it is subjected to the percussive 
action of hammers. The kinetic energy of particles is used for their division, their collisions among 
them on the screen. The differen between grinders and grain must being 42 m/s – it is condition of 
shock defragmentation. Succesive division of the particle take place until its size is equal to the 
diameters of holes in the screen. Such particles leave the hammer mill, next they are transported by 
the air stream through special short channel to aerocyclone where they are separated from the air. 
In order to increase the efficiency of separation, the aerocyclone is provided with fibrous filter. 
The ground particles fall to product tank. 

For example, grinding barley using screen 4 mm needed from 8 to 12 collision with beaters. 
The time of one contact being 10·10-5 s. Great value of unit energy consumption (about 60 kJ/kg) 
is causes too long time of staying grains in working chamber. This phenomenon cause of produce 
too much fraction of dust (particle less than 0,5 mm) what is physiologically undesireable quality 
of feed is lower [3]. 

Continuous development of beater grinders don’t solve problem of high energy consumption in 
this machines.
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Betterment of working parameters take place with modernization. Changes of beater grinder 
dedicated to corn grains is a complex scientific problem, who contain three factors: corn grain 
(feed material), process of fragmentation and build of the machine. 

General may be accept, that the structure of corn grains is inhomogeneous and have two parts:
fibrous cover with high strength and unregulary interior represent fragile mass. Optimal way of 
grinding this material would be connecting of two methods: cutting for covered and beat for 
interior. 

Fig. 1. Scheme of beater grinder :1 – housing, 2 – rotor, 3 – bolt, 4 – beater, 5 – sleeve, 6 – screen, 
7 – working chamber, 8 – charge, 9 – outlet [1] 

The second reason of high energy consumption by grinder is low efficiency of collisions in 
grinding chamber. It has been observed, that there grains take rotates motion. The consequence of 
this phenomenon is that not all collisions lead to fragmentation of particles. Compare to author of 
this article using in grinder rotor beater with different length: longer, which take place at outside of 
chambers and short one at the middle of working area. That solution generation speed gradient of 
particle to central part of chamber – braking circulation of collection grain. Consequential, 
quantity of efficiency collisions increase. 

2. Object and methods 
Description of grinder construction modernization, generates to the following research 

problems: 
a) does application of the thin and thick beaters in grinder rotor, lead to reduction of energy 

consumption? The supposition is that the thin beater, can intense cutting cover of grain, 
while this beaters make collision process in grain interior area more effective. 

b) does application of the long and short beaters in grinder rotor lead to less energy 
consumption? The supposition is that makes axis vector of particle speed, what provoke
higher speed of collision. 

Veryfication of this problems have needed experiment. The physical model of traditional and 
modernization grinder was made, next special system and measure instruments were installed. 
Barley was used like test material. Traditional beaters was perpendicular plate begin 4 mm- 
thickness and 80 mm- length. 
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Fig. 2. Scheme of working set of grinding rotor, after modernization (unfold version):  
1 – bolt, 2 – sleeve, 3 – beater, 4 – screen 

Idea of the improved rotor with modified beaters is presented in Fig. 2,. Beaters is separated by 
special sleeve, which are fixed on the bolts I – IV. The following changes have been done 
according to traditional solution: 

a) application “cutting” beater being 2mm,, and “shock” beaters being 4mm – divide of 
working process on two ways – cutting cover and defragmentation inside area by shock. 

b) locate by turns five piece of beaters at four bolds with special sleeve, which make the next 
principle – one full turn of rotor determine that maximum area of chamber take place in 
process, 

c) use the beaters having variable length and location the with principles – the shorter one put 
in the middle of the working chamber. The end points of beaters create parabolic line at 
one belt. 

Laboratory grinder with change of constructional elements was build and installed in system 
consest – fedder, grinder and collect unit. Special solution make possible fast change of elements –
rotors and screens. Screen who surround chamber has 3, 4, 5, 6 mm wholes diameter (according to 
norms). This parameters contains variable not-dependent in experiment.  

In the test put to trial following function: 
,

where: 
E – unit energy consumption kJ/kg, 
Pc – summary power in the process, W, 
Pj – power of idle running, W,  
Qm – mass output, kg/n
g – thickness of beaters, mm, 
l – length of beaters, mm, 
d – diameter of holes screen, mm 

(1) 
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The unit energy consumption was defined as the quantity of energy necessary to obtain a unit 
of the ground product mass. It was calculated from the ratio of power consumption to the hammer 
mill efficiency. The power was determined by an indirect method by means of the moment 
measured and the rotational speed of the hammer mill shaft. 

3. Results and conclusions  
Obtained results are presented in Fig. 3. Four curves show relations for various rotors. The first 

is base for compare investigations. Next numbers two and three show results individual solution of 
rotor and last – four is summary function for new construction of rotor at all. 

Fig. 3. Relationship between energy consumption E and diameter screen hole in grinder d for various rotor solution 

Carried out experiment and analyses of curves in Fig. 3 entitle to formulate the following 
conclusions: 

a) the independent variable in examination has proved essential influence on energy 
consumption of grinding process, 

b) test results positive verify investigation problems in this experiment,  
c) cpplication beaters which various length leads to reduction of energy consumption from 11 

– 14%, 
d) application beaters with various thickness leads to reduction of energy consumption up to 

18%. The reduction is largest for inside diameter of screen being 3mm, 
e) the largest row of grinding energetic is observed for completely redesigned rotor. The 

observed reduction is not as sum of applications, that is result of interaction between 
independent variables. Maximum reduction of energy consumption comparing with 
traditional solution is about 24% 

f) the problems need optimization test.
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Summary 
 

The work shows a model of a low voltage line (LV), loaded asymmetrical (asymmetry load), feeding scattered 
customers. The object of the research is an LV line supplying rural customers. Analysis of the tests results of the built 
model allows among others, evaluation of the values that characterise the quality of the electricity supplied to 
customers and the parameters that describe the objective of the research. In order to assess the quality of electricity 
(provided to customers) the algorithm calculation was compiled and on the basis of the developed model, it is possible 
to calculate the values of voltage sags and deviations on the individual points of the line. In addition, it enables the 
designation of the asymmetry of voltage (the coefficients of voltage asymmetry). The figures characterising the quality 
of electricity can be appointed to different parameters describing an LV, inter alia, distribution of customers along the 
line, what type of customers are connected to the line (productive and unproductive), the nature and extent of the load 
and the degree of load asymmetry. 
 
Keywords: low voltage line, loads asymmetry, voltage drops, voltage deviations, voltage asymmetry 
 
1. Introduction 
 

The reasons for the presence of currents and voltages asymmetry in three-phase grids are 
primarily non-symmetrical loads and non-symmetrical transmission devices. The work three-phase 
electrification system is called asymmetrical or non-symmetrical when the work conditions of one 
or all phases are different. In three-phase systems there are short-term and long-term operational, 
asymmetrical modes of work. Short-term asymmetry is usually caused by emergency processes. 
These are primarily asymmetrical short circuit and disconnections of one phase in the cycle of 
automatic re-connection. Long-term asymmetry in a transmission system can occur when you 
enable the network an asymmetrical load, with the presence of asymmetrical elements or 
asymmetric work of transmission system.  

Asymmetry caused by an asymmetrical load is called the transverse asymmetry. Asymmetry 
caused by an asymmetrical transmission element (dissimilar own impedances and interactions of 
the lines) or asymmetric and cross currents flowing in this element is called the longitudinal 
asymmetry [3]. 

Asymmetrical states of work are present especially in rural distribution networks of low-
voltage power systems. Such states of work follow from asymmetry of loads in phases, caused by 
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an unbalanced power distribution for each phase of single-phase receivers and random enable 
receivers to the network.  

In the designing and construction of a rural network efforts are made to proportionally and 
evenly connect all single-phase receivers to the individual phases, but it does not always meet this 
criterion. 
Even in conditions of balanced connection of receivers, an asymmetry occurs in low-voltage lines. 
This is because each of receivers can be enabled or disabled from the network depending on 
changing situation. Usually a load of each phase changes in time, regardless of other phases load.   

Asymmetry of line caused by dissimilar reciprocal impedances has caused a negative impact 
on the quality of electricity, particularly in the case of overhead low-voltage lines, built with flat 
laid cables. In the lines of higher voltages (above 15 kV) the asymmetry is reduced by changes in 
the mutual positions of the cables. 
 
2. The object of research 
 

The object of research is a low voltage line, loaded asymmetrical, supplying rural customers.  
The analysis adopted a line model of 2nd type, characterised by zero values of crosswise 
parameters in the substitute scheme (crosswise parameters: unit conductance of Go line, unit 
susceptance of Bo line, takes into account medium and high-voltage lines) [1]. This type of line is 
characteristic of rural areas; four-cables and overhead line, with flat laid cables, and as the most 
widespread, is also the most unfavourable, due to mutual impedance of line in terms of asymmetry 
loads, the quality of the power is thus supplied to customers. Different values of mutual 
impedances make that line as an asymmetrical element of electricity transmission. In addition, 
assumed that receptions have a resistance-induction character.  

Test Object Model is presented in the Figure 1. 
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Fig.1. Model of low voltage line asymmetrical loaded  

 

3. Model of low voltage line 
 

Model of low voltage line include, inter alia: 
1) Fixed parameters: 

                              f – network frequency (f = 50 Hz),  
                           Ust – voltage phase at the beginning of the line (in a station); Ust = 240 V,  
                              % - wire conductivity (for Al. % =34,8 m/'·mm2), 

customer�1 customer i customer�n�
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                        s , sN – cross-section of the phase and neutral wires:, 
            bAN, bBN, bCN –  distance between the wires A i N, B i N, C i N, 
         bAB, bBC, bAC – distance between wires A and B, B and C, A and C, 
 

2) Data determining the topology of the line: 
l – length of the line [m], 
n – number of receipt points, 
li – distance of i-th receipt point from the beginning a line; [m]. 
 

3) Resistance values on sections between receipt points; ['� 
a) for a phase wire 
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4) Unit reacatances, own and mutual of loops wire; ['/m] 
a) reactances of loops wire respectively A and N, B and N, C and N 
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 where: 
 
 rA, rB, rC, i rN – radii of cross-sections phase and zero wires 
 

b) reactances of loop wire A and B, B and C, C and A 
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5) The power values at individual receipt points  
In every group of value of three powers phase at receipt points, you can separate: Pmaxi –  
power of the most loaded phase, Ppi – power of indirectly loaded phase , Pmini – power of 
the least loaded phase. 

siisi
ii

i PwP
kk

P �
��

�
21

max 1
1

,    (5) 

where: 

91



 
- maximum load factor [2] 
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- peak power in the i-th receipt point  
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where: 
 
Ufi, Ifi, cos�fi – phase values of: voltage, current and the cosine at the i-th receipt point 

(f = A,B,C). 

6) The values of phase currents measured in individual connections: 
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where: 

Un –  value of nominal voltage. 

7) The phase current values in a line between (k-1) and k-th receipt point 
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8) Resistance phase losses of voltage on the section: phase wire – neutral wire between (k-1), 
and k-th receipt point 
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 - resistance phase losses of voltage between receipt points 
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9) Inductive phase losses of voltage on the section: phase wire – neutral wire (k-1) and k-th 
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 - inductive phase losses of voltage between neighboring receipt points   
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 - inductive loss of voltage in neutral wire on the section as above    
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10)Phase losses of voltage from the beginning of the line to the i-th receipt point                
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11)Phase voltages and between wires in the i-th point of receipt point 
 
a) phases voltages 

- vectors     - modules 
ANistAi UUU )�� ,   AiAi UU � , 
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j
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o

)��� 240 ,   BiBi UU � ,                       (19) 

CNi
j
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o

)��� 120 ,   CiCi UU � , 
b) voltages between wires 

- vectors     - modules 
BiAiABi UUU ��  ,   ABiABi UU � , 

CiBiBCi UUU ��  ,   BCiBCi UU � ,                       (20) 
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AiCiCAi UUU ��  ,    CAiCAi UU � . 
 

12)Phase drops and voltage deviations [4]  
a) voltage drops    b) voltage deviations 
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13)Coefficients of voltage asymmetry [3] 

a) opposite order               b) zero order 
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 where: 
 
 U2i, U1i, U0i – symmetrical components of voltage; in opposite order, matching, and 

zero order 
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 In the case of an angle symmetry: �+=�2�,-.+&+=�2�,- 

 
According to PN-EN 50160 standards, values of deviations should be within the limits of: 
     - 10% <  *Uf  < +10%               (25) 
while the value of the coefficient of voltage asymmetry (for the network, restrictions concern only 
the values of the asymmetry coefficient of the opposite order) 
                               �U2 < �dop = 2%               (26) 
 
4. Selected results of simulations 
 

Examples of calculations carried out for overhead line LV with simple track, specified cross-
section wires (s = sn = 50 mm2) and a fixed topology, so the length l = 1080 m, the number of 
receipt points of n = 10. Assume customers evenly along the line. At the beginning, values of the 
peak power Psi were generated for the individual connections and its average value was  
Psg = 5,753 kW (on the basis of  research results in rural customers). Distribution of the power on 
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time stages was implemented by determining the values of coefficients described in formulas (6), 
(7), (8).  
For several values of the maximum load factor obtained on the basis of research results concerning 
loads in rural customers: 
     406,0��� wi ww �     541,0�� wwi     675,0��� wi ww �     709,02 ��� wi ww �  

values of coefficient k1i were generated. On the basis of mutual relations between the asymmetry 
loads factors resulting from the formula (5), fixed the value of the coefficient k2i in individual 
receipt points of the line. On this basis, obtained values of coefficients, values of peak power and 
phase powers were calculated in individual connections. Values of phase coefficients were 
generated on the basis of measurements carried out in a transformer station MV/LV (average value 
of the cos� = 0,923). This enabled the calculation of phase currents in receipt points according to 
the formula (10). These currents corresponding to the phase powers at random, were attributed to 
the phases of the line. This allowed us to define the value of currents in the line, drops and levels 
of phase voltages and therefore values of voltage deviations and coefficients of voltage 
asymmetry, which are among the parameters which characterise the quality of electricity in low-
voltage power line. Table 1. shows the values of coefficient voltage asymmetry and voltage 
deviations for the most loaded phase and at the end of the line for a specific level of loads 
asymmetry in customers, which largely are characterised by the coefficient of maximum load wi (it 
determines a level of phase load as dominant in relation to the remaining phase loads). 
 

Tab. 1. Results of qualitative parameters of electricity at the end of the line for a specific level  
of asymmetry loads in customers for the peak of load. 

wi 2U�  Uo�  maxfU*  

406,0�� ww �  1,12 5,41 -11,9 

541,0�w  2,00 9,85 -20,1 

675,0�� ww �  2,08 10,67 -21 

709,02 �� ww �  2,77 14,39 -23,1 

 
where: 
 

w , w�  - mean value and standard deviation of the maximum load factor (wi) on the basis of 
research concerning phase loads in rural customers for the peak of load, 

UoU �� ,2  - values of coefficients of voltage asymmetry for opposite order and zero-order,  

maxfU* - value of voltage deviations in the most loaded stage. 

 
5. Conclusions 
 

Analysis of the results of simulation studies allows us to determine the sensitivity of the system 
of low voltage line, on a degree of asymmetry loads of customers in terms of the quality of 
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supplied electricity. For a relatively moderate asymmetry of loads occuring in customers (w = 
0,406; for the symmetry of the phase loads w = 0.33), value of the coefficient of voltage 
asymmetry, ranged limits (�2 = 1,12% �dop = 2%), which took place, overrun limit of voltage 
deviations in the phase of the most loaded (*Ufmax =-11.9% < -10%). It must be noticed that 
asymmetry loads overlapped the asymmetry of line as a transmission element. In the case of very 
explicit asymmetry customer loads (w = 0.709) the value of coefficient exceeded the limit value of 
the asymmetry voltage (�U2 = 2.77% > �dop = 2%) and moreover, the limit value of voltage 
deviations in two phases were exceeded as well, while in one of them - very strongly 
(*Ufmax = -23,1% < -10%). 

Due to the complexity of the phenomenon of load asymmetry, it is necessary to develop 
simulation models that using the data of a network, customers and the results of measurements 
which representative customers, allows us to assess risk of exceeded limit values of selected 
parameters of electricity in the LV line. Then, it enables us to take into consideration the 
asymmetry loads to design a new network (e.g. choice cross-section of wires), quality control of 
electricity in existing and potential of its modernisation. 
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Abstract 

 
The article presents a mathematical model of motion of a car equipped with the automatic hydromechanical 

transmission. All possible conditions of transmission operation during car acceleration have been analysed. The 
model has been applied in a computer program for city bus acceleration simulation. Also the methodology of defining 
optimal gear shift algorithms for the automatic hydro mechanical transmission has been presented. There have been 
used two optimization criteria: acceleration time minimization and fuel consumption minimization in the acceleration 
phase. The methodology has been illustrated by an example of optimal control algorithms synthesis of the automatic 
hydromechanical transmission in a city bus. 
 
Keywords: city bus, automatic hydromechanical transmission, control algorithms, optimization criteria, acceleration 
time, fuel consumption 
 
1. Introduction 
 

Nowadays production of buses and other automotive vehicles is very often based on compiling 
a complete product of sub-assemblies and parts supplied by other automotive companies 
specialized in a given field. Even small production plants undertake the task of building buses and 
use sub-assemblies and parts from recognized automotive business companies. 

Such a strategy of designing and producing buses tailored to meet an individual client’s 
requests and using sub-assemblies and parts from famous automotive companies is applied by 
Polish bus and coach manufacturer Solaris Bus & Coach S.A. [6].Their offer of a wide range of 
bus models for various purposes and with different equipment is a technological and commercial 
success. Buses from Solaris & Coach S.A. can be seen on the roads in Poland, Western and 
Central-Western Europe and the Middle East. They are mainly city buses. 
 
2. City bus gearboxes 
 

Public transport buses are continually improved to make them more comfortable for 
passengers, safer for the traffic, less burdensome for their drivers and more environmentally 
friendly. Because of all these aspects it is vital to replace bus manual mechanical drive system with 
an automatic system as well as continue work on improving the bus body design and modernizing 
its engine. 
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Automatic gearboxes are standard equipment of currently produced city buses [7]. They are 
automatic hydromechanical transmissions which bring many advantages to them. 

The only important disadvantage of automatic hydromechanical transmissions applied in bus 
drive systems has so far been their less efficient exploitation compared to those with mechanical 
gearboxes and resulting a few per cent higher fuel consumption. 

At present this essential drawback is successfully eliminated by means of: 
– improving the transmission design with the aim of increasing its mean exploitation 

efficiency by optimization of the hydrokinetic transmission, the possibility of blocking it at 
top gears and the possibility of two-stream torque transmission at medium gears, 

– optimizing transmission control programmes which realize assigned criteria of bus (car) 
motion quality with self-adaptation to variable exploitation factors. 

 
These are also current tendencies in the development of automatic hydromechanical 

transmissions in world-wide known automotive companies with three companies dominating in 
the field of bus transmissions: Allison (USA), Zahnradfabrik Friedrichshafen AG (ZF) and Voith 
(Germany) [4, 5, 7]. 
 
3. Motion modelling for a bus with an automatic hydromechanical transmission 
 

Bus drive system made up of ready-made sub-assemblies i.e. the engine, the gearbox, the drive 
shaft, the driving axle, axle shafts, road wheels, retarders etc. requires that they not only match 
mechanically and are properly situated in the body or chassis of a bus but also that their technical 
parameters and functional characteristics are chosen correctly and programs controlling 
cooperation of sub-assemblies prepared. This is especially true about algorithms of shifting gears 
control in a hydromechanic transmission in relation to the engine control and other bus parameters 
such as: mass, gearbox and main gear ratio, road wheels parameters, air resistance, road resistance 
and inertia resistance etc. There is a large dispersion of gear shift moments in transmission systems 
of automotive vehicles with manual mechanical gearboxes especially under city traffic conditions 
[2]. 

Incorrect algorithms for hydromechanical transmission gear shift control may lead to such 
undesired phenomena as: 

– bus combustion engine operating at ranges undesired with respect to fuel consumption, 
dynamic properties or fumes toxicity, 

– considerable variations in bus acceleration at adjacent gears which negatively influence 
passengers’ comfort and cause dynamic overload in the torque converting system which 
reduces drive system life. 

 
In order to improve hydromechanical transmission design and optimize its control programs 

through computer simulations of bus motion it is necessary to employ mathematical models 
describing processes of the bus motion. 
 
4. Research object characteristics 
 

The studied object is a city bus Solaris Urbino 12 weighing 13200 kg (at the time of research) 
with a 9.2 dm3 compression-ignition supercharged engine DAF PR183 [6] of the power of 183 kW 
at 2200 rpm and the torque 1050 Nm at 1100 – 1700 rpm, equipped with an automatic 
hydromechanical transmission ZF 5HP500 [7] with the maximum transformation coefficient of 2.5 
and a possibility of blocking the hydrokinetic transmission if its operation is not indispensable 
under given traffic conditions. This contributes to increasing average exploitation efficiency of the 
hydromechanical transmission. The kinematic diagram of the hydromechanical transmission is 
presented in fig. 1 and the sequence of elements shifting respective gears in tab. 1. 
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Fig. 1. The kinematic diagram of the automatic hydromechanical transmission ZF 5HP500 [7] 
 

Tab. 1. The operation sequence of elements shifting gears in the hydromechanical transmission ZF 5HP500 [7] 
 

 
Gear 

Switched element Speed 
ratio S1 S2 S3 S4 H1 H2 H3 

N        – 
1 �    �   3,43 
2 �     �  2,01 
3 �  �    � 1,42 
4 � � �     1,0 
5  � �    � 0,83 
R    � �   4,84 

 
5. Acceleration model of a bus with the automatic hydromechanical transmission 
 

In the process of car acceleration the power stream transmission in the hydromechanical 
transmission can be realized in the following way: as a one stream flow through the hydrokinetic 
transmission in the first, second (and reverse) gears and mechanically with a blocked hydrokinetic 
transmission in the third, fourth and fifth gears. In each of the above mentioned situations 
mechanical transmission gear shifts can be accomplished .The mathematical specification of the 
dynamics of the equivalent model of a car drive with a hydromechanical transmission will also 
change accordingly. 

Following d’Alembert’s principle and skipping transitional transformations we get the 
following mathematical dependences which represent the bus acceleration model for respective 
operation conditions of the hydromechanical transmission [1]: 

– Monotonic acceleration with full-stream power transmission through the hydrokinetic 
transmission in between gear shifts: 
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where: 
SM  – engine torque, 

PM  – output torque on hydraulic converter pump impeller, 

SI  – moment of inertia of engine crankshaft together with the flywheel, pump impeller and the  
         liquid connected to it, 

unI  – moment of inertia of the masses of power transmission system elements between converter  
   output shaft and driven road wheels, 

kI  – moment of inertia of a single wheel together with rotating brake elements, 

nF  – driving force, 
4  – road resistance coefficient �� sincos ��4 f , 
m  – bus total weight, 
g  – gravitational acceleration, 

xc  – air resistance coefficient, 
%  – air density, 
A  – car side face, 
v  – car velocity, 
dr  – wheel dynamic radius, 

0i  – final drive ratio, 

ii  – ratio of shifted reduction gear, 

m3  – mechanical efficiency of car power transmission system, 

S�  – engine angular velocity, 

T�  – angular velocity of hydraulic converter turbine wheel, 

di  – dynamic ratio of hydraulic torque converter (transformation coefficient). 
 

– Monotonic acceleration in case of the blocked hydromechanical transmission is similar to 
the one for the car with a mechanical gearbox in respect of mathematical specification: 
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– Gear shifts during the full-stream torque transmission in the hydrokinetic transmission: 
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where: 

1, �titi MM  – friction torque on the clutches shifting i -th and 1�i -st gear, 
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c
i

c
i ii 1, �  – ratios of transmission reduction gear in the sector between turbine wheel and active  

               (attacking) clutch plates shifting i -th and 1�i -st gear, 
b
i

b
i ii 1, �  – ratios of transmission reduction gear in the sector between passive (being attacked) clutch  

               plates shifting i -th and 1�i -st gear and converter output shaft, 
TI  – moment of inertia of hydraulic torque converter turbine wheel and the liquid connected to it. 

 
– The hydrokinetic transmission blockade at i -th gear: 
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where: 
blM  – friction torque on the clutch blocking hydraulic torque converter. 

 
– Gear shifting when the hydrokinetic transmission is blocked: 
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Dependences (1)-(5) were applied while the program for computer simulation of acceleration 

of a bus with an automatic hydromechanical transmission was worked out, then it was realized and 
initially verified experimentally in operation [3]. 
 
6. Algorithms of shifting gears in the automatic hydromechanical transmission 
 

As a rule popular methods of defining gear shift algorithms for an automatic gearbox refer to 
car motion maximally similar to steady motion. Difficulties with direct application of car theory 
criteria like fuel consumption economy and acceleration dynamics but also applied imperfect 
mathematical methods have determined a variety of additional factors which  show graphically or 
graphically and analytically optimal gear shifts moments. An assessment of these factors and the 
physical reason behind them can be found in this study [1]. 

First of all, recommended gear shifts which ensure the highest dynamics of acceleration should 
be performed when the engine reaches its rotational speed equal to its maximum power or they can 
be described as crossing points of engine power curves in the function of motion velocity at two 
adjacent gears. Moreover, drive power on driven wheels curves, dynamic and car acceleration 
characteristics and engine maximum rotational speed moments can also be applied as economical 
optimality factors of this gear shift strategy.  

Gear shift moments which guarantee the least fuel consumption are defined as crossing points 
of hourly fuel consumption curves in the function of vehicle motion velocity at stable fuel intake 
or unitary fuel consumption curves at adjacent gears. Other factors in optimally economical car 
acceleration are unitary amount of fuel consumption with regard to hydrokinetic transmission 
efficiency or drive power on car wheels with equal fuel consumption per hour at adjacent gears of 
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hydromechanical transmission or else hydrokinetic transmission efficiency in the function of 
motion velocity.  

Such variety of applied factors and therefore many different methods of setting gear shift 
optimal moments obviously leads to vital differences between gear shift moments algorithms 
defined for the same hydromechanical transmission. This is a result of different approximation of 
the above mentioned factors in relation to initial optimization criteria and this contributes to 
significant divergences between hydromechanical transmission algorithms based on the same 
optimization criteria. Hence the need arises to asses them from the point of view of ensuring 
required results extremum and to see to what extent the applied factors meet the original 
optimization criteria. 
 
7. Optimization criteria and acceleration quality functionals 
 

Determining optimal gear shift moments in a hydro-mechanical transmission at constant 
position of the throttle pedal means finding such car motion velocity values pV , at which gear 
shifts should be done – shifts from lower to higher gears. This should ensure obtaining functional 
extremum of the quality of car acceleration. Because of the well-known diversity between 
acceleration dynamics and fuel economy it seems justified to employ a few criteria 
simultaneously. This allows them to complement each other and makes control of the obtained 
results possible. Analysis of similar studies indicates that the following initial criteria of car 
acceleration optimization should be adopted: 
 

– acceleration time T  necessary to reach the assigned terminal acceleration velocity kV , 
– distance covered S  at accelerating up to assigned terminal velocity kV , 
– fuel consumption Q  necessary to reach the assigned terminal acceleration velocity kV , 
– variational criterion 5  of fuel consumption at accelerating with acceleration dynamics 

taken into account [1]. 
 

Appropriate bus acceleration quality functionals for argument v  can be presented as [1]: 
 

– for acceleration dynamics: 
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– for fuel consumption: 
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where: 
a  – bus acceleration, 
v  – motion velocity actual value, 

kVV ,0  – initial and terminal acceleration velocity,  
ni,  – index and number of gears in hydromechanical transmission, respectively, 

ii tS ,  – distance covered and acceleration time at i -th shift gear, respectively, 

eg  – specific fuel consumption of engine, 

eN  – engine power output. 
 

In order to analytically investigate extremum of expressions (6)-(9) the integrand was 
expressed in bus motion velocity function v  by design parameters and functional dependences 
characteristic of the studied object. 

A mathematical model of car acceleration described by dependences (1)-(5) and an assumption 
that bus motion is a particle motion has been used to define optimal gear shift moments of the 
hydromechanical transmission at constant throttle pedal position. This can be expressed as 
follows: 
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where: 
opF  – motion resistance force, 

redm  – bus reduced mass including inertia in the acceleration process. 
 

Reduced mass of a car with hydrokinetic transmission in the drive system is defined as: 
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where:  
*  – reduced mass coefficient, 

PI  – inertia moment of a hydrokinetic transmission pump impeller and engine rotating elements, 

TP dd �� ,  – angular acceleration of pump and hydrokinetic transmission turbine impellers,  
                     respectively. 
 

With the use of prepared mathematical model of bus acceleration (of a bus with 
hydromechanical transmission) and determined motion quality functionals the conditions of their 
extremum existence were defined by computer simulations. Optimal gear shifts of the 
hydromechanical transmission should take place at the moment when the accelerating vehicle 
reaches such velocity pV  at which the following conditions are fulfilled: 
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– for acceleration time criterion T  to assigned velocity kV : 
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– for acceleration distance covered criterion S  to assigned velocity kV : 
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– for fuel consumption Q : 
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– for variational fuel consumption 5 : 
 

�
/
6

/
7

8

�
�
�

 

!

"
"
"

#

$
��

/0

/
1
2

� ����
��

�
Vk

V i

V

V ik

kee
V

V i

iee
V

V i

iee

p

pk

p

p

dv
va

vdv
va

v
V
Ngdv

va
Ngdv

va
Ng

dv
d

)()(
)(

)(
)(

)(
)(

11

1

00

 

(15) 

0
)(

)(
)(
)(

)(
)(

)(
)(

1

1

1

1 �
�
�
 

!

"
"
#

$
����

�

�

�

�

pi

iee

k

p

pi

iee

k

p

pi

iee

pi

iee
Va

Ng
V
V

Va
Ng

V
V

Va
Ng

Va
Ng

. 

 
Conditions (12) and (13) concerning acceleration dynamics can be expressed as: 
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Similarly gear shift optimality conditions with regard to fuel consumption can be formulated 

as: 
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Optimal gear shift moments in the hydromechanical transmission for a bus acceleration process 
can be received by finding the extremum of the above presented functionals. According to 
dynamics criteria they will be defined as crossing points of the vehicle acceleration curves in the 
function of motion velocity at adjacent gears. If there are no such crossing points, gear shift 
moments will be defined as limit points of the interval of possible velocity variability pV  at the 
preceding gear. 
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Fig. 2. Graphic interpretation of seeking optimal for acceleration dynamics gear shift moments of the city bus 
hydromechanical transmission 

 

 
 
Fig. 3. Graphic interpretation of seeking optimal with regard to fuel consumption gear shift moments in the automatic 

hydromechanical transmission of a city bus 
 

This procedure strategy is illustrated in fig. 2 where acceleration curves at respective gears of 
the Solaris bus equipped with an automatic hydromechanical transmission ZF 5HP500 have been 
shown. The crossing points of these accelerations mark mechanical reducer gear shift moments 
which ensure maximum bus acceleration dynamics. 

According to optimal economy criterion moments of gear shifts are defined by the crossing 

points of factors curves expressed as: 
a
Ng ee in the function of the vehicle motion velocity at 

adjacent gears in the hydromechanical transmission or as border range of possible velocity 
variability interval pV . Fig. 3 shows graphically how optimal gear shift moments are determined 
so that they minimize fuel consumption of the Solaris bus equipped with automatic transmission 
ZF 5HP500 and yet required acceleration dynamics is preserved. 

Optimal algorithms for gear shift control in the hydromechanical transmission ZF 5HP500 of 
the Solaris city bus based on such strategies have been graphically illustrated in fig. 4 as gear shift 
lines for the bus acceleration phase. Both algorithms realizing maximum bus acceleration 
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dynamics and those ensuring minimisation of fuel consumption in the process of acceleration have 
been distinguished. 
 

 
 

Fig. 4. Algorithms of automatic hydromechanical transmission ZF 5HP500 control in the Solaris city bus 
 
8. Conclusions 
 

According to various criteria of analyzing acceleration dynamics or fuel consumption 
conditions of optimal gear shift moments are the only ones and they are not contradictory in terms 
of quality. Employing various criteria leads only to diversifying quantity assessment of motion 
dynamics or fuel consumption in the same bus acceleration process under study. 

Undertaken analytical and experimental [1, 3] studies applied to automatic hydromechanical 
transmissions have confirmed optimality of gear shift moments defined by this method. A set of 
such moments in the whole area of engine power control defines gear shift algorithms in the 
hydromechanical transmission and they in turn define the control programs. The hydromechanical 
transmission control programs have a considerable impact on fuel-traction properties of the bus 
cyclical motion and thus on technical and economical effectiveness of its exploitation.  
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Abstract 
 The influence of co-rotating twin-screw extrusion of polymer blends on their thermal properties has been 
presented in this paper. The polymer blends that have been taken into consideration consisted of PE and PP processed 
by BTSK 20 without any compatibilizer. The contents of minor phase, i.e. PP in polymer matrix, i.e. PE in wt. % 
ranged from: 95/5, 90/10, 85/15 to 15/85, 10/90, 5/95 [1 – 4, 9 – 11]. The main idea of this work was verification of 
what changes the co-rotating twin-screw extrusion may cause in thermal properties of above mentioned polymer 
blends as well as polymers used separately. The DSC and TGA methods have been chosen for this purpose. The 
results may be applied for recycling purposes of mixed plastics, however, in this work the primary polymers have been 
used to avoid any undesired influence of recycling operations for blends’ properties. 

Keywords: PE, PP, co-rotating twin-screw extrusion of polymers, polymer composites, thermal properties

1. Introduction 

 The enhanced interest  in application of different compositions of polymers can be observed 
lately. The analysis of literature reveals that such compositions are thermodynamically immiscible 
(incompatible) [2 – 4]. It turns out however that the most advantageous content of (MP) positively 
influencing the properties of (PM) is no more than 15 wt.% to avoid undesirable coalescing 
phenomena of the (MP) particles at higher concentrations. The advantageous particle size its 1 μm.
 It is sometimes estimated that presently 30 % of all produced plastic products are made of 
polymer mixtures and compositions. The enhancement of this production is of ever growing 
tendency. 

2. Objective of the work 

 The objective of the present work was to investigate the influence of selected screw 
configuration of the co-rotating twin-screw extruder type BTSK-20 of very good dispersive –
distributive performance on some thermal properties [2 – 4, 10, 11]. The scheme of the segments 
arrangement has been presented in fig. 1. In spite of practical application for plastics recycling, the 
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investigation has been conducted using primary granulates of polymers including processing 
conditions for simulation of the real recycling procedure.  

Fig. 1. The scheme of the plasticizing system of the co-rotating twin-screw extruder type BTSK Φ20x40D: SK 
– single winding transport segment, SE – double winding transport segment, SKN – transition segment 

(single–winding), Numbers: 1.Winding pitch, mm, 2.Length of the segment, mm,
KBW – kneading segments, Numbers: 1.Angle between eccentric axes, 2.Number of eccentrics, 3.Length of the 
segment, mm,  Letters: direction of the segment inclination: Li – left–handed segment, no letter – right-handed  

3. Experimental 

 Materials 
The polymers that have been chosen for tests were PE and PP of domestic production (Basell 
Orlen S.A.), of type FGAN 18-D003 and Moplen HP 456J, respectively.  

 Processing conditions 
The component polymers were mixed together and processed twice simulating the real recycling 
procedure of the single component in conditions as follows: 

primary granulate � 1st processing to get the product I � size reduction, cleaning, a.s.o. � 2nd

processing to get the product II 

When recycling the single component is subjected to two thermal attacks. The simulation of 
the above mentioned polymer blends also concerns the two reprocessing steps. The processing 
temperature all over the heating zones did not exceed 190oC, (both for extrusion and injection 
molding operation), the usual processing temperature of PP and PE. The products of this recycling 
procedure were polymer compositions in pelletized form. For better understanding of the idea the 
primary polymers were also subjected to this above mentioned reprocessing [5 – 8]. 
 The configuration used in this work, consisting of transporting, kneading and returning 
(braking) segments of strong mixing and dispersive function was thought for good homogenizing 
effect of polymer blends. The problem relies on using four special left – handed screw segments 
acting as returning (braking) segments, (marked as Li), situated just before the degassing points 
that enhance the effectiveness of the mixing function.  
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 Test methods 
The selected parameters that have been taken into consideration during the investigation were as 
follows: 

- DSC values using Mettler – Toledo calorimeter type DSC 822e/700 after PN-EN ISO 
11357-1:2002 standard, 

- TGA values using thermogravimetric device Mettler – Toledo type TGA/SDTA 851e/1100 
after PN-EN ISO 11358:2004 standard. 

4. Results and discussion 

 The results of investigation have been gathered and presented on figures 2 – 5. They concern 
results of thermal properties for polymer blends, primary polymers and primary polymers 
reprocessed with this configuration. The results after selected parameter values give information 
how far double reprocessing using a selected screw configuration can influence the above 
mentioned properties of investigated separate polymers as well as in blends compared to primary 
polymers. 
 SK investigation of the mixture PE/PP after DSC shows two separated phases of different 
crystalline degree (scheme 1). Both polymers PE and PP, being of crystalline structure show 
strong mutual influence of (PM) on (MP) (fig. 2) depending on what polymer prevails as a 
polymer matrix. It confirms the immiscibility of PE and PP.  

Scheme 1. The example of the run of DSC  analysis of a polymer blend showing  
characteristic parameter values including SK
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Fig.2. The influence of MP on crystalline 
degree SK of PM after DSC

 The thermal results, i.e. melting temperature as well as crystalline degree for single polymers 
(not presented in the work)  show slight changes when reprocessing and may be neglected in 
further discussion. 
 The problem of TGA analysis (scheme 2) is shown on figs. 3 and 4 presenting starting TS and 
average TA temperatures of blends’ decomposition when heating samples up to 600OC.  

Scheme 2. The example of the run of the TGA analysis of a polymer blend  showing  
characteristic temperature points 

Fig.3. The influence of MP on starting  temperature TS
of decomposition of PM after TGA

Fig.4. The influence of MP on average  temperature TA
of decomposition of PM after TGA
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 The diagrams do not show any phase separation. The analysis only confirms the 
homogenization of the components, not miscibility. The enhancement of TS and TA in almost all 
cases of PE/PP compositions may indicate the arising of new fractions  shifting  both temperatures 
in higher values. The mixtures PP/PE indicate shifting TS and TA towards lower temperatures what 
may indicate quicker decomposition of PP/PE compositions because of PP matrix. The changes in 
Ts values are much stronger than in case of TA for compositions PE/PP (scale comparison). 
 On the other hand, the fig. 5 shows the differences in decomposition temperatures TS, TA and 
TF for pure separate primary polymers compared to reprocessed ones. Starting temperature may 
differ by 80oC and final ones even by 150oC.
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Fig. 5. Comparison of TGA results for primary and reprocessed  
separate polymers used in the work 

 The fall of TS means that a new polymer fraction of lower decomposition temperature may 
arise. On the other hand, the increase of TF temperature indicates a presence of the new fraction of 
higher decomposition temperature. The average temperature TA however varies very little. So, it 
may be considered as a resultant temperature for above mentioned polymers and all thermal 
phenomena arising in polymers when reprocessing. Such great differences are not observed for 
blends. The changes in above mentioned temperature values vary stronger for PP resin than for PE, 
indicating higher susceptibility of PP to thermal decomposition and to possible mechanochemical 
reactions than PE. The same case may concern PE/PP and PP/PE compositions after figs. 3 and 4.  

5. Conclusions 

The conclusions that may be drawn from the above mentioned results are following:  
- the thermal behaviour of the tested samples shows immiscibility of both components, 

however their homogeneity is quite well and they may be processed together, 
- in spite of possible formation of different fractions in reprocessed polymers the average as 

a “resultant” temperature of the blend decomposition (TA) remains almost unaffected, 
- the results may be very interesting for the recyclers dealing in processing of recovered 

plastics, because the presented idea may help to influence the final costs connected with 
plastics recycling. 
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Some abbreviations used in the text: 
(MP)  – minor phase     SK  – crystalline degree   
(PM)  – polymer matrix     TS – starting TGA temperature   
PE – low density polyethylene (LDPE)   TA – average TGA temperature   
PP – polypropylene     TF – final TGA temperature 
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Abstract 
 

The article presents research results on the influence of cooling and lubrication of the cutting zone as well as an 
impact of cutting parameters on the surface roughness and material bearing ratio of the roughness profile of a turned 
18G2A steel surface. The goal of the research was to determine effects of elimination or reduction of a cooling and 
lubricating fluid in the process of high speed turning. It has been concluded that in high speed machining conditions, 
the influence of the used modes of cooling and lubrication in the cutting zone is limited. Eliminating or reducing the 
quantity of the cooling and lubricating medium in the process of turning does not cause worsening of the geometrical 
characteristics of a machined surface which, together with environmental reasons, makes dry/MQL machining highly 
justifiable.   
 
Keywords: cutting, cooling, lubrication; dry cutting; surface roughness  
 
1. Introduction 
 

Cooling and lubrication of the cutting zone have a considerable influence on the longevity of 
tools’ cutting edges, dimensional accuracy, characteristics of the surface layer of machined pieces 
as well as shaping conditions and chip removal from the cutting zone. Because of high costs of 
cooling and lubricating fluids, their impact on the environment and on machine operators’ health, 
the machining industry more and more often prefers machining without such fluids. This is called 
dry machining or machining with a minimal quantity of lubrication (MQL machining) [1,3-5,8 ]. 
This is further encouraged by the development of tool materials and coatings, and new designs of 
tools and machining devices. Unfortunately, strict requirements related to dimensional and shape 
accuracy as well as to surface roughness accompanied by a strong feeling that cooling and 
lubrication fluids are absolutely necessary effectively block a more widespread use of such 
machining methods. Their popularity requires an in-depth knowledge of the machining process 
and optimal cutting parameters for particular materials [7,11]. 

The need to reduce costs and increase overall manufacturing efficiency caused that high speed 
machining (HSM) is becoming more and more popular in the industry, especially because 
machining time constitutes a significant part of the total manufacturing time. There are several 
definitions of high speed machining. An important factor that allows to regard a particular value of 
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the cutting speed as high speed machining is a type and characteristics of the machined material 
[6]. This type of machining has many advantages: high efficiency of removing machining 
allowance, higher quality of the machined surface, shorter manufacturing time, decreased cutting 
force, more effective thermal energy transfer through chip removal, decreased deformation of the 
machined piece and others [10,11,12]. 
The fact that comparative studies into the influence of cooling and lubrication modes on the 
geometrical characteristics of surfaces machined at high cutting speeds are far and between 
justifies the presented research. Its primary aims were to determine the influence of eliminating the 
cutting fluid (dry machining) or reducing its quantity (MQL) on selected characteristics of the 
geometrical structure after turning 18G2A steel and to compare these values with those after 
machining with emulsion.  
 
2. Experimental procedure 
 

The research was performed on a CNC turning machine made by A. Monforts 
Werkzeugmaschinen GmbH & Co, type RNC 400 with the primary drive of 18,5 kW. The 
machined piece (turned longitudinally) was a pipe made of 18G2A construction steel of higher 
quality, 75 mm in diameter with a wall thickness of 10 mm and a length of 150 mm. The pipe had 
10 mm measurement zones. The choice of steel was dictated by its narrow limits of carbon and 
manganese content as well as low quantities of impurities, mainly silicon and phosphorus. The 
chemical composition is shown in table 1. 

 
Tab.1. Chemical composition of 18G2A steel (PN-H 74245:1996) 

 

 
The following modes of cooling and lubrication were used: 
 -S – no cutting fluid, dry, 
- MQL – minimal lubrication with oil fog quantity of 0,014 mm3/s, 
-E – 14% cutting fluid, based on Super Oil EP emulgating oil by Oilcom, designed for steel and 
cast iron machining with a 0,07 dm3/s flow, 
The oil fog was made from Acu-Lube LB8000 vegetable oil with a Minibooster MBII device by 
Acu-Lube (fig.1). 
 

C Mn Si P S Cr Ni Mo W V Al. Cu 

0,2 1,5 0,2-0,5 
max 
0,04 

max 
0,04 

max 
0,03 

max 
0,03 

- - - max 0,2 max 0,3
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Fig. 1. Workplace, 1- machine, 2- Minibooster II oil fog generator 
 
The cutting tool used in the research was MSS 2525–12-EB produced by Mikrona, with oil fog 
access channels and interchangeable SNMG 120408TF cutting edges by ISKAR. The edge 
geometry: %0=50, �0=100, 9r=450, �s=00, r5=0,8 mm, covered with TiAlN and TiN coating by 
means of the PVD method.  
The turning tests were performed with a complete static program [9] with changeable cutting 
speed and feed with three value levels and a permanent cutting depth ap 1 mm. The values 
assigned to the cutting parameters are presented in table 2. 
  

Tab. 2. Working conditions 
 
 
 
 
 
 
 
 
 
The analysis of the influence of cooling and lubrication modes in the cutting zone on the 
geometrical structure of the machined surface was performed based on measurements of the Ra 
parameter and material bearing ratio curves of the surface roughness. The measurements were 
made on a Hommelwerke T2000 profilographometer, with a M1 DIN-4777 filter and a TK300 
sensor with the following parameters: measuring range: 20 μm, measured length: 4,8 mm, 
elementary measuring length: 0,8 mm, measuring speed: 0,50 mm/s. The measurements were 
repeated 5 times and mean values were calculated.  
 
3. Results and discussion 
 

The results shown in fig. 2 reveal a significant influence of the cooling and lubrication modes 
of the cutting zone on the measured characteristics of the geometrical structure of the machined 

sample 
No 

1 2 3 4 5 6 7 8 9 

vc

m/min
418 511 581 

f
mm/rev

0,08 0,15 0,30 0,08 0,15 0,30 0,08 0,15 0,30 
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surface, which depended on the employed cutting parameters. In turning at a low feed rate (f=0,08 
mm/rev), the influence of cooling and lubrication on the surface roughness was limited. 
Eliminating the emulsion led to slight decrease of the Ra parameter value, compared with turning 
with emulsion whereas the application of MQL resulted in the lowest value of the surface 
roughness  (Ra=0,37 μm). Along with an increase of the feed rate, the diversification of the Ra 
value increased, depending on the cooling and lubrication mode with the relation of the interaction 
between the conditions of cooling and lubrications maintained. The greatest differences in the 
values of the Ra parameters, depending on the cooling and lubrication in the cutting zone, 
appeared in turning at a feed rate of f=0,30 mm/rev. The limited diversity of the surface roughness 
values, depending on the cooling and lubrication mode, may have resulted from hindered access of 
the emulsion/oil fog to the cutting zone at high cutting speeds [4,6]. The lowest values of the Ra 
parameter after MQL turning may have come from decreased friction between the moving edge 
and machined piece surfaces and better conditions of chip creation and removal. The increased 
roughness after turning with emulsion, compared with dry turning may have resulted from the 
cooling action of the emulsion which decreased plastic properties of the material with the decrease 
of the temperature.                                                                                                                                                    

 

  
 

Fig. 2. Influence of cooling and lubrication mode surface layer roughness 
 
Out of all the cutting parameters, the greatest influence on the increase of the Ra parameter was 
exerted by the feed rate (fig. 3). The relations between the cooling and lubrication mode and the 
surface roughness as the feed rate increased showed that the increase in the Ra parameter value 
was conditioned by kinematic-stereometric impression of the cutting edge on the machined 
surface. The influence of the cutting speed on the surface roughness when the speed changed from 
423 to 581 m/min was insignificant, which points to relatively comparable cutting conditions in 
the used range of cutting speeds.  
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Fig. 3. Influence of cutting speed and feed rate on surface layer roughness in MQL turning 

The material bearing ratio is also of great importance due to functional characteristics of the 
machined surface [2]. The performed research did not reveal any significant influence of the 
cooling and lubrication mode on the bearing ratio curves and bearing ratio itself in the used range 
of cutting parameters (fig. 4). Only after turning at a speed of 581 m/min and a feed rate of 0,08 
mm/rev (fig. 4a) was it clearly observed that the Abbot-Fireston curve became more diversified. 
The greatest bearing ratio was observed in surfaces machined in the MQL mode. The height of the 
roughness profile above the roughness core was smaller than that after turning dry and with 
emulsion. This points to a greater resistance of the surface layer to wear. A similar shape of the 
Abbott-Fireston curve was observed after turning with emulsion. The surfaces machined dry had a 
lower material bearing ratio than the ones mentioned above. The heights above and below the 
roughness core were greatest and pointed to a lower resistance to wear as well as a greater ability 
to hold fluid in micro pits below the roughness core. With an increase of the feed rate, the bearing 
ratio of the machined surfaces decreased and the differences in the shape of the Abbott-Fireston 
curve became less obvious.  
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(c) 

 
Fig. 4. Influence of cooling and lubrication mode on bearing ratio curve, (a) f=0,08 mm/rev; (b) f=0,15 mm/rev; (c) 

f=0,30 mm/rev) 
 
The research showed that in the used cooling and lubrication conditions of the cutting zone, the 
influence of the cutting speed and feed rate on the Abbott-Firestone curve and bearing ratio was 
similar. The cutting speed did not significantly influence the bearing ratio. An increase in the 
feedrate caused the Abbott-Firestone curves to diversify in terms of their shape and bearing ratio, 
which became worse. The dependence of the bearing ratio of the machined surface on the cutting 
speed and feedrate in MQL turning is presented in fig. 5.  
 

   
(a)            (b) 

 
Fig. 5. Influence of cutting speed  (a)and feed rate (b)on bearing ration curve of roughness profile after MQL turning 
 
4. Conclusions 

The performed research has revealed that the influence of the cooling and lubrication mode on 
the geometrical structure of surfaces machined at a wide range of cutting speeds is limited and 
depends on the used cutting speed and federate values. This may result from hindered access of the 
cooling and lubricating medium to the cutting zone.   

In the used range of cutting parameters, the lowest roughness value was observed on surfaces 
machined in the MQL mode, after dry turning and finally after machining with emulsion. As the 
feed rate increased, the action of the cooling and lubricating medium increased as well. So did the 
differences in the roughness values, depending on the cooling and lubricating mode.   

The greatest influence on the surface roughness was exerted by the feed rate whereas the 
influence of the cutting speed on the same parameter was insignificant.  
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The research did not prove and significant influence of the cooling and lubrication mode on the 
Abbott-Fireston curve shape nor on the bearing ratio in the used range of the cutting parameters. A 
greater value of the bearing ratio, compared to other cooling and lubrication modes, was recorded 
for MQL turning and turning at a speed of 581 m/min and a feed rate of 0,08 mm/rev. The cutting 
speed did not influence the bearing ratio, which became significantly lower as the feed rate 
increased. 
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Abstract
 
In machining operations cooling and lubrication liquids perform significant technological functions such as 

reducing temperature of the cutting area and determine machined surface layer characteristics. However their 
negative ecological effects force the industrial and scientific community to find an alternative means of cooling and 
lubrication of the cutting zone.  The article shows the results of performed experiments of the influence of cooling and 
lubrication methods on the machined surface layer roughness and bearing ratio after turning C45 steel. The 
experimental results indicate that in correct chosen cutting parameters, the elimination of cutting liquids does not 
have to decrease the machined surface quality and makes it possible to reduce ecological burdens imposed by wet 
machining processes. 

Keywords: cutting, cooling, lubrication; dry cutting; surface roughness 
 
1. Introduction 

In machining operations cooling and lubrication liquids perform many important functions, 
mainly reducing temperature of the cutting tool point and work piece as well as removing chips 
from the machining area. More over liquids influence the tool life, dimension accuracy and 
machined surface quality. However the ecological awareness of machining processes motivated 
many scientific investigations, performed in order to determine the results of cutting liquids 
elimination and replace them with other cutting fluids [1,3,4,6]. The development in cutting tool 
materials and coatings made it possible   to increase of the tool point toughness and resistance to 
high temperatures required in machining without cooling. Contemporary cutting tool materials 
enable dry cutting of different work piece materials both in the soft and hardened state [2,6]. 
Particularly important is the correct selection of tool’s substrate and coating which in dry 
machining should give comparable tool life with that of wet cutting. The optimised cutting point 
geometry ought to reduce contact surface among tool, chip and work piece in order to minimize 
cutting friction, which is one of the main factors affecting the tool live and work piece 
temperature. 

Elimination of cutting liquids from machining processes makes it possible to reduce costs 
associated with coolants purchase, exploitation and maintenance as well as with machining 
processes. Dry cutting is more environmental friendly and decreases health hazards induced by 
contact with cutting liquids. Practical applications however make sense when all tools engaged in 
the machining process can work dry, otherwise an intermittent flow of coolant can lead to 
numerous cracks and chippings on the cutting edge, which is made of material sensitive to high 
temperature shocks.  
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An important issue in dry machining is rapid chips removal from the cutting zone and machine 
tool. Slow chips disposal may cause a temperature increase of work piece material and machine 
tool elements, which in turn bring about deterioration of dimensional accuracy and surface layer 
properties.  

The aim of presented investigations was to determine the influence of different cooling and 
lubrication methods of the cutting zone on chosen properties of surface layer after turning C45 
steel. 
 
2. Experimental procedure 
 

Turning tests were carried out on a lathe TUD 50 with 6,7 kW main motor. Medium carbon 
steel C45 bars with separated segments of 35 mm length for each test were machined (fig. 1).  

 

 

Fig 1. Workpiece specimen 
 
The experiments were performed according to the static determined complete program [5]. The 
selected cutting parameters comprised three levels of cutting speed and feed rate and constant 
depth of cut ap=1 mm (tab. 1).  
 

Tab. 1. Cutting conditions 
 

 
 
 
 
 

 
Sintered carbide inserts SPUN 120308 (production of Pramet –Czech Republic) covered by 

PVD method with (TiAlSi)N coating were employed, fixed in a tool holder CSSPR 20 x 20mm. 
The following cutting point geometry was applied: %0=50, �0=100, 9r=450, �s=00, r5=0,8mm. 
Quoted inserts were recommended for machining of anticorrosive or heat resistance steels as well 
as soft steels machined with medium cutting speeds. The influence of the cutting tool wear on 
investigated factors was minimized by changing the cutting edge for each specimen.  

The following cutting liquids were employed: 
: E - 6% emulsion, on the basis of emulsifying oil ARTEsol with a flow volume 4 l/min, 
: O - mineral oil ARTEkat Super VG-32 with a flow volume 4 l/min, 
: S - without cutting fluid - dry cutting, 
: P - dry cutting with compressed air 6 bar. 

Emulsifying oil ARETEsol with 68% concentration of mineral oil and additives increasing 
lubricity in quantity of 6% was designed for turning, milling, drilling and other operations of 
machining steel, cast iron and nonferrous metals. When mixed with water it constituted milky 
emulsion with recommended concentration of 4-7%. The pH value of emulsion was 9. 

Test 
No 

1 2 3 4 5 6 7 8 9 10 11 12 

vc
m/min

76 120 190 237 

f
mm/rev

0,08 0,27 0,47 0,08 0,27 0,47 0,08 0,27 0,47 0,08 0,27 0,47 
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Mineral oil ARTEkat Super VG-32 consists of highly refined mineral oil with lubricity 
increasing additives in concentration of 9-11 %, designed for turning, milling, drilling and other 
operations of machining steel, and cast iron. 

Measurements of surface finish parameters: Ra and the profile bearing ratio were performed on 
a profilographometer Hommel-Tester T2000 with Tk300 sensor and the following parameters: 
evaluation length 4,8 mm, sampling length 0,8 mm. Tests were repeated 5 times and then the mean 
values determined.  

 
3. Results and discussion 

 
Experimental results indicated a substantial relationship between cutting conditions and 

geometrical properties of the surface layer. The influence of feed rate exceeded that of cutting 
speed, and at constant feed rates an increase of cutting speed caused a decrease of surface 
roughness parameter Ra or its value remained on the same level (fig. 2, 3).  

At the feed rate of 0,08 mm/rev and in the used range of cutting speed, the biggest differences 
of Ra parameter appeared at vc=120 m/min. The differences of Ra during turning with application 
of emulsions as well as with dry cutting were insignificant. A better surface finish was achieved 
when compressed air was engaged. The use of oil caused an increase of surface roughness. At the 
feed rate of 0,27 mm/rev and cutting speed of 76 m/min compressed air reduced values of surface 
roughness. At a speed range of 120 to 237 m/min and feed rate 0,27mm/rev the best surface finish 
was obtained using the ARTEkat Super VG-32 oil. The other methods of applying cutting fluids 
led to much the same results. A further increase of feed rate to 0,47mm/rev did not bring about 
significant differences in surface finish when cutting dry or with emulsion. The application of 
compressed air in these conditions produced an increase of surface roughness. On the contrary the 
application of non emulsifying oil brought the best results.  

 
 

 
 

Fig. 2. Influence of cooling and lubrication conditions on surface roughness 
 
The experiments showed that with the increase of speed, differences in surface roughness 

between dry cutting and with application of cutting liquids undergo diminishing tendency, 
especially when using small feed rates. An increasing pressure on the chip-tool point interface, at 
the higher speeds and feed rates, made the penetration of cutting liquids between rubbing surfaces 
of chip and tool point difficult or at least restricted at the same time reducing their lubricating 
effect and a positive influence on the surface finish. A higher cutting zone temperature in dry 
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cutting facilitated the chip formation and separation and reduced material cutting resistance. The 
influence of the disturbing cutting process factors on the theoretical surface finish, ensuing from 
the geometric and kinematical reproduction of the tool point on the machined surface was also 
restricted [3,6]. 

 

  

 
 

Fig. 3. Influence of cooling and lubrication on: surface roughness Ra  
 

The increase of cutting speed at low feed rate made the influence of applied liquids on the quality 
of machined surfaces less significant, what could indicate on lack of reasons for their usage in 
finish turning of C45 steel. The reduction of surface roughness in the case of turning with the 
ARTEkat Super VG oil in increased feed rates could be due to the oil lubricating qualities and the 
used additives in its composition.  

The positive impact of compressed air in the range of small speeds and feeds indicated on the 
existence of advantageous distribution of temperature in the cutting zone, which made the 
generated chips shorter and easier to transfer from the cutting area. The compressed air due to 
reduced cooling capacity did not induce such a temperature lowering effect in the tool-work piece 
interface as emulation or oil, which could facilitate the separation of chip from the machined 
material and increase of surface finish. Therefore at lower cutting speeds and feed rates it seems 
advisable to apply compressed air as a factor improving dry cutting process and chip disposal. The 
increase of speed and feed rate limited positive effect of compressed air on surface roughness. 

The investigations did not reveal any significant impact of applied cutting fluids on the surface 
roughness profile shape (fig. 4) and the bearing ratio (fig. 5, 6). The digressive-progressive shape 
of the surface bearing ratio curves indicated small values of core roughness depth and reduced 
peak height. The reduced valley depth values exceeded the peak height, which pointed out to a 
good load bearing capacity, wear ability and oil retaining capability of the machined surfaces.  

An increase of the cutting speed did not only reduce the surface roughness but also contributed 
to the improvement of the surface bearing ratio (fig. 5). With an increase of feed rate a negative 
change in the profile bearing ratio occurred which caused a reduction of surface bearing ratio (fig. 
6). The lower feed rate contributed to an increase in the bearing ratio especially after turning with 
compressed air. The shape of the profile bearing ratio curves after turning with emulsion and oil 
were similar depending on the applied feed rate.   
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Fig. 6. Influence of cooling, lubrication and feed rate on surface bearing ratio 
 
4. Conclusions 

 
The experiments confirmed a significant influence of cutting parameters on geometric 

characteristics of a machined surface. The largest influence is exerted by feed rate, and with 
constant feed rate, the increase of cutting speed caused a reduction of surface roughness and 
bearing ratio or they remain on near the same level. 

Differences between particular surface roughness values depending on cutting fluids were not 
significant, especially in the range of small cutting feed rates. It is possible to obtain in dry turning 
of C45 steel comparable surface geometrical characteristics to that of wet machining. 

The application of compressed air in the range of low cutting speeds and feed rates influenced 
favourably geometrical surface parameters in dry turning and can support cutting process and chip 
disposal. 

The applied methods of cooling and lubrication did not show a significant influence on the 
shape and bearing ratio of surface roughness profile. With the increase of feed rate the bearing 
ratio underwent negative changes.  
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Abstract 

 
The work presents test results of aluminium alloy AW-2017A in variable constant amplitude loading conditions 

with the cycle asymmetry coefficient R = -1. Tests were performed independently for stress and strain control. 
Obtained test results enabled to determine Manson-Coffin (M-C) and Wöhler (W) fatigue life curves as well as 
Ramberg-Osgood (R-O) cyclic strain curve. The aim of the paper is to present differences between M-C and W fatigue 
characteristics determined in stress and strain conditions. Differences between mentioned characteristics were 
evaluated on the base of a relative difference. In case of Wöhler (W) curves the value of differences depends on the 
stress amplitude level Sa and  it is between -1.0 to 1.9. 

Keywords: low-cycle fatigue, diagrams of fatigue life, AW-2017A aluminium alloy. 

Nomenclature
2Nf  – the number of reversals to failure, 
N(s)  – fatigue life read from Wöhler curve determined with stress controlled conditions for 

defined  value of stress Sa, 
N(5)  – fatigue life read from Wöhler curve determined with strain controlled conditions for 

defined  value of stress Sa, 
S – specimen stress – general notation [MPa], 
Sa  – sinusoidal cycle stress amplitude [MPa], 
Sa(5)  – stress aplitude read from Ramberg-Osgood cyclic strain curve determined with strain 

controlled conditions for defined 5ac value [MPa], 
Sa(�) – stress aplitude read from Ramberg-Osgood cyclic strain curve determined with stress 

controlled conditions for defined 5ac value [MPa], 
5  – strain – general notation, 
5ac  – total strain amplitude, 
5ac(5)  – total strain amplitude read from Manson-Coffin curve with strain controlled conditions 

for the defined number of reversals of loading 2Nf, 
5ac(�)  – total strain amplitude read from Manson-Coffin curve with stress controlled conditions 

for the defined number of reversals of loading 2Nf, 
*(Sa)  – relative difference of stress amplitude value for Ramberg-Osgood curves determined 

with stress and strain controlled conditions,   
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*(5)  – relative difference of total strain amplitude value for Manson-Coffin curves determined 
with stress and strain controlled conditions,   

*(N)  – relative difference of fatigue life for Wöhler curves determined with stress and strain 
controlled conditions. 

1. Introduction 

Fatigue life calculations of structural elements in variable loading conditions are performed 
with an application of fatigue life curves:  Wöhler (W) or Manson-Coffin (M-C). In the range of 
high cycle fatigue (HCF) life the Wöhler curve is applied while in the range of low cycle fatigue 
life the Mason-Coffin one. The mentioned W and M-C curves are determined in variable test 
conditions. The first of them is determined in stress controlled conditions(Sa = const.) whereas the 
second one in strain controlled conditions (5ac = const.) [2]. 

In the work [4] there were presented results of C45 steel (softening-hardeninh steel, 
Rm/Re = 1.6) performed on plain steel specimens in strain and stress controlled conditions.  The 
comparative analysis between Wöhler and Manson-Coffin fatigue life curves was performed. 
Differences of fatigue lives between W curves for stress and strain control are: for Sa = 550 MPa – 
*550 = 21.6 %, for Sa = 250 MPa – *250 = -36.1 %. In case of M-C curves fatigue life differences 
are: for �ac = 0.03 – *0.03 = 51.4 %, for �ac = 0.0015 – *0.0015 = -190.1 %.  Concluding the author 
points relatively small differences between fatigue life curves W and M-C determined in 
Sa = const. and 5ac = const. conditions what enables their interchangeable application. 

The goal of the work [3] was to compare Ramberg-Osgood (R-O), Wöhler and Manson-Coffin 
curves determined in stress and strain controlled conditions. There was tested austenitic steel 
X5CrMi18-10 (steel that undergo cyclic hardening, Rm/R0,2 = 2.0) and tests were performed on 
plain specimens. Relative differences among R_O, M-C and W characteristics were presented as 
diagrams and the range of their changes is: for R-O – *(Sa) = -0.15 ÷ 0.16, for M-C –              
*(5) = -0.20 ÷ -0.02, for W – *(N) = -0.90 ÷ 0.55.  In the summary authors indicate that the value of 
differences is conected with the type of material and the value of stress amplitudes Sa or the total 
strain amplitude 5ac.  

On the base of works [3] and [4] one can state that differences among R-O, M-C and W curves 
are conected with cyclic properties of a material. Therefore the aim of this work is the evaluation 
of values of relative differences among R-O, M-C and W characteristics determined in stress 
controlled (Sa = const.) and strain controlled (5ac = const.)  conditions for  AW-2017A aluminium 
alloy. 

The scope of the work covers the presentation of test results in static and variable loading 
conditions and the comparative analysis of Ramberg-Osgooda, Manson-Coffin and Wöhler curves.    

2. Experimental tests 

2.1. Material for test 

For tests there was assumed magnesium and copper aluminium alloy AW-2017A (alloy 
indication AlCu4MgSi (A)) in accordance with PN-EN 573-3:2010 and PN-EN 573-3/AK:1998 
standards. Increased constituents of copper and magnesium in the alloy results in increase of 
strength properties and decrease of plastic properties [1]. Chemical composition of the alloy and 
percentage of individual constituents was presented in tab. 1.

Material for specimens was bought in a form of a round bar with 25 mm diameter. Material 
condition was defined as T4 what indicates that aluminium alloy undertook solution heat treatment  
and aging to obtain stable state. 
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Table 1. Chemical composition of  AW-2017A T4 aluminium alloy 

 
Percentage of constituents, % 

Cu Fe Si Mn Mg Zn Cr Ni Ti Inne 
 max    max max max  max   

In accordance with  
PN-EN 573-3: 2010 3.5;4.5 0.7 0.2;0.8 0.4;1.0 0.4;1.0 0.25 0.1 0.1 0.15 Zr+Ti < 0.2

2.2. Test results in static loading conditions  

Tests in static loading conditions were performed in accordance with PN-EN ISO 6892-1:2010 
standard. Obtained test results are included in table 2 where mean values as well as standard 
deviations of determined parameters are given. The examplary course of S = f(5) dependance was 
presented in fig. 1a. Additionally there was presented a fragment of dependance S = f(5) for the 
limited strain range (5 = 2%) in order to present the shape of characteristic in the range of elastic 
limit (fig.1b). The value of relation Rm/Re = 1.48. 
 
Table 2. Static properties of AW-2017A alloy in tensile loading conditions 

 Static properties of AW-2017A alloy 
Re R0,2 Rm E A5 Z 

MPa   MPa MPa  MPa % % 
Mean values 316.7 320.1 469.5 73077 16.1 23.0 
Standard deviation values 1.3 0.6 4.5 1304 0.8 0.8 
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Fig. 1. The examplary dependance S = f(5) for aluminium alloy AW-2017A (a) and its fragment limited to 5 = 2% (b) 

2.3. Cyclic properties of aluminium alloy in stress and strain controlled conditions  

Tests of steel cyclic properties under stress and strain control was performed in sinusoidal 
loading conditions characterized by the cycle asymmetry coefficient R = -1. Realization of a 
loading cycle was performed in accordance with the scheme presented in fig. 2. In tests tere were 
applied specimens with 10 mm diameter and meseaurement base length 18 mm that fulfill 
requirements of  PN-84/H-04334 standard. 
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Fig. 2.  Loading cycle scheme applied in fatigue tests with control: a – stress, b – strain  
 
Obtained fatigue test results enabled to determine Ramberg-Osgood (Sa-5ac) cyclic deformation 
curve described with the formula: 
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Manson-Coffin fatigue life curve (5ac-2Nf)  
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and Wöhler fatigue life curve (Sa-N)  
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�
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Values of parameters appearing in equations (1), (2) and (3) were presented in the table 3.  
 
Table 3. Parameters of equations describing Ramberg-Osgood, Manson-Coffin and Wöhler curves for AW-2017A 
aluminium alloy   

 
Test conditions 

Stress-controlled (Sa = const.) Strain-controlled (5ac = const.) 

Eq
ua

tio
n 

pa
ra

m
et

er
s  

of
 c

ur
ve

s 

 E MPa 73077 73077 

M-C 

c  -1.1871 -1.3979 
b  -0.1091 -0.0737 
5f'  2.406 12.505 
�f' MPa 836 632 

R-O n'  0.0741 0.0514 
K’ MPa 640 556 

W m(-1)  8.64 13.79 
b(-1)  2.9230 2.7817 

3. Analysis of test results 
Evaluation of obtained test results strain and stress controlled conditions was based on the 

comparative analysis of Ramberg-Osgood, Manson-Coffin and Wöhler curves that led to 
determine differences of relative values.  
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Analysis of Ramberg-Osgood cyclic deformation was conducted on the base of relative 
difference of amplitudes of nominal stress *�Sa) determined from the equation: 

)(a

)(a)(a
)Sa( S

SS

5

5� �
�*           (4) 

Results of amplitudes Sa(�) and Sa(5)  were read from the Ramberg-Osgood curve for 5ac specific 
values. Strain-controlled test results were a reference point in the conducted analysis. 

Comparison of Mason-Coffin fatigue life curves was conducted on the base of the analysis of 
difference value of relative total strain amplitude *�5ac) determined from the equation: 

)(ac

)(ac)(ac
)(

5

5�
5 5

5�5
�*           (5) 

Values of total strain amplitudes 5ac(�) and 5ac(5) were read from the Mason-Coffin curve for 
specific values of the number of reversals of loading 2Nf. Strain-controlled test results were a 
reference point in the conducted analysis. 

Differences among test results, shown in a form of Wöhler curves for stress and strain-
controlled conditions, were analyzed on the base of a value of relative difference of fatigue lives N 
calculated from the equation:  

)(

)()(
)N( N

NN

5

5� �
�*          (6) 

Values of fatigue life N(s) and N(5) were read from Wöhler curves for specific value of stress 
amplitude Sa. Strain-controlled test results were a reference point in the conducted analysis. 
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Fig. 3. Comparison of Ramber-Osgood cyclic hardening curves in stress and strain controlled conditions (a) leading 
to determination of relative difference of nominal stress amplitude Sa (b) 

 
 

131



 
a) b) 

0.001

0.01

0.1

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of reversals of loading 2Nf

Strain 5ac

Sa = const. 

5ac = const. 

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of reversals of loading 2Nf

Relative difference *(5)

Fig. 4. Comparison of Mason-Coffin fatigue life curves in stress and strain controlled conditions (a) leading to 
determination of relative difference of total strain amplitude 5ac (b) 
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Fig. 5.  Comparison of Wöhler fatigue life curves in stress and strain controlled conditions (a) leading to 
determination of relative difference of number of cycles N (b) 

 
In fig. 3a there were presented test results in the form of R-O curves determined in stress 

controlled  (Sa = const.) and strain controlled (5ac = const.) conditions. Mutual position of curves 
indicates their high conformity. It is confirmed by the diagram of relative value difference of stress 
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amplitude *�Sa)  that was presented in fig. 3b. In the range of 5ac < 0.003 curves of R-O indicatates 
high conformity (*(Sa) = 0). In the range from 5ac = 0.003 to 5ac = 0.0077 the curve for 5ac = const. 
Is characterized by higher values of Sa. Maximum value of relative difference is *(Sa) = -0.021. In 
the range of 5ac = 0.0077 the curve R-O determined for Sa = const. is characterized by higher 
values of  Sa.  Maximum value of relative difference is  *(Sa) = 0.056. 

Mutual position of Mason-Coffin fatigue life curves for stress and strain control is presented in 
fig. 4a whereas values of realive difference determined from the formula (5) in fig. 4b. For the 
range of number of reversals  2Nf < 800 and 2Nf > 2100 higher values of total strain amplitude 5ac 
are connected with the fatigue life curve obtained in strain controlled conditions. The highest 
values of relative difference were obtained for 2Nf = 101 (*(5) = -0.67) and for 2Nf = 107 (*(5) = -
0.25). For the range of reversals 800 < 2Nf < 2100 there were obtained higher values 5ac for Sa = 
const. Value of relative difference is  *(5) > 0.008. 

In fig. 5a there is presented mutual position of Wöhler curves that were determined in dynamic 
and kinematic controlled conditions. Determined values of relative difference *(N) (fig. 5b) for the 
analyzed range of stress amplitude changes Sa, limit from *(N) > -1.0 (dla Sa = 150 MPa) to *(N) > 
1.9 (dla Sa = 430 MPa). Fatigue life curves cross in a point that refers to a value of Sa = 350 MPa. 
For the value Sa < 350 MPa the curve determined in conditions of  5ac = const. Is characterized by 
higner values of fatigue life N whereas for Sa > 350 MPa higher values of N were obtained for the 
curve determined for Sa = const. 

4. Summary 

Performed analysis of test results of AW-2017A aluminium alloy enables to formulate following 
remarks:   

a.  Comparative analysis of R-O, M-C and W curves determined in stress(Sa = const.) and strain 
(5ac = const.) controlled conditions indicated ranges of changes of relative values that are for:  

- cyclic strain curveswykresów R-O:   *(Sa) = -0.021 ÷ 0.056, 
- fatigue life curves M-C:    *(5) = -0.67 ÷ 0.008, 
- fatigue life curves W:    *(N) = -1.0 ÷ 1.9. 

b.  Curves of relative differences (*(Sa), *(5), *(N)) for AW-2017A aluminium alloy are 
characterized by similar change of values as for X5CrNi18-10 austenitic steel [3]. 
Concurrence of results can be caused by similar cyclic properties of mentioned alloys 
because the materials can be classified as the ones that undergo cyclic hardening.  
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Abstract 
 

Evaluation of the fatigue load, the rivet squeezing force, the velocity of rivet close up and the hole diameter before 
sizing (after drilling) effect on the fatigue life of specimens with sized and riveted hole was presented in this paper. 
The work contains two parts. Design of experiment and the results of the fatigue tests performed by the described 
experiment plan was presented in the first part. The statistical analyses and examples of using the mathematical model 
of the experimental unit were presented in the second part. 
 
Keywords: riveted joints, fatigue life, rivet hole sizing, design of experiment 
 
1. Introduction 
 

The fatigue strength of riveted joints is influenced by a number of design, process and material-
related factors. Design factors include e.g. the type of the connection, size of the riveted joint, 
thickness of the connected metal plates, the rivet diameter and type or applied pitch of the joint [1]. 
Fatigue strength is also significantly influenced by rivet holes preparation process. This results 
from the fact that rivet holes are areas where local stress concentration occur. It is the place where 
fatigue cracks are initiated which may subsequently develop and lead to disasters. 

Rivet holes may be subjected to special processing in order to increase their resistance 
to fatigue cracking. The most important processes of that kind include reaming and sizing. 
Reaming reduces the scatter of hole diameters and increases hole surface smoothness. While sizing 
introduces compressive stress to internal layers of the material. This stress hinders initiation 
of fatigue cracks on the hole surface. Holes may be sized using special burnishing heads (for holes 
of 3 mm diameter and bigger) or small holes can be sized using mandrels of appropriate diameter. 
Achieved surface cold work degree depends on the difference between the diameter of the sized 
hole and the diameter of the sizing mandrel. Those problems were analysed in paper [5]. 

The fatigue strength of sized rivet holes is influenced by a number of factors. The experimental 
analysis of those factors from fatigue point of view is very long-lasting and expensive. Efficiency 
and informative are very significant in this type of experiments. Experimental design methods are 
particularly useful in this case. 
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The example of evaluation of the selected factors effect on the fatigue crack initiation 
in the area of sized rivet hole by using experimental design was presented in this paper. 
The analysis was performed by using results obtained from the experiment plan developed 
on the basis of [2-4,6]. Specimens for tests were made of 1.27 mm thick non-clad plates 
of aluminium grade 2024-T3 [5] with sized hole riveted by using snap head rivet for aircraft 
with 3 mm diameter and 5 mm length compatible with Polish Standard BN-70/1121-03 
(3517A-3-6). Rivets were made of aluminium grade PA24. 
 
2. Experimental design 

 
2.1. Classification of quantity describing the experimental unit 

 
2.1.1. Independent (input) variables 

 
A set of the independent variables was assumed on the base of preliminary tests described in [5]: 

x1 - a nominal fatigue load in a hole section described by maximal tension stress in a cycle 
(the cycle asymmetry factor R=0) Smax, MPa, 

x2 - a rivet squeezing force P, kN, 
x3 - a velocity of rivet close up v, mm/s, 
x4 - a hole diameter before sizing (after drilling) dw, mm. 

 
2.1.2. Control variables 

 
A set of control variables was assumed: 

c1 - a rivet diameter dn = 3.0 mm, 
c2 - a sheet thickness g = 1.27 mm, 
c3 - type of the rivet – snap head rivet for aircraft [7], 
c4 - a rivet lenght ln = 5 mm, 
c5 - a load frequency f = 10 Hz, 
c6 - drilling and sizing process conditions, 
c7 - sheet and rivet material. 

 
2.1.3. Disturbing variables 

 
As the basic disturbing variables were assumed: 

z1 - hole drilling and sizing inaccuracy, 
z2 - rivet dimensions inaccuracy. 

 
2.1.4. Dependent (output) variable 

 
Fatigue life (number of the constant amplitude cycles to the failure) was assumed 

as the dependent variable: 
y - the common logarithm of the fatigue life Nc, cycle: 

 

 cNy log� . (1) 
 
The dependent variable in logarithmic form was assumed by analogy to Wöhler’s equation 

in semi-logarithmic scale. The dependent variable without logarithmic form was also previously 
analysed but statistical analyses demonstrated no adequacy of this mathematical model. 
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2.2. Ranges of independent variables 
 
The minimum and maximum value were assumed for particular independent variables: 

� for the maximum tension stress in a cycle (R=0) Smax: 
 

 x1 min = 150 MPa, (2) 
 

 x1 max = 250 MPa,  (3) 
 

� for the rivet squeezing force P: 
 

 x2 min = 8.5 kN, (4) 
 

 x2 max = 12.9 kN, (5) 
 

� for the velocity of rivet close up v: 
 

 x3 min = 0.02 mm/s, (6) 
 

 x3 max = 0.14 mm/s, (7) 
 

� for the hole diameter before sizing dw: 
 

 x4 min = 2.9 mm, (8) 
 

 x4 max = 3.1 mm. (9) 
 

2.3. Mathematical model of the experimental unit 
 
It was assumed in this work that the relationship between fatigue life and riveting process 

factors and fatigue load can be described by the equation in the form of the second-degree 
polynomial with dual interactions: 
� in the sum form: 

 (((
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��������
n
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� in the expanded form: 
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 (11) 

 
The assumed mathematical model of the experimental unit has 15 unknown coefficients 

of equation (11). 
 

2.4. Independent variables coding 
 
It was assumed five values for each independent variable. 
The independent variables were coded by using the following equations: 
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a) centre points of the independence variables: 
 

 
2

minmax
0

ii
i

xxx �
� ,     for i = 1, 2, ..., n, (12) 

 
hence: 
 

 MPa 200
2

150250
2

min1max1
10 �

�
�

�
�

xxx , (13) 

 kN 7.10
2

5.89.12
2

min2max2
20 �

�
�

�
�

xxx , (14) 
 

 mm/s 08.0
2

02.014.0
2
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�
�

�
�

xxx , (15) 
 

 mm 0.3
2

9.21.3
2
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�
�

�
�

xxx , (16) 
 

b) an axial point: 
 

 222 4 44 ��� n� , (17) 
 

c) variability units of independence variables: 
 

 
�

0max ii
i

xxx �
�) ,     for i = 1, 2, ..., n, (18) 

 

hence: 
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200250
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10max1
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xxx , (19) 
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2
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�
�)

�
xxx , (20) 

 

 mm/s 03.0
2
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�
�

�
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�
xxx , (21) 

 

 mm 05.0
2

0.31.340max4
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�

�
�)

�
xxx , (22) 

 
d) coding and decoding relations: 

� a coding relation: 
 

 
i

ii
i x

xxx
)
�

� 0� ,     for i = 1, 2, ..., n, (23) 

 

� a decoding relation: 
 

 iiii xxxx )��� �
0 ,     for i = 1, 2, ..., n, (24) 

 
e) real values corresponding to coded values of independent variables: 

� for ���ix� : 
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 MPa 1502522001110)(1 ����)���� xxxx �
� , (25) 

 

 kN 5.81.127.102220)(2 ����)���� xxxx �
� , (26) 

 

 mm/s 02.003.0208.03330)(3 ����)���� xxxx �
� , (27) 

 

 mm 9.205.020.34440)(4 ����)���� xxxx �
� , (28) 

� for 1��ix� : 
 

 MPa 1752512001110)1(1 ����)���� xxxx � , (29) 
 

 kN 6.91.117.102220)1(2 ����)���� xxxx � , (30) 
 

 mm/s 05.003.0108.03330)1(3 ����)���� xxxx � , (31) 
 

 mm 95.205.010.34440)1(4 ����)���� xxxx � , (32) 
 

� for 0�ix� : 
 

 MPa 2001110)0(1 �)��� xxxx � , (33) 
 

 kN 7.102220)0(2 �)��� xxxx � , (34) 
 

 mm/s 08.04330)0(3 �)��� xxxx � , (35) 
 

 mm 0.34440)0(4 �)��� xxxx � , (36) 
 

� for 1��ix� : 
 

 MPa 2252512001110)1(1 ����)���� xxxx � , (37) 
 

 kN 8.111.117.102220)1(2 ����)��� xxxx � , (38) 
 

 mm/s 11.003.0108.03330)1(3 ����)���� xxxx � , (39) 
 

 mm 05.305.010.34440)1(4 ����)���� xxxx � , (40) 
 

� for ���ix� : 
 

 MPa 2502522001110)(1 ����)���� xxxx �
� , (41) 

 

 kN 9.121.127.102220)(2 ����)���� xxxx �
� , (42) 

 

 mm/s 14.003.0208.03330)(3 ����)���� xxxx �
� , (43) 

 

 mm 1.305.020.34440)(4 ����)���� xxxx �
� , (44) 

 
f) summary of real and coded values of independence variables (tab. 1) 

 
 

Tab. 1. Summary of values of independence variables for the assumed plan of experiment 

139



 

Parameter level 
Real values Coded values 

x1 x2 x3 x4 1x�  2x�  3x�  4x�  
MPa kN mm/s mm - - - - 

axial lower point 150 8.5 0.02 2.90 -� -� -� -� 
lower point 175 9.6 0.05 2.95 -1 -1 -1 -1 
central point 200 10.7 0.08 3.00 0 0 0 0 
upper point 225 11.8 0.11 3.05 +1 +1 +1 +1 

axial upper point 250 12.9 0.14 3.10 +� +� +� +� 
g) the mathematical model of the experimental unit in the expanded coded form: 
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where: 
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 211212 xxbk )�)�� , (51) 
 

 311313 xxbk )�)�� , (52) 
 

 411414 xxbk )�)�� , (53) 
 

 322323 xxbk )�)�� , (54) 
 

 422424 xxbk )�)�� , (55) 
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 433434 xxbk )�)�� , (56) 
 

 2
11111 xbk )�� , (57) 

 

 2
22222 xbk )�� , (58) 

 

 2
33333 xbk )�� , (59) 

 

 2
44444 xbk )�� . (60) 

2.5. Plan of the experiment 
 
The fatigue tests were made in agreement with the static determined five level (-�, -1, 0, +1, +�) 

plan of the experiment PS/DS-P:� (in Polish classification) [2-4,6]. The static determined full 
factorial plan PS/DK-2n was the base for this plan. 

Required number of independent variables sets: 
 

 N = nk + n� + n0 = 2n + 2�n + n0 = 24 + 2�4 + 7 = 31, (61) 
 

where: 
nk = 2n – a number of sets for full factorial plan PS/DK-2n, 
n� = 2�n – a number of sets for axial points, 
n0 = 7 – a number of sets for central points (for n = 4). 

Summary of sets for the experiment was presented in tab. 2. 
The plan of experiment has N = 31 sets. The minimum number of repetition of each set was 

assumed as r = 3. Hence, the total number of fatigue tests for assumed plan of experiment is 
 

 93��� rNNr . (62) 
 
The presented plan of experiment make possible analysis of non-linear response surface 

of the experimental unit (characteristic for fatigue) and thanks to this it has high informativeness 
close to the static determined full factorial plan PS/DK. 

Moreover the advantage of this plan is the high efficiency factor described by relation 
 

 0496.0
625
31

���
k

N N
Ne , (63) 

 
where 

 
 Nk = 54 = 625 (64) 

 
is the number of sets for the static determined full factorial plan PS/DK-54 with 4 independent 
variables and 5 values for each independent variable. It means that comparable information about 
the experimental unit can be obtain from less than a 5% of the static determined full factorial plan 
sets. 

The realizability criterion for the proposed plan was meet because of an axial point has a value 
equal 2 (see (17)). By reason of this it is possible to select appropriate pitch diameter of drills 
for drilling holes for sizing. 

 
3. Results of the experiment 
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The results of the fatigue tests performed by the described plan of the experiment were 
presented in tab. 3. The results were presented as the mean fatigue life calculated from 3 repetition 
of each set of independent variables. 

 
4. Summary 

 
The plan of experiment as an example of using the design of experiment were presented in this 

paper. The obtained results are the basis for the next stage of evaluation of the selected factors 
effect on the fatigue life of specimens with sized and riveted hole: statistical analyses for 
determining the adequacy of the proposed mathematical model of the experimental unit. Those 
analyses were presented in the second part of this paper. 

Tab. 2. Summary of sets for experiment (the template of the experiment) 
 

Number of 
sets 

No. of set 
u 

Independent variables 
coded real 

1x�  2x�  3x�  4x�  x1 x2 x3 x4 

- - - - MPa kN mm/s mm 

nk = 16 

1 -1 -1 -1 -1 175 9.6 0.05 2.95 
2 +1 -1 -1 -1 225 9.6 0.05 2.95 
3 -1 +1 -1 -1 175 11.8 0.05 2.95 
4 +1 +1 -1 -1 225 11.8 0.05 2.95 
5 -1 -1 +1 -1 175 9.6 0.11 2.95 
6 +1 -1 +1 -1 225 9.6 0.11 2.95 
7 -1 +1 +1 -1 175 11.8 0.11 2.95 
8 +1 +1 +1 -1 225 11.8 0.11 2.95 
9 -1 -1 -1 +1 175 9.6 0.05 3.05 

10 +1 -1 -1 +1 225 9.6 0.05 3.05 
11 -1 +1 -1 +1 175 11.8 0.05 3.05 
12 +1 +1 -1 +1 225 11.8 0.05 3.05 
13 -1 -1 +1 +1 175 9.6 0.11 3.05 
14 +1 -1 +1 +1 225 9.6 0.11 3.05 
15 -1 +1 +1 +1 175 11.8 0.11 3.05 
16 +1 +1 +1 +1 225 11.8 0.11 3.05 

n� = 8 

17 +� 0 0 0 250 10.7 0.08 3.0 
18 -� 0 0 0 150 10.7 0.08 3.0 
19 0 +� 0 0 200 12.9 0.08 3.0 
20 0 -� 0 0 200 8.5 0.08 3.0 
21 0 0 +� 0 200 10.7 0.14 3.0 
22 0 0 -� 0 200 10.7 0.02 3.0 
23 0 0 0 +� 200 10.7 0.08 3.1 
24 0 0 0 -� 200 10.7 0.08 2.9 

n0 = 7 

25 0 0 0 0 200 10.7 0.08 3.0 
26 0 0 0 0 200 10.7 0.08 3.0 
27 0 0 0 0 200 10.7 0.08 3.0 
28 0 0 0 0 200 10.7 0.08 3.0 
29 0 0 0 0 200 10.7 0.08 3.0 
30 0 0 0 0 200 10.7 0.08 3.0 
31 0 0 0 0 200 10.7 0.08 3.0 
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Tab. 3. Summary of the results of the experiment 

 

No. of set 
u 

Independent variables Mean fatigue 
life 

Dependent 
variable coded real 

1x�  2x�  3x�  4x�  x1 x2 x3 x4 N  Ny log�  
- - - - MPa kN mm/s mm cycle - 

1 -1 -1 -1 -1 175 9.6 0.05 2.95 609 489 5.785 
2 1 -1 -1 -1 225 9.6 0.05 2.95 119 939 5.078 
3 -1 1 -1 -1 175 11.8 0.05 2.95 625 525 5.796 
4 1 1 -1 -1 225 11.8 0.05 2.95 121 441 5.083 
5 -1 -1 1 -1 175 9.6 0.11 2.95 614 175 5.788 
6 1 -1 1 -1 225 9.6 0.11 2.95 115 099 5.061 
7 -1 1 1 -1 175 11.8 0.11 2.95 620 271 5.793 
8 1 1 1 -1 225 11.8 0.11 2.95 124 273 5.094 
9 -1 -1 -1 1 175 9.6 0.05 3.05 169 358 5.228 

10 1 -1 -1 1 225 9.6 0.05 3.05 48 896 4.684 
11 -1 1 -1 1 175 11.8 0.05 3.05 192 778 5.285 
12 1 1 -1 1 225 11.8 0.05 3.05 54 597 4.734 
13 -1 -1 1 1 175 9.6 0.11 3.05 163 210 5.212 
14 1 -1 1 1 225 9.6 0.11 3.05 45 667 4.657 
15 -1 1 1 1 175 11.8 0.11 3.05 185 947 5.269 
16 1 1 1 1 225 11.8 0.11 3.05 51 635 4.711 
17 +� 0 0 0 250 10.7 0.08 3.0 48 512 4.680 
18 -� 0 0 0 150 10.7 0.08 3.0 1 163 303 6.065 
19 0 +� 0 0 200 12.9 0.08 3.0 192 974 5.284 
20 0 -� 0 0 200 8.5 0.08 3.0 171 473 5.234 
21 0 0 +� 0 200 10.7 0.14 3.0 195 577 5.291 
22 0 0 -� 0 200 10.7 0.02 3.0 199 007 5.298 
23 0 0 0 +� 200 10.7 0.08 3.1 43 414 4.636 
24 0 0 0 -� 200 10.7 0.08 2.9 365 636 5.562 
25 0 0 0 0 200 10.7 0.08 3.0 208 829 5.319 
26 0 0 0 0 200 10.7 0.08 3.0 191 698 5.282 
27 0 0 0 0 200 10.7 0.08 3.0 202 717 5.306 
28 0 0 0 0 200 10.7 0.08 3.0 187 171 5.271 
29 0 0 0 0 200 10.7 0.08 3.0 190 578 5.279 
30 0 0 0 0 200 10.7 0.08 3.0 205 034 5.312 
31 0 0 0 0 200 10.7 0.08 3.0 188 257 5.274 
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Abstract

Evaluation of the fatigue load, the rivet squeezing force, the velocity of rivet close up and the hole diameter before 
sizing (after drilling) effect on the fatigue life of specimens with sized and riveted hole was presented in this paper.
The work contains two parts. Design of experiment and the results of the fatigue tests performed by the described 
experiment plan was presented in the first part. The statistical analyses and examples of using the mathematical model 
of the experimental unit were presented in the second part. 

Keywords: riveted joints, fatigue life, rivet hole sizing, design of experiment 

1. Introduction 

The second part of the work about evaluation of the selected factors effect on the fatigue life 
of specimens with sized and riveted hole was presented in this paper. The part contains 
the statistical analyses of experimental results and examples of using the mathematical model 
of the experimental unit. 

2. Statistical analyses 

2.1. Elimination of results with gross error 

The Grubbs’ test was used to elimination of results with gross error. The mean value 
of the dependent variable for each set of the independent variables u was determined by using 
following equation 
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where: 
r = 3 – a number of repetition the same for each set, 

iuy / – a result number i from r repetitions for set number u. 
The test statistic was determined separately for the maximum and the minimum value 

of the dependent variable for each set of the independent variables. It was determined 
for the largest and for the least value of the dependent variable by using an equation 

� �
u

uiu

s
yyB �

� /
max

max , � �
u

iuu

s
yyB /

min
min�

� . (3) 

The critical value of the test statistic B�;r = 1.412 was determined for the number of repetition 
r = 3 and the significance level � = 0.05 [3]. Results of calculation were presented in tab. 1. 

Because for each set of independent variables 

Bmax < B�;r (4) 
and 

Bmin < B�;r. (5) 

there is no reason to rejection the maximal and minimal values for each set as gross error results. 

Tab. 1. Summary of calculation for results with gross error elimination 

No. of 
set u

Coded independent variables Dependent variable Grubbs’ statistics

1x� 2x� 3x� 4x� Ny log� su Bmax Bmin

1 -1 -1 -1 -1 5.785 0.007 0.852 1.101
2 1 -1 -1 -1 5.078 0.038 0.895 1.079
3 -1 1 -1 -1 5.796 0.013 1.104 0.846
4 1 1 -1 -1 5.083 0.044 0.914 1.068
5 -1 -1 1 -1 5.788 0.009 0.880 1.088
6 1 -1 1 -1 5.061 0.027 1.115 0.818
7 -1 1 1 -1 5.793 0.009 1.055 0.935
8 1 1 1 -1 5.094 0.033 0.819 1.115
9 -1 -1 -1 1 5.228 0.030 1.087 0.881

10 1 -1 -1 1 4.684 0.084 1.011 0.989
11 -1 1 -1 1 5.285 0.018 1.133 0.758
12 1 1 -1 1 4.734 0.060 0.793 1.123
13 -1 -1 1 1 5.212 0.022 0.853 1.101
14 1 -1 1 1 4.657 0.055 0.801 1.121
15 -1 1 1 1 5.269 0.029 0.858 1.098
16 1 1 1 1 4.711 0.052 1.121 0.801
17 +� 0 0 0 4.680 0.087 1.022 0.977
18 -� 0 0 0 6.065 0.036 0.823 1.113
19 0 +� 0 0 5.284 0.042 1.079 0.895
20 0 -� 0 0 5.234 0.026 1.022 0.976
21 0 0 +� 0 5.291 0.027 0.886 1.084
22 0 0 -� 0 5.298 0.026 1.073 0.907
23 0 0 0 +� 4.636 0.048 0.959 1.036
24 0 0 0 -� 5.562 0.033 1.119 0.806
25 0 0 0 0 5.319 0.031 0.976 1.023
26 0 0 0 0 5.282 0.023 0.897 1.078
27 0 0 0 5.306 0.029 1.026 0.972
28 0 0 0 0 5.271 0.038 0.862 1.096
29 0 0 0 0 5.279 0.038 0.980 1.019
30 0 0 0 0 5.312 0.018 1.127 0.782
31 0 0 0 0 5.274 0.025 1.084 0.887
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2.2. Inter-row variance and standard deviation 

Inter-row variance was calculated from equation [3] 
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u , (6) 

and standard deviation from 
2
uu ss � . (7) 

Homogeneity of variance in a sample was checked with Cochran’s C-test (the same number 
of repetition for each set of independent variables r = 3). 

The test statistic was determined by equation 
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sG , (8) 

where � � 007530.0max 2 �us  and 787 046.0
1

2 ��
�

u

j
us  were determined by using results of equations 

(6) and (7). 
The Cochran’s test critical value g�;k;v = 0.1940 was determined for the significance level 

� = 0.05 and degrees of freedom k = N = 31 and v = r – 1 = 2 [3].
Because

G < g�;k;v, (9) 

there is no reason to rejection the hypothesis about homogeneity of variance. 

2.3. Determination of coefficients in regression function in coded form 

Coefficients in regression function in coded form were determined by following equations: 
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where auxiliary factors values D= 0.1428, E = -0.0357, F = 0.035, G = 0.0037 oraz e-1 = 0.0416
were selected from [4] and with agree with the plan of the experiment nk

-1 = 0.0625. 
Auxiliary factors values were calculated from equations: 
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Coefficients in regression function in coded form were determined by equations (10)÷(13):

� � � � � � � � ,290.54433221100
3

1
0 ������������ �
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 (29) 

� � 3255.01 1
1 ���� �eyk , (30) 

� � 01546.02 1
2 ��� �eyk , (31) 

� � 004326.03 1
3 ���� �eyk , (32) 

� � 2308.04 1
4 ���� �eyk , (33) 

� � 0008602.012 1
12 ��� �

knyk , (34) 

� � 001541.013 1
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� � 03996.014 1
14 ��� �

knyk , (36) 
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� � 001480.023 1
23 ��� �

knyk , (37) 

� � 01023.024 1
24 ��� �

knyk , (38) 

� � 004681.034 1
34 ���� �

knyk , (39) 

� � � � 009829.0)0(44332211)11(11 ����������� yEyyyyGyGFk , (40) 

� � � � 01858.0)0(44332211)22(22 ������������ yEyyyyGyGFk , (41) 

� � � � 009661.0)0(44332211)33(33 ������������ yEyyyyGyGFk , (42) 

� � � � 05862.0)0(44332211)44(44 ������������ yEyyyyGyGFk . (43) 

2.4. Statistical analysis of regression function 

The Student’s t-test was used for significance rating of coefficients in regression function. 
The inter-row variance in the centre of the experiment plan was determined by equations 
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fE = n0 – 1 = 6, (47) 

where: 
uy0 – the mean values of the dependent variable in the centre of experiment plan, 

0y – the mean value of the dependent variable values in the centre of experiment plan, 
nk – a number of sets for full factorial plan PS/DK-2n,
n� – a number of sets for axial points, 
n0 – a number of sets for central points, 
N – a total number of sets in the plan of experiment, 
fE – degrees of freedom. 

Auxiliary factors values for calculations were presented in tab. 2.
The variance of coefficients in regression function were calculated by following equations 
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Tab. 2. Auxiliary factors values for variance in the centre of experiment plan determination 

No. of set
u

Coded independent variables Dependent variable Auxiliary factors

1x� 2x� 3x� 4x� uy0 � �200 yy u �

25 0 0 0 0 5.319 0.000 736

26 0 0 0 0 5.282 0.000 094

27 0 0 0 0 5.306 0.000 205

28 0 0 0 0 5.271 0.000 432

29 0 0 0 0 5.279 0.000 168

30 0 0 0 0 5.312 0.000 387

31 0 0 0 0 5.274 0.000 312

�0y 5.292 �ES 0.002 334

The standard deviation of coefficients in regression function were calculated by equations 
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The test statistic was determined by equation 
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The significance rating of coefficients in regression function were presented in tab. 3. 
The critical value of Student’s t-test 45.2; �

Eft�  was determined for the significance level 
� = 0.05 and degrees of freedom fE. 

If following equation is satisfied 
Efi tt ;�� (60) 

then there is no reason to reject null hypothesis about insignificance of a coefficient in regression 
function i.e. the coefficient is significant for dependent variable. 
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If following equation is satisfied 
Efi tt ;�� (61) 

then there is the reason to accept null hypothesis about insignificance of a coefficient in regression 
function in statistical sense with the significance level i.e. the coefficient is insignificant for 
dependent variable and it can be omit in regression function. 

Tab. 3. The significance rating of coefficients in regression function 

Coefficient Variance of 
coefficient

Standard 
deviation Test statistic

Student’s t-test Test results
ki � �iks2 � �iks � �ii ktt �

k0 0.000 055 547 0.007 453 709.76 45.2; ��
Efi tt � significant

k1 0.000 016 182 0.004 023 80.91 45.2; ��
Efi tt � significant

k2 0.000 016 182 0.004 023 3.84 45.2; ��
Efi tt � significant

k3 0.000 016 182 0.004 023 1.08 45.2; ��
Efi tt � insignificant

k4 0.000 016 182 0.004 023 57.38 45.2; ��
Efi tt � significant

k12 0.000 024 312 0.004 931 0.17 45.2; ��
Efi tt � insignificant

k13 0.000 024 312 0.004 931 0.31 45.2; ��
Efi tt � insignificant

k14 0.000 024 312 0.004 931 8.10 45.2; ��
Efi tt � significant

k23 0.000 024 312 0.004 931 0.30 45.2; ��
Efi tt � insignificant

k24 0.000 024 312 0.004 931 2.07 45.2; ��
Efi tt � insignificant

k34 0.000 024 312 0.004 931 0.95 45.2; ��
Efi tt � insignificant

k11 0.000 013 614 0.003 690 2.66 45.2; ��
Efi tt � significant

k22 0.000 013 614 0.003 690 5.04 45.2; ��
Efi tt � significant

k33 0.000 013 614 0.003 690 2.62 45.2; ��
Efi tt � significant

k44 0.000 013 614 0.003 690 15.89 45.2; ��
Efi tt � significant

2.5. Significance rating of multivariate correlation coefficient 

The multivariate correlation coefficient can be the fitting measure of regression function to 
experiment results 
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where the mean value of dependent variable for set u with r number of repetition 
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and the mean value of dependent variable for experimental unit for N sets 

N

y
y

N

u
u�

�� 1 . (64) 

The output variable values of mathematical model of experimental unit for set u of input 
variables were calculated by regression function (without insignificant coefficients rejection) 
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The Snedecor’s F-test was used for the multivariate correlation coefficient significance 
determination. 

The test statistics was determined by equation 
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LNF , (66) 

where: 
N = 31 – the total number of sets in experimental plane, 
L = 15 – a number of coefficients in regression function. 

The critical Snedecor’s F-test value 37.2
21;; �rrF�  was determined for the significance level 

� = 0,05 and degrees of freedom r1 = L – 1 = 14 and r2 = N – L = 16.
Because

21;; rrFF �� (67) 

there is no reason to rejection the hypothesis about the multivariate correlation coefficient 
significance and simultaneously about correctness of coefficients in regression function. 

2.6. Adequacy of the mathematical model of experimental unit 

The adequacy of the mathematical model of experimental unit rating was determined by using 
Snedecor’s F-test [4].

The test statistics was determined by equation 
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The adequacy variance characterised approximation accuracy 

� � 453 001.0
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where f2 = N – L – 1 = 15 and the tests accuracy variance was determined on the base of results for 
central point’s sets n0 = 7 from plane of experiment (tab. 2): 
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The numerator value in (54) was determined by equation 

� � � �  799 0.021 ˆˆ
0

1

22
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nN

u
uuuua yyyynSQ , (71) 

where 292.50 �uy (from tab. 4) and 290.5ˆ �uy (from tab. 6).
The critical Snedecor’s F-test value 94.3

21;; �ffF�  was determined for the significance level 
� = 0,05 and degrees of freedom f1 = n0 – 1 = 6 and f2 = N – L – 1 = 15.

Because

21;; rrFF �� (72) 

there is no reason to rejection the hypothesis about adequacy of the mathematical model 
of experimental unit to the experimental results from statistical point of view. 

2.7. Decoding of coefficients in regression function 

Decoding of coefficients in regression function was made by using following relations: 
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The mathematical model of the experimental unit has finally following form: 
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The above-mentioned relations can be write with independent variables denatation: 
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(89) 

Underlined terms of equation (74) or (75) are significant in a statistical sense. 
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The equation (75) allows to estimate the fatigue life depending on the significant process 
parameters (the rivet squeezing force P, the hole diameter before sizing dw and velocity of rivet 
close up v) and the nominal fatigue load in a hole section described by maximal tension stress 
in a cycle (the cycle asymmetry factor R=0) Smax.

3. Examples of using the mathematical model of experimental unit 

Sample fatigue life plots obtained from the mathematical model of experimental unit (equation 
(75)) were presented in Fig. 1÷3. As it can be seen the fatigue load Smax has the largest influence 
on fatigue life of tested specimens. The hole diameter before sizing dw is the second important 
factor (Fig. 1). 

The rivet squeezing force P (in range of 8,5÷12,9 kN) has the least influence on fatigue life 
(Fig. 2) especially for large values of sizing degree (smaller hole diameter before sizing dw).
It can be connected with high work hardening around hole after sizing. 

Velocity of rivet close up v has the significant influence on fatigue life too (Fig. 3). It may be 
concluded that the velocity of rivet close up, the higher the fatigue life. 

4. Summary 

The example of evaluation of the selected factors effect on the fatigue crack initiation in the 
area of sized rivet hole by using experimental design was presented in this paper. The analyses 
were performed by using results obtained with the static determined five level plan of the 
experiment called PS/DS-P:� in Polish classification. The advantage of this plan is high efficiency 
factor that means that comparable information about experimental unit can be obtain from less 
than a 5% of the static determined full factorial plan sets. It has special importance in case of very 
long-lasting and expensive fatigue tests. 

The statistical analyses were presented that there are no results with gross error. The most 
significant coefficients in the regression function is the fatigue load Smax. The least significant 
coefficient is the rivet squeezing force P. The multivariate correlation coefficient value R = 0.997 
is significant for the regression function and finally the mathematical model of experimental unit is 
adequate to the experimental results from statistical point of view. 
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Fig. 1. Sample fatigue life plots with extrapolation outside of Smax range in plan of experiment obtained from the 
mathematical model of experimental unit depending on the hole diameter before sizing dw and the rivet squeezing
force P: a) 8.5 kN, b) 9.6 kN, c) 10.7 kN, d) 11.8 kN, e) 12.9 kN (velocity of rivet close up v = 0.08 mm/s = const)
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Fig. 2. Sample fatigue life plots with extrapolation outside of Smax range in plan of experiment obtained from the 

mathematical model of experimental unit depending on the rivet squeezing force P and the hole diameter before sizing 
dw: a) 2.90 mm, b) 2.95 mm, c) 3.00 mm, d) 3.05 mm, e) 3.10 mm (velocity of rivet close up v = 0.08 mm/s = const)
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Fig. 3. Sample fatigue life plots with extrapolation outside of Smax range in plan of experiment obtained from the 

mathematical model of experimental unit depending on velocity of rivet close up v and the hole diameter before sizing 
dw: a) 2.90 mm, b) 2.95 mm, c) 3.00 mm, d) 3.05 mm, e) 3.10 mm (the rivet squeezing force P = 10.7 kN = const)
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Abstract

The paper deals with the idea of validation of own application software related to data analysis in conditions of an 
accredited laboratory.  Defined conditions require suitable approach to the chosen problem. While the accreditation 
process is directly connected with ISO/IEC 17025:2005 which refers to ISO 9001:2000 standards the quality 
management approach has been proposed in order to perform suitable requirements. Tensile testing method sets an 
example for the discussed topic as well as the application software supporting the method. Among various input data 
authors do mention i.e. environmental and organizational conditions, personnel qualifications or measurement 
equipment. 

Keywords: laboratory, accreditation, data analysis software, software validation, tensile testing 

1. Introduction 

A testing laboratory fulfills  requirements of customers from the point of view of reliability of 
test results. Actually this is not always an issue from legal point of view but in general each 
customer of the laboratory needs as reliable results as possible. To support both practical and legal 
requirements of clients ISO/IEC 17025:2005 standard [2] has been elaborated. The standard [2] 
specifies the general requirements for the competence to carry out tests. It covers testing 
performed using standard methods, non-standard methods, and laboratory-developed methods. The 
standard is applicable to all laboratories regardless of the number of personnel or the extent of the 
scope of testing activities. As it is stated in the document it is for use by laboratories in developing 
their management system for quality, administrative and technical operations. Laboratory 
customers, regulatory authorities and accreditation bodies may also use it in confirming or 
recognizing the competence of laboratories. The term 'management system' used in the  standard 
means the quality, administrative and technical systems that govern the operations of a laboratory. 
Moreover if testing laboratories comply with the requirements of the standard, they will operate a 
quality management system for their testing and calibration activities that also meets the principles 
of ISO 9001 [2]. 

Authors' professional and scientific experience is connected with testings performed in 
conditions of an accredited laboratory. Especially having in mind requirements of customers 
mentioned in the first indention the usage of ISO/IEC 17025 is an essential advantage in testing 
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services. 
As technology develops more and more IT tools are used in testing processes. They support 

various tests on different stages i.e. data analysis. In such a case one can discuss commercial 
software that requires payment before it can be used or own software developed by the laboratory 
itself. In the second case the developed applications needs to be validated. Validation can be 
discussed from the point of view of information technology as well as ISO 17025:2005 
requirements. 

The aim of the paper is to discuss the process of determination of input data for validation of 
own software application in an accredited testing laboratory on the example of the calculation 
software  for basic material data in strength static tests. 

2.  Software validation as a requirement of software engineering as well as quality 
management 

In software engineering validation for software, in its simplest terms, is the demonstration that 
the software implements each of the software requirements correctly and completely. In other 
words, the right software product was built. In the United States since the mid-1980s, for example, 
the Food and Drug Association (FDA) has enforced validation of software and computer systems 
in pharmaceutical manufacturing for consumers' safety. In response to this important industry 
need, the industry has created special task forces with the primary mission of developing 
guidelines for computer and software validation - known as the Computer System Validation 
Committee of the Pharmaceutical Research and Manufacturing Association (PhRMA) [9]. 

Discussing benefits of the validation process the document [6] states that software validation is 
a critical tool used to assure the quality of device software and software automated operations. 
Software validation can increase the usability and reliability of the device, resulting in decreased 
failure rates, fewer recalls and corrective actions, less risk to patients and users, and reduced 
liability to device manufacturers. Software validation can also reduce long term costs by making it 
easier and less costly to reliably modify software and revalidate software changes. Software 
maintenance can represent a very large percentage of the total cost of software over its entire life 
cycle. An established comprehensive software validation process helps to reduce the long-term 
cost of software by reducing the cost of validation for each subsequent release of the software. 

Sometimes it is hard to find the difference in terms validation and verification. The terms are 
frequently used in the software testing world but the meaning of those terms are mostly vague and 
debatable. One encounter all kinds of usage and interpretations of those terms, and it is our humble 
attempt here to distinguish between them as clearly as possible [10]. Table 1 presents basic 
differences.  

Table 1. Differences between validation and verification [10] 

Criteria Verification Validation 
Definition The process of evaluating work-products 

(not the actual final product) of a 
development phase to determine whether 
they meet the specified requirements for 
that phase. 

The process of evaluating software during 
or at the end of the development process 
to determine whether it satisfies specified 
business requirements. 

Objective To ensure that the product is being built 
according to the requirements and design 
specifications. In other words, to ensure 
that work products meet their specified 

To ensure that the product actually meets 
the user’s needs, and that the 
specifications were correct in the first 
place. In other words, to demonstrate that 
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requirements. the product fulfills its intended use when 
placed in its intended environment. 

Question  Are we building the product right? Are we building the right product? 
Evalation
items 

Plans, Requirement Specs, Design Specs, 
Code, Test Cases 

The actual product/software. 

Activities Reviews, Walkthroughs, Inspections Testing 

It is entirely possible that a product passes when verified but fails when validated. This can 
happen when, say, a product is built as per the specifications but the specifications themselves fail 
to address the user’s needs [10] . 

The basic principles behind software validation are as follows[9]:

a) specify the intended use of the software and user requirements;  
b) verify that the software meets the requirements through proper design, implementation, and   

 testing;  
c) and maintain proper use of the software through an ongoing performance program.  

It has to be noticed that the document [6] bases on quality system  issues and refers to various 
quality management standards i.e. AS 3563.1-1991 “Software Quality Management System, Part 
1: Requirements” published by Standards Australia [1] or to ISO 9000-3:1997  “Quality 
management and quality assurance standards - Part 3: Guidelines for the application of ISO 
9001:1994 to the development, supply, installation and maintenance of computer software” [4] 
published by International Organization for Standardization. 

Discussing the point of view of quality management systems the base standard ISO 9000:2005  
[3] defines validation as a confirmation with the use of objective evidence that the requirements 
for an intended use or application have been fulfilled. In the standard [2] the definition states that 
validation is the confirmation by examination and the provision of objective evidence that the 
particular requirements for a specific intended use are fulfilled.  

Considering the IT difference in terms between verification and validation it has to be stated 
that such a diversification can be also seen in quality standards. Standard  [3] defines verification 
as a confirmation, through the provision of objective evidence, that specified requirements have 
been fulfilled. 

From the point of view of the standard [2] according to authors [7] the parallels with validation 
are obvious as verification is also confirmation, also based on objective evidence and also tested 
against specified requirements but apparently without a specific use in mind that is part of the 
definition of validation. In practice the difference lies in the fact that validation is cited in 
connection with test methods, while verification is used in connection with the confirmation of 
data.

Although various definitions may be confusing it is obvious that own application software has 
to fulfill requirements of laboratory personnel to provide reliable data analysis results. Therefore 
objective evidence has to be provided so that the software validation process has to be designed in 
details.

On the base of such an assumption, with knowledge on IT and quality management systems 
from the range of validation, the plan for the validation process can be set.  

As the first stage in the process there should be defined input data.

3. Input data in reference to designed software  

Considering the assumption made before it seems the the obvious step to take would be to 
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define the validation process in accordance with ISO 9000:2005 model of the process approach 
(fig. 1).

One of key roles in the model is played by input data. Discussing static tensile tests and 
computer application software that supports the analysis of data it is essential to answer the 
question what would be the content of the input data. Basing on the scientific and professional 
experience authors of this work decided to define the content as following elements: 

a) testing method,  
b) environmental and organizational test conditions, 
c) measurement equipment, 
d) test piece material, 
e) personnel qualifications, 
f) software for machine. 

Fig. 1. Model of the process approach in accordance with [3]  

At first the test method is an issue. The question is whether it is based on an international 
standard. Obviously it is easier to perform test on the base of standard or other specifications from 
the organizational point of view. There is no need to perform extra documentation as well as the 
method does need to be validated. In such a situation the first impression is that taking into 
consideration standard tests is more efficient form the financial point of view. However, 
considering both technical and organizational issues, the problem seems to be more complicated. 
For example standard test are limited to special environmental conditions or defined test pieces. It 
requires purchasing of i.e. new equipment. On the other hand sometimes customer needs non-
standard materials or elements to be tested.  

From the point of view of validation of own software the second option is much more 
sophisticated. While standard testing methods give limits and requirements strictly defined the 
non-standard methods that use own application software require cooperation with an author of the 
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method and laboratory personnel that uses it. The more unique testing method the less chance to 
find the reliable comparison tool. The easiest way to deliver objective evidence is to compare test 
results obtained with different (2 or more) data analysis software. For instance the commercial one 
and the new elaborated tool of the laboratory. Objective evidence is easy to get while previously 
the laboratory used commercial software that underwent verification as an element of the testing 
method during the accreditation process.  

In static tensile tests authors assume that designing software for data analysis makes sense while   
a machine provides data in digital form. What is more any machine (type, producer etc.) able to 
cooperate with own software should provide the same data. 

While for tensile tests there are needed various physical quantities such as temperature or length 
it is essential to define precisely requirements for measurement instruments. Cooperation of 
measurement instruments and own application software surely affect measurement uncertainty.  

Test pieces usually depend on customer's needs. It is more comfortable for the laboratory while 
specimens are based on the standard as it is presented in fig. 2 (main types of test pieces according 
to [5]. B – A refer to annexes published with the standard). However it needs to be discussed if our 
software limits to such situations or also reflects non-standard requirements of the customer. 

Fig. 2. Main types of test piece according to product type [5]  

There is also the problem of personnel qualifications. It can be discussed from different points 
of view as well: technical in the range of testing method (how experienced and efficient he/ she is 
in his/ her everyday work related directly to specific tests), technical in the range of usage of IT 
tools (gaining quickly new knowledge and skills from the area) or organizational (new methods of 
work vs. old habits and complaints on changes). 

Finally the own application software has to cooperate, as it was noticed before, with the testing 
machine. The machine has to provide data in digital form but it is impossible to require more from 
machine producers. That is why the software has to be as efficient as possible in data processing 
on the way machine – user – software. 

4. Summary 

Reliable test results depend on many organizational and technical issues. It is very hard to 
design and build such a unique organization as a testing laboratory. Quality management 
standards, especially the ones dedicated strictly to special types of organizations, can be useful in 
organizational and technical development. ISO/IEC 17025:2005 standard directly refers to testing 
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laboratories. Therefore it can be applied in material testing units as well. 
Different tests methods should undergo the process of validation. While the method is based on 

the standard the laboratory does not need to perform the process. If the method is elaborated as a 
unique one for the laboratory validation is necessary. In both cases laboratories nowadays use 
more and more IT tools to develop testing processes. If the software supporting the process is new 
it has to be validated as well.   

Authors proposed the quality management approach which corresponds also to software 
engineering basics. In such a case it is essential to define input data. In the paper input data were 
defined in the form of different elements such as: testing method, environmental and 
organizational test conditions, measurement equipment, test piece material, personnel 
qualifications, software for machine. The content of input data bases on scientific and 
organizational experience in the range of material strength tests.   

Fig. 3. “Tensile report”. Main window [8]  

On the base of the defined content authors are planning to perform validation of own software 
application “Tensile report”. The software was developed as a result of cooperation between an 
academic teacher (one of the authors of this paper) and a student and finally became a base for a 
graduation project [8]. Results of the validation process in accordance with the proposed approach 
will be presented in further publications. 
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Abstract 
 
 Carbon partitioning and mechanism of bainite transformation have been studied in Fe-Cr-Mo-C steel using high speed 
dilatometry backed by thermodynamic analysis. Obtained results confirm the incomplete reaction phenomenon with the 
cessation of the bainite transformation well before paraequilibrium is achieved. These experimental data indicate that 
bainitic ferrite forms by a displacive transformation mechanism, but soon afterwards, excess of carbon is partitioned into 
the residual austenite. The results are discussed in terms of the mechanism of bainite transformation. 

Keywords: carbon partitioning, mechanism of bainite transformation 
   
1. Introduction 
 
 Carbon concentration in the residual austenite at the termination of the bainitic reaction and the 
mechanism of bainite transformation in steels remain still controversial and involves two general 
concepts, that bainitic reaction occurs via a diffusional mechanism [1], and that bainitic reaction 
occurs in a displacive mechanism as far as the substitutional elements are concerned [4]. Aaronson 
and co-workers introduced hypothesis that occurrence of bainitic "bay" on TTT diagrams many 
commercial steels and incomplete reaction phenomenon (transformation stasis) are attributed to a 
special effect of alloing elements on the growth kinetics, which was termed as a solute drag-like effect 
(SDLE) [3,6,9,17]. However, atom probe experiments reveal the absence of any substitutional 
alloying element partitioning at the bainitic ferrite/austenite interface during bainitic transformation. It 
is usually assumed that the point where dimentions cease to change represents full transformation. But 
in case of bainitic transformation, reaction ceases before the parent phase has completely transformed 
what is known as an incomplete reaction phenomenon. It means that at any temperature below BS and 
in the absence of any interfering secondary reactions only a limited quantity of bainitic ferrite  forms 
before the reaction terminates. The role of carbon in the growth of bainite, is difficult to resolve 
directly, because even if the ferrite is supersaturated during growth, the relatively high transformation 
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temperatures provide an opportunity for the excess of carbon to diffuse rapidly into residual austenite 
before any experimental measurements can be made [2]. There are indirect methods of determining 
the carbon concentration of bainitic ferrite during growth, e.g. dilatometry method. This paper 
attempts to investigate the mechanism of the bainite transformation in 15HM2 steel and to clarify the 
bainitic ferrite formation mechanism from the thermodynamic point of view. 
 
2. Experimental procedures 
 

A high-speed Adamel Lhomargy LK-02 dilatometer was used to establish change of length ()L/L) 
during isothermal bainitic transformation. In order to ensure rapid cooling (~300Ks-1) from 
austenitizing temperature (1000oC, 10 minutes), the specimens were 13mm in length and 1.1mm in 
diameter. Lattice parameter measurements were carried out using a X-ray diffractometer with Fe-
filtered CoK�+radiation. The precision ferrite lattice parameter determination included a knowledge of 
the angular positions of the (110), (200), (211) and (220) peaks. The data were analysed using a 
Taylor-Sinclair function to extrapolate the values of the ferrite parameter to angular position of 
@=90o. The linear expansion coefficient of ferrite (e�) was determined by annealing a specimen at 
650oC for 30 minutes to decompose any retained austenite and then recording the change of length 
during slow cooling. The linear expansion coefficient of austenite (e%) was measured after cooling 
from temperature of 1100oC while the specimen was in the single % phase field. Determination of the 
linear expantion coefficients was carried out in a UBD Leitz-Wetzlar dilatometer. Thin foils were 
stored in ethanol and subsequently examined in a Tesla BS-540 electron microscope at an operating 
voltage of 120 kV. 
 
3. Conversion of dilatometry data 
 
 For the transformation of austenite into a mixture of bainitic ferrite and carbon enriched residual 
austenite and assuming isotropic strain the ralationship between dimentional changes )L and volume 
changes )V is given by the equation [4]: 
 

                                                                       (1) 
 

Where L is the specimen length at the transformation temperature. The lattice parameters of bainitic 
ferrite and untransformed austenite at the reaction temperature, a� and a%. can be calculated from the 
values of lattice parameters at ambient temperature (25oC, 298K)  using the linear thermal expansion 
coefficients e� and e%:                                                         
 

a� = ao� [1 + e� ( T - 298 )]                                                        (2) 
 

a% = ao% [1 + e% ( T - 298 )]                                                         (3) 
 
where T is the absolute temperature. The room temperature lattice parameter of austenite (ao% in nm) 
at the mean steel composition (i.e. when V� = 0) can be calculated using equation determined by 
Dyson and Holmes [8]: 
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                                                       (5) 
 

where Ci are coefficients and xi is the weight fraction of alloying element in phase %, where i = 1,2, 
...,n represents alloying elements (i = 1 for carbon, i > 1 for substitutional solutes). The ferrite lattice 
parameter ao� was determined by X-ray analysis and for ascertain it was calculated using following 
equation [4]: 
 

 
+ + + +0 007 0 031 0 005 0 0096. . . .x x x xNi Mo Cr V

� � � �                                        (6) 
 
The lattice parameter of pure ferrite was taken as aFe=0.28664nm [16]. The terms xi

� represent the 
mole fraction of the species i in phase �A+The carbon concentration of the residual austenite x1

%  
increases during bainitic transformation as a consequence of the increasing volume fraction of bainitic 
ferrite. Given that the excess carbon in the bainite ferrite partitions into the residual austenite and 
assuming that the final microstructure consists of only bainitic ferrite and residual austenite it is 
possible to estimate the carbon concentration according to the following relationship derived from 
mass balance considerations [4]: 
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The carbon content of the ferrite x1

�, is a very small and is approximated by the A1 �,���%) phase 
boundary of the Fe-C phase diagram (since of its smallness ignoring the effect of substitutional 
elements). The value of carbon in bainitic ferrite was taken to be x1 0 00139� = .  (0.03 wt.%) [16]. The 
calculated carbon concentrations of residual austenite at the point where the formation of bainite 
terminates will be next compared against the extrapolated T0, T0' o and A3' phase boudaries. 
 
4. Material, results and discussion 
 

The composition of the steel  investigated  is  given in  Tab. 1. 
 

Tab. 1. Chemical compositions of the steel used in this study.  
All concentrations are given in  wt.% and at.% ( × 10-2)

 
Steel  C Si Cr Mn Mo Al 

15HM2 wt.% 
at.% 

0.14 
0.651 

0.23 
0.457 

0.88 
0.945 

0.73 
0.729 

2.4 
1.397 

0.03 
0.062 

 
 The dilatometry results showed that the relative length change during the formation of bainite at 
selected temperatures increases as the isothermal transformation temperature decreases below the BS 
(Fig. 1), then the amount of bainite formed is dependent on the transformation temperature. The lattice 
parameters of ferrite and austenite and values of linear expansion coefficients are given in Tab. 2. The 
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details for calculation of volume fraction of transformation are given in Tab. 3. 
Calculated and measured the carbon concentration of the residual austenite ( %x ) and carbon 

concentration at the interphase boundaries  in Fe-Cr-Mo-C steel are given in Tab. 4. 
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Fig. 1. The relative length change ()L/L) observed by dilatometry during isothermal  transformation at selected 

temperatures below BS temperature in Fe-Cr-Mo-C steel 
 

Tab. 2. Lattice parameters and linear expansion coefficients of ferrite and austenite 
 

Steel Lattice parameter 
of ferrite ao� 

nm 
 

Lattice parameter 
of austenite ao%++

nm 

Ferrite e� 
oC-1,  
×10-5 

Austenite e% 
oC-1,  
×10-5 

Fe-Cr-Mo-C 0.2872 
0.2871 * 

0.35910 1.627 2.317 

* The ferrite lattice parameter determined using a X-ray diffractometer 
 

Tab. 3. Parameters for determination of volume fractions of bainite ( BV ) in Fe-Cr-Mo-C steel 

Transformation  
temperature, oC 

%a

nm 
�a

nm 
)L/L*
× 10-3 

BV  

464 0.3627 0.2893 4.88 0.66 
475 0.3628 0.2893 4.52 0.62 
490 0.3629 0.2894 4.56 0.53 
500 0.3630 0.2894 4.35 0.22 
510 0.3631 0.2895 4.46 0.18 

*  Values of the dimensional changes accompanying the transformation of  austenite to 
bainitic ferrite measured at transformation temperature, 
 BV   Measured volume fraction of transformation. 
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 Fig. 2 shows the general morphology of the microstructure in 15HM2 steel after austenitization at 
1200oC and isothermal transformation at 450oC for 600s. The morphology of the bainite is similar to 
low carbon lath martensite, where dislocated laths are separated by films of retained austenite. No 
blocky austenite was observed in this structure. Careful examination of this microstructure shows  
small precipitated carbides laying inside bainitic ferrite laths. No significant changes in morphology 
with increasing reaction time were observed after isothermal transformation at 450oC. This structure, 
therefore, belongs to lower bainite assuming that lower bainite in this steel is a structure composed of 
carbides within bainitic laths with interlath retained austenite films [11-15].  
 After austenitization at 1200oC and at higher transformation temperature (550oC), bainite changes 
into a morphology without carbides within the laths but with blocky retained austenite (Fig. 3). 
 

 
 

Fig. 2. Morphology of the microstructure in 15HM2 steel after austenitization at 1200oC and isothermal transformation at 
450oC for 600s. Thin foil 

 

 
 

Fig. 3. Microstructure of 15HM2 steel after austenitization at 1200oC and isothermal transformation at 550oC for1800s. 
Thin foil 
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Tab. 4. Calculated and measured the carbon concentration of the residual austenite ( %x ) and 
 carbon concentration at the interphase boundaries  in Fe-Cr-Mo-C steel 

 
Phase Transformation temperature, oC / Carbon concentration at the interphase, mol

700 600 510 500 490 475 464 400 
'A3  0.0233 0.0520 0.0840 0.0878 0.0918 0.0978 0.1023 0.1257 

0Tx  0.008 0.0157 0.0243 0.0253 0.0261 0.0277 0.0293 0.0384 
'T0

x   0.0033 0.0135 0.0147 0.0160 0.0179 0.0194 0.0267 
%x    0.0076 0.0079 0.0121 0.0146 0.0162  

 
The determined carbon concentrations of the residual austenite at the point where the formation of 

bainite ceases are compared with the T0, T0' and A3' phase boundaries for examined 15HM2 steel in 
Fig. 4. The diagram was calculated using a model developed by Bhadeshia [4,5] based on the 
McLellan and Dunn quasi-chemical thermodynamic model [16]. The T0  curve represents the locus of 
all points where austenite  and  ferrite of the same composition have equal free energy [1,4].  The T0' 
curve allows for 400J/mol of stored energy in the bainitic ferrite to take account of the strain energy 
due to the invariant-plane strain shape change that accompanies the growth of bainitic ferrite [5,7]. 
The A3' curve is the calculated paraequilibrium (�+%)/% phase boundary indicating equilibrium 
between ferrite and austenite when the ratio of substitutional alloying elements to iron is constant 
everywhere. The bainite and martensite reactions start temperatures BS and MS are also marked on that 
diagram.  

 
Fig. 4. Calculated phase diagram with experimental data of carbon concentration of residual austenite at the termination 

of isothermal bainite formation for Fe-Cr-Mo-C steel (black circles represent experimental data) 
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Paraequilibrium is a constrained equilibrium in which only carbon atoms are free to partition 
between ferrite and austenite. The ratio of the substitutional solute concentration to the iron 
concentration is the same in ferrite and in austenite, the chemical potential of carbon is equal in the 
two phases [6]. The paraequilibrium phase boundary is chosen because no substitutional alloying 
element portitioning occurs during bainite formation. 
 If the hypothesis that paraequilibrium exists during all stages of transformation is correct, then the 
reaction should stop when the carbon concentration of the austenite is given by the A3' curve. In 
presented experiment the rection is found  to stop when  the  average  carbon  concentration of the 
residual austenite is close to the T0 curve than the A3' boundary (black circles in Fig. 4). Note that the 
difference in carbon concentrations between the T0' and A3' curves at the chosen temperatures of 
bainitic reaction is very large, so the presented experiment is a sensitive indication of the failure of the 
transformation to reach paraequilibrium. The T0' curve has a negative slop, so the austenite can 
tolerate more carbon before diffusionless transformation becomes impossible, as the transformation 
temperature is reduced.  
 The presented above results can be explained when it is assumed that bainitic ferrite grows without 
diffusion, but any excess of carbon os soon afterwards rejected into the residual austenite by diffusion 
[9-13]. This makes more difficult for subsequent bainitic ferrite to grow, when the austenite becomes 
stabilised by increased carbon concentration. The maximum extent to which the bainite reaction can 
proceed is therefore determined by the composition of the residual austenite. A stage where 
diffusionless growth becomes thermodynamically impossible and the formation of bainitic ferrite 
terminates is where the carbon concentration of the austenite reaches the T0' curve. The incomplete 
reaction phenomenon supports the hypothesis that the growth of bainitic ferrite occurs without any 
diffusion with carbon being partitioned subsequently into the residual austenite. There is as yet no 
reasonable alternative explanation of this phenomenon. 
 
5. Conclusions 
 
 The austenite to bainite transformation was studied in Fe-Cr-Mo-C steel using dilatometry backed 
by thermodynamic analysis. The results obtained are summarized as follows: 
 
1.  The reaction terminates prematurely as the carbon content of the residual austenite reaches the T0' 

curve well before the paraequilibrium carbon concentration is achieved  (given by the extrapolated   
A3'  phase boundary) which indicates that the growth of bainitic ferrite is diffusionless. 

2. The maximum extent of bainite formation in 15HM2 steel is dependent on the transformation 
temperature and the degree of transformation  strongly decreases with approaching the bainite start  
temperature. 
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Abstract

 
The development of bainitic transformation was studied using TEM, dilatometry and thermodynamic calculations, 

both from a fully austenitic microstructure (TA=1200oC) and from a microstructure containing a mixture of austenite 
and undissolved carbides (TA=1000oC). The amount, distribution and morphology of retained austenite, bainitic 
ferrite and precipitation of carbides strongly depends  on both; prior austenitization and isothermal transformation 
temperatures within the bainitic range. 
 
Keywords: bainite morphology, bainitic transformation, low alloy steel 
 
1. Introduction 
 

The present paper attempts to investigate the morphology of bainite formation in laboratory 
prepared low alloy Cr-Mo-V-Ti (signed as 15HM2VT steel). Vanadium and titanium are  present 
to refine the austenite grain size, resulting in a fine grained ferritic structure. Low carbon content 
promotes good toughness and weldability by elimination the volume fraction of carbide containing 
microconstituents (e.g. pearlite). In Fe-C-X steels, when X is a strong carbide forming alloying 
element, interphase boundary carbides and fibrous carbides were present after isothermal reaction 
at temperatures above the bay temperature [1,2,7,8]. This type of high strength low alloy (HSLA) 
steels are supposed to have the requisite good combination of strength, toughness and weldability 
for many industrial applications. 

The main aim of the present investigation was to investigate the influence of austenitizing 
temperature (changing the volume of dissolved carbides and from this the chemical composition of 
austenite) and temperature of isothermal transformation  on bainite transformation. 
     
2. Material and experimental  procedure 
 

The composition of the alloy investigated is given in Tab. 1. The specimens were austenitized 
for 20 minutes at 1000 and 1200oC. A coating layers were used to protect the specimens against 
decarburization. After isothermal transformation, the specimens were water quenched. 
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Tab. 1. Chemical compositions of the investigated steel (Wt Pct) 
 

Steel    C       Si   Cr       Mn   Mo   V   Ti   P   S   Al 
15HM2VT 0.15 0.24 0.84 0.92 2.6   0.24  0.12   0.022 0.019 0.06 

 
      Dilatometric analysis was carried out on a Leitz-Wetzlar vacuum dilatometer using a 20 mm 
by 3.5 mm dia. specimens to establish the A1 and A3 temperatures (Tab. 2). A high-speed LK-02 
Adamel Lhomargy dilatometer was used to establish the MS temperature (Tab. 2). In order to 
ensure rapid quenching (300 Ks-1) the specimens were 12mm in length and 1.0mm in diameter. 
The specimens were austenitized for 10 min. at 1000oC in dilatometry furnace and subsequently 
gas quenched to the isothermal transformation temperature by an automatically controlled high-
pressure helium jet.  

Tab. 2.  A1, A3, BS and MS temperatures 
 

Steel 
       Temperature, oC Experimentally 

determined  
Thermodynamically 
calculated 

 Ac1 Ac3 Ar1 Ar3 MS BS MS* BS* 
15HM2VT 807 969 730 896 453 - 423 555 

*Assuming full austenitization (1200oC) ensuring  complete dissolving of carbides in austenite 
 
 The specimens for transmission electron microscopy (TEM) were machined to 3mm dia. rod, 
carefully avoiding any heating. The rods were sliced into 0.35mm thick discs while being kerosene 
cooled. The discs were subsequently ground down to a thickness of 40-50 �m on 500 grid paper. 
These foils were finally electropolished in a twin-jet  at room temperature and at 55-60V using a 
25-pct glycerol, 5 pct perchloric acid and 70 pct ethanol mixture. Thin foils were stored in ethanol 
and subsequently examined in a Tesla BS-540 electron microscope at an operating voltage of 120 
kV. Optical microscopy was used to examine etched structures. Specimens were etched in 2% 
nital solution. 
 
3. Results and discussion 
 
     To plan the heat treatments a time-temperature-transformation (TTT) diagrams (Fig. 1) were 
calculated for the composition given in Tab. 1. The calculation was done using a method 
developed by Bhadeshia [3,4].  
 

 
 

Fig. 1. Time-temperature-transformation (TTT) diagram of investigated 15HM2VT steel [10] 
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In that method the TTT diagram has been treated as being composed of two separate C curves, 
one of which represents diffusional transformations and the other, displacive reactions 
(Widmanstätten ferrite and bainite). The technique is capable of correctly generating the bay 
region of time-temperature-transformation diagrams, while at the same time allowing relative 
shifts in the shear and diffusional C curves, as a function of alloing element content. The bainitic 
ferrite BS and martensitic MS start temperatures were also calculated using the same method. The 
bainite start temperature BS is the temperature corresponding to the upper part of the shear 
transformation C curve and it strictly refers to the point at which the nucleation of ferrite that 
grows displacively first becomes possible [3,5]. The transformation temperature data are given in 
Tab. 2.  
 Based on the dilatometry data and the data from the calculated TTT diagram heat treatment of 
15HM2VT steel was planned as follows: two austenitizing temperatures  1000 and 
1200oC/20minutes, and two utmost temperatures of bainite range, e.g. 575 – 500oC and 550 – 
450oC respectively. Austenitizing temperature 1200oC was required for complete dissolution of 
VC carbides [2]. Isothermal reaction temperatures were chosen to lie above the MS temperature to 
avoid formation of martensite during the isothermal heat treatment, and below the bay temperature 
of investigated steel.  
    Optical microscopy was carried out in order to observe any variations in the gross features of 
microstructure, e.g. prior austenite grain size, bainitic packet size and distribution of blocky 
austenite with heat treatment. The microstructural dimentions are given in Tab. 3.  
 

Tab. 3. Microstructural parameters of 15HM2VT steel 
 

Microstructural 
parameters 

Austenitization temperature:  

1200oC 1000oC 
 Transformation temperature, oC Transformation temperature, oC 
 550 450 575 500 
Average austenite grain 
size, �m  

50 50 17 17 

Volume of bainite in the 
form of packets, % 

45 50 40 45 

Packet length, �m  40 40 - - 
Packet width, �m  30 36 - - 
Width of bainite lath, �m 0.5 0.4 0.6 0.5 
Morphology of retained 
austenite 

thin films, also 
irregular 
islands 

mainly thin 
films 

irregular 
islands and thin 

films 

irregular 
islands and 
thin films 

Volume fraction of 
retained austenite, % * 

5.0 8.6 - - 

 
* Volume fraction of retained austenite were determined by rtg diffractometer on samples 
quenched to ambient temperature after isothermal transformation for 6h at temperature 550oC and 
for 3h at temperature 450oC  
 

Optical micrographs of the partially reacted specimens of the 15HM2VT steel are shown in 
figures 2 and 3. Only large individual carbides TiC, regardless of austenitization temperature, can 
be detected in micrograph of the 15HM2VT steel (TiC carbides are arrowed). In observed 
microstructures the bainite reaction has not proceeded to completion, and large pools of residual 
austenite have subsequently transformed to martensite on water quenching.  

177



There is a general tendency for structural refinement with decreasing austenitizing temperature.  
     The packet size after austenitization at 1200oC is coarser than that of  1100oC, which can be 
related to the larger austenite grain size (Tab. 3). 

                 
a)                                                                           b)      

 
  c)  

 
 
 
 
 
Fig. 2. Microstructure of 15HM2VT steel austenitized 
at 1200oC and austempered at: a) 550oC/1.5h, b) 
450oC/1.5h, c) 550oC/6h. Etched with 2% nital 

     After transformation to bainite at higher temperature retained austenite exhibited a blocky, 
triangular shape. It was found that for 15HM2VT steel the volume fraction of retained austenite 
increased with decreasing of the isothermal transformation temperature (Tab. 3). The volume 
fraction of retained austenite after austenitization at 1000oC was beneath the level of resolution of 
applied X-ray diffractometer. When temperature of isothermal transformation  was decreased the 
blocky morphology of retained austenite was replaced by films of retained austenite separated by 
platelets of bainitic ferrite. This film austenite, since it is trapped in the immediate vicinity of 
bainite laths is known to contain a higher carbon content than blocky austenite has and it is  
difficult to transform to martensite [6,8]. Therefore an increase in the volume fraction of retained 
austenite with an  decrease in isothermal transformation temperature results as a higher amount of 
residual austenite with a higher carbon content. 
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a)                                                                                          b) 

Fig. 3. Microstructure of 15HM2VT steel austenitized at 1000oC and austempered at: a) 575oC/1.5h, b) 
500oC/1.5h. Etched with 2% nital                                                       

The fine details of the microstructure were examined by TEM. Fig. 4 shows a morfology of blocky 
austenite in 15HM2VT steel after heat treatment at 1000oC following isothermal transformation at 
500oC for 120s. Beside blocky austenite, interlath films of retained austenite in the bainitic regions 
were also observed after this treatment. In 15HM2VT steel after austenitization at higher 
temperature (1200oC), retained austenite occurs mainly as interlath films (Fig. 5). As the 
austenitization temperature increases from 1000 to 1200oC the structure changes from upper 
(granular) bainite to upper lath bainite. It is assumed that upper bainite in these steel is a structure 
composed of carbide free bainitic ferrite laths with interlath retained austenite films replacing the 
interlath cementite of the classical upper bainitic microstructure. The interlath retained austenite 
films are stable and there is no apparent decomposition to martensite.                  
      

 
 

Fig. 4. Microstructure of 15HM2VT steel after austenitization at 1000oC following isothermal transformation at 
500oC for 120s. Thin foil 
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Fig. 5. Microstructure of 15HM2VT steel after austenitization at 1200oC following isothermal transformation at 
550oC for 3600s. Thin foil 

 
Fig. 6 shows the general morphology of the microstructure in 15HM2VT steel after austenitization 
at 1200oC and isothermal transformation at 550oC for 7200s. The morphology of the bainite is 
similar to low carbon lath martensite, where dislocated laths are separated by films of retained 
austenite. No blocky austenite was observed in this structure. Careful examination of this 
microstructure shows no evidence of carbides precipitation. No significant changes in morphology 
with increasing reaction time were observed after isothermal transformation at 550oC. This 
structure, therefore, belongs to upper bainite assuming that upper bainite in this steel is a structure 
composed of carbide free bainitic laths with interlath retained austenite films [5,12].  
 After austenitization at 1200oC and at lower transformation temperature (450oC), bainite 
changes into a morphology with carbides within the laths (Fig. 7). It is also seen that carbide 
particles within ferrite laths and the long axis of the laths are at angles of 55 to 60 deg, as observed 
in lower bainite [13]. On the presently widely accepted view [5,11,13], in lower bainite carbides 
precipitate from highly supersaturated ferrite laths. During a progress of bainitic reaction the 
excess of carbon in bainitic ferrite may partition eventually into the residual austenite or 
precipitate from the ferrite in the form of carbides. If the latter process is dominant, then lower 
bainite is obtained [13]. 
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Fig. 6. Microstructure of 15HM2VT steel after austenitization at 1200oC and isothermal transformation at 550oC for 

7200s. Thin foil 
 

     
 
Fig. 7. Microstructure of 15HM2VT steel after austenitization at 1200oC and isothermal transformation at 450oC for 

7200s. Bright and dark field from residual austenite.  Thin foil 
Thus the amount, distribution and morphology of retained austenite and occurrence of carbides 
vary with the austenitizing and transformation temperatures. The dispersed and ductile austenite 
films between the ferrite platelets  (Fig. 7) can be expected to have a crack blunting effect. But the 
blocks of austenite tend to transform to high carbon untempered martensite under the influence of 
small stresses and consequently have an embrittling effect. Also other intrinsic components of the 
microstructure, such as particles of cementite laying especially in the interlath regions can be 
responsible for damage initiation.  
 
4. Conclusions 
 
      The development of bainitic transformation was studied using TEM, dilatometry and 
thermodynamic calculations, both from a fully austenitic microstructure (TA=1200oC) and from a 
microstructure containing a mixture of austenite and undissolved carbides (TA=1000oC). 
      Transmission electron microscopy revealed that after isothermal transformation the 
microstructure within the prior austenite grains consists of a mixture of ferritic bainite, residual 
austenite and/or carbides. After austenitization at 1200oC followed by bainitic reaction, the bainite 
was in the form of classical sheaves. The amount, distribution and morphology of retained 
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austenite, bainitic ferrite and precipitation of carbides strongly depends  on both; prior 
austenitization and isothermal transformation temperatures within the bainitic range. 
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Abstract 

This article presents a Data Matrix based system for selecting and controlling jobs for the exposure machine. Job 
selection and proper choice selection and use of phototools are automatically supervised with a help of information 
transported inside data part of the code. Description, films verification, field id to retrieve information from the 
database as well is included. Presented method can help to the operator to choose automatically proper settings and 
transmission of needed parameters for the performed task. 

Keywords: PCB production, automatic parameters selection, image recognition, Data Matrix
 
1. Introduction 
 

Using the "Code Image" is receiving more and more attention in the systems saving and 
transferring information. Code Image in this case Data Matrix (DM) technique is defining a way 
for saving array of data (Fig. 1) using a digital image, and next faultlessly and automatically 
inputting them into a desired process. The authors took up the subject of application of such 
transfer of parameters in the process of printed circuit manufacturing, or more specifically, during 
the exposure process, which will transfer the responsibility and fault risk from the machine’s 
operator to the team supervisor, preparing the production and limiting process parameters to the 
required values.  

 

Fig. 1. Comparison between Bar Code and Data Matrix with its ability to keep information in two dimensional 
structure 

183



 Latest exposure machines are more and more sophisticated. Bare material, photopolymer, film 
and a light source is still a base but new technology exposure machine can measure, align material, 
and generate feedback data documenting a production cycle. Moreover, the analyzed system will 
ensure correctness of machine settings and it will help to verify a film choice, along with a 
possibility to set its critical parameters related to registration and exposure process (Fig. 2). 
 

(a) (b)

Fig. 2. Exposure Frame with a films and panel loaded (a). Data Matrix placed on the film in predefined location film 
choice (b), along with a possibility to set its critical parameters related to positioning and exposure 

 
Over the years several image processing algorithms decode and encode data in DM were recreated. 
These methods provide way to process correctly an input image with a quality do not allowing the 
encoded information to be read automatically. 
 Data Matrix is two-dimensional bar code which may have a form of square or rectangular 
symbol build up of individual cells usually dots or squares. In such form it is a prearranged grid of 
dark and light cells bordered by a structure of finder pattern (Fig. 3a). The structure of finder 
pattern is used to detect the orientation and structure of the 2D code symbol. Data encoding 
process use a series of dark or light cell over a pre-determined size. Size of the cell is called the X-
dimension and usually is limited by the parameters of the camera optical channel. 
 Data Matrix can carry variable amount of data (Fig. 3b). Usually if more data encoded then the 
size of the resulting DM symbol gets bigger. To keep 1kB of data – it also depends if they 
numerical or alphanumerical - size of a given Data Matrix approximately will be 96x96. 
 

(a)  finder pattern (left) and the data (right) (b) size and its informational capacity 

Fig. 3. Structure and capacity of Data matrix 
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 The issues related to proper decoding of encoded information arise when defining: 
- the size of the image containing information; 
- Data Matrix capacity and image resolution (size of a single point); 
- uneven light conditions during image acquisition; 
- possible mark contamination observed by the camera, as well as on the camera’s lens. 

 The proposed by us method uses the Radon transformation. In the past, there were attempts to 
use this transformation to analyze and recognize Data Matrix [2, 8]. In this paper authors are 
describing modified algorithm introducing new improved classifier for a method presented in [8]. 
 
2. Data Matrix image analyze characteristics 
 

The registration system, usually has inbuilt set of cameras, used as a part of alignment 
subsystem of the exposure machine. Every camera has calibrated position and is placed 
perpendicularly to the observed mark and is an integral part of the whole device (Fig. 4). 

Such camera has several tasks and one of them is reading Data Matrix to encode the data 
contained in the given symbol. Despite it unclear working conditions, which are unfavorable for a 
correct reading of the data printed on the film may occur frequently. 

Therefore a proposed vision system has to be transparent to dynamic lighting changes of the 
registered scene, regular occurrence of various film defects, and quality of code printed onto the 
film. Because in most cases – very close to 99% - two films plotted on the internal side are used. 
Because of their relation to the panel being exposed one of them will provide mirrored images of 
the DM. Moreover, the size of information portion of the code varies. In most cases DM will be 
used only for identification, but it can contain information specific for a job including registration 
and exposure parameters (Fig. 5). Due to this requirement, even knowing the camera’s relation to 
the observed scene it is difficult to define the size of cell carrying information in DM. As a result, 
system has to automatically calculate the size of the cell using DM finder pattern.  
 

 
 

Fig. 4. Simplified exposure unit registration system diagram: set of movable industrial cameras, PC based control 
controller, database to exchange and carry system data 

 
In the considered arrangement (Fig. 5) image � �,I x y  will have blocks � �0 0,B x y  of a constant, 

undefined but detectable size. Moreover, every such block adheres to the next one. While adjacent 
blocks possess a noticeable different and at the same time they represent significant insensitivity 
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function value, the boundaries between them can be determined easily. However, for DM it is not 
a rule. Very often adjacent blocks have same insensitivity function value. While analyzing an input 
image, that is filtering a given image with an edge filter, regularity can be observed, where every 
set of blocks (of the same or similar insensitivity function value) is demarcated from other sets 
with straight, mutually perpendicular sections. Thanks to such assumption existing algorithm of 
searching of straight lines in the picture can be used. 
 

 

Fig. 5. Film definition presenting predefined DM location in relation to the frame limits [8] 
 
The Radon Transform (1) is defined as [1, 6]: 
 

� � � �'cos 'sin , 'sin 'cos ',R f x y x y dyB � B B B B
�C

�C
� � ��  (1)

 
where 

0* D  and ' cos sin
.

' sin cos
x x
y y

B B
B B

$ ! $ ! $ !
�" � " � " ��#  #  #  

 

 
The Radon operator maps the spatial domain � �,f x y  to the projection domain � �,� B , in which B  is 
the angle and �  the smallest distance to the origin of the coordinate system. 
Detection of straight lines in the picture is performed through finding in the domain maxima 
transforms, which clearly indicate the angle of the straight line and its distance from the center of 
the image [3, 4, 5]. 

It means that performing a Radon transform for an edge image and finding a maximum value 
for this function we can define the angle of our image. However, any occurrence of contamination 
on the lens or film (scratches etc.), can induce serious errors. 
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In the process of angle analysis of the image we look for a pair of values � �1
RB �  and � �2

RB �  

where the image angle is expressed as � � � �� �1 2
max ,I R RB BB � ��  under assumption 1 2 90oB B� � . 

Such approach allows finding the demarcation lines of the individual cells, even with a high noise. 
However, for specific cases, it is likely to not find a line of demarcation. This can occur when two 
columns, or two rows, next to each other are similar to each other. It means that the 

� � � �1 1 1n nR R kB B� � �� �(  where k N�  ( N  - number of cells) Fig. 6 or when the edge of cells is not 
blurred (edge operators can't detect). 
 

 
(a) (b)

Fig. 6. Some segmentation process results (a) without tolerance (b) using analyze of local Radon transform maximum 
 
In order to eliminate uncertainty of the presented method we suggest certain modifications in our 
implementation. They are possible only under such conditions: 

- the camera is perpendicular to the observed surface (only insignificant deviations are 
allowed); 

- the dimensions of a single cell in Data Matrix are known. 
The first assumption permits upholding the condition that Radon transform maximum values 
which indicate cell demarcation lines are distributed for angles that fulfill a condition: 1 2 90oB B� � .  
In practice there exists high probability that demarcation lines designated using edge detecting 
filters (Sobel, Roberts, Canny) will be not parallel to each other, which means the conditions 
cannot be fulfilled. That is why during the implementation of algorithm insignificant deviations of 
designated edges being unparallel on the 1o�  level were taken into consideration (Fig. 7). 

 

 

Fig. 7. Radon Transform of Data Matrix Using 110 Projections 
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Second assumption allows us to limit the amount of calculated lines separating cells. Let N  be 
a number of cells in a row or a column in Data Matrix, then � �1', ' 'a x x nx� � � and � �1', ' 'b x x nx� � �  
where � �1,2, , 1n N� �� . However even here difficulties concerning quality of image acquired from 
the camera can be encountered. Due to used camera resolution and electronic noise introduced 
during video signal transmission, the dimensions of individual cells, both horizontal and vertical, 
can vary. It is a crucial aspect during classification process for very small cells, 5x5 pixels and 
smaller. That is why introductory assessment of IB , on the basis of aforementioned conditions, and 
then a search in the nearest vicinity i.e. 1 1oB �  and 1' 1x px�  for a�  and 2 2 90 1oB B� � �  and 1' 1x px�  
for b�  is advised, a result of which is a division of the image (Fig. 8b). 

On the base of such a demarcation line set, a set of image points belonging to a given cell 
(classification process) can be specified. 

Despite the specific assumptions in the segmentation process (Fig. 8), we are not able to fully 
eliminate image pixels whose brightness value of the function clearly represents the value of a cell. 
Therefore, the DM shall be determined by the classifier (2): 
 

0 for ( [ , ])
,

1 for otherDM
median B x y

M
ED2

� 1
0

 (2)

 
where [ , ]B x y  is a block of image appointed by the demarcation lines, E  is a threshold defined as 

� � � �� �1 2
min ,a bR RB BE � �� . 

 

 

Fig. 8. DM information image recognition algorithm diagram. On the left main system elements, on the right effects 
visualization of subsequent process steps 
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3. Experimental results 
 

Series of trials for real images registered by the exposure machine were conducted; however, 
the preliminary research was conducted for synthetic images. The group contained images whose 
single Data Matrix cell dimensions were 5x5 pixels. For this group trials were conducted (Fig. 10). 
In order to define the method’s sensitivity for every synthetic image a Gaussian white noise with 
different mean and variance values is added. In this way both the image’s PSNR level and the size 
of a single mark for which the algorithm recognizes the code was estimated.  

In Tab.1 PSNR values were included along with recognition of image code sequence 
percentile. Additionally, series of trials for real images registered by the exposure machine were 
conducted. This way an impressive outcome of 98% of correctly recognized marks on the images 
was obtained. 
 

 

 

 

 (a) PSNR = 22.7068dB (b) PSNR = 12.892dB  

 
(c) PSNR = 7.7472dB (d) PSNR = 7.3448dB (e) PSNR = 6.9913dB
 

 

 

 (f) PSNR = 6.8222dB (g) PSNR = 6.5802dB  

Fig. 10: Sample results of PNSR impact on image recognition capacity 
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Tab. 1. Results for code cell based on 5x5 pixels 

PSNR 22.7068 12.892 7.7472 7.3448 6.9913 6.8222 6.5802 
Recognition 100% 100% 100% 94% 83% 67% 26% 
 
4. Conclusions 
 

This article presents a approach to Data Matrix code analysis using new optimized new 
improved classifier. In the case of exposure unit proper DM detection is considered as start point 
of the unit setup procedure. Decoded data is verified over the information saved in the database 
and is leading to the quick and reliable process of setting up the exposure machine parameters. The 
proposed method of getting inputs from DM is based on Radon Transform. Beside image analyze, 
research process was extended by fallowing decoding step and extracting stored encoded 
information. Acquired results are promising. Proposed algorithm can detect and decode barcode 
fast and correctly. It allows eliminating mistakes resulting from image processing methods’ 
imperfections. Of course, the presented method was tested with DM symbols with a low 
modulation grade and blurred symbol images. DM with damaged borders, uneven illumination, 
omni-directional symbol recognition can be processed as well. In any case it is necessary to 
remember stability of the process can be illumination dependent especially in the production 
conditions of a yellow room. Because of the specific setup of the camera and artwork including 
DM, issues like perspective and significant geometric distortions was assumed to not be a case for 
this system. The results showing algorithm limitations will be presented in next articles. 
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Abstract 

 
The qualitative opinion of the surface layer condition was introduced in this paper. The usefulness of spectral 

analyses was analysed to the opinion of changes proceed in the surface layer of co-operating units. The functions of 
the power spectral density and autocorrelation which were used to analyses were self- characterized. 

The structures of the surface after tribology investigations were accepted to the opinion of proceeding changes. 
Spectral graphs were analysed for structures without the co-operation (directly after the finishing processing) and 
after the various roads of the friction. The following intervals of the road of the friction were used to the qualitative 
opinion: 100, 200, 300, 500 metres – there are most intensive changes and 2000 metres – the stabilization of changes 
follows. The conditions during tribology investigations were accepted as stable. The received graphs of the power 
spectral density and autocorrelation function approve oneself useful in the opinion of the changes proceed of surface 
layer during her transformation.  

 
 

Keywords: qualitative analysis, surface layer, spectral analysis, tribology investigations, conformal contact  
 

1. Introduction 
 
The properties of surface layer (SL) created as a result of the established technological process 

realization in the largest mark influence on the tribology profiles of the machine engines co-
operating units [3, 7, 10, 12]. About the properties of surface layer generally decides the surface 
stereometry that is the external top section of surface layer. The stereometry form of the surface 
defines itself as the surface geometrical structure (SGS). The stereometry structure of the surface is 
the ridges set of the surface, being the realized processing traces or the results of the wear process. 
Describing SGS admits as basic quantities: the surface roughness, the wavy finish, the stage of 
surface isotropy – the directive tendency of the processing feed ridge, the deviation of shape and 
the surface defects [1]. 

The surface could have the anisotropic character in dependence from the location of SGS 
characteristic elements – with steered location of eminences and depressions (the surface directive 
tendency) or isotropic – not showing the steering location. The geometrical structure of the units of 
kinematic pair’s surface has the essential influence on the friction processes proceeds in these 
pairs, and on the kinematic pair’s waste intensity. 
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The estimation of co-operating units surface layer proceeds changes describes quantitative and 
qualitative values changes. The description of quantitative changes expresses quantities: the 
various parameters of roughness, the mass decrease, the change of linear dimensions [3, 9, 10, 11]. 
However the opinion of qualitative changes takes place among others on the basis of the studied 
surfaces photos or also basis on the spectral analyses of the surfaces [2, 6, 8]. We receive the 
information on the basis of the qualitative analysis about general sights of SGS and about the wear 
effects and also about the kind of possible damages.  

In this paper to the qualitative analysis of the condition of the surface geometrical structure 
were accepted the spectral analyses which describe the frequencies structure of studied surfaces. 

 
2. SGS function used for spectral analysis  
 

The functions of power spectral density (PSD) and autocorrelation (AC) were used to the 
spectral analysis of surface layer changes estimation. The functions of power spectral density and 
autocorrelation describe the frequencies structure of the surface. These functions are very 
usefulness in analysing the surface topography during production and constitution of the 
geometrical surface, and surface waste process estimation. 

During investigations, one from above mentioned functions is generally used in dependence 
from the aim of the tests. This results from the mutual statements between these functions, because 
the power spectral density function is Fourier transformation of the autocorrelation function. The 
power spectral density function illustrates how the surface irregularity deviation spreads together 
with the frequency. 

In the practise of investigations the PSD function is used more often, because among others 
basis on this function we could estimate the influence the component strength of cutting forces or 
the condition of cutting edge on the surface geometrical structure. In this case the autocorrelation 
function is used as the opinion supplementary parameter because it reacts very sensible on any 
structure surface disturbances [4, 5]. 

In generally basis on the surface spectral analysis we could draw out following conclusions [4, 
5]: 
: the largest signification in the spectral analysis have component with low frequency, the 

high frequency component signification is insignificant, 
: on the periodical surfaces in one or two perpendicular directions the power of energy focuses 

in the areas of proper frequency along these same senses, 
: on the anisotropic surfaces the energy of the power focuses along the perpendicular sense to 

the directive direction (symmetrical) of the surface, 
: in case of anisotropic surfaces mixed with participation of the random component with short-

wave character, the decisive part keep long-wave periodical components that defining the 
anisotropy of the structure, 

: in case of anisotropic random surfaces appear the characteristic sights of the random hum on 
the background of clear predominant components with low frequency beside this the surface 
structure keeps anisotropy and directive tendency, 

: in case of random isotropic structures clearly predominates the random hum and sights of 
anisotropy are insignificant. 

 
3. The analysis of the example surface structures  
 

To analyse of the spectral analyses usefulness for the qualitative opinion of co-operating 
surfaces layer changes the experimental investigations were conducted. Studied samples were 
subjected tribology investigations, and the point of the contact of co-operating surfaces during 
investigations was conformal, i.e. he was spread on the whole co-operating surface of samples. 
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One of analysed structures came directly from the finishing processing, this surface was without 
the co-operation, but remaining structures were after tribology investigations with the various 
roads of the friction. The following intervals of the road of the friction were chosen to the 
qualitative opinion: 100, 200, 300, 500 - there are most intensive changes and 2000 metres – the 
stabilization of changes follows. Conditions during tribology investigations were accepted as 
stable.  

The samples with counter-sample co-operated in the centre oiling which was machine oil (L-
AN 68), and values of parameters exploational were following: the speed of the relative 
movement: 2,9 m/min (0,05 m/s), burden 600 N (theoretical pressures in the zone of the contact 
point 2 MPa). The angle of co-operation between the characteristic directive tendency of samples 
and counter-sample was 0°. Samples were made from steel 102Cr6, counter-samples were made 
from steel X210Cr12. Hardness of counter-sample visibly exceed (about 50 %) the hardness of 
samples – the changes should proceeds firstly on the samples surface. The values of hardness were 
suitably 60 HRC and 40 HRC. 

The graphs of the power spectral density function for put measuring points were introduced on 
pictures below. 

 
a) 

 
 
b) 
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c) 

 
 
d) 

 
 
e) 

 
 
f) 

 
 

Fig.1. The graphs of the power spectral density function for the following intervals of the friction: 
a) 0 (without co-operation), b) 100, c) 200, d) 300, e) 500, f) 2000 meters 
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As it was introduced on the graphs the function of power spectral density changes on the 

individual stages of the co-operation. On the picture 1a, when the sample did not co-operate yet, 
we could observe one modal value on the graph. This value becomes from the surface character 
(definite directive tendency SGS) and from determined way of processing and established 
parameters.  

On remaining graphs we don't have one modal value any more this causes from changes 
formed in the result of the surfaces co-operation. The traces of the processing disappear and the 
direction of these traces isn't so clearly privileged any more. 

The graphic figure of the autocorrelation function of studied structures was introduced on 
picture 2. 

 
a) 

 
 
b) 

 
 
c) 
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d) 

 
 
 
 
e) 

 
 
f) 

 
 

Fig. 2. The graphs of the autocorrelation function for the following intervals of the friction: 
a) 0 (without co-operation), b) 100, c) 200, d) 300, e) 500, f) 2000 meters 

 
As it was introduced on the graphs we could observe the surface geometrical structure with 

anisotropic character (introduced on figure 2a) changes into mixed character structure without the 
clearly privileged directions, but with occurrence directive tendency of SGS shown in figure 2f. 
We could not observe the full passage into structure with isotropic character with total fading of 
directive tendency SGS. 

 
4. Conclusion 
 

Basis on conducted analyses in this paper the usefulness of spectral analyses was affirmed in 
tribology investigations. The received results and graphs of the power spectrum density and 
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autocorrelation functions were very useful in the qualitative opinion of the surface structure. Basis 
on these functions we could analyse the changes of surface layer during their transformation. 

For fuller qualitative opinion of the surface layer condition for studied surfaces of co-operating 
units it would also execute other analysis basis on the 2D or 3D pictures. It could help with 
diagnosing about the surface stereometry. 
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Abstract 
 

Design of PC controlled turning tool is presented in paper. Tool placed in the guides was driving using the 
stepper motor and a screw cooperating with the nut joined with the tool. To control of the tool was used PC with the 
step motor interface connected to the LPT port. Mounted to the holder tool allows machining shape surface using the 
universal lathe. 

  
Keywords: mechatronics tool, turning process, lathe, step motor 
 
1. Introduction 

 
There are many small companies providing services in machining. To be competitive, they 

must offer short lead times, high quality and repeatability of the details. In the case of machinery 
equipment in a conventional machine, it involves the employment of large numbers of skilled 
workers, or the purchase of modern machining centers, which usually goes beyond the financial 
capacity of the company. To maintain the competitiveness of these companies, they have to use 
cheap and flexible as possible universal tool [3-6]. 

In cutting tools area the new direction are mechatronics tools (fig. 1) [1,2,6-8].  
This special tools equipped with own engine and special control system made possible change 

its geometry. KOMET KomTronic [8] system add the special U-axis included in tool (fig. 1). This 
change are possible by using mechatronics system in process cutting. Mechatronics tools and its 
control system cooperate with the control system of numerical machine tools. In the industrial 
mechatronics tool are used to machine tools possibilities increase and automates the process 
machining. 

The paper presents elaborated in University of Technology and Life Sciences (Bydgoszcz, 
Poland) the design of controlled PC turning tool, which makes the new possibility of machining 
using conventional lathes.  
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         Fig. 1. KOMET KomTronic U-Axis system [8] 

2. Mechatronics turning tool idea 
 

In the Departament of Production Engineering and Mechanical Students Scientific Division 
our University conceived the idea of creating an intelligent tool, which can be fitted with any 
conventional lathe (fig. 2). The role of the operator have expired only in the material change in 
machine holder and start of machining process.  
 

Fig. 2. Idea of mechatronics PC controlled turning tool  
 

This mechatronics tool will be controlled using PC and connected to special interface which 
can control of x position of tool edge synchronically to change the z coordination changed with 
constant feed. PC controlled turning tool will be mounted in lathe holder and allows machining 
shaped surface as numerical control process. 
 
3.  Tool control system 

 
To solve the problem of mechatronics tool construction was elaborated control system of this 

tool. 
The concept of building system based on special tool that can be placed in the holder 

conventional lathe (fig. 3). The task was to prepare the tool object. Rotational speed of the object 
should be controlled using the inverter in such a way as to be able to change right / left turns, 
which make working retail in a few passages. The tool should consist of a with turning tool in a 
rigid body. Extension of the tool will take place through a transmission with a computer-controlled 
motor with a precise number of revolutions.  
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To control position of tool in z axis may be use many solutions: 
: counter of gear ratio revolutions, 
: precision interface for measure tool holder motion ex. digital calliper with computers 

interface. 
: optical measure system with using computers mouse. 

In first proposition computer software by counting the number of lathe spindle revolutions and 
using feed monitor the tool will monitor its position.  

Second proposition is using digital calliper. It is the best solution with high accuracy. 
In first experiments, very simple measuring system with optical mouse was used (fig. 3). 

Because this signal will be measured using pixels of screen its resolution will be 0.264 mm 
(Thinkpad tablet X41). 
 

Fig. 3. Control system of mechatronics turning tool 
 with using of computer mouse to measure z position

 
The control system task is: generation of surface machining program and control the machining 

process. 
To control of the tool x position was used PC with the motor control interface. In first probe to 

stepper motor control was used USB interface, but this driver were able to obtain low level of 
motor control steps frequency. In control stepper motor better use LPT interface. In VB6 
environment we can control this port using In and Out procedures. With using special software for 
NC machining it is possible to achieve very high-frequency pulses to ensure a very high rotational 
speed of stepper motors [9,10]. For this purpose with Windows platform, programs such as Mach3 
[9], STEP2CNC [10], use special handling procedures to LPT port.  

Pulse frequency of step-motor control is essential particularly important in the case of surface 
processing wide angle of inclination. Due to the constant feed in the direction of the used system 
allows to obtain maximum surface angle depends of radial feed (Fig. 4). More and more radial 
feed value make possibility to get more surface inclination angle. In presented location of x tool 
axis not possible is getting the surface perpendicular to axis of lathe. This requires positioning 
edge of mechatronics tool at an angle to the axis of lathe or stop of axial feed. 

For the purposes of the model has been created using Microsoft Visual Basic 6.0 TurnTool 
software to control the machining process. The main aim before emerging software was simple 
and intuitive interface (fig. 5), which allows CNC programming tools for person with a basic 
knowledge of technical drawing and machining. Elaborated software make possible to do:  

: design and visualize items model using simple CAD system, 
: set the basic parameters of machining,  
: generating machining program,  
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: simulation of machining on the basis of input data,  
: control tool retrieval of data from sensors, 
: control of turning process. 

The program uses advanced procedures for creating an optimal program for machining of the 
workpiece in many passages, and its simulation on a computer screen. In the future it is planned to 
develop the system by using G-code editor, which allows to load an external program of treatment 
or manual modification, which is useful for advanced users.  

 
4. Tool model  
 

Tool design was developed using the Solid Works program (fig. 6). 
Cutting tool with a threaded hole in the axle shaft was placed in a steel fence, which at the 

same time corps of tool. Tool placed in the guides was driving using the stepper motor. The 
stepper motor is coupled with axis of the threaded nut cooperating with the tool. The three-
dimensional model of the tool used to generate drawings of individual parts, check and investigate 
the kinematics and calculate the tool stifness. It was carried out in ANSYS environment (fig. 7).  

Fig. 4. Axial feed - fz influence on surface angle for another 
radial feed – fx

 
 

Fig. 5. Main form of TurnTool software 

 
  

 

Fig. 6. Virtual model of mechatronics tool
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Fig. 7. Results of FEM calculation
 
5. Tools testing s 
 

Tool designed and executed, was used to practical attempt to turning aluminium detail (fig. 8). 
Elaborated tool fitted to the lathe holder. The tool edge was situated on the axis of the lathe. To 
power the stepper motor controller uses a stabilized laboratory power supply (fig. 8).  

Preset shape drawn in the TurnTool software, then generated x=f(z) control file. Shaping 
workpiece surface turning was carried out automatically switched axial feed. Conducted tests 
confirmed the correctness of the tool motion speed without load. Then attempts were cutting the 
sample. Obtained as expected shaping surface treatment.  

 
 

Fig. 8. Turning using controlled PC mechatronics tool
 
Because of the presence of radial cutting forces were clearing the slack due to gear favorable 

exacitude of processing. 
Resulting of machining experiments showed no surface defects, and the dimensions 

corespondent to the values given. It confirms sufficient stiffness of the developed tool. 
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6. Conclusions 
 
Showed in paper the controlled PC turning tool is a new idea in mechatronics tool. Presented 

design of tool and its control system and software show the new possibilities of automation 
machining using conventional lathe. Developed construction is very cheap – implemented easy to 
control stepper motor providing of process machining control. In the developed tools design 
equipping it will be useful with in trapezoidal screws, or even spherical. This increase the accuracy 
and correctness of the sustainability drive.  

The mechatronics turning tool approach to building intelligent tool. The use of specialized 
tools mechatronic allows partial automation of machine tools conventional development by 
promoting efficiency and productivity. 

The construction of such tools is now easier due to the widespread presence in the market of 
components for construction of such tools and especially the stepper motor including built-in gear, 
stepper motor controllers. There are also available other driving and the position measuring 
systems.  

It is expedient to carry out further work and tools development including with the use of the 
second controlled axis. The next step in development of mechatronic tool will be the 
modernisation of tools software in direction of G-code file using to control machining process. 
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Abstract 

The work deals with the method of fatigue life calculations with application of  material characteristics determined 
during low cycle fatigue tests [7]. Analysis of obtained results enables to state that values of parameters n’ and K’ 
change and depend on fatigue life period n/N as well as temperature. Values of parameters   n’ and K’ determined in 
half of fatigue life (n/N=0,5) are nor mean values for the whole range of fatigue life. The comparative analysis of 
obtained results indicates the scale of simplification by assumption, as results of elaboration, of values of parameters 
n’ and K’  from the one period of fatigue life n/N=0,5. 

Keywords: fatigue life,  cyclic properties 
 
1. Introduction 

 
In the fatigue life calculation method that bases on the local strain and stress analysis [7] there 

are used material data determined during fatigue life tests in the range of low cycle fatigue life. 
The method of tests as well as elaboration of test results are covered by the standard [1]. In 
accordance with guidelines included in the mentioned document low cycle properties of metals are 
defined on the base of constant amplitude tests on several (minimum 5) levels of controlled stress 
or strain [1]. At each level of strain or stress there are processed at least three fatigue life tests. 
During tests there are recorded, for chosen cycles of loading, temporary values of loading force 
and strain of a specimen. Recorded values of force and strain enable, after the end of tests, to 
perform the analysis of basic parameters of a hysteresis loop and define their correlations. 

One of two characteristics defined on the base of performed tests is the cyclic stain curve 
describing a dependence between the plastic strain amplitude 5ap and the stress amplitude �a. 
During the elaboration of test results it is assumed that between these parameters, from the 
stabilization period, appear the power relationship. In double logarithmic coordinates it is 
described by the Morrow equation [3] that is:  

 

apa nK 5� lglglg '' ��                                                          (1) 
 
where:  K’ - the curve exponent, 

n’  - the gradient of the curve (the strain hardening coefficient) 
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Parameters n’ and K’ of the equation (1) are basic material data used during fatigue life 
calculations. The presented method of elaboration of test results does not arouse doubts in case of 
cyclically stable materials. Doubts do appear in case of materials characterized by changes of 
cyclic properties that do not show stabilization period. 

 On the base of the analysis of works on low cycle test on metals [2] it can be stated that the 
period of stabilization may appear in short term or does not appear at all [4].  For such materials 
necessary parameters of the hysteresis loop  (�a and 5ap) are assumed from the period responding 
to half of fatigue life n/N=0,5, where: N- fatigue life on the defined loading level to the failure 
appearance while, n=0,5N. The processing during determination of hysteresis loop parameters in 
the case of the lack of stabilization period is shown in Fig. 1. In the figure there are schematically 
shown exemplary curves of changes of one of parameters (�a) appearing in the equation (1) on 
five levels of total strain 5ac during tests of alloy steel [4]. 
 

n=0,5N

lgN

�a

N

5ac1

5ac2

5ac3

5ac5

5ac4

n/N=0,5 

lg�a�lgK5+n’lg5ap

+� 

+5ac

+�
a

+5 +5ap

 
 

Fig. 1.  Processing during elaboration of test results with the classic method (material with the lack of 
stabilization period) [4] 

 
From the course of curves (�a) it results that tested steel undergoes essential softening. Points 
marked on individual stress curves mean half of fatigue life (0,5n/N) on each level of total strain 
5ac. Values of parameters n’ and K’ obtained as a result of approximation of hysteresis loops 
parameters (�a, 5ap) with the equation (1) describe only temporary cyclic properties of material for 
the fatigue life period n/N=0,5. During fatigue life calculations they undergo an informal 
transposition (approximation)  on the  whole range of fatigue life. Such an attitude during 
determination of material data  can be one of reasons of diversification of tests and calculation 
results observed for many metals and their alloys [4]. The problem especially refers to 
determination of material data of metals in increased temperatures.  

The main aim of the work is the analysis of influence of temperature as well as the level of 
failure of cast steel on material data determined during low cycle fatigue tests.  
 
2. Description of experimental tests 
 

Experimental tests were performed with the usage of specimens made of martensitic cast steel 
GX12CrMoVNb9-1 (GP91). The shape of specimen and its dimensions are shown in Fig. 2.  
 

206



 

F 
8 

h6
 

M
 2

0 

105
27

15

R10 R10 

F 
16

 

F 
16

,5
 h

6 

2

0,32

7

 
Fig. 2.  Specimen for test 

Tests were performed on five levels of strain 5ac ( 0,25; 0,3; 0,35; 0,5; 0,6 %). The total strain 
amplitude was the controlled parameter during tests (5ac=const). During fatigue life tests for 
chosen cycles there were recorded temporary values of loading force as well as strain of specimen. 
As a criterion of test of the fatigue life test end on all levels of strain 5ac  there was assumed a 
deformation of the hysteresis loop in the half-cycle of tension. 

 

3.  Test results and their analysis 
   
Values of loading force and strain recorded for chosen cycles were elaborated in order to 

determine the course of changes of basic parameters of the hysteresis loop  that are 5ap and �a. 
Temporary stress in specimen �  was determined by division the value of temporary loading force 
by the specimen cross-sectional area. Using maximum�max  and minimum �min  values of stress 
there was determined the amplitude value  �a. Similar approach was applied while determining the 
value of the total strain amplitude 5ap.  

As it was expected increased temperature caused decrease of fatigue life. Influence of 
temperature on fatigue life depends on the strain level. It is small in the area of the  largest levels 
of strain and increases as strain decreases. In Fig. 3 there are shown exemplary curves of two 
parameters of the hysteresis loop (5ap and �a) in the function of number of loading cycles. 
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Fig. 3.  Changes of parameters of the hysteresis loop on the level 5ac=0,25%: a) �a, b) 5ap 
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Fig. 4. Changes of parameters of the hysteresis loop on the level 5ac=0,6: a) �a, b) 5ap 

 
On the base of obtained curves it can be stated that there is no clear stabilization period of cyclic 
properties on any of loading levels. As the n number of loading cycles  increases parameters of the 
hysteresis loop change. The stress amplitude �a (fig. 3a and 4a) decreases and at the same time the 
plastic strain amplitude increases 5ap (fig. 3b, 4b). The pattern of changes of mentioned parameters 
attests to cyclic softening of the cast steel. In figures 3 and 4 ranges of courses of parameters 
recorded in the fatigue test  were marked. On the base of the analysis of determined curves it can 
be stated that the  range of changes of )� and )5++parameters increases with the number of loading 
cycles and the strain level. Moreover the course of changes of parameters increases as temperature 
increases. He problem of softening of the cast steel in increased temperature was discussed in 
details in works [5, 6]. 
The method proposed in the work [4] was used to evaluate influence of temperature and   
fatigue failure level. Its pith is in usage of parameters of the hysteresis loop from different periods 
of relative fatigue life n/N during approximation of hysteresis loop parameters (5ap, and �a) with 
straight lines described by the equation (1).  
The above was schematically shown in Fig. 5. During elaboration of test results on each of loading 
levels there were separated 10 periods of relative fatigue life n/N . Periods were defined with the 
usage of parallel lines L1-L10. Lines stand for fatigue life periods  where values of strain 5ap were 
assumed. Analogically �a stresses were determined in the same periods of fatigue life.  
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Fig. 5.  Changes of plastic strain of the cast steel in temperature 600IC, the method of elaboration of test results 
 
Values of coefficient n’ and exponent K’ of the equation (1) obtained in different fatigue life 

periods were analyzed in the function of relative fatigue life n/N. Curves of changes of n’ and K’ 
are shown in Fig. 6. In order to illustrate the simplification performed during elaboration of test 
results in the figure there were also marked values of mentioned parameters for the one period of 
fatigue life (n/N=0,5).  
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Fig. 6.  Elaboration results of low cycle tests of the cast steel obtained in two temperatures: a) value of the 

exponent K’, b) value of the coefficient n’ 
 
As it was expected values of parameters n’ and K’ change and depend on the fatigue life period 
n/N. Bigger changes of material data are a consequence of the bigger range of changes of 
parameters of the hysteresis loop in the function of the number of loading cycles in increased 
temperature. The comparative analysis of material data n’ and K’ in both temperatures indicates 
the scale of the performed simplification by assuming, as elaboration results , values of parameters 
n’ and K’  from the one period of fatigue life  n/N=0,5. 
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4. Summary 
 

Martensitic cast steel during low cycle loading in ambient temperature and in temperature 
600 IC undergoes cyclic softening without clear stabilization period. Temperature and total strain 
level influence on the value of appearing softening.  

Material data (n’ and K’) used in fatigue life calculations essentially depend on fatigue life in 
which they were determined. Bigger range of changes of loop parameters in temperature 600 IC 
causes that the range of material data changes in increased temperature is also bigger than in 
ambient temperature. 

Material data of martensitic cast steel (n’ and K’), obtained as a result of elaboration of fatigue 
life tests with the method given in the standard [1], describe only temporary cyclic properties. 
Values of data determined in half of  fatigue life (n/N=0,5) are not mean values for the whole 
range of fatigue life. 

 
Material data (n’ and K’) obtained in different fatigue life periods enable a design engineer to 

estimate the range of possible changes of cyclic properties. In case of essential machine elements it 
is possible to perform calculations that verify extreme values of those parameters. 
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Abstract 
 

The paper presents  experimental verification of experimental tests methodology on the testing machine in the 
range of thermal and thermo-mechanical fatigue . Test samples were made of martensitic cast steel. Control 
parameter of  the tests was temperature of the sample whereas there were recorded parameters as follows: loading 
force and temperature of the specimen. In this study it was stated that the temperature decreases the strength 
parameters of the cast steel and an increase its elongation. As the results of the changes of the temperature occured 
loading may exceed yield strength. 

Keywords: thermo-mechanical fatigue, fatigue life, cyclic properties, martensitic cast steel    
1. Introduction 

The endless tendency to increase the performance of  devices in the energy industry, aviation 
makes it necessary to determine the material characteristics in terms of thermo-mechanical fatigue. 
Complexity of tests in terms of thermo-mechanical fatigue and difficult interpretation of results 
caused that the basic guidelines for such testing were collected in the form of standards [1,2]. The 
thermal stress occurs when in operating conditions the deformation of component is inhibited due 
to an increase of temperature. Cyclic changes of  the  temperature may cause  variable stress which 
may lead to the, so-called. thermal fatigue. 

Thermal fatigue can be classified as thermal fatigue with external constraints (constraint 
reactions, the forces applied to the surface) or internal constraints (temperature gradient, 
anisotropy of the structure and the different thermal expansion values of coefficients adjacent 
grains, phases or composite components) [3,4,5,6]. 

Thermal load cycle can be divided into characteristic stages: heating up to the maximum 
temperature Tmax in a time of t1, withstand the maximum temperature during tTmax, cooling to 
minimum temperature Tmin in a time of t2, withstand a minimum temperature during the tTmin 
(Fig. 1). Stresses in machine parts undergoing mechanical loads during machine operation in 
conditions of temperature changes are interaction between stresses resulting from mechanical and 
thermal loads. 

The aim of this study was an experimental verification of the methodology of experimental 
research in the field of thermal and thermo-mechanical fatigue on the testing machine. The scope 
of the work was to investigate the effect of temperature on the strength parameters which are 
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determined in static tensile tests and  stresses which generate  in the metal under conditions of 
external constraints. 

 

 

Fig. 1. Cycle stages of heat load 

2.  Description of tests
 

Martensitic cast steel  GX12CrMoVNbN9-1 was used during  verification tests. The chemical 
composition of the cast steel is given in table. 1. 

  
Table 1. The chemical composition of cast steel GX12CrMoVNbN9-1 in%. 

 
 
 
 
 Specimens were prepared according to the standard [7]. Static and cyclic tests were carried out 
under conditions of mechanical stress and under thermal load. Static tests  were performed  
according to the  standard [8] for the four levels of temperature. During the tests actual values of 
the loading force and deformation of the specimen  were recorded. Fig. 2 presents the specimen 
fixed in the grips of the testing machine prepared for the static tensile tests.  
 

  
 

a) b) 
Fig. 2. Tests at elevated temperatures: a) Fixing of the extensometer, b) The specimen in the heating chamber 

 
 
 Test was carried out under the heat load on the testing machine equipped with a heating 
chamber. Chamber heating elements are the resistive coils. Power of the installed heating elements 
allow to warm up the specimen with the speed of about 10I C / min. The temperature of the 
specimen was monitored using a thermocouple mounted to the measuring part of the specimen. 

C Mn Si P S Cr Mo V Nb N 
0.12 0.47 0.31 0.014 0.004 8.22 0.90 0.12 0.07 0.04 
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Parameter 
TemperatureIC 

20 400 550 600 
YS, MPa 503 418 339 303 
TS, MPa 663 535 395 338 
El.12.5, % 36.3 38 47.3 63.5 
RA, % 63.4 71 82.7 87.3 
E, MPa 206870 180234 161460 150120

 

Specimen temperature was changed according to the program shown in Fig. 3. Recorded values 
during heating and cooling of the chamber was the force which loaded the specimen and 
specimen’s temperature. The parameter which was maintained during the tests was the level of 
specimen deformation (5�const�. Deformation of the specimen was monitored using an 
extensometer with a measuring base of 12.5 mm. 
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a)       b) 

Fig. 3. Thermal fatigue tests: a) measuring system b) program of changes of temperature and stresses 
 
 
3. Test results 

3.1. Mechanical stress 
 
 The results obtained under conditions of mechanical loading at different temperatures are 
presented in graphs, static stretching of the coordinate system of the stress-elongation (Fig. 4). 
Stresses in the specimen were calculated as the ratio of momentary value of loading force per 
cross-sectional area before the specimen loading. 
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Fig. 4. The results of static tests: a) tensile graphs, b) influence of temperature on strength parameters 
 
 The results of static tensile tests were analyzed in the context of the effect of temperature on 
basic strength parameters. Fig. 5 summarizes the basic values of strength parameters in the 
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function of temperature.  
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Fig. 5. Influence of temperature on strength parameters: a) YS, TS, E, b) A12,5, Z 
 
 As expected, the increase in temperature decreases the strength parameters Rm and Re, and 
slightly increases in elongation. Analysis of the graphs shows that the temperature exceeding about 
450IC enhances the effect of temperature on the parameters. 
 
3.2. Thermal loads 

Recorded strength values and temperature during the tests allowed to the analysis of the courses 
of the stresses in the specimen. Selected results of thermal load conditions are shown in Fig. 6 in 
the form of graphs of changes in function of temperature stress (�=f(T) - Figure 6a) and the stress 
time (�=f(T)-Fig. 6b). 
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Fig. 6. Changes in stress in the function of temperature and time 
 

214



On the basis of the changes of waveform of stress in the function of time it can be stated that until 
the temperature of about 450IC changes of stress are linear. Above this temperature  plasticity of 
the specimen occurs and the relationship between stresses and the temperature is no longer linear.  
Obtained results of verification tests show possibility to realize the tests in terms of thermo 
mechanical fatigue on standard testing machine. 

 
Fig. 7. Picture of specimens after tests of thermal fatigue 

     
In order to implement long-term fatigue tests it is necessary to elaborate and implement the system 
which would control the temperature of the specimen. Guidelines for the construction of such a 
system can be found in the work [2.9]. 
 
4. Summary 

Elevated temperature causes decrease of the strength parameters of cast steel. In the 
temperature of 600IC ultimate tensile strength equals about 50%; yield strength equals 60% of 
ultimate tensile strength cast steel determined at room temperature. 

From zero pulsating temperature changes may lead to the occurrence varying stresses in the 
material shuttles (tension-compression). The value of maximum stress variables depends on the 
level temperature. Tension in the material as a result changes in temperature may exceed the yield 
strength. 
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Abstract 

In this paper, a modification of the Zenner’s fatigue criterion has been proposed. The modification changes the 
value of “effective shear stress” amplitude for the case of non-proportional load. In this work there’s also verification 
of proposed modification has been made for 4 kinds of materials. In the conclusions, distinctive features of results 
obtained by using these methods have been pointed out. 

Keywords:  fatigue of materials, fatigue curves, accelerated methods

1. The Idea of Integral Criteria 

 The Integral approach assumes that an appropriate description of fatigue behavior of a 
structural element  involves summing the damage parameters on all the physical planes, running 
through the considered point P of the material [3]. Location of these planes is described by means 
of a sphere representing the material elementary volume (fig.1b). The planes are tangent to the 
sphere surface in point P. Coordinates of point P are determined by radius vector . In turn, the 
location of vector is determined by angles and (fig.1). 

Fig. 1 - A way of description of a physical plane location 
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 The integral approach was used for the first time by Novoshilov [8]. He identified the second  
invariant of the stress tensor deviator with  the square mean from shear stresses acting on all planes
running through a given point. The mean can be expressed in the following way: 

 

If the location of a sectional plane is described  in the way given in figure 1, then  is an  
elementary surface of sphere  with radius r = 1 and is equal to: 

 

a  is the sphere equal surface, that is, the shear stress acting on  plane as has been denoted as 
. After taking into consideration all the notations, the root mean square from all the stresses has 

the form: 

 

For a plane stress state the formula for can be given as: 

 
 

After substituting formula (4) to (3) and integration we receive: 

 

It can be noticed that the expression in round brackets is equal to square of equivalent stress 
according to the hypothesis of Huber-Mises-Hencky (HMH): 

 

Formulas (3) and (5) can be compared in the following way: 

 

The formula of equivalent stress according to HMH hypothesis can be derived from the above 
equation, for constant-amplitude fatigue loads: 

 

 
where is fatigue limit for fully reversed tension-compression.
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2. Zenner’s criterion in terms of integral criteria 

The idea of integral approach to HMH hypothesis was developed by Zenner [9]. He notes that, 
firstly, HMH hypothesis assumes the same ratio  for all the materials. Actually, 
this ratio occupies  interval  for ductile materials, which should be taken into 
account in the calculations. Secondly, Zenner says that notation (8) accounts only for shear stress. 
Experimental tests show that also mean stresses and normal stress amplitudes have an influence on 
the material fatigue life. 

With regard to these observations Zenner formulated a criterion in which  replaces the so 
called ‘effective amplitude’. The criterion can be written in the form [9]:

 

In the above notation a, b, m and n are coefficients dependent on the material constants. In order to 
calculate them it is necessary to have: tensile – compressive fatigue strength , torsional fatigue 
strength , pulsating tensile strength , pulsating torsional . The constants are calculated on the basis 
of the formulas:

 

 

For load without mean stresses, expression (9) is reduced to the form: 

 

Thanks to this, it is enough to know values of  and .  
 

3. Zenner’s criterion for nonproportional loads 

In case of non-proportional loads, that is, when sinusoidal variables of stress are out-of-phase 
phase, the vector of shear stress on a sectional plane changes not only its module but also its 
direction, drawing a hodrograph (fig.2). 
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Fig. 2 - Changes of the and normal stress vector during a non-proportional load cycle: a) hodograph of a shear 
stress vector, b) subsequent positions of a shear stress vector 

Zenner’s criterion, given in form (12), accounts only for maximal values of modules for normal 
and shear stress vectors, whereas, tests of micro-structure and fractures of materials exposed to 
non-proportional load [3] indicate that not only the change of shear stress vector module but also 
the change of its direction has a large influence on fatigue behavior. 

4. Modification of Zenner’s criterion due to  load non-proportionality 

In the proposed modification of Zenner’s criterion, the maximal module of shear stress 
has been replaced in formula (12) with a quantity accounting for changes of the action course of 
the shear stress vector. 

For tension-compression and torsion, when the components of load are sinusoidal and
out-of-phase, the path drawn by the vector of shear stress is an ellipse, as in figure 2. In such a 
situation it is convenient to describe the changes of shear stress vector location in a system of 
coordinates, determined by the course of a vector with maximal module  and  direction 
perpendicular to it (fig. 3). 
 Coordinates of unit vectors determining these directions can be obtained from the formulas: 

 

Fig. 3 - Unit vectors and determining directions used for a description of the tangent stress 
vector location changes and the proposed quantity 
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 The proposed quantity, substituting in Zenner’s criterion, is a module of vector which is
the result of the sum of vectors whose projections on directions  and  reach the highest values 
during the cycle of loading (fig.3). This quantity can be expressed by the  formula: 

 

When there is no phase shift between the components of loading, the value of 
is identical as in an unchanged Zenner’s criterion.

 A similar solution to the description of non-proportionality was used by Freitas and others [5],
as a measurement of the loading path non-proportionality on an octahedral plane. 

Eventually, a modified Zenner’s criterion is expressed by  the dependence:

 

5. Verification of Modified Zenner’s criterion

Modified Zenner’s criterion was verified for the aluminum alloy 7075-T651 [1],  steel 1045 for  
the data from works [2] and [6] as well as tests of steel  X2CrNiMo17-12-2 [7]. 

The verification involvs comparing experimental fatigue life with the computing one. 
Statistical parameters used for the comparison are: the mean scatter of fatigue life  and the 
mean-square error of fatigue life estimation , which has been calculated according to formulas 
[7]:

 

 

 
 

 

 

It has been assumed that acceptable results should be included in interval 0,5÷2 for and  1÷2 
for . Verification results have been presented below in the form of charts of comparison 
between calculated life and experimental and tables with values and .
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Fig. 4a - Chart of comparison between experimental fatigue life and calculated obtained for: a) Zenner’s 
criterion for 1045 steel [6], b) modified Zenner’s criterion for 1045 steel [6] 

  

Fig. 5a - Chart of comparison between experimental fatigue life and calculated obtained for: a) Zenner’s 
criterion for 1045 steel [2], b) modified Zenner’s criterion for 1045 steel[2] 

  

Fig. 6a - Chart of comparison between experimental fatigue life and calculated obtained for: a) Zenner’s 
criterion for 7075-T651 aluminum alloy [1], b) modified Zenner’s criterion for 7075-T651 aluminum alloy [1] 
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Fig. 7a - Chart of comparison between experimental fatigue life and calculated obtained for: a) Zenner’s 
criterion for X2CrNiMo17-12-2 steel[7] b) modified Zenner’s criterion for X2CrNiMo17-12-2 steel [7] 

Tab 1. Comparison of   and   parameters for Zenner’s criterion before and after modification for 1045 steel 
[6] 

Zenner’s criterion Modified Zenner’s criterion

Tension 1,00 1,84 1,00 1,84
Torsion 1,49 1,95 1,49 1,95

Proportional load 0,24 4,61 0,24 4,61
Non-proportional load 0,15 9,73 3,97 6,63
Non-proportional load 0,54 1,97 1,90 2,03

Tab 2. Comparison of   and   parameters for Zenner’s criterion before and after modification for 1045  steel 
[2] 

Zenner’s criterion Modified Zenner’s criterion

Tension 1,00 1,60 1,00 1,60
Torsion 1,62 2,25 1,73 2,34

Proportional load 1,09 1,51 1,10 1,51
Proportional load 1,27 1,56 1,3 1,57
Proportional load 1,75 1,95 1,83 2,02
Proportional load 1,54 1,54 1,60 1,60

Proportional load 0,97 1,03 1,03 1,03
Non-proportional load 3,72 3,77 12,16 12,24
Non-proportional load 5,36 5,60 17,51 17,98
Non-proportional load 3,39 3,54 12,44 12,70

Tab 3. Comparison of   and   parameters for Zenner’s criterion before and after modification for 
7075-T651 aluminum alloy [1] 

Zenner’s criterion Modified Zenner’s criterion

Tension 1,00 1,36 1,00 1,36
Torsion 1,05 1,71 1,05 1,71

Proportional load 1,22 1,53 1,22 1,53
Non-proportional load 0,62 2,4 1,13 2,11

a) b)
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Tab 4. Comparison of   and   parameters for Zenner’s criterion before and after modification for 
X2CrNiMo17-12-2 steel [7] 

Zenner’s criterion Modified Zenner’s criterion

Tension 1,00 1,41 1 1,41
Torsion 0,94 1,54 0,94 1,54

Proportional load 1,14 1,45 1,14 1,45
Proportional load 1,09 1,40 1,09 1,40

Non-proportional load 6,34 6,49 10,83 11,02
Non-proportional load 99,76 101,92 185,43 188,97

6. Conclusions 

On the basis of the carried out analysis it can be said that in case of steel 1045 [6] the proposed 
modification of Zenner’s criterion improved the obtained values of equivalent stresses for non-
proportional loads. In case of steel 1045 [2]  there occurred  a re-estimation of equivalent stresses  
which caused smaller   values of computing fatigue lives as compared to the experimental ones. 
For aluminum alloy 7075-T651 [1] the results obtained with the use of the modification indicate 
improvement in the obtained  equivalent values. However, for austenite steel  X2CrNiMo17-12-2
[7] the obtained results turned out to be  not acceptable. 
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Abstract 

Injection blow molding is a manufacturing process widely used to produce thin thermoplastic parts and it is best 
suited to smaller containers ranging in capacity from 1 ml to about 1.5 liters, typically for medical, pharmaceutical, 
and personal care application [3]. In this paper was presented numerical simulation of the inflation phase of an 
injection blow molding process under which a polymer preform is deformed into a mould under the action of applied 
pressure. Two cases of blowing preform were considered: for blowing pressure 4MPa and 2MPa. Simulation starts 
with constant thickness preform geometry. There has been excessive difference of thickness distribution (about 
0,6;1,6mm) in the bottle after forming. On this basis, was made optimization of the preform profile geometry to 
remove thickness differences. It was assumption one optimization step to obtain final thickness distribution about 
0.3mm and next to optimization steps to obtain hypothetical thickness about 0.1 mm. Noted was a significant effect of 
the initial preform thickness distribution on the final desirable wall thickness distribution (0.3 mm or 0.1mm) in the 
considered container. The Ansys Polyflow procedure of optimizing the preform thickness distribution allowed 
eliminating excessive differences in injection blow molding container.  
 
Keywords: injection blow molding, Ansys Polyflow simulation, optimization preform geometry  
 
1. Introduction 
 

In the last 35 years plastics manufacturing technology grow rapidly. The result of this 
development is a significant increase manufacturing of different product, example injection 
blowing bottle. According to statistic data, in 2010, Europe processed 46,6 million tons of plastics. 
The demand of packaging producers accounted for 39% of European market for plastics 
processing [8]. These data show that the manufacturing of packaging technology, in particular 
injection blow molding process, is a vital direction of progress of polymer processing. Blowing 
techniques have some of the greatest opportunities for the manufacturing hollow product example 
for cosmetics, childes and pharmaceutics [2]. Blowing containers can be produce by popular 
following resins [3]: HDPE, LDPE, PS, ABS, PP, PVC, PET and polycarbonate. 

One of the most important key components during the production of these methods is 
appropriate selection of technological parameters of processing, as well as initial geometrical 
features of preform (thickness distribution), to provide positive functional characteristics of final 
products. Classically in industrial situation required distribution of preform thickness is obtained 
by the trial and error method. However, this process is monotonous, time dependent and cost of 
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obtaining satisfactory results is usually very high. A good course of action for the proper selection 
of perform geometric features is the use of computer-aided processing of polymeric materials such 
as Ansys-Polyflow. 

This article is a continuation of the blowing simulation task presented in [5, 6], but here for the 
first time will be presented blowing preform with is situated in injection blow molding technology.  
 
2. Description injection blowing molding process and simulation task 
 

The injection molding process produces a molded part called a preform. This method is 
preferred over extrusion blow molding for making small parts that require high production 
volumes and closer quality dimensions. Injection blow molding consists of injecting                   
a thermoplastic material into a cavity and around a core rod producing a hollow test tube 
(preform). The preform can be injection molded in a profiled shape that corresponds to the 
requirements of the blow mold form. The molded preform still on the core rod is transferred to the 
blow mould. The mould is clamped around the preform and air is blown to shape of the cavity. 
The preform is injected onto a support pin or core, which forms a neck with threads to their 
required dimensions. The preform is then blown against the cavity wall to its final shape [2, 3, 4].

The information contained in the literature position [1, 2] shows that there are not possible to 
obtain injection blowing products with a uniform wall thickness distribution on the basis of 
preform with constant thickness. Additionally preform diameter and geometry influence on final 
product feature.  

Computer-aided design can give many useful facts. One of this is reduce plastics consumption 
for final bottle. Excessive thick of the bottle wall is not desirable. One of the assumptions of bottle 
design stage is uniform thickness of final bottle which was brief foredesign. Ansys-Polyflow can 
eliminate trial and error stage and help minimize the time and energy using for starting and 
realizing production stage. One of the most important element of the injection blow molding 
process is initial state of perform (geometry and temperature distribution). Each final shape of 
container should have preform with individual range of geometry and plastics processing 
parameters. Improper selection of perform geometric features may result in lack of a precise blow 
mold mapping, poor distribution of wall thickness, or too little of the final strength of the product. 
Ansys Polyflow software allows determining the appropriate distribution of wall thickness in 
preform by realizing the blowing simulation.  

The aim of this study was to simulate blowing preforms for the real model deodorants roll-on 
(Fig. 1) using different blowing pressures and optimization perform test for final wall thickness 
distribution of bottle. Much more information about Polyflow applications was described in 
previous author publications [5, 6]. 

The aim of this paper is to stage two series of CAE simulations of blowing preform for 
different blowing pressures and some optimization stages for preform geometry: first task include 
changing geometry for final uniform container distribution about 0.3 mm and second for the                
0.1 mm. The final effect will be to find preform geometry, providing the product about these 
values. 
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Fig. 1. Considered real roll-on bottle geometry 

3. Process description 
  

The study object to realizing simulation stages was draft on the CAD system (surface model), 
but the geometry was be simplification to shape seeing on Fig. 2. Preform height is 90 mm and 
their diameter is d1=20 mm. Height of container is 93 mm. The hoop ratio (HR) [3]  in our 
analyzed object has average value HR=1,2;1,5. For the standard injection blow molding process 
preform height should be similar to the height of container but always little shorter [2].  For the 
study model assumed only a "quarter-object", because it was symmetrical about two planes 
perpendicular to each other. The initial thickness of the preform was g = 2 mm. The material for 
perform is PEHD, which have a temperature of T = 120 °C, viscosity � = 7350 Pa•s and density 
�+�+HAKG+g/cm³ at the moment of blowing stage. On the first stages of simulation value of blowing 
pressure was 4 MPa (Fig.  3-4) and for the second stage: 2 MPa (Fig. 5b,d). 

The simulation blowing time for standard power computer depended on grid layouts, which on 
this item were about 65 thousand MES elements. For the corresponding grid (about 215 thousand 
elements) a container calculations are taking too long to be able to be carried out to the end (within 
18 hours converted just 15 simulation steps by the program with about 250 expected). 

 

 
 

Fig. 2. Simplification bottle CAD geometry conmtainer model (left) and initial preform shape (right) with dimensions 
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4. Simulation results and their analyses  
 

Realized simulations generated series of results, which the selected part is presented below. 
Figure 2 shows a comparison the distribution of thickness container obtained from the preform 
with constant thickness. It was observed non-uniform thickness distribution (Fig. 3b). Excessive 
thickness can cause some minimal deformation of container in this place. Also it can generate so 
long cycle time in cooling process and unnecessary consumption of energy using.    Preform with 
different initial geometry (Fig. 3c) help obtain final container with much more uniform thickness 
distribution (Fig. 3d).  

First of all, showing the perform wall thickness distribution and final bottle for subsequent 
optimization steps for the first (Fig. 3b) and second (Fig. 4a). Each perform optimization step (first 
and next second) changes the form of perform geometry. The program adjusts the preform so that 
the largest possible part of the final container surface has reached the desired thickness. Already 
the first optimization allows reducing the consumption of polymer material. The greatest preform 
thickness are on the place when the blowing time is longer and depend on blowing ratio and bottle 
geometry. 

 

                                       
 

Fig. 3. Comparison part thickness distribution as a result of different perform geometry for optimization assumption 
0,3 mm: a) perform with constant thickness geometry g=2, b) container with non-uniform thickness, c) perform with 

optimized thickness geometry g=0,8;0,45mm, d)  container with much more uniform thickness distribution 
g=0,28;0,35mm 

For final desirable final hypothetical wall thickness distribution about 0,1 mm it was realized 
two stage of preform optimization (Fig. 4). It can be seen that each steps give different preform 
geometry and final wall thickness distribution in container. For the first optimization average wall 
thickness is (0,20;0,29mm). After second optimization the container has a thickness value 
(0,1;0,25) near  to desirable, but still it is not uniform. In this situation it can be positive reaction 
to tray change diameter geometry of preform d2= 1,5d1 or realized third stage of optimization. But 
this can be done in the future research.  

 
 
 
 
 

Excessive
thickness        

L 0,7;0,5 mm 

a) b) c) d) 

d1 

More uniform
thickness           

L 0,28;0,35 mm

228



 

                                               
 

Fig.4. Contrast part thickness distribution as a result of different evaluation perform geometry for optimization 
assumption 0,1 mm: a) perform in the first optimization stage, b) container as an effect of first preform optimization,     

c) perform in the second optimization stage, d)  container as an effect of first preform optimization 

                         

Fig.5. Compare of part thickness distribution as a function of different blowing pressure: a-b) container as a result of 
constant initial preform geometry and blowing pressure 4MPa and 2MPa, c-d) container as a result of optimization 

initial preform geometry and blowing pressure 4MPa and 2MPa 
 

Finally, it should be added that the software also allows the presentation of a given stage of 
blowing in a certain time moment, as illustrated on the Fig. 6. 

 

a) b) c) d) 

a) b) c) d) 
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Fig. 6. Simulation stages during preform blowing in different time stages 
 
5. Final consideration and summary 
 

An optimization technique for injection blow molded products was made in Ansys Polyflow 
software. It was shown that the technique could be useful to design the preform wall thickness 
distribution such that the final product was at a target thickness. Research has allowed optimizing 
the geometry shape of the preform to the desired shape of the container. It was obtain the 
distribution of wall thickness, which helped achieve the goals of research (wall thickness product -
WTP g1 = 0.3 mm and g2 = 0.1 mm). This thickness assumptions in the optimization simulation 
stages can have different value, ex. gi= 0.5 mm. It is only dependent on author assumption. 

Software Ansys Polyflow, enables to carry numerical experiment in the range of phenomena 
modeling during the injection blowing process. By steering wall thickness distribution on initial 
preform it is possible to get the more profitable wall thickness distribution of formed containers. 
Especially in the case of complex geometry in blowing product we have new opportunity of 
applying the technology of blowing forming. Numerical analyses can reduce energy consumption 
during injection and cooling stage as an effect of more uniform thickness distribution of final 
container. 
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Abstract 

Extrusion blow molding (EBM) is a widely used and known manufacturing process to produce thin or thick 
thermoplastic hollow object like cosmetics container or big drums. This process can be realized on extrusion blow 
molding machine and tooling. Each extrusion blow molding machine has a programming die head. The initial parison 
thickness distribution should be depended on final bottle geometry. However, to determine the proper distribution of 
parison thickness to get the most uniform thickness of the container wall, it is not an easy task. In order to precisely 
define this distribution is simple using Ansys Polyflow. The article includes a comparison of bottle wall thickness 
distribution obtain in real manufacturing conditions and in realizing Polyflow simulation. Also it will be propose an 
initial parison thickness distribution (programming) for the bottle design, which is manufacturing in the industry to 
pack nail polish remover. This will allow the packaging manufacturer to produce a bottle of a higher quality in terms 
of distribution of wall thickness. 

Keywords: extrusion blow molding, parison programming, wall thickness distribution, Ansys-Polyflow 
 
1. Introduction  
 

Design of extrusion blow molding process for a specific product is aided by various computer 
techniques. One of the most advanced processes, allowing assessment of blowing and shaping the 
final selected features of the products, is using CAE software Ansys Polyflow [7]. It allows you to 
establish multiple relationships running during the consideration process. One of them is able to 
determine the initial distribution of wall thickness of extruded parison so as to obtain the most 
uniform distribution of wall thickness in container. It is extremely important for the plastics unit 
consumption on the blowing product, as well as achieving a more even distribution of cooling 
rates, which may prevent distortion and deformation products [6]. If the product has a uniform 
distribution of wall thickness of the container, you can shorten the cooling time in a bottle, so you 
can improve the energy efficiency [5] of the process realized, that a year can bring significant 
economical savings. 

Wider information about extrusion blow molding process and assumptions to Polyflow 
simulate are available in the position [2, 4].    
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2. Determination of parison thickness distribution for blowing product 
 

The articles produced by non unbounded extrusion blow molding process are large differences 
in wall thickness distribution of the product, but it is depended on production process. In order to 
ensure uniform wall thickness of the blowing product, extruded parison should have a thicker wall, 
where the later is more blow ratio, including the stretch in the longitudinal direction. This is 
achieved by changing the width of the gap between the moveable mandrel and die [1]. 

Consequently, one of the most important aspects in the extrusion blow molding process is the 
identification and selection of the initial parison geometry, in order to obtain the desired products 
of locally constant or variable wall thickness distribution with a minimum weight of the blowing 
product [2]. 

Utmost helpful step in the determination of correct geometric parison profile is realized 
blowing simulations for the initial constant thickness of parison [4], in order to achieve a specific 
distribution of the final container wall thickness, which is then used by the mathematical Polyflow 
solver to optimization an initial profile of the parison, for example, on its length (Vertical Wall 
Distribution System). 

It is usually so that the largest thinning is formed at the corners in blowing product [3]. Using   
a larger parison thickness makes thinned areas are thicker, but too much plastic (which is not 
needed) is located in other place of the product. Ultimately, the parison of variable thickness 
allows obtaining the greatest wall thickness distribution ratio of the bottle. It also allows, for 
example, reduce the amount of plastic waste from about 20 to 40% (depending on the geometrical 
characteristics of the blowing product: oval, rectangular, 'sharp' corners, handle, etc.), thus making 
the product lighter and more economical in production. It should be further noted that carrying out 
a series of successive Polyflow optimization (number 3÷4) gives the best results [4]. 

It should be mentioned that the available methods to control the parison thickness distribution 
systems (also possible to use in the Polyflow simulation), include: Vertical Wall Distribution 
System (VWDS), Static Flexible Deformable Ring (SFDR), Partial Wall Distribution System, 
(PWDS) [6], Three Dimensional Wall Distribution System (3DWDS). 
 
3. Realized task 
  

The realized tasks aims to make the bottle wall thickness measurements obtained under real 
production conditions, and computer simulation. Also, the goal is assumed to propose an 
optimized thickness distribution of extrudate parison to obtain a product with more uniform wall 
thickness over the entire surface of the bottle. Considered bottles capacity is 150 ml.  

In the engagement on the blowing simulation software Ansys-Polyflow, first prepared a virtual 
model of the cavity and parison (Fig. 1). Due to lack of die land geometry and parameters of the 
extrusion head, computer simulations have been limited to the closing stage of the parison in the 
mold and its blow. On the basis of traces of the upper and lower ‘tail’ waste bottles obtained under 
real conditions and the initial simulation, establish the initial diameter of the parison, d = 24mm. 
On the other hand, knowing that the die land of the head gap is 2 mm, it was assumed that the 
initial thickness of the parison is g = 2,3 mm. 
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Fig. 1. Virtual model of the cavity and parison 
 
In the next stage of the geometric model has been imported into the program Ansys Polyflow, 

which successively applied FEM mesh for the cavity and parison, specified boundary conditions, 
blowing conditions, contact conditions for the parison and mold, mold closing conditions, plastics 
HDPE properties, running computational module, to obtain the thickness distribution of the bottle, 
read the results from the simulation. 

Also for fifteen selected bottles received in terms of real production grid points was applied in 
two sections for each of the bottles. One of the sections was placed at a distance of 3 mm from the 
parting line, while the second was applied in the plane turned 90 degrees from the parting plane. 
Moreover this some points were measure in Polyflow environment (Fig. 2).

Fig. 2. Bottle cross section: (on the left) virtual model, (on the right) real model of 150 ml HDPE container  
 
With the help of a measuring device the Magna-Mike 8500 (Hall Effect thickness gage), were 

measured wall thicknesses of bottles, at the designated points of measurement. The results were 
averaged for each section and included in the research protocol, and the results are shown in              
Fig. 3–4 (line – wall thickness results of real bottle). This results comparison with Polyflow 
outcome (see line – wall thickness results for Polyflow simulation). 
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Fig. 3. Comparison part thickness distribution along the measurement line in cross section 1 
Additionally, in order to obtain a more uniform wall thickness distribution in the bottles were 

realized Polyflow simulations to optimize the initial parison thickness distribution (Fig. 5) in the 
axial direction (method VWDS), to obtain the bottle of the assumed thickness of 0.6 mm (in the 
entire volume of the bottle). 

 

 
 

Fig. 4. Comparison part thickness distribution along the measurement line in cross section 2 
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Fig. 5. Final part thickneess distribution for optimized  parison diameter 24 mm: (on the left) optimized  parison 
thickness distribution, (on the right) visible final bottle wall thickneess distribution after realized task

 
 
4. Final consideration and summary 

 
Comparing the thickness distributions of products obtained in the first section and second, we 

can conclude that the results of measurements and simulations of actual bottles are mostly close to 
each other, but especially in bottom zone of the bottle (points 1-6) are greater discrepancies. The 
resulting differences may result from the inability to simulate the plastic flow in pinch off section 
when mold close, which in real life takes place, to ensure adequate strength weld line bottom of 
the bottle. It should also be noted that the simulation assumes a certain initial diameter and 
thickness of the parison, which may differ from reality. 

Implemented to optimize the simulation can be a kind of guideline for changing the geometric 
of extrudate parison to achieve greater uniformity of real bottle wall thickness distribution. This 
determination can be more helpful for more complex geometry of blowing product. 

For increased confidence (accuracy) of the simulation results, further work on such 
simulation of polymer flow through the die head and land length, take a picture of real parison and 
measure its diameter, and comparison with simulations. 
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Abstract 

Microcellular monolayer extrusion blow molding (MM-EBM) is a relatively new manufacturing process which 
can be used to produce thin thermoplastic hollow object with lower weight and new inside wall structure of container.    
This process can be realized on standard extrusion blow molding machine and tooling: extruder and blow mold. On 
the world are know other similar process like MuCell Foam for Blow-Molding [1], but this process required some 
modification of extrusion blow molding system: SCF injection system. Our considered process base on standard 
extrusion blow molding process and can give similar results with using expandable microspheres. In this article the 
main Author assumption is describe and show some results of realizing this MM-EBM process with using standard 
polymer (HDPE)  and Expancel microspheres for blow molding. Also during manufacturing on mass scale can be 
seen that MM-EBM process is energy effective because can be realize at lower plastics processing temperature and 
blowing pressure.    
 
Keywords: microcellular extrusion blow molding, expandable microspheres, container weight, energy effectiveness 
 
1. Introduction 
 

Blow molding covers three main thermoplastic processes: extrusion blow molding, stretch 
blow molding, and injection blow molding. Extrusion blow molding is the largest and most 
popular for other blowing process like injection blow molding and stretch blow molding. The 
whole blow molding industry is growing approximately in stabile rate 3;5 % yearly. According to 
statistic data, in 2010, Europe processed 46,6 million tons of plastics. The demand of packaging 
producers accounted for 39 % of European market for plastics processing [8]. These data show 
that the manufacturing of packaging technology, in particular extrusion blow molding process, is                  
a vital direction of progress of polymer processing.  Blowing containers can be produce by popular 
following resins for container below and over five liters [3]: HDPE and PP. Nowadays it is very 
popular trend in plastics and design industry to minimize weight of the product and energy 
consumption during their manufacturing. Rise of energy, material and transport cost demand new 
approach to manufacturing process like it is extrusion blow molding. In order to comply with these 
requirements can apply specialized foam additives like available special blowing agents                   
– Expancel [2], which mainly contribute to the reduction hollow container weight and help achieve 
other benefits such as reduced energy demand per blowing unit during realizations of the process 
and minimizing the consumption of plastics for an individual blowing product. 
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In the world literature on the realized subject in this article is contained only very sparse 
information of a vague and advertising on the MM-EBM process, especially HDPE modified 
special agent in the form of microspheres. Brand is the lack of research results to modify the 
impact of this material on the course and efficiency of MM-EBM, which raises the need for the 
implementation of the theme of this issue. In this article the Author presents selected the first stage 
of their research, which concerns selection of the ranges processing of MM-EBM conditions in 
terms of accepted criteria: minimize the weight of the product, reduce temperature profile on the 
plasticizing and extrusion head system and also to cut the demand for compressed air consumption 
during inflation and blowing parison. Like it is obviously known producing compressed air form 
most standard EBM systems which need value range about 4;6 bars it is cost. It is well known that 
the loss in pressure of 1 bar results in a loss of energy equivalent to 7;8 % of power consumed by 
air compressor manufacturers. Therefore, the lower blowing pressure value from 5 to 3 bar reduces 
the generation of compressed air at about 21;26 %. Hence it is advisable to make attempts to blow 
molded parison at lower pressures. These requirements are very good for idea of material and 
energy-consuming systems [4].  The manufacturer's data Expancel that such blowing pressure 
reduction is possible, however, information on the MM-EBM is elementary (in a few sentences). 
Other general information is that Expacel in most plastics technology can be processed on the 
temperature range 140;220 °C [2]. It should also be noted that for the standard process of 
extrusion blow molding HDPE extruded parison temperature is about 190 °C (similar to the 
plasticizing unit – 180;190 °C) and the blowing pressure is 5 bar. These assumptions are by no 
means true for containers with an average thickness of the extruded parison wall thickness                  
2;3 mm. For these assumptions can be realized first try of microcellular monolayer extrusion blow 
molding process which task range will be describe in process description.   

 
 
2. Extrusion blow molding process  
 

Extrusion blow molding is a manufacturing technique used to quickly form hollow object like 
blown bottles and containers of different geometry and volume. It has alternative glass and metal 
containers. The fast developments in BM polymers, additives and EBM equipment technology 
give whole spectrum to blowing product like: multilayered fuel tanks, spoilers, and drums. It does 
mean that consumer product industries (beverage, cosmetics) are the prime users of blow molding. 
Diagram of an extrusion blow molding process is visible on Fig. 1. Blow molding involves a tube 
of hot thermoplastic being extruded continuously downward from the die. When the extruded 
parison is of the accurate length, the mold is closed, squeeze and pinching off the top and bottom 
ends (sometimes in a different place or in each place) and a cutoff knife cuts the parison at the near 
die face [3]. Next the blow mold is going to the blow pin station. Compressed air is injected into 
the molten parison and then expands to contact with mold cavity and starts cooling cycle to 
moment when hollow object solidifies. The cooling action is realized by water mold cooling and 
dry purge of compressed air. Subsequently article is then ejected. The excessive amount of plastics 
material (“tail”) created in the pinch off section is automatically trimmed. For bigger parts this 
operations are made manual by an operator.  

Machines with programming head can extrude a controlled variable-wall-thickness parison 
using the moveable core which is inside die head. In place where container will be have higher 
blow ratio parison should be thicker then other place. For complex geometry it is not to easy 
predict the parison profile thickness distribution. The programmable parison extrusion program for 
thickness utilizes just the correct amount of material for the container. Wall thickness can be 
controlled in almost all sections of the container [3]. In this place can be very helpful CAE 
programs like Ansys-Polyflow [6], which assist to obtain proper parison shape to final blowing 
hollow object.    
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Blow molded parts are made with undercuts and are easily removed from the mold, 
eliminating the need for expensive in-mold cams and slides. Blow molds are also less expensive 
and need not have in-mold cams and slides (they are cost) [5] because containers are easily 
removed from the mold. In extrusion blowing molds forces and pressures are much more smaller 
then the high injection and packing pressures of injection moldings. Therefore, cast aluminum, 
steel alloys plus beryllium copper molds are used [7]. 

 
 

Fig. 1. Idea of extrusion blow molding proces  
 
3. MM-EBM process description 
  

MM-EBM process consists in adding microspheres granules to the plastics material, also 
known as the blowing agent which include a gas, which under appropriate conditions of extrusion 
blow molding process is expanded, and the microspheres increasing its size several times. As                  
a result of MM-EBM a received hollow container suitable two-phase structure, changing it 
structure from solid to the microporous. 

The microcellular monolayer extrusion blow molding process was carried out using an 
industrial blow molding machine Battenfel Fischer (Fig. 2). To the realizing of MM-EBM was 
used the following initial conditions: 
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Fig. 2. Extrusion blow molding machine to realizing MM-EBM process 
 

- the temperature in each heating zones: (plasticizing unit) T1= 170 °C, T2= 175 °C, 
T3= 175 °C, T4= 175 °C, (die head) T5= 180 °C, T6= 175 °C, 
- screw speed during extrusion blow molding ns = 1.8 min-1 

- two different  percentage value of blowing agent in the material (e1=0,5 % end e2=1,2 %) at 
constant blowing pressure pb1 = 4 bar.  

- overall blow molding cycle time tc = 15,46 s, 
- mold temperature during cooling Tc = 15 °C 
Also began to produce bottles in the MM-EBM at a reduced blowing pressure pb2 = 2 bar. It 

should be mentioned that the process of extrusion blow molding has also been made for standard 
processing conditions without blowing agent (standard profile temperature in plasticizing and die 
head unit for PE-HD processing is 20 °C higher, and blowing pressure is 5 bar). After the                  
MM-EBM processes began to assess the weight and inside structure of blowing container, using             
a laboratory microscope MN800 EPI/DIA. Results is presented in the next chapter. 

 
 

4. Research results and their analyses  
 
After completing the extrusion blow molding process, for standard EBM terms and terms for 

MM-EBM, began to assess the weight of blowing products. This assessment was realized 
according to accepted criteria (% amount of the special blowing agent – microspheres and blowing 
pressure). Normally, in the standard extrusion blow molding condition, the average weight of the 
bottle was 16,2 ± 0,25 g. The addition of special blowing agent in the amount of e1=0,5 % end 
e2=1,2 % leads to a successive reduction of the bottle weight: respectivelly value of 14,4 ± 0,16 g 
and 11,8 ± 0,14 g. Also should be noted that the use of higher content of blowing agent, for 
example, in an amount of 1.5 % did not bring positive results in the considered MM-EBM process 
conditions. These dependencies can be clearly seen in Fig. 3. In conclusion, the uses of special 
blowing agent in an amount of 1,2 %, to significant reduce (27 %) the weight of the bottle. 
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Fig. 3. Blowing product weight reduction as a effect of using microspheres 
 

The next step concerned the evaluation of the bottle wall microstructure in the accepted 
convention area, as indicated in Fig. 4. As a result of forty times magnification were assessed an 
average microsphere size. The average pore size determined based connected twenty 
measurements on samples taken from bottles, where in each sample was measured most visible 
microspheres. With the Expancel blowing agent in the number of e1 = 0,5 %, average microsphere 
size of about L�p = 80 �m, and in turn for e2 = 1,2 % of the value of L�p = 120 �m (see Fig. 4). The 
study was conducted for blowing pressure of 4 bar. Also clearly shows that the higher the content 
of the Expancel the denser pore distribution in the structure of the bottle wall, which also 
determines a significant reduction in the bottle weight. In each case under consideration, it is noted 
that the lower blowing pressure p2 = 2 bar generates about 10% lower value of microspheres size 
L�p. For lower blow pressures notes are visually much denser distribution (in each 1 cm2) of 
microspheres in the inside of bottle wall.  

 
Fig. 4. The evaluation of the bottle wall microstructure in the accepted convention area: (on the left) considered and 

anlysed area, (on the right) microstructure of bottle wall with visible microspheres 
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4. Final consideration and summary 

 
The use of special blowing agent – microspheres, called Expancel, allows to the production of 

hollow object with reduced weight. This can be extremely promising in the case of the measure 
used to produce object of a much larger size, even drums (200 liters) or canisters (20;40 liters). 
However, in this case would include a separate practical study in industrial conditions. Assuming 
that the average drums weight is 5 kg, object is theoretically able to reduce its weight by up to 
about 1300 grams, which can be extremely important for the unit consumption of plastics 
materials for a given product, and also as well as reducing transport costs. 

With regard to the management of energy resources should be noted that use of a special 
blowing agent – microspheres allows you to significantly reduce energy demand for the 
plasticizing material – on average by reduced processing temperature about 20 °C. Also reduced 
the demand for compressed blowing air by lowering the pressure with value 4 bar to 2 bar. As                
a result of the calculations, the author has noted, that despite the relatively high price of Expancel 
is possible to reduce material consumption at the global scale and doesn’t increase the global cost 
of processing materials. All the more should be considered highly advantageous, that the 
microcellular monolayer extrusion blow molding process can be implemented on standard 
extrusion blow molding machines. 
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Abstract 
 
The paper presents an application proposal of B-spline surface of third order in the approximation of test results 

of unit load impact. The accelerations appearing during tests of free fall of the object from the height on undeformable 
ground were recorded by means of tri-axial acceleration sensor placed inside the tested load. An approximation was 
realized with the help of numeric optimization using the SQP method. The control points, forming initially the sphere 
surface, are the decision variables of the optimization task. The spatial visualization of data (using B-spline surface) is 
developed to streamline an interpretation and analysis of results recorded during tests. It allows precise load places 
determination, which require introduction of constructional modifications to improve the protective packaging 
properties. 

 
Keywords: unit load, free fall test, B-spline surface, numerical optimization, impact 

 
1. Introduction 

All consumer goods, before they are delivered to the end user, have to travel the distance 
between the supplier and the final recipient. In order to improve their transportability, the goods 
are enclosed in protecting packaging – the packaging having the form of cuboidal parcels – that 
are treated as transport units. During travel, the unit loads are subjected to manipulation operations 
(e.g. loading, unloading, picking, positioning, sorting, etc.), which create a danger of mechanical 
damage of the package and its content. Among the most dangerous causes of the load safety 
infringement are the mechanical hazards of the impact character caused by fall of the load on the 
ground or on other loads, as well as the impacts that take place when the load interacts with 
manipulators – for example, realizing sorting process of load streams transported on conveyors 
[13], [15], [16]. 

Protection of the load content against mechanical damage can be achieved by properly 
packaging application that alleviates the dynamic effect of impact [10]. 

Scientific works dealing with the problem of investigation and analysis of the constructional 
packaging properties focus mainly on the use of computational numeric methods – the finite 
element method especially [12]. Packaging and their content are treated, as non-homogenous 
bodies. However, this attitude is not commonly applied in engineering practice. On the needs of 
classic packaging design, during their structural features modelling, it is sweeping simplification 
accepted and used guidelines and recommendations determined on the basis of manufacturers’ 
practical experiences [7].  

243



In view of the lack of the possibility of the precise and exact prediction of the actual mitigating 
impact properties of the packaging, while their design, the experimental investigations of the unit 
loads prototypes is necessary carrying out. 

The free fall tests of loads from height are one of the main methods of the investigations of the 
packaging’s protective ability. The programme of tests is defined on the basis of guidelines 
presented in standards, e.g. [8], [9], [5], [4]. This program consists in fall of the load (with suitable 
oriented walls, edges, and corners) from assumed height on smooth and undeformable ground. The 
visual inspection of the packaging and its content, performed after series of tests, make up the 
basis of effectiveness assessment of packaging’s protective property. An appearance of any 
damages of the load content, causing lack of the addressee acceptance (or final consumer), is 
connected with an introduction necessity of the constructional changes to the packaging (or to the 
packaging content also).  

The experimental investigations of the free fall do not require applying any specialist 
laboratory devices which are necessary, e.g. in case of the product damage boundary determination 
[3] or during the cushion curve development for packaging material [2]. In the simplest version of 
the free fall tests, the load can be positioned manually. In order to improve the repeatability of the 
test results, the positioning of unit loads before the fall, can be aided by simple devices – drop 
testers [17]. 

The constructional-design-test process is realized iteratively, on the basis of the trial-and-error 
method, till the packaging’s protective properties are accepted. This process is considerably more 
predictable and precise, if the course of the experimental investigations of the impact is recorded 
by the tri-axial acceleration recorder installed in the load inside [14]. The recorder's data permit the 
packaging places identification, which require additional introduction of springy-damping or 
stiffening elements. It is also possible to indicate places, where the cushion material is applied in 
excess, causing the groundless growth of cost and mass of the packaging. The packaging property 
investigations with the use of the acceleration recorder make it possible to replace the load content 
with the substitute material of equivalent mass, geometry and consistency. This approach has 
economic meaning, especially in case of packaging design for costly or dangerous articles. The 
analysis of non-processed data written by tri-axial acceleration recorder during series of tests is 
difficult and non-effective. The spatial data approximation (proposed in presented work) can help 
to solve this problem. The recorder’s data are subjected to approximation by means of B-spline 
surface of third order (m=n=3) using numeric optimization. This surface takes into consideration 
the recorder orientation with relation to the load edges, enabling the intuitive identification of 
packaging's characteristic places. 

 
 

2. Basic description of B-spline surface 

The B-spline surface is one of more often applied surface representation in the engineering 
graphics. There is capable of presenting complex, 3D solids using a little number of variables. The 
B-spline surface of order (n, m) is assigned through the grid of control points Pi,j  
(Fig. 1) according to the expression [6], [11], [19]: 
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where: 

s M [0,1], t M [0,1] – parameters,  
zn+1, zm+1 – number of control points P placed along rows and columns of the grid 

(Fig. 1), 
m, n – order of B-spline surface, 
Pi,j – control points,  
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i=0,1,2,…,zn, j=0,1,2,…,zm – indexes of row and column grid of control points (Fig. 1), 
)(sN n

i , )(tN m
j  – basis B-spline functions. 

The function )(sN n
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j ) can be effectively assigned on the basis of recurrent 
Mansfield-de Boor-Cox formula [18]: 
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where: 

uk – knot of B-spline curve (k=0,1,2,…,zn+n): 
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Knots determined according to formula (3) are uniformly spaced out in the range of uk M [0; 1] 
in non-descending order. First and last knot are duplicated as many times as  
B-spline curve order is. This condition allows to obtain the tangency of beginning and end of B-
spline curve to the grid of control points. 

The steps in determining the function )(tN m
j  are analogous. 

 

 
Fig. 1. The surface point p(s,t) as a point on the curve [11] 

 
The point p(s,t) assignment, which lies on B-spline surface, can be reduced to the calculation of 

point on the B-spline curves. The points of surface can be determined using any algorithm 
designed for calculation of point on the curve, e.g. de Boor algorithm [11]. 

 
 

3. Method of experimental impact tests 

For recording the course of the impact process during free fall of the object onto rigid ground, a 
tri-axial acceleration recorder type SAVER 3L30 made by Lansmont, was placed inside the load. 
The recorder, equipped with a built-in operational memory, was powered from a lithium battery. 
The device makes it possible to record up to100 courses of acceleration whose values do not 
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exceed 100 g (g – acceleration of gravity). Acceleration signal is sampled with the rate of 1 kHz, 
and the error of measurement does not exceed 0.1 g. The recorder communicates with a PC 
computer through a serial port RS-232, which allows for data acquisition and control. The 
instrument is enclosed in an aluminium casing having the form of rectangular prism of dimensions 
0.076x0.076x0.04 m and mass of 0.4 kg. When registering the course of events during the impact 
process, the recorder placed within the load is set to operate in event recording mode, and works as 
an autonomous system, without the need of external control and supply. 

To perform the free fall drop tests we prepared unit load of dimensions 0.136x0.136x0.1 m and 
total mass 0.5 kg (Fig. 2). The load consisted of a box made of corrugated board, inside of which 
was filled with expanded polystyrene (EPS). The cushion material, whose function was shock 
protection, had a thickness of 0.03 m. 

 

 
Fig. 2. Unit load prepared to the tests of free fall on rigid ground; 1 – cushion elements,  

2 – acceleration recorder, 3 – cardboard box 
 
The load with the acceleration recorder embedded inside it, was subjected to a series of tests of 

free fall on a smooth, rigid ground. Taking into account the condition of not exceeding the �100 g 
acceleration value admissible for the recorder, we selected drop heights for load: h=[0.30; 0.45; 
0.60] m. The hazard of falling from the assumed heights was consistent with real hazards in the 
actual process of transportation from the supplier to the final recipient [7]. The load during tests 
was manipulated manually and it was dropped four times from the selected height h, on each of 
corner, edge and wall. Moreover, in case of the load fall on the edge or corner, it was tried to place 
the gravity centre of the load on the normal of impact, and in case of the fall on the wall – the 
surface of the chosen wall of the load was parallel positioned to the rigid ground. The height of the 
free fall was related to the distance between the lowest point of the packaging and the surface of 
the rigid ground. 

 
 

4. Proposition of spatial approximation of experimental test results  

The data written in the acceleration recorder memory are represented in the rectangular 
coordinate system (Fig. 3b). Due to planned approximation of the results of experimental 
investigations, the spherical coordinate system is the more effective representation of these data 
(Fig. 3a, Fig. 4).  
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a)               b) 

                 
 

Fig. 3. Data registered during experimental investigations: a) singly impact test, b) series of 100 impact tests;  
1 – initial grid of control points of B-spline surface, 2 – acceleration registered during experimental investigations,  

3 – projection of point (2) on B-spline surface in radius-vector r direction 
 

 
Fig. 4. Spherical and rectangular systems of coordinates 

The conversion from the rectangular coordinate system to spherical is defined by dependences:  
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and renewed transition from the spherical system to rectangular is described by formulas: 
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The results (xi, yi, zi) of experimental investigations of the unit load impact (data in Fig. 3 

marked out by the reference 2) are subjected to approximation by means of B-spline surface of 
third order (1÷3). This approximation was performed using the numeric optimization, whose 
objective function is the minimization of the sum of squares of relative differences between real 
accelerations (registered during investigations) and their approximations [1]: 
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w=100 – number of registered impact tests, 
ii rr ˆ,  – i-th resultant of object acceleration assigned during experimental research and projection of 
this resultant on B-spline surface.  
During optimization, the SQP method (Sequential Quadratic Programming) was used – offered 

in the Matlab environment. 
The initial values of the vector components of decision variables define the grid of control 

points assigning the sphere surface (Fig. 3a – marked by reference 1). The poles of this grid are 
common points for all meridians. From this reason, among control points, we can distinguish so-
called dependent and independent points.  

It is assumed, during the optimization, that the position of the control points of B-spline surface 
can be modified only through length change of the radius-vectors. The � and & angles of these 
radius-vectors’ position are constant – they are accepted during decision variables vector X 
defining.  

 
 

5. Research results 

In Fig. 5÷Fig. 10 the investigation results of the free fall of the unit load from the height h=0.3 
m, h=0.45 and h=0.6 m are shown. The data registered during experimental investigations are 
presented by means of markers in the shape of circles. An approximation of these data is 
represented with the help of B-spline surface. The grid of control points is also shown in these 
figures. The surface colours are connected with the value of an acceleration resultant. The bigger 
an acceleration of the load content, the more intensive red colour of the surface. To do correlation 
of B-spline surface position with respect to the load walls, the drawings contain the load edges and 
an indication of one of its corners (point in the black colour). The Fig. 5, Fig. 7 and Fig. 9 
represent the oblique projection of the surface, and Fig. 6, Fig. 8, Fig. 10 – their orthogonal 
projections (main, top and left-side views). Numerical values showed in the graphs concern object 
accelerations in m/s2. 

From the analysis of presented data results, that the effectiveness of mitigation of overloads 
exerted on the load content is bigger, when the packaging impacts in the corners, than in the walls. 
The packaging shows larger stiffness of walls (the wall bottom especially – Fig. 8, Fig. 10) than 
corners. Increased flexibility of the load corners can be caused by the fact that cushion elements 
and the recorder don't constitute an uniform whole.  

 

 
Fig. 5. Result of approximation (in isometric projection) of the of load accelerations registered during free fall from 

height h=0.3 m  
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a)       b)     c) 

          
Fig. 6. Orthogonal projection of chart from Fig. 5: a) in the xz plane (main view), b) in the xy plane (top view),  

c) in the yz plane (left-side view) 

 
Fig. 7. Result of approximation (in isometric projection) of load accelerations registered during free fall from height 

h=0.45 m 
 

a)       b)     c) 

           
Fig. 8. Orthogonal projection of chart from Fig. 7: a) in the xz plane (main view), b) in the xy plane (top view),  

c) in the yz plane (left side view) 
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Fig. 9. Result of approximation (in isometric projection) of load accelerations registered during free fall from height 

h=0.6 m 
 
 

a)       b)     c) 

           
Fig. 10. Orthogonal projection of chart from Fig. 9: a) in the xz plane (main view), b) in the xy plane (top view), 

 c) in the yz plane (left side view) 
 

 
 
 

6. Summary 

The following final attentions were formulated: 
: Use of B-spline surface makes possible to reproduce complex solid geometry with an 

application of little number of decision variables. 
: B-spline surface approximation enables an intuitive analysis of data obtained during 

experimental free fall tests of unit loads. 
: 3D visualization of acceleration allows precise packaging places identification (in the three-

dimensional space) which are critical for the safety of the load content and require 
constructional improvements. 

: Proposed approximation of discreet data recorded by tri-axial sensor enables assigning the 
closed continuous surface that permits to determine acceleration of load during impact against 
an obstacle in any direction in 3D space. 
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Abstract 
 

In this article, a negative impact of noise in foundries on both physical and mental abilities of the workers have been 
discussed on the basis of the authors own implementation solution. The result is work efficiency decrease and quality 
determination. On the example of Iron Foundry at PESA works in Bydgoszcz (former ZNTK). The effects of minimalization of the 
loudest noise sources in different departments of the factory have been presented along with the assessment of noise reduction 
effectiveness rate. The presented solutions can have applications in other casting foundries in the whole country.  

 
Keywords: noise in foundries and its minimalization 

1. Introduction 
 

Protecting environment against all kinds of harmful factors, including noise, is a necessity of 
our times.  Noise is one of the factors of the environment which in a significant way shapes living 
and working conditions of human beings. An obligation to evaluate the occupational risk related to 
the noise exposure and to reduce this risk to the lowest possible level taking into consideration 
technical progress and the possibility to reduce noise at its source is one of the main obligations of 
an employer. The above obligation results from the European legislation (Directive 86/188/EEC, 
Directive proposal 94/C230/03 and the project of a new Directive adopted in June 2002 by the EU 
Social Policy Council) and Polish legislation: Labour Code, Regulation of the Minister of 
Economy and Labour as of 5th August 2005 on occupational health and safety of work involving 
exposure to noise or mechanical vibrations. 

One of the important problems is the noise in the work environment, especially at the foundries 
where the level of noise at the posts often exceeds permissible limits and the machines operating in 
this sector of the industry are one of the loudest. On one hand, they create difficulties for the 
employees operating them (fatigue, risk of hearing loss, reduction of speech intelligibility and 
perception of signals), on the other hand, the noise created by these machines and emitted through 
the openings of the buildings and warehouses is usually sensed in the neighbourhood as very 
disruptive [2,4].  

Progress in recognizing the dependencies between the influence of noise and health condition 
of an employee and their psychomotor features should contribute to undertaking more and more 
effective projects in the field of protection against noise. The main direction of activities related to 
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noise should be fighting against noise on the legal, technical and organizational level. This is not 
the task to be achieved in near future since it involves spending large amounts of money e.g. for 
construction of noise protections already at the stage of designing and operating noisy equipment 
(machine). On the other hand, failure to undertake protective actions causes huge losses difficult to 
be measured directly or even immeasurable [1,2,5]. 

The article presents the analysis of the problem related to the industrial noise at foundries and 
the possibilities of its minimization illustrated with an example of Bydgoszcz Iron Foundry at 
PESA Plant (formerly ZNTK) in Bydgoszcz.  
 
2. Negative influence of the industrial noise on the employees of a foundry and its effects 

According to the estimates presented by the National Labour Inspectorate [3,5], noise in the 
foundry industry is one of the biggest industrial dangers and it constitutes 45% of all dangers. In 
the second place is dust 25% and subsequently toxic compounds 6%, vibrations 7% while the 
remaining 25% are factors of the work environment (mechanical dangers, lighting, microclimate, 
biological pollution, electromagnetic fields etc.). 

Machinery and equipment used in the foundry industry are the loudest of all industry sectors 
and these are: jolt moulding machines, shake-out grids, tumbling barrels, conveyor systems, 
ventilation systems, forming machines, compressed air dischargers, grinding machines etc. The 
average sound level for this group of machines is 90 to 125 dB(A) [1,6,7,9, 10]. 

Therefore the noise at foundries is a danger of the work environment which exceeds the 
permissible limits the most often. Its presence, which has been proved [2,5,7], contributes to the 
high number of accidents and injuries, sickness absences (also not related to accidents) and, what 
is the most important economically, to low productivity and poor quality of work.  

The losses incurred by the management of foundries, insurance companies and health care 
centres as a result of occupational diseases, accidents and injuries are relatively significant, but the 
losses related to the fact that people working in a noisy environment will do less, worse and will 
damage more castings are at least ten times bigger [5,8,11]. 

Harmfulness and onerousness of the noise at foundries depend on its physical features and on 
parameters such as: sound level, frequency, spectral characteristics, nature and time ranges of 
acoustic vibrations  as well as on the relation between the machine operator and the source of the 
noise.  

Table 1 shows that the harmful influence of acoustic vibrations related to the noise at foundries 
can affect health and when it comes to the productivity and work quality at foundries it can also 
have functional effects [2,5 10].  

Health effects are: a psychomotor performance of an employee, their mental (emotional) state, 
their mood and health, quality of hearing and their diseases. Functional effects which influence 
productivity and work quality are: lack of independence, insecurity, loss of orientation in the 
environment, lack of comfort and understanding.  

Figure 1 presents health and functional aspects during work of employees of foundry industry 
[3,9].  
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Fig. 1. Effects: a) on health; b) on the people’s work effectiveness in the casting industry depending on the noise level 

  
 

Tab. 1. Impact of noise on the employees health and work efficiency 
 
Ref. no. Equivalent sound A level 

(dB) 
Impact on a human being 

1 up to 35 dB Harmless but irritating 
2 from 35 to 75 dB Exhausts nervous system, lowers productivity, 

influences speech intelligibility, reduces the 
effectiveness of perception, difficulties with 
concentration 

3 from 75 to 85 dB Makes it difficult to sleep and rest, longer exposure 
causes headaches and has negative influence on nervous 
system, it causes hearing impairment, makes 
remembering difficult, reduces the efficiency of the 
process of thinking and reasoning 

4 from 85 to 130 dB It causes permanent hearing damage, disorders of 
cardiovascular, nervous and balance system, makes 
speech intelligibility from a distance of 0,5m 
impossible, reduces the efficiency of solving problems, 
increases sensitivity to confounding factors  

5 over 130 dB to 150 dB It stimulates vibration of some internal organs of a 
human body and causes their chronic diseases and 
sometimes complete destruction of internal organs of a 
human being. 

 
To estimate financial effects achieved thanks to reducing the noise we can use the notion of the 

so called effectiveness of noise reduction which is described by the formula [5]:     
 

 C
LME

)
)�

�   (1) 

 
where:  
 
E – the effectiveness of noise reduction in the object, in dB (A) x person/1000 PLN or average 
gross salary,  
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M – the number of people for whom the noise has been reduced,  
�L – estimated or actual value of noise reduction, in dB(A) reaching the above-mentioned group 
of people,  
�C – the costs of the noise reduction, PLN. 
 

The higher the value of effectiveness E is, the better the results of the implemented solutions 
reducing the noise attributable to one person exposed to the above-average sound level are.  

It is estimated that [2,5,9] the reduction of noise at foundries by only 1dB(A) gives an average 
increase in productivity by 1,5%, reduces the number of deficiencies, accidents and injuries by 
10%, reduces sickness absences not related to accidents by 4% and generally reduces the risk of 
occupational hearing loss.  
 
 
 
3. Examples of the noise minimization at Bydgoszcz iron foundry 
 

Below you can see examples of the noise minimization at Bydgoszcz Iron Foundry at PESA 
Rail Plant (formerly ZNTK) in Bydgoszcz, introduced in 1999 [12]. Bydgoszcz Iron Foundry casts 
brake pads from grey iron with the addition of phosphorus.  

The sound levels of the main noise sources located in different Divisions of the Foundry are 
presented in Table 2.  

The analysis of the noise sources shows that the sound level at different divisions and posts is 
significant and sometimes very high, exceeding the permissible limits and reaching up to 115 
dB(a). Spectra of the main noise sources in octave bands of 63÷8000 Hz center frequency were 
also identified by making at each point of the post from 4 to 15 detailed measurements.  

The results of the research were used to develop soundproofing constructions and to select 
appropriate absorbing and insulating materials for sound-absorbing structures for particular noise 
sources (Table 2).   

The reduction of the noise of OPB tumbling barrel (point I, Table 2) used for cleaning brake 
pads of total length 9m and diameter of 2,5m was difficult to achieve. This noise decided about its 
output value on the conveyor belt 67 placed outside the room in which the barrel was placed. An 
important issue was to reduce the energy caused by hitting of the finished castings against metal 
resonant cavity of the barrel. It was soundproofed by putting another sound-absorbing and 
insulating layers on the body of the barrel using channel sections to connect them [50 according to 
Fig. 2. 

 

 
Fig. 2. Silencing the tumbling barrel noise: 1 - the barrel outer coat; 2 - mineral wool layer; 3 - fastening channel; 

4 - inner coat; 5 - inner gum coat; 6 - mineral wool layer; 7 - outer gum coat; 8 - a screw with spring washers 
connecting gum coats with the main body 
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What is more, insulation of the walls of the room where a tumbling barrel was placed was 
reinforced by putting soundproofing curtains made of rubber coats and thick canvas on the walls.  

For the reduction of noise of metal conveyor systems and of dropping of castings, scrap-metal 
and coke to cupola (point II, III, V, XIII, XV, Tab. 2) hard rubber �10mm was used which not 
only reduced material vibrations of the dropped mass caused by the impact, movement and 
friction of the transported castings (charge material), but also served as a great protection for a 
metal load-bearing construction of the transporting and dropping equipment before expenditure 
which is presented in Fig. 3.  

The reduction of noise in the pipeline systems transporting heated air from the heaters to 
cupolas (point XIV, Tab. 2) and at the production halls of the foundry adjacent to the station was 
achieved thanks to the increase of attenuation of pipeline channels (the use of absorption 
silencers), stiffening pipelines and acoustic adaptation of the hall where heaters are placed 
(hanging appropriately selected spatial cone-shaped absorbers and wall insulation), but also 
thanks to placing the heaters on the soundproof rubber plates.  

 
Tab. 2. Effectiveness results of noise minimalization solutions applied in the Foundry in Bydgoszcz 
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1 I – tumbling barrel 114,9 103,8 11,1 5 100,2 87 -13,2 2,21 

2 II – receipt of 
insertions, belt 67  

103,8 92,0 11,8 5 88,3 87 -1,3 2,84 

3 III – chute  67/68 98,7 92,3 6,4 4 87,8 88 -0,2 1,76 

4 V – chute 64/65 107,5 95,1 12,4 4 93,8 88 -5,8 3,32 

5 VI – 
DISAMATIC A 

88,2 82,8 5,4 4 80,5 88 7,5 1,63 

6 VII – 
DISAMATIC B 

87,5 82,1 5,4 4 80,5 88 7,5 1,63 

7 XIII - gantry 105,7 88,2 21,6 2 84,5 94 9,5 3,81 

8 XIV – turbo 
blowers 

99,2 84,1 15,1 8 83,5 85 1,5 3,46 

9 XV – coke 
loading 

87,4 80,5 6,9 1 81,5 94 12,5 1,95 

        E�r 2,51 
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Fig. 3. Silencing scheme of shutes 

a) transport shute: 1 - shute silenced; 2 - transport series; 3 - upper steel board; 4 - lower gum board; 5 - lower steel 
board; 6 - fastening screws with spring washers 

b) charging hopper: 1 - metal housing; 2 - gum boards; 3 - receiver device; 4 - electromagnets; 5 - fastening screws 
with spring washers 

Pneumatic (aerodynamic) noise caused by a sudden exhaust of the compressed air into the 
atmosphere from the control system of the machine used to form brake pads of two lines 
DISAMATICA A and B (points VI, VII, Tab. 2) was reduced by directing the exhaust air using 
appropriately selected (of a specific length and section) wires into the inner space of the body of 
the forming machine bearing and by using several individual expansion silencers with small 
measurements which is presented in Fig. 4. 

 
Fig. 4. Pneumatic noise silencing of the DISAMATIC line: 

a) directing the air flow into the space of the body 
b) small expand silencers: 1 - cylindrical bolt; 2 - gummed collar; 3 - prismatic or grooved cuts 

 
After substantial soundproofing the devices minimizing the noise were subject to practical 

verification in the production environment in terms of mechanical durability, resistance to 
attrition (transporting and dropping equipment) and cracking caused by impact loading for the 
period of 2 years. It was found that too high temperature of brake pads coming out of the barrel 
and production line destroyed after around 1 year the hard rubber. Therefore, even harder, easily 
replaceable vibroacoustic plates were used.  
 
4. Evaluation of the achieved effects 
 

After introduction of the devices minimizing the noise the measurements were made at the 
same points as initial measurements. At each point several series of measurements were 
conducted. The purpose of such detailed measurements was to determine total acoustic effect of 
soundproofing works as well as to objectively determine the equivalent sound level at the posts 
and in the places where the employees exposed to noise spend time. 

To estimate the equivalent sound level at the post  Leq2 (after soundproofing) the norms PN-
EN ISO 3744, PN-EN ISO 3746, PN-EN ISO 11201 were used including runtime (technological 
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time) of the devices at the foundry during one shift and compared it with the standardized 
equivalent sound level  Leq (PN-ISO-01307) which is presented in Table 2. Table 2 presents also 
the values of effectiveness of noise reduction E calculated using the formula  (1) at particular 
Foundry Divisions.  

The results presented in Table 2 show that high acoustic effectiveness of the devices 
minimizing the noise installed at the Iron Foundry was achieved. There was a great decrease of 
the noise at particular points: at point II (belt 67), where employees are most exposed to the 
noise, it decreased by around 12 dB(A), at other points by average 5÷8 dB(A) and at some points 
even by 15÷20 dB(A). The achieved average rate of effectiveness E=2,51 is also high. It means 
that by spending on soundproofing 1000 PLN per employee of the foundry working in a noisy 
environment (exposed to noise) we receive the noise reduction of around 2,5 dB(A) which means 
that the energy of the noise reaching an employee is two times lower [5,11]. 

5. Summary 
 

Although high acoustic effectiveness was achieved some of the achieved results did not meet 
the requirements of the PN-ISO-01307 norm, this applies especially to point I (tumbling barrel), 
IV (chute 64/65) and to some extent to point II (belt 67). The noise exceeds the limit at these 
points by around 13÷1,3 dB(A) (Table 2).  

Further soundproofing of these points is possible by, for example, increasing insulation and 
acoustic absorption of the post at the belt and its surroundings, by hanging appropriately selected 
absorbing and insulating structures and additionally by covering the inner part of a steel coat of a 
tumbling barrel with very hard rubber (resistant to high temperatures). 

However, besides the effects strictly acoustic achieved at the foundry we should not 
overestimate related to this decrease functional effects.  

The increase of the quantitative effect of work (productivity and work quality) at particular 
posts at the foundry while decreasing sound level by 5 dB(A) in appropriate time ranges will 
amount to [5]:  

- from 100 dB(A) to 95 dB(A)  ~10% 
- from 95 dB(A) to 90 dB(A)  ~7% 
-  from 90 dB(A) to 85 dB(A)  ~6% 
-  from 85 dB(A) to 70 dB(A)  ~ 10,5% 
 
Together it can give an estimated increase in productivity up to around 23%. 
The influence of noise reduction on the number of accidents, injuries and sickness absences 

not related to accidents as well as on the number of cases of occupational deafness can be 
estimated as even greater i.e. by reducing the noise by 5 dB(A) [5] the number of accidents and 
injuries should decrease approximately to: (1÷10%) · (1÷10%) · (1÷10%) · (1÷10%) · (1÷10%) = 
0,95 = 0,59 � 60% of the previous number of accidents and injuries while reducing the noise by 
10 dB(A) can decrease their number to 0,910 = 0,35 � 35% which means around 1/3 of their 
number before soundproofing.  

A significant decrease of sickness absences not related to accidents at the foundry while 
reducing the noise by 5 dB(A) can be estimated as the value equal: (1÷4%) · (1÷4%) · (1÷4%) · 
(1÷4%) · (1÷4%) = 0,965 = 0,82 � 82% of the sickness absences before soundproofing while 
reducing the noise by 10 dB(A) as the value equal 0,9610=0,66 � 66% of the initial sickness 
absences at the foundry which means by 1/3. Observations of the management of the foundry 
made over a long period of time (around 3 years after implementation) confirmed the above 
estimations and proved practical increase in productivity and work quality and decrease of the 
accident rate within 10% at the discussed Foundry.  
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From the presented above results and facts it can be concluded that the noise at the posts in 
the foundry industry affects health and availability of employees causing lower and poorer effects 
of work regardless of their will.  

As we can see there are important economical, medical and ecological reasons why the noise 
in the foundry industry should be reduced.  
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Abstract 

 
 

 Machining involves removing a surface layer from an object with the use of mechanical energy. It often happens 
that this process is very difficult or even impossible due to technical and economic problems ( big strength and tear 
resistance of the machined material). Therefore, new technological processes of removing the material from the 
machined object,  have been developed. They involve, e.g. dissolution, melting or the material vaporization. These 
processes need energy of electric discharge, chemical reaction energy, and energy carried by a stream of particles.  
the material destruction which occurs, then, are called the material dissolution (erosion). There are different 
classifications of dissolution machining The most popular one is electro discharge machining (EDM), electrochemical 
machining (ECM), stream-dissolution machining (i.e. electron-machining (EBM) and ion- machining (IBM). 
 The purpose of this work is to present the problems connected with the computer aided electrochemical (ECM) as 
one  of a few kinds of dissolution machining. 

 
Keywords: ECM, computer simulation 

 
1. Electrochemical shaping 
 
 Electrochemical machining with the use of a tool electrode is today one of the basic 
electrochemical technological operations for machining tools and machines. Electrochemical 
machining (ECM) has been  developed as a machining method for alloys of high strength and  heat 
resistant, whose shaping with the use of traditional methods was very complicated and extremely 
hard [7, 13]. 
 During this constant process the tool electrode performs most frequently a progressive motion 
in the direction toward  the machined surface. The inter-electrode gap is supplied with electrolyte 
with high speed, causing carrying away of the dissolution products from the machined surface. 
These are mainly hydrogen particles and ions of the dissolved metal. In such conditions we can talk 
about a multi-phase flow and generally, three-dimensional [1, 12]. 
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 The flow hydrodynamic parameters and the medium properties determine the processes of mass, 
energy, momentum and energy exchange in the inter-electrode gap. Properly chosen  they prevent 
from formation of cavitation zones, critical flow, circulation, excessive increase of the electrolyte 
temperature and void fraction of the gas [3, 11, 14]. 
 The above mentioned processes have a significant influence on the electrochemical dissolution 
velocity and usability of the dissolved surface.  
 The following tasks should be dealt with during  the design of  the technological machining 
process [2, 4, 5, 6]: 

- choice  of ECM process conditions (electrolyte composition, machining parameters, 
technological requirements), 

- design of the tool-electrode, 
- analysis of the machining process accuracy. 

 
 It should be noted that the listed tasks are closely related to each other, and their solution 
is connected with prediction  in time of the machined surface shape evolution, i.e. anode. 
 The choice of ECM process conditions is concerned with: 

- material and the kind of semi-product, (dimensions defining allowance, shape), 
- requirements concerning accuracy, 
- requirements concerning the top surface, 
- technical-economic requirements ( work consumptions, cost and  energy consumption) 
- requirements concerning the type of the cutting machine e,( type of driving machine,  

supplied current , the electrolyte flow pressure, range of electrical intensity control 
and voltage, efficiency control, range of the feed rate, the working size of the chamber, 
kind of control, temperature regulation, the tool machine stiffness, etc.), 

- choice of electrolyte, 
- choice of machining parameters, 

Design of the tool electrode involves: 
- determination of the working part profile, 
- arrangement of the electrolyte inlets and outlets from the inter electrode area), 
- construction of the electrode (e.g. folding, all in one piece), 
- technical conditions (material, accuracy, smoothness). 

 
 It also significant to predict  whether  the final shape of the machined object can be obtained 
in the final  or temporary state. 
 Looking for the proper shape of the electrode involves a necessity of determination of physical-
chemical conditions occurring in the inter-electrode gap. These conditions depend on ECM 
machining parameters. 
 Therefore, designing   tools (tool electrode) is connected with active control of the criteria 
restricting  ECM conditions. If the accepted conditions do not yield the expected final  effect, 
a correction of accepted quantities of ECM parameters is carried out (working voltage, the pressure 
of progressive  motion etc.) 
 The process of tool designing is connected with an analysis of electrochemical shaping which 
covers: 

- determination of the influence of the  main  factors on the shaping and dimensional 
inaccuracy, 

- determination of permitted changes  of parameters (ECM parameters allowance). 
 
2. Modeling of the shaping electrochemical machining process 
 
 The process of ECM electrochemical machining  treated as a series of simplifications is shown 
in Fig. 1. The real object is replaced with a physical model, in the first stage. This model is a certain 
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simplification of the real object but with maintenance of  its significant features. The model can have 
a different degree of simplification. Complications of the model can lead to complication of the 
equations which describe it. Choice of the right physical model providing sufficient computing  
accuracy requires long experience. 
 Mathematical model as a system, most often of integral differential equations, describes the real 
model resulting from the physical one, always, in some approximation.  
 On the basis of the mathematical model and data resulting from the physical model there 
emerges a given computational  algorithm, whose result is computer program in a given 
programming language. 
 

Real workpiece

Assumptions

Physical model
(calculation model)

Mathematical model

Calculation algorithm
(Computer program)

Results 
 

 
Fig. 1.  Mathematical modeling  algorithm 

 
 In order to carry out  the algorithm (Fig. 1) it is necessary to define conditions of the 
electrochemical machining.   

 The electrochemical machining conditions are described by means of the following data [7, 13]: 
- kind of electrolyte (chemical composition) and its properties: 

NH+  - electrolyte conductivity, 
�       - temperature coefficient of the electrolyte electrical conductivity, 
�e  ,+�H   - electrolyte density, hydrogen, 
cp  - electrolyte specific heat, 
�e,  �H - dynamic viscosity coefficient of the electrolyte and  hydrogen, 

H3          - electrochemical equivalent of hydrogen,   

Hk          - current dissolution efficiency,   
&      - void fraction, 
pH           - pressure of hydrogen, 

yx vv ,        - velocity, 
Ti - temperature of the electrolyte on the inlet, 
 

- the machined material ( chemical composition), 
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- the machining parameters: 
vf  - feed rate of the tool electrode,  
U - working voltage between the electrodes, 
pw  - the electrolyte pressure on the inlet to the inter-electrode gap,  
pz  - the electrolyte pressure on the outlet to the inter-electrode gap, 
Qv  - volume stream,  

 
- characteristics of the electrochemical system: cathode-electrolyte-anode: 

kv - coefficient of electrochemical machinability, 
Ea-Ek - fall of the potential in near electrode layers, 
xi  - coordinate of the inter-electrode gap beginning, 
xo  - coordinate of the inter-electrode gap, 
T0  - the  temperature of electrodes,  

 
 Modeling of ECM machining involves predicting  the machined surface shape evolution in time, 
changes of the inter-electrode gap thickness and distributions of  physical-chemical conditions in the 
machining area, such as: distribution of static pressure, the electrolyte flow velocity, temperature, 
and void structure. 
 General differential equation describing evolution of the machined surface shape, in result 
of anode dissolution, according to the ECM dissolution theory, has the form [5, 11]. 
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with the initial condition F(x, y, 0) = F0 

where: 

),,( tYXjj AAA �  - current density distribution on the machined surface 

vk    - is equal to volume of the material removed by anode   
  dissolution during flow of a unit electrical load  
F0(x, y) = 0  - equation describing the machined output surface 
F(x, y, t) = 0  - equation describing the anode surface in time t 
  
Current density on the anode is expressed in the following way [4, 5]: 
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 Function QTG describes the influence of conductivity change inside the inter-electrode gap and 
is determined from the balance of voltage fall along the way. 
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 In order to finish   the equations system describing electrochemical shaping it is necessary 
to determine temperature distributions and void fraction. It is connected with solution of an integral 
differential equations system describing the electrolyte flow through the inter-electrode gap. 
Equations governing  the flow movement through the inter-electrode gap result from basic principles  
of conservation, i.e. principles of mass, current, momentum and energy conservation. In literature we 
can find approaches to the subject in one dimensional terms, [2, 4, 5], two-dimensional terms [6], 
[8]. Differences between solutions result from simplification  assumptions and mathematical 
methods used for solution of the above problem.  
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 For the purpose of predicting the tool electrode shape, an analysis is performed  which is called 
a reverse issue.  
 The reverse issue, in electrochemical machining, whose aim is to obtain the proper shape of the 
tool electrode ER consists in comparing the results of simulation of the machined object shape 
evolution with the i-th iteration of the final shape [4, 5]. 
 After performing simulation computing  the distribution of  �F shape deflections from the 
expected shape is defined [2, 4, 5]: 
 

 FFF i ��) ~~
 (5) 

then, the shape of tool-electrode is corrected by  moving its profile points in the proper 
direction(Fig.2): 

 Fh ~)�) �   (5) 

here: � – is a coefficient conditioning velocity of the iteration process convergence. 
 

 

 
Fig.2.  Scheme of the tool electrode correction 

 
 
3. Algorithm of the shaping machining process computer simulation 
 
 Computer simulation is carried out with the use of successive approximation method [6, 14] 
regardless of the  methods used for the solution of equation  system which describe the flow 
hydrodynamics and they result from the principles of mass, momentum energy conservation. 
 Simulation of the machined object shape evolution is based on a method of, the so called, time 
steps. This means that equation (1) is approximated by differential quotient. The end of the 
simulation process takes place with practical stabilization of the ECM process In the stable state 
there follows stabilization of the inter-electrode gap thickness distribution and the physical flow 
field, as well as the medium properties in the gap.  
 The course of computer simulation of the shaping machining have been presented in the form 
of an algorithm [8, 9, 10] (Fig3). 
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Fig.3.  Algorithm of computer iteration 

 
4. Conclusions

 
 Modern design of tools for electrochemical machining, especially, tools for the shaping 
machining, involves the necessity of making the  right choice of ECM process  conditions 
(electrolyte composition, machining parameters, technological requirements), as well as 
of determination of  the tool geometry, best, by performing computer simulation, respecting  all the 
factors which determine  accuracy of the  machining process. 
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Abstract 
Construction made of aluminium alloy is lighter than of steel. The use of pulsed arc for welding is helpful, but has 

influence on structure and residual stresses after welding. FEM model of the welded plate made of aluminium alloy 
was used here. The 2D model, lying on the surface of welded sheets, was used. Because of the models symmetry only 
½ of the surface was calculated. The calculations were done with ANSYS in two phases, as uncoupled thermal and 
mechanical calculations. The iterative calculations of deformations and stresses are non-linear with temperature 
dependent material properties. The mesh of 1337 finite thermal elements SHELL57 was used. Simulation has 10,3 s of 
welding time followed by cooling until 800 s. Different type of pulse was used. One single period of current pulse was 
all the time 0,5 s. This time was divided into 5 equal sub-periods. The heat source (current of welding) was switched 
on for some sub-periods. The power of heat source was multiplied by factor 1,2 or 3. Distributed volume heat source 
was moving along of weld line. Results from temperature analysis were used in stress calculation. Elements type and 
material properties were changed to structural PLANE42. The results show that some residual stresses after pulsed 
arc welding were higher as after constant. The maximums of tensile stresses were concentrated at small, perpetual 
areas. They are too small for experimental measuring, but together significantly sufficient for crack propagation or 
local stress corrosion. 
 
Keywords:  welding, stress, FEM, aluminum, pulsed arc 
 
1. Introduction 

The welding is one of the basic techniques of connecting metals. For melting metal, which 
make the weld, the great amount of heat is needed. The weld is heated as well as all construction. 
In the results of it the structural changes appear, which makes the mechanical properties of metal 
lower. The results in the deformation and residual stresses category are also important. They can 
be dangerous for the construction. If the thickness of the material is small while the plasticity high 
– there are also big additional loads needed to destroy the construction. The risk is higher for the 
fragile materials. The thick metal sheets are during and after welding in 3 dimensional (3D) stress 
state. For both of those cases chance of the appearance of crack is possible. The residual 
deformation changes the form of construction. It can unable their operating. The shrinkage and 
deformation make it difficult to keep the tolerances. The practical ways for reduction of 
deformation and stress are the results of long-term experience. The technical development and 
economy introduces new technologies and materials. In this case new experience can be not long-
term enough. 

Construction made of aluminium alloy is lighter than made of steel. The welding of aluminium 
is difficult however. The use of pulsed arc is helpful, but has influence on structure and residual 
stresses after welding [4,7]. Its important to check this influence at some cases of welding. FEM 
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model of the welded plate made of aluminium alloy was used here. The 2D model, lying on the 
surface of welded sheets, was used. Because of the models symmetry only ½ of the surface was 
calculated. 

 
2. The numerical research 

The bases of the FEM calculations are shown in [1,6]. The calculations were done in two 
phases, as uncoupled thermal and mechanical calculations. The scheme is shown in Fig.1. 

 

 
Fig. 1. Schematic diagram of uncoupled thermal-structural calculations [6] 

 The correct calculations are possible (especially for deformations and stresses) only with the 
use of non-linear, dependent on the temperature physical material properties (Fig.2)[1,2,6,8]. The 
material properties are dependent also on deformation. Here used properties are elastic-plastic, 
with isotropic hardening. The process of looking for the FEM solution is iterative (Fig. 1). The 
modelling welding process lasted for 10.3 s, with cooling time (until 800 s). At this time heating 
(loading) and cooling of models occurred. The position of the heat source was changing in 
following time steps. This way the “step by step” technique was used [1,6]. The results of the step 
(1) were necessary for the calculation of the step “2”, results of the step “2” will be necessary for 
the calculation of the step “3”, etc. until last step. Both of above processes strongly (factor 105 ) 
lengthen the process of solving the problem.  

                                    
a)                                                             b)                                                         c) 

Fig. 2. Properties of the aluminium alloy, as function of the temperature. a) Specific enthalpy and thermal 
conductivity �,  b) Elastic modul E, Poisson ratio R, thermal dilatation �T,  c) yield stress Re, hardening modul ET , 

BISO-Bilinear ISOtropic hardening[1,2,3,6] 
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The full 3D calculations require very efficient computers. The 2D model was then used, lying 
on the surface of welded sheets. The aim of it was the best possible formulation of welding 
physics. For example on the 2D geometry, the higher perpendicular thickness of grain and root of 
weld was declared. Because of the models symmetry only ½ of the surface was calculated. The 
appropriate boundary conditions were used. This way the time of the calculations was shortened. 
Finite elements were used from the library of the program ANSYS13: SHELL57 in thermal 
calculations and PLANE42 in the structural calculations. 1337 elements with 1430 nodes were 
used. The mesh of the elements was shown in Fig.3. The size of elements is smaller near the 
welding lines, because of existing here high gradients (of degrees of freedom, eq. temperature or 
deformation). 

 

 
Fig. 3.  Finite element mesh 

Distributed, volume heat source (suggested by Goldak, [3], for MIG/MAG) was moving along 
the line of the weld. There were welds in the place of grooves. It happened because of completing 
the model by the previously removed finite elements from model (“killed”). On both surfaces 
(upper and bottom) the loss of heat through convection was taken into account. The convection 
near the weld was intensified to taken into account the heat radiation.  

In the analysis different type of pulse was used. One single period of current pulse was all the 
time 0,5 s. This time was divided into 5 equal sub-periods. Except one, non-pulsed analysis, the 
heat source (corresponding to current of welding arc) was switched on for some sub-periods. The 
initial power of heat source (Qo=3.4 kW) was multiplied by factor D= 1 or 2 or 3 (Table 1 and 
Fig.4).  

Tab. 1.  Calculated residual stress (maximum)  
No Power source 

(Q=D Q0) 
Pulsation of arc power 
during 0,5s period, s 

Residual stress ( 800 s), MPa 
Huber-Misses longitudinal transverse 

1 2 Qo 0,3  0  +250 -151 / +283 -198 / +158 
2 Qo 0,5  0  +245 -117 / +272 -197 / +160 
3 Qo 0,4  0  +246 -91 / +265 -187 / +164 
4 2 Qo 0,2  0  +245 -98 / +263 -193 / +175 
5 Qo 0,3  0  +246 -66 / +264 -183 / +183 
6 3 Qo 0,1  0  +252 -80 / +261 -183 / +193 
7 Qo 0,2  0  +230 -42 / +258 -146 / +195 
8 2 Qo 0,1  0  +260 -73 / +275 -186 / +203 
9 Q 0,1  0  +247 -58 / +274 -173 / +214 

271



          
    a)                                                                                         b) 

Fig. 4 Scheme of arc pulsation from tab.1 : a) for 9,7,5,3,2    , b) for  8,4,1,6. 
 

Distributed volume heat source was moving along the line of the weld. On both surfaces the 
convection heat loss was set. The calculation was done in hundreds of time steps. In Fig. 5 
example results, one of calculated temperature field, are shown. 

 

 
Fig. 5. Calculated temperature field, [oC], at time t=10.3 s. 

 
 

Results from temperature analysis were used in stress calculation. Elements type and material 
properties were changed to structural. Transient and residual stresses are calculated. In Fig. 6 are 
shown residual stresses for constant current arc analysis and in Fig.7 for pulsed current arc 
analysis.   
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Fig. 6. Calculated residual stress (reduced von Misses) Pa, constant current arc welding (Tab.1 p.2)         

 

 
Fig. 7. Calculated residual stress (reduced Huber-Misses) Pa, pulsed current arc welding (see Tab.1 p.6) 

The results are presented in Table 1. Here are show the maximum of longitudinal, transverse 
and reduced (Huber-Misses) residual stresses after many pulsed and constant arc welding.  

The stability of solution was weak because of often, rapidly activation and deactivation of heat 
source [5]. The FEM program ANSYS was used.  
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3. Observations and conclusions 

3.1 The results presented in Table 1 and in Fig.6 show that some residual stresses after pulsed arc 
welding were greater as after constant arc welding.  

3.2 The maximum of tensile stresses were concentrated at small, perpetual areas.  
3.3 These areas are too small for experimental measuring, but together significantly sufficient for 

crack propagation or local stress corrosion. 
3.4 FEM is suitable for the calculation of the residual and transient welding stress.  
3.5 The application of frequently met program ANSYS makes possible to practically use the 

suggested method of calculations.  
3.6 Values of transient residual stresses are very difficult to obtain in experiment, and can be very 

useful. The use of FEM is very reasonable and effective. 
3.7 Residual stresses were the greatest after spot-weld pulsed arc welding (Table 1 pos.9). 
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Abstract 

The purpose of this study was the selection of roller- burnishing parameters of surface Ni-Al-15%Al2O3 composite 
coatings obtained by "PN 120" plasma torch. Coatings with low surface roughness could be applied as layers 
increase the service life of torque pumps shaft used on vessels in the sea water systems. 

After turning, the average surface roughness of plasma sprayed Ni-5%Al-15%Al2O3 coatings   was Ra = 1.06 �m. 
Their average hardness was equal to the 272 HV 2. After pre-treatment, plasma sprayed  Ni-Al- 15%Al2O3 coatings  
were burnishing. Burnishing parameters were as follows: Vn=28,26 m/min, Fn=700N, fn=0,044 m/rev. Burnishing 
reduces the surface roughness of coatings as compared to machining. After the  plastic working, the Ra parameter 
was reduced to a value of 0.77 �m. Total height of waviness profile of machined coatings was 6.23 �m. After 
burnishing, the value of Wt decreased by 0.22 �m, to the value of 6.01 �m. Studies burnished surface topography of
coatings of Ni-5% Al15%Al2O3 overlaid by "PN 120" torch revealed the presence of defects stereometric structure. 
There are the spalling. After plastic working of plasma coatings, decrease  of parameters of the material ratio curve 
values were observed. For example, the reduced peak height  of cut coatings were 1.11 �m, after burnishing  Rpk value 
fell to 0.64 �m.

Keywords: plasma spraying, burnishing, Ni-Al-15%Al2O3 coatings, regenerative coatings, torque pump

1. Introduction  
Use of machines and equipments is associated with wear of machine parts by a process of 

corrosion, tribological and fatigue. This forces a periodical survey and verification of dimensional, 
sometimes replacement or regeneration of worn parts. The processes of wear can be reduced by 
shaping an appropriate surface layer of machine parts or applying coatings. In the construction of 
machines are commonly used electrolytic chromium coatings, cladded layer of stellite or nimonic 
alloys and chemical   Ni-P coatings. Flame sprayed coatings can meet the performance 
requirements and extend the life of machine parts [1-3].

Plasma and flame sprayed coatings are characterized by porosity, oxide inclusions presence 
and large real area of surface. In order to obtain adequate surface roughness coatings must be 
applied finishing. For this purpose, the turning and grinding are used. In the paper a burnishing to 
finishing thermal sprayed coatings was proposed. In the literature found few data on the 
burnishing processes of thermal sprayed coatings. Burnishing is not used during the processing of 
thermally sprayed coatings, as is commonly believed that this technology causes damage to 
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coatings. Low susceptibility of coatings to the surface plastic  treatment arises from several 
reasons. These include: 
a) low adhesion of coatings to the substrate,  
b) high tensile internal stress,  
c) embrittlement of coatings resulting from the presence of "in situ" oxides and the pore in the 
structure.    
However, due to more modern torches technology for thermal spraying,   the adhesion 
improvement and oxidation reduction of the coating material are observed. This is due to obtain 
the higher speeds the movement of particles in the stream of sprayed.  

Franzen [4, 5] proposes the use of burnishing to forming of geometric structure of coatings 
WC-Fe (50% tungsten carbide) obtained by arc spraying and WC-Co coatings imposed by 
supersonic spraying (HVOF). There are used as a coating to increase durability of press-forming 
dies. Efforts are also trying to obtain the relevant surface properties of thermal sprayed coatings by 
rolling and pressing. Plastic working of coatings based on nickel (Ni-Al, NiAl and Ni3Al) allowed 
to reduce the roughness without loss of its adhesion [6]. The Szczepanik [7, 8] proposes to use 
burnishing process as a finishing treatment and forming of   Al-SiC composites sinters. After the 
surface plastic treatment   Ra = 0.12 ÷ 0.75 �m surface roughness were obtained. 

Burnishing may also be used for surface treatment of materials prior to application of galvanic 
coatings, thermal sprayed and cladded. Nadasi [9] proposed the use of rolling of coatings to reduce 
their porosity. 

In the articles [10], the use of burnishing to the surface finishing flame sprayed coatings are 
proposed. The Ni-5%Al coatings were studied.  Coatings were deposited by oxy-acetylene „Roto-
Teck 80” torch. Finishing allowed obtaining a surface with small roughness for both types of 
coatings. Arithmetic mean roughness value of the surface alloy coatings was Ra = 0.27 �m. 
Influence of burnishing process parameters on the value of roughness reduction index (KRa)
present the regression equation (1): 

KRa = -0,03Vn – 3,6fn + 0,013Fn - 3,2 ± 1,6,                                        (1) 

where: 

Vn - burnishing speed, m/min, 
fn - f eed, mm/rev,
Fn - burnishing force, N, 

The lowest value of surface roughness of Ni-5%Al coating were obtained, when the following 
parameters burnishing was used: burnishing force Fn = 1100 N, feed fn = 0.08 mm/rev, burnishing 
speed Vn = 28.26 m/min. It was found that the greatest influence on reducing the roughness of the 
surface coating has force burnishing. The greater the forces used during the burnishing operation, 
the arithmetic mean roughness value Ra is lower. Feed rate of roller is inversely proportional effect 
on the coatings surface roughness. Studies demonstrated a statistically insignificant effect of 
burnishing speed on surface roughness [10]. 

The roller-burnishing influences not only on the reduction of surface roughness, but also on 
strain hardening of the processed surface. The largest influence on the hardness of the coatings has 
burnishing speed. The relationship between these variables is inversely proportional. The least 
influences on the strengthening have the feed. When the feed is a smaller the coating surface 
hardness is higher. On the strain hardening is also influenced by the force of burnishing. The 
increase in the value of the burnishing force causes an increase in hardness of the coatings. The 
operation of burnishing caused an increase in the hardness about 20% for Ni-Al coatings [10]. 
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In this article the results of measurements of surface coatings roughness after the plastic 
working are presented. Coatings were obtained by plasma spraying method, using the "PN-120”. 
Coatings obtained using plasmatron should be characterized by lower porosity and the less 
numbers of interphases oxide inclusions from the layers obtained by "RotoTeck 80”. 

The purpose of this study was the selection of roller- burnishing parameters of surface Ni-
5%Al - 15%Al2O3 coatings obtained by "PN-120” plasmatron. Coatings with low surface 
roughness could be applied as layers increase the service life of torque pumps shaft used on 
vessels in the sea water systems. 

2. Preparation of pivots for burnishing

The coatings were sprayed on steel shafts pivots (X5CrNi 18-10)  with diameter � = 40 mm.
To increase the adhesion of the coatings, the pivots were threaded. For spraying a "PN 120 " torch 
was used. Two kind of material powders were used, a) ProXon 21021 (Ni- 93.45%, Al-5%, B-
0.8%, Fe-0.34%, Cr-0.18%, Si-0.15%, C-0.08%) and b) MetaCeram 28020 (Al2O3-97,7%, TiO2 -
2,2%, SiO2- 0,1%). The powders made by Castolin. The 15% volume fraction of powder 
MetaCeram 28020 in coating material  was used

The following parameters of plasma spraying have been applied:
� argon pressure: 0,35 MPa,  
� the distance of the nozzle from the surface : 70 -100 mm, 
� current: 450 ÷ 600 A,
� voltage arc internal: 47 ÷ 60V.
After spraying, the coating was subjected to initial treatment (turning) in order to reduce shape 

(roundness and cylindricity) deviations of the pivots shafts.  
Ni-5%Al-15%Al2O3 alloy coatings were machining by means of trigon inserts. Its catalogue 

number is GC 3210 (Sandvig Coromant) [11]. GC 3210 is a material based on tungsten carbide 
with a supplement of titanium nitride, covered with a TiN coating obtained by CVD method.  In 
the DWLNRL-2525M08 holder a WMNG 080408-KM insert was mounted. Insert and the holder 
was manufactured by Sandvik Coromant. The geometry of the cutting tool, takes into account the 
insert and tool holder are follows:

� cutting inserts angle – � = 80o, 
� approach angle - �r -95o, 
� rake  angle  – � = - 6o, 
� clearance angle -�� = 6o, 
� nose radius – r� = 0.8 mm, 

Turning parameters were used: 
� cutting speed – Vc = 100 m/min,  
� feed rate f = 0.06 mm/rev ,  
� cutting depth  ap =0,1 mm.

3. Methodology of research 
The burnishing process was conducted with a one-roller Yamato SRMD burnisher. The 
application parameters of the technological process of surface plastic treatment are presented in 
tab. 1. We decided upon an assessment of the impact of the burnishing on the surface roughness of 
the coatings by analyzing three factors associated with the operation – i.e.: pressure force Fn,
speed of burnishing Vn, and feed fn. We’ve omitted the variables concerning the type of material 
(plasticity border, extension) and the tools (radius of rounding up of the burnishing element, 
surface roughness of the burnishing element).
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Tab. 1. Parameters of burnishing process 

Parameter Value
Burnishing force - Fn [N] 700
Burnishing speed - Vn [m/min] 28.26
Feed - fn [mm/rev] 0.044

Surface roughness and topography were measured with a profilometer HOMMEL TESTER 
T1000. The traverse length of the roughness measurement was 4.8 mm, and the sampling length 
was 0.8 mm. On the basis of the results achieved, the surface KRa roughness reduction index was 
defined:

  (1)
where:
KRa- roughness reduction index,
Ra' - coating surface roughness after cutting,
Ra - surface roughness material after surface plastic processing.

The hardness measurement was performed by means of Vickers method with the use of FM-
800 device, at thrust force amounting to 20 N. On the basis of the results achieved, the relative 
degree of hardness Su was determined: 

%100
1

12
HV

HVHV
uS

�
�                                                       (2)                    

where:  
Su - relative degree of strain hardening,  
HV1 - coating hardness before burnishing,  
HV2 - coating hardness after surface plastic treatment.  

4. Results 
After turning, the average surface roughness of coatings of Ni-Al-15%Al2O3 plasma 

sprayed was Ra = 1.06 �m. Average hardness equaled  272 HV2. Before machining, plasma 
sprayed alloy coatings were characterized by   hardness equal 223 HV2. There is strain hardening
after machining of coatings was observed. Fig. 2 and tab. 2 present the results of measurements of 
the parameters characterizing the geometric structure of the alloy coatings sprayed using the 
plasmatron, both after turning and burnishing. Burnishing allows get a surface which is 

Fig.1.The one-roller Yamato SRMD burnisher
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characterized by a lower surface roughness compared to the turning process. After the plastic 
surface treatment the Ra parameter was reduced to a value of 0.77 �m. Roughness reduction index 
(KRa) equaled to 1.38. Processing tool SRMD contributes to nearly 30 percent reduce the surface 
roughness of plasma sprayed Ni-Al-15%Al2O3 coatings.

Tab. 1, Results of basic statistical analysis of roughness (Rt, Rz, RSm, Rsk, Rmr (50%)), waviness (Wt) and 
material ratio (Rpk, Rk, Rvk) parameters of Ni-5%Al-15%Al2O3 coatings obtaibed by plasma spraying 
parameters number 

of measurements
mean min. max s.d standard

error
after turning

Rt[�m] 6 16,41 13,89 19,86 2,23 0,91
Rz[�m] 8,98 7,55 10,45 1,24 0,51

RSm[mm] 0,08 0,06 0,095 0,015 0,006
Rsk -1,03 -1,58 -0,47 0,37 0,15

Wt[�m] 6,23 4,31 7,84 1,35 0,55
Rpk[�m] 1,11 0,87 1,26 0,15 0,06
Rk[�m] 2,4 2 3,19 0,41 0,17
Rvk[�m] 2,27 1,54 3,47 0,67 0,27

Rmr (50%)[�m] 3,51 2,81 3,9 0,4 0,16
After burnishing: Vn=28,26 m/min, Fn=700N, fn=0,044 mm/obr

Rt[�m] 6 12,28 10,06 18,01 2,9 1,18
Rz[�m] 6,31 5,42 7,63 0,888 0,361

RSm[mm] 0,043 0,038 0,051 0,005 0,002
Rsk -4,15 -6,06 -2,33 1,85 0,69

Wt[�m] 6,01 3,36 8,55 2,15 0,88
Rpk[�m] 0,64 0,26 1,39 0,4 0,16
Rk[�m] 1,45 0,93 2,32 0,58 0,24
Rvk[�m] 2,04 0,98 4,18 1,04 0,42

Rmr (50%)[�m] 2,78 2,15 3,57 0,54 0,22

Fig. 2. Effect of treatment on Ra roughness parameter  of surface Ni-Al-15%Al2O3 coatings

279



Average value of total height of roughness profile (Rt) of burnished coatings was equal to 
12.29 �m and  16.41 �m after turning. Maximum height  of roughness profile (Rz) value the after 
plastic surface treatment   decreased from 8.98 �m to 6.31 �m. The difference is only 2,67 �m.
Value mean of total height of waviness profile (Wt) of turned coatings was 6.23 �m. After 
burnishing the value of Wt decreased by 0.22 �m to the value of 6.01 �m. Statistical analysis 
(nonparametric tests for two dependent variables): Wilcoxon's test and sign test showed that the 
differences between the averages of the total height of waviness profile for both coatings of 
finishing processes , for a given level of significance � = 0.05, is not statistically significant.  The 
important observation is that the Rz takes the average parameter values greater than Wt. Thus, in 
this case the leakproofness condition is fulfilled.

There reduction of material ratio curve parameters was observed. For example, the reduced 
peak height  of machined coatings was 1.11 �m, and the after plastic surface treatment of Rpk

value decreased to 0.64 �m. Core roughness depth of machined coatings was 2.27 �m. The 
average value of the Rk parameter  of coatings after plastic surface treatment   was 2.04 �m.

a)

b)

Fig. 4. Examples of roughness profiles   of Ni-Al-15%Al2O3 coatings obtained by plasma spraying: a) the 
turned (Ra= 1.02 �m), b) the burnished (Ra= 0,71 �m),

a)

b)

Fig. 3. Examples of waviness profiles   of Ni-Al-15%Al2O3 coatings obtained by plasma spraying: a) the 
turned (Wt = 7.41 �m), b) the burnished (Wt = 7.13 �m),
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Fig. 7. Effect of treatment on hardness and relative degree of strain hardening (Su) of surface Ni-Al-15%Al2O3
coatings

Fig. 6. Unfiltered topography of the  burnished surface  of plasma sprayed  Ni-Al-15%Al2O3 coatings

a) b)

Fig. 5. Examples of material ratio curves of the surface Ni-Al-15%Al2O3 coatings obtained by plasma 
spraying:: a) the turned, b) the burnished 
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In figures 3, 4 and 5 examples of profiles of surface roughness, waviness and material ratio 
curves of Ni-Al-15%Al2O3 coatings plasma sprayed by  PN120 torch are presented.
Studies burnished surface topography of coatings of Ni-Al-15%Al2O3 overlaid by "PN 120" torch 
revealed the presence of defects stereometric structure. There are the spalling (fig. 6). The 
observed spalling on the surface of alloy coatings sprayed by plasmatron were more limited from 
the same geometric structure defects on the surface of coatings obtained by flame spraying 
methods [10].

On figure 6 presented the results of hardness measurement and estimation of the relative degree of 
strain hardening of plasma Ni-Al-15%Al2O3 coatings. The hardness of these coatings after 
machining was 272 HV2. After burnishing their hardness increased to 291 HV2. Relative degree 
of strain hardening  (Su) obtained a value of 7%.

5. Summary

� Burnishing can be used as finishing of plasma sprayed Ni-Al-15%Al2O3 coatings .
� Applying to burnishing SRMD tool can be obtained to the coating surface roughness  

Ra = 0.77 �m. In comparison to the turned  coatings is almost 30 percent less  the Ra value 
(KRa = 1.38).

� Burnished surface satisfies the tightness condition (Wt < Rz).
� The  surface structure, characterized by the material ratio curve,  burnished coatings 

testified about: a) a small wear of  shaft neck in time grinding in mated machine parts, 
b) large area of contact between the surface of journal  with gland’s packing.

� After burnishing, plasma-sprayed Ni-Al coatings can be used to regenerate journals mated 
water sealed gland in torque pumps (due to the surface texture). 

� After burnishing, almost 7% strain hardening (Su) of Ni-Al -15%Al2O3 coatings  was 
observed
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Summary  

Frequently during the initial designing stage, one must use fatigue characteristics of the design element. 
Producing such a plot by making an experiment is not possible at most times. This paper suggests determining such 
characteristics based on the fatigue plot for the material. The assumptions of that method have been developed 
drawing on own experiment and experimental data presented in literature. The name ‘analytical and experimental’
assigned to the method proposed comes from the fact that it is based on the description of the fatigue properties of the 
material received experimentally and phenomenological properties received experimentally presented in literature. In 
order to verify the method proposed, a comparative plot was made for the experimental and analytical fatigue life.
Based on the curve plotted, one can demonstrate that the fatigue life predicted according to own proposal range in the 
assumed scatter band. For the purpose of a comparison, developing the fatigue characteristics according to the 
FITNET method. As for this algorithm, it was found that the fatigue limit determined according to this method is much 
greater than the one received experimentally, which means that the method does not work for materials heavily 
sensitive to the effect of the notch, including e.g. material C45+C. 

Key words: high-cycle fatigue strength, fatigue curves, analytical methods of estimating Wőhler’s curve. 

1. Introduction  

The designer, for an adequate dimensioning of a design element, must be provided with an 
adequate fatigue characteristics of this detail. Acquiring such experimental characteristics 
experimentally is time-consuming and costly. Often at the initial stage of the design, performing 
experiments used to acquire such characteristics is impossible. 

With the above in mind, literature reports on many analytical methods to determine the 
approximate fatigue curve, e.g. [4] and [6]. Unfortunately there is no data on the possible error the 
designer can make using one of them. The attempt at verifying the above methods are given in e.g. 
[7,10,11,12]. 

This paper presents the proposal of determining the fatigue characteristics for design element 
based on the material characteristics. Additionally the  FITNET method and the characteristics 
defined according to this algorithm for material C45+C. 

The name ‘analytical-experimental’ used for the proposed method comes from the fact that it 
is based on the description of the material fatigue properties received experimentally and 
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phenomenological properties received experimentally, reported in literature.

2. Relationship between the fatigue characteristics of the material and a design element 

Being exposed to the load variable in time, strength is of high importance, e.g. notch 
coefficient Kt defined as the ratio of the value of the maximum stress at the bottom of the notch to
nominal stress. The value of that coefficient depends on the shape of the design element. As for the 
element with no change in the cross-section (e.g. smooth normative specimens) the value of the 
notch coefficient is ~1. As for the monotonic load, the effect of the changes in cross-section of the 
element on strength does not occur. It is common knowledge that the effect increases with the 
executed number of cycles until base number of cycles N0 is reached. In the publication [9] the 
author presents that it is possible to make an approximation stating that the effect of the notch 
coefficient and other factors disappears for 103 number of cycles, which is seen from the literature
review involving the determination of the number of cycles at which the fatigue strength of the 
notched specimen and the smooth one is the same. The results are broken down in Table 1,
showing that the range of variation of the number of cycles of the crossing of the curves for the 
notched specimens and smooth specimens ranges from 1.15·102 to 7.24·103. Based on that range, 
it seems justifiable to assume the value of 103 cycles as the strength at which the notch effect 
disappears. Based on this assumption own method has been proposed to allow for determining 
fatigue characteristics of the design element based on the material characteristics. This proposal 
has been presented in the next item. 

Table 1. Fatigue strength and fatigue life in the point of curves crossing for the material and the design element 
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25CrMo4 [9] 13.1 2.16 5.9 325 663 806 0.823
25CrMo4 [9] 13.1 4.0 4.5 181 693 806 0.860
42CrMoS4 [8] 14.0 1.75 5.55 3329 841 1100 0.765
14CrMoV69 [1] 16.1 2.0 4.5 1374 887 980 0.905
C45+C Own

tests 
8.1 2.2 3.9 1068 775 826 0.940

C45+N [3] 11.0 1.65 4.56 7240 443 730 0.607
39NiCrMo3 [1] 8.2 7.2 4.8 484 884 995 0.888
En3B (C22E) [13] 19.7 3.8 3.75 4981 453 678 0.668
SUJ2 (100Cr6) [14] 21.5 2.39 9.0 465 1430 2241 0.638
4140 (42CrMo4) [5] 13.7 2.11 6.3 115 970 1100 0.882
4140 (42CrMo4) [5] 13.7 5.03 3.1 1565 802 1100 0.729
Low-carbon steel [2] 11.5 2.5 6.5 258 547 500 1.094
Low-carbon steel [2] 11.5 2.9 5.8 309 538 500 1.077
Range of variation 115-7240 0.607-1.094

Additionally the table above presents the strength values in the point of crossing of 
experimental curves for smooth and notched specimens. Based on those values the ratios of 
strength in the point of crossing and tensile strength were calculated. 
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3. Method proposed

The method involves the determination of the points characteristic for the curve. Those are the 
point of crossing in the region of fatigue limit and the point limiting the range of limited fatigue 
life (the region of about 103 cycles).

The method proposed is based on plotting the fatigue curve for the material by making an 
experiment. Based on that characteristics, strength σ3 is determined for fatigue life of 103 number 
of cycles. Yet another step is determining fatigue limit for the notched element - ZGk. Next we plot 
the curve with two points showing coordinates (103,σ3) and (106,ZGK). The schematic procedure is 
given in Fig. 1.

  

Fig. 1. Proposed method of determining the fatigue characteristics for design element (solid line) based on the 
fatigue characteristics of the material (dash and point line). 

4. Method of determining the fatigue limit  

The method of determining the fatigue limit for the material according to the FITNET method 
[6] involves multiplying tensile strength (Rm) by coefficient fW,σ dependent on the type of the 
material. The values of that coefficient are given in Table 2. 

Table 2. Values of coefficient fW,σ derived from [6]

Material type fW,σ

Carburized steel 0.40
Stainless steel 0.40
Forged steel 0.40
Cast steel 0.34
Steels other than above 0.45
Sferoid cast-iron 0.34
Malleable cast-iron 0.30
Grey cast iron 0.30
Plastic-worked aluminium alloys 0.30
Cast aluminium alloys 0.30

1

St
re

ss
 a

m
pl

itu
de

, l
og

 σ
a

106

mk
ZG

σ3

ZGk

103

Number of cycles, log N

287



For the notched elements, the fatigue limit for the material must be multiplied by coefficients: 
size Kd, surface roughness KS and the operation of notch η. To determine the coefficient 
determined at the end, there must be calculated stress gradient at the bottom of the notch,
according to the formula: 

(1) 

Then we calculate coefficient η according to the formula: 

mm MPa dla  mm

mm MPa dla  0.1< mm

mm MPa dla  mm

. (2)

Coefficients aG and bG are read from the table below. 

Table 3. Values of coefficients aG and bG 

Material aG bG

Stainless steel 0.4 2400
Other steels 0.5 2700
Cast steel 0.25 2000
Spheroidal cast iron 0.05 3200
Malleable cast-iron -0,05 3200
Grey cast iron -0,05 3200
Plastic-worked aluminium alloys 0.05 850
Cast aluminium alloys -0.05 3200

For material C45+N (the data derived from publication [3]) tested using the specimens 
showing coefficient Kt equal 1.65 the fatigue limit was defined according to the FITNET method. 
The material fatigue limit value determined was 292 MPa, calculated by multiplying tensile 
strength (730 MPa) by coefficient fW,σ equal 0.45. Then there was calculated the value of gradient 
of stress which was 2.4 mm-1. By substituting the value calculated to formula 2 we receive value of 
coefficient η equal 0.781. The fatigue limit of the notched specimen was received by multiplying 
the material fatigue limit by coefficient η and the value of 230 MPa was received. The value 
received differs considerably from the value received experimentally being 165 MPa considerably. 
With the experimental values reported, it was found that a given material shows a high value of the 
coefficient of material sensitivity to the effect of notch ηk which assumes values from 0 to 1. This 
coefficient is used to calculate the coefficient of the operation of notch Kf (defined as the ratio of 
material fatigue limit ZG and the fatigue limit of the notched specimen ZGk) expressed with the 
formula [3]: 

, (3) 
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For the material analysed, coefficient Kf  when substituting ηk with value 1 we receive the 
value equal Kt, namely 1.65. Calculating the fatigue limit of the notched specimen, dividing the 
material fatigue limit ZG by coefficient Kf we receive the value of 169.7 MPa (280 MPa/1.65). To 
provide the characteristics for the notched specimens from material C45+N according to own 
proposal, there was assumed the value of the fatigue limit equal 169.7 MPa. 

Similar material properties was noted in material C45+C which has the same chemical 
composition as material C45+N, however, it is in another state of the treatment. The value of the
fatigue limit for material C45+C according to the FITNET method was 330.4 MPa. As for the 
notched specimens with Kt equal 2.2 there was calculated the fatigue limit equal 224.7 MPa (Rm =
826 MPa, χ = 4.61 mm-1, η = 0.77). To define the fatigue limit for notched specimens applying 
coefficient Kf equal Kt we receive the value of 142.9 MPa (314.4 MPa / 2.2), which is closer to the 
experimental value of 139 MPa. To provide the characteristics according to the proposed 
algorithm, the fatigue limit for the notched specimens with material C45+C, the value of 
142.9 MPa was assumed. 

5. Method of verification  

To verify the proposed method, there was made an experiment to determine fatigue properties 
of smooth and notched specimens of coefficient Kt equal 2.2 made from material C45+C. The 
curve is presented in Fig. 3 in which the red line stands for the results for notched specimen, while 
black line – for the results for smooth specimens. 

With the points received from the experiment, it was possible to plot a curve to compare the 
experimental fatigue life with the estimated fatigue life (Fig. 4). The figure provides the black line 
for the situation when the experimental life equals the evaluated fatigue life (the desired situation) 
stand for the scatter band which was determined according to the following equations: 

Npg =s·Nf (4) 

Npd =s·Nf (5) 

where: 
Nf – value of the fatigue life received experimentally, 
s – coefficient of the scatter band (there was assumed the value of 3), 
Npg – fatigue life value for the upper interval of the scatter band, 
Npd – value of fatigue life for the lower interval of the scatter band. 

6. Results of the verification  

Figs 2 and 3 presents fatigue curves received from the experiment for smooth and notched 
specimens and estimated curves according to the FITNET method and own proposal. Additionally 
Fig. 4 presents the curve to compare the fatigue life evaluated to the experimental fatigue life. 
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Fig. 2 Fatigue curve for steel C45+C – the black line is smooth, the red line – the circumferential notch Kt=2.2,
green line stands for the green curve estimated according the FITNET method and blue line estimated 

according to own proposal 

Fig. 3 Fatigue curve for steel  C45+N– black line – smooth specimen [3], red line – the specimen with 
circumferential notch Kt=1.65 [3], green line – the curve estimated according to the FITNET method 

and blue line estimated according to the own proposal  
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Fig. 4 Comparative curve for fatigue life received experimentally and with the estimated fatigue life according to 
the method proposed (blue colour) and the FITNET method (green colour) 

7. Conclusions  

Based on the curves plotted, one can state that the method of determining the fatigue limit 
according to the FITNET method results in a big error in the case of materials showing high 
sensitivity to the notch effect. Defining the characteristics for that group of materials can cause a 
high error in the fatigue life evaluation. Fig. 4 shows that the values estimated with that method are 
beyond the assumed scatter band, which means that the evaluating the fatigue life is over 3-fold of 
the experimental value. 

As for determining the plot according to the method proposed where determining the fatigue 
limit the coefficient of the operation of the notch was used; it was assumed at the level equal to the 
notch coefficient. The characteristics provided are similar to the figure received experimentally. It
is an clearly visible in Fig. 4 where the points corresponding to the experimental fatigue life and 
the evaluated one fall within the assumed scatter band. 
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Abstract 
 

In the paper results of comparative studies concerning the possibilities of cutting of some materials by means of 
the AWJM method were presented. Roughness parameters (very significant technological and operational factor) of 
surfaces after cutting were compared. Cutting was performed on the two materials’ samples: quenched and tampered 
alloy steel (1.2080), and natural mineral material – syenite. Variable parameters in the cutting process were 
accepted: pressure of water-abrasive jet and feed rate. As a result of measurements involving selected roughness 
parameters (Ra, Rz and Rq). It was discovered that the tested quantities have a significant effect on the state of 
machined surfaces.  

 
Keywords: constructional material, abrasive-water jet machining (AWJM), machine building, civil engineering, 

roughness parameter 
 

1. Introduction 
 
Cutting is operation very often existing in a lot of different manufacturing processes. These 

processes can be performed on a wide range of materials: from technical (metals, plastics) through 
mineral materials and derivative materials (rocks, ceramics) to biological materials (wood, straw, 
organic tissue) and a lot of industries, e.g.: machine building, civil engineering, extractive 
industry, shipbuilding industry. 

Operations of cutting are applied at various stages of the production process and so the 
requirements concerning characteristics of cut surfaces are varied. different requirements will 
apply to cutting not followed by further operations or treatment and different – to cutting followed 
by further treatment.  

Research presented in this paper involve a cutting method which uses a concentrated jet of 
water and abrasive material (AWJM) – the method that is developing rapidly due to its advantages 
[2, 4], but still defined as non-conventional treatment [7, 8]. 

The main aim of described experiments was to verify to what extent parameters of cutting 
using the AWJM method affect machined surface, especially its geometrical structure of elements 
made of material having very different features: steel, and natural mineral material. Surface 
roughness is one of the most important features of surface layer, therefore selected roughness 
parameters are taken as the measure for cutting results assessment. 
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2. Investigated object and range of experiments 
 

Investigations concern samples with following geometrical features (l x b x h): 30x10x5 mm, 
made of different materials – metallic and mineral: 

: very popular constructional steel, numbered 1.2080, symbol acc. to European Standard: 
X210Cr12, quenched and tampered to 43 HRC, 

: syenite. 
Used in investigations materials have strength feature and crystalline structure quite differ. 

Both of chosen materials are applied in machine-tools building, nevertheless, both for different 
units and elements. Tested steel is used for a lot of elements produce, e.g.: elements of machines, 
truss construction, and mineral material – for the machine body or table and as façade elements. 
The main reason of such choice was need to determine the some roughness parameters obtained by 
abrasive-water jet cutting with defined parameters.  

Cutting operations were realized using abrasive-water contour machine, made of PR China 
marked DWJFB 1313. As independent variables in presented investigations following quantities 
were accepted: 

: pressure of working fluid: p = 200, 250 MPa,  
: feed rate: f = 64, 80 and 96 mm/min. 
According to numerous references, e.g. [1, 3, 6], these factors essentially influences cutting 

surfaces features. 
Fluid jet consists mixture of water and Garnet abrasive, mesh 80; nozzle diameter was 1.016 

mm. During machining the cutting head was 2 mm from upper machined surface. 
Results of cutting process were evaluated on the base of measurements of below mentioned 

three chosen roughness parameters: 
: Ra  – arithmetic mean of profile deviation from the mean, 
: Rz  – total height of profile, 
: Rq  – quadratic mean of profile deviation from the mean, 
: Rz/Ra – calculated coefficient. 
Measurements using profilograph Hommelwerke T 2000.were made in three places: 0,25, 0,50 

i 0,75 of l dimension (length) on measuring length (4 mm) situated on the middle of samples 
thickness b. Displacement of measuring lengths were presented in Fig. 1. As a final finding 
average value of 3 measurements (m1, m2, m3) was accepted. 

m1 m2 m3

 
Fig. 1. Sample dimensions and measuring places on the machined samples 

 
Presented investigations have initial character, verifying methodic possibilities, so mentioned 

above three elements set of roughness parameters, measured by means of mentioned metrological 
device one accepted as adequate. 

 
3. Results of experimental investigations 
 

Cutting surface roughness measurement findings are taken down in below tables. The values of 
roughness parameters provided in Table 1 refer to the cutting of steel samples quenched and 
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tempered up to 43 HRC. Based on the analysis of these results it was appeared that the tested 
cutting parameters had an effect on the obtained roughness. It was found that roughness is also 
higher for greater values of parameters, e.g. Ra parameter increased by 0.61 micrometer, i.e. by 
almost 30 % (from 2.16 to 2.77 �m), where there was a change in the feed rate f from 64 to 96 
mm/min, i.e. for an increase by 50%. 

The values roughness parameter are also caused by changes of the jet pressure. At the feed rate 
f = 64 mm/min, an increase in the pressure p from 200 to 250 (25%) resulted in an increase in Ra 
parameter but only by ca. 12%. At different feed rates, an increase in roughness, expressed in a 
change of Ra parameter, is even lower (ca. 6%).  

Table 1. Values of roughness parameters of surface cut by means of AWJM for steel sample 

Feed rate, 
 f, mm/min 

Pressure  
p,MPa 

64 80 96 

Ra, �m 
200 2,16 2,68 2,77 
250 2,42 2,85 2,95 

Rz, �m 
200 11,20 11,80 13,17 
250 13,29 14,42 15,99 

Rq, �m 
200 2,74 3,26 3,37 
250 3,13 3,59 3,75 

 
Changes found in the geometrical structure of the surface being cut are described by regression 

equations which have the following form in the analysed case: 
: for p = 200 MPa: 

o Ra = - 0,215 · f 2 + 1,165 · f + 1,21 
o Rz = 0,385 · f 2 - 0,555 · f + 11,37 
o Rq = - 0,205 · f 2 + 1,135 · f + 1,81 

: for p = 250 MPa: 
o Ra = - 0,165 · f 2 + 0,925 · f + 1,66 
o Rz = 0,220 · f 2 + 0,470 · f + 12,60 
o Rq = - 0,150 · f 2 + 0,910 · f + 2,37 

Statistical calculations demonstrate that the above equations record very well observed 
changes, what is confirmed by the values of correlation coefficients approximating to 1,0. 

The second structural material used in the study was syenite – mineral material (rock), using 
e.g. in very precise machine-tools and measurement machines (tables, bodies) but on the other 
hand – in civil engineering too. The results of measurements presented in Table 2 indicate that the 
surface roughness obtained as a result of abrasive-water jet cutting is similar for all analysed 
values of parameters. Maximum differences are in the range 5;8% 
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Table 2. Values of roughness parameters of syenite samples surface cut by means of AWJM 

Feed rate, 
f, mm/min 

Pressure, 
p, MPa 

64 80 96 

Ra, �m 
200 3,93 3,85 3,78 
250 3,87 3,74 3,70 

Rz, �m 
200 18,58 18,18 17,98 
250 17,44 17,16 17,01 

Rq, �m 
200 4,92 4,82 4,74 
250 4,85 4,69 4,64 

Change in feed from 64 to 96 mm/min, i.e. by 50 % results in a change of the average value of 
Ra parameter from 3.93 to 3.78 �m, i.e. its decrease but only ca. 4%. Similar situation occurs 
where jet pressure is changed: an increase in the value of this process parameter from 200 to 250 
MPa (25%) results in Ra parameter value being decreased from 3.93 to 3.87 �m, i.e. only 1.5%. 
Similar relations occur for other analysed roughness parameters. Relations for this material were 
described by mathematical models. Their forms are presented below: 

: for p = 200 MPa: 
o Ra = 0,045 · f 2 - 0,265 · f + 4,09 
o Rz = 0,100 · f 2 - 0,700 · f + 19,18 
o Rq = 0,055 · f 2 - 0,325 · f + 5,12 

: for p = 250 MPa: 
o Ra = 0,005 · f 2 - 0,095 · f + 4,02 
o Rz = 0,065 · f 2 - 0,475 · f + 17,85 
o Rq = 0,010 · f 2 - 0,130 · f + 5,04 

The analyse indicates that in analysed range of independent variables (feed rate and jet 
pressure) for both materials (steel and syenite) pressure has a minor influence on the obtained 
roughness parameter Ra but recorded gradient is greater for the cutting of steel. Other parameters 
are very similar in quality. Comparison of the results obtained for two structural materials very 
different from each other shows that there are essential differences, see Fig.2. 

An increase of steel machining parameters (feed rate and jet pressure) resulted in increase of 
roughness parameters in cut surfaces, whereas in the case of mineral material a reverse tendency 
was observed: greater values of process parameters resulted in smaller surface roughness. Such 
situation may result from the water and abrasive jet containing mineral grains and so, in the case of 
syenite, mineral machines mineral making the hardness of the tool and the hardness of the 
machined object similar. 

As far as the cutting of steel is concerned, the difference in hardness is greater and therefore 
the relations between analysed factors are similar to those in traditional machining. It is assumed 
that the hardness of the tool should be larger than that of the machined element by at least 30 
HRC. 
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Fig. 2. Histograms presenting changes of 
roughness parameters: Ra, Rz and Rq of the 
steel and syenite samples surfaces after 
AWJM at the jet pressure p = 200 MPa 

 
Comparison of histograms shown in Fig. 2 and 3 indicate that the roughness of the cut 

surfaces, machined with the same parameters, is much greater (even 50%) for syenite than for 
steel. Furthermore, it can be seen that the values of all measured parameters of cut surfaces, 
machined in the same parameters, are greater for mineral material than for steel.  
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Fig. 3. Histograms presenting changes of 
roughness parameters: Ra, Rz and Rq of 
the steel and syenite samples surfaces after 
AWJM at the jet pressure p = 250 MPa 

 
The parameters of cut surfaces roughness make this treatment to be defined as a roughing one, 

so it can be assumed that this method of cutting can be useful with regard to elements of which 
machined surfaces will be subject to further treatment. However, the AWJM method is not 
recommended for surfaces which are not machined after cutting. 
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Table 3 consists calculated quotient values of two measured roughness parameters Rz and Ra. 
Value of this quotient is important for various reasons, among other for tribologic features of 
machined surfaces what is confirmed in [5].  

 
Table 3. Values of quotient Rz/Ra for surfaces cut with different parameters 

Jet pressure 
MPa 

Values of quotient Rz/Ra 

steel syenite 

feed rate f, mm/min  
64 96 64 96 

200 5,22 4,75 4,68 4,82 
250 5,53 5,42 4,49 4,61 

 
On the ground of presented findings one can state that quotient of analysed parameters was 

increased together with machining accuracy increase. In Fig. 4 there were presented results of 
mentioned investigations. Shaping and finishing turning was compared. As the object of 
comparison 3D view of machined surfaces, ordinates distribution and load capacity curves were 
accepted. 

 
 

a) b) c) 
shaping turning, Sz/Sa = 5,573 

 

  

finish turning, Sz/Sa = 6,740 

 

 

 
 

finish diamond turning, Sz/Sa = 7,065 
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Fig 4. Comparison of turning surfaces tribology features: a) 3D surface view, b) ordinates distribution, 

 c) load capacity curve, acc. to [5] 
 

The views of machined surfaces are not much differentiated, besides kind of machining was 
differ. Visible difference were observed in ordinates distribution and load capacity curves. 
Allowing results of mentioned investigations, on the ground of findings contained in Table 5 one 
can state that for steel samples enlargement of jet pressure generates slight only (ca. 6%) increase 
of quotient, so load capacity of such surface will be greater too. Other relationships are for feed 
rate. Greater feed resulted smaller quotient value, so tribologic features will also worse.  

Analysing quotient of Rz and Ra values for syenite samples inversely (than for steel) 
relationships were observed, namely:  

: greater jet pressure – smaller quotient value – worse tribology features and 
: greater feed rate – greater quotient value – better tribologic features. 

 
4. Conclusions 
 

On the ground of presented experiments and the analysis of the selected roughness parameters 
measurements results obtained from such experiments, conclusions of practical nature can be 
formulated. The most significant of which are as follows: 

: abrasive water jet method can be used for the cutting of structural materials with various 
chemical compositions and structure – with satisfactory efficiency, 

: roughness level of the cut surface using the AWJM method defines this method as 
roughing, 

: influence of machining parameters of AWJM is differentiate for different machined 
material. 

As one said above, the experiments presented in this article have initial character, so on the 
base of obtained results one can conclude that the established aim of research was accomplished. 
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Abstract 

 
 The results presented in this paper apply to the research of grinding and cutting process of ionomer copolymer 
(E/MAA) under the trade name Surlyn® from DuPont company. Processing of this material is difficult and its 
susceptibility to mechanical recycling is limited. The results presented here are an important part of research 
concerning management of ionomer waste formed in the injection moulding process (defective moulded pieces with 
and the thick-walled injection moulding waste). The plastic material under examination is applied in the line of 
perfume, the products are expected to have transparency of the glass and don't have disqualifying surface defects. 
This requires the use of non-standard conditions in the injection moulding process and the construction of 
complicated structures of injection moulding tools (ie, three plate mould), along with valve gate hot runner systems. 
In the structure of three plate mould we use cold runner system in hot runner injection moulds, the former of which 
forms the so-called injection waste, i.e. runner, which further increases the cost of the tool. In the case of plastics 
considered, injection waste constitutes up to 30 percent of the weight of the moulded piece, which, with high prices of 
this plastic (Surlyn® price is more than three times higher than the commonly used polyolefin materials) and reduced 
re-use possibilities, constitutes unaccepted, additional cost of production. This paper is an attempt to develop 
favorable conditions for the process of grinding of Surlyn® in terms of its re-use in secondary processing. The study 
shows that the temperature of feed has a significant impact on the level of thermal load of the material subjected to 
grinding and cutting, as well as on the effectiveness of disintegration. 
 
Keywords: ethylene/methacrylic acid copolymers, recycling of ionomers, recycling of Surlyn (E/MAA), grinding of 
ionomers, cutting of ionomers, 
 
1. Introduction 
 
� Surlyn® is the trade name of ionomer (E/MAA - ethylene/methacrylic acid copolymers, which 
has in its structure the cations of metals such as Zn and Na), produced by DuPont. Ionomers are 
characterized by strong electrostatic interactions between the chains of polymers and the 
amorphous structure. These materials have good resistance to abrasion and puncture, and good 
stiffness combined with the flexibility and resilience. These materials combine high tensile 
strength (greater than crystalline polyolefins and copolymers containing carboxylic acid groups) 
with good flexibility. Surlyn®, in comparison to the crystal structure of polyolefins and 
copolymers containing carboxylic acid groups, has much better mechanical properties, resistance 
to wear and damage, and good rigidity with sufficient flexibility and elasticity [1, 2]. 
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 The main areas of the application of Surlyn® are: production of cosmetic packaging (Figure 1), 
pharmaceutical packaging and food packaging (containers, bottles, boxes, foils, sheets, plates) and 
production of sports goods [1, 3, 5]. In literature, we can also find reports of attempts to use this 
plastic to modify the structure and properties of other thermoplastics [1, 3, 4, 8, 9]. The line of 
perfume expects exceptional transparency comparable to glass and moulded pieces free from 
visible surface defects from polymeric products. Surlyn®, with its unique properties can replace 
glass, giving more freedom for designing of package geometry e.g. the product with variety of 
wall thicknesses, sharp corners, the possibility to apply galvanic coating, the diversity in the 
surface finish, a wide variety of colouring, the use of overmoulding technology, safety of use) and 
by reducing the cost of packaging by approximately 30-40 per cent [6, 7]. 

 

 
Fig. 1. Examples for using Surlyn®: a) a perfumery cap, b) complete perfumery package (bottle with cap) 

 
 Surlyn® makes lots of problems during injection moulding process, such as problems with the 
cooling of tool, surface defects are defects formed inside the structure of thick-walled moulded 
pieces. Susceptibility to mechanical recycling of  ionomers is limited, due to the loss of 
transparency in the secondary processing (mouldings become milky). For these reasons, the 
production process often requires to apply cold runner system in hot-runner injection moulds (a 
three-disc mould structure arises) forming injection moulding waste, so-called "cold runner". In 
the case of plastics considered, injection waste constitutes up to 30 percent of the weight of the 
moulded piece, which, with high prices of this plastic (Surlyn® price is more than three times 
higher than the price of commonly used polyolefin materials) and reduced re-use possibilities, 
constitutes unaccepted, additional cost of production. 

2. Methodology of research 
 

 In the research of cutting and grinding we used Surlyn® PC 2000 thermoplastic ionomer 
produced by DuPont (USA) in the form of injection moulding waste. It was cold runner, which, in 
case of Surlyn®, constituted as many as 32 per cent of the plastic entered to processing tool in one 
cycle. Before cutting and grinding, a part of the material under research was being frozen to 
temperature of -40°C within 24 hours in the freezer by Zwick (Germany). Cutting and grinding 
were carried out on the test stand whose description and research potential was presented in the 
paper [10]. Knives with a specific structure were equipped with extensometers by VISAY 
(Germany), sticked on in the Full Bridge Strain Gauge configuration [10]. The courses of strength 
and torque variations were registered with ESAM Traveller 1 converter (Germany). The angle of 
the edge of the cutting knives was �=60°, while their cutting edges were inclined by 2� = 6° to the 
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rotor axis (the mill by hiperboloidal rotational cutting). Tests on cutting and grinding were 
conducted with tangential velocity of movable knives of 3 and 6 m�s-1 and by using sieves with 
diameters of S 9mm of holes. Gain in weight was registered by WLC 6 scales by Radwag. 
Calculation of energy consumption per unit was made on the basis of a chart presenting torque 
variations in the realization of grinding process, according to the methodology proposed in the 
paper [11]. In grinding tests we also measured the temperature within the separating sieve. In order 
to make the data presented here more understandable, the individual cases of cutting and grinding 
were described in variants. Disintegration of Surlyn® with the tangential velocity of movable 
knives of 3 m�s-1 and at ambient temperature of 20°C was described in A variant. Cutting and 
grinding of Surlyn® with the tangential velocity of 6 m�s-1 and at ambient temperature of 20°C 
were described in B variant. Samples frozen to -40°C and disintegrated with the tangential velocity 
of 6 m�s-1 of movable knives were indicated as D variant, and the ones cut with the velocity of 3 
m�s-1 as C variant. Proportions of graining of the recyclates obtained were estimated through sieve 
analyses carried out by using sieves with the diameter of holes of S8; 7; 6, 5; 3,5 and 2 mm. The 
process was realized in gyratory screen, and the analysis took 3 minutes. Moreover, recyclate 
grains obtained were assessed on the stand to computer analysis of view, with the help of stereo 
microscope with octuple magnification of the lens. Observations were made with the help of 
Multiscan 18 applications on Computer Scanning System from Warsaw [12].�
 
3. Results of cutting 
 
 The analysis of cutting performance indicates that the freezing of the feed material to -40°C 
resulted in a significant increase in the values of the shear force. It seems to be the effect of an 
increase in hardness and stiffness of the material; this results in an increase of resistance to the 
effects of the cutting blades. At the same time, it was found out that the distribution of the frozen 
material is initiated by cutting owing to the cooperation of fixed and movable knives, and in the 
final phase of the process a brittle fracture of Surlyn® occurs, similar in its course to the 
disintegration of polystyrene at ambient temperature (see Figure 2). 
 

 
Fig. 2. Influence of temperature on disintegration type of injection moulding waste: parts of samples after  

cutting in -40°C. -samples on the left with frayed cutting surface- brittle cracking,  
parts of samples after cutting in +20°C -samples on the right with smooth cutting surface 

 
Reduction of the tangential velocity of the cutting blades by half to 3 m�s-1 did not cause any 

significant changes in the course of variations of shear force or torque (see Figures 3-5). Similarly 
to the higher speed, the force needed to cut the sample is significantly higher for the frozen 
Surlyn®. 
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Fig. 3. Influence of the temperature of the feed on cutting force by hiperboloidal rotational cutting 

with tangential velocity 6 m�s-1 (the figure shows average values and standard deviations) 
 

 The only change observed is the prolongation of cutting time from 1ms to 3ms for the tests 
made for the material unfrozen (see A variant). A high percentage of cracking while cutting of 
Surlyn® at -40°C is evidenced by the stability of cutting time in B and D variants, despite the fact 
that the tangential velocity of knives was reduced twice. 
 

 
Fig. 4. Influence of temperature of the feed on cutting force by hiperboloidal rotational cutting  

with tangential velocity 3 m�s-1 (the figure shows average values and standard deviations) 
 

 
Fig. 5. Example of cutting of Surlyn® at ambient temperature with tangential velocity of 3 m�s-1 
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4. Results of grinding 
 

The temperature of an input affects grinding to a significant extent (see Figures 6 and 7). 
Reduction of the temperature of the technological waste to -40°C doubles the increase in 
performance in relation to A variant and causes an increase by 25 per cent as compared to the 
realization of the disintegration of Surlyn® at 20°C and at the same peripheral speed of 6 m�s-1  of 
movable knives. Similar changes can be observed in energy expenditures to be incurred in the 
process of disintegration of ionomer by knife. Reducing the temperature of the feed to -40°C 
causes the decrease in energy consumption per unit used in grinding of Surlyn® from 150 kJ �kg-1 
to about 60 kJ �kg-1; which constitutes reduction in energy input by 60 per cent. For economic 
purposes the cost of lowering the temperature of the feed has to be taken into account. 

 

 
Fig. 6. Influence of conditions of grinding on efficiency during Surlyn® grinding in the cutting mill  

(the figure shows average values and standard deviations) 
 

 
Fig. 7. Influence of conditions of grinding on energy consumption per unit during Surlyn® grinding in the cutting mill 
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Realization of disintegration of the material at ambient temperature is energy-consuming. 
Energy inputs necessary for its grinding are lower by about half when compared to a vulcanized 
rubber (but for graining of 1mm) and about 5 times higher then in the case of grinding of PELD to 
the same extent as in grinding of ionomers [11]. Using higher tangential speed of the rotor is more 
effective, despite the higher energy consumption per unit (see A and B variants). 

Conditions for grinding processes affect temperature variations in working chamber of the tool 
significantly. The biggest increase of the temperature is characterized by disintegration of Surlyn® 
with higher tangential speed of the rotor (B variant). However, in that case, increase in temperature 
to about 30°C, does not constitute any thermal devastation. Freezing of the feed at -40°C caused 
the decrease in temperature by 10°C during grinding process, which is favourable when we take 
into account the sensitivity to high temperature of the disintegrated material (Figure 8). The results 
seem to affect the changes in structure of products obtained from recyclates. Analysis of data 
acquired from manufacturers of Surlyn® indicates that one of the most serious problems of 
recycling of Surlyn® is the loss of transparency. Thus, carefulness for maintaining relatively low 
temperature in a working chamber of disintegrator when carrying out the process may have a 
positive influence on recycling as well as on optical properties of this material.  

 

 
Fig. 8. Variations of temperature during the grinding process of injection moulding waste 

 
The distribution of grains indicates that applying the Ø 9mm sieves guarantees to obtain the 

recyclate of the proper grinding degree. It is evidenced by the fact that for all grinding variants the 
dominant grain group of recyclates are grains from 3,5 to 5mm, and, as for B and D variants more 
than 50 per cent of the total mass is comprised of the recyclate with the grain size of less than 
5mm (Figure 9). Lowering the temperature of the feed did not affect the proportions of graining to 
any significant extent (D variant). It is worth mentioning about the importance of tangential 
velocity of cutting knives, but the recyclate obtained through the velocity twice as lower is 
characterized with the presence of larger grains. In addition, no dust was observed, while it is 
common for grinding of other thermoplastic materials like polyethylene or polypropylene. 
 Grinding of Surlyn® at 20°C leads to creating groups of grains with flat surfaces of cutting and 
straight edges (Figure 10). It proves the high importance of cutting in the waste material 
disintegration. Lowering the temperature of the feed to -40°C caused numerous fractures and 
roughness on surface of the grains (Figure 10). It seems to be the effect of the growing importance 
of cracking in disintegration of Surlyn®, which is more stiff and brittle at this temperature. 
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Fig. 9. Cumulated curve of ground Surlyn® PC 2000 according to grinding conditions during mill  

by hiperboloidal rotational cutting 
 

 
Fig. 10. Influence of temperature of the feed on geometry and surface of grains of the recyclate. All pictures are made 

with the use of stereoscopic microscope (8x magnification) 
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5. Conclusion 
 
 Results of cutting and grinding of Surlyn® thermoplastic ionomer show the substatial 
importance of temperature of the feed for the effectiveness of mechanical recycling of this 
material. We can assume that cutting by knife at minimum gap between the blades allows to obtain 
ionomer recyclate with the proper grain distributions and by the relatively acceptable effectiveness 
and energy consumption. There is no direct dependence between the values of the cutting force 
and the energy consumption per unit used for grinding. Freezing of the feed to the temperature 
below -40°C made grinding of the material easier, since Surlyn® was flexible at ambient 
temperature, owing to the growing importance of cracking in disintegration. 
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Abstract 
The aim of the research was to examine the behaviour of porous polystyrene during grinding realised in a knife 

grinder. The assessment of the porous structure influence on the effectiveness of polystyrene disintegration was 
conducted in relation to previously obtained results of knife cutting realised at the same research site. These 
unquestionable advantages have caused that even over 1*106 kg of thermoplastic material includes in its structure the 
gas phase. The observed trend results from the tendency aiming to obtain plastic parts of light structures that may be 
used as construction materials. Due to the complex polymer-gaseous structure of porous materials, their mechanical 
recycling requires adapting special, different from typical for solid materials, cutting and grinding conditions. The 
behaviour of polymer materials under applied load is tightly connected with their structure. Earlier process analysis 
indicates that together with the cutting velocity increase, the impact cracking ratio in the material division increases. 
As a result of the conducted research, polystyrene recyclate was obtained, which might be reused in re-processing for 
new product production. Polystyrene porous structure is conductive to effective grinding, which is characterised by 
low energy consumption for grinding and high effectiveness in relation to the grinding degree.  
 
Keywords: recycling of polystyrene, porous polystyrene, cutting of polystyrene, grinding of porous polystyrene 
 
1. Introduction 
 

The use of physical or chemical pore-filling to increase the heat insulation or suppression 
properties of plastic materials like PELD, PP, PVC, to increase the rigidity, to replace the long-
known foamed polystyrene in packaging industry by physically pore-filled polyolefin materials 
has also been noticed [1]. Moreover, the addition of chemical blowing agents to solid 
thermoplastic materials decreases the product shrinkage, improves the rheological properties as 
well as allows to create product geometries that so far have been considered as elements of the 
non-technological design (e.g. the use of different wall thicknesses) [1, 2]. It has also been found 
that thanks to chemical blowing agents there exists the possibility to shorten the injection cycle [1, 
4]. For products of a complex shape and differentiated wall thickness the addition of even a small 
amount of a blowing agent decreases the shrinkage anisotropy, which eventually results in the 
decrease of the own tension level and deformations [1, 4]. These unquestionable advantages have 
caused that even over 1*106 kg of thermoplastic material includes in its structure the gas phase. 
The observed trend results from the tendency aiming to obtain plastic parts of light structures that 
may be used as construction materials.  

Due to the complex polymer-gaseous structure of porous materials, their mechanical recycling 
requires adapting special, different from typical for solid materials, cutting and grinding conditions 
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[3-7]. The behaviour of polymer materials under applied load is tightly connected with their 
structure. Polymer viscoelasticity causes that, apart from the grinder constructional features, also 
process temperature and the velocity of external forces interaction with the input material, causing 
its disintegration, influence the final grinding process effectiveness. Earlier process analysis 
indicates that together with the cutting velocity increase, the impact cracking ratio in the material 
division increases. This especially refers to solid thermoplastic materials [4, 7]. Basing on this, one 
may regard that an advantageous solution is the use of high peripheral speed of the knives. 
However, one should remember that high process dynamics causes the increase of powdery 
fraction participation and recycled material electrification. The phenomena is disadvantageous 
from the point of view of recycling the material. Due to low values of melting temperatures of PS, 
PE, and especially – of PVC, the material cutting velocity must be a compromise between the 
disintegration effectiveness and the recyclate quality.  

The aim of the research was to examine the behaviour of porous polystyrene during grinding 
realised in a knife grinder. The assessment of the porous structure influence on the effectiveness of 
polystyrene disintegration was conducted in relation to previously obtained results of knife cutting 
realised at the same research site [4-7]. 
 
2. Research methodology

 
 Extruded parts obtained in the laboratory single-screw extruder with mounted research head of 
13,5x8 mm mouthpiece cross-section were used for the research. The head was equipped in a 
three-zone heating system, thanks to which it was possible to achieve proper foaming of the 
chemical blowing agent in the solid polystyrene. The material was produced of KRASTEN 552 
9002 polystyrene by the company Synthos S.A. (Czech Republic) with simultaneous Expancel 980 
MBX 120 blowing agent by the company Akzo Nobel (Sweden) dosing. The blowing agent 
concentrate was added to PS in the amount of 4% of mass. The extrusion process was realised at 
the following parameters: a) extruder plasticising unit temperature: zone I - 145 0C, zone II - 215 
0C, zone III - 215 0C, b) extruding head temperature: zone I - 140 0C, zone II - 140 0C, c) screw 
rotary velocity ns = 85 rot./min-1. Profiles of the average cross-section of 14.5x8 mm were obtained, 
with final cross-section dimensions, especially for porous extruded material, controlled by the 
peripheral velocity of the suction cylinders. The porous material density with the content of the 
blowing agent of 4% in mass was estimated at the level of 446,3�12,6 kg�m-3, while for solid PS the 
obtained density equaled 986,5�21,4 kg�m-3. Initially cut material was disintegrated at the research 
site for examining the cutting and grinding processes, whose description and research capacities are 
included in research thesis [4, 7]. Knives of special design ensuring adequate susceptibility to 
deformation at the influence of the cutting force were equipped in strain gauges by company 
VISAY (Germany), which were stuck in the full bridge configuration. The courses of the 
alterations of force and torsion moment were registered by means of a converted ESAM Traveller 
1 (Germany) with software, at the assumed examining time of 10-2 s. Cutting knives of geometrical 
features presented in research [4], were applied, whose cutting edges were reclined in relation to 
the rotor axis by the angle 2� = 60. The angle of the cutting knives equalled 600. The tests were 
conducted at the peripheral velocity of the moving knives of 3 m�s-1 and with the use of sieve of 
the hole diameter of S 9 mm. The calculation of the unitary energy consumption (in relation to the 
ground mass) was carried out basing on the torque alteration diagram during the realisation of 
grinding process, according to the methodology suggested in research work [8]. The grain 
distribution of the obtained recyclate was estimated through sieve analysis in dry conditions with 
the use of sieves of the hole diameter of S 8; 7; 6, 5; 3,5; and 2. The process was realised in an 
eccentric sieve machine and the analysis time equalled 8 minutes. While grinding, the 
temperatures of the fixed knife and in the area of the separating sieve were also measured. 
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3. Results of grinding 
 

The analysis of grinding research indicates significant influence of material structure on its 
mechanical recycling susceptibility. Specific energy consumption for solid polystyrene grinding is 
essentially lower to the energy quantity needed for grinding extruded polystyrene with 4% 
porophore content (Fig. 1). At the same time, no effect of porophore content on the energy level 
needed for material cutting was found out. In all the cases of porous polystyrene a similar level of 
energy consumption was obtained, slightly higher than 40 kJ�kg-1. Such a low level of energy 
consumption, when compared to other polymer materials, on porous polystyrene disintegration 
shows high susceptibility of this material to grinding.  

 
Fig. 1. Changes of the specific energy consumption during grinding polystyrene of variable pore quantity in a knife mill. The tests 
were conducted at the tangential velocity of the moving knives of 3 m*s-1 and with the use of sieves of the hole diameter of Ø 9 

mm (the figure shows average values and standard deviations). 
 
The changes in material grinding effectiveness can especially be noticed while analysing the 

mass changes during grinding (Fig. 2) as well as taking into account the changes of energy 
consumption, which were defined basing on the torque changes (Fig. 3).  

 

 
Fig. 2. Changes of the efficiency during grinding polystyrene of variable pore quantity in a knife mill. The tests were conducted 

at the tangential velocity of the moving knives of 3 m*s-1 and with the use of sieves of the hole diameter of Ø 9 mm (the figure 
shows average values and standard deviations). 
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The analysis of the two diagrams indicates the fact that in case of solid polystyrene grinding, due to its 
low toughness, the input segmentation takes place through cutting and impact cracking. The process 
proceeds very intensively due to the fact that in the gap between the moving and fixed knives material 
segmentation is initiated through its incising and the following uncontrolled brittle cracking caused by 
rotary movement of the rotor. Porous structure creation limits the phenomenon and emphasises the 
significance of cutting as the basic material segmentation manner. Pores created by introduction into the 
PS structure a blowing agent or a neutral gas moderate crack propagation while cutting and constitute a 
kind of its flexible phase. Chemically modified polystyrene segmentation is connected with the highest 
energy expenditure (Fig. 3), which indicates that in these cases the material disintegration takes place 
mainly through cutting.  

 

Fig. 3. The exemplary course of change of energy consumption (measurement at regular intervals - 0,1 s) required to 
disintegration polystyrene of different porosity degree 

 
Obtaining a defined segmentation degree for solid PS is the most prolonged, and unitary energy 

expenditure for this material grinding is lower than for extruded PS with 4% of blowing agent in mass. 
This is the result of a high participation of gaseous phase in material, which constitutes the area of material 
unwholeness. The dominant participation of cutting in porous polystyrene disintegration is confirmed by 
the measurements of the temperature registered inside the mill chamber and in the area of the sieve. For all 
the cases considered in the research heat load is minor, and the temperature did not exceed 400C.  

The analysis of the obtained recyclate disintegration shows the dominant participation of fraction of 
grain range of 3,5<x<5mm, regardless the structure type (Fig. 4). This grain fraction participation 
constitutes about 35% of the whole mass of the obtained recyclate. Fractions of 5<x<6 mm and 6<x<7 
mm also have a great weight for the grain distribution. Together they constitute another 35% of the mass 
of the analysed recyclate input regardless the polystyrene structure type. It can, therefore, be agreed that 
the sieve of Ø 9 mm generates the greatest content of grains within the range of 3,5 to 7 mm, which, form 
the point of view of further processing, is a positive phenomenon.  

It is also worth mentioning that the initial analysis of microscope pictures reveals that in case of porous 
polystyrene a set of grains with flat cross planes and straight edges was obtained (with clear marks of knife 
cutting), which shows the dominant significance of cutting in material division. Solid polystyrene 
recyclate is characterised by similar shape. On the contrary, the difference in relation to porous material 
concerns the cutting surfaces which for recyclate are less flat with elements of hollows and bulges. This 
shows a significant participation of percussive cracking in brittle polystyrene disintegration, which gives 
an additional confirmation of low energy consumption for solid PS. Initiated by cooperative cutting knives 
material cutting is, due to its hardness and brittleness, further propagated unprompted. The above 
described mechanism of polystyrene division finds its confirmation in the obtained recyclate grain content. 
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Despite the use sieves of the hole diameter of 9 mm in the knife mill, about 50% of the mass is composed 
of grains of the average volume of 5 mm and less (Fig. 4). 

�

Fig. 4. Grain size distribution of the obtained PS recyclate 

5. Conclusions 
 

The presented research proves that the porous structure created in polystyrene significantly 
influences the material susceptibility to grinding. Together with the pore content growth in the PS 
structure, the material segmentation in a knife mill chamber takes place with the lower 
participation of impact cracking, mainly though cutting. Polystyrene modification through its pore-
filling caused obtaining the material of a restricted susceptibility to impact cracking, whose 
segmentation to the grain degree allowing subsequent processing requires higher energy 
expenditures. Porous polystyrene grinding is form the point of view of efficiency and unitary 
energy consumption, far less effective. The employment of the same material disintegration 
conditions caused obtaining similar grinding degree. The dominant fractions, constituting more 
than 60% of the input mass, are a set of grains of much smaller dimensions than the ones used in 
the working chamber of the sieve (the hole diameter of Ø 9mm).  
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Abstract

The problem of quality of laboratory test results is essential in the context of their future application for example in 
machine design. Usually quality of test results means their reliability. To achieve it laboratories often tend to accredit 
their tests in national accreditation bodies in accordance with ISO/IEC 17025  standard. To fulfill the requirements 
means to introduce a lot of effort in technical and organizational areas of activity. In order to help and support such 
activities the attempt of elaboration of computer aided accreditation software is being developed. One of the key issues 
of the problem is to fulfill the mentioned requirements from the range of the clause 4.7 „Service to the Customer” but 
also from the point of view of an organization trying to achieve the highest level of the customer's satisfaction. The 
paper discusses the problem focusing on basic assumptions that need to be viewed. On the base of developed works and 
own experience suggestions for application are added. 
  
Keywords: quality, laboratory, accreditation,  reliability of tests, service to the customer 
 
1. Introduction 
 

A laboratory is a place where tests are performed in order to gather data needed in various 
processes i.e. scientific, production, design ones. In such a case a matter of reliability of test results 
seems to be an essential issue. The laboratory has to prove its competency in performance of 
different test methods (the standard  or own ones). In practice many problems may occur. They can 
be related  among others with reliability of an applied testing method, order processing etc. 
Discussion on reliability leads to quality problems. In relation to laboratory processes there are 
doubts on quality of service [7, 8]. As a consequence of experience in the discussed field there were 
elaborated and issued international standards of ISO 9000 series. They are based on ideas and 
assumptions of total quality management (abbrev. TQM). The edited standards caused essential 
changes in approach to management processes. Theses standards how a producer can design, 
develop and present a quality management system. The goal of these standards is to define the base 
for such a system. The structure of mentioned standards is universal and can be applied in various 
conditions [6, 8]. 

In case of testing laboratories ISO 9000 standards can be applied as well. The next step to reach 
a customer's satisfaction in laboratory services is the implementation of requirements included in 
ISO/IEC 17025 standard [1]. Gaining an accreditation certificate in accordance with the standard 
confirms testing competencies of the laboratory. The standard widens requirements of ISO 9000 
standards with technical competencies referring to essential activities of individual laboratories [5]. 
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As it was mentioned above the problem of accreditation based on the consists of two parts: 
technical and management. While the second one is usually referred to well known ISO/IEC 9000 
standard series and it is possible to find a lot of information on the issue so the first one has not 
been described sufficiently enough. As a result an author of the paper, supported by scientists 
working in the environment of strength and fatigue testing laboratories, decided to elaborate and 
develop  software tools to implement, maintain and manage the quality system in accredited testing 
laboratories with a special reference to strength laboratories. The aim of works is to develop the 
methodology of implementation of quality system with accordance to ISO/IEC 17025:2005 
standard on the base of propose software. Additionally, the aim of software is to face the most often 
problems connected usually with documentation, both traditional and electronic. Moreover the 
system will help in exchanging experience of laboratory specialists by communication with authors. 
Some developments of works can be found in various scientific papers i.e. [2] , [3] and [4].    

What is more important in the context that modern generations communicate and work usually 
with usage of IT tools. While in the 1960s computers started to be implemented step by step in 
industry systems of files started to remove traditionally gathered and processed data. Since then 
database systems have started to become a standard tool [3, 4]. 

Service to the customer is an essential issue of most quality standards including ISO/IEC 17025. 
The aim of this paper is to present a role and basic assumptions for including the good customer 
service in the designed software in accordance with the standard [1]. 
 
2.  Service to the customer as a requirement of ISO/17025 standard and an element of the 

designed software 
 

Designed software consists of 7 modules that are able to work independently. They can be a part 
of the management system (8th application – as in the algorithm) built in a different way what can 
increase the number of potential users. On the other hand the efficient working of individual 
modules can lead to implementation of all modules that support the system in the whole. System 
based on the proposed software can eliminate present problems, especially in the area of traditional 
and electronic documentation, facilitate the fulfilling of accreditation requirements, and enhance 
exchange of experience [2, 3].   

Software, referring to requirements of ISO/IEC 17025:2005 standard, was divided into two 
groups:   
a)  requirements referring to management system (documentation, internal audits, corrective and 

preventive actions, management system reviews), 
b)  requirements referring to technical area (testing method, measurement database, personnel).   

  
To facilitate the programming process (especially in the context of application of object-oriented 

programming) the above division was presented in fig. 1 [2, 3]. 
At the moment it is essential to compare the above described design with specific requirements 

of the standard [1] on the service to the customer. The clause 4.7 of the standard states: 
„4.7.1. The laboratory shall be willing to cooperate with customers or their representatives in 
clarifying the customer’s request and in monitoring the laboratory’s performance in relation to the 
work performed, provided that the laboratory ensures confidentiality to other customers. 
 
NOTE 1. Such cooperation may include: 
a) providing the customer or the customer’s representative reasonable access to relevant areas of 
the laboratory for the witnessing of tests and/or calibrations performed for the customer; 
b) preparation, packaging, and dispatch of test and/or calibration items needed by the customer for 
verification purposes. 
NOTE 2. Customers value the maintenance of good communication, advice and guidance in 
technical matters, and opinions and interpretations based on results. Communication with the 
customer, especially in large assignments, should be maintained throughout the work. The 
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laboratory should inform the customer of any delays or major deviations in the performance of the 
tests and/or calibrations. 
 
4.7.2. The laboratory shall seek feedback, both positive and negative, from its customers. The 
feedback shall be used and analyzed to improve the management system, testing and calibration 
activities and customer service. 
NOTE. Examples of the types of feedback include customer satisfaction surveys and review of test or 
calibration reports with customers.” 

Fig. 1. Algorithm of computer aided accreditation software in testing laboratories, *MDB – measurement database, ** 
M. reviews – management reviews [2, 3]   
 

From the above it results that issues on the customer service are related with documents. But on 
the other hand, analysing fig. 1, it can be noticed that documents are connected with all technical 
requirements. So the question is what kind of assumptions should be considered in order to fulfill 
the requirements efficiently? How to fit service to the customer issues in the range of the designed 
software? Should it be a separate module or a part of one of the presented in fig. 1? 
 
3. Basic assumptions for implementation of the customer service requirement 
 

The first assumption is obviously connected with fulfillment of the above mentioned 
requirement. The standard [1] is the base for implementation of the quality management system in 
the laboratory and, as a next stage, gaining an accreditation certificate in accordance with the 
standard confirms testing competencies of the laboratory the propose software has to obey the 
requirements. But, from the different point of view, the customer service is a business process. 
Considering as a goal earning money, gathering funds for future investments most of laboratory 
managers base on their own experience building relationships with customers. From this point of 
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view an attempt to formulate assumptions, as input data for the customer service implementation as 
the element of the software, was undertaken. Following assumptions are suggested: 
a) computer aided service to the  customer tool has to use use present resources and facilities 

including the ones connected with hardware, software and knowledge of workers. Such a n 
attitude will improve, accelerate the implementation as well as decrease associated costs  also 
from the point of view of personnel trainings,   

b) computer aided service to the  customer tool has to control the work of a servicing crew. In such 
a context the essential value should be connected with qualifications, education and personal 
skill of members of the servicing crew. computer aided service to the  customer tool has to 
reflect such a situation so probably differences on mentioned features should be applied in 
various editions of the software focusing on relation software - user, 

c) computer aided service to the  customer tool has to bring a result in possibility of customer's 
access to current information on the realized service. Such an attitude may result in increase of 
customer's confidence, trust and safety in the context of planning of own activities  regarding 
the service and as a consequence increase of customer's satisfaction. It is trivial to state that 
today information is the most valuable good. Constant monitoring of test services can be an 
another proof, for potential customer, that laboratory is a reliable testing unit and at the same 
time the customer can plan his/her activities in accordance with the stage of works,  

d) computer aided service to the  customer tool has to enable the communication on the line 
customer – service provider (laboratory) not only in the aspect of deadlines but also technical 
details or organizational issues connected with the service process,  

e) computer aided service to the  customer tool has to result in feedback that stands for the base of 
analysis and decision making processes on input data (related to hardware, software, personnel 
or global decisions in the context of the customer service) . 

 
4. Summary 
 

The general idea of computer aided service to the  customer is to fulfill the requirements of 
ISO/IEC 17025 standard and what is more to provide the customer service in a new, modernized 
form. Thanks to the form the customer receives the possibility of up-to-date service monitoring and 
new platform for communication with a service provider (laboratory) in more efficient way both in 
the time context as well as in the test technical context.  Finally such approach may result in 
different innovations in the field of laboratory management. Implementing such a solution 
laboratories should consider different assumptions presented in the paper.  

What is more the final goal of different activities (organizational, technical, promotional, 
scientific etc.) should result in efficiency increase and reliability of test results. Increase in 
confidence, trust and safety of current customers and gaining new clients may result in constant 
improvement of the laboratory.  
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Abstract 

The paper deals with the problem of writing a test procedure as a document of an accredited testing laboratory in 
accordance with ISO/IEC 17025 standard. The test procedure is a key document presenting a test method of the 
laboratory while the test is no performed in accordance with a specific standard (i.e. standards on strength of 
materials and constructional elements). There is presented the process approach on the example of the wind turbine 
constant diagnostic system. Individual stages of works are presented as well as an example of modern methodology 
achievements in the range of testing methods on wind turbine diagnostics as an element of input data for the 
procedure. Reference materials are named and stated as basic sources to define criteria for evaluation of wind turbine 
conditions. The whole is summarized with general remarks on the process approach in reference to both 
organizational and technical aspect of the quality management system of the laboratory.  

Keywords: quality, laboratory, accreditation, testing methods, wind turbines. 

1. Introduction 

Renewable energy sources like wind energy are copiously available without any limitation. 
Wind turbines are used to tap the potential of wind energy, which is available in millions of MW. 
Reliability of wind turbine is critical to extract this maximum amount of energy from the wind [8] 
Wind energy is undergoing expansion, and it is bound to grow to a commercial/consumer level in 
the decades to come. This growth has materialized in the form of large-scale wind farms, wind 
energy cooperatives, wind turbines owned by individual investors, and multinational exploration 
of remote sites and offshore locations. Despite the increasing rated capacity of wind turbines, 
operation and maintenance (O&M) costs remain high due to failures of wind turbine components 
such as gearboxes and blades. To make matters worse, in spite of several drawbacks associated 
with current/traditional maintenance practices, almost all industries are still following them. Thus, 
there is a great need to educate managers of such firms about the economic justification of 
performance monitoring in the wind industry, which is currently characterized by high 
maintenance costs [17].  

Taking into consideration the above there are more and more companies that try to develop and 
offer new diagnostic services in the area of wind turbines. Usually, from the point of view of 
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competiveness, there are at least several problems i.e. time issues, price, reliability of test results. 
In order to compete more efficiently and to reach a customer's satisfaction in laboratory services 
the implementation of requirements included in ISO/IEC 17025 standard [2] is an option for the 
testing service provider . Gaining an accreditation certificate in accordance with the standard 
confirms testing competencies of the laboratory. The standard widens requirements of ISO 9000 
standards with technical competencies referring to essential activities of individual laboratories 
[10].    

The aim of the paper is to present the process approach to writing the draft procedure on  the 
wind turbine constant diagnostic system. As the requirement of ISO/IEC 17025 standard such a 
procedure can be a base, from the point of view of technical requirements, to create the quality 
management system and in the future to undergo the process of accreditation. As it was mentioned 
such a solution increases the competiveness of the testing unit. 
 
2. Testing method as a process 
 

The procedure is a document, in the range of the laboratory management system that describes 
in details the methodology of a test. In this case: wind turbine diagnostic system. If the test is 
performed in accordance with a standard there is no need of a special documentation describing 
the methodology. For instance if the laboratory deals with strength of the weld line in the metal 
layer and bonding between layers by use of a cone for multilayer M pipes in plastic piping systems 
its tests can be based on ISO/TR 18124:2006 standard [3] that specifies the method. However if 
the laboratory is able to reach goals set by the standard ; in a different way than it is described in 
the document [3] the procedure has to be developed and implemented. 

Considering the topic of  the wind turbine constant diagnostic system first of all, a goal for  the 
procedure has to be set. As an assumed to create such a system that gives reliable test results 
minimizing time needed for essential operations. Minimization means to limit time for the direct 
work at the wind turbine. Time has to be limited to data gathering and data processing has to be 
performed at the laboratory of the service provider. Gaining the reliability of test results in the 
future is possible by elaboration of the own testing method in the for of procedure and undergoing 
the process of accreditation in order to confirm that laboratory fulfills the requirements of the 
standard [2]. Such an approach, apart from the mentioned competitiveness  issues, results also as a 
organizational innovativeness source in the company that forces other technical activities 
influencing reliability of test results. 

Another step, after actions described above, may be creation of the own computer support 
system for the defined testing process. The elaboration of a specific process and than its 
formalization as  a testing procedure can be an input data to elaborate an algorithm of a special 
application software. The aim of the software would be to gather data at limited parameters – 
measurement is going to be performed only if a limit is crossed. 

Moreover assuming that above mentioned issues the plan of works can be based on the scheme 
presented in fig. 1 [13]. The figure gives general approach and having in mind the aim of the paper 
the „processing” element should be completed with tests and materials and tools to fulfill the main 
goal defined in input data.  
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Fig. 1. Production/ service system with feed back [13] 

In accordance to the above the following stages of works for the procedure writing were 
assumed:  
a)  identification of input data for the process as the analysis of: 

-  personnel qualifications, 
-  needs of customers in the discussed area,  
- competitors in the market, 
- testing tools and methods in accordance with the modern achievements and requirements,  

(Input data can be identified among others by literature review, gathering of data from the 
testing market, discussions with customers as well as the analysis of up-to-date experiences. 
The gathered information has to be elaborated and concluded before its transformation into the 
testing procedure.), 

b) definition of precise requirements on tools and facilities (i.e. testing and measurement 
equipment) along with referring metrological requirements,  

c) design of the test system in the form of own testing procedure,  
d) summary connected with the cost analysis on the base of activities from a) to c), 
e) initial validation of test service/ procedure in cooperation with former customers that requires 

direct contacts and consultations, 
f) preparation of a report with an essential attachment in the form of the testing procedure. 
 
3.  Modern methodology achievements in the range of testing methods on wind turbine 

diagnostics as an element of input data for the procedure 

In reference to the presented plan (stages of works)  suitable technical and organizational 
assumptions have to be considered in the process of design of the testing procedure on the wind 
turbine diagnostic system. Obviously knowledge gathered from own experience, references, 
trainings or expert discussion is essential. As we cannot compare and classify experience, trainings 
or expert discussion one can say that the access to references nowadays is almost unlimited. In the 
era of Internet limitations may consider linguistic issues or the price of an individual file.   

As it was mentioned there are various reference materials that can be useful in the process. 
Among different ones one can mention as interesting and worth reading such as [5, 6, 7, 9,  11, 12, 
14, 15, 16, 17]  The own analysis of reference materials enabled to define two base documents as 
well as two basic criteria for final works in the range of preparation of the testing procedure on the 
wind turbine diagnostic system. Base documents were recognized as following: 

a) VDI 3834 Part 1 - Measurement and evaluation of the mechanical vibration of wind energy 
turbines and their components - Onshore wind energy turbines with gears, 

b)  ISO 10816-1:1995 - Mechanical vibration - Evaluation of machine vibration by 
measurements on non-rotating parts - Part 1: General guidelines. 
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VDI 3834 Part 1 gives practical advice on the measurement and evaluation of the mechanical 
vibrations of wind energy plants whereas ISO 10816 establishes the general conditions and 
procedures for the measurement and evaluation of vibration, using measurements made on the 
non-rotating parts of machines. The general evaluation criteria relate to both operational 
monitoring and acceptance testing and have been established primarily with regard to securing 
reliable long-term operation of the machine [1, 4].  

The analysis of references led to define two basic criteria for evaluation:   
a) machine component criterion  – the wind turbine is defined by following components (fig. 2 
presents the first criterion in accordance with [4]): 

- gearbox, 
- nacelle, 
- tower, 
- generator, 

b) the values of the characteristics measured at these components: 
- velocity, 
- acceleration.  
 

 

Fig. 2 Components and measuring points to VDI 3834 part 1 [4, 14] 
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4. Summary 

The goal of each company is to earn money as a result of its activity. Laboratories are units that 
offer unique services in comparison to other companies but economical laws and organizational 
problems are also their everyday reality. In order to improve their efficiency, develop management 
system, organizational skills they can implement the requirements of ISO/IEC 17025 standard. 
The tool is considered to be also efficient from the point of view of competitiveness.   

Quality management systems generally base on the process approach. On this assumption in 
the paper there was presented the process approach to writing the draft testing procedure on the 
example of the wind turbine constant diagnostic system. Individual stages were discussed and 
followed by the example of modern methodology achievements in the range of testing methods on 
wind turbine diagnostics as an element of input data for the procedure. 

Such a systematical approach enables to organize works more efficiently and reach reliability 
of test results in the process of elaboration  of the testing procedure. Precise definition of input and 
output data is essential to design the correct transformation process. In such a case feedback 
information seems to be more clear and useful and in the range of corrective and preventive 
actions it is easier to define the sources of nonconformities. 
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Abstract 

 
Spheroidal cast iron was treated thermomechanically both in high as well as low temperature. The two temperatures 
we adopted for isothermal quenching were 370° and 300° C. Plastic deformation was obtained by rolling with 25% 
deformation. Testing was conducted on flat samples used for stretching with the thickness of 4mm. We determined the 
Rm tensile strength, Rp0,2 proof stress, A elongation, and HRC hardness. A microstructure test (LM, SEM), and X-ray 
diffraction test were conducted. We found significant positive impact of thermomechanical treatment on the structural 
characteristics and properties of cast iron, particularly with upper ausferrite present. 

Keywords: spheroidal cast iron, thermomechanical treatment, structure, mechanical properties  
 
1. Introduction 
 
Merging thermal and mechanical treatments makes it possible to effectively increase strength 
properties of iron-carbon alloys. It is in fact the only treatment with the use of which it is possible to 
increase strength without detriment, and frequently even with an increase, to plasticity [1]. At 
present, interest in thermomechanical treatment of spheroidal cast iron is growing, which can be seen 
in the ever higher number of studies published on this topic [2-7,9]. 
 Particularly interesting is thermomechanical treatment (OCP) of spheroidal cast iron which 
undergoes isothermal treatment to obtain the AADI cast iron (Ausforming Austempered Ductile 
Iron). The authors of [2] used rolling and isothermal quenching of spheroidal cast iron to obtain 
higher tensile strength, yield point and elongation as compared to the ADI cast iron (Austempered 
Ductile Iron). 
 In this study, we obtained AADI cast iron through low- or high-temperature 
thermomechanical treatment. We adopted two temperature values for isothermal quenching  300° or 
370° C, with constant deformation value of 25%. Our objective was to obtain either lower (300° C) 
or upper (370° C) ausferrite structure from undercooled austenite with plastic deformation. We 
compared the properties of cast iron after thermomechanical treatment with the properties of cast 
iron having undergone only thermal treatment (OC). 
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2.  Material, Schedule and Test Methods 
 

In the study, we used spheroidal low-copper cast iron with the chemical content as seen in Table 1. 
Table 1. Chemical content of cast iron, % of mass 

Element C Si Mn P S Cr Cu Mg 
% of mass 3.76 3.07 0.35 0.07 0.02 0.04 0.48 0.06 

 
The cast iron has been classified as grade EN-GJS-600-03. Its structure can be seen in Figure 1. 

 

 

Figure 1. Cast iron microstructure in the as-cast condition, magnified 250x,  times, nital edged  

We cast YII samples in green-sand moulds. From the cuboid part of the wedge, we cut flat samples to 
be stretched, with the thickness of 4mm, measurement section width of 10mm, and measurement 
section length of 70mm. The samples were then treated as shown in Figure 2. The 25% cold work 
along the sample thickness was created through rolling on a rolling mill with plain-bodied rolls having 
the diameter of 95mm. Cast iron samples were austenitized in a chamber furnace, and quenched 
isothermally in a bath furnace with SO140 saltpetre. 
�
a) b) c) 

�
�

Figure 2. Spheroidal cast iron treatment diagram:  
a) high-temperature thermomechanical treatment (WOCP),  
b) low-temperature thermomechanical treatment (NOCP),  

c) isothermal heat treatment (OC) 
The strength testing was conducted on an INSTRON 8501 machine. Using typical tensile tests (PN-
EN ISO 6892-1:2010), we established the values of the Rp0,2 yield point, Rm tensile strength, and A 
relative elongation. Microscopic examinations were conducted on microsections etched with 2% 
HNO3 solution. We used optical microscopy (NU2 microscope) or scanning microscopy (JSM 5600 
microscopy). 
 X-ray diffraction testing was conducted on a DRON diffractometer. We used iron-filtered 
radiation from a cobalt anode lamp. Based on diffractogramms, we determined the type and lattice 
parameters of phases present in a cast iron matrix. Austenite content was established by direct 
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comparison [10]. 
 Carbon content in austenite was calculated based on the lattice parameter according to the 
relationship cited by Ogi K. et al. [8]: 
 

00441,0
35621,0�

� %
%

a
C � � � (1)�

where:  
C% – carbon content in austenite, % of mass; 
a% – austenite lattice parameter, nm. 
 
The value of the austenite lattice parameter was calculated from the following formula:  
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where:  
� – CoK�1,2 wave equal to 0.179021nm; 
B – diffraction angle, I; 
h,k,l – Miller plane indices. 
 

The austenite lattice parameter was determined based on angular line location {111}, whereas the 
ferrite lattice parameter – based on angular line location in relation to the planes {110}. 

3. Test Results and Their Analysis 
 
The results of the static tensile and hardness tests are shown in Table 2. The tensile test results are 
the mean from three measurements, whereas the hardness test was conducted nine times on each 
sample. We set confidence interval for the mean values with 1-� = 0.95. 

Table 2. Mechanical properties of cast iron depending on the type of treatment and isothermal quenching temperature 

Isothermal 
quenching 

temperature, 
t, IC 

Type of 
treatment Rp0,2, MPa Rm, MPa A, % Hardness, 

HRC 

370 
WOCP 808 ±18 1112 ±26 5.7 ±0.3 38.7 ±0.6 
NOCP 1080 ±23 1252 ±19 2.5 ±0.2 43.1 ±1.1 

OC 828 ±28 1072 ±33 5.1 ±0.2 37.0 ±0.8 

300 
WOCP 1001 ±29 1199 ±22 2.9 ±0.2 42.5 ±1.1 
NOCP - 893 ±38 0.4 ±0.3 48.9 ±1.6 

OC 752 ±32 1381 ±36 6.0 ±0.4 46.2 ±1.1 
 

X-ray diffraction results are shown in Table 3. 
 

Table 3. X-Ray diffraction results 

Isothermal 
quenching 

temperature, 
t, IC 

Type of 
treatment 

Phase 
composition* 

a%,
1)�nm� C%,

2)�%�mas.� v%,
3)�%�obj.� a�,4)�nm�

370 
WOCP F+A+P 0.36217 1.35 38.1 0.28590 
NOCP F+A 0.36264 1.46 47.0 0.28621 

OC F+A 0.36264 1.46 30.1 0.28515 

300 
WOCP F+A 0.36219 1.36 25.5 0.28585 
NOCP F+A+M 0.36287 1.51 30.1 0.28607 

OC F+A 0.36233 1.39 16.7 0.28607 
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* F - ferrite, A – austenite, P – pearlite, M – martensite 
1) austenite lattice parameter, 2) carbon content in austenite, 3) volumetric percentage of austenite, 4) ferrite lattice parameter  

The microstructure of cast iron quenched isothermally at 370IC is shown in Figure 3. 
 

a)  b)  c)  

 

Figure 3. The microstructure of cast iron quenched isothermally at 370°C, magnified 3000x times, nital etched  
a) WOCP; b) NOCP; c) OC 

The microstructure of cast iron quenched isothermally at 300IC is shown in Figure 4.  

a)  b)  c)  

 

Figure 4. The microstructure of cast iron quenched isothermally at 300° C, magnified 250x times, nital etched  
a) WOCP; b) NOCP; c) OC 

In the case of isothermal quenching at 370°C (upper ausferrite), any treatment (WOCP, NOCP, 
OC) increases strength two times as compared to cast iron in as-cast condition. High-temperature 
thermomechanical treatment causes slight increase in tensile strength and plasticity as compared to 
cast iron which is not treated mechanically (OC) (Table 2). The relatively small WOCP effect 
occurs due to the presence of some pearlite in the structure beside ausferrite (Figure 3a). Sole 
presence of upper ausferrite could not be achieved because of low hardening capability of cast 
iron. Hence, for WOCP, alloy cast iron should be used, for instance with copper or nickel content. 
Low-temperature thermomechanical treatment leads to the increase of strength indices (Rm = 
1250MPa, Rp0,2 = 1080MPa) as well as hardness (43HRC). Plasticity, however, is lowered. 
Relative elongation is 2.5%. NOCP treatment influences ausferrite morphology. Fibre orientation 
and the decrease of distance between ausferrite lines can be observed (Figure 3b). Example X-ray 
diffractogramms of cast iron after low-temperature thermomechanical treatment (NOCP) are 
shown in Figure 5. 
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a) b) 

� �

Figure 5. Cast iron diffractogramm after NOCP, quenched isothermally at: a) 370I C, b) 300I C 

X-ray diffraction tests revealed that thermomechanical treatment increases austenite content as 
compared to cast iron undergoing only thermal treatment. Particularly high austenite content 
(47%) is present in cast iron undergoing NOCP. 
 With low-temperature thermomechanical treatment at 300°C, the objective will not be met 
(due to very low elongation and tensile strength). Obtained results can be explained by the 
presence of martensite in the structure (Figure 5b). Generally, it can be concluded that strength 
properties and hardness are higher in the case of quenching at 300°C, but plasticity is higher in the 
case of quenching at 370°C. Higher plasticity of cast iron at 370°C is related to higher content of 
austenite (Table 3) and ausferrite morphology (Figures 3 and 4). 
 
4. Conclusions 
 
: High-temperature thermomechanical treatment with isothermal transformation at 370°C 

increases plasticity but lowers strength properties of cast iron as compared to 300°C; 
: Low-temperature thermomechanical treatment with isothermal transformation at 370°C can be 

used to obtain grade EN-GJS-1200-2 of cast iron. NOCP at 300°C leads to martensite 
transformation in cast iron, which causes its premature brittle cracking; 

: Favourable impact of thermomechanical treatment as compared to only thermal treatment occurs 
in isothermally quenched cast iron at 370°C; 

: Introducing cold work during thermomechanical treatment results in increased content of stable 
high-carbon austenite, as compared to cast iron without any cold work. 
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Abstract 

 
There is proposed a way of usage of dried sewage sediment with 90 % of dry mass as fuel to co-incineration with 

rape straw and next submitted to the process of gasification in order to increase the efficiency of the process. The 
purpose of putting into use that kind of fuel is to increase the possibility to obtain additional energy resources. The 
results of research on usage of fuel from sewage sediment and straw were presented. 
 
Keywords: biomass, dried sewage sediment, coburning/coincineration, gasifying, thermal process, heat
 
1. Introduction 
 

Signing by Poland Kyoto Protokol In 2002 introduces the duty of reduction of greenhouse 
gases and industrial dust emissions. Also EU supports these issues by introduction of Instruction 
2001/77/WE on electric energy production generated in renewable energy sources. The regulation 
of Ministry of Economy, Work and Social Politics dated 30th May 2003 on particular duty of 
purchase of electric energy and heat from renewable energy sources and electric energy generated 
in the matching with heat generating what as a result gives the possibility of co-incineration of 
fuels. 

All over the world the resources of biomass are estimated at the level of 280 EJ/year and are 6 
times higher than the rate of their usage. And the increase of biomass production is connected with 
necessity of assignment of large areas of soil for energetic plants cultivation. World`s biomass 
resources at present constitute from 9÷13% of energy requirements. 

Statistical data show clear rising tendency as for the amount of communal and industry 
sediments for management. It is estimated that in 2015 the stream of mass will reach 720 Mg of 
dry mass/year. The management of sewage sediments has been limited to their disposal, 
composting, remanagement in agriculture as fertilizer or further processing with usage of thermal 
methods. Sewage sediment in waste water treatment plant undergoes fermentation process so as to 
use it for biogas production and burning it in gas generators. 

The basic purpose of employed renewable fuel is assignment of parameters of gasifying of 
mass in the form of rape straw and dried sewage sediment of 90% of dry mass in various mass 
proportions and burning the obtained synthesis gas. The obtained research results may undergo 
comparison analysis with other types of biomass to estimate usability of used fuel for energetic 
purposes. 
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2. Sewage sediment 
 
Drying of sewage sediments constitutes the basic condition enabling their potential 

management as fuel. Burning of  dehydrated sediments  after pressing,  with moisture in the range 
of 75÷84% is virtually technologically impossible process and economically inefficient. Sediment 
with that high moisture can be disposed in landfills or, if it fulfils requirements, it is used as 
fertilizer in forestry and agriculture. It depends on possibilities of its management  in the region 
where  there is waste water treatment plant, on content of hazardous elements e.g. heavy metals 
and sale conditions. 

Drying of sediment is extremely energy-consuming technological treatment. But heat for 
drying can be obtained by burning of biogas from sewage fermentation. 

Treating part of sewage sediment as biomass and giving it thermal transformation it would 
allow to obtain extra energy. From sewage sediment which undergoes the process of evaporation 
we obtain organic fertilizer in the form of granulate of value 90% of dry mass.  

Dried  sewage sediment may be used again for co-burning as a mixture with wastes of wood, 
rape  and rye straw, pine bark, willow Salix viminalis, and Pensylvanian mallow Althea and coal 
in various volume and mass ratio.  

Heat of burning of sewage sediment is 17 MJ/kg for containing 70% of volatile substances. 
But for dried sewage sediment the burning value is about 14 MJ/kg. Dried sewage sediment is free 
from heavy metals but contains large amounts of ashes constituting about 35%. 

From the definition of instruction 2001/77/WE dated 27th September 2001 results that term: 
biomass means susceptible for biological decay fractions of products, wastes and other agricultural 
industries wastes (together with vegetable and animal products), forestry and relative with it 
industries branches as well as fraction of industry and municipal wastes susceptible for biological 
decay. 

Co-incineration of dried sewage sediment with biomass will allow to improve energetic rating 
and biomass in that form would be more attractive fuel. That mixture of biomass may be gasified 
what will increase cost-effectiveness and efficiency of burning. Dried sewage sediments consist of 
components which can be used for further management e.g.in the process of co-incineration with  
other materials. 

 
3. Straw 

 
The implementation of burning technology of unconventional renewable fuel which is rape 

straw will in practical application contribute to limitation of environment contamination with 
wastes and hazardous products of burning containing harmful nitrogen and sulfur compounds. So 
there is a necessity of research to increase knowledge about running of  thermodynamic processes 
of rape straw burning and the use of the knowledge at the same time for improvement of 
equipment for incineration and techniques of raw material preparation. 

Obvious is the fact that to obtain high efficiency of burning rape straw there is a need of 
pressure agglomeration of rape chaff called briquetting. The treatment, although energy-
consuming, increases energetic attractiveness of this form of fuel as a result of increased density, 
reduced moisture, made distribution easier as well as storage and burning in conventional furnaces. 
The second premise resulting from the observations and experiences so far is the necessity to use 
boilers of special construction enabling the usage of pyrolysis of fuel charge. Thanks to fuel 
pyrolysis the energetic and ecological efficiency will increase as a result of temperature rise in the 
burning of fuel sphere and products of pyrolytic decomposition of briquettes from rape straw. The 
improvement of running of renewable fuels burning in the natural state may be achieved through 
pressure agglomeration called briquetting. The primary form of fuel undergoes the treatment  
improving its properties. The processed rape straw in the form of briquette is homogenous, has 
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stabilized heat, density and moisture parameters. Burning briquettes runs without disturbances in 
the determined conditions with the high thermal efficiency of thermic processes and conversion of 
chemical energy of the fuel for heat.   

Agriculture production brings harvest in the form of straw in the amount of 25 mln tons/year 
but large amount is used as bedding, feed, or component of organic fertilizer used in animal 
production. Since the beginning of 1990s, particularly in north-western part of Poland, in the areas 
of  ex-national farm production units(communistic cooperative farms) the surplus of straw has 
been rising and  thus the potential of straw as fuel used in power engineering consisting now 
195PJ, out of which 150 PJ is from cereal straw, and the rest of agricultural wastes consist rape 
straw and hey. If from the earlier mentioned 25 mln tons of straw, 50% could be used for energetic 
purposes(12,5 mln tons) it is possible to save about 5 mln tons of coal/year when thermal value of 
straw is supposed at the level of 16 MJ/kg. One should also take into consideration the profits 
connected with less contamination of environment. 

 Straws characterizes with neutral balance of carbon dioxide emission, much smaller is 
emission of sulfur dioxide, and emission f nitro gen oxides is AT the comparable level. Thermal 
value of straw depends on such factors as moisture content, kind of cereal, kind of soil and way of 
fertilizing. Maximal content of moisture should range from 18% to 22%. Total use of surplus of 
straw production may cover 4% of requirements for primary /original energy. Chemical energy of 
1kg of straw with 15% of moisture constitutes 14,3 MJ what corresponds to chemical energy 
contained in 0,81 kg of combustible wood or 0,41 m3 of high methane earth gas.  

Thermal efficiency of biomass gasifying may be counted from: 

                            
wp

wgpalg

z Q

Qv
pal

�
�3 (1)

where: 

palgv - volume of combustible gas as the result of gasification 1 kg charge in 
kg

nm3 , 

palwgQ - fuel value of combustible gas is 4,6 ÷ 5,0 
nm

MJ
3

, 

wpQ - fuel value of fuel charge in 
kg
kJ . 

Gas generated in gasifying chamber may be burnt in burning chamber and the emitting heat 
used for heating in air heat exchange or water or for water steam generation. Obtained gas after 
cleaning and cooling may be used as fuel for diesel engines. 

Thermal conditions and the way of regulation of fuel pyrolysis decide about the amount of ob-
tained decay products. Temperature regulation of processes in individual phases influences the 
speed of pyrolysis and composition of generated gas and process efficiency. Great influence for/on 
pyrolysis effects has the kind if biomass. 

 
4. Research on usage of fuel from sewage sediment and straw 

 
Research of co-burning of rape straw with dried sewage sediment of 90% of dry mass were 

conducted for various percentage proportions of fuels fraction. Measures were conducted in air 
heater VIGAS-25N,where there was used double row heat exchanger of dimension 57x5 mm of 6 
items in each row. The following percentage proportions of dried sewage sediment were taken: 20% 
and 40%. For research portions of fuel of 5 kg mass were taken co-incinerating percentage parti-
tions for individual biomasses. For the suggested fuel proportions from biomass were assigned: 
burning heat, fuel value, contents of ashes, density, moisture, contents of volatile fractions. 
Measures of analysis of exhaust fumes were done. Measures results are presented in tables 1 to 3 
and graphically on charts. 
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Table 1. Results of exhaust fumes analysis during burning of biomass and sewage sediment 
 

 
 
Parameter 

 
 
Unit 

                                   Fuel 
Rape 
straw 

Sewage 
sediment 

Straw 80% 
and 

sediment 
20% 

Straw 60%  
and 

sediment 
40% 

O2 % 8,7 15,9 16,8 15,1 
CO ppm 1654 1776 3725 3509 
NO ppm 30 169 115 232 
NO2 ppm 0,0 0,0 0,0 0,0 
NOx ppm 27 169 113 230 
SO2 ppm 0,0 0,0 0,0 0,0 
Chimney losses % 15,3 19,1 25,9 25,5 
�  16,7 4,11 4,95 3,55 
CO2 % 1,4 3,3 2,8 3,9 
H2S ppm 0,0 0,0 0,0 0,0 
H2 ppm 2450 669 3633 3638 
Draught mbar 0,0 0,0 0,01 0,0 
� % 77,6 80,9 74,1 74,5 
Air temp. for burning oC 16,9 24,5 17,9 18,9 
Temperature of combustion gas oC 231,1 169,6 189,0 241,6 

Boiler-room with boilers straw-fired with power of 1MW burns about 800 Mg of straw during 
one heating season as it is known rating of straw to coal is that for 1,5 kg of burnt straw we burn 
1,0 kg of coal. Thus burning of 800Mg of straw replaces 533 Mg of coal. During burning of 1Mg 
of coal we generate about 2,05 Mg CO2. Replacement of coal with straw reduces emissions of CO2 
of 1.100 Mg per year. 
 

Table 2. The amount of heat and energy obtained from gasifying  of biomass for rape straw and  
           dried  sewage sediment of o content 9% of dry mass (listing for fuel of total mass 5kg ) 

 
Kind of biomass Heat 

kJ 
Stream of heat  

kJ/h 
Energy 
kWh 

Rape straw 100% 6943,710 1,5107 16,278 
Dried sewage sediment of value of  
90% dry mass 

  
5257,090 

 
0,4867 

 
13,410 

Rape straw 80% fraction  and dried 
sewage sediment 20% fraction 

 
2275,255 

 
0,2632 

 
13,541 

Rape straw 60% fraction and dried 
sewage sediment 40% fraction 

 
1910,555 

 
0,2033 

 
12,546 

 
Table 3.Technical analysis for rape straw and  dried sewage sediment of  content 90% of dry mass 

depending on percentage content of fractions for individual fuels 
  
 
Kind of biomass  

 
Moisture 
content 

% 

 
Ashes 

content 
% 

 
Hydrogen 

content 
% 

Volatile  
Parts 

content 
% 

 
Burning 

heat 
kJ/kg 

 
Combustible 

value 
kJ/kg 

Rape straw 15,050 1,970 4,660 69,710 15880 14495 
Dried sewage sediment – 
90% of dry mass 

 
10,90 

 
32,80 

 
3,127 

 
53,290 

 
13350 

 
12401 

Rape straw 80% fraction and 
dried sewage sediment 20% 
fraction 

 
7,128 

 
10,649 

 
4,567 

 
73,632 

 
14422 

 
13251 

Rape straw 60% fraction and 
dried sewage sediment 40% 
fraction 

 
6,506 

 
16,540 

 
4,275 

 
68,854 

 
13656 

 
12564 
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Chart 1. Temperature depending on percentage contents of biomass 
  
5. Summary 
 

The surplus of biomass and sewage sediment will force the search of new solutions so as to its 
proper management and usage. The instruction approved by EU saying about the fraction/partition 
of renewable energy in the general energy production, for Poland will extort/force activities 
connected with more efficient usage of energetic potential of straw as well as sewage sediment.  

The presented research shows possibility to use ripe straw and dried sewage sediment for co-
burning in the rate 20% to 40 %. With bigger rates proportions co-burning is not profitable 
because of low fuel quality.  

The presented research show possibilities of rape straw usage and sewage sediment for co-
incineration in the rating 20% to 40%. With bigger rating of co-burning is not profitable due to 
low combustible value.  

Co-burning of both fuels is profitable assuming that moisture of rape straw is below 15% and 
dried sewage sediment is 10%. However one has to remember that the process of sediment drying 
till obtaining such parameters is energy–consuming one. Rape straw after pressure agglomeration 
is an ecological fuel of full value possible to use in heat engineering with the usage of dried 
sewage sediment with content 90% of dry mass. 
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Abstract 

The paper concerns the size effect on fatigue life and fatigue strength. As for the mini specimens, smaller than the 
normative specimens, they show an increase in fatigue life with a decrease in the object cross-section area. 
Theoretically the calculational models assume a lack of sensitivity of the aluminum alloys to changes in the cross-
section size, which is contrary to the experimental tests. The paper has been an attempt at determining the size effect 
for EN AW-6063 aluminum alloy mini specimens. Monotonic and fatigue tests were made. There were observed 
correlations of the results for the coefficient of material sensitivity to change in the cross-section. The results have 
made it possible to define the relationship of the ultimate tensile strength and fatigue strength for the specimens of 
various size. 
 
Keywords: size effect, �a-Nf curve, high- cycle fatigue, mini specimen 
 
1. Introduction 

 
Fatigue characteristics defined with the use of specimens tested in laboratory conditions will be 

different than the characteristics for the real design object made from the same material, which is 
accounted for e.g. the size effect which describes the sensitivity of the material to the change in the 
area of the cross-section. Disregarding this effect often results in the occurrence of fatigue cracks 
much below the fatigue limit determined in laboratory conditions. Even though the size effect was 
experimentally tested for large and mini specimen sizes, frequently the implementation of that 
knowledge for specific conditions triggers many problems. 

The paper concerns the size effect on fatigue strength for the specimens smaller than the 
normative ones. The specimens of the working cross-section from a few to a dozen or so square 
millimeters show various fatigue life values demonstrating an increase in the fatigue life for 
smaller cross-sections. The extent of the change in fatigue life is conditioned by the type of the 
material. The materials of heterogeneous structure or the so called ‘disordered’ ones show a 
greater sensitivity to the change in the measurements [1]. This information mostly refers to the 
steels for which the experimental tests results have been given in paper [9]. It is assumed that the 
size effect is characterized by coefficient [4]: 

 

Z
ZK d

d �                                                                    (1) 
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where: 
- Zd – fatigue strength of specimen of any cross-section, 
- Z – fatigue strength of specimen of the same material, cross-section area 20 ÷ 80 mm2. 

 
Theoretical calculational models concerning the sensitivity of the material to the changes in the 

size of the cross-section define the value of coefficient Kd for aluminum alloy at level 1 [6]. The 
results of experimental tests are, in many cases, different than those assumed above. 

As an example, Fig. 1 presents the relationship of the fatigue limit for 107 cycles for the 
specimens cross-section (3.2 mm ÷ 48 mm). The experimental results reported concerned the tests 
made for 75S-T6 aluminum alloy. The specimens were tested in the rotary bending. The 
specimens were round in a shape of the hourglass [3]. The results reported identified the size effect 
where the higher the cross-section, the considerably lower the fatigue strength. According to those 
authors [4], as a result of a greater specimen volume there is a greater probability of the occurrence 
of inclusion initiated cracks. 

There was observed an ambiguity of the calculational models and the testing results. For that 
reason there was experimentally verified the size effect for the specimens smaller (mini specimen) 
than the normative ones. It is justifiable to perform tests for mini specimens due to numerous 
advantages of tests involving mini specimens. One of them is the case when making a normative 
specimen is restricted by the measurements of the objects investigated. One of the solutions is the 
application of mini specimens [10]. The scope of interest of the specimens dimensions tested is 
given symbolically in Fig. 1. 

 

 
 

Fig. 1. Dependence of the fatigue limit for 107 cycles on the section area of the specimen made from the 75S-T6 
aluminum alloy [3] 

 
2. Methodology 
 

The research methodology involves determining: 
- the specimens material, 
- material strength properties, 
- mini and normative specimen geometry for fatigue testing, 
- the scope of the stresses applied for high-cycle strength, 
- the other fatigue testing conditions (frequency, cycle asymmetry coefficient, testing machine). 
To determine the strength properties of the EN AW-6063 aluminum alloy investigated there 

was made a static tensile test according to [8]. Assuming that the strength properties (yield 
strength Re, ultimate tensile strength Rm) of aluminum alloys depend on the section area, the 
monotonic test was made for normative specimens (the working cross-section of    28 mm2) (Fig. 
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2a) and smaller specimens (the working cross-section of 3.5 mm2) (Fig 2b). The ratio of the cross-
section of the normative specimen to the smaller specimen is 8. Compliant with numerous 
published research results, one can assume that the smaller specimen can be qualified as 
representing a group of small-cross-section specimens. The results are given in Table 1 and the 
strain-stress curve in Fig. 3. 
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Fig. 2. Specimen geometry for monotonic tests: a) normative [8]; b) smaller 
 

Tab. 1. Mechanical properties of the EN AW-6063 aluminum alloy 
 

Nr 
Normative specimen Smaller specimen 

Rm, MPa Re, MPa A, % Z, % Rm, MPa Re, MPa A, % Z, % 
1 200 167 16,5 60,4 232 210 12,0 53,9 
2 199 165 17,0 62,3 233 209 11,2 54,0 
3 207 178 15,6 59,1 230 208 10,4 48,4 
4 202 170 17,2 62,7 230 210 11,2 52,0 
5 199 167 16,8 61,6 227 207 11,2 52,0 

Average 200 167 16,6 61,2 230 208 10,8 53,0 
 

 
 

Fig. 3. Strain-stress curve for normative and smaller specimens 
 

The results for monotonic tests demonstrated other values of strength properties. For normative 
specimens, the ultimate tensile strength was 15 % higher and the yield strength – 25 % higher than 
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for the smaller specimens. Parameters A (a 35 % decrease) and Z (a 13.4 % decrease) behave 
opposite. 

High-cycle fatigue strength tests were made based on the normative specimen and the mini 
specimen (Fig. 4). There was eliminated the effect of the specimen shape on the results of 
experimental tests by applying the same theoretical stress concentration factor (�k) equal 1.05. 
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Fig. 4. Specimen geometry for�fatigue tests: a) normative [7]; b) mini 
 

The scope of the loads applied in fatigue testing for the aluminum alloy was much above the 
yield strength (Re). The material tested showed no stability of the cyclic properties. Tests were 
made into the strength properties of the cyclically pre-strained specimens. There was noted a 15 % 
increase in yield strength. The changes observed in the material properties are accounted for by 
cyclic hardening of the cyclically pre-strained specimens. The results have made it possible to 
reject the yield strength as the key criterion of high-cycle fatigue strength. A detailed report on 
testing and the results is covered in paper [10]. 

Fatigue testing was performed for high-cycle strength. To avoid specimens buckling, there was 
applied the cycle of the a change in load of cycle asymmetry coefficient R = 0.1. The tests were 
made at the frequency of the load change of 5 Hz. Fatigue and monotonic tests were performed 
using the Instron 8874 servo-hydraulic material testing machine (Fig. 5). The monotonic tests 
applied the extensometer of the measurement length of 25 mm. 
 

����� 
 

Fig. 5. Servo-hydraulic material-testing machines, Instron 8874 
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3. Results 
 
3.1. Own testing results 
 

Own fatigue tests were made based on the research methodology described. The macro crack 
has been assumed as the criterion of the end of fatigue testing. For the results received (the �a-Nf 
curve, Fig. 6, Table 2) with the use of the mini specimen, there was plotted a line of regression 
(slope m = 12.4) of the coefficient of determination at the level of 0.93. 
 

 
 

Fig. 6. �a-Nf curve for EN AW-6063 aluminum alloy 
 

Tab. 2. Fatigue test  results 
 

Specimen Maximum stress, 
�max [MPa] 

Number of cycles, Nf 
For specimen Average 

Mini 

210 
105 970 

162 521 186 811 
194 782 

200 
249 372 

290 347 269 602 
352 067 

190 
376 419 

471 783 508 524 
530 407 

180 
712 051 

1 001 094 1 065 530 
1 225 700 

170 
1 205 043 

2 088 888 2 327 384 
2 734 238 

160 5 000 000 5 000 000 

Normative 190 
214 033 

191 360 184 952 
175 094 

 
Fig. 7 presents the location of the macro crack against the geometrical center of the specimen 

(the ratio of the distance of fatigue fracture from the specimen center (a) to the specimen width 
(b)). It demonstrates a random distribution. There was observed no effect of the geometry shape 
and other factors on the test results. The results which were considered credible were only those 
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when the specimen got destroyed in the distance not greater than 1.5 mm from the center. The 
specimens destroyed in the assumed crack range are given in Fig. 8. 

 

 
 

Fig. 7. Location of specimens crack for maximum stresses 
 

 
 

Fig. 8. Photograph of the crack location: a) normative specimen; b) mini specimen 
 
3.2. Testing results reported in literature 
 

The results of experimental tests for the EN AW-6063 aluminum alloy at state T7 for the high-
cycle fatigue range have been described in detail in paper [5]. The tests involved determining the 
effect of material properties (the chemical composition, microstructure, thermal treatment) on 
material fatigue properties. The material used showed tensile strength at the level of 213 MPa and 
yield strength 186 MPa. Fig. 10 presents the �a-Nf curve for the results reported with the use of the 
normative specimen (Fig. 9) compliant with the ASTM E466-96 standard. 
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Fig. 9. Geometry of fatigue test specimen used in work [5] 

160
170
180
190
200
210
220
230
240
250

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

M
ax

iu
m

um
 st

re
ss

, �
m

ax
 [M

Pa
]

Distane from a center, a/b [mm/mm]

   Mini specimen

   Normative specimen

C enter

0

a

b) 

a) 

344



The specimens were tested at the frequency in the range from 30 to 70 Hz. There was applied 
the sinusoidal cycle of cycle asymmetry coefficient R = 0.1. The tests parameters and results 
reported are comparable with those reported in own tests (3 samples at the level of stress 
amplitude of 80 MPa), and as such they were used for the purpose of the analysis of the results. 

 
 

Fig. 10. �a-Nf curve for EN AW-6063 aluminum alloy [5] 
 

4. Statistical analysis 
 

The statistical analysis of the tests results involved the test of parallelism for the slope (a) of 
the regression function (y = ax + b) [2]. The aim was to verify the null hypothesis (H0) on the 
significance of the coefficients of linear regression recorded for the tests. The alternative 
hypothesis (H1) assumed various values of the slope of the line. The hypothesis were formulated as 
follows: H0: a1 = a2, H1: a1 � a2. 
There were received regression lines of the fatigue tests results (Fig. 11) for: 

- normative specimen (according to source [5]): log
a = -0.082 logN + 2.32 
- mini specimen: log
a = -0.078 logN + 2.37. 
The hypothesis was verified using the test of significance for two regression coefficients. The 

hypothesis was verified for the results received with the use of the mini specimen (own 
experiments) and the normative specimen (literature source [5]). 

 
 

Fig. 11. Breakdown of the experimental tests results for the EN AW-6063 aluminum alloy 

The value of test statistics t was determined for the degrees of freedom n1 = 13 (the normative 
specimen), n2 = 15 (the mini specimen). Critical value ttab was read from t Student distribution for 
n1 + n2 – 4 degrees of freedom of the two-tailed critical area. The test of parallelism was made at 
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the significance level of � = 0.05. Inequality |t| < ttab was received. There are no grounds for 
rejecting null hypothesis H0 of the equality of the slopes of regression lines for �a-Nf  curves of the 
normative and mini specimens. The variable parameter is the absolute term (b) of the equation of a 
straight line. For that reason the size effect can be described with the coefficient of the cross-
section size Kd which, for the fatigue tests results reported was equal to 1.17. 
 
5. Conclusions 
 

There was investigated the size effect for the EN AW-6063 aluminum alloy within the scope of 
high-cycle fatigue. The experimental tests (monotonic, fatigue) results identified the material 
susceptibility to changes in the cross-section size for the specimens smaller (mini specimen) than 
the normative ones. The tensile strength/fatigue strength of mini specimens was higher than that of 
the normative specimens. Thanks to the statistical analysis made it was possible to verify the 
hypothesis of the parallelism of �a-Nf curves of the specimens geometry tested. The coefficient of 
cross-section size Kd for the values reported for monotonic specimens was determined (for tensile 
strength – 1.17) and fatigue tests (for fatigue strength – 1.15). The present tests suggest that the 
convergence of results makes it possible to refer coefficient Kd from monotonic tests directly to 
fatigue tests, which needs further verifying. 

Defining the coefficient of the size effect for a material is an essential stage for referring the 
�a-Nf fatigue curve to the real object. Disregarding the effect of the cross-section size can be can 
trigger the occurrence of the fatigue fracture much below the characteristics determined for the 
normative specimens and the mini specimens. 
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Abstract 
 

The paper presents adaptation problem of metastable growth of eutectic. In the case of rapid solidification  the ledeburite 
eutectic structure in Fe-C system is become. This cementite eutectic is one from the most commercial eutectic of quasi-
regular eutectics group.  
  
Keywords: eutectic, quasi-regular eutectic, cementite eutectic, ledeburite eutectic, kinetic, solidification,  

 
1. Introduction 

 
Normally in anomalous eutectics, the faceting of one of the phases leads to uncoupled growth 

and, as a result, a ragged (irregular) solid/liquid interface appears which produces an irregular 
(divorced) morphology as viewed in a transverse microsection. This is true not only when the 
volume fraction  of the faceted phase is small, but also when it is large, i.e., 40% [1]. 

Growth of the austenite-iron carbide eutectic (ledeburite) (Fig.1) begins with the development 
of a cementite plate on which an austenite dendrite nucleates and grows. This destabilizes the 
Fe3C, which then grows through the austenite. As a result, two types of eutectic structure develop: 
a lamellar eutectic with Fe3C as a leading phase in the edgewise direction, and rod eutectic in the 
sidewise direction. Cooling rate significantly influences the morphology of the � + Fe3C eutectic 
[2].  

 

 
 

Fig.1. Scheme of cementite eutectic grain in eutectic cast iron [3] 
 
Data on the spacing of the ledeburite (Fe+Fe3C) in pure Fe-C alloys has been extended to low 

solidification velocities. The data do not fit the standard theoretical model of �2V=constant, and it 
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is suggested that this result may be related to the faceted nature of the Fe3C component of the 
ledeburite eutectic [4]. 

 
2. The ledeburite eutectic growth 
 

Eutectic growth characterized by the cooperative growth of two solid phases from a liquid is an 
important pattern in crystal growth, and has been attracting much attention [5].

Eutectic alloys can grow into the lamellar - or rod - like regular structures or other anomalous 
structures. The exact morphology of a eutectic alloy depends on the crystal features of the products 
and their relative volumes [6]. 

Theoretical treatments of eutectic growth give relationships between undercooling �T, lamellar 
spacing �, and growth velocity V of the general form : 
 

�
� 2

1
K

VKT ��)                                                    (1) 
�
where K1 and K2 are constants related to the material properties. Quasi-regular eutectics (like Fe-
Fe3C) are assumed to grow at the extreme, i.e. at maximum velocity or minimum undercooling. 
This leads to the well known relationships [7]: 
�
�

VKVKKT 3212 ����)                                         (2) 
 

VKV
K
K

4
1

2 / ���                                                           (3)                    

 
Parameter, influencing the kind of eutectic received, is the fraction of the volume g� occupied 

by one of eutectic phases. Quasi-regular eutectic solidification near the highest value of g�, which 
is over 0,4. They are characterized by lamellar-fibrous morphology. The typical feature of quasi-
regular eutectics, is much about equal volumetric contribution of both eutectic phases and the 
growth of one of the phases in the shape of the wall crystal [3].  

The characteristic of this group is that although they are in the anomalous (faceted/nonfaceted) 
class almost regular micro-structures can be observed in these eutectics. In the quasi-regular 
eutectics the high degree of regularity may result from the fact that the faceted phase forms the 
matrix. Therefore, despite a high entropy of solution value, faceting may be prevented and the 
unpredicted appearance of almost regular microstructures can be explained [1].  

The growth kinetics (Fig.2) of the faceted phase activates a defect mechanism for growth, 
which produces a very anisotropic growth behavior. The undercooling of grey (Fe-C) eutectic is 
much higher than the one for white (Fe-Fe3C) eutectic. This is so for two reasons. The 
concentration difference between the two phases is much higher in Fe-C than in Fe-Fe3C (thus 
requiring a higher diffusion flux of carbon) [7]. 
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Fig. 2. Schematic of the growth kinetics of gray and white iron eutectics [8] 

The unidirectional solidification conditions with an apparent temperature gradient along heat 
conduction direction also influence the growth of eutectic cementite. As for the eutectic growth, 
the structures are controlled by the ratio of the temperature gradient (G) to the growth rate (R). A 
relatively high G/R value results in a quasi-regular lamellar structure with edgewise growth and a 
smaller G/R value leads to a ledeburite structure with cooperation growth of austenite and Fe3C. 
Therefore, the straight eutectic cementite in a strip-cast specimen can be attributed to the 
domination of the edgewise growth. And the triangular prisms comprising one carbon atom and 
six surrounding iron atoms  are arranged along the C-axis parallel to the heat conduction direction. 
Consequently, the cementite of the strip-cast specimen has straight interfaces and a distinct texture 
close to the close packed [001]c direction [9].  
 
3. Nucleation metastable eutectic 
 

The grain density data are as follows for the white eutectic:  
 

                          Nw(m-2)=5,0x105 + 1,0x104 T
.

                                               (4) 

T
.  is the cooling rate [10]. 

The research indicated that total number of nucleation was given by nTAN )()T�  where ) T 
is the undercooling with respect to the equilibrium temperature of the phase transformation, A and 
n are constants reflecting the inoculation treatment. 

The real volume fractions of cementite (fc) eutectics can be described by: 
 

)]}(exp[1{ cege
cege

ce
c ff

ff
f

f ���
�

�                                                 (5) 

 
where fce are the extended volume fractions of cementite eutectics, which, in turn, can be given by: 
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3
4 tTTNtuNRNf mstccccccce ���� ����                           (6) 

 
Equation (6) assume spherical geometry, where Rc are the mean radii of either the cementite cells; 
Nc is the numbers of cementite eutectic cells,  per volume or cell densities; and t is the time [11]. 

The growth rate for cementite eutectic (uc) can be related to the degrees of undercooling 
through Eqs. (7), according to theoretical treatments on eutectic growth: 

 
2

ccc Tu )� �                                                                               (7) 
 
where 

TTT mstc ��)                                                                           (8) 
 
In Eqs. (7, 8) �Tc is the undercooling for cementite eutectic, and �c are their respective growth 
coefficients; and Tmst are the metastable equilibrium temperatures of the cementite eutectics [11]. 

As shown in Fig. 3, the distribution pattern of the eutectic cementite changes from the network-
like form to a discontinuous plate-like form with increasing carbon content. Research has also 
confirmed that the morphology of Fe3C changes from ledeburitic to plate like as the undercooling 
is increased. Studies of directional solidification  have indicated that the cooling rate as the 
austenite begins to crystallize into a columnar dendrite increases and the local solidification time 
of the austenite crystallization decreases with increasing carbon content, respectively. As 
mentioned, the cooling rate of the cast iron strips produced by using strip casting ranged within 
102-103 oC s-1. This high cooling rate accompanied with high carbon content could lead to high 
undercooling which enhances the formation of discontinuous plate-like eutectic. Moreover, the 
growth direction of plate-like cementite of high carbon specimens, [001]c, also resulted from the 
edgewise growth along the heat conduction direction [9]. 

 

 
Fig. 3. The morphology and microtexture of the eutectic cementite in 
strips with different compositions: (a) 2,6C-/4,0Si; (b) 3,5C-2,1Si [9] 
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4.  The microsegregation in white eutectic 
 

It was proved that microsegregation of various elements had a significant effect on stable to 
metastable transition as well as the solid-state transformation or heat treatment. The 
microsegregation behavior is quite different among various elements, for example, silicon 
segregates negatively during stable while positively in metastable solidification; manganese 
segregates positively in both reactions, which makes the content of manganese in liquid increase 
during solidification. Therefore, stable and metastable eutectic equilibrium temperature must be 
calculated as a function of silicon and manganese concentration in the liquid. 

At any time t, the distribution of the element X in liquid, white eutectics was approximately 
given by:  

                                                t
whiteX

t

white
XKX

...1,�                                                                   (9) 
 
where t

white
X  are concentrations of X element in white eutectic at time t, t

white
X  is partition 

coefficient of X element in liquid and white eutectic, and tX
...1

 is content of X element in liquid at 
time t [12]. 
 The partition coefficients gSik , and  wSik ,  are calculated using the following relationships: 
 

2
, 05,231,070,1 SiSigSi cck ���                                                            (10) 

 
siwSi ck 05,088,0, ��                                                                  (11) 

 
where cSi is the silicon concentration expressed in weight percent [8]. 

The eutectic temperatures white iron eutectics are obtained by: 
 

� �25,2717,1)5,2(93,62,1147 pSipSiw ccccT �����                                            (12) 
 
Where cp is the concentration of phosphorus, which is assumed to be constant [8]. 

As for the silicon effect, the primary action of silicon in controlling the morphology of white 
cast irons is to produce the rod eutectic form of ledeburite. In other words, the morphology of 
cementite changes from a plate-like eutectic for plane front growth to a rod eutectic for cellular 
and dendritic growth due to the effect of silicon. The reason for this is that the solubility in Fe3C, 
which is known to be extremely low, results in a significant solute buildup in the liquid at the Fe3C 
- liquid interface and this could give rise to the rod facet formation. This cooperative eutectic 
growth occurs at right angles to the primary Fe3C plate, that is, the rod-like structure grows 
perpendicular to the plate like cementite, and will result in curved interfaces and a random growth 
direction [9]. 
 
5. Discussion  
 

Eutectic alloys can grow into the lamellar - or rod - like regular structures or other anomalous 
structures. The exact morphology of a eutectic alloy depends on the crystal features of the products 
and their relative volumes [13]. Evolution of solidification microstructures can be the strategic link 
between materials processing and materials behavior. The eutectic structure is the basis of most 
commercial casting alloys, and thus, the properties of these alloys strongly depend on the amount 

351



and morphology of the eutectic phases, which, in turn, are affected by various variables, including 
cooling rate, modification, and faceted or nonfaceted nature of the constituent phases. In the quasi-
regular eutectics the high degree of regularity may result from the fact that the faceted phase forms 
the matrix. Therefore, despite a high entropy of solution value, faceting may be prevented and the 
unpredicted appearance of almost regular microstructures can be explained.  
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Abstract 

 
The lifetime distribution is very important in reliability studies. The shape of lifetime distribution can vary 
considerably. It frequently cannot be approximated by simple distribution functions. The purpose of this 
paper is to introduce and describe graphical tools for lifetime data. This article is connected with problem 
of finding of lifetime distribution for a heterogeneous population of lifetime data. A heterogeneous 
population can be represented by a two component mixture. The numerical examples are given to illustrate 
two lifetime model. The parameter estimation is based on the maximum likelihood method. The 
methodology is illustrated by two real data set. The graphical illustration on lifetime distribution is 
presented. 
  
Keywords: lifetime, mixture of distribution, Weibull distribution, exponential distribution, TTT-plots, 
reliability function, IFR, DFR. 
 
1. Introduction 
 
The modeling and analysis of lifetimes is an important aspect of statistical work in a wide variety 
of scientific and technological fields. An important topic in the field of lifetime data analysis is to 
select the most appropriate lifetime distribution. This distribution describes the time to failure of a 
component, subsystem or system. The probability distribution of the lifetime of a technical object 
can be characterized by the failure rate function. The failure rate function is a basic concept in 
reliability theory and reliability practice. If lifetime distribution is absolutely continuous what 
very often can be assumed, the failure rate function  uniquely determines the lifetime 
distributions. An important class of the lifetime distribution arises when the failure rate function is 
non-monotonic.  
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Occurrence of instantaneous or early failures in lifetime testing is observed in sets of failures of 
machines. This occurrence may be due to faulty constructions or inferior quality. Somme failures 
result from natural damages of the machine while the other failures may be caused by inefficient 
repairs of previous failures resulting from incorrect organization of the repairs. 
In the papers [8] and [14] the set of failures of a machine is divided into two subsets, namely into 
set of primary failures and the set secondary failures. This suggests that the population of lifetime 
is heterogeneous. The population of the time before failure can be described by using the 
statistical concept of mixture. This mixture, in particular case, has the unimodal failure rate 
function [9]. The purpose of this note is to bring attention to the use of use graphical solution 
methods based on the total time on test TTT transform for detecting early failures. TTT-transform 
was introduced by Barlow and Campo [3] and further extended by Bergman and Klefsjo [4]. An 
application of TTT-plots in reliability theory is presented in paper [9]. Total time test (TTT) 
transformation plots are useful for analyzing non-negative data. The plots help choosing a 
mathematical model for the reliability data and provide the information about the failure rate 
function. In this study, graphical methods based on TTT-transform will be used to illustrate the 
variety of the failure rate shapes. 
 
2.     Basic definitions and ageing properties 
 
Let F(t) be a lifetime distribution with finite mean ET and F(t) = 0 for t < 0.T is random  variable 
(lifetime) with distribution function F(t), reliability function R(t) = 1! F(t) and the failure rate 
function �(t) = f(t) / R(t).   
 
2.1.    Mixture 
 
We consider a mixture of two lifetimes T1, T2 with densities f1(t), f2(t), reliability functions  R1(t), 
R2(t),failure rate function r1(t), r2(t)  and weights  p and  q = 1 – p, where 0 < p < 1.  The mixed 
density is then written as 
 
                                                     f (t) = f1(t) + (1 – p) f2(t) 
 
and mixed reliability functions is 
 
                                                     R (t) = p R1(t) + (1 – p) R2(t). 
 
The failure rate function of the mixture can be written as the mixture [8] 
 
                                                r(t) = 
 (t) r1(t) + (1 – 
(t)) r2(t), 
 
where 
 (t) = pR1(t) / R(t). 
 
2.2. TTT transformation 
 
During another year, the fundamental concept was defined, studied and proven to be a useful tool. 
In the lifetime  data analysis the total time test (TTT) is very useful rate function. The function:  
 

                                                       H-1(t) = �
� )t(F

0

1

du)u(R      for 0 � t � 1 

is TTT transformation of  F(t). The mean of  F(t)  is given by  
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                                                       μ = H-1(1) = m(0). 
 
The scale invariant transformation 

                                                      H-1(t)/ μ = �
� )t(F

0

1

du)u(R
�
1  

 
Different concepts are used not only for  parametric modeling but also to define various 
nonparametric classes of lifetime distribution. The most well known of these are : IFR – 
increasing failure rate function and DFR – decreasing failure rate function.  
            
2.3.   Early and instantaneous failures 
 
We consider a family of continuous distribution functions  F(x; �), where � is a set of  
parameters,  F(0, �) = 0. To accommodate a real life situation, where instantaneous failures are 
observed at the origin, the model F(x; �) is modified to  model  G(x; �, p) by using a mixture in 
the proportion 1– p and p respectively of the singular random variable Z at zero and with random 
variable T with the distribution function F(x; �).Thus, the modified distribution function of 
lifetime is given as:  
 

                          
0
1
2

D��
��� 0xfor)�;x(pFp1

0xforp1)p,�;x(G      

 
and the corresponding probability density function as:  
 

                           
0
1
2

D��
��� 0xfor)�;x(pfp1

0xforp1)p,�;x(f   

 
The problem of statistical inference about (�, p) has received considerable attention particularly 
when T is exponential. Some of the early references are: Aitchison [2], Kleyle and Dahiya [7], 
Jayade and Parasad [5], Muralidharan [10], [11],[12] Kale and Muralidharan [6] and the 
references contained therein. Muralidharan and Kale [6] considered the case where F is a two 
parameters gamma distribution with shape parameter � and scale parameter �, and they obtained 
confidence interval for # = p�� assuming � as being known and unknown.  
   
3. The lifetime model  for bus engine  
 
The analysis of n =190 data sets of lifetimes suggests that as the distribution time between two 
successive failures we can accept the distribution of mixture of two point distribution with 
exponential distribution. In our experiment  the time between two successive  failures was 
registered one time per day. Analysis of lifetime data shows that the number of recorded failures 
for t = 0 and t = 1 is considerably greater than for other time values. Firstly, in order to identify 
the shape of the life time distribution, we shall consider graphical methods based on Total Time  
on Test (TTT). Hence, we conclude that the statistical population is heterogeneous. This fact 
suggests that the distribution of lifetime may be the mixture of the two point distribution: 
  
                              P{X = 0) = a, P{X = 1) = b, where a + b = 1, a $ 0, b $ 0               (1) 
            
and the exponential distribution with the distribution function:  
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                                          F2(t) = 1!exp(!�t)   dla x > 0                                                (2)                                
 
This fact suggests that the distribution of lifetime may be the mixture of the two point distribution 
and the exponential distribution. The distribution function of the mixture has a form:  
                                         F(t) = p F1(t) + ( 1!p ) F2(t)                                                 (3)   
                                                
The distribution function depends on parameters (a, b, �, p).These parameters are estimated by 
numerical maximum likelihood methods, thus  obtaining: a = 0.792, b = 0.208, � = 0.051, p = 
0.336. 
The goodness fit test shows high consistence of  both distributions. The value of the statistics �-
Kolmogorow’s � = 0.37it gives  p-value=0.75, whereas, the Person’s   92 = 23.13 with 
p-value = 0.84. 
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Fig.1. Empirical distribution and distribution of mixture 

 
Fig.1 shows the charts of  the empirical distribution functions and  the mixture. Fig.2 
demonstrates  TTT-plots for the empirical distribution and the distribution after separation of the  
two-point distribution. The distribution after separation shows the good cosistency with an 
exponential distribution. 
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Fig. 2.   TTT-plots for empirical distribution and the distribution after separation 
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4.     The model of time between failures of the bus electrical system   
 
The analysis of n = 1576 the lifetime between successive failures shows that the distribution of 
times until the failure is a mixture of an exponential distribution and Weibull distribution with the 
reliability function  in the form: 
 
                                        R2(t) = exp(! c xd),  where x>0, c > 0, d > 0. 
 
can be the model for this lifetime data. 
The reliability function for  distribution (4)  has the form: 
 
                                                   �(t) = c d td-1 dla x>0. 
 
In this case the reliability function of mixture 
  
                                 R(t) = p exp(!�t) + (1!p) exp(! c td) dla x > 0 
 
depends on  four parameters (c, d, �, p). 
These parameters are estimated by numerical maximum likelihood methods thus  obtaining:  
c = 0.785, d = 0.487,  � = 0.0625, p = 0.627. Goodness of fit test of the empirical distribution with 
the distribution of the mixture gives for statistics � ! Ko�mogorow’s  �k = 0.649,   for  
p ! value =0.83.Goodness of fit test  Pearson’s  92 = 74.45 for p ! value = 0.82.  Both  tests 
confirm good consistence  of  the empirical distribution and mixture distribution. 
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Fig..3  The empirical distribution and the distribution of mixture 

 
Fig. 3 shows the plots  of the empirical  and mixture distributions and fig. 4 shows TTT-plots the 
for both components of  the mixture.  
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Fig. 4. TTT-plots of the empirical components of the mixture 

 
5.     Concluding remarks  
 
In  this paper, the lifetime distribution as a mixture of two known distributions, has been provided 
and discussed. It can be seen that  the proposed model is a  complete model for describing lifetime 
data of the bus subsystem. In the first example, a mixture of two points and exponential 
distribution as a lifetime of engine is considered. However, in the second example, Weibull 
mixture and an exponential distribution have been discussed as  the electrical system’s lifetime. It 
is proved that an empirical distribution and a mixture distribution fit each other.     
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Abstract 
 
The transport systems and especially the means of transport are the sources of life and health hazard and the 

natural environment pollution. Exploitation process influence on the elements of the technical objects and decrease 
the values of the important features of them. This is the mechanism of the damage process. Wear factors could be 
divided into two groups. One of them are the factors results from the bed operation of the object operators and the 
second group consists of the factors results from the environment interaction. The damages are the events which are 
very important from the reliability point of view because are the reason of the partly or full disability. In the paper the 
damage is defined as the exceeding the acceptable thresholds of the technical object important features. 
 
Keywords: transport, system, damage, 
 
1. Introduction 

 
Based on the analysed references in question as well as on the results of our own research it has 

been found that the damages to the means of transport, being utilised within the transport systems, 
are a result of interaction of various forcing factors. These factors may be divided into: 

- working factors – affecting a machine due to realization of the working process by the 
machine (depend on the machine performance), 

- external factors – describing influence of the environment on the machine (do not depend on 
the machine performance), 

- antropotechnic factors – affecting the machine due to conscious or un conscious men’s actions 
(e.g. men’s faults made during the process of utilisation and maintenance). 

Because of the nature of the forcing factors affecting a technical object, they may be divided 
into the fundamental classes: 

- which depend on the machine performance (they affect the machine only when the working 
process is being performed by the machine), 

- which do not depend on the machine performance (they affect the machine also when the 
machine does work). 

Some number of the damages result from the natural wear of the machine elements, while 
some other damages may be caused by ineffective repair of the damage occurred previously. 
Subsequently so called secondary damages appear within a short time interval. They result from 
incorrect organization of the repairs, poor training level of the repair team workers, constraints 
related to the before and after repair diagnostic activities, etc. 
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In the framework of the operation and maintenance investigations carried out within a real 
system of operation and maintenance of the means of transport, the time intervals occurring 
between the consecutive damages to the elements of the means of transport and the moments they 
appear were analysed. 

When analysing statistically the moments the damages to the means of transport occur, 
a difference between the theoretical distribution and empiric one of the time interval values 
occurring between these moments (Fig.1) was observed. The significant difference between the 
theoretical distribution and the empiric one occurring at the beginning of the interval (0, tp), from 
the moment p declines to zero. However inside the interval (tp, C) the theoretical function is 
consistent with the empiric distribution. This discrepancy results from the secondary damages 
caused by improper quality of the repairs of the damaged elements that occurs in the interval 
(0, tp). The investigations prove that the moments of the secondary damages are included inside the 
interval from 0 to 7 days (Fig. 1). 

The analysis of the empiric data (the length of the time intervals between the damages) 
indicates that it is reasonable to describe the probability distribution of the correct work times with 
the reliability function R(x) formulated as follows: 
 
 � � � � � �tRppexR w

x ��� � 1� , (1) 
 

It is a combination of the exponential distribution pe-�x (with unknown value of the parameters 
(p�) and the reliability function Rw(t). The estimation of the distribution parameters (p�) with the 
reliability function described with the dependence (1) is a complex problem. 

Assuming that for unknown distribution (times of correct work) focused on the limited time 
interval (0, tp) it is possible to estimate the values of the parameters p and �, then for high values 
of t it may be assumed that: R(t) > p*exp(-�t). In that case using the methods of the linear 
regression (in the semi-logarithmic system) the values of the parameters p and � may be evaluated 
for different random tests cut off from the bottom. For each such a approximation a regression 
standard fault is calculated – S(i), where i stands for the index of the day from which the data are 
analysed. The analysis of the changes S(i) depending on the value of i indicates that there is 
a minimum s(i) for various i, most frequently for i = 5, 6, 7,..., 12. 
 

t

e� �-  t

f(t)

f(t)

p

t p0  
 

Fig. 1. Changes of the value of the exponential function and the real function at the time t [1,4] 
 

The changes of the real function may be described by a combination of the probability 
distribution with density g(t) and exponential distribution. Let Ei(k), where i = 0, 1, 2, …, E0(k) = 0, 
k = 0, 1, 2, …, n stand for the stream (moments) of the damages of the k-th technical object. 

362



The difference Ei+1(k) - Ei(k) for i = 0, 1, 2, …, stands for the length of the time interval 
between i+1-st and i-th damage of the k-th technical object. Yi(n) denotes superposition n – of the 
damage streams. Let Xi(n) = Yi(n) - Yi-1(n), where i = 0, 1, 2, …, Y0 = 0  

It is assumed that the distribution of the random variable Xi(n)  does not depend on i. 
According to the theorem of Grigelionis it is known that with n � C the random variable X(n) has 
exponential distribution. 

It is assumed that the probability density of the random variable T is formulated as follows: 
 
 � � � � � � tetgtf ��� ����� 1    for  f(t) = 0, (2) 
 

It is a combination of the probability distribution with the density g(t) and the exponential 
distribution with the density given with the formula (3): 
 

 � � tetg �� ���1 , (3) 
 

The estimation of the parameter � and � of the density (2) is based on the assumption that the 
density g(t) takes the values above zero, and that they are relatively low and included within the 
range from Utp, CV. 

The analysis of the results of the operation and maintenance investigations regarding the 
moments the damages occur prove that the set of the damages may be divided into subsets of the 
primary and secondary damages. 

It results from the fact that the consecutive moments of the damages to the same subsystems 
are gathered sequentially after a single damage occurred. 

The figure 2 shows an exemplary damage stream of a chosen subsystem of a mean of transport. 
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Fig. 2. Time intervals between the primary and secondary damagesti – the moments the primary damages occur, 
tij – the moments the secondary damages occur, 
Ti – the time intervals between the moments the primary damages occur, 
Tij – the time intervals between the moments the secondary damages occur. 

As it is shown in the figure 2, the first of the damages which occurred at the moments ti, cause 
the sequences of the subsequent damages to the same subsystem within short time intervals. These 
damages are called primary.Whereas the next of them, with the finite number of repetitions, 
occurring at the moments tij, are called secondary.Based on the analysis of the investigation 
results it has been found that the reason for the secondary damages is, in general, improper quality 
of the repairs of the primary damages to the subsystem elements.Reduction of the conditional 
probability of the occurrence of a secondary damage may be an initial point for reducing the 
damage intensity. It may be achieved by eliminating the damages occurring due to unreasonable 
realization of the repair process. 

As it is shown in the figure 2 the faulty repairs represent one of the most important reasons for 
the occurred damages to the vehicle subsystems. Comparison of the significant reasons for the 
damages to the means of transport are shown in the figure 3.  

The analysis of the operation and maintenance investigation results prove that reduction of the 
number of the secondary damages is an essential problem, the solution of which makes it possible 
to have an influence on the operation reliability level of the means of transport. 
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Fig. 3. Occurrence frequency of the reasons for the damages to the elements of the means of transport 
1-faulty repairs, 2-faulty utilisation, 3-influence of the environment, 4-damages to the co-working elements, 5-others. 

 
2. Purpose of the paper 
 

The purpose of this paper is to evaluate the influence of the means of transport on the operation 
reliability level of a transport system. 
 
3. Object of the investigations 
 

The objects of the investigations are damages to the subsystems of the means of transport being 
operated and maintained within a chosen transport system. Whereas the subject of the investigation 
is the influence of these damages on the operation reliability level of the transport system. 

A detailed example of a transport system is one of the road transport systems – an urban 
transport, covering the bus transport system. Despite a series of advantages such as: punctuality, 
frequency, regularity, reliability, accessibility, directness, comfort, movement speed, transport 
fare, safety, no need to use a traction or railway subgrades, being characteristic for an urban bus 
transport system when compared it to the trolley-bus or tramway transport system, it is also 
characterised by some disadvantages, and namely: it is a source of various road dangers to the 
health and life of the people, technical objects and the natural environment. 

The investigations performed within a bus urban transport system referred to the damages to 
the subsystems of the means of transport and to the moments they occurred. They were carried out 
by a passive experiment method under real operation and maintenance conditions. A random set 
consisting of 28 means of transport utilised in the real operation and maintenance conditions was 
selected for the investigation purposes. The results of the investigations cover five-year long 
period of the operation and maintenance of the means of transport. 
 
4. Damage classification methodology 
 

The classification of the damages to the means of transport was done for their respective 
subsystems. That was why the object under investigations was decomposed to its subsystems. 
Symbols denoting the subsystems of the mean of transport were determined at the decomposition 
stage, as presented in the Table 1. 

So called significant subsystems, that means such systems whose damage effects occurred 
within the time interval under investigation affect the operation reliability of the means of 
transport to the highest extent were selected in order to analyse the damage stream. 
 
 

Table 1. Set of the subsystems of the decomposed mean of transport 
 

Subsystem Code Subsystem Name 
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SI - Engine 
PN - Drive transmission 
UJ - Wheels and steering system 
IE - Electric system 
HA - Braking system 
NA - Bodywork 
UK - Steering system 
SP - Compressed air feed system 
ZA - Suspension system 
IN - Others 

 
In order to classify the damages as primary and secondary ones the following criteria were 

adopted: 
a) essential criterion – the average distance in kilometres travelled between the consecutive 

damages of the j-the subsystem depending on: 
Lu – stands for the summarized number of the damages to the bus under investigation, 
Lu1 – stands for the number of the damages to the electric system IE, 
Lu2 – stands for the number of the damages to the bodywork NA, 
Lu3 – stands for the number of the damages to the drive transmission system PN, 
Lu4 – stands for the number of the damages to the engine SI, 
Lu5 – stands for the number of the damages to the braking system HA, 
Pc – stands for the total distance travelled by the bus during the investigation time [km], 

L�rj – average distance travelled between two consecutive damages of the investigated j-th 
subsystem [km], described with the following dependence (4): 

 
uj

c
�rj

L
PL �   ,    j = 1,2,3,4,5, (4) 

 
sj’ – standard deviation [km], described with the dependence (5): 
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where: 
Lij – the distance travelled between the consecutive repairs [km] of the j-the subsystem, 
n – number of the measurements that is the number of runs between the consecutive repairs 

of the j-th subsystem. 
sj – standard deviation including the t-Student’s index depending on the number of the 

measurements n and the confidence coefficient 1-�, has been described with the 
dependence (6): 

 sj = f1-� sj’, j = 1,2,3,4,5 (6) 
The closer the confidence coefficient is to 1, the more extensive coefficient range is achieved. 

The confidence coefficient adopted in the paper is 1-� = 0.95. It is the most frequent value of this 
coefficient used in the statistical research. Along with the increase of its value the standard 
deviation s goes upj: 
- previous damage to the j-the subsystem was a primary one Lupj on condition that the following 

dependence was fulfilled (7): 
 Lupj = Lij = L�rj – sj, j=1,2,3,4,5 (7) 

- previous damage to the j-the subsystem was secondary Luwj on condition that the following 
dependence was fulfilled (8): 
 Luwj = Lij ? L�rj – sj, j=1,2,3,4,5 (8) 
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where:  
L�rj - sj –  the value describing the threshold between the primary and secondary damages 

[km] 
b) auxiliary criterion – critical time s tkr determined on the basis of the average time of correct 

operation between the consecutive damages to the subsystem. 
 

Basing on the analysis of the operation and maintenance investigation results it was assumed 
that the time intervals of the correct operation between the consecutive damages to a bus 
subsystem may be expressed by means of an exponential distribution. While the condition of the 
critical time tkr (9) [1,2,3,4]. 

 �ln
ˆ
1
a

tkr ��  (9) 

where: 
� - significance level, 

t
a 1ˆ �  - parameter estimator with the moment method, 

t  - average value of the time interval of the correct operation between the damages to 
the subsystem. 

 
In order to set the value of the efficiency factor of the performed repairs the following 

descriptions and dependences were adopted. 
N(t) –  summarized number of the repairs of the mean of transport under investigation up to the 

moment t, described with the dependence (10): 

 (�
j

j tNtN ),()(  j = 1,2,...,m (10) 

Nj(t) –  number of the repairs of the j-the subsystem up to the moment t, described with the 
dependence (11): 

 Nj(t) = Nj
S(t) + Nj

N(t), j = 1,2,...,m (11) 
where: 

Nj
S(t) –  number of effective repairs of the j-th subsystem up to the moment t  

Nj
N(t) –  number of ineffective repairs of the j-th subsystem up to the moment t 

 
The values Nj

S(t) and Nj
N(t) were determined on the basis of the following dependence: 

 L�rj(t) –  average travelled distance between the repairs of the j-the subsystem, described with 
the dependence (12): 
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for i = 1,2,...,n, j = 1,2,...,m 

where: 
Lij(t) – the travelled distance between the consecutive repairs of the j-th subsystem up to 

the moment t, 
Nj(t) – number of the repairs of the j-th subsystem up to the moment t. 

 
The value of the efficiency factor of the performed repairs of the j-th subsystem of the 

investigation object is described with the dependence (13): 
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The value of this factor may be expressed as follows: 

 � �,%100W�
j

S
j

j
N

NWS         j = 1,2,3,4,5 (14) 

Based on the analysis of the values of the travelled distance and the time intervals between the 
damages to the subsystems of a mean of transport, a criterion to classify the damages as primary 
and secondary ones was adopted according to the dependence (7), (8) and (9). Having classified 
the damages, the essential statistical parameters such as: numbers of the primary damages (Lup), 
numbers of the secondary damages (Luw), etc. were determined. 
 
6. Investigation results 
 

Table 2 presents selected investigation results regarding the number of the repairs of the selected bus 
subsystems, which are characterised by the highest numbers of the damages occurred when performing the 
operation and maintenance investigations. 
 

Table 2. Comparison of the number of repairs of the selected bus subsystems under investigation 
 

Number 
of bus 

Subsyste
m code 

Number of 
repairs 

Number of 
effective repairs 

Number of 
ineffective 

repairs 

Repair efficiency 
factor expressed

in % 
Ikarus IK260

1 

IE 147 48 99 32,65 
PN 126 45 81 35,71 
NA 86 26 60 30,23 
SI 66 20 46 30,30 

HA 55 20 35 36,36 

2 

IE 186 66 120 35,48 
PN 141 42 99 29,79 
NA 99 31 68 31,31 
SI 62 28 34 45,16 

HA 76 24 52 31,58 

3 

IE 108 29 79 26,85 
PN 84 26 58 30,95 
NA 78 22 56 28,21 
SI 49 19 30 38,78 

HA 115 44 71 38,26 

4 

IE 53 16 37 30,19 
PN 29 12 17 41,38 
NA 61 25 36 40,98 
SI 43 14 29 32,56 

HA 64 22 42 34,38 

5 

IE 61 23 38 37,70 
PN 81 26 55 32,10 
NA 38 12 26 31,58 
SI 45 13 32 28,89 

HA 56 17 39 30,36 

6 

IE 230 70 160 30,43 
PN 237 90 147 37,97 
NA 158 50 108 31,65 
SI 86 26 60 30,23 

HA 189 65 124 34,39 

7 

IE 99 36 63 36,36 
PN 51 20 31 39,22 
NA 64 20 44 31,25 
SI 38 13 25 34,21 

HA 42 14 28 33,33 

7. Analysis of the investigation result and conclusions 
 

As it results from the data stated in the table 4 the maximal percentage of the secondary 
damages in the total number of the damages is equal to 74%. Such a high percentage causes 
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significant reduction of the operation reliability of the means of transport resulting from 
impossibility to perform the tasks. It makes the decision maker of the transport system use so 
called substitutive buses in order to follow the scheduled runs, what in turn is related to extra 
expenditures to accomplish the tasks. 

The results of the operation and maintenance investigation prove that the realization of the 
actions aimed at reduction of the number of the secondary damages is reasonable and that they are 
to be considered as the essential actions to increase the operation reliability level of a transport 
system. 

From the analysed source information it results that the secondary damages to the bus 
subsystem elements are to be eliminated inside the service and repair process. It may be 
accomplished by: 

-correct diagnostic activities performed before and after repairs, 
-using correct spare parts, 
-using adequate repair measures, 
-observing scheduled times to carry out surveys and replacements, 
-correct assembly and disassembly, 
-introducing technical control over the repairs performed, 
-increasing the employee’s qualifications, 
-appropriate employee’s motivation, 
-providing the repair stands with the technological and repairing tools, 
After completing the investigations in a repair department it was found that it was necessary to 

introduce identification of the person repairing the damaged subsystem. Having introduced these 
changes, a significant reduction of the number of the secondary damages was noticed. 

It is reasonable to carry out further operation and maintenance investigations regarding the 
identification of the reasons for the secondary damages and the evaluation of their significance in 
terms of the possibility to undertake reasonable actions aimed at increasing the operation reliability 
of a transport system. 
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Abstract 
 

Zirconium dioxide is a  material which, over the recent years, has been attracting support among dental 
technicians and dentists, thanks to its chemical composition and mechanical properties, it can replace non-
anaesthetic foundations or metal crowns. Additionally zirconium dioxide is a material which is easy to work in. 
Zirconium dioxide is a polymorphic material demonstrating three  phases: monocyclic, cubic and tetragonal. 
Additionally during the crack propagation the material shows the reinforcing transformation; the replacement of 
the phase and increasing the volume of the molecules, which inhibits the microcracks in the material. Thanks to 
such potential, zirconium dioxide has acquired a very high recognition in stomatology and orthodontics. 
Interestingly, the factor which has a considerable impact on the fatigue life and strength of zirconium dioxide is 
an adequate treatment and tool operation  temperature; the slightest undesired effect can trigger the 
accumulation of stresses and thus decrease the material strength. A lower mechanical strength can be also due 
to other conditions, e.g. varied nutrition habits in the patient and the frequency of oral cavity hygiene practises. 

 
Keywords: zirconium dioxide, microstructure, biomaterial, structure reinforcement  
 

1. Introduction 
 

Zirconium dioxide is a ceramic material the dentists have been getting convinced about since 
the 1990s. Porcelain as a supplement of tooth losses was improved in 1956 when it was baked over 
the metal core [19]. This technique provided an adequate strength, however, it was not so much 
aesthetic. Since then attempts have been made to enrich the chemical composition of porcelain to 
such extent that the tooth restoration is possible only by using porcelain without metal elements. In 
the early days of dental prosthodontics one could differentiate between the following materials 
helping the elimination of tooth losses: filedspathic porcelain, mica-reinforced ceramic, leucite-
reinforced ceramic, lithium-disilicate ceramic, aluminium trioxide ceramic, zirconium-dioxide-
reinforced ceramic [22,23]. It turns out that leucite, lithium-disilicate and aluminium ceramic 
shows very low strength while applying the multi-section structures. A search has been launched 
to find the ceramic material of high mechanical strength which would allow for producing dental 
arches, fixed dental restorations. Such material has been used for a long time already, however in 
other fields of human life it is zirconium [24,25]. Yet another advantage, despite a high 
mechanical strength, is an easy treatment also possible using CNC tools, thanks to which the 
application of zirconium as early as in the 1990s, it was possible to develop a technology which 
would facilitate the formation of restorations adjusted to the conditions in the patient’s oral cavity 
[14]. 

 
2. Microstructure of zirconium dioxide  
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The most frequent zirconium porcelain used in workshops and dental surgeries is zirconium 
dioxide 96% ZrO2 of which mixes with 4% Y2O3 [7,17]. The zirconium dioxide crystal grains 
themselves are 0.2 ÷ 1 μm in size [5,7,21]. Zirconium dioxide is a polymorphic material which can 
occur in three forms: monocyclic (commonly referred to as slanted), cubic and tetragonal. 
Depending on the temperature of the environment, the material occurs in one of the following 
forms: at room temperature it will occur in a monoclinic – monocyclic form. Heating the material 
to 1170°C, one can note a tetragonal phase and above 2370°C – the cubic one. From the 
perspective of biomechanics, it is the tetragonal phase which is the best form of the arrangement of 
the molecules [8,9,10]. Thanks to such additions as yttrium, magnesium and cerium, it is possible 
to reach that phase at room temperature. Adding 8% of magnesium oxide triggers changes in the 
volume of the phase during zirconium dioxide cooling. Adding 2 ÷ 3% stops the withdrawal of 
zirconium dioxide from the tetragonal phase to the cubic phase [6]. During the zirconium dioxide 
structure crack propagation it changes its phase from the tetragonal one into the monocyclic phase, 
which triggers the transformation of the molecules; hence the structure reinforcement. Such 
phenomenon can be referred to as the reinforcing transformation. During that process there is 
observed a 3 ÷ 5% increase in the volume of the zirconium dioxide molecules, thus decreasing the 
destruction energy and, in turn, decreasing the crack propagation (Fig. 1) [4,3,1]. The process 
decreases the dispersion of microcracks in the structure. 

 

 
 

Fig. 1. Diagram of the crack propagation with a change in the phase from  tetragonal to  monocyclic [2]. 
 

Zirconium dioxide with supplementary ingredients, stabilizing the structure, has been highly 
recognized in such areas as dental braces; the grips correcting the tooth position in the oral cavity,  
endodontics as hinges, dowels supporting the tooth, single teeth and fixed dentures [11,12]. 
Analysing the strength, one must note that preparing the material itself, the zirconium dioxide, 
bonded with another supplementing element, plays a very big role. The dental labs preparing the 
surfaces use fine cutters the operation of which does not disturb the arrangement  of the material 
structure molecules, namely an increase in strength. Operating coarse cutters triggers considerable 
defects in the material structure and thus high stresses. Similarly during operation one shall 
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consider the effect of temperature which plays an essential role in the structural changes and even 
triggers reverse transformation [13,16].  

 
3. Summary 
 

Over the recent years one can note a growing interest in the material such as zirconium 
dioxide. Thanks to various chemical bonds, yttrium, magnesium and cerium, it is possible to adjust 
the  microstructure to the required application in orthodontics or endodontics of the oral cavity. 
Zirconium demonstrates high mechanical strength and easy treatment. Thanks to special CNC 
devices and the  CAD/CAM software, the dental technicians can make dental crowns and arch 
bridges. A special process of ceramic burning taking even up to 11 hours at the temperature of 
1400°C and the accompanying contraction reaching 18 ÷ 25% point to a high material life [13, 
15]. The only problem has been, so far, a low number of studies which would determine whether 
the material ages, under which conditions it ages and what affects that process. It can be due to 
other material work conditions in the oral cavity, various nutrition habits in the patient as well as 
the frequency of the oral cavity hygiene practises. An interesting phenomenon which occurs in the 
zirconium dioxide material during the crack propagation is its self-strengthening, the so called 
self-repair potential [20]. Material ions go through various phases and increase their volume even 
up to 5%, thanks to which the material microcrack propagation decreases. The strength is also 
affected by the material preparation process itself as well as its treatment. The application of the 
adequate tools; fine cutters which, while at work, do not trigger a considerable temperature 
increase, will not result in a change in the material phase and, as a result, high stress 
concentrations [25]. 
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Abstract 

This paper presents anticipated results of reducing vibrations of a laboratory building by separating its foundation 
from the ground. In order to carry out a numerical analysis, the building and the foundation soil were modelled with 
the use of Multibody System Dynamics (MSD). In a real system, vibrations of walls and floors are caused by 
propagation of waves in the ground. Such waves are excited by cyclic impact of operating crushing elements of 
a roller-bowl mill located in the vicinity of the building. Energy carried by the waves is so high that they cause 
vibrations of the building when the waves encounter an obstacle in the form of the foundation. The vibrations have the 
velocity of several millimetres per second. This phenomenon has an adverse effect as far as the strength of elements 
made of brittle materials such as concrete and bricks is concerned, and it becomes critical when high-sensitivity 
measuring instruments are located in the rooms. Then, vibrations may cause incorrect readings of such instruments 
and damage of the elements, mainly electronic ones. In order to determine the extent of vibrations propagated from 
the mill to the laboratory building foundation, measurements of vibration parameters were carried out and amplitude-
frequency responses of the investigated objects were obtained. The results of a simulation revealed that an expansion 
gap having a calculated effective height would allow reducing the level of vibrations in the building as well as in 
laboratory stations located inside. 

Key words:  proper vibrations, minimisation of vibrations, resonance frequency values, propagation of disturbances in 
the ground, seismic and para-seismic actions 

1. Introduction 

Civil structures are exposed to various types of dynamic loads among which seismic and para-
seismic actions can be recognized. Seismic excitations occur due to earthquakes, whereas para-
seismic excitations are caused by human activity such as vibrations of machines supported on own 
foundations, shooting in quarries, driving sheet piling, rail and road traffic, etc. Dynamic impact 
which is transferred by the ground to civil structures causes vibrations in them. Machines which 
are percussive in operation are usually located within a safe distance from buildings. However, it 
should be remembered that percussive-borne vibrations can propagate as disturbance in the soil 
medium over significantly long distances depending on the type of the base, depth of groundwater, 
above- and underground infrastructure, etc. [3]. As the distance from the source of vibrations 
increases, amplitudes of ground vibrations decrease, because the density of conveyed energy 
decreases, vibrations are damped and the energy is dissipated at the borders of ground layers [1]. 
Vibrations have an adverse impact on the strength of structures as well as the durability of 
elements of machines located inside. Therefore, actions are taken to devise the most effective 
methods of minimising vibrations for every case of such excitations [5, 7]. Three main types of 
methods for protection against vibrations such as passive, semi active and active ones can be 
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distinguished [2]. Methods which involve direct interference with the source by eliminating the 
cause of vibrations lead to the best results. As an example, rotor balancing is a much simpler and 
effective solution than an attempt of limiting vibration levels by applying vibration insulation. 
A particularly important task from the viewpoint of engineering is to lower the level of vibrations 
in large structures and foundations of machines when the vibrations are caused by excitations 
which are resonant in nature [6]. In such cases, prior to corrective actions, there should be 
a numerical analysis so that results of applied solutions intended for minimisation of the level of 
vibrations can be anticipated [4]. 

This paper presents the concept of reducing the level of vibrations in a laboratory building 
caused by excitations from the system of a roller-bowl mill. The investigated object is located 
about 200 m away from the source of such vibrations. Surface waves which propagate in the 
ground in the form of shocks carry such a high amount of energy that vibrations having high 
amplitudes occur in the building due to the waves which reach the foundation, even though the 
source is located far away. The problem is quite serious as vibrating walls and floor make the 
laboratory tables and measuring instruments vibrate. 

2. Measured parameters of vibrations in the structures 

Measurements and analysis of vibration parameters were carried out in situ and aimed at 
determining the mechanism of how vibrations propagate from the ground to the laboratory 
building. The investigated structure is a two-storey building made of bricks. It was supported on 
strip footings and has a basement. The operating mill which is the source of vibrations is supported 
on reinforced-concrete foundations having dimensions of 10 m x 10 m x 3 m and is supported on 
Franki piles having the length of 12 m. The laboratory building is located about 200 m away from 
the milling station (the mill). A diagram of the roller-bowl mill in operation is presented in Fig. 1. 

 

Fig. 1. A schematic view of the bowl with rollers as the 
element of the mill which excites vibrations 

Fig. 2. A schematic view of the location of the mill with 
reference to the building (a) and location of measuring 

points at the foundation (b) 

The material to be ground is fed from the top, and then it falls onto the bowl where it is ground 
down by three rollers moving on the bowl. The milling is removed by a system of fans, and then it 
is fed to separators so as to separate various grain sizes. The mill belongs to the group of machines 
which are percussive in operation. During the milling process rotation of the rollers is forced by 
the bowl rotating around the axis of the mill. The rollers can also move vertically. By falling onto 
the bowl the roller hits it and a quite significant amount of energy is transferred to the mill. 

Measuring sensors were placed along the edge of the foundation of the mill (Fig. 2b) and at the 
bowl (Fig. 3a). Fig. 3 shows typical amplitude-frequency responses of vibration velocities of the 
mill bowl in the reduction gear axis (horizontally and vertically). Velocity amplitudes of bowl 
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vibrations are considerable and equal to 3 to 4 mm·s-1. The maximum RMS values measured in the 
axis of the reduction gear of the bowl driving system reached the value as high as 8.42 mm·s-1. 
Instantaneous values reached even the level of 28 mm·s-1. Frequency of vibration components in 
the measured band ranged from 3.5 to 11.5 Hz.  
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Fig. 3. Location of the measurement spot at the bowl a), an amplitude-frequency response of vibration velocity b) in the 
axis of the reduction gear, c) horizontally, d) vertically  

Figs. 4 and 5 show amplitude-frequency responses of vibration acceleration values of the mill 
foundation in Y-axis, at point 1 and 3 respectively. 

Fig. 4. An amplitude-frequency response of the vibration 
acceleration value of the mill foundation at point (1) in Y-

axis 

Fig. 5. An amplitude-frequency response of the vibration 
acceleration value of the mill foundation at point (3) in Y-

axis 

The responses were obtained on the basis of vibration acceleration values of the mill 
foundation in the function of time during mill operation run-up and run-down periods. By 
analysing the measurement results it can be observed that the area of foundation vibrations 
carrying lots of energy applies for the frequency ranging from 4 to 12 Hz. The recorded parameters 
of vibrations of the mill foundation prove that there are good conditions for applying insulation 
with the damping effect of 20 dB.  

The maximum values of acceleration amplitudes for the mill foundation in Z-axis (vertical) 
correspond to higher frequency values than the maximum acceleration amplitudes of vibrations in 
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the horizontal plane. For the frequency of ~13 Hz the value is 2.57 mg (0.025 m·s-2) (Fig. 6). The 
same effect can be observed in case of vibrations of the mill bowl. 
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Fig. 6. Amplitude-frequency responses of vibration acceleration values of the mill foundation in a) X-axis, b) Y-axis, 
c) Z-axis 

Changes of selected parameters of vibrations along time in the laboratory building were 
recorded as well. The sensors were placed in several places such as the laboratory on the working 
top of the table (point #1) and on the floor (point #2) (Fig. 7). 
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Fig. 8. Values of vibration velocity amplitudes at point 1 
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Fig. 8 shows examples of vibration velocity amplitudes in the measuring points 1 (table) and 2 
(floor) at 7 Hz, whereas Fig. 9 shows an amplitude-frequency response of a table vibration 
acceleration value in Y-axis. 

By analysing the measurement results it can be observed that the value of table vibration 
velocity is higher in both horizontal and vertical plane when compared with vibrations of the floor. 
Resonant vibration can be observed in Y-axis. 
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Fig. 9. An amplitude-frequency response of the vibration acceleration value of the table in Y-axis 

The amplitude of floor vibration velocity in the horizontal plane is almost 8 times higher than 
the corresponding amplitude of table vibration velocity in the vertical plane (Figs. 10 and 11). 

  

Fig. 10. An amplitude-frequency response of vibration 
velocity on the floor in Y-axis  

Fig. 11. An amplitude-frequency response of vibration 
velocity on the floor in Z-axis 

3. Calculation model and numerical analysis 

Multibody System Dynamics (MSD) was used for the purpose of a numerical analysis of 
vibrations propagating through the ground to the foundation of the building and the response of the 
system to the applied excitations with implemented damping insulation. The laboratory table 
where instruments are placed, as well as elements of the building such as the floor, walls, 
foundations and the ground, are modelled as rigid bodies (Fig. 12). Between the floor and the table 
there is a contact reaction. The contact between the foundation and the ground was modelled as an 
elastic-damping coupling for which parameters were selected in such a manner that proper 
vibration frequencies of the model would correspond approximately to the values obtained from 
the experiments. 

Dynamic rigidity coefficients of the ground were determined by means of Savinov method in 
accordance to a standard. The coefficients depend on the type of ground, foundation pressure on 
the base as well the shape and dimensions of the foundation. For the purpose of calculations the 
following six discrete values of base rigidity coefficients kx = ky = kz = 106 N/mm and k�x = k�y = 
k�z = 108 N mm were assumed. The analysis was carried out in the range of linear elasticity.  
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Fig. 12. The model applied in the numerical 
analysis 

Fig. 13. An amplitude-frequency response of vibration velocity 
of the table in Y-axis for the assumed model  

For a kinematic excitation assumed in the numerical analysis, determined at the foundation 
level, the horizontal component of ground vibration acceleration excited by the operating mill was 
assumed. Fig. 14 presents the first three forms of proper vibrations of the laboratory building. 
Deformation of the rigid body, here the building, at the frequency of 7.8 Hz corresponds to 
torsional vibrations. 

 
a) 

 
b) 

 
c)

Fig. 14. Forms of building proper vibrations at the following frequencies: a) 4.1 Hz, b) 5.2 Hz and c) 7.8 Hz 

The first three forms of proper vibrations of the ‘table – floor – wall – foundation – ground’ 
system are presented in Fig. 15. The first form of proper vibrations of the system being analysed 
corresponds to torsional vibrations around Y-axis, whereas the second one reflects the 
displacement along Y-axis. At the frequency of 18.8 Hz, the table vibrates in Z-axis and rotates 
simultaneously around X-axis. 
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Fig. 15. Forms corresponding to the first three frequency values of proper vibrations of the investigated system 
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Fig. 16 presents amplitude-frequency responses of floor vibration velocity in Y-axis and Z-axis 
respectively. Calculated floor vibration velocity amplitudes at ~7 Hz in Y-axis and in Z-axis have 
the respective values: 0.53 mm·s-1 and 0.044 mm·s-1 (Fig. 16). The values are lower than the 
measured values which were determined to be 0.65 mm·s-1 (Y-axis) and 0.2 mm·s-1 (Z-axis).  
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Fig. 16. An amplitude-frequency response of vibration velocity on the floor in a) Y-axis and b) Z-axis 

The results obtained from the numerical analysis of table vibrations confirm that the table 
displaces with reference to the floor both horizontally and vertically. Vibration velocity of the 
table in Y-axis is much higher than in case of vibration velocity of the floor (Fig. 17). 
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Fig. 17. Table displacement along the floor in a) Y-axis b) Z-axis in the function of time. 

The vibrations are resonant in nature which is implied by the shape of spectrum containing 
ultraharmonic components of excitation frequency being 3× and 5× (Fig. 18). The values of table 
vibration velocity amplitudes obtained from the calculations at 7.20 Hz in Y and Z axes are as 
follows: 6.7 mm·s-1 and 1.26 mm·s-1. In comparison, the values obtained from the measurements of 
table vibration velocity have the following values respectively: 5.1 mm·s-1 and 2.1 mm·s-1. 
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Fig. 18. An amplitude-frequency response of vibration velocity of the table in a) Y-axis and b) Z-axis 

In order to damp the propagation of disturbances in the ground, excited by the operating mill,
an expansion gap was simulated in the model within the foundation-ground plane. Fig. 19 presents 
the anticipated effect of reducing table vibrations in Y and Z axes when an expansion gap having 
the depth of 0.9 of the foundation block height is applied. 
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Fig. 19. An amplitude-frequency response of vibration velocity of the table in a) Y-axis and b) Z-axis once an 
expansion gap at the building foundation has been applied 

Once the separation gap has been added to the calculation model for the ‘table – floor – wall – 
foundation – ground’ system, a significant reduction of table vibration velocity amplitude was 
obtained. The value decreased from 6.7 mm·s-1 to 0.05 mm·s-1 in Y-axis, and from 1.26 mm·s-1 to 
0.02 mm·s-1 in Z-axis at the excitation frequency of 7.2 Hz. 

4. Conclusions  

The main objective of this paper was to analyse the possibility of damping vibrations in 
a laboratory building where measuring equipment requiring high accuracy of indications is 
located. Experiments carried out for the object in a real scale confirmed that there were high-
amplitude vibrations in the laboratory tables, and standard values were significantly exceeded. In 
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order to anticipate how effective damping of the level of building vibrations would be, conditions 
assuming no contact between the ground and the foundation at some level were taken into 
consideration in the numerical analysis. As results from the analysis of the problem, application of 
an expansion gap considerably reduces vibrations in the laboratory building. 

References 

[1] Auld B. A., Acoustic Waves and Field in Solids, Vol. I and II, New York: Wiley,1973. 
[2] Go��biowska I., Sakiewicz W., Minimalizacja drga� fundamentu z maszyn�, In�ynieria and 

Aparatura Chemiczna, 3, pp. 30-31, 2006. 
[3] Kawecki J., Diagnostyka dynamiczna konstrukcji zag��bionych w gruncie, XX Ogólnopolska 

Konferencja Warsztatów Pracy Projektanta Konstrukcji, Wis�a - Ustro�, 2005. 
[4] Zachwieja J., Numerical modelling of vibrations of machine foundations with percussive 

characteristics of work, Developments in Machinery Design and Control, 5, pp. 83-96, 2007. 
[5] Zachwieja J., The role of vibroisolators in damping an radial fan’s vibrations, Diagnostyka, 44, 

pp. 113-118, 2007. 
[6] Zachwieja J., Go��biowska I., Efektywno�� wybranych metod ochrony przeciwdrganiowej 

konstrukcji wsporczej separatorów, Budownictwo Ogólne, Wydawnictwa Uczelniane UTP, pp. 
119-126, 2009. 

[7] Zachwieja J., Peszy�ski K., Vibroisolators application for damping vibrations in industrial 
fans, Engineering Mechanics, National Conference with International Participation, 
SVRATKA, Czech Republic, pp. 1390-1401, 2008. 

 
 

381



 

 

382



CONSTITUTING OF COMPOSITE MATERIALS FROM RECYCLED 
PLASTICS SHOWING NOISE-SUPPRESSING PROPERTIES 

 
Joachim Zimniak 

University of Technology and Life Sciences, 
Faculty of Mechanical Engineering 

ul. Kaliskiego 7, 85-789 Bydgoszcz, Poland 
e-mail: zimniak@utp.edu.pl 

 
Bogus�aw Królikowski 

Institute for Engineering of Polymer Materials and Dyes  
  ul. M. Curie–Sk�odowskiej 55, 87-100 Toru�, Poland 

 
Abstract 

 The characteristic feature of  contemporary civilization is generation of excessive noise level into the 
environment. To avoid this problem several solutions are proposed and applied, natural and artificial ones.  The 
paper presents the conditions of constituting polymer composites consisting of recycled polymers and rubber (also 
particle size distribution of the components)  for which the best noise suppression may be obtained. 
 
Keywords: composite materials, acoustic screens, noise suppression 
   
1. Introduction, objective of the work 
 
 Many scientific and research centers and industrial institutes are looking for the convenient 
constructional and technological solutions which allow to minimize the harmful influence of noise, 
especially at the source of its arising. Figures 1 and 2 show the example of main sources of noise 
generation in everyday life.  
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig. 1  Noise generation when contacting:          Fig. 2  Noise generation by movement of rail 
                            tire - road surface [5]                                                            vehicles [5] 
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 To avoid this arduous problem different solutions are applied, i.e. natural (like green areas 
along the communication routes) as well as artificial ones being an effect of research and 
experience in this matter thoroughly presented in professional literature [2, 4, 11]. There are also 
indirect solutions joining both solutions. The great expectations are connected with so called 
noise-suppressing shields (screens) for highway engineering. Certain materials are usually used for 
this purpose like aluminum plates/mineral wool, or concrete/wood. More and more often polymer 
materials are used, especially polymer composites. The properties assigning such composites for 
this application are, first of all: inflammability and impact resistance [6, 8]. 
 Application of polymer composites for manufacturing of noise-damping elements has another 
advantage, i.e. pro-ecological activity. At present, when the problem of  huge mass of post-
consumer plastics wastes is of ever growing importance, the waste management focuses on 
material recycling. Polymer composites are the best example of materials, which may be produced 
relatively easy, at low cost, using secondary plastics and elastomers [3, 10, 12, 13] (fig. 3). 
 More and more RD&A tasks are undertaken in connection with application of acoustic screens 
made of plastics including composites, the functional properties of which may be constituted in 
wide range. 
 From the scientific and useful point of view the most important is searching for the determined 
constructive-technological conditions connected with constituting polymer materials and 
composites of special properties as well as determination of processability of those composites for 
practical application [6, 8, 10, 12]. One has admitted a thesis that there are determined 
constructive-technological conditions of constituting polymer materials and composites for which 
the most advantageous properties may exist and that there are the modes of realization of those 
assumptions (e.g. special conditions of size-reduction, mixing components and pressure 
compacting), the choice of which will decide about quality of products made themof. 
 Basing on literature analysis as well as long-lasting cooperation with scientific centers the 
admitted operations are [3-10]: 

- size-reduction of starting materials, especially repeatability of grain fraction, assessment of 
shape and surface of elementary grains, 

- processes of mixing starting materials (in solid state) in grainy form) and assessment of 
mixing degree of starting materials, 

- processing operations used for preparing composites (extrusion, injection moulding, high 
pressure compacting.  

 In table 1 (column I) the unit processes have been listed that have significant influence on 
functional properties of the composites. It turns out from the table 1 that condition of efficient 
development of wanted solution is closer cognition of listed constituent processes which, in 
qualitative way, could determine the influence of selected constructional and technological factors 
(column III) concerning sort, dimensions of the material to be size-reduced and mixed, 
susceptibility to pressure compacting, and to injection moulding, described by the functions of the 
tested object and their influence on physical parameters determining effectiveness of a constituent 
process (shown in column II as a measure). 
 Polymer composites are prepared by mixing polymer matrix with minor phase. The matrix 
usually is thermoplastic polymer as a single or mixture of polymers. Minor phase usually is, 
except of size-reduced rubber, other material like glass fiber, fillers a.s.o. To get the composite the 
components must be subjected to operations, the basic of which are size-reduction, mixing and 
processing. The size-reduction is a constituent process which enables the proper grain size 
distribution of the components, mixing is responsible for preparing the composite as a polymer 
mixture of proper component proportions. 
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Fig.3. Block scheme of constituting composite materials made of recycled plastics [14] 
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Table 1. List of constituent processes influencing functional properties of composite [4, 13, 14] 
 

Name of the constituent 
processes 

Parameter determining the 
effectiveness of the 
constituent process 

Constructional and 
technological factors 

significant for constituent 
process 

I II III 
A  Size – reduction 
     process OBI Torque: Mo 

Cutting force: Fc

Mo, Fc  = f(a1, a2 …..an) 
 

B  Mixing process  OBII Power N,  time tm, stopie� 
zmieszania Mm N, tm, Mm = f(b1, b2,.....bn) 

C  Processing: 
    (injection moulding, 
    high pressure 
    compacting 
    operations 
    and others) 

OBIII 
Temperature, pressure pp, 
time tp of pressing, 
injection moulding 

pp, tp = f(c1, c2.............cn) 
 

D  Verification of the 
     research tasks  OBIV 

Strength parameters e.g. 
tensile strength Rm, degree 
of mixing Mm , acoustic 
screens �L  

Rm, Mm �L = f(V1, �1Vn,�n) 

N  Others OBN ............................ �, � = f (x1, x2 …….xn) 
 
 
The general objective of the work is presentation of the concept enabling determining the 
conditions of constituting composites in technological process to obtain products made of them of 
required acoustic properties. The detailed research objectives are: 

- influence of mass fraction of rubber powder in polymer matrix, 
- influence of grain size of the rubber powder in composite, 
- number of effective layers in the sample on noise-suppressing properties of selected 

composites. 
 
2.  Research program – realization of the tests 
 
 To determine the grain size and mass fraction of the filler on noise-suppressing acoustic 
vibrations the samples have been prepared using recycled PP and rubber powder type SBR. The 
mixtures have been prepared in the framework of the other research task [7,12]. The share of 
components, grain size distribution of the SBR rubber powder and components, have been 
gathered in table 2. 
 
3. Test stand 
 
 The experimental was realized in two phases: 

A. pressure compacting plates made of composite using special compacting mould (fig. 4) for 
basic tests (table 2), 

B. testing of noise-suppressing ability – scheme of the test stand shown on fig. 5. 
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Tab.2. List of composites used for testing [7,14] 
 

Denotation of the 
composite 

Grain size distribution of the 
rubber powder type SBR, mm 

Content of the rubber powder 
SBR in composite, wt.% 

K0 - - 
K1 0,8 30 
K2 0,8 40 
K3 0,8 50 
K4 1,2 30 
K5 1,2 40 
K6 1,2 50 
K7 1,6 30 
K8 1,6 40 
K9 1,6 50 
K10 2,0 30 
K11 2,0 40 
K12 2,0 50 

 
 
The composites K1 to K12 listed in table 2 have been presented after growing grain size in the 
composite. K0 sample is a reference sample made of pure recycled PP for further tests and 
comparisons. 

 
 

 
 

Fig. 4.  The view of the compacting mould for composite plates [15] 
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The plates of dimension 210x180x6 mm from which test samples of dimension 75x75 mm for 
further testing are made. 
 

 
 

Fig. 5.  Scheme of the test stand for determining the noise-suppressing ability of acoustic vibrations: 1 – loud speaker, 
2 – sample of the composite, 3 – measuring chamber, 4 – microphone, 5 – frequency generator, 6 – amplifier, 7 – 

vibration damping meter [15] 
 
 For testing purposes following composite samples were used as: single-, double-, triple-, and 
quadruple – layered piles subjected to tests using frequency bands ranging from 63Hz to 4kHz to 
get the acoustic spectra for dominating frequencies 63, 125, 250, 500, 1000, 2000, 4000Hz [7,14, 
15]. In the first stage the referencing spectrum for test equipment has been determined. It has been 
denoted as Legw and next the spectra for samples have been determined and denoted as Legz. The 
result of damping ability (denoted as �L), i.e. difference concerning two values: Legw – Legz. The 
smaller �L value, the better damping capacity of acoustic vibrations [10, 15]. 
 
4. Test results 
 
 The results of testing influence of layers’ multiplicity of samples, grain size distribution and 
rubber powder content in the composite on damping ability has been gathered in figs. 6 – 8.  
 

10

12

14

16

18

20

22

24

K1 K2 K3

 D
am

pi
ng

 a
bi

lit
y 

[d
B

]

 
 

Fig. 6: Influence of layers’ multiplicity of samples on damping capacity of acoustic vibrations  
(X axis – number of layers, Y axis – damping ability �L in dB) 

 
 The results show that comparing �L values there is no considerable influence of rubber 
powder content in the composite and layers’ multiplicity of samples on damping ability. However, 
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grain size distribution ranging from 0,8 to 2,0 mm have considerable influence on damping ability. 
The most advantageous may be observed for composite denoted as K12 after table 2, i.e. for grain 
size 2,0 mm. 
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Fig. 7: Influence of rubber powder content in the composite on damping capacity of acoustic vibrations  
(X axis – rubber powder content in wt.%, Y axis – damping ability �L in dB) 
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Fig. 8: Influence of grain size distribution of rubber powder on damping capacity of acoustic vibrations  
(X axis – grain size distribution, Y axis – damping ability �L in dB) 

 
5. Summary 
 
 Within the framework of the article an attempt of verification of thesis has been undertaken 
that there exist a determined grain size distribution of components and their mass shares for which 
the product of most advantageous damping noise capacity may be obtained. From the results of the 
tests it can be seen that the range of constituting acoustic properties of the composites is relatively 
wide. Preliminary lab tests showed that the most important factor is grainy component as a minor 
phase, especially its grain size (grain size distribution). The results may be helpful in constructing 
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the acoustic shields. Program of further research should concern application of other materials for 
minor phase of different grain size distribution compared to those applied in this work. 
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Abstract 

 
 This paper contains the analysis and summary of the best solutions of temperature control of injection moulds put 
into production in recent years. It is also an attempt to design further, more advanced methods of temperature control, 
which may find wider application in future. 

Keywords: injection moulds, temperature tempering procedures, temperature control 

   
1. Introduction 

 In recent years there has been a marked development of methods and techniques of injection 
mould thermostating procedures. This development is related to the ever-increasing requirements 
in regards to the moulded pieces of the injection moulding process itself. Very strict quality 
requirements are now characteristic of the modern production processes of synthetic materials – 
for example in regards to the technical moulded pieces, the requirements specify the accurateness 
of the shapes, lack of deformation and manufacturing within narrow ranges of tolerance. The 
injection moulds used by the food, cosmetics and home appliances sectors need to fulfil stringent 
requirements in regards to their visual side – there can be no shrinkage sink marks, the mouldings 
need to have a regular shape, their colour needs to be the same, the lights need to be regularly 
reflected or refracted and the injection process cannot be prolonged. In order to achieve the above 
mentioned goals, correct planning of the injection mould thermostating procedures needs to be in 
place, with the use of all available modern techniques. This work describes some chosen modern 
methods and techniques of thermostating, which are often required as part of the injection 
moulding process, in order to ensure high quality and efficiency of the synthetic material 
manufacturing 
 
2. Technological problems occurring during the thermostating processes of smaller 

moulded elements 

It is not easy to achieve appropriate cooling of small mould cores within an injection mould. 
The small size of such a metal mould core causes it to warm up very quickly, over the allowed 
mould temperature values. At the same time its size prevents the use the traditional methods of 
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material removal processing, like drilling, milling or hollowing, in order to drill holes or cooling 
channels in the surface of the mould core. If the moulded pieces have not been properly cooled, 
they often contain faults, such as shrinkage sink marks, deformations, knock-outs which come out 
into the moulded pieces or even fracturing, as well as an extended production cycle. The solutions 
which were available until now were either based on the process of hollowing of the cooling 
channels in the elements of the mould, which were adjacent to the over-heating area or carried out 
using the heat transfer rods – additional interconnecting elements which transfer the heat from the 
over-heating areas to the cooler ones. At present, the modern laser incremental techniques allow 
the cooling channels to have a very complicated geometry and a very small size [3, 4, 6, 7, 9]. 
Thanks to that, the conformal cooling channels can be designed to be carried out in areas which 
are inaccessible to other methods of machining, and the shape of the cooling channel can now 
relate to often complicated mould shapes. Figures 1a and 1b compare the cooling channels made 
using the traditional methods and the conformal channels carried out using the laser incremental 
techniques. The colour cross-sections made using the injection mould simulation techniques show 
a much more advantageous temperature layout in regards to the second mould core. 
 

 

Fig.1. Shape of the cooling channel: a -  traditionally drilled, b -  produced by laser incremental techniques [1] 
 

The cooling channels which are shaped to their advantage receive the heat from the cooling 
moulded piece also in a better and more uniform way. As a result, any deformations and other 
moulding sizing mistakes can be expected to be less frequent, the moulds are easier to fill and the 
production cycle is shortened. Fig. 2 and 3 show a mould cavity where the cooling surfaces have 
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the shape of a honeycomb. Such a layout of channels, where they run strictly along the moulding 
surface, ensures the best and the most regular heat transforming from the moulded pieces. The 
cavity manufacturer JB Ventures BV confirms that their aim was the reduction in warpage and 
cycle time [5]. 
 

 

Fig.2 Mould cavity CAD model (1) with honeycomb shaped surface cooling (2) [3] 
 

 

Fig.3 Front of the cavity insert in which the honeycomb shaped cooling was made [3] 
 
 When using the method of direct injection into a cavity with a hot nozzle, it often happens that 
there is a significant increase in temperature around the injection point – which in turns causes 
thickening or fullering of the material which is too hot and comes in the form of a string when the 
moulded piece is ejected from the mould, it also results in an extended cooling period. 
 At present the manufacturers of hot runner systems often suggest the use of an additional 
cooling bush, which includes the hot runner tip and aims to guarantee a direct cooling of the 
injection point. This area is, however, not very big and poses quite significant problems when 
using the traditional techniques to carry out the cooling channels. The laser incremental techniques 
also come to the rescue in such cases, as they allow to carry out more complicated cooling 
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channels which are much smaller. Figure 4 shows cooling bushes with conformal channels which 
include the hot runners manufactured by DME. As it can be seen, the channels are located near the 
injection point and they regularly adhere to the over-heated areas of the moulded pieces. 

 
Fig. 4. Cooling bushes with conformal channels manufactured by laser incremental techniques [6] 

  
 Recently it can be seen that there is a marked development of the materials which are used to 
make mould cavities for injection moulds, which are characterised by significantly higher thermal 
conductivity values and larger endurance to the forces present during the injection of the material. 
The materials which were up to now known to have high thermal conductivity values, such as 
beryllium bronze, had lower compression strength and lower resistance to the forces present 
during the injection of the material. As a result, these materials cannot be used in many instances. 
At present, the materials designed by the Mecobond firm are coming into use (fig. 5) – steel 
cavities with a copper core and HTCS-130 steels which are quick to conduct heat (fig. 6) - thermal 
conductivity of these types of steel is between 48-58 W/m K, depending on the operating 
temperature. 
 

 

Fig. 5. Mould inserts containing copper core by Mecobond [2] 
 

394



 

Fig. 6. Comparison of thermal conductivity of HTCS-130 steel with special thermal properties  
and the standard tool steels [2] 

 
As it is commonly known, the injection process has a cyclic nature, where at a certain point the 
material is heated to the injection temperature, and after the moulded piece is given its respective 
shape, it is followed by a cooling process, when the temperature is lowered to one allowing for the 
material to be ejected from the moulded piece. Therefore, it is desired to use a pulse cooling 
system (fig. 7) [2, 5, 8]. 
 

 
Fig. 7. Diagram of the pulse cooling system in the injection mould during the operation  

of an injection moulding machine [2, 5] 
 
 Such a thermostating procedure allows for an intensive cooling period when the material is 
freezing in the mould and allows the cooling to stop during the injection, the extruder material 
feeding and while the mould is being closed, which means that the core does not get unnecessary 
cool when the material is filling the mould.  
 The areas which have become too cool, especially if the moulded pieces are larger and thin-
walled, might mean that the material is slower to flow, can signify that the gates and cold runners 
can freeze too early and can prevent the cores of the moulds from becoming full and the details 
caused by the holding pressure may not be completed. It applies mostly to the moulded pieces 
where the walls are thin – approx. 0.6 – 1.5 mm and the material quickly looses its heat and 
freezes before the final points are reached [5, 9]. 
 In such cases, using pulse cooling systems for the moulds will allow the core to maintain a 
higher temperature during the injection itself and will enable to carry out an intensive cooling 
process to go ahead when the moulded piece is being cooled down. Using pulse cooling systems 
also allows the total manufacture process of a moulding to be shortened by about 10-30% 
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depending on the type of the material. 
 
4 Conclusion 

 Most up-to-date injection mould thermostating procedures are aiming to secure a more uniform 
way of heat removal from the whole volume of the moulded piece. In many instances it is now 
possible to design cooling channel shapes in areas which are prohibitive to the traditional 
machining methods. As a result of this, the products are of much higher quality – they are more 
accurate when it comes to size, the deflections and sink marks are avoided. 
 The modern methods of injection mould thermostating procedures also allow for the details in 
thin-walled moulds to be achieved and make the production processes shorter – which is caused by 
the variation of the temperatures of the cooling liquid during the injection cycle – the mould is 
being intensively cooled down before the moulded piece is ejected from the core and it is cooled 
down less intensively during the injection itself, so as not to slow down the flow of the hot 
material. 
 Using the modern techniques of injection moulding can be financially viable and can also 
relate to the product quality. In many cases using one of the above described methods becomes a 
necessity when the ever-growing requirements are taken into account – in regards to the accuracy 
of the moulded pieces size, the shortening of the production cycles and in relation to the amount of 
the material being used to manufacture thin-walled products. 
 
 
 
References 
 
[1] Abbot, R., Combs, R., Kazmer, D., Elimination of Process Constraints in Plastic Injection 

Molding, International Polymer Processing, Vol.13 Issue 3, 2003, s. 249-255. 
[2] Cha, S., Lai, F.S.: Analytical study of thin-wall injection moulding: Filling and cooling 

analysis, Conference Proceedings Annual Technical Conference – ANTEC’96, 1996. 
[3] Dimla, D.E., Camilotto, M., Miani F., Design and optimisation of conformal cooling channels 

in injection moulding tools, Journal of Materials Processing Technology 164–165 (2005), s. 
1294–1300. 

[4] Ferreira, J.C., Mateus, A., Studies of rapid soft tooling with conformal cooling channels for 
plastic injection moulding. J. Mat. Proc. Technol. 2/2003, (142), s. 508–516. 

[5] http://www.lasercusing.nl 
[6] Oczo�, K.E.,  Rozwój kszta�towania przyrostowego wyrobów. Mechanik, 2/2007 (80), s. 65 ÷ 

73. 
[7] Saifullah A.B.M., Masood S.H.: Cycle Time Reduction in Injection Molding with Conformal 

Cooling Channels, Conference Proceedings of the International Conference on Mechanical 
Engineering,2007 s. 29- 31. 

[8] Xu, X., Sachs, E., Allen, S., The Design of Conformal Cooling Channels in Injection Molding 
Tooling, Polymer Engineering & Science, Vol. 41, Issue 7, pp 1265-1279, 2007. 

[9] Shia-Chung, C., Pham-Son, M., Sheng, H., Yan-Chen, C., Improve Cooling Effect of Injection 
Molding by Pulse-Cooling Method, Conference Proceedings Annual Technical Conference – 
ANTEC’09, 2009. 

 
Acknowledgments: 
This research work was supported by Polish Ministry of Education and Science (Project No. 
6170/B/T02/2011/40)

396


