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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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MODELLING OF THE CUTTING PROCESS BY THE DRUM CUTTING 
UNIT

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 

This paper presents developed mathematical models of parameters that characterize the vegetable material 
cutting process using a drum cutting unit, including: elementary cutting resistance model, elementary cutting work 
referred to the cutting area and elementary cutting work model referred to the weight of the cut material. The models 
describe the relationships between key design features and parameters of the drum cutting unit as well as selected 
properties of the cut material. 

 
Keywords: cutting drum, modelling, vegetable material  

1. Introduction 

The drum cutting unit is the main working unit of self-propelled, trailer type and stationary 
chaff-cutters [1, 2, 3, 4]. The drum cutting unit is designed to cut vegetable material (stalks or 
blades) into parts of defined length (chaff). Thanks to the use of such unit in chaff-cutters it is 
possible to obtain required degree of the material size reduction. Whereas to get desired feeding 
results, uniform length chaff is required. However the length depends on individual animal 
features and feeding method. 

Cutting drums can be of open or closed design [1]. An open type drum consists of the shaft, 
where perforated disks are mounted. The disks are fitted with cutter holders. And the cutter holders 
hold cutters. Depending on the drum design, it is equipped with straight or helical cutters.  

Moreover, cutters may be monolithic or sectional. The cutting drum is fixed with bearings 
mounted in side plates of the chaff-cutters.  

While the shaft of the closed type cutting drum is fitted with the closed cylinder structure 
(instead of several disks) with brackets holding the cutters, mounted on cylinder side surface. 

The cutting drum rotation causes the cutters to move as well. As the cutters move relative to 
fixed cutter, they press the vegetable material first and then cut it. 

Vegetable material is fed between the cutter cutting edge and counter-cutting edge thanks to 
rotation of pulling-and-squeezing drums, which pre-shape and pre-compact the vegetable material. 

The idea of the vegetable material feeding and cutting process using the cutting drum is shown 
in Fig. 1. 
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Fig. 1. The vegetable material feeding and cutting process using the cutting drum [1]: 
1 – material layer, 2 – top pulling-and-squeezing drum, 3 - pressure plate, 4 – cutter, 5 – cutting drum, 

 6 – fixed cutter, 7 – bottom pulling-and-squeezing drum, 
h0 – height of the material layer before compaction, h – height of the material layer after compaction 

 
The aim of this paper is to develop mathematical models that characterize the vegetable 

material cutting process using a drum cutting unit, including:  
- unit cutting resistance model pc, 
- elementary cutting work model referred to the cutting area LjS, 
- elementary cutting work referred to the weight of the cut material LjM. 

                                                                                
    2. Mathematical models
 

Based on the analysis of the pressed vegetable material layer cutting process using the drum 
cutting unit, authors proposed mathematical model of the process. 

Figure 2 shows the force system acting on the cutter during vegetable material layer cutting 
process. 

 
 

Fig. 2. The force system acting on the drum cutter during vegetable material layer cutting process 
 

The objective of the circumferential force P shown in Fig. 2 is to overcome the resultant 
cutting resistance, consisting of: normal force N and friction force T generated as a result of the 
impact of the material layer on the cutter. The value of the normal force N depends on the unit 
cutting resistance pc as well as effective length of the cutter �l: 
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     lpN c�� .                                           (1) 
The friction force T depends on the friction angle �  and it is expressed by the formula: 
 

                                                    ��� ltgpNtgT c�� .                                                        (2)  
 
The resultant cutting resistance Pc originating from the normal force and the friction force shall 
thus be expressed with the following formula: 

                                                            
�
�

cos
lp

P c
c � .                                                                 (3) 

The circumferential force P is the vertical component of the cutting resistance force Pc and it is 
expressed by the formula: 

                                           )cos(
cos

lp
)cos(PP c

c ��
�
�

�� ���� .                                        (4)                    

After conversions of the formula (4) and taking into account that: �� �tg , where � is the 
friction factor between the cutter and the material layer, we get the formula of the circumferential 
force P: 

                           )tg1(coslp)tg1(coscos
cos

lp
P c

c ��������
�
�

���� .                   (5) 

 
As a result of the analysis of rectangular vegetable material cutting, the authors divided the 

process into 3 stages, with the following assumptions:  
a) the layer is cut only with one cutter each time, 
b) the height of the material layer being cut is equal to the distance travelled by a given point 

of the cutter that passes through that layer. 
 
STAGE I 
 

At that stage the cutter is sinking into the material layer (the effective cutter length �l is 
increasing). 

 

a) b) 

 
Fig. 3 Cutter sinking into the material layer (Stage I) 

a) cross-section of the layer, b) comparison of the arc length and the layer height h 
 

According to Fig. 3a, the difference between the length of the arc drawn by any point of the 
cutter from the top to the bottom edge of the material layer being cut is approximately equal the 
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height of the layer h, which results from the fact that for small angles 
	

	
sin

hh 
 , because 

. Using the trigonometric relationship 		 
sin �
�
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l

x
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�

sin
xl � . Whereas for 

, we get: hx �
�

�
sin

hl � . Hence the cutting work LnI  at Stage I of the cutter movement can be 

expressed with the relationship: 

                                                � ��
h

0
cnI dxxM

r
1L ,                                                  (6) 

where:  
Mc(x) – moment of cutting. 

 

Taking into account that 
�sin

xCM c � , the cutting work within the range  can be 

expressed with the following relationship: 

hx0 ��

 

��� sin2
h

r
C

sin2
x

r
Cdx

sin
x

r
CL

2h

0

h

0

2

nI ��
�

�
�
�

�
��  ,                                     (7) 

where: 
C = pc r cos� (1 + � tg� ) – the constant occurring in the remaining relationships. 
 
STAGE II 
 

At that stage the cutter is cutting the layer of material (the effective cutter length �l does not 
change). 

 
 

Fig. 4. Cutting of the material layer (Stage II) 
 

According to Fig. 4, cutting process at stage II concerns the range �btgxh �� . 
The value of l�  is constant within the range �btgxh �� , and it is expressed by the following 

relationship: 
�

�
sin

hl � . 

Hence the cutting work is defined by the formula:                                      
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h
r
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r
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��

�

� .                                   (8) 

 
STAGE III 
 

At that stage the cutter is coming out of the material layer (the effective cutter length �l is 
decreasing). 

 
 

Fig. 5 Cutter coming out of the material layer (Stage III) 
 

According to Fig.5, cutting process at stage III concerns the range �� btghxbtg ��� , i.e. it 
takes place over the same length as in stage I.   

Within the range �� btghxbtg ��� , the value 
�
��

sin
btgxl �

� . 

 
Hence the cutting work is denominated by the formula:  
 

� �
��

��

� sin2
h

r
CLdx

sin
btgx

r
CL

2

nI

btgh

btg
nIII ��

�
� 

�

. 

 
As a result, the total work made by the cutter when passing through the vegetable material 

layer being cut shall be expressed with the formula: 
 

          
����

�
� cos

hb
r
C)

sin2
h

sin
h

sin
hbtg

sin2
h(

r
CLLLL

222
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Considering that: 

� � ,
2�

zLM n
c �r � (10)

 
where: 
z - number of cutters taking part in the cutting process. 
 

Hence, after conversions, we get: 
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Thus the unit cutting resistance is defined by the formula: 
 

                                  
� �
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2

1
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d

J

tgzhb
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where: 
J b - moment of inertia of the cutting drum, 

dt
d�  - angular acceleration of the cutting drum. 

 
While the elementary cutting work referred to the cutting area can be calculated based on the 

following relationship: 
 

                                                    � ��tgp
hb
LL c

n
jS ��� 1 � ,                                              (13) 

 
and the elementary cutting work referred to the weight m  of the cut material can be determined 
based on the formula: 

j

                                           
� �

,
2

1
W

tgphbz
m
LL c

j

n
jM �

��� �
��                                         (14) 

where: 

�
�

z
Wm j

2
� ;   W - the cutting unit throughput. 

 
 
3. Summary 

The developed mathematical models are of significant scientific importance as they explain the 
essence of the vegetable material cutting process using a drum cutting unit. No studies on that 
subject can be found in the professional literature. Moreover, after positive experimental 
verification, they can be used for simulations at the design stage of new drum cutting units. It is 
very important as agricultural works are of seasonal nature. Due to that nature it was impossible to 
create “data base” sufficient to facilitate quick design of working units of that type, despite of 
sometimes long-years experiments. 
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Abstract

The GTAW method was employed for surface remelting of copper ductile cast iron of 0.48 or 0.95 % copper content 
by mass and pearlitic/ferritic or pearlitic structure. The cold remelting or multiple remelting technique was adopted to 
harden the cast iron. The remelted layers underwent tests of hardness, tests of micro-hardness of individual structural 
components and microscopic tests (LEM). The tests focused on the presence of macro- and micro-cracks within the 
hardened layer.  

Keywords: copper ductile cast iron, surface hardening, GTAW method 

1. Introduction 

The presence of copper in cast iron favours the creation of a pearlitic matrix during the eutectoid 
reaction and slightly increases hardenability of cast iron. The copper content in cast iron usually does 
not exceed 2% [10]. 

Copper ductile cast iron of pearlitic structure is characterized with high tensile strength (grades 
with strength exceeding 600 MPa), increased hardness and relatively low plasticity [11]. Many 
applications require cast iron of improved abrasive wear resistance. In such cases, it is necessary to 
surface harden surfaces subjected to abrasive wear and contact load. The required high abrasive and 
contact wear resistance of castings may be ensured by surface hardening. The most frequently used 
methods for cast iron hardening include: casting method, induction or flame surface hardening [1,5]. 
As an alternative to those methods, hardening techniques using concentrated energy sources may be 
used, e.g. GTA welding [2-4, 6-8, 12-14].  

Study [9] showed that depending on the cast iron grade and remelting parameters, macro- and 
micro-cracks of various intensity occur in the remelted layer. Their presence, especially in case of 
contact stresses may cause accelerated wear of the hardened layer through flaking and pitting. 

The direct purpose of the research described herein was to obtain, with the surface remelting 
method, a layer with hardness and macro- and micro-structure ensuring optimum tribological 
properties of copper cast iron.  
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2. Material, programme and research object 
 

Two grades of copper ductile cast iron with chemical composition given in table 1 were used for 
the tests.  

Table 1. Chemical composition of cast iron, % mass 

Cast iron 
identification C Si Mn P S Cr Cu Ti Mg

A 3.76 3.07 0.35 0.07 0.02 0.04 0.48 0.024 0.06 
B 3.66 2.63 0.29 0.09 0.015 0.03 0.95 0.016 0.07 

�
The cast iron identified with letter A has a pearlitic/ferritic structure (approx. 15% of ferrite) 

and is classified as EN-GJS-600-3. The cast iron identified with letter B, as-cast, has a pearlitic 
structure and is classified as EN-GJS-700-2 (fig.1). 

�

�
a) b) 

 

Fig.1. Cast iron micro-structure, a) pearlitic/ferritic cast iron – A, b) pearlitic cast iron – B, microscope 
maginification 170x, etching with 2% HNO3

 
For the purpose of surface remelting of A and B cast iron, the GTAW method was applied with  

a 2.4 mm diameter tungsten electrode. Argon 4.0 was used as shielding gas. Travel speed of  
a nonconsumable electrode was 200 mm/min. Cast iron A was remelted once with 80; 120; 160 or 
200A current and repeatedly with 160A current. Cast iron B was remelted once and repeatedly only 
with 160A current. 

The phase composition of the remelted layer was determined by X-ray diffraction. Micro-hardness 
measurements were made for individual structural and phase components using Hanneman tester. 
Measurements of hardness on the remelted surface were performed using the Rockwell method,  
C scale. The structure of remelted layers was evaluated on lateral metallographic microsections etched 
with nital. 

 
3. Research results and analysis of the results 

 
The structure of cast iron A and B remelted once includes, in the surface zone, cementite and 

martensite (fig.2), whereas in case of repeated remelting – transformed ledeburite (fig.3).  
�
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Fig. 2. Structure of the surface-adjacent layer of cast iron remelted once  
a) cast iron A b) cast iron B, magnification 400x, etching with 2% HNO3

Regardless of the cast iron grade and current parameters of the melting process, the phase 
composition of the remelted layer remained the same.  

 

  

Fig. 3. Micro-structure of the surface-adjacent layer of cast iron remelted four times  
a) cast iron A, b) cast iron B, magnification 400x, etching with 2% HNO3

 
Regardless of the copper content in cast iron and the number of times remelting is repeated, the 

intermediate layer (heat affected zone) is characterized with the same type and distribution of 
structural components. In the micro-area directly adjacent to transformed ledeburite (melted area), 
there are globular graphite precipitates surrounded by ledeburite and martensite. In that area, 
partial remelting occurred in the process (fig.4). 
 

�
 

Fig. 4. Micro-structure of the partial remelting zone of cast iron B, remelted 6 times,  magnification 400x,  
etching with 2% HNO3
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Further away from the partial remelting surface, there is a solid layer of martensite. In that 

layer, there are cracks perpendicular to the remelted surface that are orientated parallel to the 
remelting direction (fig.5). 
 

 
�

Fig. 5.  Micro-structure of the martensitic zone of cast iron B, remelted 6 times, magnification 70x,  
etching with 2% HNO3

 
It must be emphasized that cracks occur only in the martensitic structure zone. They do not 

continue into the adjacent areas. Further deep, there is a mix of martensite grains against the 
pearlitic background (fig.6). 

 

�
 

Fig. 6. Micro-structure of the partial martensitic transformation zone of cast iron B, remelted 6 times, 
magnification 170x, etching with 2% HNO3

 
Further away from the surface, there is a fine-grained mix of light martensite grains against the 

pearlitic background (fig.7). The base material is coarse pearlite (fig.8).  
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Fig. 7.  Micro-structure of the fine-grained martensitic/pearlitic mix of cast iron B, remelted 6 times, 
magnification 170x, etching with 2% HNO3

 

Fig. 8. Micro-structure of the base material, magnification 170x, etching with 2% HNO3

 
The width of the remelted layer of cast iron B depends to a small extent on the number of 

remelting operations so that for the material remelted 6 times it is 13mm and for the material 
remelted 4 times – 11mm. The thickness of the remelted layer of the ledeburitic structure is greater 
in case of remelting repeated 6 times – 1.9mm and 1.3mm for remelting repeated 4 times. The 
width of the martensitic layer under the ledeburite layer is significantly greater for remelting 
repeated 6 times – 1.3mm, while for remelting repeated 4 times it is 0.8mm.  

 

 

Fig. 9. Distribution of hardness in the hardened layer of cast iron A 
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The analysis of distribution of hardness HV3 of cast iron A measured along the remelting axis from 

the surface into the material enables estimation of thickness of specific zones of the remelted layers 
(fig.9). As the current increases from 80 to 200 A, the thickness of the remelting zone changes from 
approx. 1.5 to 2.5 mm, while the thickness of the heat affected zone – from 0.4 to 0.6 mm. 

Micro-hardness �HV0.1 of individual structural or phase components in the layer remelted four or 
six times of cast iron B is as follows: for remelting repeted 4 times, micro-hardness of ledeburite is 841 
�HV and micro-hardness of martensite – 859 �HV, while for remelting repeated 6 times, micro-
hardness is respectively 737 and 903 �HV. Micro-hardness of martensite grains in the partial 
martensitic transformation zone is 702 �HV. Micro-hardness of the fine-grained mix of pearlite and 
martensite is 373�HV.  

Hardness of cast iron B remelted 4 times measured on the surface is 59HRC, while hardness of cast 
iron remelted 6 times – 57HRC. 

4. Conclusion 
 

When copper cast iron, with both lower (0.48% Cu) and higher copper content (0.95% Cu) is 
remelted only once, hardness measured on the surface of the material within 66÷68 HRC, which 
results from the martensitic/cementitic structure of its surface-adjacent layer. Repeated remelting 
results in the ledeburitic structure of the outer zone. Hardness of the transformed ledeburite is by 
about 10 HRC lower than hardness of the cementitic/martensitic mix. Hardness and micro-
hardness of ledeburite is affected by the number of remelting operations. Fewer remelting 
operations result in greater hardness and micro-hardness of ledeburite, due to a smaller spacing of 
cementite in ledeburite. The number of remelting operations has no significant influence on 
geometric parameters of the remelted material (depth, width of zones). The parameters used for the 
research did not eliminate micro-cracks within the remelted layer. Whenever the cast iron was 
remelted repeatedly, micro-cracks in the intermediate layer (martensitic structure) occurred 
between the remelted material and the base material. Cast iron B with higher copper content has a 
thicker martensitic layer due to its greater hardenability. In general, the GTAW-based premelting 
process is an effecive method for surface hardening by creating structures of fine tribological 
properties. Cracks should be eliminated by optimizing remeltimg conditions for specific chemical 
composition of cast iron. 
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Abstract
The article presents how to measure and correct the position of the holes on the example of the ship window 

frame. Ship window frame is manufactured from welded blank and then bent on the bending machine and welded. In 
order to minimize shape deformation the frame is straightened by hand. Linear dimensions of the frame are about 
three times larger than the dimension of the location of the holes relative to the edge of the frame. The quality 
criterion for ship window requires all drilled holes to be located in a straight line. To reach this goal a special 
procedure was developed to distribute holes in the frame on the base of the window frame shape deviations measured 
first before drilling.  In the following section design of a special machine tool– coordinate drill equipped with a 
measuring head, as a unit being able to measure and drill automatically. It allows to shuttle processing of frames and 
to simplify their identification. Construction of the drive and control machining is also presented. The machine has 
been implemented in a local company, which is a global leader in the production of ship windows. 

Keywords:  position correction, ship window, shape deviations 
 
1. Introduction 

 
Production of marine equipment, carried out by specialized companies, is characterized by a 

not very large series of windows of differing geometric features. This forces the use of flexible 
production, which can quickly be adapted to new products. Ship windows are the outer structure of 
marine equipment and aesthetic factors are very important. Windows mounted in the hull of the 
vessel must hold dimensions of the frame for their proper assembly. The windows often have other 
features too, such as translucency in various weather conditions, fire and radiation protection, and 
others. The requirements and economic balance of shipowners, enforces automation for this kind 
of production. 
 
2. Frame manufacturing technology and sources of frame shape errors 
 

Ship windows consist of a frame window and glass package with elements attaching it to the 
frame. A exemplary window is shown in Fig. 1, the frame cross section elements of the package 
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mounting shaft is shown in Fig. 2. The technological process of manufacturing marine window 
frames consists of the following steps: 

- generate a workpiece in a T-profile form. It is obtained by linear welding of a structural 
steel flat bar with a stainless steel rod of square section. Due to the unbalanced position of 
the rod relative to flat profiles during bonding the workpiece will get large plastic 
deformation in two planes. To compensate deformation, the rolling mill or if necessary the 
hydraulic press is used, to improve straightening, 

- bending frame corners on CNC bending machine, 
- closing the frame with butt welding unit, 
- weld treatment on a special CNC milling [1], 
- straightening of selected frame parts, 
- machining of the holes, 
- painting, 
- assembly of the window. 

 

 
 

Fig. 1. Design form of ship window 
 
 

 
 

Fig. 2.�Window ship cross section: 1 - window frame, 2 - rubber seal, 3 - screw cap, 
 4 - windows fixing package overlay, 5 - windows pack, 6 - spacing insert  
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An important component of the technological process is to implement a package of shaft holes. 
These holes are made simultaneously in frame 1 and overlay 4 and serve to attach the glass 
package 5 with gaskets 2 and spacers 6 by means of fixing package 4 and screw caps 3. The design 
documentation specifies the number and location of the holes relative to the edges of the frame. 
Due to the large dimensions of the frame and the class of accuracy adopted for machining, we are 
dealing with shape errors of the same order of the dimensions determining the position of the hole 
in the transverse direction to the frame (the frame in cross section). In practical realization the 
location of the hole was obtained by measuring the distance from the edge of the frame to the 
drilled hole. Holes were made to the mid-thickness of the frame. Because for all the holes that 
distance was the same, the location of the holes relative to the external frame of reference had 
errors similar to the shape errors of the window frame. Tab. 1 shows the frame shape errors 
occurred, in the example of a rectangular frame, these errors also occur for frames in the shape of a 
parallelogram, trapezoid, and others. 
 
3. Theoretical background to hole position correction 

 
The task to improve the visual geometric features consisted on the distribution of the position 

of the holes in a way that they lied on one line and at the same time that their outline didn’t reach 
the edge of the frame by a distance shorter than 0.5 mm. Efficient was to carry out measurements 
of the frame attached to the machine tool table and then adjusting the position of the holes. 
Measurements carried out in the holes framework are presented in Fig. 3: 

� in the corner of the frame, in the middle of the arc, 
� at points distant by a fixed amount from the end of the arc corner of the frame, 
� in a certain number of points equally spaced on the straight parts of the frame. 

 To carry out framework measurements measuring sensors adapted for this purpose were used 
in the tip. Foray to the measuring point was carried out in a direction perpendicular to the 
theoretical position of the frame. The observed deviations of the dimensions correspond to the 13 
accuracy class curved window frame. For a window with a length of 3000 mm it corresponds to a 
tolerance of 3.3mm. Hole spacing with constant distance is not possible: the holes located on the 
edge of the sheet metal would exceed the 12mm thickness. Thus, their location must be designated 
for each processing case individually, Fig. 3. 

 

 
Fig. 3. Determining the line of holes 
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Tab.1. The most common errors in the shape of the window frames 
 

Original frame shape Common errors description 
 

 

 
Correct frame 

 

 

 
Errors in the linear dimensions of the 
frame: width and height, radius values 
errors 

 

 
 

 
Parallelism and squareness errors of the 
window frame sides 

 

 
 

 
Frame sides straightness errors 

 

 
 

 
Superposition errors: 
 
� frame linear dimensions: width and 

height, radius, values errors, 
� parallelism and perpendicularity of 

the sides of the window frame, 
� frame side straightness. 
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A drilling procedure starts with the designation of hole centre i and the corner-rays Ri and 
spacing of the holes arc ri = Ri - 6 mm. The line of openings between successive corners  li will be 
tangent between them. To determine the possibility of a correct implementation of the holes is 
sufficient to calculate the distance dk of the measuring points Pk made on the straight parts of the 
frame to the corresponding tangents  li [2]. The distances satisfying the condition 3.5 � dk � 8.5 are 
the basis for analysis termination. It's then possible to determine the coordinates of the desired 
number of holes evenly spaced on the holes line. Distances not meeting the above condition for the 
M6 thread used disqualify performed calculations, but are however the basis for further search for 
a correct solution. They generally consist in modifying the position of the line of holes li 
depending on the condition of not meeting the acceptable values of dk and the position of a 
particular "defective" point relative to the radius corner. The modification consists in the rotation 
of the line corresponding to the center of the radius of the right corner and its offset. Such a case 
requires correction of the position of the holes on the line of the corner holes arc. It comes down to 
the calculation of the spacing distance of the measurement points of the new corner holes line and 
verifying the condition of correctness of the position of the hole.�
 
4. Construction of a machine tool to drill holes with automatic placement correction 
 

For the practical implementation of the automatic position correction in terms of production, 
construction of a special CNC drilling unit equipped the measuring system was economically 
justified. Following design assumptions were specified, they were the basis for constructing a 
technical project: 

 
- frame radiuses measurement, 
- frame sides measurement, 
- frame height measurement in the corners and on the frame straight sides, 
- tool length measurement, 
- uniform distribution of  the holes, 
- correction of position holes in a direction perpendicular to the frame, 
- automatic tool change, 
- performed operations: pre-�drilling, drilling, post-�drilling, counter boring, threading, 
- generating g-code file compliant with a ISO code, 
- archiving actual shape of the frame and the position of all drilled holes. 

 
Drilling machine is presented in Fig. 4 and 5. Drilling machine consists of guides 1, where 

portal 2 moves in the X direction. On the portal there are guides 3, where support 4 moves in the 
Y-axis direction. Support is equipped with head 5 moving in the Z axis direction. Drilling machine 
is equipped with two work tables 7, built on the guides 6, which allow you to work 
interchangeable. The workpiece is fixed to the machining table with lever handles and then the 
table is moved in the area of machining and then is set and fixed in the base position. The second 
table at this time is in the outer position which allows the secure exchange of the workpiece. After 
starting a job cycle the frame at the characteristic points is measured. At the frame measuring cycle 
is pushed (by the cylinder) out of the enclosure, and moves at the measuring points in the 
perpendicular to the frame direction. After the measurement at the given point, and probe tip is 
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moving away, and measuring head will move to the next measuring point. Measuring tip is 
coupled to the sensor using magnetic clutch that allows disconnection in case of collision at 
crossings – Fig. 6. To machine holes in the frame special sequence of tools will be used: 
countersinking, ø5, ø6.5 drill, countersink and tapered with tap M6 holder for threading. 

 

 

Fig. 4. Main elements of the drilling machine  
 
 
 

 
 

Fig. 5. View of drilling machine specialized for ship frames 
 
�

28



�

Fig. 6. Automatic measuring cycle of the ship  frame 
�

5. Machine tool drive and control �

 Control of the machine tool has been designed using Mitsubishi elements: FX3U driver [3] 
with positioning module, and MRJ3 series servos. These servos allow to work with a resolution of 
18 bits which gives 262,144 pulses per screw revolutions. Positioning module allows independent 
work of both axles on the interpolation work and we have choice here, among other things, linear 
interpolation, circular, etc. For spindle motor control the inverter from Mitsubishi [4] was used, 
which is attached to the PLC driver. Control system block diagram is shown in Fig. 7 and the 
practical implementation we used in Fig. 8. 

 

Fig. 7. Block diagram of the drilling machine control system  
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The controller has functions to change the position of the drilling head so it can: pick the 
right tool, execute cycle of the Z-axis with the specified parameters (feed rate, target position, 
starting position, along with an adjustable movement speed in each passage), has been 
implemented. Special functions are associated with the measurement in any direction you choose, 
spindle speed, initialization of each axis, have been programmed. For each axis there are two pairs 
of limit switches attached. Internally they are supported by an external controller and they belong 
to appropriate servo for a given axle. On each axis there also is a SW limit switch responsible for 
the estimating the zero position of axis, and it also is attached to the appropriate servo. PLC driver 
communicates with the industrial computer on the 232 link with the Mitsubishi corporate protocol, 
which allows to read and save any of the flags and registers, and allows the controlling software to 
run specific procedures in the PLC drivers and to read the status and many other values. 

 

a)  b)  

Fig. 8. Control system: a) operator panel, b) interior of the control panel  

�
6. Program to control the machine tool 

�
The developed program to handle the drill allows to load the frame's geometrical features, the 

number of holes done, to load the number and the location of measurement points data, to generate 
the ISO for the machine tool controlling, to measure and calculate an adjustment position of each 
hole, data logging for identified frameworks. The geometry of the ship frame has the characteristic 
that between straight sections appear corners in the form of arcs. Within the frame description 
there is the data set describing all arcs and straight sections. Arcs describe the coordinates of the 
start and end points while the arcs describe the coordinates of the starting and ending points and 
the coordinates of the center of the arc. 
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�
Fig. 9. Screen views for data entry and framework geometric features visualization a) input data describing the 

frame, b) frame drawing showing holes to drill location (green) and measuring points (red). 
 

This data can easily be read from executive frame – Fig. 9, or analyze specially for this purpose 
developed macro used in the CAD program in the company. Almost all types of windows 
manufactured in the shape of a rectangle, parallelogram and trapezium and ship porthole (round 
windows) can be described this way. After loading the geometry window and technological data 
the program generates a g-code controlling the machine tool according to ISO standards  
– Fig. 10. Code also includes instructions responsible for changing tools and serving functions 
such as coolant addition for a tool. 

  

�
 

Fig. 10. View of the screen generated by G-Code code  
�
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Operator's task is to choose a program in the form of g-code or in the text form containing 
parametric description of the frame and desired settings for the holes placement. If a text form was 
selected it has to be converted additionally into a ISO code. Generating ISO code, we can decide 
to: 

� enable measurement cycle preceding drilling, 
� enable measurement at the corners of the frame (measured in the XY and /or Z), 
� the type of strategy for holes position correction (linear, adaptive), 
� disable some cycles used when drilling the frame. 

 
Having established the g-code program, after fitting the frame, the operator by pressing the "GO" 
button runs the machine tool. Based on the initial measurement cycle, data for given correctors is 
determined. Correctors during drilling cycle enable to calculate the given hole position offset 
<dxi, dyi>, taking into account the measured deviation of the frame shape and its location on the 
work table. Correctors can be of two kinds. The first one have a impact on the location of the holes 
on the straights (sides of the frame), the other - on the arcs (corners). This division is associated 
with changes in the geometry of arcs, affecting not only the location of its center, but also changes 
of its radius. When drilling, every frame is labeled and data containing drilled holes position 
including applied corrections will be saved into the file. This data can be easily used in the future 
for the service purpose to restore defective or damage ship frame. 
 
7. Summary�
 

Completed theoretical studies have enabled the practical implementation of automated ship 
windows manufacturing for hole drilling in frames and overlays. The resulting increase in terms of 
work quality during the process, comparable to manual processing justifies the costs for the 
construction of machine tool. In addition a window elements identifying was inserted, especially 
for the frame, the windows and the overlay package, which allows you to restore these elements if 
they are damaged during the operation. Further work should include optimization of measurement 
procedures and machine productivity increasing. 
�
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Abstract

 In this paper the analysis of cold working bending process of the aluminum pipe was  presented based on 
both numerical simulations and experimental tests. The parameters such as  wall thickness above and below bending 
axis  were  compared  and discussed for both numerical simulations and experimental tests.  The numerical 
simulations were  performed in Abaqus 6.9/CAE  computational environment on the basis of finite element method 
while the bending machine was designed and constructed for the purpose of tests. The usefulness of numerical 
simulations was also discussed. 

Keywords:  bending process, numerical simulations 

1. Introduction

Bending is a process in which metal can be deformed by plastic deformation. This results in 
changes in both  its  dimension and its shape. In the bending process material is stressed beyond 
the yield strength but below the ultimate tensile strength [2, 7].  Bending process is performed on 
machines called benders.  

The aim of this study was to perform the analysis of the bending process on the basis of 
numerical simulations and of technological process. The study was focused on the changes of 
cross-sectional dimensions of the pipe which took  place during the process. 

To fulfilled the aim of the study  experimental tests conducted on bending machine in 
technological process were performed  as well as the numerical simulations of the bending 
process. 

The outcomes and the conclusions presented in this paper were used in improving of the design 
of the automatic bending machine constructed for the purpose of the service in industry [6].  
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2. Materials and methods 

The object of the analysis was the pipe made out of aluminum type WA6060. The pipe  
belongs to the fuel supply system of the car produced in Poland.  The  initial diameter of the pipe 
was  8 mm and initial wall thickness 1 mm. The pipe is bent during bending process. The final 
shape and dimensions of the bent pipe are shown in Fig. 1.   

 

Fig. 1. The main dimensions of the pipe 
 
The material of the pipe consists of aluminum and other additives such as magnesium, silicone 

and iron. This type of aluminum alloy was designated as EN WA 6060. Material properties of 
aluminum alloy WA 6060  are presented in Tab. 1. The properties of aluminum alloy were based 
on literature investigations [4-7] and data given by the producer of pipes. The main material's 
features includes good strength  for tensile stresses and moderate fatigue strength. The material 
possesses high ability to forming profiles with complicated shapes.  

 
Tab. 1. Mechanical properties of aluminum alloy  WA 6060 

Property Symbol Value 
Young modulus E 70GPa 
Poisson's ratio v 0.30 
Yield strength Rp02 160MPa 
Ultimate tensile strength Rm 190MPa 
Elongation A 0.16 

The process of pipe bending is performed in room temperature. The pipe is wrapped around the 
rotating roller.  The geometry of the roller  (rotating bending die) is presented in Fig. 2.   

Numerical calculations were performed in computational environment Abaqus/CAE 6.9 with 
the use of finite element method.  The graphical preprocessor of that environment was used for 
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preparation of  geometry of numerical model.    Processor of computational environment  was used 
to perform calculations based on Newton-Rawson  procedure [3, 8]. The results of performed 
calculations were gathered and  presented with use of post-processor of Abaqus/CAE 6.9  
computational environment.  

Fig. 2. The main dimensions of the roller 

 The geometry of the numerical model of the pipe consisted of: pipe, upper holder of 
bending head,  lower holder of bending head  integrated with  rotational die, upper holder of the 
feeding head and lower holder of the feeding head. The geometry and the orientation of the 
elements mentioned above are presented in Fig. 3. 

Fig. 3. Geometry of numerical model; 1- pipe, 2- upper holder of the feeding head, 3 - lower holder of the feeding 
head, 4 - upper holder of the bending head, 5 - lower holder of the bending head integrated with rotational die 

 Nonlinear model of aluminum material was used in calculations. Properties of aluminum 
material WA 6060 supplied by the producer were mentioned in the previous section of the text.  
Modeling of aluminum material was based on linear elastic-plastic model of material with linear 
hardening elaborated on the basis  Tab. 1. Isotropic hardening was defined  on the basis of yield 
stress and yield strain. Material that was taken into account was isotropic and homogenous.  The 
characteristics of stress-strain relations for simplified aluminum material model based on technical 
data delivered by producer of material and full stress-strain relation in extension test are presented 
in Fig. 4.  

In the numerical analysis the contact between the following surfaces was defined:   upper 
holder of the feeding head - pipe, lower holder of the feeding head - pipe,  upper holder of the 
bending head  - pipe, lower holder of the bending head  integrated with  rotational die - pipe. In 
numerical procedure the value of static friction coefficient was �s =0.2 and kinematic friction 
coefficient �k =0,05.  The following  boundary conditions were applied to the numerical model:  
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upper holder of the bending head  - full fixation (all degrees of freedom restrained) only rotations 
in Y-Z plane allowed, lower holder of the bending head  integrated with  rotational die - full 
fixation (all degrees of freedom restrained) only rotations in Y-Z plane allowed, upper holder of 
the feeding head - rectilinear movement along Z axis with the velocity equaled to angular velocity 
of roller, lower holder of the feeding head - full fixation (all degrees of freedom restrained).   

Fig. 4.  Characteristics of stress-strain relations 

Rotation was realized by  revolution of lower holder of bending head  integrated with  
rotational die  and upper holder of the bending head by angle 90°. Translations and rotations  are 
shown in Fig. 5. Boundary conditions and kinematics of used in numerical simulations were 
similar to those in experimental tests. 

 

Fig. 5. View and description of boundary conditions 

translation�

rotation�

Discretization of the pipe with the use of finite element method was performed by use of 
continuum hexahedral  finite elements with linear shape function. Eight nodes were located in the 
corners of each element. Each node had three  translational degrees of freedom. The finite 
elements were labeled according to [1] as C3D8R. The number of finite elements equalled for pipe 
was 8388.  Discretization of the upper holder of bending head,  lower holder of bending head  
integrated with  rotational die, upper holder of the feeding head and lower holder of the feeding 
head was done by use of rigid non-deformable shell finite elements. Those finite elements were 
labeled according to [1] as R3D4.  The number of finite elements was as follows: the upper holder 
of bending head 1560,  lower holder of bending head  integrated with  rotational die 1896, upper 
holder of the feeding head 1560 and lower holder of the feeding head 1560. 
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The total number of finite elements was 15 650, while total number of nodes was  21 209. Due 
to symmetry of the numerical model only half of the model was taken into account. 

The view of mesh of the pipe and holders  are presented in Fig. 6. 

a�

b�

Fig. 6.  Finite element mesh; a - pipe,  b - holders (tools) 

In numerical simulations the problem was described by the following equation: (1): 
 

  (1) 
where:  

 – mass matrix,  
– damping matrix,  
 – stiffness matrix,  
 – vector of external forces,  
 – vector of nodal displacements,  
-– vector of nodal velocities,  
– vector of nodal accelerations. 

 
Direct integration method was used for solving equation: 
 

  (2) 
 

   (3) 
where: 
i – iteration, 
N – degree of freedom. 
 
The machine for automatic pipe bending was constructed for purpose of realising the bending 

process. It consists of the following devices: material feeder, bender (bending device), unit of 
semi-finished products and unit of  finished products.  Scheme of the bending device is presented 
in Fig. 7.  The bending device consists of: upper holder of the feeding head, lower holder of the 
feeding head, upper holder of the bending head, lower holder of the bending head integrated with 
rotational die.  
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The upper holder of the feeding head is connected to force actuator equipped with adjustable 
pressure force in range 0 - 300 N.  The machine is equipped  with feeder of the material which 
includes holder and force actuator.  The machine is designed for running in automatic cycle. The  
elements responsible for automatization of the process are not shown in Fig. 7. Pneumatic 
actuators and servo-motors were used in engineering of power transmission. Power drive of 
rotation holder  was realized by  motoreducer, which consists of servo-motor and planetary gear 
with velocity ratio of 1:100. The planetary gear used in construction of the power drive of rotation 
holder  had circumferential backlash smaller than  5’.   

The bending process is realized on the bending machine in the following way.  The pipe is 
loaded to bender device from semi-finished products unit and secured firmly in pneumatic holders. 
The pressure force of the holders  is set to ensure the secure fixation of the pipe.  Then the rotation 
pneumatic holder rotates about the angle of 90°  and makes the pipe to be bent. When the bending 
is finished rotation pneumatic holder rotates back about the angle of 90°and the pipe is pushed 
forward to the jaw of the saw. The desired length of bent pipe is cut. After that process starts 
again.  

5

Fig. 7.  Scheme of the bending device; 1- upper holder of the feeding head, 2 - lower holder of the feeding head,  
3 - upper holder of the bending head, 4 - lower holder of the bending head integrated with rotational die, 5 - pressure 

force actuator 
 

3. Results and discussion 

The results consist of outcomes obtained on the basis of  numerical simulations and 
experimental tests. They include: pipe's diameter measured in the bending plane, thickness of the 
pipe's wall above bending axis and thickness of the pipe's wall below bending axis. Measurements 
were done on selected fragment of the pipe, which is shown in Fig. 8. It represents wrapped 
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around the roller die  fragment of the pipe in range 0° - 90°. The measurements were performed 
every 5°. 

The results of numerical simulations were obtained with use of pre-processor of Abaqus/CAE 
computational environment. Measurements in experimental tests were conducted on the basis of 
computer aided measurements of pipe's micro- section. The scheme for experimental 
measurements of pipe's parameters after bending process is presented in Fig. 9. 

The cross-section of the pipe with  the distribution of pipe's thickness wall and the magnitude 
of equivalent plastic strains were presented in Fig. 10 while cross-section of the pipe for 
experimental tests in Fig. 11.

Fig. 8.  The measuring length of the pipe after deformation 
 
In discussion the results obtained from numerical simulations and experimental tests have been 

compared. It can be observed that during bending process the cross-sectional area of bending 
material was changed.  It was caused by changing of transversal dimensions of compressed and 
tensioned layers of the material. The differences between numerical and experimental results were 
in range 1% - 26% for all parameters on the measuring length.  

 

Fig. 9.  Measuring of pipe's thickness 
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The comparison of distribution of the pipe's diameter on the measuring length of the pipe for 
numerical simulations  and  experimental tests  was shown in Fig. 12.  It can be noticed that the 
pipe's diameter decreases in the plane of bending. The smallest value obtained in numerical 
simulations was 5.11  mm while  in experimental tests was 5.92 mm. The difference between these 
values results 16 %.  It must be stated that the position  of the smallest value in experimental tests  
is shifted by 1°  comparing to numerical simulations. However experimental and numerical results 
are in good qualitative agreement. 

Fig.  10. Section of the pipe - experimental test 

Fig.  11.  Distribution of pipe's thickness wall and the magnitude of equivalent plastic strains 

The comparison of distribution of the pipe's  thickness  above the bending axis  on  the 
measuring length of the pipe  for numerical simulations  and  experimental tests  was shown in 
Fig. 13. The smallest value obtained in numerical simulations was 0,56  mm while  in 
experimental tests was 0.71 mm. The difference between these values results 26 %.  It must be 
stated that the position  of the smallest value in experimental tests  is shifted by 2°  comparing to 
numerical simulations. However experimental and numerical results are in good qualitative 
agreement. 

The comparison of distribution of the pipe's  thickness  below  the bending axis  on  the 
measuring length of the pipe  for numerical simulations  and  experimental tests  was shown in 
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Fig. 14. The smallest value obtained in numerical simulations was 0,84  mm while  in 
experimental tests was 0.98 mm. The difference between these values results 17 %.  It must be 
stated that the position  of the smallest value in experimental tests  is shifted by 5°  comparing to 
numerical simulations. However experimental and numerical results are in good qualitative 
agreement. 

 

Fig. 12. The comparison of distribution of pipe's diameter on measuring length for experimental and numerical 
results

Fig.  13.  The comparison of distribution of pipe's thickness above neutral axis of bending on measuring length for 
experimental and numerical results 

4. Conclusions

It can be seen from the analysis presented above that the results of computer simulations and 
experimental tests  are in good qualitative agreement, even though application of simplified 
material model in numerical analysis.  In some cases the values of numerical and experimental 
results were different. This discrepancy could be caused by application of aluminum material 
model which was based on linear elastic-plastic model with linear hardening, which in fact was a 
significant simplification.  However  the technical data of the material supplied by the producer 
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often includes only parameters such as Young modulus, Poisson ratio, Yield stress, Ultimate stress 
which are not sufficient to obtain full stress-strain relation. 

Results improvements  could be obtain by application of more sophisticated model of the 
material. 

 

Fig.  14.  The comparison of distribution of pipe's thickness below neutral axis of bending on measuring length for 
experimental and numerical results 
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Abstract

An important problem connected with  the dynamics of vehicles  are transverse vibrations of transport aggregates 
such  as tractor, truck-trailer. This is of big importance as the discussed units are achieving  higher and higher 
speeds, thereby posing hazard to traffic safety, besides, it is worth knowing the nature of these vibration, that is, 
whether they are forced or self- excited. The above mentioned issue was given much attention, in the former Soviet 
Union countries, and also later, [1], [2], [4]. In work [5], vibrations of a trailer whose connection to the truck or 
tractor by a rotary joint with one degree of freedom , was studied. However, it was a certain simplification of the real 
system , therefore, in this work a connection with two degrees of freedom has been introduced. The equation of motion 
have been derived and then the influence of the system parameters on the trailer vibration have been analyzed. The 
investigation showed that stability of the system is determined mostly by the damping. 

Keywords: transfers vibration, tractor trailer, stability, damping
 
1. Motion  equation model  

The system presented in Fig.1 will be studied. 

 
Fig. 1.  Two degree of freedom model of a trailer 
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In order to examine all the effects, which occur during the motion, it was assumed that the unit is 
moving along a straight and horizontal road with the constant speed v. 
Assuming sin�
�, cos�=1 F=fr cos�, Ff=fGk, the equation of motion has the form; 
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where:    
m [kg] - body mass, 
J [kgm2] - moment of inertia, 
k [Nm-1] - spring  stiffness, 
cr [Nsm-1] - damper rate, 
F [N] - force of dry friction, 
Fr - coefficient of dry friction, 
Fb [N] - side force, 
Ff   [N] - force of rolling friction, 
f   - coefficient of friction, 
Gk [N] - gravity force of wheel section. 

The unknown side force can be obtained from the form [1], 
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where:  ky   N deg-1   -  resisting coefficient. 
Now the equation (1) can be written as: 
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A stability condition can be investigated from the characteristic equation 
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and from above, equation (4) can be written as: a 
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The equation (4) has a stable solution if: 

ai   >0   and                                                        (6a)
a3 ( a1 a2

2

nce the coefficient  of dry fric cte  

 
  – a3 a0 ) – a1  a4 > 0.                                          

c
(6b)

Si tion is a not omponent of  coefficient a1 and chara ristic
equation, it can be concluded that it does not affect on the stability system. Let us analyze the 
influence of the system parameters on the trailer vibration stability. 
Coefficient a0  always positive; 

 >0 if v >0 hence we receive: Coefficient a1
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For the trailer speed v > 0 , the distance of mass center from the center of connection should be : 
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If this condition is not fulfilled there occur conditions for transverse vibrations.  
 values which can 

ation of the negative influence of vibrations on the trailer stability, an example for the 
2 -1

If a1 >0, then the remaining coefficients (a2, a3, a4 ) with v> 0 have also positive
o i  not be said about inequality (6b). With p sit ve values of all coefficients, the above mentioned 

inequality can be negative.  
 

. Example 2

oF r determin
following data:   m=3522 kg, Jc=3453 kg m , L=2,5m a=2,15m, ky=80000 N deg , k=5886 N/m, 
cr=2452 N sm-1, v=8,6 m/s will be analyzed.   
 

 
Fig. 2. Dependence of coefficient a1  and inequality (6b n the speed ) o
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Fig. 3.Dependence of coefficient a1 and inequality (6b) on stiffness k: 1 - asphalt, v=30km/h, 2 – unpaved  road, 

v=14km/h 

 
Fig. 4. Dependence of coefficient a1 and inequality (6b) on damping c, 1-v=14km/h, 2-v=30km/h 

In figure 2, there has been presented a dependence of a1 coefficient and inequality (6b) on the 
trailer speed. The figure shows that for all speeds a1 > 0, whereas, inequality (6b) is negative. 
However, for speeds higher than 40km/h, inequality (6b) and vibration amplitudes are 
insignificant.  
Fig.3 shows a dependence of a1 coefficient and (6b) inequality on the connection stiffness for two 
speeds and different road surfaces. For all the values of coefficient a1 > 0, inequality (6b) is 
negative. However, it can be noted that the absolute value of inequality (6b) increases along with k 
stiffness value rise. 
Fig.4 demonstrates the dependence of coefficient a1 and inequality (6b) on the connection 
damping. From the chart it can be seen that with c >10·10³, both curves are positive and the 
vibrations decrease rapidly.  
 
3. Conclusions 
 
1. Increasing the trailer connection makes the vibrations become unstable. 
2. Damping in the connection has the largest influence on the trailer vibrations. 
3. Being familiar with the impact of stiffness and damping is of great importance for constructors. 
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Abstract
The frequent causes of ships’ detentions by port authorities are abnormalities of ship power plant functioning. Each 
extended ship lay time in port results in a waste of ship operating time thus costs rise to ship owners. This is con-
nected with improper ship power plant management. In order to avoid this, a ship engineer should have at his dis-
posal computer aided system supporting him in the managing of the ship power plant. The prototype of a computer-
aided system of operational and maintenance task assignation in ship engine room has been presented in this paper. 
This system contains three modules that respond of decision-making process for three stages: collecting essential 
information about operating tasks, selecting of operational and maintenance tasks, generating of the optimal schedule 
for the set of the determined conditions. For allotment problem was formulated, in the most substantial operating 
states of a ship like lay time in harbour and sea voyage, the knapsack algorithm’ was applied. The mathematical 
model uses two-criterions optimization for operational and maintenance task assignation in the ship engine room.  
 
Keywords: Ship engine room, tasks scheduling, AHP method 
 
1. Introduction
 

According to many experts to reach correct management of ship power plant involves great 
dif�culties to decision-making persons, i.e. ship chief engineers. This is caused i.e. by:  

� increasing number of automated ship systems, 
� multiple number of operational processes executed in parallel, 
� lack of appropriate information making it possible to quickly master systems and task plan-

ning, 
� frequent changes of staff members, 
� increasing number of requirements for safety of persons, ship and environment. 
Moreover changing international maritime law imposes many additional tasks dealing not only 

with new procedures connected with safety at sea but also with their detail documentation. Such 
state leads to a situation in which decision-making is more and more dif�cult and knowledge and 
experience of ship engineers may appear insuf�cient. In such conditions making a decision dealing 
with power plant management may be incorrect or irrational and in consequence causing various 
losses, e.g. loss of ship service time leading this way to increasing overall cost of ship operation. 
In order to eliminate such situations ship engineers should have at his disposal a software which 
could be a „tool” aiding him in organizing ship power plant management process. Such system 
would collect information concerning realization of all operations in power plant or make use of 
data bases of already functioning information systems, analyse any limitations associated with 
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their realization and �nally advising ship engineer on which tasks and in which sequence they 
have to be realized.  

In ship power plant a team often consisted of several persons performs operations resulting 
from realization of many tasks of different time horizons, realized in parallel. This requires, from 
chief engineer, to make rational decisions concerning a.o. determination of a kind, range, sequence 
and executors of operations. To make such decisions it is necessary to collect and process suitable 
information. Among other, the following can serve as their sources: 

� technical and operational documentation of machines and installations, requirements asso-
ciated with safety at sea and marine environment protection (conventions, codes, rules of 
classi�cation societies, rules of maritime administrations, ship owner’s regulations etc.), 

� data bases of information systems used in ship power plant, 
� assessment of technical state of ship power plant machines and systems, 
� assessment of state of provisions (fuels, lubricants, spare parts etc.), 
� occurrence of a destructive event, e. g. machine failure, 
� assessment of feasibility of appropriate actions, e.g. expected time of port staying, deadline 

of subsequent shipyard’s repair etc., 
� assessment of accessibility of an external service in a given shipping region, 
� assessment of capability of crew to realize planned operations, 
� assessment of crew experience associated with carrying out given kinds of operations [2]. 

 
2. Solution of the chief engineer decision-making problem
 

The main problem to be solved by ship chief engineer within the scope of ship power plant 
management can be formulated as follows: „Knowing a set of tasks to be realized as well as taking 
into account available means (technical, personnel and time resources),operational requirements 
concerning ship, as well as limitations of different kind, one should make choice of appropriate 
operations and integrate them into one ordered set of actions”. In other words the thing is that a 
decision should be taken as to such above mentioned operations whose realization would be most 
effective from the point of view of ship service. 

The decision problem of ship power plant technical management is de�ned as the following 
triple:  

� the set of decision variables, (i.e. the set of all operations to be executed),  
� the set of operators to which appropriate operations should be assigned,  
� as well as that of the relations r understood as the relationships between elements of the 

sets and also containing some features of the elements.  
In the process of decision making by ship engineer dealing with assigning the operational tasks 

to engine room staff the following three main phases should be distinguished: 
� collecting and processing all available and necessary data (those earlier mentioned and 

those presented in [1]), 
� selecting the tasks whose realization is constrained by all possible operational limitations 

as well as ambient conditions in which a given decision is made [3], 
� assigning the earlier selected tasks to power plant crew members, in compliance with their 

competences so as to obtain the best schedule from the operational point of view [2]. 
 
 
 
 
3. The data collection module 
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To generate the appropriate operating tasks schedule it is necessary to use essential informa-
tion. Such information are collected on a ship in a different form: on the new ships in the computer 
databases, on the older ships mostly in the paper documentation form. 

The data collection module of prototype computer-aided system to support operating tasks 
scheduling in engine room as an interface is presented on Figure 1. It contains a list of the exam-
ple-tasks for the selected unit from the engine room systems structure and attributed to each the 
number of parameters. These parameters are: the area of operation (operating, maintenance, safety, 
provision), type of the task (planed, emergency, etc.), execution time, frequency of task repetition, 
the ship’s operating stage, the engine room’s operating stage in which the task performance can be 
achieved, the operator executed this task (according to the duties), etc. Data collected by this mod-
ule are stored in external database created in MS Access. This allows to other systems or programs 
used the data by SQL. This also permitted to use the databases of other computer systems used in 
the engine room by the presented system. On the Fig.1 is presented the graphical interface of the 
computer system consists of two main parts. The �rst of them, shown on the right-hand side, is 
characteristic for systems applied in engine room and it demonstrates of power plant structure. 

 
 

Fig. 1. An example screen of the graphical interface of the computer-aided prototype system for allotment of the op-
eration tasks in ship power plant. Ship power plant structure – in polish (on left hand side), operating task parameters 

defining (on right hand side) 
 

4. The selection and hierarchy tasks module 
 

Next module of the prototype computer-aided system to support of operating tasks scheduling 
is designed to stages:  

� selection and elimination of the tasks which, cannot be executed in given conditions, due to 
various circumstances, 

� hierarchization of importance the remaining tasks in operational point of view.  
In the first stage the chief engineer have to determines the conditions in which the schedule of 

operating tasks will be done:  
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� operating stage of ship and operating stage of engine room in which the task performance 
can be achieved,  

� operators, which has at disposal,  
� weather conditions,  
� time that is available to tasks execution, etc.  
After approved these conditions the decision-maker can also limits additionally the tasks be-

cause of another reason not involve in computer system i.e. the availability of special tools, etc. 
Such list of selected operating tasks are automatically give in to hierarchy process because of the 
importance (coefficient wgi in equation1) of each tasks in the engine room operation process, 
which consider for example:  

� what kind of task is: planned, forced by breakdown or administration, etc.  
� planned time of the maintenance task execution,  
� number of the same devices and their technical condition, etc.  
So hierarchically list of operating tasks is essential to generate optimal schedule. 
 

 
 

Fig. 2. An example screen of the graphical interface for determine the conditions for which the schedule is generated - 
selecting and hierarchization module.  

 
5. Module of generating the optimal solution of the schedule
 

The operating tasks scheduling problem in the engine room is an optimization problem, which 
like many issues of this type has been implemented as a transportation problem (otherwise also 
known as: knapsack problem). That is a special case of binary (0-1) issues of combinatorial opti-
mization [5]. In this problem has been defined two criteria for their selection and allocation: 
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� the most important tasks should be realized, i.e. the schedule should consist of the lists of 
the tasks assigned to every operator, and having the importance index wgi of the possible largest 
value, 

� the time of realization of the tasks should be close to the available time for their realization, 
in other words to obtain the best use of the available time. 

In accordance with the way of formulation of optimization function, described in [4], in the 
presented problem such function can be assumed to be a combination of assessment criteria of 
scalar form, generally de�ned as a weighed sum of:  

� task importance indices, 
� time intervals for their realization.  
In the case of the so formulated objective function one has to do with two-criterion optimiza-

tion. By introducing to it the coef�cients �1, �2 called the criterion weighing factors, a choice on 
which criterion would be more important, becomes possible. Such choice is made by the decision 
maker, i.e. chief engineer, depending on needs appearing in a given instant. The coef�cients �1, �2 
can take values from the interval <0, 1>, and their sum should be always equal to 1.  

Therefore the best schedule, out of all allowable solutions, is that for which the sum of the 
weighed sums of two presented criteria, for all considered operators, reaches a maximum. The 
general form of the objective function is as follows: 
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where:  
i = 1,2,3,....,n – number of tasks, 
j =1,2,3,....,o - number of operators, 
�1, �2 –weighing factor of the criterions,  
xij – factor which determines the assignment of i-th task to j-th operator, 
sk – scale (a coef�cient so selected as to obtain balanced values of sum components), 
wgi – task importance index, 
TS – the time available for realization of tasks staying in port, sea  voyage  time).  

 
In the process of generating the best solutions of the problem takes into account four main con-

straints: 
� total time of the tasks assigned to each of the operators cannot be greater than the available 

time TS intended to proceed, 
� the task can be assigned only once in the schedule, 
� each task is performed by only one of the operators 
� way of assigning tasks to individual operators determined, 
There are the following assumptions adopted too: 
� each operator can perform only one task in a given interval of time, 
� each task has a number of attributes stored in a database, or defined in earlier stages (the 

elimination of impossible tasks to performing in the given conditions, prioritizing tasks) [1], [2], 
� allocation of tasks to individual operators to be implemented in accordance with the hierar-

chy of professional. 
The standard knapsack problem consists in �lling the “knapsack” of a given limited volume by 

using elements (blocks) of various dimensions and values in such a way as to �ll the knapsack so 
as to make its value the greatest. In the same way can be formulated the problem faced by ship 
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chief engineer in some speci�c situations (e.g. short stay in port or short sea voyage), who must 
assign operational tasks to power plant crew members so as to make the best use of available time 
and simultaneously to realize the most important tasks out of the set of the tasks whose realization 
cannot be performed during the available time interval. For solving the problem of optimization of 
the schedule of operational tasks in ship power plant the last of the presented method, i.e. the 
method of indirect searching, called also the searching with reversals. The method was selected 
due to its simplicity, as it contains basic steps of almost all searching methods and simultaneously 
is one of the quickest among them [4]. In order to check the above presented mathematical model 
as well as the method of solving of the decision problem usually faced by chief engineers, a proto-
type computer software for aiding in planning the operational tasks in ship power plant in some 
de�nite conditions, was elaborated. In Fig.3 shows the interface of system, which demonstrates 
solution of the chief engineer scheduling problem for the sample data (sample tasks). The top bar 
shows two important parameters of the problem: ‘Maximum time’, i.e. the time interval for which 
the schedule is considered (e.g. port staying time, sea voyage time etc.), ‘Criterion weighing fac-
tor’ (the parameter � in equation.1) i.e. that determining which choice is of a greater importance: 
that of the most important tasks or that of the most effective use of the available time. There are a 
few additional option to choose for the user to presenting the solutions of optimization process. On 
the remaining parts of window shows the results of the optimal schedule generating process. On 
the left side, in the area ‘Schedule variants’, is shown the schedules in the text form, on the right 
graphic form called. Gantt chart, where the height of each row represented each operator skills and 
the assigned operating tasks are represented by rectangle (different colour and size).  

 

 
Fig. 3. An example screen of the graphical interface of the operation tasks allotment system Gantt chart – schedule 

generating module.  
 
6. Conclusion

In this paper has been presented an approach to solving the decision problem associated with 
scheduling of operational tasks realized by staff in ship power plant, with making into account 
different conditions. The prototype system consists of three modules corresponding to the stages 
of decision-making process of operating tasks allotment in engine room and there could be draw 
the following conclusions:  
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� the problem formulation as a 'many-knapsack' problem seems to be a natural responding to 
task allocation process in the ship power plant,  

� objective function which takes into account the crucial elements considered by chief engi-
neer in scheduling the operational tasks in ship power plant: i.e. importance of a given task, com-
petences of each of the operators, time available for realization of necessary tasks, has been elabo-
rated. 

� advantages of the solution searching method, especially: simplicity, the basic steps of near-
ly all review methods, convinced to use it for scheduling optimization in the ship engine room. 
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Abstract

 Mixing the granular materials is a critical process in many industries, especially in pharmaceutical one, where 
homogeneous blends of ingredients are required. The homogenisation process is time and energy consuming, thus this 
article is focused on the process. The mixing process has been simulated with the discrete element method – DEM, 
which gives an opportunity to study the granular flow of mixed ingredients. Following stages of the mixing process 
have been presented for various shapes of blenders and analysed, which gives an opportunity to understand the 
process and mechanisms of homogenisation. Apart from the three basic mechanisms of homogenisation: diffusion, 
convection and shear, one more has been found. 
 
Key words: discrete element methods, blender, mixing  
 
1. Introduction 
 
 Blenders are applied in: pharmaceutical [4, 15, 27], cosmetic, food [32] and detergent 
industries, to name a few. The mixing process influences both quality of products and their cost, 
thus there is a need to describe the process. The mixing process is a result of diffusion, convection 
and shear, which are the main mechanisms of the homogenisation described in the literature [1, 4, 
27]. The mechanisms can be observed during simulation of the granular flow with DEM. The 
mixing process has been described in two books [1, 27], which are basic ones for this subject. 
Apart from the theoretical analysis, and experimental results the authors presented there some 
practical advice. Nevertheless recommended parameters of the mixing process, and results of 
simulation obtained with DEM have not been presented [1, 27]. 
 The discrete element method (DEM) is a numerical method dedicated for computing motion of 
a large number of particles. The discrete element method is closely related to molecular dynamics 
(MD), particle method (PM), multibody systems (MBS) and smooth particle method (SPM). The 
fundamental assumption in the discrete element method is that material consists of large assembles 
of separate particles. The number of the discrete particles can be a few millions [29] and even 
billions [2, 18, 24]. The basic idea of modelling bodies, as large assemblages of separate-discrete 
elements, makes the method very universal; because each body can be modelled as an assemblage 
of separate atoms, or groups of atoms. Materials like gases, liquids, solids (powder, sand or rock) 
can be simulated with the method. The particles may have different shapes and properties. 
Complex non-linear interactions between bodies, and within bodies, are simulated with a 
numerical method. Next, the motion of particles, which is described by differential non-linear 
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equations, is computed. Finally, the motion of a large number of particles, like molecules or grains 
of sand, is presented as a movie and analysed [8, 11, 17, 19, 28, 29]. The discrete element methods 
are applied to solve a wide range of engineering and scientific problems in: mineral processing, 
rock blasting, crushing, powder technology, laser processing, granular flow of stones, blow up of 
building and many more areas [23]. 
 
 Particles in DEM can be modelled with: points, polygons, circles, ellipses, polyhedral [19] or 
with spheres [10]. A discrete element can represent: a stone, a grain of sand, a seed, a grain of 
powder, or a molecule. In the case of modelling solid bodies the elements can represent rigid of 
deformable bodies (primitives). If bodies are modelled with FEM primitives, then both elasto-
plastic distortion of bodies and their fragmentation (cracking) can be simulated. The phenomena 
can be simulated with so cold combined finite-discrete element method [23]. More details about 
DEM have been published in literature [5, 6, 22, 23, 25, 33]. 
 The considered problem of mixing granular materials is studied with rigid discrete elements. 
Three forces act on particles: terrestrial gravity force Q, normal contact force Fn and friction force 
Ft (Fig. 1). The normal force is usually described by simple models, which reflects restitution 
phenomena [16, 20, 23], while the friction force is described with Coulomb's model. Motion of 
each element is described by three differential equations: 
 

!�� xFmx 1�� , (1)

!�� yFmy 1�� , (2)

!�� MI 1$�� , (3)

 
where: 
 
x denotes x-component of displacement,  
y y-component of displacement,  
Fx x-component of acting force,  
Fy y-component of acting force, m mass of element,  
$ angular displacement of element,  
I moment of inertia,  
M moment of acting force. 
 

 
 

Fig. 1. Forces acting on two discrete elements during their collision 
 
 The discrete element method (DEM) gives an opportunity to model mixing the granular 
materials [21, 23] and consider various: shapes of blenders, values of speeds and fill levels, which 
are the key factors. An analysis of the factors can be done at a very early stage, at the stage of 
conception and designing. This gives an opportunity to improve construction of blenders, and to 
make them more efficient. Moreover, DEM makes an easier understanding of the mixing process. 
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Thus this article presents results of simulation obtained with DEM and their interpretation. The 
simulations have been done with Algodoo [12]. 
 
2. Simulation of the mixing process 
 
 One of the most common technique of mixing the granular ingredients is to rotate a container 
with the ingredients [15]. This type of blenders are: double cone, IBC and drum blender, which are 
widely used in the pharmaceutical industry [1, 9, 15, 27]. The ingredients are well mixed after 
making - from 200 to 700 rotations [1], or after fifteen minutes [27]. The mixing process takes 
place in the space near the surface, where following layers of particles slide down. Deep under the 
surface the mixing process does not exist [21]. The layers near the surface move quicker, than the 
ones deeper under the surface, which in turn introduce the shear. The diffusion process is coupled 
with collisions between particles, chaotic behaviour [7, 26], and the butterfly effect. The butterfly 
effect is a part of chaotic dynamics, which are result of non-linear interactions. The collisions are 
particularly intensive in the space, where the sliding particles reach a wall of a container (Fig. 4b). 
The convection is coupled with shear, and is observed when particles of one ingredient are 
displaced by particles of a second ingredient (Fig. 2e). Summarising the mixing process, we can 
say that, the grains of ingredients are periodically brought into the mixing zone, near the surface, 
where chaotic dynamics appear, and next after sliding down, they are covered by the following 
layers of particles. That makes the blend more homogenous. 
 This section presents results of the simulation. The computations have been done for three 
blenders: double cone, IBC and drum blender, the two dimensional models of which are presented 
in the Figs. 2-3. The simulation has been computed for 2400 particles, and the following values of 
parameters: radius of particles r=0,01m, the restitution coefficient CR=0,05 and coefficient of 
Coulomb friction �=0,5. The polygons (Figs. 2-4) are inscribed in a circle, the centre of which 
defines the centre of rotation. The circle determines the radius R=1m, which has been adopted to 
calculate the dimensionless Froude number. The Frode number is relationship between centrifugal 
and gravitational acceleration, it can be treated as a dimensionless rotating frequency [30]. It is 
dimensionless number of mixing, which reflects flow condition. The Frode number is expressed 
by the following formula [1]: 
 

Fr=�2Rg-1, (4) 
 
where:  
 
Fr - denotes the Frode number,  
� - angular speed [rad/s],  
R – radius of the circle [m], and  
g - acceleration of gravity [m/s2].  
 
The Frode number equals one, when the angular speed � reaches the critical value � kr. The 
presented calculations (Figs. 2-4) have been done for Fr = 0,3025 and fill level close to 50%, 
which are typical for industrial blenders (e.g. [9, 13,14]).  
 The obtained results show that the border between red and blue ingredients becomes longer and 
more sophisticated (Figs. 2b, 3b, 4b) after one rotation. Next rotations make the border more and 
more sophisticated. The process, which can be observed, is baker’s transformation. The ingredient 
is stretched and folded, which leads to a spiral shape -“vortex” (Figs. 2ef, 3f, 4d). The spiral 
structures have been observed previously in cylindrical blenders [3, 26, 31]. The spiral structures, 
which are a result of baker’s transformation, are finally destroyed by diffusion, which is a result of 
chaotic dynamics. The two processes - baker’s transformation and diffusion lead to a mixed state 

59



(Figs. 2a-o, 3a-o, 4a-o). The spiral structures are sensitive to the speed of blenders, that is an 
interesting problem. 
 
a) 

 

b) 

 

c) d) 

 

e) 

f) 

 

g) 

 

h) i) 

 

j) 

k) 

 

l) 

 

m) n) 

 

o) 

 
Fig. 2. The consecutive stages of the mixing process calculated for the double cone blender, the pictures present 
particles after: 0 a), 1 b), 2 c), 3 d), 4 e), 5 f), 6 g), 7 h), 8 i), 9 j), 10 k), 11 l), 12 m), 13 n) and 14 o) rotations 

 

60



 
a) 

 

b) 

 

c) d) 

 

e) 

 
f) 

 

g) 

 

h) i) 

 

j) 

k) 

 

l) 

 

m) n) 
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Fig. 3. The consecutive stages of the mixing process calculated for the IBC blender, the pictures present particles 

after: 0 a), 1 b), 2 c), 3 d), 4 e), 5 f), 6 g), 7 h), 8 i), 9 j), 10 k), 11 l), 12 m), 13 n) and 14 o) rotations 
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Fig. 4. The consecutive stages of the mixing process calculated for the drum blender, the pictures present particles 

after: 0 a), 1 b), 2 c), 3 d), 4 e), 5 f), 6 g), 7 h), 8 i), 9 j), 10 k), 11 l), 12 m), 13 n) and 14 o) rotations 
 
 The diffusion process can be observed in Figs. 2f, 3f, 4f. An analysis of the results tends to 
conclusion that the diffusion process is the most intensive in drum blender, while the diffusion 
process in IBC blender is slightly less intensive. At the same time the diffusion process in double 
cone blender is less intensive than in IBC blender. After nine rotations blend in drum blender, is 
the most homogeneous comparing with IBC and double cone blenders; it is difficult to find the 
spiral shape (Fig. 4j). That is a result of the intensive diffusion process and chaotic dynamics. 
Finally after fourteen rotations blends in drum blender and IBC blender are homoheneus and a 
progress of the mixing process is not as significant, as has been observed on the early stage (Figs. 
3o, 4o). While in in double cone blender, sets of blue and red particles are observed (Fig. 2o).  
 Results of simulation obtained with DEM has been compared against experinental results 
published previously [34]. A good agerrement between results tends to conclusion, that discrete 
element method can provide a valid information about mixing process. 
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3. Conclusions 
 
 The presented computational results show mixing process of two granular ingredients within 
three blenders. Apart from the three basic mixing mechanisms: diffusion, convection and shear, 
one more mechanism has been observed. The mechanism is the baker’s transformation and 
diffusion. The baker’s transformation leads to a spiral shape of ingredients. Then the diffusion 
process finally destroys the spiral shape, which makes a blend more homogeneous. That is the 
point of mixing. The diffusion process can be coupled with the butterfly effect, which is typical for 
chaotic systems. The mixing process is the most intensive on the early stage; while after some 
period of time the progress of the mixing process is not significant. The phenomenon has been 
observed experimentally and described in literature.  
 Summarising this, the mixing process can take less time if the diffusion process is more 
intensive - granular flow is more chaotic, and the baker’s transformation - “vortex” is faster; that is 
practical conclusion. Moreover designers can use the discrete element method to improve 
blenders.  
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Abstract 

The ball mills are often applied in mineral processing, they are e.g. an important part of the cement industry. A 
key factor, which influences the milling process, is the granular flow of grinding media. The flow determines: energy 
consumption, time of milling and capacity; thus there is a need to describe the phenomenon. The discrete element 
method - DEM is a computational method, which allows to simulation of the granular flow, thus it has been applied in 
this article. The received results of simulation have been compared with experimental results. 

Keywords : DEM, ball mill

1. Introduction 

The ball mills are widely used machines. They are mainly used to powder minerals, that is their 
typical application. The powdering takes place between balls, due to normal and tangent forces. 
The forces determine interaction between the balls, thus they have an influence on the granular 
flow of the grinding media. In the considered case, the interaction between the balls has been 
described with Coulomb friction, and restitution coefficient. 

At the stage of conception and designing, various: shapes of liners, values of speed and fill 
levels can be considered. That gives an opportunity to analyse, the dynamics of grinding balls, 
acting forces and power consumption, at the very beginning stage. This is the reason why the 
discrete element method, has been applied in mineral processing [1, 2, 3, 4]. 

The basic concept of the discrete element methods (DEM) is to model the bodies with large 
assemblages of particles (discrete elements), which is a very general and practical approach. The 
discrete elements can represent: atoms, groups of atoms, grains of sand, stones or FEM primitives. 
That approach gives an opportunity to model: gases, fluids and solids, thus DEM is used to solve a 
wide range of engineering and scientific problems [5]. Motion of the discrete elements, which is 
described by the second order ordinary differential equations, is computed, and finally the motion 
is presented as a movie and analysed [1, 2, 5, 6, 7]. 

2. The granular flow of grinding balls inside a ball mill 

As it has been mentioned above - shape of liners, values of speed and fill levels influence the 
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milling process. Liners are designed in the way, that impedes rolling balls on the liners, and makes 
an easier lifting the grinding balls. The values of speed of the mills n are in the range from 
n=0,55nkr to n=0,85nkr, but the typical value is n=0,75nkr (e.g. [8]). The critical speed nkr is reached 
when centripetal acceleration of any liner, is equal to the gravity acceleration. While the fill levels 
are in the range from 0,3 to 0,55 - which is the maximum value. 

Fig. 1 Comparison of the experimental results (a-c) [9] with the results of simulation (d-f), for the following speeds: 
n=0,65 nkr (a,d), n=0,75 nkr (b,e), n=0,85 nkr (c,f) 

(a)

(b)

(c)

(d)

(e)

(f)
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Some experimental results have been published on Internet [9], which gives an opportunity to 
compare them with the results of simulation (Fig.1). The simulation has been computed for 3702 
particles, and the following values of parameters have been adopted to perform the simulation: the 
restitution coefficient CR=0,05 and coefficient of Coulomb friction μ=0,5. In spite of the fact that, 
the values of the parameters have not been published on the web site [9], the computational results 
show good agreement with the experimental results. The number of balls falling down seems to be 
bigger in the experiment, but it results from the fact that: the simulated model is two-dimensional, 
while experiment was three-dimensional, moreover the particles used in experiment are bigger 
than these in the simulation. The presented results show good agreement with the results of 
simulations, which have been published previously in literature as well [4,10]. The considered 
granular flow of grinding media, inside a ball mill has been simulated with program algoodo [11]. 

3. Summary 

The presented results show granular flow of the grinding media, inside the ball mill, for three 
values of speed. The computational results have been received with DEM, and have been validated 
against the experimental results. The comparison shows good agreement between them, which 
suggests that the study should be continued. It shows that, DEM provides valid information, which 
can be used by the designers. Summarising DEM is a useful tool in future modification of the ball 
mils. 
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Abstract 
 

Composite materials are broadly used in industry. In maritime industry composite materials with great success 
supersede conventional materials as steel and wood. Engine foundations and power-transmitting shafts belong to the 
newest applications of composite materials in maritime industry. Composite shafts are fabricated predominantly by 
rowing method but for engine foundations hand lay-up method is still used. One of the greatest disadvantages of hand 
lay-up (contact) method is hazardous distribution of resin matrix and voids or air blisters that remain in bulk resin 
matrix or may stick to reinforcement fibres. This hazardous distribution of resin may cause inaccuracies in calculation 
of voids percentage in laminate. If an air blister sticks to a fibre its prejudicial influence on laminate resistance is 
greater than if it remains in bulk resin. Number of layers that constitute a laminate influences the maximum bending 
stress in specimen. This relation however is different  from that in tensile tests. 
 
Keywords: composite materials, laminates, hand lay-up method, fibreglass reinforcement, voids percentage, layers 
number 
 
1. Introduction 
 

Composite materials with layered structure are being used broadly in many branches of 
industry. Automotive, rail, maritime and aerospace industry are the most distinctive fields where 
composite materials continuously broaden their applications [1]. Laminates and sandwich 
composites offer to constructors technological latitude in planning wide scope of material 
properties and make possible fabricating parts of complex shape. Resistance to corrosion and 
amagnetic properties are also their significant trump cards. Sandwich composites with foam or 
honeycomb core due to their high stiffness to mass ratio are frequently used for building yacht and 
ship hulls. Ultimately composite materials are used for constructing engine foundations and shafts 
transmitting power from engine to propeller. Such shafts may transmit the power even of one 
megawatt. Composite shafts are not only about 80% lighter then steel ones, but also save on 
complexity. Steel shafts which may not distort in operation have limited length. Conventional 
transmission line is therefore made up of multiple shafts along with pedestal bearings and other 
elements. Composite shafts, because of their less mass, can be made longer, that results in fewer 
transmission arrangements. Composite shafts do not corrode and run more quietly. 

The basic method used for mass-produced and reliable composite products is called Resin 
Transfer Moulding (RTM). This method consists in impregnating with resin a preform placed in 
rigid, hermetic mould. This method is applicable for products that must be characterized by 
significant smoothness on both sides and is restricted to elements of small and medium 
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dimensions. The costs of moulds, especially the heated ones, costs of pressure-circuits and 
instrumentation used in this method are significant. Other, less expensive method, especially 
suitable for mass-produced elements of extensive surfaces e.g. plates and long profiles is called 
Resin Film Infusion (RFI) [2,3]. In this method one-sided mould is used for impregnating the 
preform with resin. The other side is hermetically protected with a flexible polymer cover. While 
extracting the air from beneath the cover, it presses the preform and the resin is being distributed 
evenly through the preform, ensuring very good impregnation of the preform and high percentage 
of reinforcing fibres in the product. This method is successfully used in production of aircraft 
wings, fuselages and boat hull sheathings.  

Mayor part of composite products is still produced manually (contact method). This technology 
is applicable for fibre-reinforced laminates formed by process of applying alternately reinforcing 
layers and resin matrix. This paper presents influence of voids percentage and number of layers on 
mechanical properties of laminate subjected to bending.  
 
2. Material characteristics of laminate matrices and reinforcements 
 

Laminates under consideration were made of two kinds of polyester resins: orthophthalic and 
isophthalic one. The polyester orthophthalic resin used was a A105 - thixotropic and preaccele-
rated, unsaturated, general purpose resin, that is suitable for spray-up and hand lay-up methods for 
manufacturing numerous moldings and is especially recommended for manufacturing of boats. 
The polyester isophtalic resin we used was a K530 - thixotropic, preaccelerated, special purpose 
resin with good mechanical properties combined with high temperature resistance. K530 is a 
medium reactive polyester resin with relatively long geltime, suitable for spray-up and hand lay-up 
application for manufacturing different types of composites, exposed to a corrosive environment 
and/or composites where good mechanical properties are important e.g. tanks, pipes, silos, boats, 
etc. Comparison of mechanical properties of these two matrices is shown in Tab. 1. 

 
Tab. 1. Comparison of mechanical properties of K 530 and M 105 resin matrices 

 
Property at 23 °C K 530 A 105 Units Method 
Density 1,1 1,1 [kg/dm 3] ISO 2811 
Tensile strength 65 55 [MPa] ISO 527 
Tensile modulus 4100 3600 [MPa] ISO 527 
Flexural strength 125 90 [MPa] ISO 178 
Flexural modulus 3700 4100 [MPa] ISO 178 

 
The aim of carried out tests was to find out relations between voids percentage, number of 

layers that constitute certain laminate and its mechanical properties in bending. Each laminate 
consist of a certain sequence of layers. Its structure is described by the following relation:  
 

30450)600450( VMRMxWch ���� ,   (1) 
 
where: 
 
Wch – chemo-resistant layer: V30+M300+2(M450), 
x – number of coupled layers (M450+R600), 
M450 - E-glass mat of 450 [g/m2] specific weight, 
M300 – E-glass mat of 300 [g/m2] specific weight, 
R600 – E-glass woven rowing of 600 [g/m2] specific weight,  
V30 – E-glass veil of 30 [g/m2] specific weight. 
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So we deal with a laminate of asymmetric layer sequence. The mats M300 and M450 are of the 

same type of chopped strand mats for hand lay-up which homogeneity doesn’t exceeds the range 
of ± 10%. The mat’s glass fibres combine the electrical and mechanical properties of traditional E-
glass with the acid corrosion resistance of E-CR glass. It is made of randomly oriented chopped 
glass strands bonded together using an emulsion binder. The emulsion binder uniquely bonds the 
mat so that it conforms rapidly to highly contoured moulds. The emulsion binder produces 
superior handling properties compared to powder bonded mats. The typical laminate properties of 
applied mats in an orthophthalic polyester resin with 31% weight glass content, moulded by hand 
lay-up method shows Tab. 2. The veil V30 is a type of very thin mat of 30 [g/m2] specific weight, 
so we assume that its mechanical properties in a laminate layer are that of given in Tab. 2.  

 
Tab. 2. Mechanical properties of M300, 450 mats in orthophtalic polyester resin with 31% weight glass content 

 
Tensile 
Strength   

Tensile 
Elongation 

Tensile 
Modulus 

Flexural 
Modulus 

Flexural 
Strength   

Flexural 
Elongation 

108 [MPa] 1.8 [%] 7800 [MPa] 6770 [MPa] 204 [MPa] 3.4 [%] 
 

 In another Type Approval Certificate we find similar values for laminas made of M 300 and M 
450 mats with less weight glass content (Tab. 3): 

 
Tab. 3. Mechanical properties of M300, 450 and 600 mats in orthophtalic polyester resin 

 
Property 300 [g/m2] 450 [g/m2] 600 [g/m2] Units Method  
Glass content 29 28 29 [%] ISO 1172 mean 
Tensile strength 105/88 112/88 105/83 [MPa] ISO 3268 mean/msmv
Tensile modulus 7404 7182 7045 [MPa] ISO 3268 msv (mean) 
Flexural strength 166/155 206/128 179/128 [MPa] ISO 178 mean/msmv
Flexural modulus 6195 6095 6425 [MPa] ISO 178 msv (mean) 

 
where: 
 
mean – mean of type test results, 
msv – manufacturer’s specified value, verified to be within ± 10% of mean of type test results, 
msmv – manufacturer’s specified minimum value, verified to be below mean – 2 × standard 
deviation of type test results. 
 

We notice that the strength characteristics of the mats in laminas are specific weight dependent.  
The ultimate glass reinforcement type utilized in specimens preparation was R600 i.e. E-glass 
woven roving in the form of plain weave fabric which specifications according to a quality 
certificate are given in Tab. 4.  

 
Tab. 4. Selected properties of R600 E-glass woven roving 

 
Property Value Units Method 
Density (warp x weft) 2.6 x 2.25  [ends/cm] GB/T 18370-2001 
Tex (warp x weft) 1200 x 1200 [g/km] ISO 1889 
Weight 585 [g/m2] ISO 3374 
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Specimens were cut out of laminates prepared by contact method using rollers. Fabrication 
process was carried out conserving weight proportions of reinforcement to matrix as 3 to 4. 
Assuming that E-glass density equals 2.58 [g/cm3] and utilizing data given in Tab. 1. we calculate 
a volumetric enforcement ratio of laminates [4]:  

 

fm

f
f VV

V
f

�
� ,      (2) 

 
where: 
 
ff – volumetric enforcement ratio, 
Vf – volume of reinforcement material, 
Vm – volume of matrix material. 
 

Subsequently we calculate theoretical density of specimen according to the given formula [5]:  
 

)1( fmffct ff ��"� ### ,     (3) 

 
where: 
 
�ct – theoretical density of laminate, 
�f – density of reinforcement, 
�m – density of matrix. 
 

The main disadvantage of contact method constitute air blisters or voids that remain in the 
resin matrix when the rolling is not performed carefully. In this paper we demonstrate also the 
influence of voids in resin matrix on mechanical properties of fabricated laminates. Having 
measured the real specimen’s density we calculate the voids percentage using following formula:  

 

%100"
�

�
ct

cpct
Vf #

##
,     (4) 

where: 
fV – voids percentage, 
�cp – real density of laminate. 
 

Ultimately, four kinds of laminates were used for testing which properties are tabulated 
beneath:  

 
Tab. 5. Properties of tested laminates 

 
Symbol Matrix Number of coupled 

layers: x in (1) 
Total number 
of layers 

Theoretical density 

C1 A105 1 8 1.46 [g/cm3] 
C2 A105 2 10 1.46 [g/cm3] 
D1 K530 1 8 1.46 [g/cm3] 
D2 K530 2 10 1.46 [g/cm3] 
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3. Testing procedure, results and interpretation 
 

Bending tests were carried out according to the procedures described in adequate standards: 
PN-EN ISO 14125 for three point bending on machine INSTRON 8774 with 0.5% precision 
range. Comparison of results is shown in Fig. 1. We notice predictable relation, that maximum 
bending stress increases alongside with decrease of voids percentage. Considering laminate types 
marked as C1 and C2 we see that the maximum bending stress is greater for laminate consisting of 
10 layers then for that of 8 layers. Taking into account that laminates C1 and C2 are of similar 
quality, this relation is different from the relation between maximum tensile stress and number of 
layers published in [5]. The relation between maximum bending stress and number of layers is 
inverse in case of laminates D1 and D2. In this case the laminate made up of 8 layers reveals 
greater maximum bending stress then that of 10 layers. This fact has its reason in quality 
differences. Laminates under consideration were made by contact method, so comparing D1 and 
D2 laminates we discover that laminate D2 was defectively impregnated and demonstrates 
tendency to delamination.  

 

 
 

Fig. 1. The relation between voids percentage and maximum bending stress 
 

The Fig. 2 and Fig. 3 reveal differences in fabrication quality of D1 and D2 laminates. 
Evaluating graphs of bending tests we notice that D1 laminate ruptures consistently in 
consequence of proper fabrication method while D2 laminate shows tendency to delamination.  

 

  
 

Fig. 2. The graph of bending test and structure of D1 laminate 
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The graph of bending test of D2 laminate (Fig. 3) shows clearly laminar form of crack. The 
quality of contact method of fabrication we may also evaluate comparing visible structure of 
laminate. We see that the D1 laminate has visible voids, but in structure of the D2 laminate we 
may see fibres of reinforcement. It reveals that impregnation of reinforcement is worse in D2 
laminate than in D1 laminate. 

 

  
 

Fig. 3. The graph of bending test and structure of D2 laminate 
 

Another case that needs an explanation is the increase of maximum bending stress in 
specimens having greater voids percentage. This is clearly visible in 4th specimen of the C1 
laminate. This phenomenon may have two reasons. First, the technique of calculating voids 
percentages consists in measuring real density of specimens. If the local weight proportion of 
reinforcement to matrix is other then 3 to 4 it will cause the change in real density. The other 
possibility is that the voids situated in proximity of reinforcement fibres are more harmful for 
mechanical properties of laminate than voids situated in bulk resin matrix. 
 
5. Conclusions 
 

Analyzing the influence of voids percentage on maximum bending stress we conclude that its 
influence is harmful and in case of contact method of fabrication the local weight proportion of 
reinforcement to matrix may differ that influences calculation of voids percentages.  

Maximum bending stress depends on number of layers that constitute the laminate and this 
relation is different from that in tensile loading. 
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Abstract

 
This paper analyses selected aspects of effectiveness and reliability of one of the supply chain links, i.e. an 

automated high bay racking system (a stacker crane). The primary purpose of the research was to determine and 
analyse reliability indicators as well as to assess and analyse characteristics of changes of the working process being 
carried out. The research was performed according to the passive experiment method in natural operating conditions. 
The stacker crane and the individual operations of the working process were decomposed for the needs of the 
research. Identification of the object and subject of the research made it possible to identify significant (for the 
purposes of the paper) operational states of the investigated stacker crane. The working process being carried out was 
identified, a model of the working process was built and the performed operations were decomposed within the extent 
of the research. The paper presents selected results of the research performed. 
 
Keywords: automated high bay racking system, effectiveness, supply chain 

 
1. Introduction 
 

This paper analyses selected aspects of effectiveness and reliability of one of the supply chain 
links, i.e. an automated high bay racking system hereinafter referred to as the stacker crane. The 
stacker crane (made by EGEMiN, Breadabaan 1201 B-2900 Schoten) is one of the material supply 
chain links for the storage areas of the enterprise under investigation. The object of the research is 
a service enterprise, specialised in repairing electronic devices (laptops, printers, scanners, 
switches, solar panels, AC adapters, computer screens, digital cameras, DVD players etc.). The 
enterprise deals with guarantee repairs, and it offers post-guarantee repairs, too. 

The logistics processes in so called storage management, covering flow of material goods, 
creation of reserves as well as creation and processing related information require to have a 
specified technical infrastructure, consisting of [1, 7]: 
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� storage structures, 
� on-site handling equipment (to transport cargo and manipulate the cargo), 
� storage equipment, 
� product packaging, 
� computation and information technology devices as well as appropriate software. 

Short series of products (i.e. laptops, screens), variety of models (about two thousand models), 
extensive variety of components (about six thousand) with simultaneous necessity to reduce stocks 
make the enterprise to use automated storage systems. The necessity to optimise personal costs 
(salary) and storage costs (rate of return of 1 m2 of the warehouse) make it necessary to apply 
automated distribution of material, picking and packing orders. 

According to the data presented by SSI SCHAFER [9] the cost of storing materials in a 
warehouse may reach about 40% of the total storage costs. Shortening the time to move the 
materials according to the principle “a product to an employee” increases productivity. Automated 
storage equipment may be a crucial element in the cost optimised logistics chain. This equipment 
is used, among other things, in the logistics subsystems in which short access time to the material 
being stored is required. The primary tasks of such a warehouse is to receive materials from a 
supplier, periodic storage, and then successive deliveries of them to satisfy the needs of the service 
part of the enterprise. 

The primary goal was to determine and analyse selected reliability indicators as well as to 
assess and analyse characteristics of changes of the working process being carried out.  

The stacker crane and the individual operations of the working process being carried out were 
decomposed for the needs of the research. The analysis of the space of the operational states of the 
stacker crane and the analysed working process made it possible to identify the significant (for the 
purposes of the paper) operational states of the investigated stacker crane.  

The next stage was to perform operational investigations of the stacker crane. The obtained 
source data concerning the states and operational events were entered into a computer system. The 
statistical analysis as well as the necessary calculations and data processing were performed by 
applying the MS Excel programme. The paper presents selected results of the research, 
calculations and analyses. 

 
2. Research object 

 
The research object is an electronic sector enterprise which provides comprehensive design, 

production and services for various industrial sectors. The primary place of business of the 
analysed enterprise is located in St. Petersburg, Florida, USA. 

The analysed division of the enterprise employs some 650 people now. The area of the facility 
is about 21,500 square meters, divided into halls designated as A, B, C, D. Each of them is 
equipped with an incoming warehouse, a service hall, an outgoing warehouse. Logistics solutions: 

1. Automated warehouse of components for all the projects. 
2. Separated incoming warehouse and outgoing warehouse (finished goods) for the specific 

project. 
3. Access to the warehouses through loading docks. 
4. Global storage programme – Xelus Parts Planning (planning the components for 1 to 3 

months; preparing the stock of components for new models with appropriate advance). 
5. Advanced IT system, integrated service, storage and accounting programme enables to 

check the repair status in real time via WWW site. 
6. Global agreement with the courier company UPS, DHL: 

a) all the parcels are insured, 
b) simplified complaint procedure, 
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c) fixed time of deliveries of parcels to the division: at 8:00 a.m., collection of parcels 
at 8:00 p.m. (road transport / air transport), 

d) guaranteed time of delivering parcels, at the latest within 24 hours. 
The investigated stacker crane is an automatically controlled, single aisle rail guided stacker 

crane, intended to store small components.  
A typical rail guided stacker crane is made of the following parts: 

� a beam connected with the traction assembly to move the stacker crane along the racks 
and power rail fixed to the warehouse flooring, 

� a post connected with the traction beam and equipped with the parts fixing it to the rack 
structure in its upper part, 

� trolley moving vertically with a catch (tray) for cargo (container), 
� electric driving and controlling system. 

The stacker crane (Fig.  1, Fig.  2) consists of a working aisle in which a single-mast trolley 
moves guided by steel rails, and on both side of the aisle racks are installed. The order picking and 
packing as well as the container handling area, equipped with conveyors, is positioned at the 
beginning of the racking system. The stacker crane leaves the cargo taken from the rack at this 
place. Then the conveyor takes a container to the operator (warehouse operative) and after 
completing the operator’s task (for instance taking one item of the order) the container, after 
scanning the code, is moved back the rack place. The equipment is controlled by the computer 
programme based on the WMS (Warehouse Management System) which registers location of all 
the materials in the warehouse, and records them on real time basis. 

The structudre of the equipment is designed to handle cardboard boxes, steel trays or 
containers as cargo carriers. Materials (electronic components) are stored in containers. The 
stacker crane is equipped with a set of sensors allowing, from the operator’s place, to interact with 
the environment – performance of a transport task. The executive elements are motors: for the X 
axis (along the movement aisle), for the Z axis (vertical movement – lifting the tray) and for the Y 
axis (trolley with the tray – inserting a contained into the racking system). The operator controls, 
by means of the computer system, the operations “Bring”, “Send back”(this operation consists of 
scanning the tray code and sending the tray back) as well as the operation “Transport” 
(organizational changes in the warehouse), however picking and packing all the product groups 
takes place according to the ABC rule (the operator in the electronic register finds an index of the 
component ordered by a technician).  

The basic tasdk of the stacker crane is to receive materials from a supplier, periodic storage, 
and then successive deliveries of them from the warehouse to satisfy the needs of the service part 
of the enterprise.  
 

 
 

Fig. 1. View of the stacker crane from the operator’s side (own work) 
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Fig. 2. View of the telescopic platform (own work) 
 

3. Selected research results 
 
The research was performed according to the passive experiment method in natural operating 

conditions.  
The selected results of the research presented herein refer to 17 selected exemplary so called 

working days. The working process being carried out was identified, a model of the working 
process was built and the performed operations were decomposed within the extent of the research. 
The following operations of the working process were distinguished and analysed:  

� Bring (Fig. 3 shows decomposition of the operation), 
� Send back – including scanning the tray number, 
� Transport, 
� Reject. 

The selected research results presented herein refer mainly to the random variables denoting: 
� the number of the analysed primary operations and their components, 
� the duration of the distinguished operational states of the stacker crane. 
The sum of all the correct and incorrect operations, within the time interval under investigation, 

was 11,448, of which wrong operations amounted to 3,978 and represent about 35% of all the 
operations.  
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Fig. 3. Decomposition of the command Bring (own work) 
 
The codes and abbreviations used later on in the paper (including the ones in the tables and on 

the diagrams) stand for: 
� B1 – error code: Error! Performance of the command Bring, 
� B2 – error code Error! Coordinates XYZ outside the range, 
� B3 – error code Error! Number of the tray outside the range, 
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� B4 – error code Error! Failed to read the file with the shelf base, 
� B5 – error code Error! Performance of the command MAN, 
� B6 – error code Error! Performance of the command Send back, 
� O-1 – code of the operator 1, 
� O-2 – code of the operator 2, 
� O-3 – code of the operator 3, 
� O-4 – code of the operator 4. 
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Fig. 4. Number of operations (own work) 
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Fig. 5. Percentage share of wrong and correct operations in total number of the operations (own work) 
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The paper presents selected results of the research concerning duration of the analysed 

operations of the working process and their components later on. The following designations were 
applied: 

� T1  – duration of wrong operations (duration of the state S1 – operational state, in 
which the object wrongly performs the working process operations), 

� T2  – duration of correct operations, (duration of the state S2 – operational state, in 
which the object correctly performs the working process operations), 

� T2/1 – duration of the operations correctly performed, designated as “others” – starting 
the controller work, initiation of the object work, changing the server status, 
ending the controller work (duration of the state S21 – operational state (sub-state 
of the state S2), in which the object correctly performs the working process 
operations designated as “others”), 

� T2/2 – duration of correctly performed operation Scanning the tray (duration of the state 
S22 – operational state (sub-state of the state S2), in which the object correctly 
performs the operation Scanning the tray of the working process), 

� T2/3 – duration of correctly performed operation Send back (duration of the state S23 – 
operational state (sub-state of the state S2), in which the object correctly performs 
the operation Send back of the working process) 

� T2/4 – duration of correctly performed operation Bring (duration of the state S24 – 
operational state (sub-state of the state S2), in which the object correctly performs 
the operation Bring of the working process) 

� T2/5 – duration of correctly performed operation Transport (duration of the state S25 – 
operational state (sub-state of the state S2), in which the object correctly performs 
the operation Transport of the working process) 

� T2/6 – duration of correctly performed operation Reject (duration of the state S26 – 
operational state (sub-state of the state S2), in which the object correctly performs 
the operation Reject of the working process), 

where: 

  (1) !
�

�
6

1
/22

i
iTT

� T3 – waiting time to perform the task (duration of the state S3 – operational state, in 
which the object waits for performance of the task). 

 
Moreover, values of the following indicators were determined: 

W1 – effectiveness indicator: 
 W1=T2/(T2+T3)  (2) 

 
W2 – readiness indicator: 

 W2=(T2+T3)/(T1+T2+T3) (3) 
 

The selected results of the research are presented in the figures from 4 to 6 and in the tables 
from 1 to 3. 
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Tab. 1. Percentage share of duration of the analysed states (own work) 
 

Day code State code 
 S1 S2 S3 
1 0.099 0.077 0.825 
2 0.077 0.232 0.691 
3 0.004 0.227 0.769 
4 0.002 0.159 0.841 
5 0.021 0.680 0.299 
6 0.122 0.063 0.815 
7 0.021 0.087 0.892 
8 0.000 0.046 0.954 
9 0.068 0.034 0.898 

10 0.000 0.005 0.995 
11 0.005 0.076 0.919 
12 0.000 0.081 0.919 
13 0.000 0.022 0.978 
14 0.000 0.005 0.995 
15 0.000 0.053 0.947 
16 0.021 0.047 0.932 
17 0.000 0.991 0.009 

Sum 0.025 0.145 0.83 
 

Tab. 2. Types of errors (own work) 
 

 Error code
Day code B1 B2 B3 B4 B5 B6 Sum

1 34       16   50 
2 709 41 2156       2906 
3 76   1 8     85 
4 372 1         373 
5 102   4 2   48 156 
6         100   100 
7 42       9   51 
8     2       2 
9 35       102 21 158 
10               
11 16       35   51 
12               
13               
14               
15               
16 20       26   46 
17               

Sum 1406 42 2163 10 288 69 3978 
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Tab. 3. Values of the selected indicators (own work) 

 
State code   State code 

S1 S2 S3   S2/1 S2/2 S2/3 S2/4 S2/5 S2/6 
Summary duration    Summary duration 

T1 T2 T3 Suma 

Indicator 
code 

T2/1 T2/2 T2/3 T2/4 T2/5 T2/6 

Day 
code 

hours:minutes:seconds W1 W2 hours:minutes:seconds 
1 0:07:34 0:05:53 1:03:12 1:16:39 0,09 0,90 0:05:53 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00
2 0:36:17 1:49:51 5:27:08 7:53:16 0,25 0,92 1:49:51 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00
3 0:01:16 1:20:02 4:30:42 5:52:00 0,23 1,00 1:20:02 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00
4 0:00:59 1:13:45 6:30:58 7:45:42 0,16 1,00 1:13:45 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00
5 0:08:33 4:33:08 2:00:08 6:41:49 0,69 0,98 3:54:08 0:03:32 0:17:59 0:15:15 0:01:21 0:00:53
6 0:47:06 0:24:27 5:14:28 6:26:01 0,07 0,88 0:15:27 0:00:44 0:03:10 0:05:06 0:00:00 0:00:00
7 0:08:33 0:36:14 6:10:56 6:55:43 0,09 0,98 0:00:44 0:00:38 0:02:57 0:31:55 0:00:00 0:00:00
8 0:00:00 0:07:34 2:35:59 2:43:33 0,05 1,00 0:00:00 0:00:11 0:00:52 0:06:31 0:00:00 0:00:00
9 0:12:19 0:06:14 2:43:54 3:02:27 0,04 0,93 0:00:20 0:00:24 0:02:39 0:02:51 0:00:00 0:00:00

10 0:00:00 0:01:47 5:25:13 5:27:00 0,01 1,00 0:00:00 0:00:05 0:00:27 0:01:15 0:00:00 0:00:00
11 0:01:16 0:20:00 4:01:15 4:22:31 0,08 1,00 0:16:52 0:00:27 0:00:59 0:01:42 0:00:00 0:00:00
12 0:00:00 0:18:06 3:24:02 3:42:08 0,08 1,00 0:00:03 0:01:26 0:07:22 0:09:15 0:00:00 0:00:00
13 0:00:00 0:05:19 3:55:37 4:00:56 0,02 1,00 0:00:00 0:00:25 0:02:08 0:02:46 0:00:00 0:00:00
14 0:00:00 0:01:44 5:43:30 5:45:14 0,01 1,00 0:00:00 0:00:05 0:00:29 0:01:10 0:00:00 0:00:00
15 0:00:00 0:23:59 7:04:59 7:28:58 0,05 1,00 0:06:12 0:00:48 0:04:53 0:12:06 0:00:00 0:00:00
16 0:13:29 0:30:12 9:57:15 10:40:56 0,05 0,98 0:05:42 0:02:00 0:10:25 0:12:05 0:00:00 0:00:00
17 0:00:00 1:13:29 0:00:42 1:14:11 0,99 1,00 1:12:26 0:00:05 0:00:25 0:00:33 0:00:00 0:00:00

Sum 2:17:22 13:11:44 75:49:58 91:19:04 --- --- 10:21:25 0:10:50 0:54:45 1:42:30 0:01:21 0:00:53
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Fig. 6. Number of wrong operations, split into the specific operator (own work) 

 
4. Summary and final conclusions 

 
A stacker crane and the working processes being performed in a real operating system were 

decomposed for the needs of the paper. On the basis of the research it was found that the EGEMiN 
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post stacker crane was characterised by the following values of duration of the analysed states 
during the time interval under investigation:  

� S1 – 2 hours 17 minutes 22 seconds (performance time of wrong operations), which 
represents 3% of the total working time of the stacker crane; 

� S2 – 13 hours 11 minutes 44 seconds (performance time of correct operations), which 
represents 14% of the total working time of the stacker crane; 

� S3 – 75 godzin 49 minutes 58 seconds (waiting time to perform the task), which 
represents 83% of the total working time of the stacker crane. 

The sum of all the correct and incorrect operations, during the time interval under 
investigation, was 11,448, of which wrong operations amounted to 3,978, which represents about 
34.7% of all the operations. The nominal time of the operator’s work (warehouse operative) is 136 
hours, the actual time of work of the stacker crane is 91 hours 19 minutes 4 seconds, which 
represents about 67.1% of the nominal time of the operator’s work.  

The total duration of the operations Bring, Send back (including the tray scanning), Transport, 
Reject as well as other operations (changing the server state, starting the controller work, ending 
the controller work, etc.), represents 14% of the working time of the equipment. The duration of 
the state of the object waiting to perform the tasks Bring, Send back (including the tray scanning), 
Transport, Reject represents 83%, and of the wrongly performed operations is 3% of the object 
working time. The average value of the analysed effectiveness indicator W1 of the stacker crane in 
the time interval under investigation was 17%.  

It was observed that the operator designated with the code O1, performed wrong operations 
much more frequently than the other operators. The percentage share of the errors caused during 
the work of the operator designated with the code O1, in the total number of wrongly performed 
operations is 76.4% of wrong operations for the time interval under investigation. Additional 
investigation of the reasons for performing wrong operations by the operator designated with the 
code O1 should be considered. 

Liquidation of the investigated fixed asset (the EGEMiN stacker crane) should be considered 
due to low level of use (the ratio of the effective working time of the stacker crane to the time of 
the operator’s work <the shift duration>). 

It seems that the elaborated method to analyse the operation and maintenance process of the 
analysed stacker crane, performed in the research object, the element of which is the compiled set 
of the patterns of the spreadsheets (containing, among other things, calculation formulas for 
automatic determination of values of the analysed indicators) is a useful tool to assess 
effectiveness and readiness of the investigated EGEMiN stacker crane. By using the created pivot 
tables of the MS Excel programme it is possible to obtain data from the files of the controlling 
programme of the stacker crane (Log module) and process them automatically in order to obtain 
results in the form of a set of the indicators and a presentation of the results in a graphical form. 
The results of the performed work as well as the remarks and observations made when identifying 
the research object and subject and when performing the research work were handed over to the 
decision makers of the analysed enterprise. Their effect was an introduction of changes to the work 
organisation, modification of the operating process of the investigated stacker crane and 
modification in the enterprise management subsystem. 
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Abstract 

The cooling and lubricating liquids widely used in metal machining are more and more often considered to be 
harmful to the natural environment and human health. For economic and ecological reasons the industry and 
research institutions are searching for methods and measures to limit or eliminate them. This is naturally determined 
by the conditions that the quality of machined surfaces has to be the same or at least comparable to that obtained with 
conventional cooling methods. The article presents the results of research into the influence of cooling and lubrication 
on surface layer physical properties -microhardness and microstructure changes, after turning the C45 and 
X2CrNiMo 17-12-2 steel dry, with minimal quantity lubrication (MQL) and emulsion in a wide range of cutting 
parameters. Significant differences in the microhardness parameter HV0,02 and surface layer microstructure 
depending on the cutting zone cooling and lubrication conditions have been observed. The research has also shown 
that despite difficulty in turning X2CrNiMo 17-12-2 steel, properly selected cutting parameters  help to limit or 
eliminate fluids used in conventional cooling and lubrication and still obtain comparable or even better surface layer 
quality.  

Keywords: surface layer microhardness, microstructure; dry, MQL, wet turning 

1. Introduction 

Eliminating or limiting the application of cutting fluids is related to changes in the interaction 
between the thermal and mechanical factor in the process of constituting the surface layer. As a 
result, the phenomena occurring in the turning process cause changes in the surface layer which, 
compared to the core material, can be characterized by highly differentiated microhardness and 
metallographic microstructure [2,3,13]. This has a considerable influence on the application-
related properties of the surface produced. The significant changes in the structure of the surface 
layer appear in dry turning of difficult-to-machine steels e.g. titanium alloys or corrosion and 
temperature resistant steels [1,2,7,9]. Low thermal conductivity and high chemical reactivity of 
these alloys with many tool materials result in a higher temperature in the cutting zone and 
material increased plastic deformations. This, on the other hand, leads to an increased tool wear, 
greater surface roughness and strong chip-tool adhesion and surface texture deformations 
[1,11,13]. Additionally, the high temperature causes microstructure changes and phase 
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transformations which can take the form of changed microhardness and metallurgical alterations in 
the surface layer [4]. Depending on the employed cutting parameters a white layer can be created, 
which causes the hardness of the surface layer to be higher or lower than that of the bulk material 
[2,4,5,7,8,11,12]. Surface layer properties after turning carbon and difficult to machine steels in 
various cooling and lubrication conditions have not been adequately investigated and remain still 
the subject of scientific interest.  

The aim of the conducted research was to determine the influence of cooling and lubrication 
conditions on the surface layer microhardness and microstructure alteration in turning carbon steel 
C45 and austenitic stainless steel X2CrNiMo 17-12-2 dry, with MQL and emulsion in a wide 
range of cutting parameters.  

2. Experimental procedure 

Turning tests were carried out on a lathe TUD 50 for which carbon C45 and austenitic stainless 
steel X2CrNiMo 17-12-2 rods with 15 mm length segments for each cutting test were prepared. In 
advance of turning experiments, the test specimens were pre-machined with 1 mm depth of cut. 
The workpiece chemical composition and mechanical properties are presented in table 1. 

Tab. 1. Chemical composition and mechanical properties 
  

Steel
Chemical composition, %

C Si Mn P S N Cr Mo Ni
X2CrNiMo 

17-12-2 <0,03 ≤1,0 <2,0 ≤0,045 ≤0,015 ≤0,011 16,5-
18,5 2-2,5 10-13

C45 0,42-
0,50

0,17-
0,37

0,5 -
0,8 ≤ 0,04 ≤ 0,04 - ≤ 0,30 ≤ 0,10 ≤0,30

Mechanical properties

Re, MPa Rm, MPa A5, % HB
X2CrNiMo 

17-12-2 200 500-700 40 215

C45 340 620 16 207

The sintered carbide inserts SNMG 120408TF grade IC907 with a TF chip breaker covered 
using the PVD method with a (TiAlSi)N coating (produced by ISCAR) were used. They were 
fixed in a tool holder MSS 2525-12-EB (produced by Mircona AB) with cooling channels for an 
internal lubrication system. The tool point had the following geometry: the orthogonal rake angle 
�0=50, orthogonal clearance angle �0=100, cutting edge angle �r=450, cutting inclination angle 
�s=00 and corner radius r�=0,8 mm. Each set of turning experiments was conducted using a new 
insert edge. 

The cooling and lubrication methods included: 
D - dry cutting,  
MQL - minimum quantity lubrication, carried out by an Accu-Lube Minibooster II applicator 
which produced a mixture of lubricant (biodegradable vegetable oil Accu-Lube LB 8000) and 
air in the form of fine aerosol, targeting the rake face and principal and auxiliary flank. The oil 
utilization by the MQL system was 0,014 mm3/s.
E - application of 6% emulsion with 0,07 dm3/s flow volume.  

The experiments were conducted in two steps. The preliminary tests were carried out in dry 
and with emulsion turning using C45 steel. For austenitic stainless steel X2CrNiMo 17-12-2 the 
experiments were performed in turning dry, with MQL and emulsion.    
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The microhardness measurements were made on metallographic specimens of the surface layer 
cross-sectioned perpendicularly to the machined surface. The microhardness (Vickers' method) of 
the external cylindrical surface as well as inside the surface layer was measured with a Hanemann-
type hardness tester under a load of 0,2 N. For each set of results a mean value and standard 
variation were calculated. The measurement of depth of plastic deformations in the surface layer 
and pictures of the metallographic structure were made with an optical microscope Epityp 2 (Carl 
Zeiss Germany) at a 400x magnification. 

3. Results and discussion 

Microhardness and metallographic structure are crucial parameters which describe physical 
properties of the surface layer. The results of microhardness measurements of the surface layer of 
C45 steel specimens presented in Fig. 1 prove that the influence of the cooling and lubrication 
mode in the cutting zone on the surface layer microhardness is highly diversified, without a clearly 
visible tendency. The existing differences in the surface layer hardness depend on the employed 
cutting parameters. Eliminating cooling and lubricating liquids from the process of machining of 
the C45 steel in the range of the used cutting speeds and feed rates causes an increase in the 
surface layer microhardness. At low cutting speeds (25m/min), increasing the feed rate from 0,08 
to 0,47 mm/rev does not significantly influence the microhardness. When the cutting speed 
increases up to 129 m/min, increasing the feed rate results in a greater microhardness of the 
surface layer. After turning at a speed of 255 m/min, as the feed rate increases from 0,08 to 0,27 
mm/rev, the surface layer microhardness becomes lower both in dry machining and in machining 
with emulsion. When the feed rate is increased to 0,47 mm/rev, the microhardness becomes 
bigger. In addition, the difference in microhardness between dry turning and turning with emulsion 
becomes clearer, the values for dry turning are higher by approximately 23% than those for turning 
with emulsion and equal to 217 and 176 HV0,02 respectively. In many combinations of cutting 
speeds and feed rates, the presented results of the measurements for dry turning and turning with 
emulsion do not differ significantly. This may mean that a change of conditions in the chip 
formation zone was not significant enough to have any impact on the microhardness of the surface 
layer. 
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Rys. 1. Influence of cooling and lubricating mode on surface layer microhardness (steel C45)

The pictures of metallographic structures of the surface layer taken perpendicularly to the 
machined surface are presented in Fig. 2. They show plastically deformed grain of the 
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metallographic structure created in dry turning and turning with emulsion of steel C45. The 
texturized grains, an effect of mechanical loads during machining, are also visible.  

Fig. 2. Metallographic structure of the surface layer after turning dry and with emulsion, depending on the 
cutting speed and feed rate (steel C45) 

The depth of the deformed surface layer determined on the measurements of the plastically 
deformed grains of the metallographic structure in the range of the used cutting parameters varies 
from 5 to 24 μm (Fig. 3). Eliminating emulsion from the process of machining contributes to an 
increased depth of deformations in the surface layer at low cutting speeds (25 m/min). As the 
depth increases, so does the depth of plastically deformed layer after turning with emulsion, which 
can be attributed to lower material hardness at a higher temperature of machining and material's 
increased tendency to undergo plastic deformations [6]. Out of the technological parameters of 
machining, the greatest influence on the depth of plastic deformations in the surface layer is 
exerted by the feed rate: increasing it leads to deeper plastic deformations. The impact of the 
cutting speed depends on the used mode of cooling and lubrication and on the feed rate. Increasing 
the cutting speed from 25 to 255 m/min at a fixed feed rate of 0,08 mm/rev causes deeper plastic 
deformations both in dry machining and machining with emulsion. The depth of plastic 
deformations in the former is higher.   
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Fig. 3. Influence of cooling and lubrication mode on the depth of plastic deformations in the surface layer 
(steel C45)

When the feed rate is increased to 0,27 mm/rev, the influence of the increased cutting speed on the 
depth of plastic deformations is lower, and at a feed rate of 0,47 mm/rev it can be seen that the 
depth of plastic deformations in the surface layer in the function of the cutting speed after dry 
turning is lower as well. This is a result of the cutting temperature becoming higher, which reduces 
cutting resistance. In machining with emulsion, the depth values are similar. The resultant changes 
of the thickness of the plastically deformed surface layer depend on the strength of the mechanical 
and thermal factor [4]. At the same time the deformation of the metallographic structure proves 
that the mechanical factor plays a crucial role in turning with emulsion.  

The results of the measurements of the surface layer microhardness after dry turning of the 
X2CrNMo17-12-2 steel, turning with MQL and turning with emulsion reveal significant
differences in microhardness values both on external surfaces and deeper into the workpiece (fig. 
4). As the depth of the surface layer increases, the variation of microhardness disappears or 
becomes insignificant (Fig. 4b). The change of the surface layer microhardness value compared to 
the core hardness (M point) ranges from 326 to 248 HV0,02 and appears at a depth of 0,13 mm. In 
the range of the used modes of cooling and lubrication as well as cutting parameters, the lowest 
values of microhardness were recorded after turning with MQL (281 HV0,02), and the highest after 
turning with emulsion (358 HV0,02). This can be justified by a tendency of this steel to become 
hardened as a result of plastic deformations when the action of a cooling medium is intensified [9]. 
The increase of the temperature in dry turning caused greater plasticization of the material in the 
chip formation zone, which negatively affected the cutting force and work piece hardening in the 
surface layer. The impact of MQL caused a larger decrease in microhardness in turning with 
emulsion than was the case in dry turning, especially at a low feed rate (0,08 mm/rev). The action 
of the lubricating medium in oil aerosol, despite lowered friction between the moving surfaces of 
the tool edge and machined workpiece, had a limited influence on the decrease of surface layer 
microhardness as compared to dry turning.   
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Fig. 4. Influence of cooling and lubrication mode on surface layer microhardness (a) and inside the surface layer (b) 
(steel X2CrNiMo17-12-2)

The influence of the cutting parameters on the surface layer microhardness measured on 
external surface of the machined sample is presented in Fig. 5. The measurement results revealed a 
significant impact of the cutting speed (ranging from 82 to 164 m/min) on the surface layer 
microhardness after turning with MQL and with emulsion (Fig. 5a). A further increase in the 
cutting speed up to 255 m/min influenced the surface layer microhardness to a lesser degree. In dry 
turning and in turning with MQL it increased by app. 2% whereas in turning with emulsion the 
increase equaled to 0,6%. A greater increase in the surface layer microhardness was caused by the 
feed rate and depth of cut. However, similarly to the cutting speed, the two parameters do not 
change the impact of the cooling and lubricating mode. After dry turning and turning with 
emulsion a greater increase of the surface layer microhardness was observed when the feed rate 
increased from 0,27 to 0,47 mm/rev than when it increased from 0,08 to 0,27 mm/rev and equaled 
to app. 28 HV0,02 (Fig. 5b). In the case of MQL machining, the greatest increase of the surface 
layer microhardness (45 HV0,02) was recorded when the feed rate ranged from 0,08 to 0,27 
mm/rev. As the depth of cut increased from 0,5 to 2 mm, the values of the surface layer 
microhardness became higher both in dry and MQL turning as well as in turning with emulsion 
(Fig. 5c). The greatest increase (from 284 to 312 HV0,02) was observed in MQL turning. The 
increase in value of these parameters means a larger cross-section of undeformed chip and greater 
machining resistance, both of them influencing the action and level of plastic deformations in the 
cutting zone, which cause greater hardness of the surface layer [10]. The observed differences in 
these values may be attributed to the influence of cooling and lubricating conditions of the cutting 
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zone and to their impact on thermal and mechanical factors. 

Fig. 5. Influence of cutting speed (a), feed rate (b), depth of cut (c) on surface layer microhardness in used cooling 
and lubrication conditions (steel X2CrNMo17-12-2)

The pictures of metallographic structures after turning X2CrNiMo17-12-2 steel at a feed rate of 
0,08 mm/rev do not show any clear changes of grains, depending on the cooling and lubrication 
mode in the cutting zone (Fig. 6). The change of the cutting speed from 82 to 255 m/min did not 
cause any change in the shape of the grain in the metallographic structure of the surface layer. 
Increasing the feed rate to 0,47 mm/rev caused slight texturizing of the grain at a depth of app.  
4 μm in turning with emulsion and in dry turning. 

Fig. 6. Metallographic structure of the surface layer after turning dry, with MQL and with emulsion (steel 
X2CrNiMo17-12-2) 

93



The application of oil fog, depending on the cutting parameters, limits plastic deformations. 
This is a result of lower friction and cutting force which, on the other hand, is caused by the 
presence of a lubricant between the moving surfaces of the tool edge and machined work piece 
with lower material strength in higher temperatures in dry turning, as compared to turning with 
emulsion.  

4. Conclusions 

The research has shown that the diversified influence of the cooling and lubricating mode of 
the cutting zone on the surface layer microhardness depends on the type of machined materials and 
cutting parameters.  

Eliminating emulsion from the process of turning steel C45 causes increased the microhardness 
of the surface layer. In the range of the used cutting parameters, the values of the microhardness 
ranged from 157 to 230 HV0,02, and it was the feed rate that influenced it to the largest extent..  

The microhardness after turning austenitic stainless steel X2CrNMo17-12-2 is lower after dry 
turning and turning with MQL than that after machining with emulsion. The differences in the 
surface layer microhardness depending on the cooling and lubricating mode disappear as the 
distance from the external surfaces increases. The greatest variation in the surface layer 
microhardness compared to the core hardness was observed after turning with emulsion. It ranged
from 326 to 248 HV0,02.  

When the cutting speed, feed rate and depth of cut increase, so does the microhardness of the 
surface layer. The greatest influence on the increase in microhardness is exerted by the feed rate 
and depth of cut.  

The cooling and lubrication mode in the cutting zone has a considerable influence on the depth 
of a plastically deformed surface layer of the C45 steel, whose value was app. 0,13 mm. 
Eliminating emulsion from the cutting process leads to higher values of the depth of plastic 
deformations in the surface layer at a low cutting speed (25 m/min). As its value increased, a 
higher value of the thickness of the plastically deformed layer was recorded after turning with 
emulsion.   .  

The conditions of cooling and lubricating of the cutting zone and cutting speed in turning steel 
X2CrNiMo17-12-2 did not reveal any significant variation of the grain shape in the metallographic 
structure when the feed rate equaled to 0,08 mm/rev. Increasing the value of this parameter to 0,47 
mm/rev caused a slight texturizing of the surface layer grain at a depth of up to 4 μm, in dry 
turning and turning with emulsion.  

In the conditions of properly selected cutting parameters, the values of the analyzed indicators 
of surface texture after dry and MQL turning proved comparable to those achieved in emulsion 
turning. This means that an effort to eliminate or limit the application of cutting fluids in turning of 
the C45 and X2CrNiMo17-12-2 steel without quality deterioration is fully justified.   
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Abstract 

Machining with the use of cooling and lubrication liquids (called wet machining) is still the primary method of 
shaping constructional materials. However, economic and ecological factors cause that wet machining is being 
replaced by processes which use minimal quantities of cooling and lubrication liquids (MQL machining) or do not use 
them at all (dry machining). Eliminating cooling and lubrication from cutting processes results in higher temperatures 
during the cutting process and worse tribological conditions around the moving surfaces between the tool and 
workpiece. This, on the other hand, causes changes of the conditions in which the chip is formed and a different form 
of the chips. Another consequence is problems related to hot chips and difficulty measuring hot workpieces. The form 
of the chip is an important factor particularly noticeable in automated part manufacturing lines, where the chip has to 
be easily removable from the cutting zone - especially if the parts are made of difficult-to-machine materials. This 
paper presents results of an investigation into the conditions of chip formation and its form in dry, MQL turning as 
well as in turning with emulsion. The machined materials include constructional steel C45 and austenitic stainless 
steel X2CrNiMo 17-12-2. The obtained results confirm a significant role of cooling and lubrication conditions which, 
however, depends on the selected cutting parameters and the properties of the workpiece material. The results also 
helped to select cutting conditions which are most suitable for automated machining. 

Keywords: cutting chip formation, form, turning dry, MQL, emulsion  

1. Introduction 

Machining with the use of cooling and lubrication liquids, called wet machining, is still the 
primary method of shaping constructional materials. However, economic and ecological factors 
cause that this type of machining is being replaced by processes which use minimal quantities of 
cooling and lubrication liquids (MQCL) or do not  use it at all (dry machining)  [1,10,12,15].
Eliminating cooling and lubrication liquids from the cutting process means that their basic 
functions such as cooling, lubricating and chip removal from the cutting zone are not performed. 
This fact constitutes the primary drawback of such methods. In practice it means that the cutting 
temperature is higher and the tribological conditions on the moving surfaces of the tool and 
workpiece are highly unfavorable. This further leads to quicker tool wear, uneven distribution of
the surface layer properties and worse dimensional and shape accuracy of the part. It also changes 
the conditions of chip formation and its form as well as causing problems related to hot chips and 
measurements of a hot part. The high temperature melts the chips which stick to the cutting edge 
and the machined workpiece. The lack of lubrication means increased friction on the tool and flank 
faces and greater adhesion of the chip to the tool. This causes adhesion and blockage of the chip 
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area and, in consequence, difficulty removing the chip. Higher temperatures of the cutting process 
also result in the chip being more prone to deformations, assuming a ribbon-like, snarled form 
[3,5,6,7,9]. That is why one of the conditions of a successful implementation of dry and MQCL 
cutting is obtaining acceptable chips in terms of their form and easiness of removal from the 
cutting zone.  

The conditions of chip formation and its shape have a significant influence on cutting 
efficiency and reliability as well as operators' safety. In terms of chip removal possibilities, 
uninterrupted machine operation, machine operator's safety and machined surface quality, chips 
can be divided into acceptable (ribbon-shaped short, helical, tubular, conical and washer type 
short, arc, connected, loose) and unacceptable (ribbon shaped long, helical, tubular and conical 
long) [8,13]. The form of the chip is strictly connected with the state of deformations and stresses 
in the chip formation zone. The factors influencing it include material strength and hardness, 
which contribute to the state of deformations and stresses in the chip formation zone and its form 
[4,7]. Apart from the properties of the machined material also the cutting parameters and cooling 
and lubrication conditions play a crucial role in determining the conditions for chip formation and 
its form [2,4,9,16].  

The research and industrial practice show that eliminating entirely cooling and lubrication 
liquids from machining processes of certain materials or from certain types of machining requires 
an appropriate selection of cutting conditions - ones which will result in an acceptable form of the 
chip and will not cause difficulty in unattended removal from the cutting zone [7]. This problem is 
especially important in machining difficult-to-machine materials such as e.g. austenitic stainless 
steels.  

The first aim of the research presented in this paper was to determine the impact of the cooling 
and lubrication mode and cutting parameters on chip formation conditions as well as its form in 
machining constructional steel C45 and austenitic stainless steel X2CrNiMo 17-12-2. Secondly, it 
was attempted to determine which cutting conditions will lead to formation of the chips which are 
acceptable in automated machining. 

2. Experimental procedure 

Cylindrical turning tests were carried out on carbon C45 and austenitic stainless steel 
X2CrNiMo 17-12-2 bars. The chemical composition and mechanical properties is presented in 
table 1. 

The sintered carbide inserts SNMG 120408TF grade IC907 with a TF chip breaker covered by 
PVD method with (TiAlSi)N coating (produced by ISCAR) were employed. They were fixed in a 
tool holder MSS 2525-12-EB (produced by Mircona AB) with cooling channels for an internal 
lubrication system (Fig. 1). The following cutting point geometry was applied: the orthogonal rake 
angle �0=50, orthogonal clearance angle �0=100, cutting edge angle �r=450, cutting inclination 
angle �s=00 and corner radius r�=0,8 mm. The quoted inserts were recommended for machining of 
stainless steel as well as soft steels machined with medium cutting speeds.  

The following cooling and lubrication techniques and their designations were used in the 
experiments: 

D - dry cutting, without cooling or lubrication, 
MQL - minimum quantity lubrication, executed by a Minibooster II applicator (produced by 
Accu-Lube Manufacturing GmbH) for coolant fed tools (Fig.2). Biodegradable vegetable oil 
Accu-Lube LB 8000 was used as a lubrication medium. The oil consumption by the MQL 
system was adjusted at a level of 0,014 mm3/s.   
E - overhead flood application of 6% emulsion with 0,07 dm3/s flow volume, made on the 
basis of emulsifying oil ARTEsol Super EP (produced by W.O.P. ARTEFAKT).
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Tab. 1. Chemical composition and mechanical properties 

Steel
Chemical composition, %

C Si Mn P S N Cr Mo Ni
X2CrNiMo 

17-12-2 <0,03 ≤1,0 <2,0 ≤0,04
5 ≤0,015 ≤0,011 16,5-18,5 2-2,5 10-13

C45 0,42-
0,50

0,17-
0,37

0,5 -
0,8

≤ 
0,04 ≤ 0,04 - ≤ 0,30 ≤ 0,10 ≤0,30

Mechanical properties

Re, MPa Rm, MPa A5, % HB
X2CrNiMo 

17-12-2 200 500-700 40 215

C45 340 620 16 207

Fig. 1. Tool holder Mircona AB MSS 2525-12-EB and cutting insert SNMG 120408TF grade IC907
The experiments were carried out with the cutting parameters presented in table 2.  

Tab. 2. Experimental cutting parameters 

X2CrNiMo 17-12-2

vc (m/min) 82 164 255

f (mm/rev) 0,08 0,27 0,47 0,08 0,27 0,47 0,08 0,27 0,47

ap (mm) 1

C45

vc ( m/min) 76 190 237

f (mm/rev) 0,08 0,27 0,47 0,08 0,27 0,47 0,08 0,27 0,47

ap (mm) 1
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Fig. 2. Accu-Lube Minibooster II  

The chips generated in the process of turning were studied with an optical microscope MWP 
manufactured by PZO Warsaw, under 10x magnification. 

3. Results and discussion 

The form of the chips after turning C45 steel dry, with minimal cooling and lubrication in the 
cutting zone and with a conventional supply of emulsion in the range of employed cutting 
parameters was presented in table 3. Assessing it for the needs of automated machining systems, it 
can be concluded that the most desired chip form is loose arcs and short helical pieces [13]. The 
formation of helical tubular chips or washer type long and snarled is less acceptable because of the 
problems with removing them from the cutting zone or unacceptable because they may wrap 
around the tool and machined workpiece, which makes the elimination of the cooling and 
lubrication liquid impossible.   

The interaction of cooling and lubrication conditions of the cutting zone largely depends on the 
applied cutting parameters. In the range of low and medium feed rates (0,08 and 0,27 mm/rev), the 
influence of cooling and lubrication in the cutting zone on changes in the chip form is limited. In 
turning steel C45, the most common are helical tubular long chips or ribbon snarled chips which 
are, however, difficult to remove. An increase in the feed rate causes a change of the chip form 
into one that is easier to remove from the cutting zone.  
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Table. 3. Chip forms after turning C45 steel (PL-ISO 3685) 

Elimination or reduction of the cooling and lubricating liquid results in a higher cutting 
temperature [11] and the friction between the chip and tool edge causes increased compression and 
curling of the chip [2,9]. In dry and MQL turning, at a feed rate of 0,47 mm/rev, the helical tubular 
long or helical washer type snarled chip changes its form into a helical tubular short or elemental 
one. The increase of the feed rate leads to a larger cross-section of the chip and, in consequence, its 
greater stiffness. This, in connection with a higher cutting speed, renders the chip more breakable. 
An application of a minimal quantity of a lubricating liquid changes the conditions for chip 
formation and its removal along the tool face. The penetration of the oil fog onto the chip contact 
surfaces prevents adhesion and changes the character of the chip-tool contact: rubbing turns into 
plastic flow, which results in lower compression and curling of the chip. As a result, the length of 
the chip-tool face contact surface decreases [2,4,9]. The obtained chip is characterized by lower 
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pulverization, compared to that after dry machining. An increase of the cutting speed at a low 
feedrate (0,08 mm/rev) causes the chip to be longer and snarled. 

A microscopic analysis of the surfaces of the obtained chips performed at a 10x magnification 
shows that depending on the cooling and lubrication mode, elimination of the emulsion causes 
larger compression of the chip as a result of greater friction and adhesion between chip surface and 
the rake face of the tool (Fig. 3). This has also been confirmed in the study [14]. The back surface 
of the chip after dry turning is rough and dull, with clear signs of discontinuity of the chip 
material. It is dark blue in color, which clearly points to a high cutting temperature. The chip 
surfaces after MQCL machining are smoother and lighter, which is a result of a lower cutting 
temperature and lower chip compression as well as better chip flow conditions.   

Fig. 3. Influence of cooling and lubrication on the chip form ( C45 steel)

Eliminating a cooling and lubricating liquid from the machining of the X2CrNiMo17-12-2 
steel does not influence the change of the chip form as much as it does in machining the C45 steel.
Upon analysis it can be seen that both in dry machining and in machining with emulsion in a wide 
range of the used cutting parameters, the chips look similar and are more readily removable than 
these after MQL machining. The desired form (for the needs of unattended machine operation) 
includes: arc loose or connected chips as well as helical conical short chips. Replacing the 
emulsion with oil fog causes that machining generates undesired chip forms: instead of arc loose 
or connected chips, they are helical conical long and snarled or helical tubular long (tab. 4). Based 
on the obtained chip forms, it can be concluded that similar conditions of chip formation are also 
present in dry turning and in turning with emulsion, whose penetration of the chip-tool face 
contact area is limited - it is proved by a similar structure of the back part of the chips which come 
in contact with the tool rake (Fig. 4). The tendency of stainless steels to become hardened during 
machining causes greater compression of the chip, which means that at a lower feed rate (0,27 
mm/rev) the obtained chip is arc loose or helical conical short in form.   
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Similarly to the C45 steel, it is the feed rate that has the greatest influence on the chip form. 
With its increase the chip form changes favorably in all the used modes of cooling and lubrication 
of the cutting zone. The cutting speed and depth of cut influence the chip form to a smaller extent. 
The analysis confirmed the results of the work [14], which pointed that the influence of the cutting 
speed on the chip form at large feed rates is negligible.  

Table. 4. The forms of chips after turning X2CrNMo17-12-2 steel (PL-ISO 3685) 
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Fig. 4. Influence of cooling and lubrication on the chip form (X2CrNMo17-12-2  steel)

Conclusions 

The analysis of chips  after turning C45 and X2CrNiMo17-12-2 steels showed a large 
influence of the cooling and lubrication mode on their form and, in consequence, on the conditions 
in which they were formed and removed from the machining zone.  

Eliminating or minimizing the application of cooling and lubricating liquids in the cutting 
process may favorably influence the chip form and cannot hinder the practical implementation of 
dry and MQL turning of the C45 steel. However, reaching an optimal form of the chip requires 
increased feed rates and cutting speeds.  

Dry cutting of the X2CrNiMo17-12-2 steel facilitates achieving the chip form which is very 
similar to that after cutting with emulsion. A higher cutting zone temperature in dry turning causes 
lower strength and hardness of the machined material, which is connected with better conditions of 
chip formation. Reaching a satisfactory chip form in MQL turning requires increased cutting 
speeds and most of all, higher feed rates.   

In the case of finishing turning of aforementioned steel in dry conditions at a low feed rate 
(0,08 mm/rev), eliminating or minimizing the use of cooling and lubrication media does not 
significantly influence the chip form, as compared to turning with emulsion. The analysis of the 
topography of back side of the chips obtained in dry and MQL turning as well as in turning with 
emulsion indicates on large plastic deformations, which become more intense as the feed rate 
increases as well as making the chip more brittle.    
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Abstract

 
This paper deals with selected methods of approximate determination of a strain-controlled fatigue life curve 

for aluminium alloy sheets used in aircraft structures first of all. Authors based their analysis of those methods 
on the results of own research of 2024-T3 alloy and its Russian equivalent D16CzATW. The approximate 
strain-fatigue life curves were compared with the experimental curves. The influence of inconsistencies between those 
curves on the calculation results was analyzed on computational examples by means of the Palmgren-Miner’s rule.
 
Keywords: aluminium alloy, fatigue properties, fatigue life curve, estimation method, monotonic tensile test 
 
List of major symbols and abbreviations 
 
2Nf - reversals to failure (2 reversals = 1 cycle) 
b - fatigue strength exponent 
c - fatigue ductility exponent 
E - Young’s modulus, MPa 
Ncal - calculating fatigue life obtained on the basis of the approximate strain-controlled fatigue life 

curve, cycles 
Nexp - calculating fatigue life obtained on the basis of the experimental strain-controlled fatigue life 

curve, cycles 
RA - reduction in area 
Su - ultimate tensile strength, MPa 
%f - true fracture ductility 

f% &  - fatigue ductility coefficient 
�% - total strain range 
�e - elastic strain range 
�p - plastic strain range 
'f - true fracture strength, MPa 

f' &  - fatigue strength coefficient, MPa 
 
FPCM - Four-Point-Correlation Method 
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USM - Universal Slopes Method 
MUSM - Modified Universal Slopes Method 
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 strain-controlled fatigue life curve is characterized by the following relationship: 
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Fatigue curves serve as the basis for the calculation of fatigue strength [7, 17]. As fatigue tests 
are characterised by high labour and time consumption and are very costly, it is not always 
possible to perform full range fatigue tests or, for comparison purposes, it is sufficient 
to approximately determine the fatigue curve based e.g. on relatively simple and quick monotonic 
tensile tests or on available literature data. Such appro

xpert systems used to estimate fatigue properties [5]. 
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meters used in the relationship (1) performed for 724 steel grades 
and 81 aluminium alloys [9]. 

2. Selected methods of fatigue curve determination for aluminium alloys 

2.1. Four-Point-Correlation Method (FPCM) - (Manson, 1965) 
 

 
One of the first methods for approximate determination of the relationship (1) based on the 

monotonous tensile test was proposed by Manson [8]. The first of them - Four–Point–Correlation 
Method has been later modified by Ong [13]. The second of them

n modified by Muralidharan and Manson [11]. 
Socie, Mitchell and Caulfield [16] presented relationships designed to determine factors 

of the formula (1) for steel. Another method, intended particularly for steel grades with hardness 
value below 500 HB, was proposed by Mitchell [10]. Bäumel and Seeger [2] presented Uniform 
Material Law Method which is suitable for metals. Its coefficients are very similar to those 
of the Modified Universal Slopes Method. Roessle and Fatemi [15] proposed the method used 
for steel and based on the hardness value and the Young’s modulus only. Whereas Hatscher, 
Marquardt and Zenner presented the Variable Slopes Method empirically verified for steel sheet 
[4]. Whereas as regards Polish literature, we can mention the study by Flasi	ska and �ago

ludes attempts to find the relationship between selected static and fatigue properties [3]. 
Studies by Ong [12] (for 49 steel grades) as well as Kim, Chen, Han and Lee [6] (for 8 steel 

grades) also include empirical analysis of methods for approximate determination 
of a strain-controlled fatigue life curve. Park and Song [14] analysed several methods used 
for 138 types of material (116 steel grades, 16 aluminium alloys and 6 titanium alloys) and they 
concluded that methods proposed by Bäumel and Seeger [2], Muralidharan and Manson [11] 
as well as by Ong [13] provide better approximation of experimental data than the remaining ones. 
Song and Park [18] analysed 6 methods used for 5 groups of materials and they found out that 
universal slopes method seems to be the best for steel whereas the method developed by Bäumel 
and Seeger gives satisfactory results when monotonous properties exclude necking [2]. They also 
proposed a new method (a modified Mitchell’s method) which better estimates fatigue properties 
of aluminium alloys [10]. Whereas Meggiolaro and Castro presented Medians Method based 
on statistical analysis of para
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The Four-Point-Correlation Method proposed by Manson [8] is based on plastic strain 
and elastic strain values represented by lines �p and �e. Those lines are determined upon 
the basis of two points. 

Coefficients used in the formula (1) for this method can be characterised by the following 
relationships: 
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where %f is dependent on reduction in the RA area of the specimen 
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whereas  is the range of the elastic strain for 10 000 load cycles and it can be characterised 
by the following relationship 
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2.2. Universal Slopes Method (USM) - Manson (1965) 
 
Universal Slopes Method [8] assumes that inclination of lines �p and �e characterised 

by exponents b and c does not depend on material type. The fatigue strength coefficient as well 
as the fatigue ductility coefficient used in the formula (1) take the following form: 

 
 uf S"�& 9018,1' , (8) 

 , (9) 6,07579,0 ff %% "�&

 
where %f is determined according to the relationship (6), whereas exponents  and 12,0��b 6,0��c  
assume constant values. 

 
2.3. Modified Universal Slopes Method (MUSM) - Muralidharan and Manson (1988) 

 
Like the original one, the Modified Universal Slopes Method [11] assumes that the exponents b 

and c do not depend on the material type. Coefficients used in the formula (1) can be calculated 
based on the following relationships: 
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where %f is determined according to the relationship (6), whereas the exponents assume constant 
values:  and 09,0��b 56,0��c . 

 
2.4. Uniform Material Law Method (UMLM) - Bäumel and Seeger (1990) 

 
Uniform Material Law Method [2] assumes that the value of exponents b and c as well 

as the coefficient f% &  is constant for the whole group of materials. Only the coefficient f' & depends 
on the material properties. Coefficients used in the formula (1) for this method for aluminium 
alloys can be characterised by the following relationships: 

 
 uf S"�& 67,1' , (12) 

 
whereas constants value is assumed by: 095,0��b , 35,0�&f% , 69,0��c . 

 
2.5. Modified Four-Point-Correlation Method (MFPCM) – Ong (1993) 

 
Modified Four Point Correlation method (MFPC) proposed by Ong [13] differs slightly from 

the original method proposed by Manson [8]. According to Modified Four Point Correlation 
method, a strain-controlled fatigue life curve is determined by calculating the elastic strain 
amplitude at the load reversal level of 100 and 106 and the plastic strain amplitude at the load 
reversal level of 100 and 104. In this method, coefficients used in the formula (1) assume 
the following form: 
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where %f is determined according to the relationship (6), whereas the elastic strain range  
for 2Nf = 10 000 reversals is calculated using the formula: 
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2.6. Modified Mitchell’s Method (MMM) - Song and Park (1996) 
 
Song and Park modified Mitchell’s method [10] by adapting it specially for aluminium alloys. 

This method assumes that coefficients used in the formula (1) can be calculated based 
on the following relationship: 

 
 335��& uf S' , (18) 
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where %f is determined based on the relationship (6), whereas the fatigue ductility exponent 
assumes constant value 664,0��c . 

 
2.7. Median Method (MM) - Meggiolaro and Castro (2004) 

 
Based on properties of 81 aluminium alloys, it was assumed that only fatigue strength 

coefficient depends on strengths properties [9]: 
 

 uf S"�& 9,1' , (21) 
 

whereas constant value is assumed by: 11,0��b , 66,0��c  and 28,0�&f% . 
 

3. Strength properties of the selected aluminium alloys used for aircraft purposes 
 
Strength properties of the selected aluminium alloys for aircraft purposes were determined 

in the Institute Laboratory for Material and Structure Testing at the University of Technology 
and Life Sciences in Bydgoszcz accredited by Polish Centre for Accreditation (Accreditation 
Certificate No. AB 372). The scope of accreditation includes, but is not limited to research 
methods used this study, such as: static tension tests (monotonic properties) and low-cycle fatigue 
tests for metals. 

Tests of both alloy grades, 2024-T3 and D16CzATW, were performed using samples cut from 
4 mm thick steel sheets. Basic mechanical properties for both alloy grades were determined 
in accordance with the norm ASTM E 8M - 04 Standard Test Methods for Tension Testing of Metallic 
Materials. Table 1 presents selected strength parameters that serve as the base for aforementioned 
methods of approximate determination of fatigue curves. Low-cycle tests of aluminium alloy 
grades were performed in accordance with the norm ASTM E 606 - 04 Standard Practice 
for Strain-Controlled Fatigue Testing. Parameters of fatigue curves determined experimentally 
were shown in the table 1. Achieved parameters are within the range specified in the literature [1]. 

 
4. Approximate fatigue curves determined using methods described herein 

 
Figure 1 shows approximate fatigue curves determined according to abovementioned methods 

compared to experimental curve for analysed aluminium alloys. Whereas parameters of those 
curves are presented in Table 2. 

All the presented approximate fatigue curves are shifted with regards to the experimental 
curve. The shape of approximate curves is similar to the experimental curve in the high-cycle 
range, where elastic component of the total deformation prevails. 
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However, in the low-cycle range, where plastic strain prevails, the curves are characterized 
by quite a different shape. The above is also confirmed by the analysis of coefficients 
in the relationship (1) which were determined using abovementioned methods. 

Figure 2a shows the value of the fatigue strength coefficient f' &  depending on the method used 
to determine the fatigue curve. Values of that coefficient are within the range ±20% of the value 
achieved based on experimental tests. Values obtained using the method proposed by Bäumel 
and Seeger as well as using the modified Mitchell’s Method correspond to the largest extent 
to experimental results. 
a) b) 

Fig. 1. Approximate fatigue curves determined according to abovementioned methods compared to experimental 
curve for aluminium alloy grades 2024-T3 (a) and D16CzATW (b) 

 
Tab. 1. Monotonic and fatigue properties of aluminium alloys for aircraft purposes 

 
Monotonic properties Fatigue properties 

Aluminium alloy 
E Su 'f RA f' &  b f% &  c 

2024-T3 67 560 MPa 488 MPa 616 MPa 0,233 777 MPa -0,1234 2,002 -1,1203 
D16CzATW 68 402 MPa 460 MPa 613 MPa 0,287 791 MPa -0,1142 1,456 -1,0718 

 
Table 2. List of coefficients for approximate fatigue curves 

 
2024-T3 D16CzATW 

Fatigue curve parameters 
f' & f' &, MPa b f% &  c , MPa b f% &  c 

FPCM 721,6 -0,0974 0,2153 -0,5141 717,1 -0,1018 0,2690 -0,5272 
USM 928,6 -0,12 0,3416 -0,6 874,8 -0,12 0,3955 -0,6 

MUSM 696,4 -0,09 0,2176 -0,56 664,0 -0,09 0,2348 -0,56 
UMLM 815,5 -0,095 0,35 -0,69 768,2 -0,095 0,35 -0,69 
MFPCM 617,6 -0,0817 0,2649 -0,5631 615,6 -0,0846 0,3383 -0,5832 
MMM 823,3 -0,0963 0,2649 -0,664 795,0 -0,0980 0,3383 -0,664 
MM 927,8 -0,11 0,28 -0,66 874,0 -0,11 0,28 -0,66 

 
Whereas for the fatigue strength exponent b, calculated values are higher than the value 

achieved experimentally (fig. 2b). The value calculated using the universal slope method best 
corresponds to the experimental curve in that case. 

There are significant differences between calculated values and values determined 
experimentally for both materials, either in case of fatigue ductility coefficient f% &  (fig 2c), as well 
as fatigue ductility exponent c (fig 2d). The biggest differences occur for f% & : i.e. values calculated 
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for the alloy grade 2024-T3 are 6 times lower than the experimental ones (obtained using Bäumel 
and Seeger’s Method) and 9 times lower (achieved using Four-Point-Correlation Method 
and Modified Universal Slopes Method), whereas for the alloy grade D16CzATW they are 4 times 
lower (for Universal Slopes Method) and 6 times lower (for Modified Universal Slopes Method). 
The differences between calculated and experimental values are much lower for c: i.e. values 
calculated for the alloy grade 2024-T3 are about 1,6 times lower than the experimental ones 
(obtained using Bäumel and Seeger’s Method) and almost 2,2 times lower (achieved using 
Four-Point-Correlation Method), whereas for the alloy grade D16CzATW they are 1,6 times lower 
(for Bäumel and Seeger’s method) and 2 times lower (for Four-Point-Correlation Method). 
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Fig. 2. The value of the fatigue strength coefficient , the fatigue strength exponent b, 
the fatigue ductility coefficient  as well as the fatigue ductility exponent c 

depending on the method used to determine the fatigue curve 

f� &

f�&

 
Relatively high conformity between the fatigue ductility coefficient and exponent determines 

similar shape of the curves in the high-cycle range. Whereas too small values of the fatigue 
ductility coefficient and exponent cause insufficient inclination of the curves in the low-cycle range. 

It should be noted that in most methods the coefficient f% &  and the exponent c are associated 
with the necking of RA sample and thus the measurement error for this quantity, which 
is particularly difficult to determine for sheet samples, significantly influences the form 
of approximate fatigue characteristics. 

 
5. Application of approximate curves to fatigue life analysis 

 
Taking into account the abovementioned differences between the curve determined based 

on experimental data and approximate curves, authors evaluated suitability of individual 
approximate curves for determination of fatigue life. This evaluation was performed on the basis 
of results of fatigue life calculations for programmed load, the example of which is provided 
in the figure 3. 
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Fig. 3. Load program 

This load is characterised by the value of maximum amplitude of the total strain %acmax as well 
as the spectrum modulation coefficient * referred to the amplitude of the total strain as follows: 
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, (22) 

 
where j is the number of the load level, k –number of levels in the load block, nc – total number 
of cycles in the load block. All cycles of the programmed load block are alternating cycles (R=-1). 
The fatigue life determined by calculations based on the experimental curve was assumed 
as the reference level. The calculations were performed using the Palmgren-Miner linear 
cumulative damage rule. 

Figure 4 presents the difference between the values of fatigue life Ncal calculated by means 
of approximate fatigue curves determined using different methods. The analytical fatigue life Nexp 
determined based on experimental curve was assumed as the reference level. 

As it can be noted, the lower the %acmax value in the load block, the higher the errors 
of the fatigue life approximation. This results from the fact that approximate curves are shifted 
to the right in relation to the experimental curve in that range (fig. 1). In most cases, the lower 
the * value the higher the calculation error. This results from the fact that load block of lower * 
value is characterised by more cycles with low strain amplitude. The calculation error decreases 
as the %acmax value grows, whereas the fatigue life determined based on approximate fatigue curves 
Ncal assumes lower value than the fatigue life determined on the basis of the experimental curve 
Nexp. The experimental curve matches the curve determined using the Four-Point-Correlation 
Method worst of all. Approximate curves better match the experimental curve for the alloy grade 
D16CzATW than 2024-T3. 
 
6. Summary 
 

The fatigue strength coefficient f' &  and the fatigue strength exponent b of either approximate 
and experimental curves sufficiently conform to each other for both analysed alloys. This 
conformity determines similar shape of curves in the range where elastic strain prevails. 
Significant difference between the value of fatigue ductility coefficient f% &  and the fatigue ductility 
exponent c determines different shapes of curves in the range of high plastic strain. However, 
the elastic part of the equation (1), especially exponent b, shall be responsible for a very large error 
in the fatigue life approximation results in the range of low strain values because of the shift 
of approximate curves towards higher fatigue life values (fig. 5). 

If there is no experimental data, approximate curves provide some information on fatigue 
properties of a given material. However, use of approximate curves can lead to very big errors, 
particularly in fatigue life calculations for variable amplitude load. 
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a) 2024-T3 %acmax = 0,35% b) D16CzATW %acmax = 0,35% 
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c) 2024-T3 %acmax = 0,5% d) D16CzATW %acmax = 0,5% 
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e) 2024-T3 %acmax = 0,8% f) D16CzATW %acmax = 0,8% 
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g) 2024-T3 %acmax = 1,0% h) D16CzATW %acmax = 1,0% 
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i) 2024-T3 %acmax = 1,5% j) D16CzATW %acmax = 1,5% 
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Fig. 4. Differences between values of fatigue life Ncal calculated using approximate fatigue curves 
determined by means of different methods as compared with the analytical fatigue life Nexp 

determined on the basis of the experimental curve 
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Fig. 5. Shift of approximate curve as a source of calculation error 
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Abstract

 
This paper presents results of research on improvement of riveted joints fatigue life. That improvement was 

achieved using the rivet hole sizing process. The diagrams of sizing forces as the function of the hole sizing degree 
were analysed. Results of fatigue tests performed by the authors confirmed that the rivet hole sizing degree 
significantly influences fatigue life, and the improvement is proportional to the sizing degree. 
 
Keywords: riveted joints, fatigue life, rivet hole sizing 
 
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 [2]. 
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. But this 
technology can only be used for sizing holes of 3 mm diameter and bigger. Such small holes can, 
however, 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. 

The aim of this study is to analyse the course of rivet hole sizing process using sizing mandrels 
and to evaluate the impact of the rivet hole sizing degree on the fatigue life. The research 
described in the study concerned improvement of the fatigue life of riveted joints as a result 
of local strain hardening of the rivet hole by the sizing process, which also results in the hole 
surface polishing. 
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2. Test samples 
 
Samples for tests were made of 1.27 mm thick non-clad plates of aluminium grade 2024-T3. 

Rivet holes were prepared assuming that they shall be used for 3mm nominal diameter oval head 
solid rivets for aviation-related purposes [6]. According to [5], finished holes for such rivets 
should be of 3.1 mm diameter with positive tolerance of +0,1 mm. Holes of such diameter were 
achieved by two operations. The first one was drilling the hole and the second one – sizing 
the hole to the diameter of 3.1 mm. The research covered several degrees of hole sizing. In this 
study, the sizing degree k means the following relationship: 

 

 %100"��
�

�
��
�

� �
�

w

wk

d
ddk , (1) 

 
where: 

 
dk – hole diameter after sizing, 
dw – hole diameter after drilling. 

 
Samples with holes made in conventional way (drilling or drilling and reaming) were also 

prepared for comparison purposes. 
Different sizing degrees were achieved by drilling holes of different diameters in the samples 

followed by sizing process using sizing mandrel of the same diameter. Holes in the test samples 
were drilled using special device ensuring appropriate quality and repeatability of the holes. 
Figure 1a shows the profile of the test samples and the hole diameters. Based on preliminary tests 
it was concluded that 3.15 mm nominal diameter mandrel is necessary to size the holes 
to the diameter of 3.1 mm. The shape of the used sizing mandrel is shown in Figure 1b. Five 
different sizing degrees were achieved be means of five drills of different diameters 
for preliminary holes and one sizing mandrel. k = 6.9% (dw = 2.9 mm), k = 5.08% (dw = 2.95 mm), 
k = 3.33% (dw = 3.0 mm), k = 1.64% (dw = 3.05 mm), k = 0.30% (dw = 3.1 mm). 
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Fig. 1. Samples for fatigue tests (a) and the sizing mandrel (b) 
 

3. Hole sizing tests 
 
Holes were sized using the testing machine INSTRON 8501. To reduce sample deformation 

in its thickness direction during sizing process, the diameter of the hole in the die supporting 
the sample was (Ø3,2 mm) slightly bigger than the mandrel diameter (Ø3,15 mm). Momentary 
values of the force applied on the mandrel and the mandrel displacement in the hole were recorded 
during the sizing process. 
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Sample graph of 2.9 mm hole sizing force as a function of the mandrel displacement was 
shown in the figure 2. To better illustrate the hole sizing process, the sizing mandrel diagram with 
three characteristic sample positions with reference to the mandrel were provided under the graph. 
As expected, the loading force value depends on the position of the mandrel relative to the sample. 
The mandrel loading force increases linearly when the conical part of it mates with the hole 
and the force is maximum upon entry of the cylindrical part of the mandrel into the hole. 
The sizing force is decreasing during gradual displacement of the edge of the cylindrical part 
in the tapered hole and then, as expected, it remains approximately unchanged by the end 
of the sizing mandrel displacement. 

Figure 2b shows mandrel loading force functions obtained when sizing the holes of different 
diameters. As the main process of the hole sizing takes place only in the initial stage of sizing 
(when forcing the tapered part of the mandrel into the hole), the diagrams focus only on that stage. 
As expected, maximum values of the force applied to the mandrel were observed when forcing 
the mandrel through the holes drilled using the smallest drill (dw=2.9 mm, k=6.9%). Moreover, 
based on the achieved graphs, one can also find that they are qualitatively similar. This applies 
to the shape of prepared sizing mandrel load graphs in their section regarding the tapered part 
of the mandrel. 
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Fig. 2. Hole sizing: a) function of the force for 2.9 mm hole sizing process, 
b) force functions for sizing holes of different diameters 

 
Hole diameters were measured after sizing. The measurement results were presented in form 

of a graph (Fig. 3), where hole diameters measured after drilling were additionally presented. 
Based on the prepared graphs, it can be noted that the machining-related deviation of the diameter 
depends on the diameter of the hole. The bigger the drill diameter, the smaller the deviation. 
One can conclude, that despite additional drill guide used during hole drilling, the holes are 
enlarged due to radial run-out. 
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Fig. 3. The results of diameter measurement of holes in samples, acquired after drilling and after sizing 
 
Apart from experimental tests, the sizing process simulation was also performed with finite 

element method (FEM) using ABAQUS software, version 6.6-4 - Standard module [1]. 
Dimensions of the sizing mandrel used for experimental test and the simulation as well 
as dimensions of the sized hole made in the metal plate and die dimensions were shown 
in the Figure 1b. Due to the type of the system geometry, axially symmetrical 2D model was used 
for calculations. Both the sizing mandrel and the die were modelled as rigid elements, while 
the drilled metal plate as a deformable element for which non-linear material characteristics was 
assumed, achieved by discretization of the monotonous tension graph. As large deformation 
gradients were expected, the metal plate was discretized using axially symmetrical, 8-node, 
quadrangle finite element CAX8R. The number of elements was increased around the hole. 

Figure 4 shows numerically determined, sample graph of the force necessary to size 3.03 mm 
hole from a hole drilled with 3.0 mm drill (sizing degree k = 3.33%) as a function of the mandrel 
displacement. Performed simulations of the process for different values of the friction between 
the sizing mandrel and the hole indicate that it is one of the major factors influencing the hole 
sizing force, which does not, however, change, the nature of the process. Properly selected value 
of the friction factor in the digital model allowed to achieve high compliance with the results 
of experimental tests of the sizing force as well as the maximum hole sizing force. 
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Fig 4. The graph of the hole sizing force as a function of the sizing mandrel displacement, determined using FEM 
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Several characteristic stages can be distinguished in the sizing force graph, based on the FEM 
analysis. Stage I starts with contact between the sizing mandrel and the top edge of the hole 
and ends when the cylindrical part of the sizing mandrel is aligned with that edge. The sizing force 
is maximum at that moment. The force starts to decrease gradually from that moment (stage II) 
by the time, when the tapered part of the mandrel completely leaves the hole. At stage III, 
when the cylindrical part of the mandrel is forced through the hole, the sizing force virtually does 
not change. Stage IV begins when the end of the cylindrical part of the sizing mandrel is aligned 
with the top edge of the hole. The sizing force starts to decrease gradually from that moment down 
to zero, at which time the cylindrical part of the mandrel is totally outside the hole. 

Almost the entire course of the sizing force at the stage III indicates that it is possible 
to significantly reduce the cylindrical part of the mandrel, which should shorten the process duration. 

Results of numerical calculations indicate that maximum radial and axial deformations occur 
at the hole edge from the sizing mandrel entry side – at the initial stage of the sizing process 
(stage I), the tapered part of the mandrel is in point contact with the hole edge, which result in high 
gradient of stress in that area. This has significantly lower effect on the distribution 
of the circumferential deformations. Relief (stage IV - point 5) has little effect on the character 
of strain distribution in the hole area. While there are important differences in stress distribution. 
Load relief practically eliminates radial compressive stress resulting from sizing process. Whereas 
sizing process introduces high circumferential compressive stress in the material. 

 
4. Fatigue tests 

 
The samples with holes of different sizing degree were subject to fatigue tests. The tests were 

performed under zero-tension cycle conditions (cycle asymmetry factor R=0) with load frequency 
of 5 Hz. The tests were performed for three levels of the maximum load of the cycle 
Smax = 150, 175 and 200 MPa (three samples for each load level). Like sizing of the holes, fatigue 
tests were also performed using the testing machine INSTRON 8501. 

Results obtained during fatigue tests were presented in Figure 5 in bilogatithmic coordinate 
system, in form of fatigue graphs determined assuming Smax as the independent variable 
of the stress and the fatigue life N as the dependant variable. Results of the fatigue life tests 
acquired for drilled holes (W) as well as drilled and reamed holes (R) were also added in the figure 
for comparison. Figure 6 includes the summary of average fatigue life ratio of samples with sized 
holes to samples with drilled holes, presented for individual load levels. 

Based on the achieved results, one can conclude that the lowest fatigue life characterised 
samples with drilled holes and drilled and reamed holes. The fatigue life of riveted joints improved 
(by 50 to 74%, depending on load level) even as a result of the hole surface polishing only. This 
improvement was obtained for samples with dw=3.1 mm (k=0.30%) holes. While two-fold growth 
of the fatigue life was achieved for dw=3.05 mm hole with slight sizing degree of k=1.64%. 

Further significant increase of the fatigue life was achived by cold work of the hole surface 
and, based on the position of obtained fatigue life graphs (Fig. 5) and achieved fatigue life values 
(Fig. 6), it may be concluded that the higher the sizing degree, the higher the fatigue life growth. 
The growth is also proportional to the mandrel load level. For example, five-fold fatigue life 
increase (for the load level of 200 MPa) and eight-fold increase (for the load level of 150 MPa) 
were achieved for samples with dw=3.0 mm (k=3.33%) sized holes. Maximum improvement 
of fatigue life was obtained for samples with dw=2.9 mm (k=6.90%) sized holes, but the results 
were characterised by the highest dispersion. Nine-fold improvement of fatigue life was achieved 
for those samples comparing with drilled hole for the load level of Smax = 200 MPa and nearly 
twelve-fold increase for the load level of Smax = 150 MPa. 
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Fig. 5. Fatigue life graphs obtained for samples with holes of different sizing degree 
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Fig. 6. Average fatigue life ratio of samples with sized holes Nk to samples with drilled holes NW 
 

5. Summary 
 
Fatigue life of riveted joints improves thanks to additional preparatory operations performed 

prior to riveting, such as hole sizing. Results obtained in this research confirm information 
available in the professional literature, concerning positive effect of hole sizing on fatigue life [3]. 
Cold work and polishing of the hole surface by the sizing mandrel hinders initiation of micro-
cracks. It should be emphasized that a number of factors influence fatigue life of the sample with 
riveted hole. The most important of them include the rivet upset (squeezing) degree 
or the clearance between the rivet and the hole [4]. Those issues are subject of research works 
performed in the Institute Laboratory for Research on Materials and Structures of the Faculty 
of Mechanical Engineering at the University of Technology and Life Sciences in Bydgoszcz, 
as part of the Eureka IMPERJA project. Those works have, among other things, proven positive 
effect of hole sizing on fatigue life of riveted pairs used in aviation industry structures. 
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Abstract
 

The purpose of the present paper is to demonstrate how a thermodynamic method can be used for solving a 
problem of the decarburisation of bainite laths. The paper presents an investigation of the time required for the 
diffusion of carbon out of supersaturated laths of ferrite into the retained austenite. This should in principle enable to 
examine the partitioning of carbon from supersaturated ferrite laths into adjacent austenite and the carbon content in 
retained austenite using analytical method. The obtained results illustrates that the estimated times are not capable of 
decarburising the sheaf of ferrite included thick laths of bainitic ferrite during the period of austempering. A 
consequence of the precipitation of cementite from austenite during austempering is that the growth of bainitic ferrite 
can continue to larger extent and that the resulting microstructure is not an ausferrite but it is a mixture of bainitic 
ferrite, retained austenite and carbides.  

Keywords: carbon diffusion, decarburisation  
 
1. Introduction 
 

The attractive properties of carbide free bainitic steel are related to its unique microstructure 
that consists of ferrite and high carbon austenite. Because of this microstructure, the product of 
austempering reaction is often referred to as “ausferrite” rather than bainite [4,6,13]. If bainite is 
formed by a shear mechanism it is supposed that bainitic ferrite is supersaturated with carbon and 
any excess carbon is soon rejected into the residual austenite. It is supposed that the 
decarburisation time of ferrite lath is a function of lath width and increases with decreasing 
temperature because the diffusion coefficient of carbon also decreases with temperature. The 
decarburisation time also increases as the thickness of the ferrite laths increases. 

The purpose of the present paper is to demonstrate how a thermodynamic method can be used 
for solving a problem of the decarburisation of bainite laths and this should in principle enable to 
examine the possibility of carbides precipitation in Fe-0.38C-0.93Cr steel during bainite reaction.  
 
 
2. Material and methods 

 
The chemical composition of the steel is listed in Table 1. The concentration of alloying 

elements is obtained from the chemical analysis.  
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Tab.  1. Chemical composition and calculated BS and MS temperatures of the steel used in the present study.* All 
concentrations are given in wt. %  

Steel C Si Mn P S Cr Ni BS, oC MS, oC 
Fe-0.38C-0.93Cr 0.38 0.29 0.63 0.01 0.025 0.93 0.11 505 320 

*The BS and MS temperatures are calculated by using methods developed by Bhadeshia [4] 
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 (300 Ks
-1

) from 
austenitising temperature, the specimens were 13mm in length and 1.1mm in diameter. The 
temperature was measured with a 0.1mm diameter NiCr-Ni thermocouple welded to the sample.  
Cooling was carried out by blowing a helium gas directly onto the surface of the sample. 
Determination of the linear expansion coefficients was carried out in the UBD Leitz-Wetzlar 
dilatometer. Thin foils for transmission electron microscopy were prepared from discs slit from 
heat-treated specimens. The discs were mechanically thinned to 50 �m and were electropolished 
until perforation occurred in a twin jet polishing unit containing an electrolyte of 5% perchloric 
acid, 25% glycerol and 70% ethyl alcohol mixture solution. The electrolyte temperature was 
maintained around – 10oC, the polishing potential was 55 V at a current of 30 mA. The foils were 
examined in a Tesla BS-540 transmission electron microscope operated at 120 kV. 
 
3. Phase diagram 
 

The phase diagram of Fe-0.38C-0.93Cr steel (Fig. 1) was calculated as in Ref. [2,3,10] using a 
model developed by Bhadeshia [1,16], based on the McLellan and Dunn quasi-chemical 
thermodynamic model [15]. The bainite BS and martensite MS start temperatures were also 
calculated using the same method [1,16]. The determined carbon concentration of residual 
austenite  at the points where the formation of bainite terminate were compared against the 
extrapolated T0, T0', and A3' phase boundaries for Fe-0.38C-0.93Cr steel. In presented diagram 
(Fig. 1) the reaction is found to stop when the average carbon concentration of the residual 
austenite is between the T0 and T0' lines and in some cases beyond the T0 line (black circles in Fig. 
1). Carbon concentration in retained austenite at the cessation of reaction is close to the T0' line 
and supports formation of bainitic ferrite by a shear mechanism. Since diffusionless transformation 
is not possible beyond the T0 curve, the obtained results need explanation. This might be explained 
by the fact that the T0' line accounts for 400 J/mol of stored energy in the bainite. If this energy is 
reduced by plastic deformation of the surrounding austenite then a higher volume fraction of 
bainite should be able to form. Secondly, when carbide precipitation accompanies the development 
of bainitic ferrite laths as a secondary process, it reduces the carbon content in the austenite and 
allows the bainitic reaction to proceed to a larger extend. 

�x
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Fig. 1. The calculated phase boundaries A3', T0 and  T0'  for the investigated Fe-0.38C-0.93Cr  steel together with all 

the experimental data of the measured carbon contents of the untransformed austenite (black circles) 
4. Microstructural analysis 
 

Microstructure of typical upper bainite after holding the Fe-0.38C-0.93Cr steel at 480oC for 2h 
is seen in Fig. 2. Retained austenite films exist between the ferrite laths. Because carbides were not 
observed in the ferrite it means that the excess carbon in these ferrite laths partitions into the 
residual austenite soon after the growth event. The isolated films of austenite can accumulate 
carbon concentration beyond T0' line (Fig. 1). Because the austenite is greatly enriched in carbon 
they cannot transform to bainite once the T0' line is exceeded. Furthermore, these thin films of the 
residual austenite are stable to martensitic transformation on cooling to ambient temperature.  

Fig. 3 shows microstructure obtained by isothermal transformation at 350oC for 60 seconds. 
Transmission electron microscopy revealed that the sheaves were composed of much smaller laths 
of ferrite and the microstructure contain only bainitic ferrite and carbon enriched residual austenite 
films. In Fig. 2 and 3 it is seen that the morphology of bainitic ferrite is lath rather than plate. 
Bainitic ferrite laths of thickness about 0.2÷0.3�m form separately one from another. Retained 
austenite was present between the ferrite laths as thin films. The ability to retain such films of 
austenite is due to partitioning of carbon into residual austenite following the formation of 
supersaturated bainitic ferrite. Carbides were not observed in ferrite laths of thickness thinner than 
0.2�m. In this case films of residual austenite can accumulate all the excess carbon from 
supersaturated ferrite laths of thickness less than 0.2�m. It is a possibility that in the later stage of 
transformation, the carbon concentration of untransformed austenite is decreased by the carbide 
formation and then the reaction can proceed to a larger extent. The determined microstructural 
parameters of Fe-0.38C-0.93Cr  steel after isothermal transformation are listed in Table 2. 
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a)                                                                               b) 

Fig. 2. Microstructure of Fe-0.38C-0.93Cr  steel after isothermal transformation at 480oC for 2h, a) light microscopy, 
            etched with 2% nital, b) TEM, thin foil  

50 m�
 

0.8 m�
 

a)                                                                            b) 
Fig. 3. Microstructure of Fe-0.38C-0.93Cr  steel after isothermal transformation at 350oC for 60 seconds, a) light   
            microscopy, etched with 2% nital, b) TEM, thin foil  

 
Tab. 2. Microstructural parameters of Fe-0.38C-0.93Cr  steel 

 
Microstructural parameters Transformation temperature, oC 
 350 480 
Average austenite grain size, �m  30 30 
Volume of bainite in the form of 
packets, % 

74 41 

Average packet length, �m  26 21 
Average packet width, �m  17 19 
Average width of bainite lath, �m 0.2 0.3 
Morphology of retained austenite thin films, also 

irregular islands 
irregular islands and 
thin films 
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5. Method used in estimating the decarburising time of the bainitic ferrite laths 
 

Kinsman and Aaronson [7] first considered the kinetics of the partitioning of carbon from 
bainitic ferrite of the same composition as the parent phase. For a plate of thickness w$ the flux of 
carbon is defined along a coordinate z normal to the $2� interface, with origin at the interface and z 
being positive in the austenite (Fig. 4).  

The method used to calculate the time of decarburising of bainitic ferrite laths is based on the 
hypothesis that transformation to bainite can only occur in regions of austenite where 

0Txx �� , 

where  is the carbon concentration in austenite and  is the carbon concentration 

corresponding to the  curve. As a lath of bainitic ferrite forms it partitions its excess carbon into 
the retained austenite. This creates a carbon diffusion field around the lath. Another parallel lath 
(of the same sheaf) which forms subsequently can only approach the original lath to a point where 

. The method assumes that the interval between laths formations is larger than the time 
required to decarburise each lath.  

�x
0Tx

0T

0Txx ��

The time td needed to decarburise the ferrite is intuitively expected at least to be comparable to 
that required for a lath to complete its growth. If td is small relative to the time required to relieve 
the carbon supersaturation by the precipitation of carbides within the ferrite, then upper bainite is 
obtained, otherwise lower bainite forms [5,8,11]. 

lath 1
lath 2

lath 3

carbon diffusion fieldw$

W�

xT0

Austenite

Z

xT0

�$x

x x

 
 

Fig. 4. Schematic diagram of method used in estimating the time of decarburising the bainitic ferrite laths. Lath 1 
forms first and lath 2 and 3 and next is allowed to approach it to point where (distance of this point 

from lath 1 is denoted ). This is in fact the thickness of the retained austenite film. The mean thickness of 

the retained austenite films is almost tenfold thinner (0.01-0.02�m) than the average thickness of the bainitic 
ferrite laths (30.2�m). 

0Txx ��

�w

 
6. The calculation of decarburisation times of supersaturated bainitic ferrite laths 
 

The problem therefore becomes a calculation of the decarburisation times of all bainite laths 
that exist in all  bainite packets inside austenite grains (Fig. 5). The time needed to decarburize the 
ferrite laths within bainite sheaves,  tdz:  

 
!�

i
didz tt                                                                (1)         
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where  is the time required to decarburise individual supersaturated bainitic ferrite lath of 
specific thickness . 

dit

iw$

 

        

laths

bainitic
sheaf

                

laths bainitic
sheaf

 
a)                                                         b) 

 
Fig.  5. Schematic illustration of bainite packets size and lath size (width) formed at higher (a) and lower (b)  
            transformation temperature  with different thickness of bainitic ferrite laths 

 
Because of the inhomogeneous distribution of carbon and other solutes in the matrix after 

transformation to bainite the retained austenite is enriched to a greater extent in the immediate 
vicinity to bainite platelets than in the regions between the bainitic sheaves (Fig. 4, 5) while those  
regions contain relatively poor carbon [12,14]. Martensite is usually found to be in the blocky 
regions of untransformed austenite [3]. It indicates that the blocky regions of austenite between 
bainitic sheaves are less enriched with carbon, and therefore are thermally unstable.  

From the mass balance for carbon it follows that [2]: 
 


4

�

���
0

]},{[))(5.0(
z

d dzxtzxxxw �
$�

$                                            (2) 

 
where x  is the average mole fraction of carbon in the alloy and  and  are the 
paraequilibrium carbon concentration in ferrite and austenite respectively. Since the diffusion rate 
of carbon in austenite is slower than in ferrite the rate of decarburization will be determined by the 
diffusivity in the austenite and the concentration of carbon in austenite at the interface remains 
constant for times 

$�x �$x

dtt   0  after which it steadily decreases as the austenite becomes 
homogeneous in composition. The function  is given by: �x
 

})(2/{)( 5.0
dDtzerfcxxxx ��� �$

�                                         (3) 
 
This assumes that for dtt  , the concentration of carbon in the austenite at the interface is given 

by .  �$x
The diffusion coefficient of carbon in austenite , is very sensitive to the carbon 

concentration and this has to be taken into account in treating the large concentration gradients that 
develop in the austenite. It is clearly necessary to know  at least over a range 

}{xD

}{xD �$xx 5 , 
although experimental determinations of  do not extent beyond }{xD 06.0�x . The value of D was 
calculated as discussed in Ref. [1]. The good approximation of the dependent diffusivity of carbon 
in austenite can be a weighted average diffusivity D [3,15]. Taking into account carbon 
concentration gradients it has been demonstrated that for most purposes a weighted average 
diffusivity D  can adequately represent the effective diffusivity of carbon [3,9]. Weighted average 
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diffusivity D  is calculated by considering the carbon concentration profile in front of the moving 
ferrite interface as given by the following equation: 
 

 �
�

�$

�$

x

x xx
DdxD

)(
                                                             (4) 

  
On carrying the integration, the time required to decarburise a supersaturated bainitic ferrite lath of 
thickness  is given by [2,3]: $w
 

)(16
)( 22

xxD
xxw

td
�

�
�

�$

$�
$�                                                         (5) 

                                                                                                                   
where: x  is the average carbon concentration in the alloy, and are the carbon 
concentrations in ferrite and austenite respectively, when the two phases are in paraequilibrium.  

$�x �$x

The calculated diffusion coefficients of carbon in austenite and carbon concentration in austenite 
 and ferrite  after isothermal transformation at 350 and 480oC of Fe-0.38C-0.93Cr steel are 

listed in Tab. 3. 
�$x $�x

 

Tab.  3. The calculated diffusion coefficients of carbon in austenite 6 7xD  and a weighted average diffusivity D  and 

             carbon concentration in austenite  and ferrite  after austempering at 350 and 480oC of      �$x $�x
            Fe-0.38C-0.93Cr  steel 
 

Austempering temperature, oC Diffusion 
coefficients 350 480 
D, m2/s 0.1856 x 10-16 0.2172 x 10-14 
D , m2/s 0.2462 x 10-15 0.6638 x 10-14 
Carbon 
concentration, mol 

  

in austenite,  �$x 0.1310 0.0809 
in ferrite,  $�x 0.5426 x 10-3 0.6920 x 10-3 

 
 
Calculated decarburisation times (td) of distance 30 �m (average austenite grain size) consisted of  
laths with thickness: 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 5.0 and 10 �m in Fe-0.38C-0.93Cr  steel are 
shown in Tab. 4. 
 
 
Tab. 4. Decarburisation times (td) of distance 30 �m consisted of  laths with thickness: 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 5.0 
            and 10 �m in Fe-0.38C-0.93Cr  steel 
 

Ti, oC Decarburisation times (td) of distance of 30 �m in seconds 
 3x10 

�m 
6x5 
�m 

30x1 
�m 

60x0.5 
�m 

100x0.3 
�m 

150x0.2 
�m 

300x0.1 
�m 

600x0.05 
�m 

350 5202 2601 520.2 260.1 156.1 104.0 52.0 26.0 
480 604.8 302.4 60.5 30.2 18.1 12.1 6.0 3.0 
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The calculated times of partitioning are shown in Fig. 6 for different thickness of bainitic ferrite 
phase (for wo=0.1, 0.2, 0.5, 1.0, 10, 50, and 100 �m) and austempering temperatures.  For 
investigated Fe-0.38C-0.93Cr steel calculations show that  increases sharply as temperature 
decreases.  

dt

The decarburisation time td is a function of lath width and increases with decreasing 
temperature of isothermal transformation (480 and 350oC) because the diffusion coefficient of 
carbon also decreases with temperature (Table 3).  

Furthermore, it is generally observed that the width of ferrite laths is highly diverse (Fig. 2 and 
3) in different packets. This reflect the possibility that cementite can precipitate in thicker bainite 
laths (when td is a long period of time) and in thinner laths has not during isothermal 
transformation. If the decarburisation process dominates it leads to the formation of upper bainite.  

It is also consistent with the fact that upper and lower bainite often form at the same 
temperature in a given steel or ductile iron [2,3,11]. The decarburisation time also increases as the 
thickness of the ferrite phase increases (Fig. 6). 
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Fig. 6. The calculated decarburisation times for a given width of ferrite phase in investigated Fe-0.38C-0.93Cr steel  
           after austempering at 480 and 350oC. The relationship (5) has been used for calculations 
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The obtained results illustrates that the estimated times are not capable of decarburising the 

sheaf of ferrite included thick laths during the period of isothermal holding. A consequence of the 
precipitation of cementite from austenite during austempering is that the resulting microstructure is 
not an ausferrite but it is a mixture of bainitic ferrite, retained austenite and carbides.  
 

 
Conclusions 
 
As a result the following conclusions are reached: 

 
1. Analytical calculations of the time required for the diffusion of carbon out of supersaturated 

laths of ferrite into the retained austenite indicate that there is a necessity of carbides 
precipitation from ferrite or/and austenite. 

2. A consequence of the precipitation of cementite from ferrite or/and austenite during 
austempering is that the growth of bainitic ferrite can continue to larger extent and that the 
resulting microstructure is not an ausferrite but is a mixture of bainitic ferrite, retained 
austenite and carbides.  
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Abstract

 
The paper presents an investigation of the extend of bainite reaction in the case of cementite precipitation. 

Experimental measurements of volume fraction of bainitic ferrite and volume of the untransformed austenite indicate 
that there is a necessity of carbides precipitation from austenite. Carbon concentration in the residual austenite was 
calculated using volume fraction data of austenite and a model developed by Bhadeshia based on the McLellan and 
Dunn quasi-chemical thermodynamic model. The comparison of experimental data with the T0, T0' and A3' phase 
boundaries suggests the likely mechanism of bainite reaction in Fe-Cr-Si-C steel is displacive rather than diffusional. 
A consequence of the precipitation of cementite from austenite during austempering is that the growth of bainitic 
ferrite can continue to larger extent and that the resulting microstructure is not an ausferrite but it is a mixture of 
bainitic ferrite, retained austenite and carbides. 
 
Keywords: bainite transformation, carbide precipitation,  carbon diffusion 

 
1. Introduction 

 
The attractive properties of bainitic steels without carbides are related to its unique 

microstructure that consists of ferrite and high carbon austenite. Because of this microstructure, the 
product of bainitic reaction is often referred to as “ausferrite” rather than bainite [5,11,12]. The 
mixture of bainitic ferrite and untransformed austenite is an ideal combination from many points 
of view. If the bainitic ferrite-austenite microstructure is held for long time periods, the blocks of 
high carbon austenite will eventually undergo a transformation to bainite, the two phase ferrite and 
carbide (� + Fe3C). Carbides can be suppressed by alloying with elements such as Si and Al. Once 
the ausferrite has been produced, the components are cooled to room temperature. The cooling rate 
will not affect the final microstructure as the carbon content of the austenite is high enough to 
lower the martensite start temperature to a temperature significantly below room temperature.  

The purpose of the present paper is to demonstrate how a thermodynamic method can be used 
for determination of the carbon concentration in the retained austenite in Fe-Cr-Si-C steel. The 
method takes into consideration the precipitation of cementite from ferrite or/and austenite during 
bainite reaction. 
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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 
austenitising 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$(radiation. The precision ferrite lattice parameter determination included a 
knowledge of the angular positions of the (110), (200), (211) and (220) peaks. The data were 
analysed using a Taylor-Sinclair function to extrapolate the values of the ferrite parameter to 
angular position of 8(= 90o.  
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Fig. 1. Extrapolated parameter of ferrite  in Fe-Cr-Si-C steel using  extrapolation function  of Taylor-Sinclair 
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The linear expansion coefficient of ferrite (e$() 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 expansion coefficients was carried out in a UBD Leitz-Wetzlar dilatometer. The chemical 
composition of the experimental steel is listed in Table 1.  
 
   Tab. 1. Chemical composition of the steel used in this study. All concentrations are  given in wt.% and at.% ( 9102) 
 

 Steel  C Si Cr Mn Ni P S 
 
Fe-Cr-Si-C 

wt.% 
at.%   (xi

$� 
0.36 
1.63 

1.25 
2.42 

1.25 
1.31 

0.95 
0.94 

0.30 
0.28 

0.018 
- 

0.008 
- 

 
 Lattice parameters, expansion coefficients of ferrite and austenite and parameters for 
determination of volume fractions of transformation and the carbon concentration of the residual 
austenite in Fe-Cr-Si-C steel are listed in Tables 2 and 3. 
 

Tab. 2. Lattice parameters and expansion coefficients of ferrite and austenite 
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Steel Lattice parameter of 
ferrite , nm $0a

Lattice parameter of 
austenite , nm �0a

Ferrite , $e
 oC-1 9 10-5 

Austenite e� , 
oC-1 9 10-5 

Fe-Cr-Si-C      0.2868 
     0.2869 * 

         0.3591         1.589          2.475 

 
* The ferrite lattice parameters determined using a X-ray diffractometer 
 

Tab. 3. Parameters for determination of volume fractions of transformation a residual  austenite in Fe-Cr-Si-C steel 
 

Transformed 
   at  oC 

     ,(�a
nm 

$a ,   
nm 

   �L/L 
  9 10-3 * 

V 

      352  0.3619  0.2882     2.70 0.79 
      380  0.3622  0.2884     2.25 0.66 
      414  0.3625  0.2885     1.70 0.50 
      442  0.3627  0.2886     1.21 0.35 
      475  0.3630  0.2888     0.25 0.07 

 
*  measured values of the dimensional changes accompanying the transformation of austenite  
    to bainitic ferrite at transformation temperature 
V   - measured volume fraction of bainitic ferrite 
 

The dilatometry results show that the relative length change during the formation of bainite 
increases as the isothermal transformation temperature decreases below the Bs temperature 
(Fig.  2), then the amount of bainite formed is dependent on the transformation temperature. 
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Fig. 2. The relative length change (�L/L) observed by dilatometer during isothermal transformation below  BS  
            temperature 
 
3.  Phase diagram of austempered Fe-Cr-Si-C steel 

 
 It is usually assumed that the point where the microstructure of austempered steel ceases to 
change represents full transformation. But in case of bainitic transformation, reaction ceases before 
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the parent phase (austenite) has completely transformed. 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 determined carbon concentrations of the residual austenite at the different temperatures of 
transformation of bainite are compared with the T0, T0'  and A'3  phase boundaries (Table 4) for 
investigated steel in Figure 3. 

 
Tab. 4. Calculated details for phase diagram of the Fe-Cr-Si-C steel and the carbon  concentration in austenite,   �x
            at selected temperatures 
 

Reaction  
temperature, oC 

A3� , 
mol 

oTx  , 
mol 

'
oTx  ,  

mol 
�x , 

mol 
475 0.0990 0.0282 0.0184 0.068 
442 0.1104 0.0324 0.0221 0.054 
414 0.1198 0.0359 0.0246 0.036 
380 0.1308 0.0400 0.0283 0.028 
352 0.1397 0.0436 0.0317 0.018 

 
A3� - �- paraequilibrium carbon concentration of austenite in mole fraction, �$x

0Tx  - T-zero carbon concentration in mole fraction 

0'Tx  - the same but allowing for the 400J/mol stored energy 
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Fig. 3. The calculated phase boundaries A3', T0 and  T0'  for the investigated Fe-Cr-Si-C steel together with all the 
            experimental data of the measured carbon contents of the untransformed austenite (black circles) 

 
 The diagram was calculated as in Ref. [1-3,8] using a model developed by Bhadeshia [3] based 

on the McLellan and Dunn quasi-chemical thermodynamic model [13,14]. The martensite and 
bainite reaction starts temperatures, Ms and BS are also marked on this diagram. The 
paraequilibrium phase boundary is chosen because no substitutional alloying element partitioning 
occurs during bainite formation. 
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In presented diagram the reaction at temperatures 475, 442 and 414oC is found to stop when the 
average carbon concentration of the residual austenite is closer to the T0 and T0' curves than the A3' 
boundary. The maximum extent to which the bainite reaction can proceed is therefore determined 
by the composition of the residual austenite.  

Thus, it is found experimentally that the transformation to upper bainite in Fe-Cr-Si-C steel 
does indeed stop close to the T0 boundary (Fig. 3).Similar results have previously obtained by 
Bhadeshia and Christian [2,4] and by �awrynowicz and Barbacki for other alloys [6-10]. 
 In Figure 3 the reaction to lower bainite at 352 and 380oC seems to stop when carbon 
concentration of austenite exceeds the T0' boundary. This might be explained by the fact that the 
T0' line accounts for 400J/mol of stored energy in the bainite. If this energy is reduced by plastic 
deformation of the surrounding austenite then a higher volume fraction of bainite should be able to 
form. Furthermore, the measured carbon contents of the austenite after reaction to lower bainite at 
352 and 380oC may indicate on the possibility of cementite precipitation from austenite or ferrite. 

When the microstructure of Fe-Cr-Si-C steel consists of ausferrite, thus: 
 

V� + V$ =1                                                                (1) 
 

and the permitted fraction of bainite (V$ ) can be determined from Lever rule applied to the T0 
curve, Figure 4. The maximum volume fraction of retained austenite (V�() will then equal 1- V$:(
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Fig. 4. Application of the Lever-rule to the T0 curve allows the estimation of the permitted fraction of bainite V$ at any 

temperature 
( 

In case of carbides precipitation the maximum volume fraction of bainitic ferrite (V$ ) can be 
calculated using the following equation [6,15]: 
 

Co'T

o'T

xxx
xx

V
��

�
�

$
$                                                        (2) 

 
where V$  is volume fraction of bainitic ferrite, x  is the average carbon concentration in the 
matrix of the alloy, is the paraequilibrium carbon concentration in the  bainitic ferrite 
(0.03 wt.%),  is the carbon concentration of the austenite corresponding to the  curve,  is 
the amount of carbon, which is tied up as carbides (cementite).  

$x

o'Tx 0'T Cx

Thus, the maximum volume fraction of bainite taking into account cementite precipitation can 
be calculated using the relationship (2), see Fig. 5. 
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Fig.  5. Experimentally determined and calculated the maximum volume fraction of bainite in  investigated Fe-Cr-Si-C 
steel taking into account cementite precipitation in the range  from 0% to 4 wt %  Fe3C. Assumed austenite carbon 

concentration at the cessation of bainite transformation x� =  o'Tx
 

 It is seen in Figure 5 that precipitation of cementite leads to an increase of volume fraction of 
bainitic ferrite. Carbides locally reduce the carbon content of the parent austenite and increase the 
driving force for further ferrite growth. A consequence of the precipitation of cementite from 
austenite is that its carbon concentration drops below , so that the growth of bainitic ferrite can 
continue to an extent larger than would be otherwise possible. 

0Tx

 
4. Conclusions 
 
The paper presents an investigation of the extend of bainite reaction in the case of cementite 
precipitation.  
 

The following conclusions were reached: 
 

1. Experimental measurements of volume fraction of bainitic ferrite and volume of the 
untransformed austenite indicate that there is a necessity of carbides precipitation during 
transformation. 

2. The carbon concentration of the residual austenite reaches the critical value represented by the 
T0 curve and renders the displacive bainite reaction to cease.  

3. The extent of transformation to bainite decreases when increasing the isothermal 
transformation temperature towards the bainite start temperature (BS). This is because the 
austenite can only transform to bainite if its carbon concentration is less than a value Tox  
given by the T0 curve. 

4. The carbon concentration of the residual austenite increases during bainitic transformation as a 
consequence of the increasing volume fraction of bainitic ferrite.  
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5. Precipitation of cementite leads to an increase of volume fraction of bainitic ferrite. Carbides 
locally reduce the carbon content of the parent austenite and increase the driving force for 
further ferrite growth.  

6. A consequence of the precipitation of cementite from ferrite or/and austenite during bainite 
reaction is that the resulting microstructure is not a pure ausferrite but is a mixture of bainitic 
ferrite, retained austenite and carbides. 
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Abstract

The article presents automatic films registration system for printed circuit board exposure units with a new proposed 
processing method, based on the Radon transformation.  The conditions and criteria of alignment deviation evaluation 
for selected registration marks were defined. Proposition of a mechatronic unit built on a base images from to 2 or 4 
movable cameras and 6-axis films positioning device is designed. Align film and panel for a solder mask targets 
images processing method, based on the Radon transformation, was used. Rules for 2- and 4-point films position 
optimization were created, as wells as marks and registration algorithms. Experimental results showing capability 
and limits of the registration system were presented. 

1 Introduction 
The manufacturing process of printed circuit boards (PCB) is complex. It consists of a 

sequence of complex operations. The PCB nevertheless it is single-sided, double sided or 
multilayer, is a base for electronic components assembly and it realizes electrical connections 
between them. Manufacturing cycle is conducted in a technological process consisting of 
following stages: exposure, development, etching, building assembly, lamination (for multilayer 
circuits), drilling, plating, solder mask applying and label printing. The whole process gets even 
more complicated when some connections in the multilayer printed circuit board are made using 
buried or blind holes. The majority of these stages require continuous control, which is in most 
cases conducted automatically in optical measuring devices. Geometry and electrical parameters of 
constructed circuit is measured to keep observed deviations within defined tolerance limits in order 
to reach the quality of the final product through applying required corrections to the technological 
process. Currently [1] the requirements for High Density Interconnect circuit boards are defined by 
an increased number of connections per area unit in comparison with traditional circuits. HDI 
technology reduces dimensions, weight and improves electrical qualities. Both minimal track 
width and minimal space width begins from 75 μm, minimal vias diameter from 150 μm, capture 
pads diameter from 400 μm and soldering pads density above 20/cm2. Complexity of printed 
circuit boards can be defined using following equation [3]: 
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� �� �� �

2
3. .OfHolesArea No No OfLayers

UnitAreaComplexityIndex
MinTraceWidth MinAnnularRing MinHoleDiameter

� �
� �
� ��

Parameters presented above are exemplary. They describe environment and requirements for 
circuit boards and also define conditions for the alignment system, which is the subject of this 
paper. In an exposure machine operation of transferring image from film onto a requested place of 
resist layer which covers a copper laminated plate, can be conducted in 3 modes: 
- outer layer, 
- inner layer, 
- solder mask. 

Each of these modes differently defines the term of optimal position of the film in accordance 
to the board and/or the second film. Film to film relation is especially important for the double-
sided exposure, which is mostly used for its productivity. 

For the outer layers drilled holes in the board are used as a reference, and the transferred image 
must relate to their position. The goal is defined very simply: a hole in the board, and an element 
from the picture on the film belonging to that given hole should be positioned with the smallest 
possible deviation in relation to each other during exposure process. For quantity criteria we’ll take 
position deviation defined like on Fig. 1, where as we see we can consider this as two deviations in 
the direction of OX  and  axes of Cartesian coordinate system, respectively dX  and , or 
geometrical sum  called process deviation for positioning procedure and representing 
distance between the center of the hole and the center of the corresponding element on the film. 

OY dY
dPD

Fig.1 Position evaluation of the elements of the film (circle with bigger diameter) and the hole in the board (circle 
with smaller diameter) with shown deviations dX, dY, and process deviation dPD. 

Since the minimal thickness of the ring surrounding the drilled holes in the board is one of the 
most important quality conditions, the position of the film has to be strictly related to the position 
of the drilled holes in the board during the exposure of outer layers. Taking into consideration the 
following plating process, reaching the limits of the acceptable deviation can lead to breakage of 
the surrounding ring and disqualification of a circuit board.  It is important to note direct relations 
between total deviation and the size of the circuit components on the film. If the total deviation is 
smaller, then the sizes of all elements also can be smaller. In this place it would be right to 
mention that even though our considerations are placed on the area of registration and exposure 
process, the total geometrical deviations of the final product can also be harmed by: geometry of 
the films, etching, lamination, drilling and other more detailed steps. In fact, registration process is 
only one of the several factors that have a direct influence on the final quality of the product, 
namely the circuit board. 

In most cases, for the inner layers we have to deal with a panel on both sides covered with 
copper and resist (dry or liquid). Also, inner layer mostly does not have any drilled holes and in 
this case registration has to be made only between the films. For this type of boards, it is required 
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to have top and bottom film in relation to each other given by specification, what in the end makes 
elements of one film match elements of the other. In the case of films’ only registration we can use 
the same criteria for evaluating deviations, and, like it was defined on the Fig. 1, we have to 
consider three values  i  and .dX dY dPD

Exposing solder mask is one of the final operations for the already assembled multilayer circuit 
board, when outer layers are already exposed, registration for the films has to be made in relation 
to what was previously exposed, developed and etched on the panel. Solder mask has a task to 
leave open only soldering points for electronic assembly: placing and soldering. If all elements of 
the PCB construction are minimized then also place for the mask has to match existing pattern on 
the outer layer and follow precisely conditions defined in the specification. 
It is evident, from the analysis presented above, that regardless of the mode of exposure the proper 
location of the film panel and / or second film is required. Evaluation of the registration process 
can be done by measuring the parameters of , ,  (deviations). Activities taken to 
minimize deviation values always will refer to the whole panel and in fact never to a single 
selected point. It is possible to define the following criterion (1): 

dX dY dPD

� � � � � � � �� �, , , , min , , , , ,dx dy d x y PCB dX x y dY x y dPD x y$; < =   (1) 
Presented criterion (1) describing conditions to evaluate registration process shows film 

position referring to the whole board area. It takes into account all the points lying on the surface 
of the circuit. Nevertheless, we will analyze only critical locations from the standpoint of 
technology and board quality requirements. So, instead of an infinite set of points to analyze we 
will always use a discrete set with contents depending on design and technological conditions. 

2 Proposed system 
In order to design system, criterion (1) was taken as a starting point. At the stage of registration 

we have to deal with deviations depending on different sources: 
- Changes of the film geometry depending on the imprecision of the laser plotter, changing 

line into curve and rectangle into polygon – all this is minimized by the proper calibration of 
the plotter, 

- Changes of the film geometry depending on their thermal stability. Exposure process may 
lead to film temperature increase and cooling process to temperature decrease. As a 
consequence, we will observe expanding or shrinking of the film and potential dimensional 
instability. Typically, dimensional deviations are limited to a given, defined value, 

- Random position deviations of drilled holes in the panel that depend on the precision 
restrictions of a numerically controlled drilling machine and tool (drill bits bending on the 
laminated surface of the panel). 

For the sake of our analysis we assume that the films registration process has to minimize 
deviations, with no dependence on the source that they are coming from. Measured deviations will 
be compensated by applying corrections to the film position in a way to minimize their impact 
within the predefined tolerances. 

The registration system should be a compromise between the number of measurement points 
on the board, the number of cameras used and the time needed to evaluate input data – images 
from all sources. Taking into account on one hand requirements and on the other the experience of 
production techniques for manual registration, two solutions were considered. The first uses two 
cameras and two marks on the board layout and films. In this case the marks are located centrally 
in the symmetry axis of two shorter sides of the panel. The second solution assumes the use of four 
cameras and appropriate marks located in the corners of the board. 

Regardless of the number of marks and number of used cameras, film positioning is aimed at 
optimization. Optimization has a task of minimizing the position deviations, which depend on both 
instable film size and variable location of the panel holes used as registration marks. 
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We assumed that the system can operate in two different tolerance modes, respectively: 
dimensional deviations (film to board) and alignment deviation. The basic mode is the mode of 
DA (Dimensions / Alignment), in which dimensional tolerance (2) and the alignment tolerance (3) 
are defined separately. In this mode, the measuring system will calculate position of the 
registration marks on the basis of processed input images from the cameras, and using this data 
will calculate separately dimensional deviations for both the films and the alignment deviations 
film to board or film to film. All calculated values will be compared with given tolerance values. If 
the dimensional deviation is greater than the dimensional tolerance ( ), system will stop 
registration procedure and an error message describing the reason will be presented to the operator. 
In the case of crossing the tolerance limit for the alignment deviations (

DT

AT ), the registration 
process will be repeated and new deviations will be compared once more with the given tolerance 
values.

Fig. 2. Dimensional deviation and alignment deviation  [dX, dY – alignment deviations (L – Left camera, R – right 
camera), PD – process deviation] 

Beside basic tolerances mode we have also a second one, which is in fact simplified, using just 
one value of tolerance called  (4) (process deviation tolerance). In this mode the value of 

 has a task to define a border for all values of  (Fig. 2) calculated for the every camera 
separately. We compare measured distances ( , ) between the center of the hole in the 
board and center of the mark on the film (both or single one, depending on the mode), and also 
distance between mark on both films, with a predefined value of PD n the PD ode we do not 
check separately the tolerances for dimensions and alignment, unlike the DA mode. Formally, the 
principle of tolerance rules with the use of DA ,

PDT
PDT PD

PDL PDR

T . I m

AT ,  be described in the following way 
(meaning of parameters shown on Fig. 2): 

PDT can

- DA  – dimensional tolerance 
dXL dXr DT� � (2)

- AT  – alignment tolerance 

max , ,
2

dXL dXR dYL dYR AT� � �
��

� �
� (3)

- PDT  – process deviation tolerance 
� �max ,PDL PDR (4)

where  - function to get maximum value from the comma delimited list of values. max

In the four point (marks) registration mode, the basic rule and optimization condition (5) is still 
valid. We proceed with an alignment of the film in a way that minimizes the value of � �max PD ,
measured using images from all used cameras, described as , where symbols 

 are representing corresponding 4 quadrants of the  coordinate system. Every 
camera  belongs to the corresponding corner of the board with associated reference hole and 
film marks. 

1 2 3, , ,CQ CQ CQ CQ4

4, ,CQ CQ� XOY

iCQ
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(5)� 1 2 3max , , ,PDQ PDQ PDQ PDQ �4

where  is a value of  measured in the corner of the board belonging to the quadrant i .iPDQ PD

Movements of the films can be described by parameters of a flat displacement, represented by 
offset and rotation value, corresponding respectively to movement along the OX  axis, movement 
along the axis OY  and rotation round the zero point of  system. Modified and generalized 
optimization criterion can be written as: 

XOY

� � � �� �1 2 3 4, , , min max , , ,dx dy d PDQ PDQ PDQ PDQ$; (6)
As we can see we search for the value of � �, ,dx dy d$  that minimizes the maximum deviation 
(6) at all points where the position has to be verified. This criterion also fits into the system with 
two sets of targets as well. In such case in the optimal position appropriate deviations will have 
following values (7):

PD

(7), 0,dXL dXR dYL dYR� � � � 0
Proposed arrangement to allow the positioning of films and plate is shown below in Fig. 3. 
illustrating the concept of the device for carrying out this idea. 

Fig. 3. Concept of the frame to position films and panel before exposure, equipped with cameras to check 
registration target location and critical deviations 

It consists (Fig. 3) of two frames, the lower /1/ and upper /2/, containing glass /3/. Top film 
/5/ and bottom /4/ has marks placed in the technological margin on the axis of symmetry of the 
panel’s short side for 2 target registration or in the panel corners for 4 targets registration. 
Eccentric rollers /18, 17, 16/ move top frame. Springs /25/ and rollers /19, 22, 20, 23, 24/ 
provide play less drive and roller bearings for vertical movement of the frame /2/. Panel /5/ is 
attached to the panel holder bar 11, also driven by eccentric rolls/12, 13, 14/ supported with a 
backlash springs /15/. Image with film targets and holes in the panel is projected thru an optical 
path /28, 29/ to image sensors /26, 27/ – CMOS cameras. Depending on the type and location 
of targets on the panel cameras with optical system moving in the directions ,x y .

Alignment of the films is a very important operation in the exposure process, but not the 
only one which has to be done to get a ready exposed panel. Usually before alignment films 
has to be loaded into the frame. During exposure and alignment they are fixed to the glass with 
a dedicated vacuum, also, they must be pre-aligned in relation to the initial panel location when 
loaded. Switching the unit into the proper mode can be done by selecting the given job. Job is 
defining not only a mode for alignment but also the type, count and location for targets, all 
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tolerances and tolerance mode, and other not alignment related parameters like: limits for the 
vacuums, time and the way how the panel must be exposed. Basic operations belonging to the 
exposure unit cycle are shown in Fig. 4. 

Fig. 4. Exposure unit cycle showing basic operations performed during run 

Exposure unit cycle Fig. 4 can be terminated as a result of positioning and exposing assumed 
number of panels or by the action of the operator depending on external conditions, or by 
equipment, taking into account the control parameters like, for example, thermal stability of films 
described above. Because the system automatically verifies the critical tolerances, the need to 
interrupt the process of alignment or exposure tasks can be transferred to the operator with a 
corresponding message describing exceptional conditions. 

From the side of film positioning application, it is important 
RunRegistrationForCurrentPanelAndFilms function Fig. 4. Detailed activities belonging to this 
action are shown in Fig. 5. It is assumed that before registration the camera will move 
automatically to the position of marks according to the selected job. Since each camera is equipped 
with two axes driven by DC  motors, a change in their location is done just by specifying the 
coordinates � �,xc yc  for the new target position. 

Fig. 5. Alignment cycle to optimize films position 

The target measurement process is described as MeasureTargets and is performed using the 
cameras. The calculated location of marks is used to evaluate the parameters, for each film 
separately. These values are the basis for determining the displacement for every of 6 axis used to 
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move films. The initial deviation is divided inside the function MoveFilmsToNewLocation using 
the variable "i" representing the next iteration and the parameter NumberOfSteps defining how 
many steps the system should take from a starting point the optimal position. Iterative approaching 
the optimal location is used to reduce the impact of hysteresis, backlash and stiffness of the 
mechanical system. 
The cycle of positioning shown on Fig.5 may be repeated if after turning on the contact vacuum 
inside the function StartContactVacuum (), required during exposure, the resulting position of the 
films or panel will be disturbed and final verification will measure deviations being bigger then 
defined tolerances. Contact vacuum is created in a sealed space between both glasses and includes 
films and panel (Fig. 3). Contact vacuum has a potentially negative impact on positioning result. In 
the exposure process it has a very important function – it provides direct contact between the resist 
and film. Direct contact is necessary to eliminate the effect of undercutting or shade, being a side 
effect of non parallel rays from UV lamp when exposing. 
To carry forward the process of alignment, system based on information from images obtained 
from cameras observing films and plate at a given location must be able to determine the values of 
relative displacements, using marks on the films and the hole in the plate. To do so, films and plate 
must be adequately represented in the image from the camera [7]. 

Fig. 6. A sample set of marks: 1 - for the upper film, 2 - for the bottom film, 3 - for the panel 

A sample set of marks is shown in Fig.6. At the same location like the hole in the panel, the 
bottom film has a mark in the form of a "+"and the upper film mark in the form of an 'x'. Sample 
sizes are: a hole diameter of 3mm, the thickness of the line marks "+" and "x" is 0.254 mm. The 
form of marks usually is matching the mode of operation and the type of panels. 

2.1 Image based marks position 

To read detailed information from each single camera is essential for the proper function of the 
alignment device. Therefore, for this purpose a modified image processing technique based on 
Radon transform, allowing rapid and accurate determination of straight lines in the image, was 
used

The Radon transform (TR) is defined as [6]: 

� � � �'cos 'sin , 'sin 'cos 'R f x y x y dy> # > > >
�4

�4

� � � > (8)

where
' cos sin
' sin cos

x x
y y

> >
> >

� � � � � �
�� � � � � ��� � � � � �

(9)

The Radon operator maps the spatial domain ( , )f x y  to the projection domain � �,# > , in which >
is the angle and #  the smallest distance to the origin of the coordinate system. The discrete Radon 
transform is a useful tool in image processing for detecting of lines in digital images. 
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Major key properties of the Radon transform is that a line in an image is transformed into a peak in 
the parameter domain, where the position of the peak corresponds the line parameter [4,6,9]. 

Analyzed class of images is characterized by regular shapes such as lines and circles (several of 
them with a common axis of symmetry). All of them will include the possibility of noise captured 
directly from images sources, the electronic camera, which have potentially negative effects on 
parameters values in the field of RT. Studied class of images can be described as a sum of the 
individual components: 

 ( , )  ( , ) ( , ) ( , )l o ef x y f x y f x y f x y� � �  (10) 
where ( , )lf x y  - a straight lines component of the image, ( , )of x y - circles component, and 

( , )ef x y - noise (Tab. 1). 

Tab. 1. Edge image and its representation in the RT domain for individual components 
Spatial domain Radon domain 

 ( , )f x y

( , )lf x y

( , )of x y

( , )ef x y

The proposed algorithm consists of two independent stages: 
- lines detection in the image, 
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- circle detection (position for circle axis of symmetry). 
As it was mentioned earlier, straight lines detection in the image ( , )f x y  is limited to the search 
finding local maxim (peaks) in the image transform. To limit the information contained in the RT 
coefficients original image is transformed with the use of Sobel filter. Radon transform is applied 
to the resulting image containing edges information. In the resulting array of RT coefficients, 
depending on the class of the analyzed image, search of 8 up to 10 local maxims is performed 
max-local  for � �� � max 'local n

R x> 6 71, ,10n= � . Using located angle >  and 'x  values position of 
individual straight lines can be calculated, depending on the position of individual marks needed to 
proceed with a alignment task the device. 
Knowing already, the characteristics of RT parameters for ( , )lf x y  defined by calculated straight 
lines parameters occurring in the given image, it is possible to calculate the for ( , ) ( , )o ef x y f x y� .
Mentioned decomposition of the edge images, the best is to make in the spatial domain, because 
when transforming the discrete image both ways (including its inverse transformation), some 
simplifications can take place (rounding) what may lead to a number of imprecision. 
The proposed method creates a synthetic image representing straight lines ( , )lf x y  - replacing 
(overwriting) information from the edge image. Resulting image is converted using the Radon 
transformation. The resulting RT coefficients represent concentric circles and noise only. 
In order to eliminate component ( , )ef x y  we propose to use the classifier based on the parameters 
of the circle. In the RT domain given circle is basically defined by two curves, parallel to each 
other. Distance in Euclidean space between them for any >  is equal to diameter of the circle. 
While the curve of arithmetic average value in the spatial domain is a circle center. It should be 
added that any two values of the curve are enough � �F >  to designate a point in spatial domain. 
Based on the above assumptions, for a classifier purpose, it has to be determined: 

� � � � � �� � � � � �� �'   ,   ,   , ,l o eR x RT f x y f x y RT f x y f x y> � � � �  (11) 
The resulting image we transform using Sobel filter, and the result of this operation we interpret as 
a graph of several curves of � � � �' kR x F> >5 , where  is the index of a point in spatial domain. k

Point to find (center of the circle) must meet the following criteria 
- for each >  couple � �kF >  and � �1kF >�  distance in Euclidean space  
- for any >  couple � �o nF >  and � �o n mF > �

� � � � � �� �6 7, max ,o o o n o n mx y iRT F F> > ��  (12) 

where  is a inverse Radon transform. � �iRT "

Given point is a center of the circle to find for a diameter  (see Fig. 7). d

Fig. 7. Circle representation in the RT domain 
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3 Experimental results  
The registration method described above and its implementation, like shown on Fig. 3, was used in 
the frame of exposure unit, for positioning the film in the outer layer mode. Marks placed on the 
films and panel in regard to propose shown in Fig. 6. Following results are presented below: 

- Results of alignment for the outer layers including the images obtained from cameras used to 
make final verification, 

- Assessment of marks position deviations for the films and panel  in relation to the calculated 
optimal value, 

- Example of verification for the films and panel alignment based on images from the 
measuring machine OPTEK Video Optical Coordinate Measuring Machine. 

(a) (b) 
Fig. 8. Image from the camera Q1; (a) Source image from the camera, (b) results of the image processing 

(a) (b) 
Fig. 9. Image from the camera Q2; (a) Source image from the camera, (b) results of the image processing 

(a) (b) 
Fig. 10. Image from the camera Q3; (a) Source image from the camera, (b) results of the image processing
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(a) (b) 
Fig. 11. Image from the camera Q4; (a) Source image from the camera, (b) results of the image processing

For the given alignment and definition of targets, on the Fig. 8, 9, 10, 11, images from cameras 
placed in quadrants 1, 2, 3, 4, marked as , are shown. Resulting position of films and 
panel marks reached during alignment process is presented. At this stage, the plate is ready for 
exposure. The image on the left is processed and the right one shows the result of image 
processing together with information describing the calculated coordinates of the marks. Deviation 
values in microns measured for all film marks in relation to the holes in the panel are shown in 
Fig. 12. All values obtained for the analyzed marks are presented in table Fig. 12, together with 
calculated values of  limited by predefined tolerances. 

1 2 3 4, , ,Q Q Q Q

, ,dX dY dPD

Fig. 12. The result of films and panel alignment (a). Coordinates of marks and deviation values (b) measured at 
the verification stage before exposure for the outer layer job 

Obtained values, like those shown on Fig. 12, are compared with calculated optimum. For each 
mark the  value obtained in the alignment process is compared with calculated optimal 
and the maximum difference is limited by the value of tolerance. Optimal position for both films 
and marks from our experiment are shown on Fig. 13 and 14. 

PD PD

Fig. 13. Calculated optimal position of the bottom film used for verifying alignment of the outer layer 
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Fig. 14. Calculated optimal position of the top film used for verifying alignment of the outer layer 

As shown in Fig. 13 and Fig. 14, the corresponding optimal values calculated for the  are 
respectively 37 μm  for the bottom film and 42μm for the top. Both values, when compared to the 
deviations obtained after alignment are respectively 44 μm and 54 μm, what gives 7 μm difference 
for the bottom film and 12 μm for the top. In this case, according to the algorithm from Fig. 6, 
depending on defined value of tolerance the board will be exposed for the tolerances  greater 
than 12 μm, and for the smaller ones alignment will be repeated. To move the films to the optimal 
position, which will make the difference between the values, obtained in the alignment and 
calculated, to equal zero, both films position adjustments must be made with the parameters: 

PD

PD

- Bottom film:   ,� �511, 15, 1.211dx dy d e$ �� � � �

- Top film:   .� �511, 15, 1.211dx dy d e$ �� � � �

Verification of the alignment system operation can be done by an external optical measuring 
device (OPTEK Video Optical Coordinate Measuring Machine). Images obtained from such 
system used for the verification are shown on Fig. 15. 

(a) (b)

(c) (d) (e)
Fig.15. Images used for alignment external verification with exposed and developed targets (a),(b),(c),(d), for bottom 

film obtained from measuring machine (OPTEK) and table (e) of values for quadrants 

The verification of the alignment process (Fig. 14) is only possible after exposure and panel 
development. Of course, such action is necessary only in order to confirm behavior of the 
alignment system, verify internal calibration and validate results. The maximum deviation of the 
measured values and the resulting positioning was less than 3 μm. 
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4 Conclusions 
The presented system can be used as a tool for very precise films alignment in the exposure unit, 
with user-defined parameters. Cameras and obtained images allow to measure special targets’ 
positions. Using position of targets measured on the base of image processing, current process 
deviations can be calculated and optimal film position as well. Alignment controller will use all 
those values to calculate displacement for the films, and using controller will move them into a 
location as close as possible to the optimal. Described process will minimize deviation for each of 
the films by appropriate corrections, evaluated and introduced independently for every film. 
Control for the alignment system is complex and requires taking into account many factors that 
may limit its accuracy, actually not mentioned in this paper. As a result, in addition to the basic 
alignment function, we get coordinates of film and panel marks that can be used to optimize, in a 
broader sense, process of manufacturing multilayer circuit boards. 
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Abstract

The system for 3D sculpture surface cutting using robot, based on a 2D picture was described in this paper. 
Picture pixels analysing system, using procedures of 3D tool path-hybrid; radial and X-Z Cartesian coordinates 
system, milling was presented. The original ROBOART software, designed for IRb60 robot milling, using special 
milling tool connected with robot wrist was showed and analyzed. 

  
Keywords: picture analyse, milling, robot machining, non-conventional milling 

 
1. Introduction 
 
The kinematic possibilities of robots [1,2,6] and applied software [11] make possible their use 

in many different jobs. Robots for surface machining are used in cutting [2,3,4,6,10] and grinding 
[2,6,8,11] processes. These solutions are cheaper than conventional numeric control machine 
sytems. Most surface processing with robots are programmed using CAD geometry model 
[6,10,11]. IRBCAM supports external axes, which can extend the workspace. Typical accuracy 
that can be achieved with an ABB IRB-type robot is 0.3 mm, with a repeatability of 0.1 mm and a 
workspace volume with radius up to 3.9 m. New idea of robot machining can be used for unknown 
surface geometry machining [6,8,9] and using robots for turning [6,10] or rapid prototyping [5,6]. 

Some CAM applications (ARTCAM [11], BOBCAD-CAM ART [12], BMP2CNC2 [13]) are 
useful to make a 3D CNC machining tool paths, based on a 2D picture. 

  

  

Fig. 1. Example of picture Fig. 2.  Picture from fig. 1 interpreted using BMP2CNC2 
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Fig. 4. IRb60  coordination of wrist move 

shadow or grayscale i o: adjust Z-axis depth, different tool overlaps, 

ld run with most computer numerical control routers and mills. Example of virtual model 2D 
image interpretation (fig. 1) is showed on Fig. 2 (made, using BMP2CNC2 DEMO - 12600 G-
Code  lines, simulate milling time 4 h 40 min). 

The new idea of 3D robot machining model, using 2D picture, elaborated in Production 
Engineering Department, University of Technology and Life Sciences (Bydgoszcz - Poland) is 
described in this article. Principles of idea and special 3D milling tool path software for IRb60 
industrial manipulator are presented and discussed below. 
 

2. IRb 60 robot control system 
 
In the Department‘s of Production

r b ts for manufacturing have been co
ustrial robot with a modified control system was used. Robot was controlled using computer. In 

this system the manual control panel was combined with the computer via a special interface with 
16 relays, controlled by the LPT [7] (Fig. 3). 

Direct use LPT interface due to the number of channels did not provide the control capabilities 
of all robot‘s five axis, gripper and speed settings. To exhaust all robot‘s controll possibilities for 
increase the number of supported transmitters multiplexer was used. But this limited the possibility 
of use only one sequence of robot‘s movements at the selected speed from the palette of available 
values. This is a serious limitation of the developed system control. At the same time, due to the 
use of mechanical relays, control ability is limited by steps providing the possibility to obtain high-
precision displacement and variable speed control. 

Control system for IRb60 allows controlling movements of the robot head in one plane in the 
X-Z Cartesian coordinates directions x, z (Fig. 4). This possibility comes from the construction of 
control system ensuring the submission of rotation in two axes to obtain horizontal and vertical 
movements of the wrist. Lateral movement is performed in a radial coordinate system around the 
robot rotation axis (Fig.4). 

 

 

Fig. 3. IRb60 control system [7] 
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3. Machining system solution 
For to the IRb60 robot, according with kinematics constraints and the implemented control 

system, the concept of pixel image analysis and robot control system for surface machining were 
developed. 
 

3.1. Pictures analysis 
 

The essence of the applied control solutions relief treatment is use of image’s scans due to the 
brightness level of pixels and the proper interpretation of these values on the axis z displacement 
scale. This enables to a 3D visualization of the analyzed image (Fig. 5). Modernized process was 
used for surface machining using robot. To avoid unnecessary operations in the radial 
transformation for the Cartesian system a hybrid Cartesian-radial robot system of image analysis 
was made (Fig. 6). This simplified the procedure for machining tool racks correction in 
accordance with the local gray-level image by the trajectory consistent with the radial robot 
system.  

Develop  procured in three the 
image, selection the area of picture for robot milling was made (Fig. 5). The second one 
determined the trajectory of tool movement in the horizontal plane in accordance with the selected 
machining area (Fig. 6). This meant the creation of grid tool movements with successively 

d rotation. This data was saved in a G-Code. In the third stage 
after switching to the m

ovements depend on the pixels brightness and the scale of the interpretation, adopted 
of graphic black-and-white image obtained possessed two levels in 

t

ing a machining procedure steps. In the first step analysis of 

increasing arc radius of the robot hea
achining process the movement of the robot wrist was followed with tool 

in accordance with the established trajectory. The xi - yi position in radial system was calculated 
(Fig. 7, Fig.8), which illustrates the visualization of the trajectory of the tool tip. The tool’s 
“vertical” m
by gray shades. In the case 

eight. h
 

 
 

Fig. 5. Area of picture analyse Fig. 6. Trajectory of picture pixels analyse 
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Fig. 7. Coordination of radial system 

 
3.2. Machining control software 

 
The ROBOART control software (fig. 9) was d  in VB6 environment ing to the 

approach presented.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Algorithm of radial system calculation 

eveloped , accord

 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Main form of  ROBOART software 
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The developed program includes a manual control panel for robot‘s movements. It can be used 
 bring the tool in machining zone. In addition, the program includes: 

a) USB camera panel, 
b) image analysis panel, 
c) visualization processing panel,  
d) trajectory code tool panel.  

Selection of an area of image analysis (indicating the area of processing) is performed by two 
orner points of the image (corners: lower left and upper right). After entering the distance 
etween the lines of the trajectory G-Code is generated (G-Code button) according to which stage 
f processing is done with on-line analysis of image pixels, by starting with NC run button. The 
sults of this analysis are transferred to the robot. The trajectory of the robot commands are added 
 the vertical displacement imaging according to the generated file G-Code (fig. 9). Source 
ages for the processing of the robot may be placed in a file or simultaneously obtained by using 

 USB camera. 
 
4. Conclusions 

 
orking robot. By using the 

nce with the procedure significantly reduced, in compare with number 
rs. Because of  direct control of the IRb60 robot via a PC control 

. The G-Code analysis system is used to control the 
e state of pixels in the image and also on-line used to control 

ver

ing from University of Technology and Life Sciences (POLAND, 
articipated in the old generation of IRb60 robot computer system control 
ents. This created the possibility to perform very progressive jobs [3-10]. 

[2]

T.: Surface shaping with industrial robot. 1st International 
n of the Robots and Manipulators” OPTIROB-2006, Predeal, 
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Presented in the paper CAM system is a novel application of the w
robot kinematics in accorda
of the BMP2CNC2 code orde
code has been reduced to a minimum
acquisition of information about th

tical machining tool movements.  
The developed system is in a trial phase. An additional advantage of the system is able to 

directly obtain an image from a system connected by USB camera. It’s important end expected to 
carry out tests according to the time-consuming processing of automatically generated programs.  
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Abstract
 
  In the paper there were presented tests results which were aimed at determination of the influence of the butt 
welds on fatigue life. Basing on  the comparative analysis of the fatigue tests results of welded joints and specimens 
without butt welds it was found that fatigue life of the welded joint undergoing the mechanical working is comparable 
with the fatigue life of the homogeneous material. The Locati method used during the tests allows for the approximate 
determination of the fatigue limit.    

Keyw   
ords:  welded joints, fatigue life of construction elements  

1. Introduction 

 The idea of construction element is inseparably associated with existence of various types of 
notches formed for designing reasons or occuring as a result of various technological operations 
including welding process. Because of that, joints are natural locations of fatigue cracks initiation 
which, when developing, may lead to serious failures or catastrophes [1].  

Research work presented in this paper is a part of a research program carried out in the 
framework of doctoral dissertation. Its main aim is the fatigue life improvement of welded 
elements. In this work there were presented preliminary tests results, which aim to determine the 
influence of butt weld on static strength and fatigue life of welded joints. 

 
2.  Description of tests
 

Specimens used in the tests were made of 355J2+M steel according to standards [2] and [3]. 
They were cut out from two 180E channel irons joined with butt weld. The location on channel 
iron  from where the specimens were cut out is shown in Fig. 1.

After specimens have been cut out they were subjected to mechanical treatment (milling and 
grinding). In order to define the influence of butt weld on static strength and fatigue life, 
specimens made of homogeneous material were also prepared (Fig. 1 – specimens without welds). 
Specimens without welds were given the same mechanical treatment as the samples with welds. 
Before fatigue and static tests the specimens with welds underwent the non-destructive tests.  

Static tests were performed according to the standard [2]. They were performed on Instron 8501 
strength machine. Specimens strains during static tests were measured with the use of 
extensometer of gauge length – 50 mm.   
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Because few specimens were accepted in the tests (3 specimens) and because of practical aim of 
the tests (quantitative valuation of the welds influence on fatigue life) they were performed with 
the use of preliminary Locati method [4, 5, 6].  

 

Weld 
Specimens with weld

Specimens without weld

Central part of 180E channel iron

 

Fig 1. The location of specimens on channel iron 
   
Locati method can be used when approximate data describing fatigue properties of given group of 
elements are already known, for example shafts, cog wheels, in the form of fatigue diagram 
equation described  with the equation:  
 

log 'a = a " log N + b            (1) 
 

In Locati method a specimen is under gradually increasing loading (Fig. 2a).  
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Fig 2. Model to define fatigue limit with the use of Locati method: a) loading program, b) interpretation of 
results

   
On each step the same number of loading cycles ni is performed (in this test ni =105 cycles). 

The stress increase �'( depends on test conditions and volume of loading (in this test �'�20 
MPa). The stress level on the first step ('a1) should be lower than determined fatigue limit Zrc(2) (in 
this test 'a1=180 MPa). Final loading, however, for which the failure of the element takes place, 
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should be higher than upper fatigue limit Zrc(3). Loading frequency accepted during the test was 
equal 5 Hz. In fatigue limit calculations with the help of Locati method the Palmgren-Miner 
fatigue damage cumulation hypothesis is used [7, 8]. According to this hypothesis fatigue failure 
appears when:  

! �1
i

i

N
n

      (2) 

 
where:  
ni – number of  loading cycles on stress level 'ai, 
Ni– number of loading cycles until fatigue failure on stress level 'ai. 
 
In Fig. 2b there was presented graphical interpretation of Locati method. Fatigue curves 1, 2 i 3 
(Fig. 2b) limit the area of dispersion of fatigue tests results from the bottom and top. This 
dispersion is most often unknown, so the curves, in such a case, will have approximated courses. 
The damage cumulations Ani/Ni are calculated after tests with the use of individual fatigue curves 
and performed loading programs. Mostly, none of the sums Ani/Ni equals 1,0. So for final 
determination of fatigue limit an auxiliary curve is produced for the interpolated determination of 
fatigue limit. Detailed description of Locati method can be found among others in the work [4]. 
 
3. Test results 

3.1. Static tensile tests
 
 The results sample of static tests are shown in Fig. 3 (curves of static tensile). 
 

ReL ReH Rm A      
Curves 

Specimen 
type  MPa % 

  With weld 439,2 442,8 546,7 16,9 
 Without weld 422,4 452,5 545,2 25,2 
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Fig . 3. The results of static tensile tests 

  
 As it was expected, during static tests no significant influence of butt weld on strength was 
observed (Fig. 3). On the basis of comparative analysis of strength parameters it can be stated that 
influence of weld is visible only as decreasing of the total elongation of the specimen until failure 
(A). Specimens with welds are characterised by smaller elongation (about 32%). In the case of  the 
other parameters (Rm, ReH, ReL) weld had no significant impact on the results. 
 The cracking of all the examined specimens took place within the gauge length of 
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extensometer. As it was expected the cracking of the specimen with weld occurred always outside 
the welded area (Fig. 3). Detailed examination of the cracks did not show any defects or 
interferences. The shapes of damages of examined specimens are shown in Fig. 4 and 5. 

 
 

Fig. 4. Shape of damage of specimen without welds 
 

 
 

Fig. 5. Shape of damage of specimen with weld 
 
3.2. Fatigue tests 
 
 Fatigue cracks of the specimens without welds occurred in the measuring area or in the place 
where measuring area turns into grappling area. Fatigue cracks of the specimens with welds 
occurred in the area of thermal influence or in the place where measuring area turns into grappling 
area. The location of cracks in specimens with welds (outside the welded area) is the proof of very 
high quality of welds. The shapes of cracks in both types of specimens are shown in Fig. 6. 
 Basing on the comparative analysis of the cracks which occurred in specimens with and without 
welds it can be stated that welds had no influence on the shape of damages. The above statement 
was proved by the results of comparative analysis of cyclic properties and fatigue life of the two 
types of specimens.  
 
a) b) 

  
 

Fig 6. Shape of cracks in specimens with welds in the measuring part of the specimen 
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During analysis of the fatigue tests results, there were used momentary force and strain values of 
the specimen recorded for chosen loading cycles on succeeding levels of loading program. (Fig. 
2a). In Fig. 7 there are shown an examples of one hysteresis loop which corresponds with the first 
loading cycle for each step of loading program.  
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Fig. 7. Hysteresis loops recorded during tests (specimens without welds) 

 
Basing on the analysis of the presented diagrams it can be stated that for the last three levels of 
stress ('a=300, 320 and 340 MPa) in the result of oscillatory loading there occurs stress - strain 
loop, which proves the presence of plastic strains on these stress levels. The above was observed 
both in samples with and without welds. On the basis of recorded loops it can be stated that 
although the level of stress was controlled,  ('a=const) strain symmetry occurs on respective steps 
of loading program. Average strain values close to zero can be the proof of this. What is more, in 
spite of the stress controlling, no cyclic creeping of the material, which is often observed in such 
conditions, was observed.  
In this paper there was carried out the comparative analysis of cyclic properties of the specimens 
with and without welds. During analysis the parameter of hysteresis loop (range of strain change 
�% ) was used. Interpretation of this parameter was shown in Fig. 8 on the example of loops 
obtained for two stress levels ('a=320 and 340 MPa). In Fig. 8 there were shown changes in range 
of strain �%( in the function of the loading cycles number on succeeding stress levels obtained for 
both types of specimens. 
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Fig. 8.  Range of strain change �%( of the specimen in relation to the loading cycles number and stress level 
 
Basing on the location of curves of the range of strain changes �% it can be found that specimens 
with weld is characterised by smaller range of strain changes than the specimen without weld. 
However, those differences are very small and practically disappear on the highest performed 
levels of stress amplitude ('a=320, 340 MPa). On these levels significant increase of strain range 
is also observed.  
Narrower strain range �%( on the individual loading levels of the specimens with weld can be 
explained by its diversified material properties in the area of measuring length (about 30 mm). The 
welding material (about 10 mm) is characterised by significantly higher strength parameters than 
strength parameters of joined elements. The above observation was verified in many works, among 
others, in the work [1]. Diversification of cyclic properties of the specimens with and without 
welds is illustrated by mutual location of diagrams in %(�('( coordinates system (Fig. 9). These 
diagrams were obtained by joining coordinates describing the vertices of hysteresis loop on the 
succeeding levels of loading (Fig. 7).  
 Quantitative similarity of specimens strains which were recorded on different levels of loading 
was confirmed by fatigue life results. The specimens with and without welds cracked on similar 
stress levels. In Fig. 9 there were confronted results of total life Nc (Table in Fig. 9b) obtained for 
the specimens with and without welds. 
 The results of fatigue life obtained under gradually increasing loading were used for the fatigue 
limit calculations. Calculations were performed according to the description presented in point 2. 
In calculations, there was used the equation (1) of fatigue diagram obtained from the fatigue tests 
of the specimens made of 18G2A steel. During calculations of fatigue limit, the optimization 
procedure was accepted, which allows to find a parameter b (for which cumulative sum of 
damages in gradually increasing loading described by relation (2) is equal 1,0) when constant 
factor of fatigue curve a is given and base number of cycles Ng is assumed.  
In the tests as a base cycles number of fatigue Ng =107 was accepted. Obtained results of fatigue 
limit calculations for specimens with and without weld are shown in Table 1.  
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Basing on the presented results it can be stated that both kinds of the specimen have similar 
fatigue limit Zrc. It is equal accordingly: Zrc=212,4 Mpa - for the specimen without weld and 
Zrc=218,6 MPa- for the specimen with weld.   
 
a) b) 
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    Table 1. Results of fatigue tests 

Sample 
type 

Sample 
no Ncni'ai

1 2 3 4 5 

Fig . 9. The results of fatigue tests: a) loading program, b) results of fatigue life 
 

The fatigue limit can be approximately estimated when temporary tensile strength of the 
material Rm is known. On the basis of analysis of many previous tests results it was found that 
fatigue limit Zrc for standardized or thermally improved carbon steel and alloy steel is equal about 
0,35Rm [9]. Basing on the results of static tests, which are shown in point 3.1, fatigue limit of 
specimens with and without welds was determined. Obtained calculations results are presented in 
Table 2 (column 5). 

 
Table 2. Fatigue limits from tests and calculations  
   

Type of specimen Specimen marking Zrc (Locati) 
MPa 

 Rm
MPa 

Zrc=0,35Rm 
MPa 

1 2 3 4 5 
Sample PR1 205,3 
Sample PR2 218,1 
Sample PR3 213,9  Without weld 

MEAN 212,4

546,7 
  

191,3 
  

Sample PRS1 217,2 
 Sample PRS2 224,5 
Sample PRS3 214,1 With weld  

MEAN 218,6

545,2 190,8 

 
Basing on the obtained results it can be stated that the fatigue limit determined with the use of  
static tensile test data is lower than fatigue limit defined with the use of Locati method.  
 
4. Summary 
 

Basing on the comparative analysis of fatigue tests results (shape of cracks and fatigue life) it 
can be stated that welds present in specimens have no significant influence on them.  
 The results obtained in the paper confirm the literature data which state that fatigue life of 

Pr1 320 5800 355800 
Pr2 340 2100 402100 

Without 
weld 

Pr3 320 35000 385000 
Prs1 340 4250 404250 
Prs2 340 21060 421060 

With 
weld 

Prs3 320 35560 385560 

171



welded joint when exposed to mechanical treatment is comparable with the fatigue life in 
specimens made of original material (without welds).  
 Accelerated methods of calculating the fatigue life (Locati method) and methods based on the 
static tests results allow to estimate roughly the fatigue limit. 
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Abstract
 

In this paper there were presented test results of low cycle fatigue (LCF) behavior of martensitic cast steel under 
constant-amplitude loadings. Analysis of stabilization course was carried out by using two parameters of hysteresis 
loop. It was found that among physical quantities used in description of the fatigue process  there was no one which 
would be insensitive to the changes of cyclic properties. Parameter, which was less sensitive to the changes of  cyclic 
properties was plastic strain. 

Keyw   
ords: cyclic properties, softening, fatigue life, martensitic cast steel 

1. Introduction 

The range of low cycle fatigue (LCF) in metals in comparison to the range of high cycle fatigue 
(HCF) basically differs in value of observed plastic strains during cyclic loadings. Cyclic plastic 
strains generate complex series of phenomena in a material which depend on many factors [1,2,6, 
7,9]. Generally they are called fatigue changes. Various physical quantities, which are calculated 
and measured during cyclic loading, can be accepted for their description. The most important 
ones include such hysteresis loop parameters as %ac, %ap,(%ae,('a,((Fig. 1)[8].  

 
 '(
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Fig. 1. Hysteresis loop with its basic parameters 
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Some of these parameters can be treated as criterial quantities which at present are employed in  
description of the fatigue process (strain, stress description) [3,4]. These descriptions are 
phenomenological and they are not directly connected with the real metal structure and physical 
character of occurring changes [5].  Observed relationships  in various periods of fatigue life 
among hysteresis  loop parameters and  the number of loading cycles N are generally called cyclic 
properties and their values may change. When the cyclic properties changes, then this situation is 
called cyclic hardening or softening or when it is constant it is called cyclic stabilization. The 
research problem is both analytical description of the course of changes of cyclic properties  
during irregular or constant amplitude loadings  and possibility to predict this course.    
 The main aim of this paper is the determination of the influence of strain level on the course of 
cyclic properties. The additional aim is an analytical description of changes of cyclic properties 
and also sensitivity of specific parameters of hysteresis loop to the changes of cyclic properties.  
 
2.  Description of tests  
 

Specimens for the tests were made of GX12CrMoVNbN9-1 martensitic cast steel. The shape 
and dimensions of the specimens were in agreement with the standard [8] (Fig. 2.).  
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Fig. 2. Shape and dimensions of specimens used in tests 

 
Fatigue tests were preceded by carrying out static tensile tests. The specimens used in the tests are 
shown in fig. 2. The specimens underwent increasing loading with the rate of machine piston 
displacement speed of 0.05 mm/s. Specimen’s elongation was measured by a 12.5 mm gauge 
length axial extensometer with measuring range of 3.75 mm. The static tensile tests were carried 
out under temperature of 20oC.  During these tests momentary loading forces and elongation of the 
specimen were recorded. After analyzing static tensile tests five levels of total strain %ac were 
accepted in low cycle tests according to table. 1.  
 

Table 1. Parameters of loading programs 
Course of loading Parameters(

 %

% a
c

t
 

%ac1=0.25%  
%ac2=0.30% 
%ac3=0.35% 
%ac4=0.50% 
%ac5=0.60% 
(f=0.2 Hz 

 

LCF tests were conducted under controlled total strain %ac=const. The same procedure of 
measuring strain was employed for static tensile test. Test temperature of 20 oC and frequency of 
0.2 Hz were employed. Accepted sampling frequency of force signal and strain signal allowed to 
describe loading cycles with set of 200 points. As the end criterion of the fatigue test, the 
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deformation of hysteresis loop (during semi cycle of compression) is accepted. During the tests 
momentary values of loading force and strain for selected loading cycles were recorded.  
 
 
 
3. Test results 
 
3.1. Static tensile tests   
 
 Static tensile tests results are shown in Fig. 3a – in stress ' - strain % coordinate system. Stresses 
in the specimen under tensile loading were calculated as the ratio of momentary value of loading 
force per cross-sectional area before the specimen loading. 
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Fig. 3. Stress-strain curve: a) full plots, b) levels of total strain employed in LCF 

 
Stress-strain curve was minutely investigated to determine basic strength parameters. The most 
important results are collected in table in Fig. 3a. Figure 3b illustrates a part of stress-strain curve 
which is bonded only to strain of 0.8%. Strain levels accepted in the fatigue tests were placed on 
this graph.  
 
3.2. Fatigue tests 
 
 Analysis of cyclic properties of cast steel specimens was carried out with the use of hysteresis 
loop parameters (%ap(and 'a)(which influence directly the test results (according to [8]). 
Momentary stress values ' in the specimen were calculated by dividing momentary value of 
loading force by cross-sectional area before the specimen was loaded.  

During LCF changes of the basic hysteresis loop parameters were observed in the function of 
the number of cycles. The above is the proof of the changes of cyclic properties of tested material. 
In the result of the changes, the shape of  hysteresis loop registered during various periods of 
fatigue life also changes. In order to illustrate this problem in Fig. 4 there were presented 
exemplary hysteresis loops which were obtained only for two levels of strain - the lowest 
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%ac=0.25% and the highest %ac=0.60% in various periods of the fatigue life. The numbers of cycles 
corresponding to the presented loops are placed on the diagram. 
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Fig. 4. Hysteresis loops obtained for two levels of total strain and during various periods of fatigue life: 
 a) %ac=0.25%, b) %ac=0.60% 

Basing on the presented hysteresis loops it can be stated that on both levels of strain changes of the 
loops are noticeable with increasing of the number of cycles. Stress amplitude decreases and 
plastic strain amplitude increases with increasing of the number of cycles. In Fig. 5. there are 
presented the courses of stress amplitude 'a and plastic strain amplitude %ap in the function of the 
number of loading cycles obtained for all implemented levels of total strain %ac. 
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Fig. 5. Changes of hysteresis loop parameters for five levels of  strain: a) 'a=f(n), b) %ap=f(n) 
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Basing on the obtained results it can be stated that momentary values of the loop parameters ('a
and %ap) depend on fatigue damage degree (the number of cycles) and total strain level %ac. In order 
to illustrate course of changes of cyclic properties and to discuss characteristic stages 
accompanying the fatigue process  in Fig. 6 there were shown example diagrams of changes of 
loop parameters ('a and %ap) for the highest level of total strain (%ac=0.60%). 
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Fig. 6. Changes of hysteresis loop parameters for total strain level of %ac=0,6 %: a) 'a=f(n), b) %ap=f(n) 
 
Basing on the analysis of diagrams (Fig. 5-6) it can be stated that independently on the level of 
total strain in the course of changes of the hysteresis loop parameters, three distinctive stages can 
be drawn: 
Stage I – cast steel clearly softens. Characteristic feature of this stage is high speed of softening 

which decreases with increase of the number of cycles. Length of this stage depends on 
the level of strain and equals from 5 % of all cycles Nf  until failure on the level of 
%ac=0.25%  to about 25% of all cycles on the level of %ac=0.60%.   

Stage II – hysteresis loop parameters change insignificantly. Softening speed is constant. Length 
of this stage covers about 50% of all cycles until failure on the level of %ac=0.60 % and 
about 90% of all cycles on the level of %ac=0.25 %   

Stage III – cast steel undergoes further significant softening, the speed of which increases. Crack 
initiation takes place here and eventually leads to fatigue failure. The length of this stage 
depends also on total strain level with the range from a few percent (for %ac=0.60%) to 
15%   (for %ac=0.25%) of all cycles until failure.       

 
The characteristic stages of changes of cyclic properties of the martensitic cast steel can be 
observed both on the diagrams which depict changes of stress amplitude 'a=f(n) and diagrams of 
plastic  strain changes %ap=f(n). Independently on the total strain level, the stage II is always the 
longest stage.  
An attempt was made of analytical description of changes of the hysteresis loop parameters for the 
stage II in the function of the number of loading cycles. Description was made in semi logarithmic  
coordinate system with the use of the following equations: 

 
'a = a " log N + b - for stress('a     (1) 

((((((%ap = a " log N + b      - for strain %ap            (2) 
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In Fig. 7 there are shown diagrams of the stress and the strain in the semilogarithmic coordinate 
system (semi-log plots logN-'a in Fig. 7a and logN-%ap in Fig. 7b) in the function of the number of 
cycles. The tables of slope values are also presented here. 
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Fig. 7. Changes of hysteresis loop parameters during II stage of fatigue life: a) 'a=f(n), b) %ap=f(n) 

Basing on the presented diagrams it can be stated that during stage II of fatigue process, changes 
of cyclic parameters can be approximated by power function. Confirmation of this fact are high 
values of coefficient of determination  R2. Moreover it can be stated that both parameters (%ap and
'a) were constantly changing without visible stabilization period. Magnitude of changes of the 
hysteresis loop parameters depends on the total strain level. For the 'a stress the most significant 
changes take place for the lowest total strain levels whereas for the plastic strain %ap the most 
significant changes are visible for the highest total strain levels. Changes of slope values in the 
function of total strain level %ac are shown in Fig. 8. 
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Fig. 8. Slopes of the regression line describing hysteresis loop parameters according to the level of total strain 
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The comparative analysis of the slopes values allows for a statement that among assumed 
hysteresis loop parameters changes in the function of the number of loading cycles are lower in the 
case of the stress amplitude 'a for all accepted strain levels. Obtained results have very essential 
practical meaning. This is so because they confirm validity of conducting LCF tests under both 
controlled total strain (%ac=const) and stress ('a=const).        

 
4. Conclusions 
 

1. Martensitic cast steel is a material, which significantly softens during LCF tests. Process of 
softening is visible on all strain levels.  

2. Course of the softening process can be divided into three characteristic stages with 
different speed of softening. Independently on the total strain level there always occurs the 
stage where the softening speed is constant. In this stage changes of the hysteresis loop 
parameters('a  and %ap) can be described by a power function.   

3. Among hysteresis loop parameters, the one which is less sensitive to changes of cyclic 
properties of cast steel is the stress amplitude. 

4. Lack of cyclic stabilization of the cast steel in the strain and stress approach demonstrates 
the need to search for other hysteresis loop parameters which would be insensitive to the 
changes of the cyclic properties. For example such a parameter is plastic strain energy 
described by the area of hysteresis loop. This parameter takes into account mutual 
interactions between stress and strain, therefore energy description is being accepted as 
more relevant than stress and strain description.         

5. Conducted tests of the cast steel softening included only constant-amplitude loadings. In 
order to generalize formulated conclusions it is necessary to verify observations under 
irregular loadings.  
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Abstract 

The article deals with a theoretical analysis of electrochemical machining using a tool electrode with curvilinear 
profile, vibrating into two directions.  

Physical phenomena occurring within the interelectrode gap have been described by a partial differential equa-
tions resulting from the balance of mass, momentum and energy of the electrolyte flowing through the gap. 

Equations formulated in the paper which describe the work-piece surface shape evolution and the electrolyte flow  
(mixture of fluid and gas) through the gap, were simplified by means of assumptions concerning the flow, distribution 
of the volume fracture, and the gap thickness Then, they were solved , in part analytically, and in part numerically. 
Calculations were performed for the assumed  machining parameters, with presentation of  the calculation results in 
the sections across and along the interelectrode gap. 

In the charts, the electrolyte longitudinal and transverse flow rate distributions, pressure, temperature distribu-
tions and distributions of chosen physical quantities of the electrochemical machining machining are demonstrated for 
the considered case of electrode vibrations synchronization. 

Keywords: ECM machining, computer simulation, oscillating electrode 

1. Introduction 

 Current pace of development and market demands motivate people to introduce innovations and 
improve already existing  products.  This, in turn, results in creation of specialist modules and inde-
pendent modelers for the design of objects based on free curvilinear surfaces modeling, e.g. of  
NURBUS type. Representation of NURBUS is the most universal representation form for curviline-
ar surfaces and surfaces for all applications in the field of CAD-CAM or computer graphic [4]. 
Mathematical description of these surfaces is quite complicated due to their being curvilinear  which 
makes it difficult to model the processes occurring during ECM.  
 Apart from the electrode geometry determination , the choice of  the electrolyte composition and  
the machining parameters is of great importance for the design of a technological machining process 
with the use of a curvilinear tool electrode. 
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During the  constant process, the electrode usually performs  translation  in the direction of the 
machined surface. The electrolyte is supplied with relatively high velocity  to the interelectrode gap 
causing that  dissolution products are carried away from the interelectrode space. 

Hydrodynamic parameters of the flow and properties of the medium determine the processes of 
mass, momentum and energy exchange within the interelectrode gap. Properly chosen, they prevent 
from formation of cavitation zones, critical flow, circulation, excessive  rise of the electrolyte tem-
perature and volume fracture [1,2]. The listed above processes are closely related to each other and 
they largely affect the shape and applicability of the machined surface [6,10,11].
 Due to the machining  accuracy the process should be performed with possibly small thickness of 
the interelectrode gap. With the use of constant current, decreasing the gap thickness  is connected 
with  the increase of volume fracture in the electrolyte and its temperature. Use of gaps smaller that 
0,1mm is limited by possibilities of dissolution product  removal from the  machining  area [9]. In-
troduction of the electrode tool vibrations results in changes of the interelectrode gap thickness dur-
ing the process of machining which, with a minimal gap, allows for improvement of the machining 
accuracy. Whereas, with a maximum gap, there are created good conditions for the electrolyte ex-
change. The electrode vibrations induced into two directions improve the machining accuracy in all 
the directions normal for curvilinear surfaces. The electrode vibrations synchronization additionally 
influences the process conditions.  
 For the purpose of appropriate choice of the process parameters and determination of the elec-
trode geometry, mathematical modeling of phenomena occurring within the interelectrode  gap is 
indispensable. 

2. Mathematical modeling of the process 

 The purpose of modeling is a mathematical description of ECM process, which allows us to 
determine: 

- the connection of the shape of the tool electrode (TE) and work piece (WP), 
- the conditions in the inter-electrode gap (IEG), 
- basic  characteristics of the ECM process for vibrating electrodes. 

 For the considered curvilinear surfaces of the electrodes a superposition method of the obtained 
equations describing the two-dimensional electrolyte and hydrogen flow was used. The flow was 
considered in the local xy-system determined by the vector normal to the work electrode surface. 
The calculations were made for the consecutive xy surfaces defined along the Z-axis (Fig. 1). The 
coordinate systems were connected to the anode. 

a) b)  

Fig. 1. Area flow of electrolyte in interelectrode gap: a) the shape of the electrodes, b) local coordinate system xy 

 The system of equations describing two-dimensional flow of the electrolyte and hydrogen 
through the interelectrode gap results from the principles of mass and momentum preservation [3]. 
 Having introduced the following denotations: 
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- electrolyte flow is stable, two dimensional, homogenous,  
- pressures pe = pH = p,
- volume fracture �=�(x),
- the gap thickness is small compared to the interelectrode gap length (h << L ), 
- IEG power supplying with a constant volume flow of Q=const electrolyte. 

The equation system of the compound motion in the local orthogonal system of coordinates x,y 
connected with the anode (Fig. 1) is as follows: 
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where: – current efficiency of gas emission, 
h – the inter-electrode gap height,

– hydrogen electrochemical equivalent, 
�e – the electrolyte dynamic viscosity,

 a, aT – thermal diffusivity coefficient in laminar and turbulent motion [7,8], 
e, H – density of the electrolyte, hydrogen,
cp – specific heat of the electrolyte, 
� – electrolyte conductivity.

 Equations (1-4) should satisfy the following boundary conditions for: 
� flow rate

0, 
yx vv  for   0
y ,

 for hy 
 ,
� pressure

p = pz   for   x = xz, 
� temperature:

– on the walls: T = Ts   for   x� xw  i  y = 0  and  y = h
– on the inlet T=Tw

where: xz – coordinate of the interelectrode gap end, 
Ts – temperature of electrodes, Tw – temperature on the inlet. 

2.1. Motion equation integrals 

Having introduced dimensionless quantities defined by formulas: 
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motion equations, describing flow of the electrolyte and oxygen compound, can be presented in 
the form: 
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Quantities denoted by index ‘zero’, are mean quantities within the considered flow area,
 -  Reynold’s modified number.

In motion equation (5)  Reynold’s modified number is the system small parameter. Thus, its 
solution can be found in the form of a power series in relation to � in the form:

(7) 

Substituting series (7) into equation motion (5), and the flow continuity equations (1), ordering 
and grouping expressions in relation to the same powers λ, for linear approximation in a dimen-
sional form, the following sequence of equations can be obtained:
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Boundary conditions are now in the form: 
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Having solved the obtained sequences of equations (8 � 12), and using boundary conditions

(19) and (20), we obtain the field of velocity and pressure, respectively:

 (15) 

(16) 
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(17) 

In order to account for a turbulent flow through the interelectrode gap, in an orthogonal coordi-
nate system,  dependencies describing distributions of the rate,  have been accepted:

(18) 

(19) 

where: maximum longitudinal flow rate in the cracks cross-section when 

the Q volume flow is represented by [  ]

Values of Reynold’s number Re, for which there occurs transition from laminar  into turbu-
lent flow (Rekr = 2500) [3], can be determined from the formula: 

, , , � << 1.

Distribution of  volume fracture � is determined from the balance of hydrogen mass, pro-
duced on the cathode:

(20) 
where: 

� hydrogen density,
� gas constant,
� dynamic hydrogen viscosity.

2.2. Equation of the shape evolution 

Equation of the surface electrochemical dissolution in the direction of Y axis of the XYZ- sytem 
related to the anode for the considered case, is defined by dependence [5]: 
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where: 
kv � electrochemical machinability coefficient,
�T � temperature coefficient of electrical conductivity,
�o � the medium conductivity.

2. Numerical model 

 Determination of the machined surface shape evolution Has been described  by equation (29) 
defining the real change of the machined surface shape. 

185



 The machined surface initial shape and the tool electrode were defined in  3D CAD program as 
free surfaces of  NURBUS type.  

For numerical  calculations,  discretion  of  MS and  TE was made  through the surface  ap-
proximation by curves. In this way, a set of curve pairs TEk, MSk was obtained  which next  were  
described by points, in a global coordinate system , with assigned accuracy (Fig. 2). 
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where: i = 0, 1, 2  ... I 

 After having performed discretion  of  TE and   WP  surfaces,  the   work piece shape   evolu-
tion equation was solved with the use of successive approximation method, applying the method of 
time steps according to the algorithm (Fig. 2a). 

a)   

Start

Set position of TE

Set point of WP
i := 1

Numerical
iterations

i = IConvergence Yes

New point of WP
i := 1

No

New value of
conductivity

No

New point WP
i := 1

Yes

i = INew coordinates
of WP point

i := i +1 No

StopYes

Check if this is the
last point of WP

Calculate min
distance
WP / TE

Electrical field

Flow field
i = 1; j = 1,2,..,n

Thermal field
i = 1; j = 1,2,..,n

Field of gas
concentration

Field of electrolyte
properties
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b)

Fig. 2. ECM numerical model: a) algorithm for solving equations describing the process (l, i - current 
and last points of WP describing curve), b) IEG digitization 

  
Time t has been presented by means of a set of points: 

tk= t0 + k #t (32)

 where: k = 0, 1, 2, .... K 

 The sequence of  calculations is   carried out here with the gap thickness   distribution, “frozen”
for a given time step. 
 In case of shape surfaces calculating the minimal WP and TE distances is a complex process. 
It's caused by the fact that analysis of a given WP point should be conducted accordingly with the 
TE points that are in the vicinity with the considered point, in all possible directions of 3D plane. 
To optimize the calculations a matrix of all points laying on TE over the considered WP point is 
created (Fig. 3). A sequence of these actions is shown on a diagram (Fig. 3). 
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a)  b)

Start

TPN := []
Set: kte, kwp, xte,

xwp

TPN – table of disabled
transitions,

k – curve, x – point of curve

kp := 0
kpmin := -1

kp – direction of transition,
kpmin – direction to the point

with a smaller distance
TE/WP

xwp, kwp
is it edge?

TPN := TPN –
[edge directions]Yes

TPN := TPN –
[directions(kpmin)]

Nie

Elements of TPN are
represented by transition

vectors to the vicinity points
and surrounding curves:

[7 0 1]
[6 2]
[5 4 3]

Transition := False
s := 0

kp Є TPN Yes

Set WP point
using kp
Calculate

distance Derpo

Dtewp<dmin
dmin := Dtewp

kpmin := kp
Transition := True

Yes

kp := kp mod
TPNmaxs < | TPN |s := s+1 Yes

No

Transition Save dmin StopNo

No

Yes

Calculate distance between
current point of TE and WP

We eliminate points
previously verified (if such

exists)

Fig. 3. Designing a minimal distance of the electrodes: a) hmin designing algorithm, b) mo-
mentary point matrixes 

Symbols for Fig. 3: 
kp - variable representing transition direction to the neighborhood point, 
Dtewp - distance between points defined by transition kp for TE and WP points, 
Transition - variable to carry on information “point with a smaller distance discovered”,
TPNmax - constant value representing number of neighborhood points equal 9, 
s  - work variable used to index table elements  
TPN  - power of TPN represents number of points to verify if is closer. 

Figure 3 demonstrates a scheme of time steps for composition of the tool electrode two vibrating 
motions: 

� longitudinal vibrations (main Y-axis direction) – with vibration frequency fw and vibration 
amplitude Aw, performed in the direction of the main move, 
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� transverse vibrations (X-axis direction) – with vibration frequency fp and vibration ampli-
tude Ap , performed along X axis within the plane, perpendicular to the main motion direc-
tion. 

Vibration frequency of fw = 4fp was assumed, no phase shift for $w = 0 amplitudes.

Fig. 4. Scheme of time step 
  
Such a shift of vibration amplitudes in relation to each other provides a symmetrical, resultant mo-
tion of TE in relation to the main vibrations with extreme deflections. This case is very advanta-
geous in terms of ECM machining accuracy. In Fig. 5 examplary vibrations for different synchro-
nizations are shown. It can be noted here that in extreme positions the resultant motion of the tool 
electrode results in different deflection of the tool electrode motion path in relation to the main 
vibrations. It has a direct influence on the conditions in SM and in result on the processing preci-
sion. 

a)  b)  c)  d)

Fig. 5. Longitudinal and transverse vibrations compound : a) ½ fp = fw ,%$w = 0, b) ½ fp = fw ,%$w = &/2,
 c) 2 fp = fw ,%$w = 0, d) 2 fp = fw ,%$w = &/2

3. CONCLUSIONS 

 The calculations have been performed for shaping electrodes with geometric features presented 
in Fig. 5. Also, there have been shown sections along and across the interelectrode gap, for which 
calculation results are depicted in charts. This is a curvilinear surface, curved also in the direction 
of z axis. Viewing the issue as being flat involves seeking planes for performing calculations, de-
fined as planes normal  to the anode  surface though, at the same time, limited by the electrode 
surfaces. The assumption is that the feed system provides a constant flow rate in IEG. Calculations 
had been  performed until a quasi-stationary state was reached, i.e. the  state for which thickness of 
MP and physical conditions between the electrodes changes occur periodically. 

 Machining parameters of more importance have been presented in calculations: 
- initial gap - 0.2 mm, 

189



- velocity of sliding motion of TE - 0.0125 mm/s, 
- interelectrode voltage - 15 V,
- parameters of longitudinal vibrations Aw=0.1 mm, fw=25 1/s, 
- parameters of transverse vibrations  Ap=0.05, fp=100 1/s. 

Fig. 6. The geometrical features of electrodes 

 Distributions of T temperature for a chosen section are presented in Fig. 7 as well as velocities 
Vx (Fig. 7b) along the gap thickness. Initial course of these distributions results from the laminar 
electrolyte flow next from the turbulent electrolyte flow. 

a) b)

Fig. 7. Distribution  along  thickness: a) temperature, b) velocity of flow electrolyte 

 In charts (Fig. 8) there are presented distributions of p pressure, mean flow rate of the electro-
lyte vmean,  current density j and gap thickness IE h along the interelectrode gap.  The periodic 
changes for distribution along  thickness  IEG for temperature and velocity of flow electrolyte are 
shown in Fig. 8.  
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a) b)

c) d)

Fig. 8. Distribution along SM: a) pressure p, b) velocity of flow electrolyte Vśr, c) current density d) 
crack height IEG h 

 In addition, an analysis of the average current density for a portion of the longitudinal vibration 
period was performed, where the processing takes place most intensively (Fig. 9). The analysis 
was performed for the symmetric vibration system: 1 - ½ fp = fw, $w = 0, 2 - fp = fw, $w = &/2, 3 -
2fp = fw,%$w = 0, 4 - 4 fp = fw $w = 0.

Fig. 9. Average current density for selected systems synchronize oscillations 

 The received calculation results confirm the expected quality change courses of chosen param-
eters: 

- method of synchronize the vibrations affect the average values of current density, 
- induction of the tool electrode vibrations case the profile deformation of the electrolyte flow 

rate along  thickness IEG which additionaly influences the electrolyte temperature change 
near the vibrating wall (Fig. 7), 

- deformation of the electrolyte flow rate profile along IEG thickness grows along  with the 
electrode vibration frequency increase. Thus, there are certain boundary values of vibration 

191



frequencies and amplitudes for which there will occur the phenomenon of the electrolyte re-
versal in IEG, 

- the electrolyte turbulent flow in the gap results in flattening the profile of the electrolyte flow 
rate which has a direct influence on temperature distribution along the interelectrode gap, 

- local thicknesses of the inter-electrode gap (Fig. 8d) undergo changes. This has an impact on 
the variability of electrochemical dissolution velocity and inclination angle of the tool elec-
trode profile  in relation to the machining direction and electrode vibrations synchronization 
(Fig. 5) non-uniform distribution of the interelectrode gap thickness largely affects the  dis-
tribution of pressure and the electrolyte flow rate (Fig. 7a-b), 

- the mathematic model indicates that the gas phase concentration and the electrolyte tempera-
ture has an influence on variability of  physical conditions along the flow (Fig. 7 c-d). These 
factors affect the change of such physical quantities as: the electrolyte viscosity, density, 
conductivity, and in consequence the electrochemical dissolution and machining accuracy. 

In case when electrode vibrations are used it seems to be necessary to create mathematical 
models of ECM for the purpose of an optimal choice of the process parameters. Apart from the 
choice of amplitudes and vibration frequencies, their mutual synchronization is of special im-
portance. Further simulation and experimental tests will allow for quantitative  verification of the 
accepted mathematical model. 
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Abstract 

 Electrochemical machining of curvilinear surfaces is one of the most basic and widely spread among 
electrochemical technology procedures for machine and tool parts. Constant parameters for preset machining time 
are hard to determine in this technology. This article presents a method of boundary conditions analysis based on 
computer simulation of the process. Resulting from calculation controlling code for ECM processing for which 
machining parameters changing over time are determined in a computer simulation of the process. An example of 
carrying out calculations leading to determining process controlling code for preset electrode surfaces is also 
presented. 

Keywords: computer  simulation, electrochemical machining, boundary conditions analysis

1. Introduction

 Among very important issues stimulating further development of technology we can 
distinguish: learning and increasing its ability to achieve the desired geometry of the machined 
surfaces, minimizing the distribution of workpiece shape deviations, and increasing the rate of
machining performance indicators repeatability. Issues of the surface machining using ECM 
process are directly linked to its researches field. 

Machined surface development issues include [3]: 
� shape change in time analysis, 
� determining the final shape and its variation when changing machining conditions, 
� determining the geometry of the tool electrode to obtain the desired machined 

shape,  
� process conditions optimization with respect to minimization of machined shape  

deviations, 
� searching for new ways to increase machining accuracy. 

 Conventional methods of machining have reached the current stage of development thanks to 
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the introduction of: numerical control, optimization of the process structure and machining 
parameters, control by using microcontrollers or computers. Multidimensional, dynamic process of 
ECM requires a computer based design system and sophisticated control of machining. The 
condition for the development of modern ECM technology, is a good understanding of the nature 
of physical phenomena that occur during machining and the process of electrochemical dissolution 
inherent limitations. Precise quantification of these constraints will enable selection of optimal 
value of parameters at any given time of machining. This will ensure both high quality and 
economic rates, and at the same time will not lead ECM process to the so-called critical state, in 
which the machining is interrupted and electrodes are damaged [5]. 

2. Modeling of the electrochemical process shaping 

 Modeling ECM machining means designation the changes of the inter-electrode gap (IEG) 
width, evolution of the machined surface shape in time and distribution of the physical-chemical 
conditions occurring in the machining area, like: static pressure distribution, the electrolyte flow
speed, temperature and volume concentration of the gas phase. Determination of these 
distributions for each time step during the simulation process allows the adaptive control of the 
process. This is particularly important when machining curvilinear  surfaces. 

2.1. Mathematic and numeric modeling 

 A two-dimensional, two-phase vesicular electrolyte flow in IEG is assumed. At the same time, 
triggering a complex tool electrode (TE) vibrating movement in mutually perpendicular directions, 
that is TE progressive and electrolyte flow. Detailed assumptions and mathematical model of 
electrochemical machining with vibrating TE for curvilinear shaped surfaces is presented in works 
[1,8,9].
 Determination of the machined surface (anode) shape evolution in time is described by 
equation of evolution [2,3,8,9] showing the real shape change of the machined surface.  
 The initial shape of the machined surface and the TE was defined in the modeler 3D as free 
surfaces of the type NURBS. For numerical calculations digitization work piece (WP) and TE was 
performed by an approximation of the surface with curves. Detailed algorithms developed for the 
numerical model were presented in the works [9,10]. 

2.2. Boundary conditions analysis 

 Both theoretical and empirical studies have proved that in case of complex curvilinear surfaces 
for which the electrolyte flow route differs for different inter-electrode gap intersections it is very 
hard to select constant machining parameters for a preset process time. This is a reason why 
boundary conditions analysis (BCA) was developed. Assumed values considered machining 
parameters, for which ability to reach boundary values (critical state) will be examined, where in 
practice, interruption of the process will take a place. Table 1 shows the examined process 
parameters, considered for boundary conditions occurrence and ways to modify them. 
 Then interconnections between considered parameters and ways to modify them were 
developed. Considered parameters with possible system reactions were associated in a way to have 
a control on the strength of their impact. Fig.1 shows an diagram of boundary conditions analysis. 
 In the case of critical states CS of controlled parameters CP machining simulation will back in 
time to pre-determined in time control points tk, where an appropriate modification of parameters 
will take a place. It should be emphasized that the modified machining parameters are reset to the 
output parameters value Pw in the case of no occurrence of boundary conditions within a specified 
simulation time.  
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Tab. 1. Examined ECM process parameters 

Examined parametr Modification way for ECM parameter
IG height Reduce feed rate Vf

Temporary stop of TE
Retract TE

Velocity of IG electrolyte flow Reduce feed rate Vf
Temporary stop of TE 
Retract TE

Negative velocity of the electrolyte 
Reducing the frequency 'w
Reducing the frequency 'p

Temperature of electrolyte Reduce feed rate Vf
Temporary stop of TE 
Retract TE

Gas phase concentration Reduce feed rate Vf
Temporary stop of TE
Retract TE

 The consequence of such analysis are time-varying machining parameters. This forces the need 
to generate control code to run machining process. 

 

Fig. 1. Boundary conditions analysis diagram 

 A fragment of such a control code is shown on Fig.1. In the code for the given location of the 
TE in the direction of Z axis, new machining parameters are defined based on the BCA analysis. 
For example: 

N020 S50    - longitudinal vibrations, 
N030 SP40   - transverse vibrations, 
N040 F0.7   - feed rate mm/min, 
N050 SA 90  - oscillation phase shift by 90 degrees, 
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N060 G1 Y0  - move to the starting point, 
N070 G1 Y0.52  - machining endpoint, 
N080 G4 500  - Temporary stop 500 ms, 
N090 G1 Y1.24 - parameters update, 
N100 S40    - longitudinal vibrations, 
N110 SP32   - transverse vibrations, 
N120 G1 Y1.69  - parameters update, 
N130 F0.56  - feed rate mm/min 
N140 G1 Y1.93  - parameters update 
N150 F0.7   - initial - feed rate mm/min 
N160 G1 Y1.75  - parameters update 

3. Machining simulation program 

 This assumption allowed new algorithms to be developed for numeric models, in order 
to accomplish boundary conditions analysis (Fig. 2) Consequently, this allowed to expand 
the ECM simulation program with another module.

Start

Read CAM files to
define TE, WP,

WPk

Read parameters
of machining

process

Set electrode tool
designing

parameters
WSko,TOLte

t := 0
Ts := t + #ts

t := t + #t

ECM
calculations
for k couple

curves

Save results

Stop

Yes

k := 1

k := k + 1

k <= K

Yes

No

Calculate values
of MSI: Dmin,
Tmax, Vxmax,
Vxmin, Bmax

MSI in the
range

MSI – machining
status indicators,

Dmin – minmal gap,
Tmax – maximal

temperature, Vxmax
– max speed of
elctrolyte flow,

Vxmin - min speed
of elctrolyte flow,

Bmax -max of beta

Yes

t <= T

Modify and apply
new values of

MCP

Restore last saved
shape of WP

t := t - #ts

t >= Ts No

Save current
shape of WP and

MCP values

Yes

Ts – time to save
shape of WP and

MCP values Ts :=Ts + #ts

Restore MCP
history

Prepare ECM
process gcodeSave ECM gcode

Fig. 2. Boundary conditions analysis flowchart  

 Fig. 3 shows a modified machining simulation program. In the first tab of this program initial 
process parameters are entered. They are at the same time reference parameters for boundary 

Where:   
MCP – machining control parameters, 
Dts – time between storing a state of 
simulation, t – current time, T – total 
simulation time, Dts – step for the 
simulation time, K –number of curves 
on the WP and TE surface, 
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conditions analysis. In a new program module a choice of mutual interrelationships between 
parameters and system reaction can be made, with a given level of interaction. 

  
a)               b)

Fig. 3. Machining simulation program: a) initial machining parameters, b) boundary 
conditions analysis module 

 Additionally, the module enables loading and saving selected settings, modification of initial 
parameters for any machining moment (for example in the final part of the process, as optimal 
parameters for finishing machining),  generating a code controlling hallowing. 
 Fig. 4 shows a process control diagram with regard to ECM machining simulation input 
parameters. 

In the body of control code (Fig. 4) input parameters are marked using bold capital letters. 

Fig. 4. Process control diagram with regard input 
parameters
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6. Summary 

 In this work we presented a method boundary conditions analysis of ECM machining for 
complex electrode surfaces, as a result of which control code changing machining parameters in 
time was acquired. 
 Presented methods of modeling and controlling ECM process made possible an increase of 
machining stability and accuracy, especially for electrodes with complex shapes. Electrochemical 
drilling is a very complex process, therefore computer modeling of ECM machining process 
allows machining parameters to be chosen properly, and thus saving time and expenses. 
 It should be noted that the presented solution was obtained by analytical and numerical 
integration of complex systems of partial differential equations. This allowed to design complex 
numerical algorithms to simulate and analyze simultaneously an ECM machining for curvilinear 
surfaces when modifying machining parameters. IEG distribution, temperature, concentration of 
the gas phase and a flow rate of electrolyte, is analyzed for boundary conditions occurrence. 
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Abstract 

Specification of a full fatigue characteristic for a material and its structure elements takes a very long time 
and generates significant costs. There are many methods for accelerated obtainment of fatigue characteristics. 
In this work, a comparative analysis of selected methods of fatigue life specification for 12 kinds of materials has 
been made, on the basis of literature study. 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. Introduction 

A material fatigue behavior for a high cycle range is usually described by a fatigue curve 
combining the number of cycles and stresses, that is, Wohler’s diagram. The curve, also 
called S-N curve, is obtained by bringing a certain number of samples to destruction in result 
of sinusoidal action of load with different values. Standard [1] recommends that the number 
of samples examined at a given level of stress cannot be smaller than 3 and the number of 
levels should not be smaller than 5. The norm also says that the frequency of load changes 
should be contained in interval from 5 to 100Hz.  

Such a way of Wöhler diagram obtainment is time consuming and generates high costs. 
For this reason, different methods for accelerated determination of fatigue curves have been 
developed and described in literature.   

The purpose of this paper is a comparative analysis of these methods.  

2. Description of selected methods for accelerated determination of fatigue curves 

Below, there have been described selected methods for accelerated determination of 
Wöhler diagrams for the high cycle range. 
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The first of the discussed methods was discussed in work [2]. It assumes the Wöhler curve 
model as a straight line in a binary logarithmic scale whose beginning is in the point 
corresponding to monotonic tensile strength, denoted by the authors as Su , with the number of 
N cycles equal to 1. For metals, the line end goes through the point corresponding to fatigue 
limit Sf with the number of N cycles equal to 1 which amounts from 106 or 107 to 5·108. This 
number depends on the material type, its microstructure and its machining method. For so 
defined beginning and end of the curve, it can be described by Basquin equation in the form: 

(1)

where Sa is fatigue amplitude of the cycle whose stress ratio R assumes random values, SNf is 
fatigue life, that is, stress amplitude for an oscillatory a cycle, such one  for which R = -1, A is 
a coefficient whose value can be equal to Su, real tensile strength σf  or can be determined by 
means of real data regression. The curve slope is denoted by b letter. 

For the purpose of further acceleration of S-N diagram obtainment process, the studied 
model assumes that the fatigue limit Sf for polished samples made of steel, can be estimated in 
the following way: 

,
(2)

(3)

For aluminum alloys Sf  can be determined using dependence: 

(4)

Next, coefficient b is calculated from the formula: 

(5)

This method can be additionally modified with assessment of monotonic tensile strength 
Su, on the basis of hardness according to  Brinell scale [3], [2]. Steel with low and medium 
strength is estimated using the following formula: 

(6)

Tensile strength for cast iron can be determined in a similar way: 
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(7)

The other analyzed method has been presented in work [3]. It assumes that high cycle 
fatigue covers interval from 103 to 106 cycles. According to this method, Wöhler diagram for 
a high cycle area is created by connecting with a straight line a point corresponding to fatigue 
life S1000 for 103 cycles with point Se being the fatigue limit for 106, 5·107 or 5·108. The value 
of fatigue strength can be estimated on the basis of formulas in 
table 1. 

Tab. 1. Formulas for determination of fatigue life S1000

Type of material Type of load S1000
All types Bendindg
All types Axial
Steels Torsion
Non iron Torsion
Żeliwo Torsion

The authors also recommend to take into consideration reliability level S1000,R while 
determining S1000:

(8)

The values of CR coefficient have been presented in table 2. 

Tab. 2.  Values of CR  coefficient

Reliability level CR
0,5 1
0,9 0,897
0,95 0,868
0,99 0,814
0,999 0,753
0,9999 0,702
0,99999 0,659
0,999999 0,62

The value of fatigue limit Se is determined according to a scheme  expressed by the following 
formula: 

(9)

First of all, fatigue limit for bending Sbe is calculated according to formulas which have been 
presented in table 3. 

The next step is to determine amplitudes of stress Sf, on the basis of the number of cycles, 
using formula: 
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(10)

Calculation of Sf from the formula is relatively complicated and inconvenient. However, it can 
be transformed into Basquin equation, determining b exponent and B coefficient on the basis 
of formulas: 

(11)

(12)

Tab. 3. Formulas for determination of fatigue limit Sbe for bending

Type and microstructure of material Sbe Cycles Comments
Steel - ferrite -
Steel – ferrite + pearlite -
Stal – pearlite
Stal – untempered martenzite

-
-

Stal – highly tempered martenzite
Stal – highly tempered martenzite +
tempered bainite

-
-

Stal – tempered bainite
Stal – austenite
Wrought Steels
Wrought Steels
Cast iron
Aluminum alloys
Aluminum alloys
Sand cast aluminum

-
-

-

-

Next, values of coefficients are determined: CL – type of load coefficient (tab. 4) 
CS – coefficient of the surface finish (fig.1 and  2) CD  - coefficient of size (fig. 3). CR is 
determined in the same way as for S1000,R. 

Tab. 4. Values of coefficient CL

Type of load CL Uwagi
Pure axial 0,9
Axial (with slight bending) 0,7
Bending 1
Torsional 0,58 Steels
Torsional 0,8 Żeliwa
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Fig. 1 – Chart for determination of CS for known surface roughness (source – [3])

Fig. 2 – Chart for determination of CS according to the machining type (source - [3]) 

Fig. 3 – Chart for determination of CD (source – [3]) 
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For so calculated quantities Basquin equation assumes the following form: 

(13)

The third analyzed method for accelerated determination of Wöhler curve is an approach 
described by FITNET procedures and work [4]. Fatigue diagram model described by FITNET 
procedures involves defining the angle of a straight line inclination and defining its end which 
is situated in the point corresponding to fatigue limit, denoted as ZG.

The angle of a straight line inclination symbolized by coefficient m is determined from 
dependence presented in table 5. 

Tab. 5. Values of m coefficient

Value of m coefficient Type of specimen
16 ÷ 20 Surface hardened elements 
8 ÷ 12 Fine Ground and polished elements 
4 ÷ 10 Notched elements 
3 ÷ 4 Welded elements 

The value of fatigue limit is determined by multiplying tensile strength, denoted in FITNET 
procedures as Rm, through a proper coefficient selected from table 6. 

Tab. 6. Coefficient for determination ZG

Type of material Values of ZG for normal 
stressess

Values of ZG for tangent 
stresses

Surface hardened steel 
Stainless steel 
Forged steel 
Cast steel 
Steels different from the above 
listed 
Spheroidal cast iron 
Ductile cast iron 
Gray cast iron 
Plastically worked aluminum 
alloys 
Cast alluminum alloys 

According to FITNET procedure, value NG is 107 for steel and 108 for aluminum alloys. 
Coefficient of inclination of a straight line being a model of the fatigue curve is defined by 
formula: 

(12)
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where σa denotes permissible stress amplitude (fatigue life). Also, in case of this method, the 
above formulas can be transformed into the form of Basquin equation. Quantities b and B are 
determined in the following way: 

(13)

(14)

(15)

For comparison, formulas and schematic diagrams, representing the above mentioned 
methods, were presented in figure 4. 

Fig. 4a. Scheme representing 
method S-NSu

Fig. 4b. Scheme representing 
method FTaA

Fig. 4c. Scheme representing 
method FITNET

3. Verification of selected methods  

Below, there have been presented results of verification of accelerated methods for 
determination of fatigue characteristics for a high cycle range. Abbreviations included in the 
legend denote: „S-NSu” – method for determination of fatigue diagram, the basis of tensile 
strength described in [2]; „S-NHB” – method for estimation of tensile strength on the basis of 
Brinell hardness, described in work [2]; „FITNET” – methods described in FITNET 
procedures; „FTaA” – method described in work [3]. These abbreviations are also used in the 
text for verification of the methods. Verification is carried out on the basis of the authors’ own 
research.  

Fig. 2 shows the result of verification for steel 10HNAP. For this material, characteristic 
most similar to the one obtained from experimental test is provided by “FITNET” method. 
However, it should be noted that the diagram obtained from this method runs above the real 
diagram throughout its whole length which means overestimation of fatigue life. The method 
which is based on tensile strength „S-NSu”, yields a diagram which varies considerably from 
the real one in terms of direction coefficient, thereby, a part of the diagram runs below and a part 
above it.  
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„FTaA” method also yields a diagram which runs below the real one. However, attention is 
focused on the fact that they are parallel. 

Fig. 5. Results of verification of method for accelerated determination of Wöhler diagram for steel 10HNAP

The next, presentation of diagrams (fig. 6) demonstrates the results for steel 30rNiMo8. In 
this case, a diagram, most similar to the real one, is provided by „S-NSu” method. However, 
again the lines differ from each other in terms of direction. The diagram obtained with the use 
of “FITNET” method is situated significantly higher than the real one which means 
reassessment of fatigue life. The diagram obtained by „FTaA” method runs significantly 
lower than the real one and departs from it in respect of direction coefficient.  

The next verified material is steel 40 CrMo4 (fig. 7). Also, for this steel, the diagram 
according to method „S-NSu” is the most similar to the real one. However, it runs slightly 
above it throughout its whole length. .  

Again, the diagram according to “FITNET” procedure is situated higher than the real one 
though is similar to it in terms of direction coefficient. “FTaA” method yields a diagram 
which runs significantly lower than the real one, and departs from it in terms of direction 
coefficient.  

For BHW 25 steel (fig. 8), fatigue life characteristic from “FITNET” method is also 
situated higher than the real one throughout its whole length, and the two remaining ones, 
below. For this material, both the diagram from “FITNET” and from “S-NSu” method differ 
from the real one in terms of direction coefficient. Diagram from “FTaA” method again differs 
significantly from the real one, both in terms of its position and direction. 
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Fig. 6. Results of verification of method for accelerated determination of Wöhler diagram for steel 30CrNiMo8

Fig. 7. Results of verification of method for accelerated determination of Wöhler diagram for steel 40 CrMo 4
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Fig. 8. Results of verification of method for accelerated determination of Wöhler diagram for steel BHW 25

The tendency for reassessment of “FITNET” procedure fatigue life is observed for steel 
Ck45 (fig. 9). Fatigue characteristic obtained using it is situated significantly higher than the 
real one. It is also different from it in terms of direction coefficient. For this material, the most 
similar in terms of direction and fatigue value appeared to be the characteristic obtained on 
the basis of “S-NSu” method. The diagram obtained on the basis of Brinell toughness is also 
parallel to the real one but it runs significantly higher than it. Characteristic obtained on the 
basis of “FTaA” method departs from the real one in terms of direction and fatigue life value.  

The following material for which methods for accelerated determination of Wöhler 
diagram have been verified is steel HSB 55 (fig. 10). For this material, the fatigue curve
obtained from “FITNET” procedure is the most convergent with the real one in terms of the 
fatigue life value. However, again, for this material both these diagrams differ in terms of 
direction coefficient, thereby, the diagram from “FITNET” method lies in a hazardous area 
throughout up to 5·104 of fatigue life. Characteristic developed on the basis of “S-NSu” 
method lies significantly lower than the real one, however, is consistent with it in terms of 
direction coefficient. “FTaA” method yields Wholer diagram which is most different from the 
real one.  

Fig. 11 presents calculation results for another material, steel SPV 50. Like previously, the 
diagram from “FITNET” method is different from the real one in terms of direction 
coefficient, thereby, it lies in the area of hazard through up to 2·105 cycles. Methods „S-NSu” 
and „S-NHB” yield diagrams consistent with the real one, though, more inclined. The diagram 
according to “FTaA” approach differs most from the real one, in this case as well. 
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Fig. 9. Results of verification of method for accelerated determination of Wöhler diagram for steel Ck45

Fig. 10. Results of verification of method for accelerated determination of Wöhler diagram for steel HSB55
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Fig. 11. Results of verification of method for accelerated determination of Wöhler diagram for steel SPV 50

The diagram created for steel St52 on the basis of “FITNET” procedure is very similar to 
the real data diagram in terms of direction coefficient, however, also for this material it is 
reassessed (fig. 12.). “S-NSu” approach provides a diagram which is more consistent with the 
real one in terms of fatigue life but different from it in terms of direction coefficient. “FTaA” 
method yields a diagram mostly consistent with the real one but lying significantly lower than 
values obtained from tests.  

Comparison of methods was also made for steel St37 (fig. 13). Besides, Wöhler diagram 
obtained from “FITNET” procedure is consistent with the real one in respect of direction 
coefficient, though it lies above it, in the area of hazard. The method using tensile strength 
“S-NSu” provides a diagram situated similarly to the real one in terms of stress amplitude 
values, however, different from it in respect of direction. The diagram direction is more 
similar for “FTaA” method, though it lies below the real one.  

In figure 14 there are diagrams obtained for steel StE 460. Again, the diagram created 
according to “FITNET” procedure lies above the material fatigue characteristic and it is most 
similar in terms of direction coefficient. Like for the previous material, the diagram created on 
the basis of tensile strength, „S-NSu”, departs from the real one in respect of slope. This time 
almost throughout its length it lies above it. “FTaA” method provides a diagram situated 
closer to the real one differing, though, in terms of direction coefficient. 
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Fig. 12. Results of verification of method for accelerated determination of Wöhler diagram for steel St52

Fig. 13. Results of verification of method for accelerated determination of Wöhler diagram for steel St37
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Fig. 14. Results of verification of method for accelerated determination of Wöhler diagram for steel StE 460

The next presentation of Wöhler diagrams (fig. 15) was made for steel StE 690. „S-NSu” 
method yields a diagram lying closest to the real one and similar in terms of direction. Method 
from “FITNET” procedure again provides a diagram situated in the area of hazard. For 
StE 690 steel also departs from the real one in respect of direction coefficient. The diagram 
obtained from “FTaA” method lies below the real one, also for this material and differs from 
it in terms of direction.  

The last material for which accelerated methods for Wöhler diagram determination have 
been compared is steel X5CrNi18 (fig.16). For this material the diagram obtained from 
“FITNET” procedure departs from the real one, thereby, up to 10 cycles lie above it, running 
below the real line . Also in this case, „S-NSu” method appears to be an approach providing a 
diagram most similar to fatigue characteristic in terms of both direction and fatigue life. The 
diagram obtained on the basis of “FTaA” method is most divergent from the real one. 
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Fig. 15. Results of verification of method for accelerated determination of Wöhler diagram for steel StE 690

Fig. 16. Results of verification of method for accelerated determination of Wöhler diagram for steel X5CrNi18
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4. Conclusions 

Summing up, it can be said that Wöhler diagram which is most similar to the real one is 
obtained from methods “S-NSu” and “S-NHB” However, they usually differ in terms of 
direction coefficient. Most often it is situated, partly or entirely, below the real characteristic, 
that is, in the area of no hazard. The method described in “FITNET” procedure most 
frequently provides a diagram lying above the real one, that is, in the area hazardous due to 
reassessment of fatigue life. They also differ with direction coefficients. “FTaA” method 
using the diagram initial point as fatigue life for a thousand of cycles provides a diagram 
which is the least similar to the real one. Usually, they differ significantly in respect of 
direction coefficient, and the estimated diagram most frequently lies below the experimental 
one. 
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Abstract

Thermoforming is a manufacturing process widely used to produce thin thermoplastic parts from small blister 
packs to display AAA size batteries to large skylights and aircraft interior panels. In this paper was presented 
numerical simulation of the inflation phase of a thermoforming process under which a thin polymer sheet is deformed 
into a mould under the action of applied pressure. Two cases of blowing sheet were considered. In the first, 
preapproved on the basis of a constant sheet temperature (T = 150°C) examined the distribution of the container wall 
thickness. There has been excessive thinning (about 0,2mm) in the cup corners after forming. Also simulation it was 
made for other constant temperature (160, 170, 180, 190 and 200°C). On this basis, was made optimization of the 
sheet profile temperature (in range 150D200°C) to remove excessive thinning. Noted was a significant effect of the 
initial sheet temperature distribution on the final wall thickness distribution in the considered container. The Ansys 
Polyflow procedure of optimizing the sheet temperature distribution allowed eliminating excessive thinning in the 
considered cup walls corners.  
 
Keywords: thermoforming, Ansys Polyflow simulation, non-isothermal conditions, optimization sheet temperature  
 
1. Introduction 
 

Thermoforming is a manufacturing process widely used to produce thin wall thermoplastic 
products. The temperature of a previously extruded thermoplastic sheet is raised far above the 
glass transition temperature and next deforms the material to the desired shape using a differential 
pressure and a male or female mould [3,11]. This process is used mostly for various packaging 
industries, such as food, because of various advantages like, ease of production, low cost, high 
speed and high performance [1,7]. The major raw materials used for thermoforming are high 
impact polystyrene ABS, PVC, polypropylene, HDPE, Polycarbonate etc. The choice of each 
material depends upon the end-use requirements and cost. The most common materials used for 
disposable wares are high impact polystyrene, PVC and polypropylene (considered in work) [2,8].  

Nowadays the thermoplastic forming industry is mostly based on trial and error methods to 
design and develop new products. These procedures, however, result relatively time and money 
expensive [6,10]. Helpful solution is to use CAE software Ansys Polyflow. This software makes it 
possible to determine the behavior of the plastics during the process, identify areas where there 
may be the biggest product wall thinning, which reduce the mechanical properties of the product. 

At the end of a thermoforming process, we can observe non-uniformities in the thickness 
distribution in some areas, the sheet can be too thick, while in other areas, it is too thin. Instead of 
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increasing the initial thickness of the sheet in order to obtain a minimum thickness everywhere, it 
is possible to play with initial temperature distribution. Sheet temperature is one of the most 
critical elements of the thermoforming process. It is sheet temperature that dictates the process, the 
end result being not just a better product, but also decreased cycle time, less scrap and reduced 
energy and labor costs. We can increase the heat on a part of the initial sheet that eventually leads 
to an area with an excess of matter. This makes it possible to improve the thickness distribution in 
the final sheet product without increasing the mass of the sheet. Software Ansys Polyflow own 
ability to optimization initial temperature of the sheet. 

The purpose of this paper is determined the impact temperature distribution along the sheet on 
the final cup thickness is taken into account. Simulations are carried out using Ansys-Polyflow 
12.1 software [13].  

In an earlier some author study [9] considered only a one constant temperature distribution 
sheet, and then optimized structure of sheet temperature distribution. Whereas, not studied the 
influence of different range of constant initial sheet temperatures on the final product thickness 
distribution of what this has been presented below. 
 
2. Modeling and numerical algorithm 
 

From a geometrical point of view, the thermoforming process involves a fluid region – the 
sheet, the thickness of which is two to three orders of magnitude lower than the other dimensions 
[13]. This specific geometric aspect ratio enables the use a membrane approach. This issue allows 
the study of complex situations at a moderate computational cost. The fluid sheet will be 
geometrically described by means of a membrane representing its mid-surface. Let h and v denote 
the sheet thickness and the mean velocity vector in the mid-surface of the membrane respectively. 
During sheet inflation, the sheet motion will be governed by the equations of mass and moinentum 
conservation combined to a constitutive relationship. In the membrane approach, the thickness h is 
considered as an unknown and obeys the following continuity equation [5,13]: 
 

0�"E� Fh
Dt
Dh .     (1) 

 
In equation (1) expression D/Dt mean denotes the material derivative with respect to time t.  
The momentum equation is a balance of several forces: contact forces at the mold surface, 

inflation pressure, fluid stresses, inertia. By simultaneously considering the moderate dimensions 
of the part presently investigated and the short time scales involved, gravity effects are negligible. 
The momentum equation is weighted by the thickness h and is given by [5,13]: 
 

Dt
DhhfN p #��"E .     (2) 

 
In equation (2), � is the fluid density, fp is a surface force which stands for the inflation 

pressure, while N is the tensor of contact forces per unit length. N is obtained by weighting in             
h the extra-stress tensor T built by using the assumption of stress free inner and outer surfaces of 
the membrane. For a Newtonian fluid, the extra-stress tensor T is given by [4,5]: 
 

DT G2� .      (3) 
 
In equation (3) G is the fluid viscosity and D is the rate of deformation tensor. 

The treatment of the sheet – cavity contact is an important ingredient in the simulation.                 
In absence of contact, the location x of a fluid particle is controlled by kinematic equation [4]: 
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H

t
x .      (4) 

 
When a fluid particle enters into contact with the mould, its relative motion with respect to the 

mould wall vanishes, and equation (4) is replaced by a velocity condition. This new condition is 
introduced by means of a penalty formulation [4,13]: 
 

)( wkf �� F .       (5) 
 

In equation (1) k is the penalty coefficient and w is the mould velocity.  
During sheet inflation, w vanishes. Wall slipping at contact may also be taken into account    

[4,5].  
 The finite element method is used for solving the flow governing equations (1) and (2) with 

the kinematic equation (4). In the case displayed in Fig. 2, the mesh covering the sheet domain 
contains 40856 triangular surface elements. The time integration of equations (1), (2) and (4) is 
performed by means of a time-marching scheme. 
 
3. Process description 
  

The object considered in the Polyflow simulation is axially symmetric cub, whose shape and 
dimensions are illustrated below. Fig. 2 illustrated the initial configuration of sheet and mold cavity 

            
 

Fig. 1. Considered model [9] 
 

               

Cavity 

 
Sheet 

Fig. 2. Initial configuration of polymer sheet and mold cavity with sheet MES grid configuration  
 
position adopted for the simulation run. Sheet and mold are located s = 10 mm to each other. Sheet 
dimensions are 120 x 120 mm and initial thickness is g = 1 mm. The material for the sheet is the 
PP, which have a temperature of  T = 150 °C, viscosity � = 8630 Pa•s and density #(�(+:I g/cm³ 
and was used in thermoforming process in rang of temperature (150÷200)°C [12]. The run of the 
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whole process starts with the closure of the mold. The mold is moving with a velocity                   
v = 50 mm/s. Then blowing pressure is accompanied with a value of p = 0.5 MPa and running 
until the cup is blown. Total time blowing process simulation is 1 second. Seventh cases of 
blowing sheet were considered, six with uniform temperature across the sheet (150, 160, 170, 180, 
190 and 200JC) and one with optimized temperature profile in range (150D200)°C.  An established 
criterion for a minimum wall thickness in the final product was 0,3 mm.  

 
4. Simulation results and their analyses  
 

Realized simulations generated series of results, which the selected part is presented below. 
Fig. 3 shows a comparison the distribution of thickness cup obtained from the sheet with constant 
and varied temperature distribution, along a given line of measurement. An established optimized 
criterion for a minimum wall thickness (0,3 mm) in the final product was achieved only for case 7, 
in which the temperature of  sheet was optimized. Presented 1-6 simulations showed significant 
differences in the value of the cup wall thickness distribution compared to the case 7. Visible 
improvements of the wall  and  corner  thickness  distribution  were  observed  in case 7. Graphical 
 

                                  

 
Fig. 3. Comparison part thickness distribution along the measurement line: 1 – sheet with temperature T= 150J C,      

2 – sheet with temperature T= 160JC, 3 – sheet with temperature T= 170J C, 4 – sheet with temperature T= 180J C,   
5 – sheet with temperature T= 190J C, 6 – sheet with temperature T= 200JC, 7 – sheet with optimized temperature  

T= (150÷200)J`C 

Measurement line 

50JC�
60JC�

70JC�
80JC

90JC�
00JC�

Optimization 
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display before and after blowing container for two cases is shown in Fig. 4 and Fig. 5.  

 
 

 

a) b) 

80°C�
00°C�

65°C
50°C 50°C�90°C�

Fig.4. Schedule sheet temperature:  a) constant T= 150o C, b) optimized temperature profile T= (150÷200) oC 
 
 

 

a) 
b) 

0,5mm

Fig.5. Final part thickness distribution for: a) constant temperature T= 150J C, b) optimized temperature profile 
 
5. Final consideration and summary 
 

Assumption of equal heated sheet, caused the largest thinning container, and the most exposed 
to loss of continuity of the material were the corner of the packing (Fig. 4a, 5a). Completed 
subsequent simulations for different ranges of constant temperatures indicate a gradual bottom 
packaging thinning with increasing initial temperature of the sheet. 

However a significant influence of the sheet temperature on the corner thickness isn't noticed.  
However, next three carried out optimized simulations with modified and diversified field 
temperatures while heating the sheet, considerably reduce differences in wall thickness 
distribution. 

They achieved good results for the variant described on fig. 4b, 5b, for which achieved better 
wall thickness distribution with smaller thickness differences. The best results were achieved in 
corners where the value of the thickness is averaging 0.35 mm (and was below 0.2 mm).  On the 
circumference of the package was improved wall thickness distribution in average range 0.4D0.6 
mm (was 0.25D0.5mm).  It provides the greater structural stiffness for the package while using.    

Software Ansys Polyflow, enables to carry numerical experiment in the range of phenomena 
modeling during the thermoforming process. By steering specific sections of the immersion 
heaters it is possible to get the more profitable wall thickness distribution of formed elements. 
Especially in the case of complex geometry we have new opportunities of applying the technology 

0,2mm

1,0mm�

0,35mm�

0,45mm�
0,5mm�0,8mm�

0,7mm� 0,35mm�
0,45mm�

0,53mm

0,45mm�

0,4mm�
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of the vacuum forming. Numerical analyses are reducing the financial outlays and are shortening 
the time of starting production of new thin-walled thermoforming products.  

Applying the Ansys Polyflow program can support technical production steps like optimizing 
the process in the range of wall thickness distribution what in the end the field of the tolerance is 
narrower and increasing product quality. 
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Abstract 

Extrusion is one of the most widely used processes for polymer processing. Example: extrusion is a technique for 
producing film, pipe, sheet, profiles, cable and coatings in coextrusion process. The main tool used in this process for 
the manufacturing final shape product is die. The task of this article is to design the last part of extrusion die (die 
land) for plastic profile, using numerical simulation. In this paper was presented methodology of numerical simulation 
for the die design. A commercial computer fluid dynamics program Ansys Polyflow was used to design the die 
passage. The objective of the simulation is to determine the die passage that results in a balanced mass flow exiting 
the die that closely matches the target profile. The die land shape modification with using optimization algorithm is 
very helpful to obtain geometry and dimension of extrudate desired profile. 

Keywords: profile extrusion, die design, die land, inverse die design, simulation Ansys Polyflow,  

1. Introduction 

Extrusion is one of the main processing methods for production of thermoplastic parts. It is 
used to manufacture pipes, films, fibers, cables, wires, and various continuous profiles [8]. In each 
type of extrusion, the polymer is forced through a die to create the desired shape [11]. Extrusion 
dies vary in shape and complexity to meet the demands of the product being manufactured. There 
are five basic shapes of products made with extrusion dies: 1) sheet dies; 2) flat-film and blown-
film dies; 3) pipe and tubing dies; 4) profile extrusion and 5) co-extrusion dies. Furthermore, each 
product type has unique hardware downstream of the die to shape and cool the extruded melt [9]. 

In extrusion die design there are two main issues to be solved: how to make the flow 
distribution more uniform and how to anticipate post-extrusion effects. Trial and error procedures 
have been the common base to design these tools. The main objective to achieve when designing 
a new die is to reach the best possible production rate at the highest quality product level with 
dimensional accuracy, aesthetics and mechanical performance [2,4,6]. 

Predicting the required die profile to achieve the desired product dimensions is a very complex 
task and requires detailed knowledge of material characteristics and flow and heat transfer 
phenomena, and extensive experience with extrusion processing [9]. Design of the dies for 
extrusion of products having complicated cross sectional shapes is still an art rather than a science. 
Die design for a new product is developed on the basis of previous experience and 
experimentation. In many case costly experiments and in-plant trials can be replaced by numerical 
simulation [1,6]. Several commercial polymer flow simulation programs are used for profile die 
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design today. For example: Ansys Polyflow, Flow 2000, Dieflow, HyperXtrude [10]. Numerical 
simulation has the potential to uncover important interior details of the extrusion process, such as 
velocity, shear stress, pressure, and temperature fields in the region of interest, which is not
possible to do experimentally [9,12]. Typically, designers know the requested shape of the final 
profile but do not know the corresponding die shape. The required die shape can be determined by 
method inverse die design. For example Ansys Polyflow program implements an ‘‘inverse 
extrusion’’ solution algorithm, which computes the shape of the die exit (die land profile) required
to achieve the target profile dimensions at the exit of the free surface domain. The program solves 
for the shape of the die land that will achieve the target profile after die swell occurs [5,9,11]. In 
the design stage it is important that die land length profile should be average 10 times longer than 
the thickness of thick extrudate portion place to relax the viscoelastics stresses in the melt before 
leaving the die and forms the shape of the extrudate leaving the die. The die land profile has the 
required shape to compensate for extrudate deformation after the die (die swell and drawdown) 
and yield the desired shape downstream [9]. 

2. Ansys Polyflow CFD software capabilities 

Ansys Polyflow is a finite element computational fluid dynamics (CFD) program designed 
primarily for simulating applications where viscous and viscoelastic flows play an important role. 
The flows can be isothermal or non-isothermal, two- or three-dimensional, steady-state or time-
dependent. Ansys Polyflow is used primarily to solve flow problems in polymer and rubber 
processing, food rheology, glass-work furnaces, and many other rheological applications. This 
program can perform a number of complex calculations such as multi-domain simulations, 
coextrusion of several fluids, three-dimensional extrusion and time-dependent calculation of free 
surfaces [14].  

Ansys Polyflow consist of few interdependent modules used to prepare analyze geometry, 
define data, calculations and presents results. Typical flowchart for numerical simulation was
presented on figure 1.

Fig. 1. Flowchart for numerical simulation using Ansys Polyflow [14]
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3. Modeling and numerical algorithm of die design 

This problem deals with the flow of a Newtonian fluid through a three-dimensional die. The 
design process begins with a target product shape. In this work, the product is a hollow chamber 
profile (Fig. 2a) – 40 mm x 50 mm rectangular cross section with inside 5 mm rib. Due to the 
symmetry of the die, only one-half of the passage is modeled as shown in Fig. 2b. In our case we 
considered only a die land profile, which is one of the most important tooling place in extrusion 
process, because it must cope with the phenomena occurring in the course of flowing plastics – to 
compensate for extrudate deformation after the die and yield desired shape downstream [9]. The 
domain for the problem is divided into four sub-domains (as shown in Fig. 2b: Sd.1, Sd.2, Sd.3, 
Sd.4) so that specific remeshing algorithms can be applied in each sub-domain to accurately 
predict the die profile. Subdomain 1, 2 and 3 represent the die where the fluid is confined, while 
subdomain 4 represent the extrudate that is in contact with the air.  

a)      b) 

Fig. 2. Considered model: a) dimensions of the profile, b) initial configuration implemented to the simulations 

The objective of the simulation is to determine the die passage that results in a balanced mass 
flow exiting the die and an extrudate shape downstream of the die that closely matches the target 
profile. The shape of the die exit is determined by solving an inverse flow problem where the 
target profile is given as the downstream shape of the extrudate. The program computes the die 
exit shape that results in the target profile downstream of the die after melt velocities equalize in 
the free-surface region.  

A HDPE is used as extrusion material in numerical simulations and the Bird-Carreau viscosity 
model is used to characterize the shear rate dependence of viscosity [14]:  
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where: 
η – viscosity, 
ηo – zero  share rate viscosity, 
η∞ – infinite  shear rate viscosity, 
λ – time scale, 
n – power-law index. 
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In this study it was assumed that temperature distribution of polymer is uniform and equal 
180oC and for this temperature related parameters for Bird-Carreau viscosity model equals:                
ηo= 5630 Pa·s, λ= 0,32, n= 0,64. The polymer melt flow is assumed to be incompressible 
[7,13,14]: 

0
)* + . (2)

Gravitational and inertial forces are neglected. The momentum equation yields a balance 
between viscous and pressure forces [13]: 

ijp ,)*
)* . (3)

In this study it is also assumed that viscoelastic effects were neglected. Fully developed 
velocity profile is assumed at the inlet Q = 10000 mm3/s, and no-slip boundary condition is 
applied at the die wall.  

4. CFD simulation results and their analyses  

CFD simulation was carried out to obtain target final hollow profile design under assumptions 
and parameters. In the first stage of simulation authors obtain the profile result without 
compensation Barus and other flow effects, what was shown in Fig. 3. Wrong shape of final 
product (inter alia) is caused by different local pressure and share rate during flow for the die 
passage. Other difficult during extrusion in this profile shape is different wall thickness                
(5 and 7 mm). Different local thickness caused faster flow polymer particles in thickness section                    
(v=21,25 mm/s), what is showed in figure 3. Based on the results obtained from the first 
simulation, in next step with Polyflow implements an “inverse extrusion” solution algorithm, 
realized automatic calculation to obtain final desired shape. Program change the die land geometry 
(60 mm length) to find target final shape of our extrudate hollow profile in ten iterations. These 
results are visible in figure 4, 5 and 6. In each place of extrusion land observer can see how the 
polymer flow and see if they have example areas with a slow movement of polymer material, 
which can cause its local degradation. Final result of realized simulation was achieved.  

Fig. 3. Velocity distribution for the die without optimized die land 

21 mm/s 
10 mm/s 

21 mm/s 
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Fig. 4. Velocity (a, b) and local share rate (c, d) distribution fort the die with optimized die land

Fig. 5. View of extrudate shape profile with: a) non-optimized shape of die land, b) optimized shape of die land

Fig. 6.  A cross section in die lip section, compared with outlet section obtain from non-optimized shape of die land 
and optimized shape of die land 
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5. Final consideration and summary 

Design of extrusion dies for plastic profile is a complex task because the extrudate final profile 
dimension depends not only on the die shape design, but also on the plastics properties and 
technological extrusion process parameters. Overall design of extrusion process should include 
each plate of extrusion dies: mounting, adapter, transition, preland and die land plate. It is 
important to know that two last plates have the most significant role in extrusion stage. In our 
study we only show the capabilities of geometry prediction in the last die land plate for the made 
an assumption. The powerful of Polyflow software is in predict of the preland and die land 
geometry for the individual complex geometry. Each simulation process is more shorter and more 
costly than trial end error iterations.  

Engineering Polyflow simulation can provide crucial help to manufacturing extrusion tooling 
that must resolve critical issues related to reality of industry: cost and time savings in developing 
extrusion dies.  
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Abstract
Technical aspect of energy using and management in Poland industry of injection molding plant are not well 

known. Energy management is assignment of increasing importance to plastics processors. However there is no well-
known structure for measurement, estimation and prediction. Many technical workers sometimes are trying to 
measure something, but don’t know techniques how to do it in a good way. Next then get the bad answers. This paper 
describes and illustrates some basic techniques and aspect of measurement, estimation and prediction. This 
engineering element can be used for most plastics processing companies. More importantly, the paper looks at how 
this information can be used to get better both operations and performance in injection molding industry and per 
analog in other plastics industry.  

Keywords: energy using, management, plastics processing, injection molding 
 
1. Introduction 

The idea of aspect in energy using and management is relatively new to the injection plastics 
industry but is now being strongly driven by the recent rises in world energy costs and the rising 
unreliability of supplies for the near future. Twelve years ago a topic of energy using and 
management was a marginal activity in Europe. It was not easy attract the interest of plastics 
industry in energy management. During the time this thinking was changing and today this area is 
a real business issue. Very often this area is not visible yet in Poland industry, but this thinking are 
slowly changing. The reason of this situation is small amount of specialized institution in energy 
management of plastics industry [3, 9]. Energy costs represent the third largest variable cost (after 
materials and direct labour) and in some companies is even the second largest variable cost. No 
information on energy consumption by individual plant (site) in the plastics processing 
technologies, not to take steps to reduce energy consumption in each technical process can be fatal 
to the company [1, 4, 5]. 

Aim of this work is describes and illustrates some basic techniques and aspect of measurement, 
estimation and prediction that can be used for most plastics processing companies (internal 
benchmarking) [3]. Also looks how this information can provide real benefits in realized plastics
process. The basic structure of energy using and management system in plastics processing is 
shown in Fig. 1. Example graph about typical average energy consumption in plastics plant is 
show in Fig. 2. The main energy usage and cost is in processing machinery and services (92%). 
Lighting, heating, and offices are minor energy costs (8%) [7].
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We will first look at concept base and process load in internal benchmarking [3] for the site 
with hypothetical example for injection molding and next present some area of technical 
improvement affecting minimize energy using in injection molding process and show results. 

Fig. 1. System of energy using and management in plastics processing 

Fig. 2. Average energy use in plastics plant [7]

2. Base and process load in internal site benchmarking 

The base load inform about energy consumption when plastic machine is stopped but all 
service media are available. Most factories will have a base load, which will be present even when 
there is no production. This may be background heating, water pump, light, compressed air and 
equipment that have been left on standby.  Process load inform about using energy during running 
processing and has different value for plastics techniques ex. injection molding, extrusion [10].

In injection molding processing site, also in other plastics manufacturing method, it is possible 
to determine the base and process/variable loads for the site. This is possible when simple energy 
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usage and production volume data are available. On the start it will be illustrate the method using a 
sample injection molding factory (hypothetical) and next information that can be obtain from this 
data. There are two basic steps to get base and process load [3]:

- write or record factory output (in kg) for a number of weeks or months and write at this 
same time the energy usage (in kWh). Some hypothetical data for injection molding factory 
shown in Tab. 1.

- next plot the energy usage (in kWh) versus production level (in kg) in a Excel chart.                   
A graph with this data is shown in Fig. 3. Point graph are with trend line (linear) and the 
best fit. Visible intersection of the line ‘kWh’ axis indicates the base load of factory. Base 
load is like something no effective production but all service media and injection molding 
plant are available. The slope of the best fit line is the process load. Observer manager can 
see the average energy consumption for each kilogram of processing plastics. In our case 
the equation of the best fit liner is: 

                                    kWh = 1,6 " Production volume + 143297.                                      (1) 

The R² value about 0,95 indicates that the data set is relatively consistent with the function 
line. Reading of this line can show that the base load is a constant energy cost for 143297 kWh and 
process load is 1,6 kWh/kg of polymer processed. Next observer can obtain the middle cost of 
base load assuming 0,40 PLN/kWh, which is 57318 PLN/month or 687825 PLN for a year. In 
literature data can see that base load is about 20% even to 50% of factory energy consumption [1].  

Tab. 1. Energy usage and production volume date during 1 year (sample hypothetical data) 

Num. Month Energy usage, kWh Production volume, kg 
1 January 2009 425000 181000
2 February 2009 460000 198000
3 March 2009 505000 249000
4 April 2009 440000 205000
5 May 2009 492000 210000
6 June 2009 518000 225000
7 July 2009 535000 220000
8 August  2009 460000 205000
9 September 2009 680000 350000

10 October 2009 720000 340000
11 November 2009 680000 330000
12 December 2009 400000 150000

Reduction of the base load can be generally made and achieved without influence on 
production part rate. It is very important to making some technical aspect that influence on 
reduction energy using. The process load inform us (for our hypothetical sample factory, Fig. 1)
that for each polymer kilogram whole plant using 1,6 kWh and how management and efficiency is 
in this place.  

Reducing the line slope is in more case difficult to achieve [3]. However knowledge of this 
information is very important to start doing technical service improvement and note the 
information about base/variable load. 

In other hand equation (1) can be name Performance Characteristic Line (PCL) [1], because 
this line provides an operational signature of the plant that is closely related to the way the plant 
management runs the plant. 
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Base load and process load for different plastics processing technique have different value. 
Example extrusion typically has a lower process load (flatter slope of the PCL) than injection 
molding. In turn extrusion blow molding has a relatively low base load but a higher process load 
than extrusion or injection. Note is also that extrusion plus thermoforming generally has a process 
load in the range of injection molding [10].

Typical example of site energy day usage over the time can be note in each hour. This is very 
important for understanding how plastic machine work and for get invaluable information on how 
to reduce the energy cost (Fig. 4). This information should be analyzed to critical asses where and 
when energy is being used. In unproductive injection molding time, longer then (30-50) minutes, 
sometimes less energy will be consumed if machine turn off and next turn on [2].

Fig. 3. Base and process load for hypothetical injection molding plant/machine 

Fig. 4. Typical example site energy usage over time [2]

3. Technical improvements affecting minimize energy using in injection molding 

It is commonly known that often with most machines, the initial cost of an injection molding 
machine will be less than the cost of energy used during its lifetime [4]. The energy cost can be 
even more for machines that are not energy efficient. Though it may cost more initially, energy 
efficiency is more economic in the long term. Also other aspects are important not only machine. 
Smaller energy using can be achieved for other basic technical service equipment and elements 
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which include: motors, compressed air, cooling fluid and construction of injection mould etc.               
In Fig. 5 presented the area where technical improvement can be made to achieve lower energy 
consumption. There are four basic areas: processing, utilities, materials, administration offices [2].

Motors are the largest energy user in injection molding processing. Turning motors off when 
they are not using (and it is possible) is one of the most effective methods of reducing energy 
usage. It should be know that maximum efficiency of motor is when they have right size. Variable 
speed drives (VSDs) allow motors to be slowed down to match the demand and offer energy 
savings and improved process control. VSDs are one of the most important tools available to 
plastics processors to reduce energy usage and costs. Motor management of their technical aspect 
is a necessity for modern plastics processing. This allows plastic sites to make the repair/replace 
decision before the motor fails [5].

Fig.  5. Opportunities for energy savings through technical investment [2] 

Often in injection molding plants other second basic using medium is compressed air. 
Producing of this medium is not cheap. The biggest problem in compressed air installation is 
leakages. Even this smallest installation leakages uses between 20 to 40% of producing air 
medium. Only little hared leakage can use 1000 kWh/year. It is important economical aspects. 
Sum of this leakages give a big amount of the energy which is not free. Moreover in injection 
molding plant compressed air usage should be reduced by using other means of power where 
possible. For air supply power tools the delivered power costs 7-8 times that of direct electric 
drives. Besides this compressed producer should only generate required demand pressure for 
machine sites [8].

Thermal efficiency of injection molding system can also be improved by barrel and pipe line 
insulation. Product cooling time is generally more than 50% of the cycle time. Efficient cooling 
can greatly reduce cycle times and energy usage - a double benefit. Conformal cooling is very 
important technical aspect to short cycle time and using energy [2].

Each technical improvement which influence on less energy consumption can give different 
benefits but it is always a payback. Overall aspect of equipment and process improvements always 
give lower energy consumption: lower base and process load. Typical example of this can show on 
graph comparison (Fig. 6) with energy consumption.  

This simple data presentation and equation can also be used to assess the performance of the 
factory on a monthly basis. The equation of the line of best fit for the data of Fig. 6 is: 

                                  kWh = 1,5702"production volume + 110000.                                                (2) 
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This equation can be then be used to assess the energy usage for a given production volume in a 
month, e.g. If the production volume is 100 000 kg, then the predicted energy usage will be: 

                                  kWh=1,5702"100000 +110000. (3)

Therefore the predicted energy use is 267020 kWh and predicted energy cost is 106808 PLN for 
the month. For pervious state of technical state machine and equipment the cost will be achieve the 
value of 136483 PLN. Benefits are visible. Year cost saving is about 356100 PLN. The equation 
(2) can be used to assess performance and generate production responsibility. This include: 
determine the volume of material processed in a week/month/year and calculate the energy usage 
in the future, compare the predicted energy usage to the actual energy usage and if energy usage is 
higher than predicted energy usage then find what the machine/site/factory did wrong. Also it can 
be visible when plastics factory using less energy then predicted value. 

Fig. 6. Comparing base and process load after overall technical improvement with some new injection molding 
plant and equipment 

4. Final consideration  

Presented concept on energy using and management for injection molding machines and plant 
can be using for other plastics machines like extrusion blow molding or thermoforming. Making 
simple periodic measurements of energy consumption can be extremely helpful to evaluate the 
plastics processing system performance, as well as planning and cost comparison of energy 
consumption during processing in the near future (for example: 1month, 1 year). Also, the 
objective of this paper has been to provide an easily understood structure that will generate real 
improvement rather than paper and statistics. 

Possession of knowledge about technical aspect of energy using and management in injection 
molding process is really at the sensitivity of energy efficiency, without good management, neither 
energy efficiency nor any other change in operating practices will be valuable. Energy efficient 
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injection molding is simply good quality molding practice. It is low-cost and reduces all costs – 
not just energy costs. 
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Abstract

 
In the paper the applications ranges of sorting manipulators of unit loads (cubiform objects – e.g. postal 

packages) transported on conveyors in the continuous manner are presented. The exploitation properties of 
manipulators have been assigned on the basis of numeric optimization of the sorting process. Theoretical models 
(indispensable for optimization) include the development of physical phenomena occurring while interaction between 
the object and manipulator actuators. The reaction forces of impact character appearing between the object and the 
working element of manipulator are defined by means of modified non-linear Kelvin model. The frictional proprieties 
of the object are modelled by the non-linear friction coefficient using B-spline curve of third degree. The kinematic 
structures of the manipulators (taken into consideration during research) are representative technical solutions of 
currently applied methods of impulse exertion directing the objects on the new transports lines in the logistic centres.  

 
Keywords: sorting process, unit load, nonprehensile manipulator, conveyor, optimization 

 
1. Introduction 

The problem of sorting of unit loads exists in transport nodes which characterize big 
concentration of goods. Sorting process accompanies the tasks of completion and de-completion of 
the loads’ deliveries in the logistic distributional centres, e.g.: at central post offices, warehouses, 
airports [1]. Division of the loads into suitable directions (according to destination) is performed 
by means of nonprehensile manipulators, built in conveying transportation system. These 
manipulators have no gripping devices, and act on the objects through a push, or through a 
sequence of pushes or strikes. 

The contemporary technical solutions of sorting manipulators are equipped with executive 
elements which cause: scraping the loads from the conveyor (presented in Fig. 1b, c), moving the 
objects by directionally-oriented field of friction forces (Fig. 1d), or extorting the gravitational 
objects' motion to the new line of further transportation (Fig. 1a). 

Sorting systems are spatially complex, compound and expensive investment undertakings. The 
optimum technical solution of executive systems of manipulators should be determined depending 
on assumed intensity flow of handled objects and their physical properties. 

In order to carry out the reasonable selection of sorting manipulators, it is needed an access to 
an objective data characterizing basic usable features – e.g. used by potential investors or 
designers of transport centres. One of the more important sources of the data collection is the 
results analysis of numeric optimization of the sorting process – that is the subject of presented 
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work. The theoretical models have been developed on the basis of selected devices which cover an 
area of manipulators currently used in the logistic centres and offered by manufacturers. 

 
a) b) 

 
 

 
c) 

 
d) 

 
 

Fig. 1. Examples of executive systems of sorting manipulators: a) tilt tray [2], b) divert shoes [3], c) active rotary 
fence [4], d) torsional disks [5] 

 
 

2. Kinetic structures of nonprehensile manipulators 

Simple in its form nonprehensile manipulator the ability to manipulate the object obtains as  
a result of bond with the transportation functions of conveyors – these manipulators usually co-
operate with conveyors (e.g. belt or link-belt). Due to the difference in the use of transportation 
functions of conveyors the manipulators can be divided into two groups: stationary (Fig. 2a) and 
stream manipulators (Fig. 2b). Stationary manipulators (Fig. 3) are combined with the supporting 
structure of the conveyor and stand still with respect to them (vR =0). Executive elements of such 
manipulators perform their working motions above the surface of the conveyor and have mostly 
the form of an active rotary fence (the figs. 3a), also an active fence with translational motion  
(Fig. 3b), or a system of torsional discs Fig. 3c). 

In the stream manipulators (Fig. 4), the role of executive elements is played by segments of the 
link-belt conveyor. These segments are equipped in additional features which can be in the form 
of: tilt trays (Fig. 4a), the trays with bearing surfaces covered transverse conveyor belts (Fig. 4b), 
divert shoes sliding along the slats (Fig. 4c). Working elements of the manipulator (which are also 
segments of the conveyor) wander in the conveyor with the velocity of loads' stream (vR=v). 
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Fig. 2. Nonprehensile manipulators: a) stationary, b) stream; 1 – handled object, 2 – conveyor, 3 – working element 

of manipulator, v – velocity of load stream, vR – velocity of manipulator, �c – distance between heads of loads 
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Fig. 3. Examples of kinematic structures of stationary nonprehensile manipulators: a) manipulator with an active 

rotary fence, b) manipulator with an active fence with translational motion, c) manipulator with torsional disks;  
1 – unit load, 2 – main conveyor, 3 – working element, 4 and 5 – delivery lines, v – velocity of transportation of main 

conveyor, vA i vB – velocity of transportation of new transport lines 
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Fig. 4. Examples of kinematic structures of stream nonprehensile manipulators: a) tilt tray, b) belt tray, c) divert shoes; 

1 – unit load, 2 – main conveyor, 3 – working element, 4 i 5 – delivery lines, v – velocity of transportation of main 
conveyor, vH – velocity of working element, vA i vB – velocity of transportation of delivery conveyor 

 
 

3. Basic assumptions of sorting process models 

The indications and indispensable recommendations necessary for design new solutions of 
manipulators and to define an application ranges of existing sorting devices are obtained from the 
analysis of the results of numeric optimization [9], [10], [11], [12], [14]). In the study there were 
used the theoretical models of the sorting process, which include the development of physical 
phenomena occurring while interaction between the object and manipulators actuators (oblique 
impact, the dry friction). The reaction forces of impact character appearing between the object and 
the working element of manipulator are defined by means of modified non-linear Kelvin model 
[8]. The frictional proprieties of the object are modeled by the non-linear friction coefficient using 
B-spline curve of third degree [13]. The sorting process is treated as a sequence of discreet stages 
of the movement, which occur one after the other until the reaches the its location in the 
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destination place. The stages, into which one can divide the considered continuous process, are 
distinct kinematic-dynamic states of the load, significantly different from one another, resulting 
from current interactions of the object and depending on its location relative to the sorting device. 

The physical proprieties of the manipulated objects, indispensable from the point of view of the 
assumed models, are determined during experimental tests. The friction proprieties of the objects 
are investigated with the use of method of backward friction force fields [13], while the elastic-
damping properties are examined by means of free fall method consisting in dropping the object 
down from a height on a rigid ground or an elastic beam [8]. Moreover, these tests give the 
possibility of experimental verification to confirm the correctness of the assumptions accepted in 
modelling the phenomena of dry friction and inelastic impact of bodies. 

 
4. General recommendations of applying various groups of nonprehensile sorting 

manipulators  

The data presented in Fig. 5÷Fig. 10 constitute synthesis of the basic structural-exploational 
properties of manipulators specialized in sorting stream of unit loads, developed on the basis of the 
numeric optimization results [9], [10], [11], [12], [14]. 
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Fig. 5. Space of constructional solutions of sorting manipulators 

 
There were studied the potential utilitarian properties of selected kinematic structures of 

manipulators relating to sorting the cuboidal objects (in rectangle shape in the conveyor plane) of 
length A = K0,1; 1,2L m and width B = K0,1; 0,8L m at the transportation velocity of unit load 
stream v = K0,2; 2,5L m/s and the conveyor width s = 0,7 m. The most inconvenient variants of the 
load stream location to obtain the successful course of the sorting process were considered. These 
variants result from association of the extreme values of the objects' parameters: their geometrical 
dimensions, density distribution, frictional properties, and initial position on the main conveyor. 
An accepted admissible dynamic reactions which can be exerted on the sorted objects are 
equivalent to the overload risen during the object impact at free fall on the undeformable ground 
from the height Hdop = 0,3 m. 

The values of exploational properties of manipulators (presented in the charts) are marked 
through shaded areas. Each manipulator has attributed area of different colour whose meaning was 
explained in the legend of Fig. 5. The interpretation of marks (occurring on all drawings) is 

238



common. Simultaneous mapping of the properties of several manipulators in one drawing leads 
sometimes to mutual covering of areas attributed to the manipulators. In order to enable their full 
identification, each area at least partly is drawn in the foreground, and the hidden edges are 
mapped by a dotted line. For a few areas there have been difficulties in their presentation in the 
foreground – even partial one. An  improvement of visibility of these areas  was obtained by their 
insignificant „extraction” beyond the declared maximum value of the dimensions of objects – from 
this reason some areas goes beyond dimensions 1,2 x 0,8 x 0,8 m.  

The division of the capacity of sorting manipulators into ranges (low, middle and high – Fig. 5) 
is based on definitions used in the work [6], and division relating to the loads' sizes (small, middle 
and large) – in the work [7]. The divisions mark out the ranges associating the manipulator groups 
with the sorting process properties – they attribute the suitable technical solution in the reference 
to exploational expectations.  

The markings of manipulators with active fences take into account two types of work nature: 
impact (1a, 2a) or impact-free (1b, 2b). Accepted types, result from the organization of the stream 
of loads on the conveyor. Initial position of load decides, if while sorting the object will impact 
against the fence or only slides (without impact) along this fence.  

The sorting capacity of the tray manipulators is closely related to the size of applied trays – not 
to the sizes of objects resting on their bearing surfaces. The largest foreseen object for sorting 
should fall inside the tray in whole. Due to this reason, the areas concerning tray sorting devices 
have shapes of rectangles (Fig. 5). 

The division of tray manipulators into two types: heavy (4a, 5a) and light (4b, 5b) is dictated 
the economic consideration: light trays are designed for objects of small dimensions, and heavy – 
for large objects [7]. 

The data relating to belt tray devices (5a, 5b) characterizes the close affinity to tilt tray 
manipulators (4a, 4b) in the range of the achieved capacity of sorting in the function of the objects' 
dimensions (Fig. 5) and the velocity of main conveyor (Fig. 7 and Fig. 8). Difference between 
these solutions concerns the level of dynamic interactions exerted on objects (Fig. 6) and the 
frictional properties of objects provided for sorting. The objects (in the case of belt trays) are 
exposed to the dynamic overload whose value results from friction coupling between object and 
the active bearing surface of manipulator – similarly, like in case of manipulator with torsional 
discs (3). An acceleration which is exerted by tilt tray on the object, can be larger - it can reach 
approx. 1,5g (g – gravity acceleration) [9]. Manipulators with tilt trays are not designed for objects' 
sorting of too large friction properties. Belt tray manipulators do not possess such limitation – the 
conveyors covering trays are made of materials of high friction coefficient – considerably higher 
than in case of surface of tilt trays. 

The edges limiting the areas from the left side (presented in Fig. 5) relate to sorting capacity 
obtained at minimum dynamic overload exerted on loads (Fig. 6) and at the low velocity of 
conveyor transportation (Fig. 7 and Fig. 8). The movement in the range of area in the direction of 
the right edge causes obtainment of higher sorting capacity, an increase of dynamic overloads 
exerted on the load and conveyor velocity increase. This rule obviously does not apply to the tray 
manipulators (4a, 4b, 5a, 5b). 

The values of dynamic interaction exerted on the object by manipulators (presented in Fig. 6) 
are expressed through the impact velocity, height H of the load free fall on undeformable ground, 
and acceleration aN. The values of each quantities have been so calculated to reconstruct 
relationships occurring between these quantities during the load impact (in [8], according to 
Table 1 – tested load with placed inside seismic sensor is surrounded by a sponge of thickness 0,03 
m) at the free fall on undeformable ground from the height H. The conversion of the impact 
velocity into adequate acceleration wn transmitted to load, do not take into account actuators 
flexibility of manipulators. An influence of this flexibility on mitigation of dynamic interaction 
exerted on the objects is presented in [10]. 
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Fig. 6. Space of dynamic overloads exerted on objects by manipulators: aN – acceleration exerted on object,  
H – height of free fall of the object on undeformable ground, wn – relative impact velocity of the object against 

working element in normal direction 
 
An increment of the sorting capacity has the small influence on the value variation of the 

objects' overload in case of tilt manipulators (4a, 4b, 5a, 5b) and with torsional discs (3) (Fig. 6) – 
in contrast to manipulators with an active fences (1a, 1b, 2a, 2b) and with divert shoes (6). The 
edges of the left side of the areas (Fig. 6 and Fig. 7) designate the capacity of sorting loads with 
the maximum dimensions, and right edges – loads of minimum dimensions. 
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Fig. 7. Ranges of transportation velocity of main conveyor during sorting  

The chart in Fig. 8 is worked out on the basis of information contained in Fig. 7, using one of 
the coordinate data – preferred velocity of loads' stream. Recommendation of the objects' sorting at 
the range of low velocity of the main conveyor refers to the manipulators with an active fences 
with translational motion (1a, 1b) and manipulators with torsional discs (3). Higher velocity of 
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transportation of load stream is appropriate for the work of manipulators: with trays (4a, 4b, 5a, 
5b), with an active rotary fence (2a, 2b) and with divert shoes (6). 

One of the basic features characterising the loads stream, subjected to automatic sorting 
process is the distance �c between the heads of transported loads. This distance should be so 
chosen to obtain continuous and collision-free supply the workspace of manipulator. Dependencies 
occurring between sorting capacity of manipulators and recommended distance between the heads 
of loads transported on the main conveyor are shown in Fig. 9. The upper edges of the areas 
(presented in the figures) relate to the objects of the maximum external dimensions, lower – to the 
minimum dimensions of objects. The required distance �c becomes smaller and smaller along with 
an increase of sorting capacity (excluding tray manipulators – (4a) (4b) (5a) (5b)). Obtained effect 
is a natural consequence of the relationship between the dimensions of load and the sorting 
capacity: the smaller the load, the less possible distance �c and higher capacity of sorting (Fig. 5). 
The requirement of the largest distance application (�c M 5,5 m) is assigned to the manipulators 
with an active rotary fences (2a) and (2b), and the smallest distance (�c M 0,6 m) – to the 
manipulators with trays (4b) and (5b). 
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Fig. 8. Velocity of conveyors co-operating with sorting manipulators (worked out on the basis of Fig. 7) 
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Shaded areas shown in Fig. 10 present the minimum lengths of the working space occupied by 
the manipulators. These lengths also determine the length of the minimum distance between 
destination chutes – have an influence on the number of division lines attributed to the unit length 
of an automatic sorting line. The longest workspace can be attributed to the manipulators with tilt 
trays (4a) and (4b), and the shortest – to manipulators with torsional discs (3). Manipulator with an 
active rotary fence (2b) can be simultaneously qualified to sorting devices with the shortest 
required working space (in case of loads sorting of minimum dimensions, and transported at high 
velocity of main conveyor) and to devices with large length of this space (in case of loads sorting 
of maximum size). The length of the workspace of manipulator with divert shoes (6) does not 
depend on the sorting capacity. 

 
 

5000 0 15 Wt [pcs./h] 

L [m] 

10000 

2,0 

000

1,0 

1,5 

0,5 

1a 1b 

32a 2b 4a, 4b 

6

 
 1a – active fence with translational motion (impact nature of the work) 
1b – active fence with translational motion (impact-free nature of the work) 
2a – active rotary fence (impact nature of the work) 
2b – active rotary fence (impact-free nature of the work) 
3 – torsional discs  
4a – tilt trays (heavy type) – �c = 1,2 m 
4b – tilt trays (light type) – �c = 0,6 m 
5a – belt trays (heavy type) – �c = 1,2 m 
5b – belt trays (light type) – �c = 0,6 m 
6 – divert shoes   

Fig. 10. Ranges of minimum length of working manipulators' spaces 
5. Summary 

The analyses of research results of the sorting process of unit loads transported on conveyors 
indicate that: 
� Highly efficient sorting devices belong to the class of nonprehensile manipulators. Basic 

methods of impulse generation that leads the objects to the new transport lines are achieved 
through: pushing of the object by working elements of manipulator, effect of the directionally-
oriented fields of friction forces, and an influence of gravity force on the object causing its 
sliding down from the conveyor. 

� Presented results of investigations fulfill cognitive function – they can be used, as guidelines 
on the stage of formulating the constructional assumptions of new technical solutions of 
sorting manipulators, and for optimum control already existing manipulators. 

� The main constraints to obtain higher sorting capacity are: the dynamic effects exerted on the 
loads, considerable velocity achievement by loads leaving the main conveyor, the increase of 
the length of the working space occupied by the manipulator causing reduction of the amount 
of new transport lines that fall on unit length of the main conveyor. An activity of these 
constraints depends on the kinematic structure of each group of manipulators. 
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Abstract

This paper will discuss the issues relating to the effect of constraint on the fracture safe design. At first the 
attention is focused on the relation between the microstructure and selected mechanical properties. This aspect is 
illustrated with presenting a brief consideration of the constraint effect in relation: microstructure - mechanical 
properties in microscopic scale. The same problem is account in macroscopic scale of the heterogeneous weld joints. 
After formulating a simplified model of mismatched weld joints a concise review of stress was made at interfaces 
between zones (W) and (B). Conclusions from above analysis form a constraint parameters  which were used 

to an assessment of the fracture parameters as ratio of driving forces by modified of the classical solution 
presented by Engineering Treatment Model (E-T-M). 
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Key words: material microstructure, constraint effect, fracture parameters 

1. Introduction 

The weld joints are often highly heterogeneous. It is known that a fracture of welded structures 
is generally caused by various defects in welded joints, while macro - mechanical heterogeneity is 
one their primary features. The heterogeneous nature of the weld joints are characterised by 
macroscopic dissimilarity in mechanical properties. This dissimilarity is caused by different 
mechanical and chemical properties of the weld and base materials as well as by the thermal and 
strain cycles during welding and may occur through the fusion line and heat affected zone (HAZ) 
of welds. The most reliable and practically feasible design concept is designing against fracture 
initiation from crack like defects in weldments. This design concept suggests that the fracture 
toughness of all parts of the welded joints must be went over and the lowest toughness region 
should be recognised. A weld joint includes the weld metal, HAZ and the base metal parts having 
different properties. Welding is probably the most popular manufacturing process for joining 
metals used in structural applications. In this situation we will focus our attention on a model in 
which the weld metal or part of the heat affected zone (HAZ) is imitated by layer (W) - Fig. 1c and 
d. Strength mismatching occurs as an overmatching - Fig. 1a or as an undermatching - Fig. 1c. The 
essential physical phenomena affecting the mechanical properties of this model occur at the 
interfaces of zones (B) and (W) - Fig. 1c and d. The presence of the interfaces in these models 
naturally gives rise to mechanical constraint on the weld joints. A fracture safe design also can be 
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influenced by constraint. The analysis of failure in a structural component depends on two inputs, 
the fracture behaviour and deformation behaviour - both depend on constraint. Current work has 
concentrated more on looking at constraint effects on the fracture behaviour. 

Fig.1. Characteristic of the models of the mismatched weld joints: (a) change of the yield point )ov(W
eR

in the overmatched weld joint; (b) change of the yield point  in the undermatched weld joint; )un(W
eR

(c, d) geometrical configuration - layer W as perpendicular or incline to external load 2P. 

2. Influence of the constraint effect on the material microstructure 

The normal way to calculate the strength of a multiphase alloy is to use a rule of mixtures, i.e. 
to estimate a mean value from the weighted average of each component: 

...VVVVV BMMppBb ������ '''''' �$$ , (1)

where:

' i - the property assigned to phase i, 

Vi - volume fraction of phase i. 

Above approximation may not be valid in circumstances where the phases have very different 
mechanical properties. This take place because of constraint effect between different components 
of microstructure. For example on Fig. 2 is presented plots of normalised strength of bainite as the 
function of fraction of bainite in martensitic matrix and change of proof stress of bainite and 
martensite in mixed microstructure which has been tempered. 
Then the strength of constrained bainite is established as follows [1]: 

� �O P Mbbob 98,0V3,3exp65,0 ''' ���M , (2)

where:
b' - strength of constrained the bainite, 

bo' - strength of unconstrained the bainite, 
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bV - volume fraction of bainite, 

M' - strength of the martensite. 

a. b.

Fig. 2. Characteristic of the strength of constrained bainite in martensite matrix [1]:  
(a) the normalised strength of bainite as the fraction of bainite in martensitic matrix; (b) the strength contributions of 

bainite and martensite in the mixed microstructure which has been tempered. 

When the volume fraction of bainite is small, its strength nearly matches that of martensite - 
Fig. 2. In accordance with above established rules the constraint effect are important in 
determining the mechanical behaviour of weld and HAZ microstructures in many respects. For 
example, it was indicated that hard-phase islands present in HAZ microstructures are most 
detrimental when they are severely constrained by the surrounding microstructure. It was also 
noted that microstructural inhomogeneities such as hard pearlite island, can lead to a significant 
variations in measured fracture toughness values of the same material. 

bV

3. Influence of constraint effect on the fracture of heterogeneous weld joints - macroscopic 
scale

Determination of change in the state of stress occurring at the interface of zones (B) and (W) is 
than of primary importance for a correct interpretation and estimation of a new mechanical 
properties. The stress analysis in this area is made previously in [2]. A very useful form of the 
stress state we can received by change the parameters: �5q. The parameter � represent the internal 
normalised tangential stress at interfaces and the parameter q is represent the external normalised 
tangential stress caused by force 2Q. With use the relation between � and q as: 

1q2q21 ��5�� �� , (3a, b)

we can transform the stress state which was established previously [2] on the form very useful in 
practice as follows: 
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In practice, by used to consideration the external force 2P and inclined layer we can determining 
the value of external tangential stress acting at interface as follows: 

$
'

� 2sin
2
1

Q � , (10)

where:

'1 2� P A/
2P - tensile force, Fig.1, 
A = 2 t " L - cross - section perpendicular to 2P, 
$ - angle, Fig. 1. 
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Then it is possible to assess the value of q as: 

$' 2sin
k2

q 1� , (11)

The stress analysis to enables establish the quantitatively assessment of constraint effect by 
introduce the constraint factor for the under- and overmatched weld joints in accordance to 
references [3], as follows: 
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Fig. 3a, b presents the dependence of the constraint factors  on the parameters Q and q. 
Because of that the model is based on the assumption that the materials of zones B and W are ideal 
plasticity than the new value of yield point of the layer is equal: 
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The change in state of stress also leads to conversion in crack resistance in these zones, the 
procedure of destruction and kind of fracture. For example consider the above - mentioned 
problem when the crack is located in the middle part of the layer parallel to the interfaces and in 
the homogeneous material in which the constraint effect is not effecting. 
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Fig. 3. Diagrams of  ,  for: (a) undermatched; (b) overmatched models of weld joints. un
WK ov

WK

One of the most important procedures is the recently introduced Engineering Treatment Model 
(ETM) relates CTOD to the applied load or strain for work hardening materials [3, 4]. In according 
to the previously determined equations by Schwalbe for assessing the ratio of the driving forces in 
mismatching model - Fig. 1 and after taking the constraint factor . It will be able to 
determine the normalised parameter 
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- overmatching case at matching ratio: 1:R/RK )un(W
e

B
eS  �
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The results of this study of mismatched weld joints reveals high dependence of the fracture 
parameter according to equations (16)D(23) on the such parameters as ,  and 

.
RN
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Wn , Bn

Conclusions

Constraints are of important in determining the mechanical of weld structures in many respects 
- microscopical and macroscopical scale. There are presenting a brief consideration of the 
constraint effect in relation microstructure - mechanical properties and the same problem was 
account in the macroscopic scale of the heterogeneous weld joints. After characteristic of the stress 
state there was made an analytical assessment of the fracture resistance of an undermatched and 
overmatched weld joints and reveals dependence of driving forces ratio RN according to equations 

(16)D(23) on the such parameters as constraint factors , matching and strain hardening 
exponents .

ov/un
WK SK

Wn , Bn
The thus determined parameter  gives the basic information about how in simple way to choose 
the critical parameter CTOD in mismatched weld joints for having strength equal to base metal. 

RN
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Abstract 
 

In the first part of this work the classic strength effort hypothesis and their usefulness to dimensioning of the 
materials and constructions were characterised. There was given their small usefulness when the defects such as 
cracks are presented. In this situation very useful to dimensioning of the materials and constructions may be the 
fracture mechanics with their parameters and criterions. The further part of this work was devoted to characterising of 
the basic parameters and criterions of the fracture mechanics. Such parameters as stress intensity factor Kn , strain 
energy release rate G, crack tip opening displacement N (CTOD) and integral Rice – �erepanov J and their criterions 
are presented. Last part is devoted to practical aspect of use of above parameters and criterions to dimensioning of the 
constructions. 

 
Key words: rules of dimensioning, fracture mechanics, parameters and criterions, analytical examples 

1. Introduction 
 

The problem of optimal design of the welded structures is very complex and various attempts 
have been made to obtain effective methods which might be used in engineering, with requires 
appropriated dimensioning of the materials and constructions. The application of the classical 
strength effort hypothesis is inconsiderable when defects, such as cracks, occur. The classical 
effort hypothesis, such as Huber – Mises equivalent of stress and their modifications, does not 
assess the effort of the construction as no real conditions of material effort are considered. For 
example [1], [2]: 

- the “scale effect” and the geometric feature of the constructions has not taken into 
consideration, 

- the state of the microstructure of the materials, their heterogeneity, internal discontinuity and 
other defects which are formed under manufacturing process and exploitation leaves out of 
account, 

- a question of the run of the material damage does not consider, 
- the constitutive physical rules are created by use of the continuum model of material. 
Various approximate methods of calculation are often used in designing, e.g. reducing internal 

forces, yet the best approach is based on fracture mechanics and their parameters and criterions. 
The application of fracture mechanics parameters to materials and constructions dimensioning is in 
a great step towards effort process modelling compliant with the modelling rules, which justifies 

n are often used in designing, e.g. reducing internal 
forces, yet the best approach is based on fracture mechanics and their parameters and criterions. 
The application of fracture mechanics parameters to materials and constructions dimensioning is in 
a great step towards effort process modelling compliant with the modelling rules, which justifies 
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the aim of the mechanics and its applicability to welded structure designing and dimensioning [2].  
 
2. Characteristic of the fracture mechanics parameters and criterions 
 

Stress intensity factor Kn 
 
The stress intensity factor is a parameter which determines the level of the stress or of the 

strain, energy density, elastic singularities near the tip of an ideal crack in a stressed linear elastic 
solid. The asymptotic stress and displacement components may be expressed as follows [1],[2]: 
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where: 
 
r - distance from the crack tip, 
> - angle, second polar coordinate, 

� � � �f gi
n

i
n> , >  - are dimensionaless functions of the angle >, 

Kn - stress intensity factor (n = I, II, III distinguish the models: I –opening mode, 
II–sliding mode, III–tearing or antiplane mode), 

i, j - the index refer to either the cartesian coordinates (x, y, z) or the cylindrical 
co-ordinates (r, >, z). 

 
Compliant with above, the stress intensity factor Kn is a fundamental quantity that governs the 
level of stress field in the vicinity of the crack tip or of the strain. Furthermore, it affects the strain 
energy density, elastic singularities near the tip of an ideal crack in a stressed linear elastic solid at 
r = 0 (r 5 0, 'ij 5 4) – Fig. 1a. In reality some inelasticity in the neighbourhood of the crack tip 
is always present in the form of plasticity Irwin presents a simplified model for determination of 
the plastic zone attending the crack tip under small–scale yielding. The observation led Irvin to 
suggest that the effect of plasticity makes the plate behave as if it had a crack longer than the 
actual crack size, Fig.1b: aeff = a + rp. 
 

 
 

Fig.1. Model of the plate with the crack 2a and the state of stress at the crack tip: 
a. in elastic state of material with ideal crack under tension, 

b. with extended crack length by plastic deformation aeff – fictitious crack length. 
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A study of the local stress fields for the three models (I, II, III) of loading showed their general 
applicability and can be generally given by the values of three stress intensity factors [4]: 
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For structural elements different then infinity plate and unit thickness with crack 2a the stress 
intensity factor is a function of the loading of the body, including applied loads and displacements, 
of the crack size, of the geometry of the body and of the crack. For example, at the plate with finite 
dimension 2H x W and thickness B with the crack 2a is affected by the action from tension stress 
' then the stress intensity factor is eq. [2, 3]: 
 

� �B,FaK 1I $�'� , (6)
 
where: ,W/a2�$   .W/H2B �
 
The diagram of the function F1($, B) is presented in Fig. 2. 
 

 
Fig.2. Diagram of the function F1($, B) [5]. 

 
The above solutions are obtained by making the assumption that the radius of curvature at the 
crack tip #e50. When #e U 0, KI can be assessed as follows: 
 

- plane strain � � e12K I #�F� �� , (7)
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- plane stress e4K I #��� , (8)
where: 
 
F - Poisson ratio, 
� - Shear modulus. 

 
In dynamic problems the stress intensity factor is the functions of time Kn(t) for models n = I, II, 
III. 
 

Strain energy release rate G 
 

The parameter G is related to the stress intensity factors as follows: 
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At the composed state of loading (n = I, II, III) the total value of G as: 
 

G = GI + GII + GIII, (15)
 
After inserting the equations (9)D(11) and (12)D(14) into (15) we received: 
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G is also related to the variation of the compliance C of the element with as follows: 
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where: 
 
C - compliance , � �u C F C u F N m� 5 � � �1 1

F - force, N. 
 

Crack tip opening displacement CTOD - N 
 

According to [4] the opening of the effective crack at the tip of the crack is given by: 
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By expanding equation (19) in Maclaurin series and retaining only the first term for small value of 

 we get: ' '/ y

 

y

2
I

E
K
'

N � , 
 

(20)

 
If we base on the Irwing’s solution the distance N of the faces of the fictitious crack at the tip of the 
initial crack at the tip of the initial crack of length a is given by: 
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Fig. 3. Dougdale model for the mode I crack of length 2a situated in very thin and an infinite plate subjected to 
uniaxial uniform stress ' at infinity perpendicular to the crack plane. 

 
By comparing eq. (20) and (21) we can deduce that the Irwin model over-estimates N as compared 
to the Dougdale model by 27 per cent. 
The eq. (20), (21) combined with eq. (9) yield, respectively: 
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Experimental investigations to indicate that above relations are appropriate when . ' '� y

 
Rice – �erepanov J integral 

 
The mathematical formulation of the conservation laws applicable in elasto-statics in the form 

of path independent integrals of some functionals of the elastic field over the bounding surface of a 
closed region lastly was proposed by J.R.Rice and independently �erepanow [4]. The J-integral 
applied to notch problems was introduced by them. 

The increment of the difference between the stored elastic energy We and work of the external 
loads U per unit increment of an ideal crack surface area A in nonlinear elasticity enable to 
establish the J as [1, 4]: 
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where: P – potential energy. 
 

In elasticity the strain energy release rate J is equal to the Rice–�erepanov J integral defined as: 
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where: 
 
W - the strain energy density, 
V - the contour around the tip joining one point on a face of the crack to another 

point on the opposite face, Fig.4, 
ds - is a differential element of the contour, 
ui - is a displacement vector, 
n - the unit outward normal to V, 
'ijnj - the normal component of the stress tensor to the contour V at ds, called as a 

traction vector, 
'ij - stress tensor. 

'
H
Hij j

in
u
x

ds  
 
- 

 

the unit energy density release from stress field 'ij 

x, y - is a cartesian coordinate system. 
 

In linear elasticity J = G. Furthermore, the J integral is independent of the contour in elasticity. 
This property is also extended in plasticity in monotonic radial loading. Under the same conditions 
the strain energy release rate can be assumed to be equal to the J integral, as in elasticity. 
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The J integral characterises the crack tip singularities of stress, strain and strain energy density 
in non-linear elasticity and in plasticity. 

 
 

Fig. 4. A two-dimensional cracked body with a path V starting from lower and ending  
to the upper face of a notch with traction vector. 

 
In the framework of deformation plasticity, it can be shown that J control the stress and strain 

near-tip fields as K does in linear elasticity. The proof was given by Hutchinson, Rice and 
Rosengreen [1, 3] and are designated as (HRR) fields. Let (r, �) be polar coordinates with origin in 
the crack tip. Then for r50 the stress and deformation as a function of J integral we assess as: 
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where: 
 
A, n, %o, 'o - are the constants of the Ramberg–Osgood law [2], 
In - is the dimensionless factor depends on the hardening exponent n and on the 

crack mode (I, II, III) and is tabulated, e.g. in [4], 
� �~ ,' �ij n  
� �~ ,% �ij n  

 
- 

 
are the dimensionless function determined in [1, 3]. 

 
Near the crack tip, the strain energy density, which varies as r-1, is proportional to J. 
 

Fracture criterions 
 

In agreement with [2, 4] the basic fracture criterions can be established as follows: 
 

Kn = KnC, (29)
 

Gn = GnC, (30)
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N = NC, (31)
 

Jn = JnC, (32)
where: n = I, II, III modes. 
 
The left side-hand of criterions (31)D(32) are characterised previously as above. The right-hand 
side of this equation are characterised the fracture toughness which described a material resistance 
to crack extension. The criterions (33) and (34) are mainly used for brittle fracture in the range of 
linear elastic fracture mechanics. The residual criterions (35), (36) are used in elasto-plasticity. 

For example at I mode condition the criterions be express as follow: 
 

KI = KIC, (33)
 

GI = GIC, (34)
 

N = NC, (35)
 

JI = JIC, (36)
 

The fracture resistance at unstable crack propagation prior to 0,2 mm of crack growth or to a 
pop-in [2, 4]. 

Under plane strain condition the critical value of J, JIC is related to the plane strain fracture 
toughness KIC by equation: 

 

IC

2

I K
E

1J F�
� , 

 
(37)

 
3. Conclusion 
 

Fracture mechanics design methodology is based on more realistic parameters and criterions 
than the classic continuous mechanics. With the above procedures there were determined the 
maximum allowable loads applied for a specified crack size, or the maximum permissible crack 
size for specified load applied. Some further effort is needed on the effects of constraint on 
deformation behaviour during the fracture process, specially in weldments. 
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Abstract
 

After formulating a simplified model of under- and overmatched welded joints an analysis was made of stress at 
interface for the cases of perpendicular and non - perpendicular orientation of the zones (soft layer and hard layer) 
relative to the load action direction under tension. Conclusions from the theoretical analysis form a basis to an 
assessment of effort and fracture of the mismatched welded joints. Conditions for producing brittle and ductile 
fracture in mismatched welded joints in relation to geometrical conditions of the layer (W), expressed by Q, and the 
mechanical properties of the layer materials, ,  and equivalent stresses W

eR 0R H' , v' are established in further 
experiments.  

Key words: stress state, fracture resistance, mismatched weld joints 

1. Introduction 
 

Considerable local diversification of the material structure and consequently, of the mechanical 
properties may occur in the weld or in the heat affected zone (HAZ). This dissimilarity is caused 
by different mechanical and chemical features of the weld and base materials as well as by the 
thermal and strain cycles during welding and may occur through the fusion line and HAZ of 
welds. The effect of strength mis-match in steel weldments has received much attention over the 
last years and a main reason for this interest is the increased use of steel with higher strength and 
the difficulties in specified weld metal toughness. The mechanical properties and effects of 
strength mis-match depends on the presumption, and many misunderstandings have occurred 
because the purpose with the examinations and the selection of boundary conditions have not been 
clearly specified. Considering the above - mentioned problem of heterogeneous weld joints we 
will focus our attention on a simplified model with thin layer-soft or hard- which are presented on 
Fig. 1. Considering the above - mentioned problem of a mis-match welded joint, it is essential that 
a model which shows the real conditions of the joint is presented. It should be assumed that the 
respective model presents the physical reality precisely enough to ensure the physical or technical 
sense of the models analysis. Thus, the physical model is a simplification of the real welding 
system and only matches the system in respect of its essential features. 
The essential physical phenomena affecting the mechanical properties of these models occur at the 
interface of zones (B) and (W). Determination of change in the state of stress occurring in this area 
is of primary importance for correct interpretation and estimation of mechanical properties and 
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fracture resistance of these models. The main difficulty adequately estimating the state of stress is 
that the material of an undermatched weld joint undergoes heterogeneous deformations which 
result in non-uniform stress pattern. It is possible for discontinuities of stress to arise, but these 
should not disturb the equilibrium state. 

 
Fig. 1. Characteristic of the models of the mismatched weld joints: 

a. geometrical configuration - layer W is incline to external load, 
b. geometrical configuration - layer W is perpendicular to external load, 
c. change of the yield point Re in the overmatched weld joint, 
d. change of the yield point Re in the undermatched weld joint. 

2. Characterisation of the state of stress at interface of zones (B) and (W) 
 

Components of the state stress in mis-matched weld joints under static tension are determined 
by the equilibrium equations and the equation of the plasticity condition which fulfilling the 
loundary condition of the interfaces of zones B and W (Fig.1). A suitable analytic models are 
presented in Figs.2 and 3. 
 

 
 

Fig. 2. Characteristic of analytic models of mismatched weld joints with inclined layer to force 2P: 
a. undermatching case, b. overmatching case. 

 
The components 'xx, 'yy and 'xy for the undermatched and overmatched weld joints with inclined 
layer W to be determined as follows [1]: 
 

- undermatched weld joints (Fig.1a, d and 2a): 
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- overmatched weld joints (Figs 1a, c and 2b): 
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Fig. 3. Characteristic of analytic models of mismatched weld joints  
with perpendicular layer to force 2P. 
a. undermatching case, b. overmatching case. 
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If the layer is perpendicular to the tension force 2P the parameter � is eq. (- 1) and equation 
(1)D(3), (4)D(6) are transformed in the following shape:  
 

- undermatched case (Fig. 1b, d and 3a): 
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- overmatched case (Figs 1b, c and 3a): 
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These above equations (7)D(9) assumes the form previously determined by Prandtl for 
undermatched case. It were reveals a non-linear stress state of 'xx, 'yy in inclined soft and hard 
layers and some analytical examples are presented in Figs 4 and 5. 
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Fig. 4. Characteristic of stresses, , , � �
un

relxx' � �
un

relyy' � �
un

relxy'

at Q = 0,3; 0,5; 0,75; 0,99 and G = 0,3; R = 0,1. 
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Fig. 5. Characteristic of stresses , ,� �
ov

relxx' � �
ov

relyy' � �
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at Q = 0,3; 0,5; 0,75; 0,99 and G=0,3; R=0,1. 

3. Influence of the state of stress on the mechanical properties and fracture resistance of 
mismatched weld joint models 

 
From the practical point of view, the effect of the change in the state of stress on the 

mechanical properties of the welded joint model at static tension is very interesting. It can be 
expressed by the average values of stresses that can be transferred by a joint with a soft or hard 
layer as [2]: 
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where: 
 

� �unW
everR , � �ovW

everR  - the tensile yield point of the layer (W) for under- and overmatched case, 

q - the factor which allows for the effect of interface normalised tangential 
stresses 0 � q <1. 

 
By converting the above equation and introducing the following ratio: 
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we can evaluate the effect of the change of mechanical properties of the soft or hard (zone) (W) as 
a result of the change in the state of stress as a constraint factors  . The above data 
indicate that the greater value of KW, the smaller the value of Q and q but different for under- and 
overmatched case. If q = 0 (2Q=0, $=0), equation (13a) assumes the form previously determined 
by Ka�anov for undermatched case:  

un
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For overmatched case equation (13b) takes the following form: 
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The theoretical values of  indicate that the mechanical properties of the so-called soft layer 
can be considerably improved due to the change in stresses of that area. Apart from the 
geometrical conditions, the upper limit of the strength is determined by the mechanical properties 
of the zones (B) and (W).  
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If the mechanical properties of the material in the zone (B), determined as B
mR  (tensile strength) 

and (tensile yield strength), correspond in principle with the mechanical properties of the 

material in its initial state before welding, and it is assumed that , then the relative 
thickness of the layer (W) which has no negative effect on the whole strength of the welded joint 
can be calculated from the following equation (
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Conditions which cause brittle fracture can be determined based on the conception of Pe�czy	ski 
[3] as: 

- undermatching case 

un
v

un
H

un
0

un
ever

R '
''

� , (18a)

- overmatching case 
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where: 
 
R0 - cohesive strength, 
'H , ' v - the equivalent stress according to Huber-Mises and Saint-Venant, respectively. 

 
The equivalent stresses ,  can be calculated from:  un

H'
ov
H'
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- undermatching case 
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- overmatching case 
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Instead of ,  we can write:  un
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- overmatching case 
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Therefore, with regard to equation (15), (16) and (18a), (18b) we can evaluate the geometrical 
conditions of the layer (W) expressed by the parameter Q which can be calculated from: 
 

- undermatching case 
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- overmatching case 
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The solution of the above equation gives a value for parameter Q after which brittle fracture may 
occur. Mismatched weld joints fail in ductile mode in soft or hard layer when: 
 

- undermatching case 
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- overmatching case 
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We can now evaluate the geometrical conditions of the layer (W) expressed by parameter Q when 
the mismatched weld joints fail in the ductile mode: 
 

- undermatching case 
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- overmatching case 
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Regarding the requirements of, e.g., standards concerning the estimation of KIC, it should be noted 
that in the zone (W) favourable conditions for passing KC5KIC occur when the value of s 
increased. KC and KIC are the critical values of stress intensity factors adequate for plane stress and 
strain [3].  

ov/un
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Conclusions
 

The following revealed features of undermatched and overmatched weld joints models were 
established: 

- state of stress is mismatched weld joint models under static tension, 
 

- constraint factor ov/un
WK which described change of mechanical properties of the soft or 

hard zones (W) as a result on the conversion in the state of stress, 
 

- relative thickness � �q,,Kf B
scr ��Q of the layer (W) for undermatched weld joint model 

which has no negative effect on the strength at static tension, 
 

- conditions for producing brittle and ductile fracture in mismatched weld joint models in 
relation to geometrical conditions of the layer (W), expressed by Q, and the mechanical 
properties of the layer materials, � � � �ov/un , ov/un

0R and equivalent stresses ov/un
H' , 

ov/un
v' are established.  

W
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Abstract
 

 In the paper has been presented an analysis of the influence of the electrolyte flow volume stream on the geometry 
of the work-piece and physical parameters of ECM electrochemical machining. Equations resulting from the 
principles of momentum, mass and energy conservation describing the physical  phenomena which occur during 
electrochemical machining have been formulated and solved.  
 
Keywords:�electrochemical machining, electrolyte flow, mathematical model 
 
 

1. Introduction 
 
Electrochemical machining with the use of a tool-electrode is today one of the  basic operations 

of  electrochemical machining technology for machine elements and other mechanical devices [1], 
[2].  

In the constant process the tool-electrode (TE) performs most often a translation  motion  
towards the machined surface. Electrolyte is supplied to the inter electrode gap with high velocity 
causing carrying  away  erosion  products from the interelectrode gap (IEG). These are mainly 
particles of hydrogen and ions of the  digested metal. Thus,  in such conditions we obtain multi-
phase, in general, three dimensional flow [3]. 
Hydrodynamic parameters of the flow  and the medium properties determine the processes of 
mass, momentum and energy exchange  within the inter electrode gap. Properly matched they 
prevent from occurrence of cavitation, critical flow and void fracture [4].  

The above mentioned processes have significant influence on  the  electrochemical  machining   
velocity and application properties of the machined surface [5]. 

Modelling of ECM involves: determination of the inter electrode gap thickness changes, the 
machined surface  shape evolution  in time, and distribution of physics-chemical conditions in the 
machining area, such as: static pressure distribution, electrolyte flow velocity , temperature and 
void fracture. 

Many authors have dealt with the mathematical description of  ECM machining, including: 
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Tipon [8], Fitzgerald, McGeough and Marsh[9], Alkire[10], Davydov, Kozak[11], Sautebin[12], 
Jain and Pandey[13], Prentice, Tobias,[14], Bia�ecki[15], Hume [16], Zouh [17], Prentice and 
Tobias [18] and Dukovic [19] and others. 

The purpose of this work is to analyze the influence of the electrolyte flow volume stream 
inside the interelectrode gap on the machined surface physical  parameters  and its geometry. 

 
 
2. Mathematical model of ECM process 

 
Fig. 1 shows the area of electrolyte flow inside the interelectrode gap (IEG), between 

curvilinear, axially symmetrical surfaces. 
 

 
 

Fig.1. Area flow of electrolyte in interelectrode gap IEG 
 

A general differential equation describing  shape evolution of the surface machined by anode 
dissolution according to ECM dissolution theory, has the form [4,5,6,7]: 
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with  initial condition F(X, Y, 0) = F0 
where: 

),,( tYXjj AAA � - distribution of current density on the machined surface, 

�  - coefficient of electrochemical machinability  vk
 F0(A,0) = 0 - an equation describing the  initial workpiece (WP), 
  F(A, t) = 0 - an equation describing the anode surface in time t. 

 
Current density results from  Ohm’s law�[4,5,6,7]: 
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where: u - potential of the electrical field between the electrodes, 
� Q - conductivity. 
In  rectangular axis  X,Y,Z connected with the immovable anode, the anode surface equation 

has the form: 
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Introducing equation(3) into dependence (1), one obtains: 
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where:�kv �- coefficient of electrochemical machinability 
for  t=0  ZA=Zo(X,Y). 

Assuming linear distribution of the electrical field potential along IEG the current density in 
the anode, in a locally orthogonal coordinate system x,y (Fig.1) is expressed in the following way 
[6,7,20,21]. 
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 Function ]TG describes the influence of conductivity changes within the interelectrode gap 
(IEG) and is determined in the following way: 
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In order to close  equation system (4),(5) and (6)  it is necessary to determine temperature rises�

�T=T-To and the distribution of void fracture ß. This requires definition of pressure, speed and 
temperature distributions within the curvilinear interelectrode gap.  

Mathematical modeling of the electrolyte flow through the interelectrode gap has been 
performed in a curvilinear, locally orthogonal coordinate system connected with  immobile surface 
[4]. 

Having accepted for consideration a model of two phase, anti-slide flow, the mixture 
movement equations resulting from laws of mass, momentum and energy preservation in   
curvilinear locally rectangular axis, are in the form [20]: 
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where:��vx, vy   -�components of velocity vector, 
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 pe  - electrolyte pressure, 
 #eo   - electrolyte density, 
 #Ho  -  hydrogen density, 
 �e�� ��dynamic coefficient of electrolyte viscosity, 
� �H�� ��dynamic coefficient of hydrogen viscosity, 
 ^  - void fraction, 
���������  j, GH, kH����are, respectively, current density, current efficiency of hydrogen emission, 
                             hydrogen electrochemical equivalent, 
             R - tool electrode surface radius. 
 

Energy equation for the considered flow, taking into consideration Joul’s heat, emitted during 
the current flow, forced heat convection caused by the electrolyte flow, heat exchange by 
electrodes and negligence of the dispersed energy, has now the form [22]: 
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  (12) 

 
where:        a  - coefficient of electrolyte thermal diffusivity, 
 Q  - electrolyte conductivity,  
 T - electrolyte temperature, 
 cp - specific heat with constant pressure, 

Formulated equation system (7)-(12) is the principal system of equations for the analysis of an 
axially-symmetrical flow of the electrolyte and hydrogen mixture flow through the interelectrode 
gap.�  

The solution of equation system (7)-(12) will enable to define distributions of velocities, 
pressures and temperature in the interelectrode gap. The obtained formulas defining the 
temperature distribution in the gap will be utilized for determination of the workpiece (WP) shape 
evolution (anode) on the basis of equation (4). 

Solutions of equations (7)-(12) should satisfy boundary conditions with regard to : 
      - pressure and velocity components: 
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- for temperature: 
 

- on the walls:  T = Ts   dla  xTxw   i   y= 0   oraz y= h 
   (14) 

           - on the inlet:       T=Tw  
 
where:    pz – pressure on the interelectrode gap outlet, 
             xz – coordinate of the interelectrode end 
 xw  - coordinate of the interelectrode beginning  
 Ts - temperature of electrodes, Tw – temperature on the inlet, 
 

When integrating motion equations (7) – (10), one can obtain formulas defining velocities and 
pressures within  the interelectrode gap.  
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    (15) 

  ,   ,  (16) 
 

Dependencies (15)-(18) describe velocity and pressure distributions in the mixture laminar  
flow through the gap, with a random profile of surfaces limiting the flow. The assumption of 
specific geometry of the axially-symmetrical surface leads to accurate definition of velocity and 
pressure distributions.��� 
�� Distribution of void fracture ß was determined from the mass balance of hydrogen, given off 
on the cathode.  
When integrating equation (8) across the gap  
 
   (17) 

 
and, next, accepting the assumption that�  one can  obtain, after transformations: 
 
   (18) 
 
whereas: ^� � �� void fracture,  - hydrogen density,  - current efficiency of gas 
emission,  - hydrogen electrochemical equivalent,�  - hydrogen gas constant,  - hydrogen 
molar mass. 

Solution to equation of the machined surface shape evolution  (4) was based on the method of 
successive approximations in combination with the time step method [6,7,20,21,22]. 
 
3. Numerical model of ECM process 
 

This problem is accounted for according to a successive approximation method for all used 
numerical schemes using at the same time the time steps method [6,7,20,21].  
 Energy equation (12) has been  solved numerically with the use of finite difference method 
replacing the temperature derivatives with algebraic expressions. 
 Simplified algorithm of a mathematical model solution is presented in Fig. 2. 
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Fig.2. ECM computer simulation algorithm 
 

4. Exemplary calculations 
 

Calculations were performed for shaping rotary electrodes with spherical surface profiles. The 
supply system ensures  the electrolyte fixed flow rate in the interelectrode gap. Passivating 
electrolyte was accepted for calculations. Calculations had been performed until a quasi – 
stationary state was reached. 

For calculations the following, machining parameters were accepted: 
initial gap ho = 0.2 mm 
speed of move forward of TE Vf = 0.01 mm/s 
interelectrode voltage U = 15 V 
volume rate Q = 3, 4, 5 dm3/min 
pressure pz = 0,1MPa 
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The obtained results have been illustrated in charts (Fig.3-8) which demonstrate distributions 

of: interelectrode gap height h, current density j, temperature T, void fraction ^, velocity Vm, and 
pressure p along the interelectrode gap (IEG). 
 

 
Fig. 3. Distribution of gap height h along IEG 

 

 
   

Fig. 4. Distribution of current density j along IEG  
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Fig. 5. Distribution of average temperature T  along IEG  
 

 
   

Fig. 6. Distribution of void fraction ^(along IEG 
 

 
   

Fig. 7. Distribution of average velocity V along IEG 
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Fig. 8. Distribution of pressure p along IEG 
 
5. Conclusions

 
The above presented charts allow for formulation of the following conclusions: 
 
- Changes of the inter-electrode gap are caused by dynamically changing physical conditions 

inside the gap (variable viscosity, density, electrolyte conductivity and also significantly 
changing velocity of the flow and pressure) Increase in the volume stream has a  
considerable influence on the interelectrode gap thickness. 

- Distribution of the volume fracture (of hydrogen) along the interelectrode gap increases 
nonlinearly. Value of � on the gap outlet decreases along with an increase in the volume 
stream and is significantly smaller than the boundary value, above which there occurs a 
transition from a bubble into the so called corks flow. According to Gryfith and Snyder the 
critical value is ^gr=0.5, 

- Distributions of mean velocity, pressure and temperature along the inter-electrode gap 
definitely depend on the volume stream value. They result from the gap cross-section field 
change and rapidly changing physical parameters of the flow caused by  electrochemical 
dissolution. The maximum velocity inside the gap, right behind the inlet, does not exceed 
the speed of sound in a two-phase medium. The minimal value of  pressure in the area of 
inter-electrode gap ( beyond the gap inlet) is considerably higher than pressure of saturated 
vapor. The temperature distribution indicates a distinct increase in temperature on the inter-
electrode gap outlet. It is caused by an increase of the volume fracture at the end of the gap 
and rapid drop of pressure along the gap. 

- Distribution of current density along the inter-electrode gap depends on its local thickness. 
Increase in the stream volume slightly raises the current density values, especially on the 
gap outlet.     

�
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Abstract
 

Determining complete material fatigue characteristics (S-N curve) is time-consuming and very expensive. 
Searching for faster procedures of determining the S-N curve, one can use approximate methods which are burdened 
with qualitative and quantitative error. Such characteristics differ from the real experimental studies results. Yet 
another method involves the use of mini specimens; the specimens the dimensions of which are lower than the 
normative sample. It allows for performing tests using much cheaper test stands. In the specimens researched there is 
a size effect which is broadly discussed in the available literature. The present work offers a review of the current 
theoretical knowledge on the size effect. There was analysed the geometry of mini specimens applied in experimental 
studies. Selected works with the use of mini specimens have been reviewed. Areas have been defined in which the mini 
specimen application is justifiable. 

 
Keywords: size effect, mini specimen, S-N curve, fatigue 
 
1. Fatigue tests in the high number of cycles range 

An indispensible part of calculations of design elements exposed to fatigue loads is the 
knowledge of basic material characteristics, namely the Wöhler characteristics, also referred to in 
literature as the S-N curve (Fig. 1). In the range of high number of cycles it shows two 
characteristic areas; limited fatigue life (the area under the section defined with slope m, but above 
ZG) and unlimited fatigue life (the area below ZG).  
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Fig. 1. S-N curve plotted on log �a – log N coordinates 

 
The diagram presented (Fig. 1) shows approximate numbers of specimens necessary to 

determine the S-N curve. The tests are performed in the area of high-cycle fatigue life in the range 
5 x 103 cycles to 2 x 106 to 10 x 106 cycles (N0). The tests are therefore very time-consuming. To 
perform such tests, typical servo-hydraulic material-testing machines are used (Fig. 2). The cost of 
these machines, plus additional indispensible equipment (e.g. extensometer) is, in the case of 
normative specimens, very high (a few hundred thousand Euro), which makes us encounter 
material testing machines only in a few laboratories, which, in turn, implies the situation that the 
real fatigue tests to determine the real Wöhler characteristics, are performed quite rarely. Even if 
executed, they are considered very expensive due to their time-consuming nature and the high cost 
of equipment. 

 

 
 

Fig. 2. INSTRON servo-hydraulic material-testing machines, laboratory of University of Technology and Life 
Science 

 
With that in mind, literature offers proposals of approximate definition of the quantities 

determining the S-N curve. Importantly, the methods are always burdened with a considerable 
quantitative and qualitative error. They are not, therefore, and cannot be in the future a 
replacement for real experimental tests. 

One of the ways to find a compromise between the identified, due to the accuracy, justification 
of performing experimental tests and the tests costs is the use of specimens small in size (mini 
specimens). In the mini specimens tests one can use the test stands of a very simplified structure, 
due to the range of forces applied. A direct use of the mini-specimen test results calls for 
determining the size effect on the results and defining, due to normative definition missing, what 
the mini specimen is. 
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2. Literature approach to the size effect 
 

Most works [6, 7, 9] assume that fatigue strength decreases with an increase in the dimensions 
of the element. A graphic representation of that effect is given in Fig. 3. The size effect is 
explained based on the probabilistic models referring back to the probability of destroying the 
weakest link in the material structure in the cross-section analysed. With the material volume 
getting bigger and bigger, there increases the probability of the occurrence of material defects 
which are caused by the centre of fatigue cracking. This physical model of the size effect, 
however, is not reflected in the recommended relationships to be applied. It is assumed that the 
size effect is characterised by the co-efficient [6]: 

 
where: 
- Zd – fatigue strength of specimen of any diameter, 
- Z – fatigue strength of specimen of the same material, diameter 7 ÷ 10 mm. 

 
 

Fig. 3. Quantitative description of the size effect (Kd) [7] 
 

Work [9] makes values Kd depend on the material the element has been made of: 
a) for grey cast iron: 
 

 
 

where: 
- d – specimen diameter [mm]. 

 
b) for stainless steel within the dimensions given in material standards: 

 
 

c) other types of steel and cast iron materials: 
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where: 
- dmin – diameter complied with table in work�[9], 
- dmax – maximum diameter adopted in experiment, 
- ad – co-efficient complied with table in work�[9]. 

 
d) for wrought aluminium alloys (although Rm, depend on the diameter or thickness of the 

component): 
 

 
e) for cast aluminium alloys: 
 

 
 

The co-efficient of the size effect is mostly introduced in the elements exposed to bending and 
torsion. At those states of load the susceptibility to the size effect is clearly connected with the 
gradient of stress (strain). In the specimens with axial load the gradient of macroscopic stresses 
does not exist and so in some works, e.g. [6] it is assumed that there is no need to apply the co-
efficient. Direct fatigue tests, however, demonstrated a little impact of the size effect for 
components with axial load and its application is recommended, which is reported by e.g. work 
[7]. 

The analysis of the range of diameter from 8 to 40 mm is covered by work [2] which presents 
the size effect based on the fractal theory referring back to the material structure. The fractal 
theory concerns the description of plants of irregular structure magnified to any extent. The 
ultimate tensile strength and fatigue life were decreasing with an increase in the specimen size. 
The decrease is relatively bigger for materials showing structure heterogeneity. Increasing the 
volume of the design element there increases the probability of damaging the element due to 
greater probability of finding critical micro-fractures causing the development of the fracture. 
 
3. Mini specimen geometry 
 

The results of experimental studies reported in other works [3, 4, 5] were recorded for 
reference specimens (normative) the shape of which complied with standard PN-74/H-04327 [10] 
(Figs 4, 5). 
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d [mm] l [mm] Rmin [mm] 
6 24 24 

7,5 30 32 
10 40 45 
12 48 48 

 
Fig. 4. Geometry round specimens of a fixed cross-section [10] 

R

d  

d [mm] Rmin [mm] 
6 24 

7,5 32 
10 45 
12 48 

 
Fig. 5. Geometry round specimens of variable cross-section [10] 

 
Works [3, 4, 5] were drawing directly on the specimens made according to norm ASTM E-466 [1] 
for which measurements were defined for round specimens of a fixed cross-section (d = 5.08 mm 
÷ 25.4 mm, R min = 8 x l, l = 2 ÷ 3 x d) and round specimens of variable cross-section (d = 5.08 mm 
÷ 25.4 mm, R min = 8 x d).  

Mini specimens in literature are various in shape. There dominates the shape similar to the 
normative specimen (Fig. 6a), namely a round specimen of varied cross-section in the shape of the 
hour-glass. This type of geometry shows a good buckling strength, which is an essential aspect in 
the miniaturization of specimens with axial load, however, it is also useful to tests with a variable 
bending and turning moment. 
 
 a) 

b) 

d [mm] Rmin [mm] By work 
1 36 
2 80 [4] 

1,25 10 [5] 
3 31 [3] 

R

d �
 
 
 

d [mm] By work 
0,1, 0,2, 0,6 [8] 

�����������
d

 
 

Fig. 6. Mini specimen geometry round specimens of variable cross-section, complied with work: a) [3, 4, 5], b)[8] 
 
Besides, one can encounter specimens the shape of which is presented in Fig. 7 (the shape 
conditioned by the initial material for tests) and the samples presented in Fig. 6b (the specimens 
shape conditioned by the load method, in that case the tensile specimen). 
 
4. Experimental studies referring to the use of mini specimens in tests 
 

Work [5] presents the impact of the size effect on the fatigue life of the irradiated specimens 
and weldments (TIG) made from Japanese steel of a reduced ferritic-martensitic activity JLF-1 
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(Fe-9Cr-2W-V-Ta). Steel JLF-1 is used in the structure of shields of nuclear reactors using the 
fusion reactors D-T. There were applied two kinds of the specimen sizes; the shape complied with 
the norm ASTM E-606 and the sample diameters equalled 6 mm (normative specimen) and 1.25 
mm (mini specimen) (Fig. 7). The samples were exposed to fatigue tests monitoring strain. In both 
cases (base material and weld material), the mini specimen showed a greater fatigue life that the 
normative specimen; the original results are provided in Fig. 8 following work [5]. 
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Fig. 7. Specimen geometry used in work [5] 
 

 
Fig. 8. Relation between stress amplitude and number of cycles [5] 

 
The springboard for the authors of work [8] was the thought that machinery design more and 

more often focuses on miniaturization. With that in mind, it is indispensible to perform fatigue 
tests for the plants of real (small) dimensions. Work [8] presents the impact of the effect of scale 
on fatigue life of materials used in micro-machines (space satellites, medical care). As claimed by 
the authors of the work, the specimens are made from pure iron and pure aluminium (original 
names taken after work [8]) 0.2 mm, 0.3 mm and 0.6 mm in diameter. The electrolytic polishing 
apparatus was used. The test stand has been built from the electrodynamic actuator generating low 
stress amplitudes. The specimens were with axial loads. The pure aluminium specimens were 
independent of the diameter. For the same values of the stress amplitude the fatigue life was 
comparable, while the samples of a smaller diameter made from pure iron showed lower fatigue 
life. 

Work [4] presents the impact of the size effect in the rotationally-bended specimens in the 
environment of high humidity (60%, 70%, 80%, 90%) and water at the temperature of 25°C. The 
tests will allow for the selection of materials of e.g. small parts of machines used in the robot 
driver shafts. The samples were made from steel SS400 and S45C, 8 mm (normative specimen), 2 
mm and 1 mm in diameter (mini specimen), respectively. The surfaces of the specimens were 
polished with abrasive paper grade 1200 (emery paper). It was shown that in the environment of a 
high humidity the fatigue strength increases with a decrease in the specimen diameter (Fig. 9). In 
the case of smaller specimen diameters, the water molecules adhere to the surface more easily 
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forming a layer. Water drops cause a faster initiation of corrosion and cracks than the water layer 
on the specimen surface. 

 
Fig. 9. Relation between fatigue strength at 107cycles and specimen diameter [4] 

Research work [3] is of different nature; it presents the application of ultrasonic to research the 
fatigue life of high-strength steel. The main advantage of the use of ultrasonic is very high working 
frequency reaching 20 kHz, thanks to which reaching the number of cycles of 109 is possible 
within the time shorter than for the typical frequencies reaching 100 Hz. The tests were performed 
for the samples 8 mm, 7 mm, 3 mm (mini specimen) in diameter made from steel 40HMA 
(42CrMo4). The reference specimen was a normalised specimen 6 mm in diameter tested in the 
servo-hydraulic fatigue machine. The surface of the specimen was given its finish with the 
abrasive powder 1μm. 

 

a) 

 

b) 

Fig. 10. Relation between stress amplitude and number of cycles: 
a) ultrasonic loads and servo-hydraulic loads, b) specimen of different diameters [3] 
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�
In the ultrasonic fatigue tests the samples were cooled with the air to decrease the temperature 
increase. The tests were interrupted to maintain the specimen temperature on the surface not 
exceeding 30°C. The fatigue life obtained with the method using ultrasonic is similar to the fatigue 
life obtained on servo-hydraulic fatigue machine (Fig. 10a). There was observed an impact of the 
size effect. For the samples of lower diameter there were reported higher fatigue life values than 
the normalized specimens (Fig. 10b). 
 
5. Conclusions 
 

There is some state of knowledge on the size effect, including the model commonly considered 
the applicable one; it assumes that the size effect does not get identified in the range of samples the 
dimensions of which are below 7 ÷ 12 mm (depending on the source). Such state of knowledge is 
reflected in the recommended calculation models and their related dependences. The sample data 
come from literature where for the diameters from 1 mm to 7.5 ÷ 12 mm, depending on the 
material, the co-efficient of the size effect is defined at level 1. The application of the formula 
depending on the material of the element shows that the size effect depends on the material 
structure. In the case of materials of heterogeneous structure there is a greater sensitivity to the 
change of dimensions. 

Work [7] provides interesting experimental results of the quantitative effect of the cross-section 
value, which shows clearly the justifiability of the statement of no size effect in a very narrow 
range. In general, the effect is also found in the range of the smallest diameters (1 ÷ 5 mm). 

The impact of the size effect in the range of the smallest diameters is shown in the 
experimental studies referred to in item 5. It was experimentally proven that fatigue strength and 
life of mini specimens (1 ÷ 3 mm) are greater than the normative specimens (6 mm). Those works 
comply with the relationships presented following work [7] in Fig. 3. The present tests were 
performed when exposed to bending and tensile loads. 

The work has formulated a hypothesis on the justifiability of searching for the test 
methodology and using mini specimens as a way to lower the costs of tests. With the review of the 
state of knowledge provided here, assuming the above reasoning as the major one, one shall note 
that the application of mini specimens is also justifiable due to: 

- widening the scope of the possibilities of identifying the material characteristics when 
sampling a normative specimen is impossible (e.g. elements embossed from aluminium), 
- using low values of displacements in the tests, which is favourable to the use of high 
frequencies and, as a result, shortens the test time, 
- using low values of specimen of strain in the tests (on purpose due to selected material 
groups). 
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Abstract 

In a number of design situations acquiring complete experimental data on fatigue properties used in material 
design solutions is impossible. It is justifiable then to use one of the common approximate (analytical) methods, pref-
erably a method of verified accuracy. The problem of accuracy of analytical methods was earlier addressed in a pub-
lication [12]. The fatigue life assessment errors shown there for the range of limited fatigue life must be considered 
unacceptably high. This paper quotes selected, known from literature, applicable proposals and own modifications 
suggested by the Authors. The modifications were verified based on experimental data from a number of papers. A
significant decrease in the fatigue life assessment error was reported. 

Keywords: high-cycle fatigue strength , fatigue plots, analytical methods of  estimating  Wőhler characteristics  

1. Wöhler characteristics and their importance  
In design calculations it is necessary to know fatigue properties of the construction materials 

applied. As for the construction elements exposed to fatigue loads, the properties (for the calcula-
tions in the range of a high cycle number) are determined based on the S-N curve. The curve is ap-
plied, in practise, in the area of unlimited fatigue life and limited fatigue life. Performing design 
calculations in the first of the areas has a much more profound tradition and it has been applied by 
designers for a few dozen years already. The methods and relationships used in that way have been 
well verified and recognised. Design element dimensioning due to the limited life has been used 
only for the recent years and the state of knowledge and the accumulated sources of numerical 
quantities describing that area are definitely less satisfying. With that in mind, the attention of the 
Authors of this paper focuses on the second area. 

In the range of limited fatigue life the Wöhler curve is also described with equation (1), for the 
determination of quantities, see Table 1. Considering the knowledge of the value of fatigue limit
ZG and the related limit number of cycles N0, one can write the equation (2) or such notation to de-
termine the value of slope m describing the curve in the range we are interested in. The scope of 
experimental studies necessary to determine value m applying experimental methods is given 
symbolically in Fig. 1a. The result of value m is accurate, however, unfortunately, due to a high 
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number of samples which would need to be brought to fatigue damage, it is time-consuming. For 
example norm [9] recommends performing tests at a minimum of 5 load levels and at least 3 sam-
ples for each, which gives us at least 15 samples to be damaged. Besides the result is conservative 
in a sense of being related to the conditions of the test. 

, (1) 

, (2) 

, (3) 

Fig. 1. Method of plotting the S-N curve  according to a) experimental and b)  analytic approach according to 
the FITNET method 

Tab. 1. Breakdown of sample relationships from calculation methods in the high-cycle fatigue area 
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The importance of knowing exponent m, shown with selected examples, is given in Table 1. 
Table 1 presents sample notations connected with performing  calculations of the values of the real 
fatigue factor and the values of fatigue damage determined according to the hypothesis by 
Palmgren - Miner. More details on the importance of that quantity in fatigue calculations are pro-
vided by the authors of monographs, e.g. [4]. 
2. Selected methods of acquiring fatigue characteristics and developing the paper hypothesis  

Acquiring data on the fatigue characteristics (mostly equation exponent) can be made experi-
mentally (treating the method as accurate) or with the analytic method, treating the method to be 
approximate. 

The experimental method is described in detail in a number of norms, e.g.  [9]. Sample analytic 
methods, namely the FITNET method and the method from the publication [5], were described in 
article [13]. The methods were selected for verification since they refer to fatigue life in the range 
of limited fatigue life. Those are the methods which have been proposed relatively recently, to ad-
dress practical applications by experts. Besides determining the fatigue curve, according to the au-
thors of those methods, can be supported by performing a simple experiment which involves a 
static test of determining material tensile strength. The verification of the accuracy of calculations 
of those methods is addressed in paper [12], which demonstrates considerable errors in the fatigue 
life assessment. For selected conditions the errors range from 14% to 573 %. 

The authors of this paper have formulated a working hypothesis of the justifiability of a modi-
fied, analytically-experimental, approach which would involve the use of common analytical 
methods and a partial support from a simple fatigue experiment, own or provided in literature. Ap-
plying common methods of rapid determining of fatigue characteristics, offered in literature, ac-
companied by experimental support, it is possible to obtain satisfactory approximation accuracy 
result of the estimation for accurate characteristics. The aim of the paper is to verify, in a selected 
field, the above hypothesis. 

3. Analytic-experimental method – own proposal  

The own proposal has been based on the notations of FITNET procedure. Since, as demon-
strated, determining characteristics according to FITNET methodology in the range of limited fa-
tigue life is insufficiently accurate, the procedure of plotting the S-N curve in that range has been 
modified. The modification involves the variation of coefficient m in a wider range than in in the 

Fig. 2. Proposed modified curve 
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original methodology. Coefficient m depended on the type of material and the type of load. The 
numerical values of the slope used to implement that idea will be proposed based on the literature
data and experiments. Fig. 2 presents, in a form of a diagram, the way the S-N curve is plotted ac-
cording to the modified FITNET method. Plotting the curve in the range of unlimited  fatigue life 
is made following the original method. 

4. Verification of the hypothesis 

4.1. Conditions of verification  

Setting-up of the values of exponent mm (symbols, see Fig. 2) for the reporting verification 
range in this paper is given in Table 2. The data are taken from papers [2,4,5,8] in which the rang-
es of variation of coefficient m are quoted. 

Tab. 2. Values of the slope mm 

Type material State Data source 
Value of coefficient mm 

Normal stress Shear stress 
Steel Smooth specimen  [2],[4],[8]  12 12 
Steel Element with notch [4],[5] 7 7 
Steel Heat treatment [4] 18 18 
Iron Smooth specimen Own proposal 11  
Aluminium alloy Smooth specimen Own proposal 8 8 

At attempt at generalising the notation of value m involves formulating a general equation de-
scribing the dependence of slope m on the value of the ratio of the yield limit (Re) to tensile 
strength (Rm). The notation has been presented as equations (4) and (5). To differentiate from the 
values in Table 2, symbol me has been introduced. In those equations there was assumed limiting 
the range of limited fatigue life in advance, by value  0.9 Re. 

, (4)

, (5)

Fig. 3a presents the regression curve described with equation (5). The curve was plotted based on 
the experimental data reported in literature (quoted in  Table 3). For the curve plotted in that way 
the coefficient of correlation is 0.831, while the graphic interpretation of the formula (4) is pre-
sented in Fig. 3b. 
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Fig. 2. a) Relationship between the number of cycles until damage and the ratio of
Re/Rm, b) graphic representation of symbols from formula 4 

4.2. Results of the verification

The verification of the proposed analytical-experimental approach was made based on the cal-
culations for the stress amplitude corresponding to the level of 105 cycles on the experimental 
curve. A comparison was made between  the fatigue life determined from the experimental curve 
(namely 105 cycles) with the fatigue life determined for the same stress amplitude from the esti-
mated curve. The results of that comparison are shown in Table 4. The results of the fatigue life 
assessment error range from 12% to 286%. A graphic representation of selected results of curve 
calculations estimated according to the original FITNET method and the modified method are giv-
en in Figs. 4a, 4b and 4c.

Tab. 3. Comparison of the recorded fatigue life according to the proposal conditioning 0.9 value of  the yield limit with the 
number of cycles until damage and the experimental data. 

Material
Value of slope 
m according to 

the experiment 
Re/Rm

Number of cycles for 
crossing of 0.9 of the 
yield limit with the ex-
perimental curve

Calculated number 
of cycles NRe

Determined val-
ue of slope 
m

S355J0 12,3 [12] 0.74 2.21×103 8.41×103 12.3
C40 12.8 [1] 0.60 1.10×105 7.11×104 15.1
C45 11.1 [6] 0.52 4.46×105 2.61×105 29.8
34CrMo4 8.4 [1] 0.72 4.63×104 1.09×104 12.5
42CrMo4 23.2 [1] 0.73 4.09×104 9.54×103 12.4
42CrMoS4 14 [10] 0.91 1.30×103 1.03×103 11.5
D38MSV5S 17.7 [4] 0.69 3.16×103 1.58×104 12.7

An attempt at generalising the notation of value m was verified for the materials specified in 
column 1 Table 3. The table makes it possible to compare exponent m taken directly from the ex-
periment (column 2) with the value estimated based on Fig. 3a (the last column).
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Tab. 4. Comparison of the recorded fatigue life according to the modified FITNET method (constant m for a group of 
materials) and the experimental data

Material Value of slope 
m according to 
the experiment 

Value of 
slope m

Number of 
cycles until 
damage

Difference between the 
experimentally deter-
mined number of cy-
cles and the number of 
cycles recorded

Fatigue life as-
sessment error 
[%]

Normal stresses
S235JR 11.5 [9] 12 9.4×103 9.1×104 91

S355J0 12.3 [13] 12 3.9×105 -2.9×105 -286

E355 18.8 [3] 12 3.1×105 -2.1×105 -214

C40 12.8 [2] 12 1.12×105 -1.2×104 -12

C45 11.1 [7] 12 1.16×105 -1.6×104 -16

15Cr2 20 [9] 18 3.6×103 9.6×104 96

14CrMoV69 16.1 [2] 18 4.1×102 9.96×104 99,6

30CrNiMo8 11.7 [12] 18 1.3×105 -3×104 -30

34CrMo4 8.4 [2] 12 3.8×104 6.2×104 62

42CrMo4 23.2 [2] 12 1.7×104 8.3×104 82

42CrMoS4 14 [11] 18 3.2×104 9.4×104 94

SAE 8630 11.8 [2] 18 2.4×105 -1.4×105 -139

D38MSV5S 19.5 [5] 12 2.1×105 -1.1×105 -110

Shear stresses
C45 10,1 [6] 12 1.4×105 -4×104 -40

30CrNiMo8 19,3 [12] 18 4×103 9.6×104 96

D38MSV5S 10,9 [4] 12 2.1×104 7.9×104 79

Tab. 5. Comparison of the fatigue life recorded according to the modified FITNET method (m dependent on the ratio Re
to Rm) and the experimental data  

Material
Value of  slope m
according to the 
experiment

Determined val-
ue of slope m

Number of 
cycles until
damage 

Difference between the ex-
perimentally determined 
number of cycles and the 
number of cycles recorded 

Fatigue life 
assessment 
error 
[%]

S355J0 12.3 [12] 12.3 3.77×105 -2.77×105 -277
C40 12.8 [1] 15.1 6.35×104 3.65×104 36.5
C45 11.1 [6] 29.8 4.77×103 9.52×104 95.2
34CrMo4 8.4 [1] 12.5 3.39×104 6.61×104 66.1
42CrMo4 23.2 [1] 12.4 1.54×104 8.46×104 84.6
42CrMoS4 14 [10] 11.5 1.55×104 8.45×104 84.5
D38MSV5S 17.7 [4] 12.7 1.91×105 -9.06×104 -90.6
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Fig. 3. Diagrams presenting a comparison of methods of evaluating the high-cycle fatigue life for: a) steel C40 in
normalized state, b) steel C45 in normalized state, c) steel 42CrMoS4 in thermally  improved state, and d) legend

6. Summary and conclusions  

Based on the above verification results the following conclusions can be formulated:  
− Using only analytical methods can lead to considerable fatigue life assessment errors (as 

much as 573%). 
− The application of experimental methods results in considerable financial inputs and leads 

to the results conservative in use. 
− As pointed in this paper, it is possible to combine the existing knowledge on analytical 

methods with purposeful support with data from similar experiments; such approach has 
been referred to as the analytical-experimental approach or it can be referred to in short as 
the hybrid approach. 

− An essential quality of the hybrid approach is the dependence of exponent m from the type 
and state of the construction element material the approximate value of which can be de-
termined based on the literature data or experimental data of similar materials.

− Two analytical methods have been recognised as are worth considering for engineering ap-
plications; the method with a proposed value of exponent m for a specific group of materi-
als and the method with the slope exponent dependent on the ratio of  Re to Rm. 

− The application of the hybrid approach leads to decreasing the fatigue life assessment error 
from 573% (as shown in paper [12]) to 286%, as demonstrated in Tables 4 and 5 (for the 
assumed area of analysis).
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Interestingly, the presented breakdown of data, the analysis and its conclusions concern a lim-
ited group of materials. The verification points to specific tendencies and finds it justifiable to pre-
sent it for a wider group of materials. 
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Abstract

The paper deals with factors determining the run and intensity of the wear-out process of mining hoist 
mechanisms. On the basis of the carried out experimental tests of a balance rope being a part of such a mechanism it 
was proven that conditions of the rope operation have a great influence on the kind and effects of its wear-out process. 
It was found that the basic cause of the rope strength features degradation is electrochemical corrosion and 
particularly – a chemical variant of this process. Of course, tribological wear is observed too. 

 
Keywords: rope, hoisting shaft, durability, operation environment 

 
1. Introduction 
 
The wear process each of machine elements result in degradation of strength features of the 

material from which are made these elements or machines, generally referred to as technical 
objects. Exceeding permissible values of features which are significant in terms of the object 
operation (diagnostic symptoms) causes its transition from the fitness for use to unfitness for use 
state [2]. In case the fault is of permanent character the object life is affected, as well. Such a 
sequence of events and their results mean that the main goal of each technical object user is to 
reach the features boundary values over possibly the longest time, which means obtainment of its 
possibly longest life. The destruction process occurs in result of the technical object being 
influenced during its operation by different forcing factors such as: excitation forces, heat and 
chemical processes. In many cases, the listed above factors act simultaneously contributing to the 
wear-out process. Such a situation occurs when the object is used in a chemically active 
environment, for instance machines operating in mines. Tests proving rightness of this thesis were 
carried out with the use of a shaft hoist  

In presented paper, tests of balance ropes of a mining hoist, shown in Fig. 1, have been 
discussed. The main practical aim of conducted research was to confirm the rightness of the 
decision concerning an exchange of a used rope for a new one, whereas the cognitive goal was to 
determine the causes of its accelerated wear-out. Achievement of both goals will be of great 
practical importance as the tests results will make up a database useful for making similar 
decisions in the future; besides, they may provide information for users how such mechanisms 
should be operated.  
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2. Object of investigations and its operation conditions 

The durability of balance ropes operating in mining hoists depends mainly on synergy of such 
constructional factors as: material of wires and the rope core and characteristics of the used 
lubrication substances. Also, important are lubricants of the core and the wires used during the 
rope production process, the rope length of lay, its relief and untightness [1]. In case of 
mechanisms of ropes used in mining, especially underground, whose scheme is presented in Fig.1, 
a significant factor affecting their life is the environment in which they operate. For ropes 
operating in a strongly corrosive environment, this is the wire coating that is of primary 
importance, including: thickness, uniformity, and adhesion of the anti-corrosion coating to the 
wires throughout their length.  

 
Fig. 1. Structural scheme of a shaft hoist: 1 – hoist tower, 2 – hoist wheels, 3 – lifting ropes, 4 – steering wheels,  

5 – shaft, 6 – guide ropes, 7 – balance rope, 8 – fender rope, 9 – hoisting vessels, 10 – suspension gears, 11 – guide 
ropes weights, 12 – emergency breaks device, 13 – upper loading level, 14 – lower loading level 

 
Confirmation of the influence of the work environment on the wear process intensity needs the 

tests of a mining hoist balance rope. Its basic, catalogue parameters are as follows: 
� type (the rope marking): 45,0-33x7+A0-Z/z-n-N–G-1180-ZN-80/019-5021-170, 
� the rope structure: 6x7x2,30+11x7x2,30+16x7x2,30, 
� bearing cross-section: 959,80mm2, 
� nominal mass of 1 meter: 8,9kg. 
The tested rope was characterized by the below strength features:  
� tensile force the whole rope: 1009,00 kN, 
� tensile force wires according to the manufacturer: 1286,23 kN, 
� tensile force wires according to the user: 1273,47 kN, 
� safety coefficient for start of operating: 13,23. 
Conditions in which the tested rope operated is defined also by the below, selected operation 

values: 
� the rope maximum static loading: 76,256 kN, 
� the rope length from the upper location of the vessel to the return: 870 m, 
� kind of grease used for maintenance: Nyrosten N113. 
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In the presented case, the rope was operated in a medium – wet, downcast shaft, used both, for 
transporting materials and people. The torsion transmission drive was provided by a double rope 
lift machine situated on the hoist horst. In order to balance the static moment on the machine shaft, 
two round balance ropes were applied ? 45 mm. The hoist depth was 850m. whereas the rope 
maximum length, from the rope wheel axles to the head of the cabin on the coal pit, was 883 m. 
After about 32 months of operation with an average work intensity, about 200 extractions per 24 
hours, the rope executed approximately 64000 cycles and due to the safety factor decrease by 
approximately 29,5%, it was exchanged. 

It should be mentioned here that the mean operation time of previously used ropes was 42 
months, which was about 30% longer than the operation time of the research rope. 

 
3. The experimental rope investigations 
 

The standard procedure concerning research of ropes consists of three kinds of tests: 
organoleptic, magnetic and fatigue ones, and this is the order in which they will be discussed in 
this paper.  

Fatigue tests results are of special practical value, as being of destructive character – they can 
be carried out only on a rope which had been removed. On the basis of their results it is possible to 
define explicitly and undoubtedly the degree of its destruction and its strength features decline 
which is a criterion important for making decisions on further destination of the hoist critical 
element. The above listed factors make the fatigue tests the most informative [5, 9]. 

 
3.1. Organoleptic tests 

As the result of a carried out inspection, there was found a deep corrosion of the external layer 
wires spreading onto the inner layer wires, especially on the return sections – when the hoist 
cabins were at the level of 850m. below the vessels. Traces of the corrosion related wear-out 
process are shown in Fig. 2, where a fragment of a partly unlaid rope has been presented. 

 

 Fig. 2. Some fragment of the rope before the tests with visible corrosion 
 
After being dismounted, the rope was found to have local losses and losses in solding, though 

on not more than three wires of the external and internal layers, at the length equal to the rope 
seven diameters (~270mm.). Material losses in the wires due to friction and dents at the place of 
the layers contact, were not found. 

After being cleaned, the broken wire of the external layer had a diameter about 2,0 mm. which 
means a decrease in the wire diameter by 13% compared to new wires and respectively, 24,4% 
decrease in their cross-sections. However, a visual examination revealed that the discovered loss 
was not caused by a friction wear-out but rather by corrosion whose effects were partly removed 
by cleaning. 
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3.2. Magnetic tests 

Magnetic tests are not of destructive character and therefore are especially advised in cases 
when it is necessary to make a decision on the rope mechanism further operation. Places of the 
rope biggest weakening and their intensity can be indicated with high precision (of course 
accounting for the object size) [3,7,8].  

A fragment of the test result records has been presented in Fig.3. The record concerns the rope 
sections in the places of its returns (from 10 to 30 meters) under both cabins.  

 

 
Fig. 3. Records of results of ropes magnetic t s n the place of the rope biggest weakening 

 
n the ground of the calculations using the indications of the internal coil integrator [3,10] it 

was

3.3. Fatigue tests of the examined rope wires 

The wires were tested in Non-destructive Research Laboratory of Research and Supervisory 
Cen

est
(the test parameters in the head of the record) 

O
 found that losses of the metallic section (sum of cross-sections of particular wires) range from 

15,1 to 29,5%, compared to a new rope. The rope changes (losses in the cross-section ), found on 
the basis of magnetic tests, confirm the earlier observations – made during organoleptic tests.  

 

tre of Underground Mining in Mys�owice. Break tests were performed on fatigue machines of 
the type FM - 1000 manufactured by Rauenstain Company and the type 10/Z1032 by Amsler. The 
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range and methodology of the breaking, bending and torsion tests were carried out according to the 
binding norms, including [6].  

Wires of an untangled, two meter long section of the rope, coming from the return under the 
eas

 core 
 

ensile Tests 
elow tests, like the following ones (bend, and torsion ones ) were conducted on 

sam
6 wires of the 

ext

ensile force, according to the manufacturer's certificate, is a value calculated from 
the

tern case, were tested. The tests covered 100% of the wires which had been straightened, 
cleaned from the lubrication and partially, mechanically- from corrosion products – Fig.4. 

 

a) 

) 

) 

) 

 
 
b
 
 
c
 
d

Fig.4. Prepared for tests segments of wires of the rope layers: a) external, b) central, c) internal and d)

T
Describe b
ples which came from different layers of the rope: external, central and internal. 
The tensile tests carried out in particular layers of the rope revealed that only 1
ernal layer did not meet the requirements of the standard on the minimal tensile force. The total 

tensile force for the old (used) rope, obtained during tests, was 1 220 490N, whereas this force for 
the new line was 1 286 230 N. Thus, the difference in values (loss) accounts for 5,11% of the 
initial value.  

The total t
 formula: 

d

i

i
zri

zr n
P

P "�
!
�

�

99

99

1 ,      (1) 

where: 

zr – the rope tensile total force, N, 
, N, 

The average value, determined from a 99 element sample is consistent with requirements of the 
stan

end Tests 
 direction bend test, the minimal number of bends for all wires is 12. The conducted 

test

eet the required criterion, 
umber 

of bends, for the internal layer – only 5 (11,9%) in 42, did not meet this criterion. 

 
P
Pzri  – tensile force of individual wire
n  – number of wires in the tested rope 
  

dard for ropes of II class [6]. 
  
B

In a two
s showed that not all of the represented layers fulfilled the fatigue criterion, whereas changes 

which occurred in particular layers were of diversified character: 
� from 112 wires of the external layer, 26 (23,2%) did not m
� from 77 wires of the central layer, 21 wires (27,3%) did not withstand the required n

301



Overall, 52 wires out of 231 wires making up the whole line did not meet the standard 
requirements, which accounts for 22,5% of all wires. 
  

The required number of torsions for a standard torsion test, for wires of all the layers, is 16. 
nd tests, the number of wires which did not meet this criterion was different for 

eac

et the criterion, 

iterion, which accounts for 

  
lts and their interpretation 

n are taken down in Table 1. They show the 
icture of strength features changes for wires making up a tested rope, and indirectly of the whole 

rop

 wires 

on test  

Torsion Tests 

Like for the be
h layer. The results of these tests were as follows: 
� in the external layer none of the 112 wires completed the required number of torsions, 
� from 77 wires of the central layer , 67(87,0%) m
� in the internal layer 10 wires, out of 42 (23,8%), did not meet this criterion. 
Totally, 189 out of 189 wires of the tested rope did not meet this cr

81,8% of all the wires. 

4. Analysis of tests resu

Results of the tests described in the previous sectio
p

e. Weakening of the whole rope strength features is mainly caused by the conditions in which 
the rope operates [4,10]. The places of the rope biggest weakening occur in its return points – 
when cabins are in the lowest or highest positions – see Fig. 1. In these places, during stops 
(loading or unloading) the rope stands still and is affected by environmental factors such as 
humidity getting through the hoist walls and gases contained in the resource. Chemical 
aggressiveness of gases which make up one of the rope environment elements, depends on the 
kind of shaft , whether it is a downcast or upcast shaft, and it is higher for the latter one. In these 
places ropes are exposed to mechanical damage by pieces of coal. The factors listed above, cause 
that the wear-out process occurs faster in such places than in others.  

 
Table 1. Statement of strength tests results for the rope

Bend test Torsi

Rope tested 
fragment  

Total 
number 
of wires

number o
wires which

n  

entage of 
changes(losses)

number
wires wh tage of 

changes(losses)

f 
 do perc

ot meet the
criterion  % 

 of 
ich percen

do not meet 
the criterion  % 

External 
layer 112 26 2  100,0 3,2 112 

Central 
layer 77 21 27,3 67 87,0 

Internal 
layer 42 5 11,9 10 23,8 

The whole 
rope 231 52 22,5 189 81,8 

 
Corrosivity of operating environment for mining echanisms can be well reflected not only by 

pe but also by traces of corrosion on the hoist structure – see Fig.5. Thus, it can be said with 
hig

m
ro

h probability that one of the causes of the rope weakening is the influence of the environment 
factors. This can be proved by the fact that the external layer of the rope was more damaged that 
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the other ones which results from its being more exposed to the environment components which 
appear in the form of moisture and gases.  

 
 

Fig.5. Fragment of the shaft bearing st cture with visible traces of corrosion 

Analyzing forms and effects of the environm t factors, it can be said that the products of 
cor

(especially upcast shafts) there 
also

of balance ropes, is less significant in terms of their 
wea

 Closure 

The carried out tests allowed to formulate a series of conclusions concerning the wear-out 
pro

ance lines is of corrosive character, with the biggest share 

 not have a significant influence on the wear-out process 

ade during the tests, concerning the wear-out process effects, are also 
resu

 distributed along the rope: there are more on the external 
layer wires than on the internal and central ones, 

ru
 
en

rosion observed on the surface of the rope and its particular wires are the effect of mainly 
electrochemical corrosion. Accounting for the operation conditions of the rope mechanisms it can 
also be stated that corrosion products occurred in result of formation of many oxygen micro-cells 
which appeared in places where water particles settled on the rope. 

The fact that in the environment of mining machines operation 
 occurred numerous elements which when mixed with air and moisture, created a reactive 

medium and generated chemical corrosion which undoubtedly intensified the corrosion process. In 
order to be able to estimate the share of particular kinds of corrosion in the rope destruction 
process it would be advisable to make a detailed chemical analyses, though their results would be 
of minor importance for the considered issue. 

The influence of excitation forces, in case 
r [4]. As observed earlier, the task of balance ropes is to balance the static moment coming 

from bearing ropes weight. The value of this weight, dependent on the rope length and unit weight, 
is rather small, compared to the loading (about a few percent), therefore, this factor contributes to 
the line weakening only insignificantly. 
  
5.

cess of balance ropes used in a mining hoist mechanisms and discover the consequences of this 
process, the most important ones being: 

� the wear process of the tested bal
of electrochemical corrosion, 

� forces acting on the ropes do
intensity. 

The observations m
lts of the research, they include: 
� corrosion traces are unevenly
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� the rope biggest weakening was located in its reversal points – in these points destructive 
factors affect the rope most heavily. 

Thus, the main goal of the research has been achieved, that is, it has been proved that the 
decision on the rope removal from operation was right as it lost its operational features to a degree 
wh

f results of different kinds of tests: organoleptic, magnetic and 
fati

, Budowa i w�a�ciwo�ci mechaniczne lin stalowych, G�ówny Instytut Górnictwa, Katowice 
990. 

aczenie stopnia os�abienia 

ich justified such a choice. 
Another important effect of the carried out research on the rope methodology is a possibility of 

verification and comparison o
gue ones. The results of such actions can be used for informativeness improvement of 

noninvasive rope tests which, in turn, can improve safety of the mining rope mechanisms 
operation, even for an increased resurse [2]. 
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Abstract
Cyclic properties of metals are obtained in conditions of sinusoidal loading at stress constant temperature or at 
constant amplitude of total strain. In the first case fatigue is characterized by the S-N Wohler curve applied in  
calculations in the range of high cycle fatigue. In the second case fatigue is characterized by the Mason-Coffin curve 
(�ac - 2Nf) applied in low cycle fatigue calculations. Characteristic that enables transformation of the curve into the 
one and suitable reverse transformation is the Ramberg-Osgood (� – �) cyclic strain curve. In the paper there was  
confirmed that  there  are differences between (� - N) and  (�ac - 2Nf) curves determined in stress and strain control  
conditions. The fact may have an essential influence on results of fatigue calculations in amplitude variable loading  
conditions (i.e. random loading or programmed) that values belong to both ranges LCF and HCF of fatigue.   
 
Keywords: fatigue of materials, fatigue life curves, cyclic properties of materials  

1. Introduction 

Elements of machines and designs in operating conditions are subjected to variable loading 
and in general case to randomly variable loading. If the source of loading are i.e. vibrations of a 
system with defined distribution of masses it causes loading from mass forces (soft loading) and 
consequently to this loading cyclic properties are determined in tests where variable stress is a 
parameter. If the source of loading is variable distribution i.e. as a result of misalignement of  shaft 
gudgeons in a clutch (hard loading) then cyclic properties are determined in tests where variable 
strain is the parameter [1]. 

The above statement has an essential value in the case of tests and calculations in ranges of 
high cycle loading and low cycle loading. In the first case calculations are based on the S-N curve, 
while in the second case calculations are based on the Mason-Coffin curve. In operating conditions 
randomly variable loading appears and it is possible the high values  are in the range of LCF and 
small values in the range of HCF. So there is doubt if the change of calculation conditions in LCF 
and HCF  connected with acceptance of the Mason-Coffin curve for  calculations in the first case, 
and the S-N curve in the second one does not lead to significant misteakes. No doubt there is a 
significant lack of consistency.  

The answer on the above question results from the analysis of fatigue characteristics in the 
shape of � - N and �ac - 2Nf curves and (Ramberg - Osgood) cyclic strain curves � – �, obtained in 
conditions of stress and strain “control”.  
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The aim of the paper is comparative analysis of cyclic properties of  metals obtained in 
conditions of control of stress ( � – N curves) and strain (�ac - 2Nf curves) range changes  fo C45 
steel. 
 Scope of the paper covers description of: 

-  tests in the conditions of static loading, 
-  tests in conditions of cyclic loading, 
-  comparative analysis of fatigue characteristics obtained in conditions of controlled stress  
   with fatigue characteristics obtained in controlled strain conditions. 

The paper is concluded with reference to fatigue life calculation methods in operating loading 
conditions that values lie in the range of HCF and LCF. 

Tests are performed for the following assumptions: 
- C45 steel  is a material assumed  for tests 
- cyclic properties of C45 steel are estimated in sinusoidal stress conditions and total strain   
with constant amplitude and asymmetry coefficient of cycles R=-1,0. 
 
2. Experimental tests 

2.1. Test object 
 
 For tests there are assumed specimens with a shape shown in fig. 1, made with the 
accordance to the standard: PN – 74/ H-04327. 
 

Ra 0,63

 
 

Fig. 1 Specimen for tests with the accordance to  PN – 74/ H-04327. 
 
 Specimens were made of C45 toughened steel. Chemical composition of C45 steel with 
accordance to the standard  PN-EN 10083-1+A1:1999 and PN-EN 10083-2+A1:1999 and with 
accordance to own tests are presented in the table 1. 
 
Table 1. Chemical composition of C45 steel 
 

Contents in %  C Mn S P Si Cr Mo Ni Cr+Mo+Ni 
   Max 
According to PN-EN 0,42D0,5 0,5 D 0,8 0,045 0,045 0,4 0,4 0,1 0,4 0,63 

According to own test 0,476 0,593 0,027 0,015 0,201 0,16 0,047 0,116 0,323 
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Tests in conditions of static  and cyclic loading were performed on the INSTRON 8501 
fatigue machine with  a control – measurement unit additionally equipped with extensometers, 
data acquisition system ESAM TRAVELLER 1 and a PC computer. 

 
2.2. Test results in static loading conditions 
 
 The curve obtained with accordance to the standard PN-EN 10002-1+AC1 in the range of 
tension and compression is placed in fig. 2, whereas mechanical properties are presented in the 
table 2. 
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Fig. 2 Tension and compression test of C45 steel in condition of static loading 
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    Table 2. Static properties of steel C45 

Static properties of steel C45 
Re Rm Ru E Z A5 

 

MPa MPa   MPa MPa % % 

Average value 446.3 713.3 1098.0 215000 44.3 24.3 

Standard deviation 12.3 21.7 46.6 10000 4.7 3.5 

 
 
2.3. Test results in cyclic loading conditions 
 
a) Determination of Ramberg-Osgood (� – �) cyclic strain curve  
 
The rule of determination of individual points of the curve (� - �) was described in the paper [2]. 
Point of the curve means  the top of hysteresis loop (point A) in the phase of stabilization of cyclic 
properties. Because the phase, as it was shown in the paper [3], does not appear significantly in in 
whole fatigue life of the specimen, there was assumed a loop from a half of fatigue life. Cyclic 
strain curve determined in the range of controlled stress conditions (3) and the cyclic strain curve 
determined in the range of controlled strain conditions (2) were shown on the background of the 
static tensile curve (1) in fig. 3 .   

Curves from the fig. 3 were described with following formulas: 
- for the case of controlled stress 
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Fig. 3 Curves: static tensile (1), cyclic strain in stress controlled conditions (3) and cyclic strain in controlled 

strain conditions (2) of steel C45 
 
 

b)  (� – N)curve 
Performing tests in conditions of sinusoidal stress with constant amplitude �a the N number of 

cycles leading to fatigue cracking  is determined . These data lead to a point of the fatigue curve. 
Repeating test for different values of �a we obtain set of points that enables to determine the curve 
(� – N) with a method of linear regression. In fig. 4 there was shown the curve (� – N) determined 
on the base of 15 test results. 
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 Fig. 4 Wohler curve for C45 steel 

 
 
 
The curve is described by the formula (3) 
 

9611,2log1020,0log ��� Na'     (3)  
 

c)  (�ac - 2Nf) curve 
Curves (�ac - 2Nf) are determined in tests in total strain conditions with constant amplitude. The 

number of 2Nf  refers to each value of �ac amplitude in these tests. These data give the set of points 
that enable to determine the curve (�ac - 2Nf) which was shown in  
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Fig. 5. Mason-Coffin (�ac – 2Nf) curve for C 45 steel 

 
and the formula describing the curve is: 
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4755,01033,0 )2(2179,0)2(1204 �� �� ffac NN
E

%    (4) 

 
3. Analysis of test results 

 
With reference to the aim of the paper the analysis of the test results will be based on 

comparison of fatigue life curves obtained in different conditions of loading. The comparison 
needs a propor transformation of test results with an application of the cyclic strain curve.  

In the first case there will be performed transformation of  the curve (�ac - 2Nf) into the (�a – N) 
system.  For each strain �ac from the curve (�ac - 2Nf) – fig. 5 there is a proper value of stress 
amplitude  �a  read from the (� – �) curve – fig. 3. The set of points from fig. 5 transferred into the 
system (�a – N) was marked green and shown in fig. 6 on the background from fig. 4,  
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Fig. 6. Comparison of  Wöhler curves determined in conditions of „controlled” stress (blue colour) and 

„controlled” strain (green colour) for C45 steel.   
 
and the formula describing the curve for the set is:  
 

9363,2log0952,0log ��� Na'      (5) 
 
 
Comparing differences in fatigue life on the ends of the test range for  �a=550 MPa and 250 

MPa their relative values are obtained on the level:  
 

%64,21100550 �"
�

�
'

%'N
N

NN
     (6) 

and 

%1,36100250 ��"
�

�
'

%'N
N

NN
     (7) 

 
where: N� –  number of cycles to fatigue crack for the „controlled” stress amplitude,  
  N� -    number of cycles to fatigue crack for the „controlled” strain amplitude. 
Similar transformation was performed converting suitable data from the curve (� - �) – fig. 4 

into the coordinate system (�ac - 2Nf) applying the curve (� - �). 
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Results of the trasformation were shown in fig. 7, where on the background of the curve (�ac - 
2Nf) from fig. 5 suitable data were applied that give another curve described by the formula:  

 
5699,01246,0 )2(4991,0)2(1411 �� �� ffac NN

E
%    (8) 
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Fig. 7. Comparison of  Manson-Coffin (�ac – 2Nf) curves determined in conditions of: „controlled” stress (blue 

colour) and „controlled” strain” (green colour) for C 45 steel 
 
Comparing differences of fatigue life on the ends of the test range for  �ac = 0,03 and 0,0015 

their relative values are obtained as follows:  
 

%36,51100
2

22
03,0 �"

�
�

'

%'N
N

NN
     (9) 

and 

%1,190100
2

22
0015,0 ��"

�
�

'

%'N
N

NN
     (10) 

 
Relative differences in fatigue life described by formulas (6), (7) and (9), (10).  Their influence 

on fatigue life calculations in variable amplitude loading is essential. To confirm its importance it 
is neccesary to perfom suitable calculations what will be an essence of the other paper.  

 
4. Summary 

 There are essential insights resulting from the presented test results. They have crucial value 
for the choice of the proper calculation method of fatigue life of contructional elements. 

From fig. 3 it results that constructional C45 steel after hardening and tempering is subjected to 
cyclic weakening in the range of minor values of amplitudes �a � 420 MPa, and then it is subjected 
to cylic hardening for higher values of stress amplitudes �a > 420 MPa. Cyclic yield stress R’e0,2 is 
significantly lower then yield stress Re determined in conditions of static loading. The fact states 
about the weakness of assumptions of yield stress Re  as a criterion of ranges of LCF and HCF that 
decide on assumptions of suitable fatigue curves (� - N) or (�ac – 2Nf) in fatigue life calculations. 
The above statement finds its confirmation also in course of the curve (� - N) in the range of 
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stresses �a > Re (the curve does not change its character) what states that the curve (� - N) can be 
also applied in the range of low cycle fatigue (LCF).  

Relativly small differences between curves determined in conditions of „controlled” stress 
amplitude and the „controlled” total strain one point on the possibility of their  interchangeable 
application in fatigue life calculations.  

Generally there is a set rule that for dynamic operating loading the (� – N) curves are applied 
whereas for kinematic loading the (�ac – 2Nf) curves are applied [3] . 
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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. For example in Poland PCA (Polish Centre for Accreditation) is the 
national governmental body that controls the process and states that a laboratory fulfills the requirements of the PN-
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 maintain measurement processes 
on the proper level. Measurement database can be a useful tool at the initial stage of accreditation activities. The 
paper presents its assumptions with reference to the management system. 

Keywords: quality, accreditation,  reliability of tests, measurement data base  

1. Introduction  

Testing laboratory is a place that connects worlds of science and engineering. Performance 
and conclusions obtained from research activities are a base for descriptions created by science 
and innovations implemented in engineering. Without dividing customers into categories with 
reference to a branch a laboratory has to deliver service characterized by the best quality. It was 
assumed, basing on own experience and references, that creation of customer's satisfaction in 
laboratories is possible by the usage of ISO/IEC 17025:2005 standard [4]. According to [2] the 
practical benefits of technical and management quality improvements are seen on a daily basis in 
the laboratory. Faster identification and resolution of issues regarding methods, personnel or 
equipment, improved customer satisfaction, meeting quality requirements of specialized 
customers, and overall increased laboratory business are all the result of implementing an effective 
quality system.

As it was mentioned 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 
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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 main aim of the work 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.

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 [5][6]. 

The goal of this paper is to present the basic assumptions for computer aided laboratory 
accreditation process with a special reference to measurement database as its initial stage.   

2. Basic assumptions for 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 [5].

Software, referring to requirements of ISO/IEC 17025:2005 standard, was divided into two 
groups:

1) Requirements referring to management system (documentation, internal audits, corrective and 
preventive actions, management system reviews). 

2) 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.

There are a lot of available applications connected with the management area but with 
reference to the designed software they have a number of disadvantages. First of all such 
applications are usually connected with ISO 9000 quality standard series. Second of all, as a 
consequence, they are not focused on technical requirements. Moreover, both areas are not 
connected so such applications are not efficient from the point of view of successful accreditation 
process [5].

Proposed system fully reflects requirements specific for electronic systems, i.e.: 

� digital signature, 
� backup copies, 
� data integrity. 

 Fig. 1 shows also relations among individual modules. 
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Fig. 1. Algorithm of computer aided accreditation software in testing laboratories, *MDB – measurement 
database, ** M. reviews – management reviews [5] 

3. Measurement database as a part of designed software 

3.1. Goal of the database design 

Databases are likewise  found  at  the core of  many scientific investigations. They represent 
the  data  gathered by  astronomers, by  investigators of the human  genome,  and by  bio-chemists 
exploring the medicinal properties of  proteins, along with many other scientists [5].  

The power of  databases  comes  from a  body  of  knowledge and  technology that has 
developed over  several decades and  is embodied  in  specialized software called  a  database 
management system, or  DBMS,  or more colloquially a  „database system."  DBMS is a powerful 
tool for creating and managing large amounts of  data efficiently and allowing it  to persist over 
long periods of  time safely.  These systems are among the most complex types of software 
available.  The capabilities  that  a DBMS provides the user are [1]:

a) Persistent  storage.  Like  a  file  system, a DBMS  supports  the storage of very large amounts 
of data  that exists independently of any processes that are using the data. However, the DBMS 
goes far beyond the file system in providing  flexibility such as data structures  that support 
efficient access  to very large amounts of  data.  
b) Programming  interface.  DBMS  allows  the user or an application program  to  access and  
modify  data  through  a  powerful query  language.  Again,  the  advantage of  a DBMS over a  
file system  is  the flexibility  to manipulate stored data in much more complex ways than the 
reading and  writing of  files.
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c) Transaction management.  A DBMS supports concurrent  access to data, i.e.:  simultaneous  
access  by  many  distinct  processes (called  "transactions")  at once.  To  avoid  some of  the  
undesirable consequences of  simultaneous access,  the DBMS  supports  isolation,  the  
appearance  that transactions execute one-at-a-time, and atomicity, the requirement  that 
transactions execute either completely or not  at all.  A  DBMS also supports  durability,  the  
ability  to  recover  from  failures or errors of  many types.  

Having in mind the above definitions the main goal of the designed database has to be 
fulfillment of direct requirements of the standard [4] with the special emphasis put on the chapter 
5. Moreover a manager of a laboratory has to have in mind such documents as ISO 10012:2004 
„Measurement management systems —  Requirements for measurement processes and measuring 
equipment” and proper documents of governmental accreditation bodies on the topic. They have to 
be associated with documentation of laboratory management system (quality manual, procedures 
etc.). It is essential for the laboratory to describe the process of hardware and software 
maintenance. 

At this stage it is worth to add that the standard [3] defines measuring equipment as 
„measuring instrument, software, measurement standard, reference material or auxiliary apparatus, 
or a combination thereof, necessary to realize a measurement process”. 

Measuring equipment should be properly identified and consequently followed by  certain 
information that can be processed. One can not divide metrological processes from other activities 
so measurement database seems to be an essential part of the whole computer aided accreditation 
software [5].  

3.2. Measurement database in the management system 

With accordance to the proper levels of management, taking into consideration information 
transformed with the usage of the database, on individual levels of management following actions 
are taken:

a) laboratory manager – decisions on purchasing of measuring equipment and usage of reference/ 
calibration equipment,  
b) quality manager – management on proper maintenance, service and proper usage of measuring 
equipment as well as issues connected with metrological confirmation, 
c) each laboratory technician – realization of individual activities resulting from suitable 
documentation on measuring equipment with reference to own scope of responsibilities.

Assuming that one of the issues in the measuring process is calibration different people are 
responsible for different actions. Laboratory manager decides if one can use for example gauge 
blocks or a calibrating thermometer in individual cases, but the quality manager makes a decision 
about time intervals between calibrations. He or she also decides about service activities while 
action can be taken directly by a laboratory technician.

In the process of calibration the above mentioned people, everyone in a different range, have to 
deal, at least, with following documents of the management system: 

a) measuring system maintenance procedure, 
b) calibration procedure, 
c) lists of measuring equipment, 
d) charts of calibrations, 
e) equipment card, 
f) unit list, 
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g) equipment labels, 
h) schedule of calibrations, 
i) calibration reports. 

Working on example on the base of instruction on calibration of thermometers as an output 
information one will receive a report.   

In the context of creating of the database it is essential to build connections and interactions 
among suitable data i.e.: 

a) block gages and Vernier caliper, calibrating and calibrated thermometers etc., 
b) assignment of responsibilities directly for equipment in the context of people/ places/ functions/ 
rooms, , 
c) customer's requirements and measurement ranges and time intervals of calibrations,
d) customer's requirements and information obtained from measurement maintenance and service 
(i.e. Analysis of trends with reference to previous calibrations) , 
e) choice of subcontractors in the range of calibration services. 

4. Summary 

In the paper basic assumptions or initial works connected with design of the database of 
measurement equipment working as a one of the modules of computer aided accreditation software  
were presented. 

Information connected with individual measuring tools and relations among them, depending 
on a laboratory unit, can be different. But even in the case of a small laboratory it is impossible to 
analyse data gathered within years of activity without an influence on realization of other activities 
and responsibilities. Application of databases gives more possibilities in the context of making 
strategical decisions.  If, in the context, one considers an accreditation of testing laboratories it 
seems as an efficient step not to ignore any experience in the range of database systems.  

Complete software, basing on the knowledge and experience in the range of accreditation of 
testing laboratories should be an essential support for scientific and industrial organizations that 
will to increase reliability of performed tests. 
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Abstract

The GTAW method was used to surface remelt samples of plain (unalloyed) ductile cast iron with ferritic/pearlitic 
structure. The cold remelting, hot remelting and multiple remelting techniques were used. Samples underwent 
penetrant tests, macro- and microscopic tests, x-ray diffraction tests and hardness tests. 

Keywords: ferritic/pearlitic plain ductile cast iron, surface hardening, GTAW method 

1. Introduction 

Service conditions of cast iron castings very often require high abrasion resistance and 
resistance to wear caused by flaking and pitting of selected surfaces. Typical examples include 
surfaces of cast iron sliding or rolling guides, surfaces of cams, followers etc. High abrasive and 
contact wear resistance can be obtained through surface hardening. Hardness of surface hardened 
cast iron guides of machine tools should be within 48D53HRC [10].  

The required hardness of cast iron can be obtained with the same heat treatment methods as 
those used for steel, i.e. induction or flame surface hardening or heat/chemical treatment, e.g. 
nitriding [6]. 

Authors of article [3] present results of surface hardening of plain ductile cast iron based on the 
casting method, i.e. with the use of chills in moulds. Hardness of the white layer obtained, up to 
12mm thick, is within 40D50HRC, which extends life of the casting many times. 

Hardness and tribological properties of cast iron surfaces can be further improved by modern 
methods based on a concentrated heat stream. The heat source may be either electric arc plasma 
(GTAW method) or a laser beam [2]. 

Comprehensive and extensive research into those promising methods have been conducted by 
authors of [4,5,7]. Depending on parameters of GTAW-based remelting of plain ductile cast iron, 
surface hardness of the remelted layer is within 54D60HRC and the layer thickness – 2.5mm [3]. 

The research into the influence of current intensity and scanning rate on micro-hardness 
�HV0.1 of the partial melting area showed that depending on the process parameters, micro-
hardness is within 773D902�HV. Abrasive wear, depending on micro-hardness, is approximated 
with very high correlation coefficient by a decreasing linear function [4]. In the remelted zone, 
there is a cementitic fibrous eutectic or plate eutectic cementite [5]. The author of [7] found out 
that a diffusionless transformation of austenite occurs in the remelted zone and heat affected zone. 
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Hardness of cast iron and consequently its abrasive wear resistance may also be improved by 
cold plastic forming [8]. 

The research described in [9] shows that macro- and micro-cracks of various intensity, 
depending on the cast iron grade and remelting parameters, occur in the remelted layer. Their 
presence, particularly in case of contact stresses, may cause faster wear of the hardened layer.  

Induction or flame surface hardening is a method commonly used for surface hardening of cast 
iron. In case of predominance of ferrite in the cast iron matrix, the hardening effect is not sufficient 
[6], and results of surface remelting should not depend on the matrix structure.  

This research is aimed at producing and analysing layers hardened with the surface remelting 
process in the ferritic/pearlitic cast iron using the GTAW method.  

 
2. Material, programme and research object 
 

Ferritic/pearlitic ductile cast iron with chemical composition given in table 1 was used for the 
tests.  

Table 1. Chemical composition of cast iron, % mass 

C Si Mn P S Cr Cu Ti Mg
3.82 3.41 0.19 0.057 0.02 0.04 0.04 0.019 0.05 

�

 
Fig.1. Structure of cast iron, as-cast state, microscope magnification 200x, etching with 2% HNO3

 
Cast iron shown in figure 1 in as-cast state has a ferritic/pearlitic structure (approx. 15% pearlite 

content). Based on a tensile test, it has been classified as EN-GJS-400-15 grade.  
YII samples were cast in green-sand moulds. From the bottom part of YII wedge, 

30x75x16mm cuboidal samples were cut out for remelting. 
The GTAW method was applied for surface remelting of cast iron. A 2.4mm diameter tungsten 

electrode was used. Argon 4.0 was used as shielding gas. Travel speed of a nonconsumable electrode 
was 200mm/min and current intensity – 80; 120; 160 or 200A. 

The following three methods of GTAW-based surface hardening were applied: 
- remelting of samples of room temperature (cold),  
- remelting of cast iron pre-heated to 450JC (hot),  
- multiple (repeated) remelting of samples of room temperature with 160A current. 
The phase composition of the remelted layer was determined by x-ray diffraction. 

Measurements of hardness on the remelted surface were performed using the Rockwell method,  
C scale. The structure of remelted layers was evaluated and distribution of HV3 hardness by layer 
depth was determined on lateral metallographic microsections etched with nital. Penetrant tests 
were conducted to reveal micro-cracks. 
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3. The results of the research and their analysis 

 
In „cold” remelting, the remelted layer consists of two phases: cementite and martensite. 

Regardless of current parameters of the remelting process, the phase composition remains the 
same. As an example, a diffractogram for the surface of cast iron remelted with 160A current is 
shown in figure 2. The average hardness for nine measurements made on the remelted surface of 
cast iron is 66÷68HRC. 

�

Fig.2. Diffractogram of melted surface  
 

A distribution of hardness of the hardened layer depending on the depth and current is shown 
in figure 3. Based on the distribution of hardness, thickness of the remelted zone and thickness of 
heat affected zone can be determined. As the current increases from 80÷200A, so is thickness of 
the remelted zone from 0,7÷2,0mm, while thickness of the heat affected zone is within 
0,5÷1,0mm. 
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Fig.3. Distribution of hardness in the hardened zone  
 

Figure 4 shows results of penetrant tests. The tests revealed micro-cracks positioned across the 
remelted layer. The number of cracks increased with an increase of current.  
 

321



 
�

Fig.4. Macro-structure of remelted layers depending on current 
 

Macro-cracks occur in the remelted layer as a result of stresses caused by the martensitic 
transformation. An example of the remelted layer structure with macro-cracks is shown in figure 5. 

 

�
 

Fig.5. Macro-cracks in melted layer, current intensity 160A, magnification 70x 
 
Micro-cracks in the transitional layer, between the remelted layer and the base material usually 

occur along the boundaries of eutectic grains (fig. 6).  
 

�
 

Fig.6. Micro-structure of transitional layer, melted layer-base material, magnification 175x 
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In order to eliminate cracks caused by the martensitic transformation, “hot” remelting was 
used. The phase composition of the remelted layer includes ferrite and cementite. Regardless of 
the remelting conditions, the phase composition is the same. A diffractogram for the surface of the 
layer “hot” remelted with 160A current and travel speed of a nonconsumable electrode of 
200mm/min is shown in figure 7.  

 

 

Fig.7. Diffractogram for surface of hot remelted layer, current intensity 160A  

Pre-heating has completely eliminated micro- and macro-cracks, however, hardness measured 
on the surface decreased by approx. 8÷10HRC as compared to „cold” remelting. Cast iron pre-
heating increases the costs of the hardening technology based on surface remelting.  

In this article, it was proposed to harden the surface by multiple remelting of the layer using the 
GTAW method. The purpose of multiple remelting is to reduce the temperature gradient between 
the remelted layer and the hardened cast iron. It was assumed that multiple remelting would 
prevent the martensitic transformation that causes cracks.  

The phase composition of surface layers subjected to multiple remelting, where no macro-
cracks were observed, include ferrite and cementite, which is shown in diffractogram in figure 8. 

 

 
 

Fig.8. Diffractogram for surface of hot remelted layer, current intensity 160A 
 
Results of penetrant tests are shown in figure 9, where: a – cast iron remelted 4 times, b – cast 

iron remelted 6 times.  
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a) b)

Fig.9. Penetrant tests of repeatedly remelted layers 

The structure of layer remelted 6 times is transformed ledeburite. Under the remelted layer, 
there is a normalization zone consisting of dense pearlite with grid cementite shown in figure 10. 

Fig. 10. Structure of normalization zone, magnification 170x 

Hardness of ferritic cast iron remelted 6 times is approximately 60HRC. 

4. Conclusion 

The GTAW remelting method is an effective means of increasing the surface hardness of 
ferritic/pearlitic plain ductile cast iron. Macro and micro-cracks occur in the hardened surface as 
an adverse effect of the remelting process, with reference to usage and in particular with regard to 
contact loads. The frequency of crack occurrence depends on both the remelting process 
parameters and cast iron matrix structure. The best way to eliminate cracks in the hardened surface 
is to remelt cast iron preheated to a temperature higher than the martensitic transformation 
temperature, as the sources of cracks originate from the martensitic transformation of austenite 
being a component of ledeburite. 

The remelted layer of cast iron that was preheated above the Ms temperature has the structure of 
transformed ledeburite and hardness approximately 8�10HRC lower than cold remelted cast iron. 
For technical and economic reasons preheating cast iron makes the surface remelting method 
without equal when compared with alternative hardening methods. Using standard welding 
equipment it is possible to obtain hardened layers by multiple remelting of the same layer. The 
purpose of multiple remelting is to reduce the temperature gradient and avoid martensitic 
transformation. In case of cast iron with ferritic structure, application of the multiple remelting 



method entirely eliminates the occurrence of macro-cracks, with an insignificant number of micro-
cracks still occurring within the remelted material/base material transitional zone. Further research 
on surface hardening processes employing the GTAW method ought to concentrate on the 
selection of current parameters, nonconsumable electrode feed rate, as well as the manner of 
moving the nonconsumable electrode during remelting. Until now, the electrode has only been 
moved longitudinally, at the same rate. The possibility of reducing the temperature gradient 
between the remelted layer and the base material would allow transverse movements to the 
remelting direction. 
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Abstract

Grinding of biological materials is an energy-consuming process. During grain decohesion, complex 
strain state occurs induced by compressing, twisting, bending, tearing, cracking, grinding or shearing. The 
work attempts to find structural solutions of the grinding and process control system enabling to increase 
rice grinding functionality: efficiency, energy-saving and regularity. The practical aim was to develop the 
methodology for innovative research on grain grinding which supports development of grinders. 

Based on theoretical discussions and earlier scientific research, it can be concluded that it is possible 
to obtain optimal quality of material being ground and satisfactory functionality of the rice grain grinding 
process within a permissible range of values of the multi-disc grinder structural features. The exceeding of 
these values will result in the worsening of the process effectiveness and the quality of a grinding product. 
Finding relations between functionality, operation regularity, selected movement and energy related 
characteristics of the grinding process and structural features of the biomaterial grinding unit justifies the 
need for carrying out an analysis, studies and experiments with quasi-shearing in order to determine the 
indexes of the  research object model variables.      

 
Key words: structure; grinding; optimisation  

1. Introduction  
 

The analysis of the transformations and states of operational efficiency of biomaterial grinders 
aims to solve the issue of the momentary conversion of the biological medium into a structural 
element subjected to the complex load state. This conversion is connected with a transfer of 
grinding loads and maintaining, or even increasing, its natural properties, e.g. energy value – as the 
basic objectives of grinding, e.g. environmental objectives of processing effected by machines 
[2,3,4].   

The aim of the work is to analyse energy effectiveness, efficiency and grinding regularity of 
rice grains with the aim of optimising and developing the structure of multi-disc grinders. The 
practical aim was to develop the methodology for innovative research into grain grinding which 
facilitates the designing of grinders.     
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2. Research issue  
 

The research issue was formulated in the form of a question: what structural conditions (Wk), 
parameters and structural features of tools (CKN) in used and analysed grinders (ZRBMZ) and rice 
grain property variables (WRR) are necessary for optimal realisation of the grinding process 
(PRoptimum). 

                                      (1) � �O P6 7 .?? optimumBMZRRKNk PRZRWCW _`
 
Structural conditions (Wk) are determined by structural features (Ck) of the multi-disc and 

multi-edge unit in terms of: geometrical form (ak), number of discs (lt), number of movable blade 
edges (lk), number of tool holes in discs (lotw), number of hole rows (lrz), hole diameters (dotw), 
angles of edge blades or holes (^ij) and other material and dynamics related features (Ck-m-d) of 
grinding elements. 

As the solution estimators, the postulated states (SPu) of the grinding process were taken: 
minimum power consumption (Nu), rational productivity (Wu), high energy effectiveness of the 
process (Eu) and product quality (QR). 

The hypothesis was proposed that obtaining optimal quality (Jproc) of the grinding process is 
possible within a certain range of structural parameters of the multi-disc grinder and the exceeding 
of these parameters or changes of the form or dimensions results in the worsening of the product 
quality and process effectiveness.   

O P O P6 7 O P),(),()(),(,,,, **
procmnkprocmnkjuidzPR JXXCJXXCxfxfJeQPFor _bcd_e=f`eee55 G� ,    (2) 

where: 
P – power, 
Q – productivity, 
� – efficiency, 
er – process energy consumption,  
Jp – product quality, 
Xm,Xn – boundary values of structural parameters.   
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Fig. 1: Intelligent biomaterial grinding system; OP – process handling, SZ – power supply control, SR – grinding 

control, SO – handling control, min: Z – tanks, W – selectors, K – conveyors, D – feeders, MR –grinding machines, P 
– gears, SP – couplings, S – motors; M – magnetic separators, C – cyclones  

INTELLIGENT BIOMATERIAL GRINDING SYSTEM INTELLIGENT BIOMATERIAL GRINDING SYSTEM 

 
If the intelligent grinding system (figure 1) does not have postulated operating characteristics 

desired by the operator (e.g. it is characterised by low effectiveness of operation, insufficient 
product quality, adverse effect on the environment), the causes for this may be the following: 
1. Respective system constituents; cause: deformed elements or erroneous relations between them, 
2. Control system; cause: incorrect control effect, 
3. Biomaterial grinding process; cause: incorrect concept of process realisation and incorrect 

control effect. 
The expected functional status of an operational grinding system comprises the following 

process development models [5,6]: 
1. Effectiveness of operation – data on product structure and operating system characteristics are 

available, 
2. Product quality – data on product quality (e.g. grinding fineness and percentage content of the 

expected fraction) are available, 
3. Mutual effects, lives, safety – data are available on the effects of system operation and product. 
 In search of desired solutions aimed at development of the rice grain grinder structure, an 
optimisation procedure should be conducted, e.g. analytical or enumerative (notional) methods, 
random search for solutions or genetic algorithms.   

 
3. Model of the subject of research  

 
Instantaneous values of angular velocities and torque allow determination of the following 

grinding process parameters: 
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– kinematic grinder gear ratio, (ik), 
– dynamic grinder gear ratio, (id), 
– power at the gear entry equal to the power at the exit from the drive motor, (N1), 
– power at the exit from the gear equal to the power at the grinder shaft, (N2), 
– drive efficiency (�p). 
Finding the relation between functionality, operational regularity, selected movement and 

energy related characteristics of the grinding process (Hu) and structural features of the rice 
grinding unit  (Ck) justifies the need for carrying out analyses, studies and experiments with quasi-
shearing in order to determine the indexes of model variables. The following constructional 
criteria were adopted:  

– optimal loads, (Mop, Pop),  
– optimal material, (Ckm), 
– optimal stability, (Ck, e), 
– optimal relations between related values, (ER, �d, �o, Qs,Qj). 
Design process (innovation and development) should be guided in such a way so that the 

conditions of the grinder usefulness meet structural features [9]: 
– maximisation of the function of regularity, efficiency, productivity, fineness for: 

,  (3) 
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– minimisation of power demand, energy consumption per unit, energy dispersion: 
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where:  
Ck* - solution to the task,  
� – permissible area of the structural features vector, 
Hu – performance characteristics of the structural features vector. 

 
Dynamic irregularities (fig. 2) of grinder operation can be described mathematically as per the 
following formalisation [9]: 

– exponential:                                 
 ,      (5) � � tjn

n
tjntjn eMeMeMtM ��� ���� ....21

– trigonometric:  
 

M(t)=a0+c1cos(n�t+�1)+ c2cos(n�t+�2)+….+ cncos(n�t+�n).                                     (6) 
                   

Diagrams of random variable cumulative distribution function E(M, �); 
– dynamic:      

                   

Et(M) = P [ M(t) <x]  and   Et+�t(M) = P [M(t+�t) <x],     (7) 
– kinematic: 

   
Et(�) = P [ �(t) <�]    and    Et+�t(�) = P [ �(t+�t) <�].         (8) 

where: 
M – torque at the grinder shaft, 
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� – angular velocity of the grinder shaft. 
 

 
  

Fig. 2: Instantaneous power demand (irregularities) during grinding of rice grains using a multi-disc grinder 
RWT-5    

Statistically presented grinding process is constant if obtained cumulative distribution 
functions are equal; 

Et(M,�) = Et+�t(M,�).     (9) 
 
 

4.  Model discussion  
 

Expected structural features from the field of possible solutions to the design and structural 
task for the model of the subject of research are a function of many variables (maximised and 
minimised indexes) and therefore:  

Ck= f(��, W�, Ne�, ET�,��, M�, v�, n�),    (10) 
where: 
Ck – solution to the design and structural task. 

 
The effectiveness model assumed is the dependence defining the increase in the grinding energy 
effectiveness     

  
 (11) ,
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where: 
KE      - energy benefits, Jg·1-1, 
EE      - energy input, Jg·1-1, 
Epp     - processability energy, J·g-1, 
ER�(F)  - grinding energy (phenomenon), e.g. for obtaining a product with desired fraction and 
postulated weight share expressed in percents, J·g-1. 

 
The grinding process effectiveness can be defined by determining energetic, economic and 

ecological effectiveness. 
Power demand required to achieve efficient and expected biomaterial grinding can be determined 
by using one of the known grinding theories. According to Rittinger, grinding energy equals: 
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where:  
KR – energy required to generate a surface increase unit as per Rittinger,  Jg·m-2, 
� – material density Mg·m-3. 
 

The efficiency of the grinding process is determined by specifying the following: bioenergy 
material acquisition efficiency, processing (production) efficiency, use (utilisation) efficiency [1].      
A calculation model supplemented with detailed relation for effectiveness and grinding regularity.  
To assess energy specific consumption for multi-edge grinding of rice grains, the following 
mathematical formula [8]: 

PS

RR
R

tvPE
GG

� ,     (13) 

  
where:  
ER- unit consumption of energy for machine grinding, J/g, 
PR- grinding force load, N·g-1,  
vR – grinding speed, m·s-1,  
t – cycle duration, s,  
GS – motor efficiency, -, 
GP – transmission efficiency, -. 

 
That dependence does not take into account specificity of grinding for energy purposes; 

therefore, a general model of energy effectiveness of the machine-based multi-disc grinding 
process has been formulated as follows:  
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where: 
�Ebio – index of an increase of energy benefits (for further tasks) resulting from the grinding 
process, kJ/g, (0.40-0.48)Egross, 
Gbio – efficiency of ground product incineration, (0.50-0.98),  
Gz – efficiency of whole rice grain incineration, (0-0.49),  
Egross – gross energy of grains, kJ·g-1, (rice Egross= 14.1 kJ·g-1), 
kj – resistance coefficient for lost motion,  Nsm-1,  
'max – stresses related to permanent deformation,  Nm-2,  
% – dynamic resistance coefficient, Ns2m-4,  
Mk – ratio of the analyzed mass to 1 g, 
FR, FR’ – grinding section, m2. 
 

A model described with the above dependence is very useful in evaluating the incineration 
process, energy effectiveness of operation, efficiency and functionality. However, it is not very 
useful in analysing instantaneous irregularity of grinder run and operation. The basic problem is 
that the variability of mass characteristics of biomaterials, functional working, driving and process 
units has to be taken into account each time. For the purpose of describing, modelling and 
evaluating the functionality of work of the analysed grinders it is more convenient to use special 
motion models and in particular – dynamic irregularity dependence. For the purpose of detailed 
analysis of dynamic irregularity, modification of moment relation was used and the average value 
of torque transformed into the following form: 
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When invariability of unit grinding resistance and friction conditions are taken into account, 
the dependence takes a convenient form that may be used for measuring procedure. The degree of 
dynamic irregularity, measured for instantaneous settings of knife unit, is determined on the basis 
of measurement of instantaneous cutting length �li – with determination of extreme values; and 
instantaneous torque Mi and determination of the average value. Under test conditions, the value of 
A constant is also determined for design of the multi-edge system design, rice grains and 
parameters of the disintegration process defined in the research programme. 
 
5. Research results  

 
Research has been conducted on the basis of the research plan and programme, (Fig.1, Fig.3). 

 
EXPERIMENT PROGRAMME 

Properties of ground material [7]: Working parameters of grinder Technological parameters 
1. humidity 
2. bulk density 
3. angle of repose 
4. viscosity 
5. structure of biological material 
6. strength values 
 

1. number of holes in discs 
2. number of hole rows in first and 
subsequent discs 
3. gap between discs 
4. hole diameters 
5. diameters of hole distribution on disc 
6. angle of cutting edges 
7. number of discs 

1. angular speed 
2. direction of disc rotation 
3. rotational speed of feeder 
screw 

MULTI-DISC GRINDING 
Result relations: 

Mass productivity Calorimetric indexes Fineness  Power demand 
Fig. 3. Experiment programme 

The simulation tests were conducted to determine sections and loads. Computer-based TEST-4 
procedure was applied (Fig.4). 

The machine-based tests were conducted using a multi-disc multi-hole grinder RWT-5:KZ 
owned by Engineering Systems and Environmental Protection Unit of the University of 
Technology and Life Sciences in Bydgoszcz. Rice grains with stabilized humidity parameter were 
used as the feed material. Figure 5 shows comparison between experimental and calculation-based 
results, figure 6 shows the influence of rice grain humidity on energy demand of 5-disc RWT-5KZ 
grinder, and figure 7 – influence of grain batch feed on demand of the analysed grinder. Fig. 8 
shows instantaneous values of torque (M01-M05) for five discs of the grinding unit. 
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Fig. 4. Results of grinding load simulation  
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Fig. 5. Comparison between test results and mathematical model results P=f(Z,W) 
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Fig. 6. Influence of rice grain humidity on power demand of the RWT-5:KZ multi-hole grinder 
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Fig. 7. Influence of the rice grain feed on power demand of the RWT-5:KZ multi-hole grinder, digitally controlled 

loose material feeder: Hydrapres DSK07/10I 

 
 

Fig. 8. Instantaneous values (irregularities) of power demand, all disc  
 
When looking for design (structural) features of the working unit that fulfil solution of the task 

and additionally condition of maximum incineration heat Qs, structural features of the working 
unit of RWT-5;KZ multi-hole, multi-edge grinder (table 1); 

O P),(),( **
procmnkprocmnk JXXCJXXC _bcd_e=                                       (16) 

 
Tab. 1.Changes of incineration energy of ground size fractions of rice, kJ/g, 

 
Sample Fraction Wire 

weight 
Sample 
weight 

Wr
ex [%] Aa [%] Ha [%] Qs [kj/kg] Qj [kJ/kg] 

1 0.006 1.014 13.5 4.6 4.427027 16740 15443.844 
2 0.007 1.022 13.5 4.6 4.427027 16650 15353.844 
3 0.005 1.013 13.5 4.6 4.427027 16630 15333.844 
4 

0.2 ÷ 0 

0.005 1.018 13.5 4.6 4.427027 16690 15393.844 
5 0.006 1.013 13.5 4.6 4.427027 16340 15043.844 
6 0.005 1.016 13.5 4.6 4.427027 16070 14773.844 
7 

0.45÷0.2 

0.006 1.009 13.5 4.6 4.427027 16410 15113.844 

 

05 – Torque [Nm], disc 3 05 – Torque [Nm], disc 4 05 – Torque [Nm], disc 1 
05 – Torque [Nm], disc 2 05 – Torque [Nm], disc 1 
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8  0.005 1.01 13.5 4.6 4.427027 16420 15123.844 
9 0.006 1.008 13.5 4.6 4.427027 15570 14273.844 
10 0.006 1.01 13.5 4.6 4.427027 15700 14403.844 
11 0.005 1.008 13.5 4.6 4.427027 15650 14353.844 
12 

0.8÷0.45 

0.005 1.01 13.5 4.6 4.427027 15770 14473.844 
13 0.005 1.013 13.5 4.6 4.427027 16030 14733.844 
14 0.005 1.008 13.5 4.6 4.427027 15930 14633.844 
15 0.005 1.015 13.5 4.6 4.427027 15580 14283.844 
16 

1÷0.8 

0.005 1.011 13.5 4.6 4.427027 16030 14733.844 
17 0.006 1.019 13.5 4.6 4.427027 15800 14503.844 
18 0.005 1.01 13.5 4.6 4.427027 15380 14083.844 
19 0.007 1.007 13.5 4.6 4.427027 15520 14223.844 
20 

1.4÷1 

0.006 1.008 13.5 4.6 4.427027 15490 14193.844 
 

The ground rice has been subjected to calorimetric incineration tests taking into account size 
fractions and fineness. The results obtained are shown in table 1.  

 
6. Summary 

 
 In the light of results of mathematical and experimental study, formalization of irregularities, 

with rice grain grinding used as an example, for selected parameters of determined functions and 
random function shows that the assumptions made are correct. The analysis should, however, 
include detailed verification of assumptions related to ergodicity and constancy of characteristics 
of torque, angular speed and power at shaft (shafts) of the grinder.  
For the uniform operation of multi-edge grinders it is necessary, within the given area of 
assumptions, to propose modified models of irregularity of machine runs, taking into 
consideration: unit shearing resistance pc, friction � and other conditions of quasi-shearing of 
heterogeneous materials, for determination of specific value describing the material and selected 
conditions of the grinding process.  

On the basis of the presented model and research programme, structural features of the unit that 
evenly grinds rice grain has been selected, with the operational irregularity within (Nd�10) %. 

Energy effectiveness, regularity, energy consumption, rice grinding efficiency, working 
resistance for the gain in specific surface area, increases in incineration energy and temperature, 
power consumption and stream of the grinding process productivity, depend on motion of 
elements and therefore on properties of ground materials and design of the machine used. 

 
„ The research financed by the funds of the National Centre for Research and Development in 

2010/2013 as a development project”  
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Abstract

 
There has been the modelling of regularity of weights of multiedge biological material mincers conducted at work. 

The record of irregularity, registered in the time interval, is called the execution of stochastic irregularity of the 
grinding process The construction features of the grinding tool, parameters of the process and individual features of 
ground and biological material of anisotropic structure influence their shape For adopted assumptions, there has 
been proposed  the psychical model to be published in trigonometric and  exponential function. The suggested 
methodology to mathematically model the curve of the machine run non-uniformity and the grinding process itself 
fulfils the expectations concerning the development aimed at: high process effectiveness and product usable quality. 

With the conformity of the above model for real course, the evaluated function  (Q=||y-y*||)   was determined at 
the level of 6-12% depending onr ice properties. 

The necessary condition to increase uniformity and efficiency as well as further development of grinding 
biological and fibrous materials is to elaborate an effective method to model and describe the grinding non-uniformity 
curve. 

Keywords: non-uniformity, grinding, biological materials, multi-edge grinders 

1. Introduction 

The process of angular velocity of the torque and grinding power is of impulse character. It is 
associated with the periodical operation of the grinding edges and determined operation of 
biological material, it function of biological materials cannot be definitely predicted, it is a 
stochastic phenomenon. The registered parameter in the function, for example time, of which 
values all the time change at random, is called the record of stochastic starting signal. However, 
one can depict the shape, structure and operating elements of the machine. The course of the 
grinding irregularity and state the range (t1 , t 2 ) defined by time or angle of rotation (n; k)  and 
approximated moment value of measured parameter. The very important feature of stochastic 
register of irregularity of grinders' operation is the independence of the registered parameter 
(power or angular velocity) of the property, from the freely chosen time intervals, in which one 
makes the analysis of the objective course of the starting signal. 

In the real course of grinding materials of the farm and food industry, one finds the difficult to 
predict, occurring one after the other, states of changes and stresses. On these grounds we deal 
with, from the point of view of work regularity, the stochastic process. The basic difference that 
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distinguishes this type of processes from the determined processes is that: the stochastic process is 
an accumulation of different executions, and the executions last relatively long. 
The research problem was formulated in the form of a question: What are the formalization 
possibilities of real processes of dynamic (M) irregularity and kinematic one (�), with the use of 
parameters and properties of random function? 
 
2.Assumptions

Fig.1.  Sectional area and effective grinding surface for two grinding discs between edges of the grinding holes [1,2] 
 

During the time a single blade goes through the material being ground (Fig. 1), the grinder 
shaft torque increases from zero (start of cutting) up to the maximum value, and then it gradually 
goes down to zero (at the moment when the cutting operation is finished). The torque value inside 
a multi-hole grinder depends on the design parameters of the quasi-shearing assembly  

In turn great changeability of torque makes alternate variations of the angular velocity. The 
changes in the angular velocity are of a pulsing nature. The measure of uniformity of work of the 
grinders is inaccuracy of realization of the preset motion function, it means non-uniformity of run, 
loads, and even efficiency [1, 2]. 

The power requirement to drive a blade is very unstable (Fig. 2), since there is a period of the 
machine idle run between cutting the consecutive pieces of material. Therefore significant changes 
in power consumption may occur. 

The changing difference of the active torque and the torque of driving forces is a reason for 
changeability of the angular velocity of the grinder shaft. The active torque Mcz is considered to be 
the torque which occurs when cutting. While the torque of driving forces Msn is used to denote the 
torque taken from an electric motor. If the shaft makes n revolutions, then the average angular 
velocity being equal to the nominal velocity is  

                   
2

minmax
nom

��
��

�

�úr .                                                       (1) 
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The variations of the shaft angular velocity during the steady motion take place between �max 
and �min The aforementioned changes are included in the coefficient of the non-uniformity of the 
machine run [6], which is determined by  

                                                               N
� �

�k �
�max min

�r

.                                                            (2) 

Fig. 2. Fragment of torque sequence and evaluation of non-uniformity of loads of the five-shielded grinder RWT-5KZ, 
while grinding a rice grain 

 
2. Approximation of the grinding non-uniformity curve to a obtain its mathematical form 

The recorded courses of kinematic and dynamic non-uniformity (Fig. 4) of the grinder work 
may be described in a mathematical form by applying essential elementary function systems: 

- exponential, 

� � tjn
n

tjntjn eMeMeMtM ��� ���� ....21 ,                                       (3) 
- trigonometric, 

 
� � � � � � � nn tnctnctncatM �?�?�?� �������� cos....coscos 22110 .             (4) 

 
For the needs of transformation of the measurement curve (e.g. stochastic one) to obtain its 

mathematical form, it is advantageous to select the relationships which shall assure representation 
of a real course at the minimum level of the acceptable deviation error [4]. This is a characteristic 
feature of trigonometric and polynomial functions. A periodic function describing the investigated 
non-uniformity courses, which meets the necessary conditions may be set as the Fourier series, 
made of the sum of the individual trigonometric functions, with various amplitudes, and a constant 
component. The physical form of the period course of grinding non-uniformity is a sufficient 
condition for existence of a real mathematical function. 

The periodic function of non-uniformity function developed to the Fourier series has many 
theoretical and strictly practical applications. It facilitates presentation of the course of non-
uniformity of grinding operation when presenting frequency analysis for sinusoidally changing 
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courses. Each component of a pulse, an increase or a decrease in load may be investigated 
separately for the linear representations. 

Presentation of the course of non-uniformity of the grinding machine course as the Fourier 
series is equivalent to decomposition of the essential function into its components; a constant 
component and individual components (respective answers to loads). The investigated non-
uniformity curve may be approximated by means of a finite number of harmonic courses so that 
after adding next sequential harmonic components an image showing more and more precise 
approximation of the real course can be obtained. 

The essential, graphic mathematical models describing the courses of non-uniformity of the 
grinding machine work are affected by some error – a deviation from the real values. They may be 
presented as a regular wave with a typical geometrical configuration by means of an infinite 
trigonometric series, with the functions having the form of the dominant course: 

- with an isosceles triangle outline 

� � �
�
�

�
�
� ���� .....

25
5sin

9
3sin

1
sin8 2

tttAtM ���
�

,                       (5) 

-  with a right-angled triangle outline; 

� � �
�
�

�
�
� ���� .....

3
3sin

2
2sin

1
sin2 tttAtM ���

�
,                         (6) 

-  with a trapezoidal outline; 
 
  

.               (7) 
 

In the analysed courses of non-uniformity of work of the multi-edge grinders the amplitudes 
of in

� � �
�
�

�
�
� ���� ......

25
5sin5sin

9
3sin3sin

1
sinsin4 2

tttAtM ��$��$��$
$�

dividual components are inversely proportional to frequency, therefore the components with 
smaller frequency have greater amplitude than the components with higher frequency. 

 

 
 

Fig. 3.  The examination power of the stochastic process values of one-shield grinder during grinding grinder RWT-
5KZ, while grinding a rice grain 
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Approximation of a real course to obtain the corresponding model curve is simplified or it 
becomes more general after applying the exponential Fourier series. 

M(t) — approximated function - torque,  
,  3, . . , 

� � tjn
n

tjtj eAAeAeAAtM ���� ����� � .......e tj3
 3

2
2 1  0 ,                               (8) 

where:   

n =  1,  2 ...
� = 2n/T, 
T- period. 
 

The coefficient An facilitates to determine a set of harmonic components which when summed 
p make the course of the function M(t). 

s: 

u
Exemplary presentation of the sequence of the rectangular pulses (velocity or torque) by means 

of the trigonometric series is formulated a

� � �
�

�
�
�

�
�
�

�
�
� ���� ....2cos2sin1cos1sin21 tt

TT
AtM �$��$�$ .                             (9) 

�T
With the conformity of the above model for real course, the evaluated   

was determined at the level of 6-12% depending on the rice properties. 

 
tational speed of the grinder's shaft, 

s a random value in relation to the time, one can make the average of one of the execution in 
rela

istic regularities which 
ind

]               and             Et+�t(M) = P [M(t+�t) <x],              (10) 
 

- for the ki
 

function  (Q=||y-y*||)  

3. The statistic characteristics of irregularities processes 

Making average of the obtained values of the torque or ro
a

tion to the time parameter or rotational angle of the operational shaft.  
It is essential, in the analysis of the stochastic process, to check whether in the tested process of 

irregularity of the grinding machine operation do not occur the stat
icated the process at least partially determined. It may be performed using the non-complicated 

examination procedure. One needs to register repeatedly the process of irregularity of the machine 
process. The achieved results one needs to compare with one another in a few, and even several, 
similar time intervals from t1 to tn (or whether depending on the kept register, rotational angle of 
the operational shaft from �1 to �n). Compare and make the analysis, read in the chosen ranges the 
values of the registered parameter: of torque for the dynamic register and angular velocity for the 
kinematic one, from M1(t1) to M1(tn), and in turn all ones, till to the value from Mn(tn). In order to 
exclude the dependence of the achieved function on the accepted time values, the checking 
procedure should be repeated for the moved times. As a consequence one should make the 
diagrams of cumulative frequency of the random variable E(M, �), in the form of: 

- for the dynamic irregularity 
 

Et(M) = P [M(t) <x

nematic irregularity 

Et(�) = P [�(t) <�]               and             Et+�t(�) = P[ �(t+�t) <�],             (11) 

where:   
M –the torque on the grinder's shaft, 
�  - the angular velocity of the grinder's shaft. 
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The process is stationary, if the achieved cumulative frequencies are equal, which means 
Et(M,�) = Et=�t(M,�).                                               (12) 

 
 

Fig.4.  The examination of the stochastic process values of one-shield grinder during grinding grinder RWT-5KZ, 
while grinding a rice grain 

One cannot predict the course of the irregularities of grinding the biological materials, it is 
completely stochastic phenomenon process of multi-edged grinding . Correctly designed 
technology let us predict some properties of statistical registered record of irregularities.  
The record of the process of grinder's work irregularity may be read in double ways: 

� reading of the record data – statistic feature of the model, record, 
� tistically threading of the changes speed, registered staring point – describes sta e variability 

of the objective record. 
The analysis of irregularities as of the stochastic phenomenon defines in the statistic sense the 

process of multi-edged grinding. Practically, for a correct description of the grinding process one 
should register the irregularities of the stochastic record in a very long time interval [5]. 
 
4. Static characteristics of irregularities course 

The average value (Fig. 3) of the random form of irregularity of the grinding machine process 
M(t) and �(t) defines the static component, one which is not accidental. As a result of its 
subtracting from the irregularity value, we receive the value including only the random variable 
component. 
The random mean value may be presented in the form: 

� for the dynamic irregularity: 

dttMtM
T

Tsr )(lim)(
0
�

45
,                                                     (13) 
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� for the kinematic irregularity: 

dttt
T

Tsr )(lim)(
0
�� �

45
.                                                       (14) 

For the description of the statistical properties of the irregularity register of the grinding 
machine course, one may use its mean-square value, as a measure characterizing the irregularity 
course, both the dynamic and kinetic one,  of the course of the biological materials of grinders; 

dttM
T

tM
T

Tsr )(1lim)( 2

0

2 �
45

,                                                 (15) 

where:  
T – time interval. 

The likelihood that the temporary value of the irregularity M(t) shall be included in the range 
(MA, MB) is expresses by the formula; 

O PLK= BA MMtMP )( ; = )......(1lim ttt ��� 21 k

T
T
45

,                          (16) 

where: 
 tk - times of which the temporary values of the signal M(t).   

 The density of likelihood of the temporary values of the multi-openings grinder's irregularity 
course may be written in the form of the formula; 

O P
...........321 ��� tt

;)(lim)( LK=
�

45� t
MMtMPMp BA

x
.                                      (17) 

 (moment) or � (the angular The arrangement of the likelihood of the continous random variable M
speed) in the time is the dependence of the likelihood density p(x) from the independent variable 
x.  

p(M) = const  LK=f maxmin ; MMM , 
 and         

p(M) = 0  LKc maxmin ; MMM .                                        (18) f
The density of the likelihood of the irregularity (dynamic) function of the grinder's course of 

the model approximated to the form ed with the formula;  of  describ

�

��� )..........
35
3cos

15
2cos

3
cos(21

2)(
����

�

ttt

MtM i ,                        (19) 

is: 
22

max)( iMMMP �� � ,                                                (20) 

where: 
Mi – temporary values. 
 

For the description variation of the irregularities course of the biological materials grinding, 
one may use the function of autocorrelation as a measure of the dependence of the function values 
M)t or �(t)distant to each other of the difference value of their measurement. It may be depicted 
with the formula: 

345



S(�t)= 45

T

T T 0

1lim M(ti)M(ti+�t)dt.                        (21) 

   
5. Summary

The necessary condition to increase uniformity and efficiency as well as further development 
of grinding biological and fibrous materials is to elaborate an effective method to model and 
describe the grinding non-uniformity curve [6]. At each stage such a design solution of the tool 
and grinding unit is sought which shall guarantee, during the preset time, extreme function of: 
effectiveness, quality and uniformity. 

The up to present examinations of the irregularity course [1, 2, 3], directed at the experimental 
cognition of the course values and characteristics, prove the formalization need. The formalization 
of the grinding irregularities courses carried out on the example of biomaterials, for the chosen 
random function parameters prove the soundness of the accepted assumptions. Such a proceedings 
should cover the detailed verification of the ergodicity assumptions and the stationarity of the 
characteristics of the torque, angular speed, and the power on the grinder's shaft. 
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Abstract

The purpose of conveyors, designed depending on the type of raw material and requirements with regard to the 
comminuted materials is to ensure smooth and efficient comminution procedure. Scientific literature provides detailed 
descriptions and studies focusing on the functionality and operational characteristics of systems used for feeding long 
(continuous) materials; corn stems, plastics, branches (wood) and other similar materials. These descriptions usually 
refer to the design features of shredders in connection with applicable operational characteristics. Nonetheless, 
despite the existence of various types of conveyors intended for feeding long materials, it is still a pertinent issue to 
ensure high effectiveness, including consistent feed, and efficiency of the feeding equipment. Based on both own 
research and the studies by other academics, it has been proven that the design of the working units applied in the 
analysed equipment, aside from the properties of the fed material and the applicable process parameters, has a 
significant influence on consistent and efficient energy consumption.

1. Introduction

The production and processing of specific materials used in the farm and food industry depend 
largely on the development of modern engineering and technological solutions. The key element in 
the production and processing of this type of materials is the process generally referred to as 
comminution of raw and base materials used in the farm and food industry.  

Primary processing of these materials develops equally dynamically as engineering solutions 
focused on the management and recovery of waste from these materials. Comminution is an 
essential stage of each production and subsequent recirculation process, both in the initial as well 
as the final phase of a full cycle. The purpose of conveyors, designed depending on the type of raw 
material and requirements with regard to the comminuted materials is to ensure smooth and 
efficient comminution procedure. Scientific literature provides detailed descriptions and studies 
focusing on the functionality and operational characteristics of systems used for feeding long 
(continuous) materials; corn stems, plastics, branches (wood) and other similar materials. These 
descriptions usually refer to the design features of shredders in connection with applicable 
operational characteristics. Nonetheless, despite the existence of various types of conveyors 
intended for feeding long materials, it is still a pertinent issue to ensure high effectiveness, 
including consistent feed, and efficiency of the feeding equipment. Based on both own research 
and the studies by other academics, it has been proven that the design of the working units applied 
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in the analysed equipment, aside from the properties of the fed material and the applicable process 
parameters, has a significant influence on consistent and efficient energy consumption [1,2,4,5]. 

The purpose of this study was to systematize models which support of designing roll feeders 
for long, continuous materials intended for use in farm and food industry. The study was 
conducted based on a prototypical shredding unit provided by Jamox company. 

2. Roll feeder design principles 

Roll feeders are commonly utilized in comminution equipment used for shredding continuous 
(long and fibrous) materials. Porous, continuous materials which, when leaving the roller gap, are 
much more compacted, displaced and deformed, due to external forces, than the originally fed 
material, are transferred into the working gap of the feeder. 

The process of compacting continuous material within the inter-roll area may be divided into 
two stages (Fig.1): drawing stage and compacting stage. 
By analogy to raw material in the form of uniform and continuous material, it is possible to use 
existing models based on the principle of continuity, in order to determine relative speed as the 
difference between the speed of the raw material vs and the peripheral speed of the feeding roll 
surface vr.:   

+ = vs - vr,                                                                 (1)

Fig. 1. Functional diagram of a roll feeder; 1) pressure spring, 2) fixed roll, 3) pressure roll   

When the material is fed into the inter-roll area the peripheral speed on the surface of the 
feeding rolls is larger than the linear speed of the raw material. Thus, the relative speed +rel
compared to the roll surface is the smallest and is bound to increase due to the locally decreasing 
height of the gap h(z). The state of balance for an average stress . and friction angle /w between 
the material and roll surface is defined by the following relationship: 

� 	wxz
z tgtg

dz
dzh /�.�..

�
� 22)(      (2) 

Therefore:  
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z ..             (3)

From the moment the material is captured by the rolls the surface pressure increases from zero 
to the maximum value occurring at the point where the relative speed + = 0. According to these 
assumptions, this is where the maximum pressure may be observed. The following stages may be 
identified during spatial compaction of continuous material within the working area of a roll feeder 
[5]: 

1. Initial volume reduction, mutual displacement of individual units of the raw material. 
2. Further volume reduction caused by elastic deformations and plastic strains. 
3. Burnishing, breaking and fracturing of the fed material. 
The first stresses occur within the inter-roll area, in the slip zone. Individual constituents of 

the raw material meant for comminution come into contact with one another and the fibres begin 
touching the surface of the walls and rolls. This phenomenon may be described using the 
principles of mechanics. If the shearing stresses of the wall are sufficient for the given raw 
material to be drawn without any slip, that point signifies the beginning of an adhesion zone. This 
is where the material is further compacted, depending on the geometrical conditions. The 
properties of the continuous material are a reliable basis with regard to the stress pattern. 

The stresses occurring within the slip zone are substantially influenced by the pressures 
generated on the material feeding plane, since these pressure values determine the shearing 
stresses acting on the walls, towards the roll gap. The higher the pressure of the rolls on the 
material fed on the roll grip plane zG is, the higher the resulting stress with suitably stronger 
compacted material. The total pressure force may be derived from the integral of the roll perimeter 
pressure curve. 

3. Design guidelines 

Figure 2 shows the slip zone and adhesion zone in the inter-roll gap. The roll surface exhibits 
certain lead/advance above the roll grip angle 0G due to as yet insignificant friction stress. The  
so-called slip state occurs in this area. Below the roll grip angle, the nonslip material drawing 
causes a certain compaction, correspondingly to the geometrical conditions within the inter-roll 
gap. At the α = 0 point, the compressed material leaves the roll gap without elastic deformation. 

Fig. 2. Slip zone and adhesion zone within a roll area; 1- slip zone, 2- adhesion zone 
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The analysis of the stress pattern within the working area of the roll feeder (in the roll gap) 
involves determining: 
1. stresses within the slip zone, 
2. stresses within the adhesion zone, 
3. roll grip angle αG.

4. Stresses within the slip zone 

The following consideration are based on the assumption that the slip processes, occurring 
between individual constituents of the fed material and between the fed material itself and the 
walls of the feeder, are decisive within this area. The material behaviour may be characterized 
based on, e.g. the effective slip point or the point of slip on the mouth and roll wall. The state of 
stress within an element of the fed material is described assuming a coexistence of the main stress 
directions and main deformation directions (unit elongations) with material isotropy acc. Mohr’s 
circle of stresses. 

Shear and normal stresses for a given plane are represented as points on the circle of stresses. 
This way of representation enables determination of stresses on various planes of the analysed fed 
material volume. Relationships between normal stresses .x and .z and relatively identical shear 
stresses ,xz and ,zx are following:
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The largest principal stresses .1 are exerted, in accordance with definition, on the plane 
free of shear stresses and are turned by a �/2 angle in a mathematically negative direction in 
relation to the direction of normal stress .x.    

Both stresses on the . -, plane form a � angle in a mathematically positive direction, while 
the stresses .x and .z, as well as .1 and .2 form a right angle. That is why the line connecting these 
stresses on the . - , plane runs straight through the central point of the Mohr’s circle of stresses.

The notion of relative slip between elements of the fed material is understood as plastic 
strain of its element subject to pressure generated by the feeder rolls. By applying the criterion of 
inter-material slip, based on the theory of Mohr’s circle of stresses, it is possible to determine the 
plane on which this displacement between the constituents of the fed material occurs, including the 
related maximum shear stress of this plane. 
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Fig. 3 The stresses that occur on the feeder roll surface 

Figure 3 shows the states of stress for two continuous elements of the fed material on the 
surface of the roll. The elements of the fed material are in a state of elasto-plastic balance with a 
slip in its volume and on the wall of the feeder mouth. The largest principal stress .1 forms an 
angle α with direction x, while the stress .w forms an angle α with the negative direction x. The 
sum of angles �+ α is always present between the stresses .1 and .w on the .-,  plane.  

Since: x = 0, � = 0 on the symmetry plane as well, the direction of principal stresses has 
been established along the whole plane z = const, defined by α0. On this plane lies the beginning of 
the coordinate system applied herein. Therefore: 
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sinarcsin

2
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0                                                     (5) 

This plane is referred to as the material feeding plane. 

��' �
 0 (6) 

It enables, with identified properties of flow from the coordinate α determination of direction ' of 
the largest principal strain .1 on the surfaces of the feeding rolls. 
The analysis performed as part of this study did not cover gravitational forces of the fed material 
exerted on the surface of the bottom feeder roll and the guiding trough. Owing to a relatively small 
weight and considerably high pressures generated by feeder rolls, these forces were considered 
irrelevant for the subject matter of this study and were thus omitted. The balance of stresses in the 
z and x direction lead to the following system of equations: 
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Therefore: 

351



� 	

� 	1
1
1

2

11
1

3

4



�

�
�

�
�

�
�

�
�

�
�

�



�

�
�

�
�

�
�

�
�

�
�

�

02cossin2sinsin2cossin2cossin1

02sinsincossin2sinsincossin1

zzxx

xxzz
�

�/..�/

�

�/..�/

�

�/.�/

�

�/.�/
               (8) 

The increase of stresses in the symmetry axis of the roll gap was identified as an approximate 
solution, by the application of the integral calculus average value theorem, and it amounts to: 
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where:     � 	�cos
2
dz 
                                                   (10) 

therefore, the stresses amount to:  
� 	dzzf�.. 00 exp !
                                      (11) 

5. Stresses within the adhesion zone of the feeder 

The postulated compression of the fed material in a roll feeder of shredder takes place within 
the adhesion zone where there are no slips on the smooth surface of the roll. The stress pattern was 
established based on the volume reduction value in the inter-roll gap of the feeder (Fig. 2). The 
volume of material in the mouth of the feeder amounts to: 

� 	� 	5 6 lbHdhV #���
 ��0 coscos1  , (12) 

calculated for width of the rolls which equals b. The teeth that help drawing the material onto the 
surface of the rolls were included by introduction of the H value which stands for an averaged 
reduction of the substitute gap, which is connected with the volume of a single tooth VR and the 
number of these teeth nR, determined by the following equation:

RRVnHdb 

2

&                                                              (13) 

The decrease in volume, derived based on the roll grip angle αG, results in an increase in 
compressed material density 7. The density ratio is as follows: 
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The following approximate relationship occurs between density and compressive stress: 

K
K. 8                                                                  (15) 
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stress pattern in the adhesion zone: 
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The roll grip angle was derived based on the above equation, therefore: 
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where:                                                                                                                                 

d
zh )(2

arcsin 0 �

�                                                     (18) 

6. Determination of the feeder roll grip angle 

The equation (17) contains the output stress on the z = 0 plane as boundary condition. 
Based on both stress gradients in the adhesion zone and slip zone, it is possible to determine the 
feeder roll grip angle. The compaction is conditional upon continuity in the inter-roll gap of the 
feeder and results in smaller increase in surface pressure due to the compaction that has already 
occurred. Equal stress gradients are therefore necessary prerequisite for the unknown roll grip 
angle. 
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ds
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d
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.. 21 
                                                    (19) 

The largest principal stress for the roll grip angle amounts to: 

e/... sin1 �
                                                     (20) 
                                               

7. Pressure and driving power forces 

In accordance with figure 2, the pressure force F was determined by integration of the field below 
the curve of the surface pressures occurring in the roll gap:  

��. dbdF cos
2 1!


 (21) 
Depending on the pressure force, only the surface pressures occurring in the adhesion zone are 
taken into consideration. The pressures in the slip zone are negligibly low.  
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where the maximum stress at the narrowest point of the roll gap amounts to .1 max. 
The torque was determined through integration of the pressure force on the roll surface in the 
adhesion zone: 

�FdtgM 25,0
                                                             (23) 
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The driving power was derived from the relationship between torque and roll revolutions nr.

rMnP &2
                                                       (24)

8. Conclusions 

The phenomena, processes and relationships between feeding continuous materials such as 
tree branches or plant stems and multi-edge grinding are relatively easy to describe formally, 
despite their complexity and multifaceted nature. Arriving at the answer to the question about 
process factors (actions and methods), design features (means, devices and systems), operational 
conditions pertaining to roll feeders and their influence on the dynamics and efficiency of the 
whole comminution process (tree branches), with a multi-edge shredder used as an example, was 
possible with an assumption that quasi-cutting stresses will propagate at an infinite rate [3,4,5]. 

It seems appropriate to continue the research focusing on optimising the design features of 
the analysed prototypical shredding unit. 

I would like to thank the owners of Jamox Company for making the prototype and required 
technical resources available for the purpose of this study. 
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Abstract

In human teeth, depending on the age at which it is located, there are two types of teeth: milk and solid. During 
the consumption of various food groups of teeth meet their unique tasks. During Eating teeth are exposed to cyclic 
loading resulting in microcracks in the structure of the tooth. Using special preparations of dental enamel can be 
broken by bind to the tooth. The article presents the strength tests for determination of different bonding 
characteristics of the tooth. Also presents a literature review was divided into groups: the test material and methods of 
researchers. Of all disguised literature describes and compares the two close to each endurance test methods for 
tissue tooth blade in tempered. Methods of Testing was conducted under conditions of low and high cyklowych. 
Summarizes the methods shown and described as would appear the author's own research. 

Keywords: strength tests, human dentition, molar teeth, dentin

1. Introduction 
 
Human dentition is divided into two categories depending on the stage of life: primary teeth 

and permanent teeth. Primary dentition appears in children at the age between 2 and 6. Altogether, 
there are 20 teeth, 10 in the lower jaw and 10 in the upper jaw. Permanent teeth replace the 
primary ones in children aged between 6 to 14. There are 32 permanent teeth in total and they are 
categorised into several groups: incisor teeth, canine teeth, premolar teeth and molar teeth [pic. 1]. 
During consumption of various foods, these groups play different and vital functions. The basic 
role of incisors is to chop bits of food, facilitate proper pronunciation and construct the external 
mouth profile. Next type of teeth, canine teeth, support lip muscles, chop and smash food and 
protect premolar teeth from chewing pressure. Then, premolar and molar teeth, together called 
molars, are necessary for grinding and chewing of food to make it easy for further assimilation in 
the body [23]. Picture [2] presents anatomical construction of a tooth. Four main tissues can be 
distinguished. Enamel, dentine, root cement and pulp. Mineralised elements include dentine and 
cement. The pulp is vascularised and innervated . The solid tissue located on the surface protects it 
from external factors [23]. 
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Fig. 1 Permanent teeth -  occlusion view [23] 

During food consumption, teeth can be affected by cyclical load which causes micro cracks in the 
tooth structure. Deepening of cracks in the tooth tissue may lead to damage or partial chipping of 
the material. Tooth construction analysis confirms that the damage occurs mainly at the dentine – 
enamel junction, enamel as such gets fractured more rarely. In some instances, the pulp cavity gets 
open and tooth nerves become destroyed. 
 

 
 

Fig. 2 Tooth anatomy layout [23] 
 
Fatigue – endurance tests are classified on the basis of the analysed material or on the basis of the 
analysis method and are grouped in two categories. The first group includes the analysis of:  
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� natural  teeth, especially human, e.g.: [1], [2], [3], [4],  [6], [7], [9], [10], [12], [14], [16], 
[17], [18], [19], [20], [28], which is further divided into the analysis of incisor teeth, e.g.: 
[12], [14], [16], premolar teeth: [1], [6] and molar teeth: [2], [10] 

� false teeth, e.g.: [13], [15], [31]  
� bovine teeth, e.g.: [5], [28], 
� dental materials, e.g.: polymer resin [21], [22], [30], cement: [21], junction technologies 

[7], [21]. 
The second category comprises various analysis methods. It can be divided into:  

� static tests, e.g.: [2], [5], [15], [18], [19], [21], [26], [30], [31],  
� dynamic tests, e.g.: [1], [2], [4], [6], [7], [9], [10], [12], [13], [14], [15], [16], [17], [21], 

[22], [30], [31], high-cycle: [1], [10], [13], [16], [17], [22], and low-cycle: [1], [3], [4],   
[12], [14], [17], [20], [28],  

Static testing helps to determine pressure and deformations which the material undergoes due to 
high, higher than average, load. In article [18] authors analyse the endurance of metacrylan dental 
glues exposed to wet and dry conditions. 

Test were conducted for cylinder shaped samples (beams), bent at 3 points. Article [26] 
presents fatigue tests of a stretched bovine sample. After trimming, the samples were stored in salt 
solution and at the end of the test their structure was scanned.  In article [19], authors selected 
carefully researched material and attempted to test by damaging samples statically at the angle of 
45°. Damaged points were analysed thoroughly. The article concludes that teeth which were 
additionally filled up with composite glue demonstrated better endurance than those which 
underwent tests right after gluing. In article [5] authors used as test material molar bovine teeth. 
They compared 3 composite types of glue hardened by light. Their results indicate that there is a 
huge range for a tooth fracture resistance, which can reach even up to 60%. 

Dynamic testing constitutes the second category of analysis method. It can be divided into 
high-cycle and low-cycle. Paper [28] belongs to the former group. Authors present a new view on 
fatigue testing for glued junctions during teeth mineralisation. They also mention the analysis 
environment – wet and dry conditions. Samples are tested in 40.000 cycles at the frequency of 
0.25Hz. Article [3] describes tests in which 4 “all in one” glues were used in 5x 104 cycles at the 
frequency of 0.2Hz. Article [4] presents two methods of sample preparation for tests in a material 
testing machine. In the first method, similar to the above mentioned, the analysed element is 
trimmed to match the size of testing machine jaws. In the second method, the sample is fixed in 
metal attachment point (2mm in height) which is fixed to the material testing machine. Article [20] 
presents low-cycle dynamic tests. By the selection of modern glues and modified resin, samples 
are destroyed in 104 cycles. Concluding from authors work [20], “all in one glues” and self etching 
glues do not provide any substantial resistance to fatigue.  

This paper will focus on low-cycle tests. Similar analysis samples were user for the two 
methods described below.  
 
2. Materials and methods 
 
2.1. Dynamic and static bond-strength [24] 

Tests were conducted on healthy and selected molar teeth. Before the analysis, samples were 
kept in water and chloramine 0,5% solution at the temperature of 4°C. Teeth were fixed in a 
gypsum block and trimmed by a saw ISOMET 1000. The cut surface was checked under a 
microscope for any remaining residue or enamel.  
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Fig 3. Layout of sample preparation and the conduction of endurance tests [8] 

The samples were analysed for glue 3-E & Ra: OptiBond FL.  The producer’s procedure was 
applied by gluing. After gluing, surfaces were complemented with composite resin Z100. Each of 
the applied resins had to be hardened by the light from Optilux 500 machine for 40s. After 7 days 
the samples were trimmed down to 6mm in height, which enables static stretch and fatigue 
analysis. Materials were placed in a testing machine INSTRON 5848 and stretched with 500N 
where the speed of relocation for upper jaw equalled 1mm/min. �TBS index – static stretching – 
was introduced in the analysis. Dynamic – cyclical load was indexed as �TFR for samples which 
were tested at the frequency of 2Hz and for which 10Hz frequency caused destruction or when 
cycles reached the value of 104, which equalled 3 months of constant food chewing in the oral 
cavity. Samples were divided into 3 groups: samples analysed directly after gluing, samples stored 
in the solution for one week and samples stored in the solution for one month.  
 
2.2. Fatigue of dentin-composite [27] 
 

Samples for analysis were extracted from human molar teeth which were sterilised with 
gamma radiation [4]. The samples were trimmed to the dimension 1.1mm x 1.1mm x 6mm. The 
surface was polished with 600 thick sand paper. Gluing point was located in the middle of the 
dental crown height. The junction of composite with the remaining part of the tooth was created of 
3 layers. Firstly, the glued surface had to be prepared. Etching liquid (SE Bond Primer) was used 
to this purpose and spread on the glued surface. Then, resin glue (SE Bond), previously hardened 
by light for 20sec., was placed. Finally, the composite was applied. It was formed to the shape of 
the analysed beam. After initial polymerisation, samples were placed in a water container for 24 
hours.  
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Fig. 4. Four points of sample bent layout[27] 

In the first stage of the experiment, a test of static bent of elements until destruction was carried 
out. Upper jaw relocation grew linearly every 0.001mm/sec. The second group of samples was put 
to cyclical load test until destruction point or 106 cycles. 
 
3. Results 
 
3.1. Method 1 [2] 

The results of static and dynamic load for the samples glued with the OptiBond FL glue are 
presented in table 1. It is noticeable that highest scores are found in tests for �TFR at 2Hz for 
samples stored 1 week. Analysing the chart presented in picture 5, which demonstrates loads for 
the sample glued at various cycles and loads, one can see that at low pressure values (up to 
21MPa) the tested material does not become destroyed. It was only the sample which underwent 
cyclical loads of 2Hz and was previously stored for 3 months in the solution that was damaged 
quickest. The sample showed material fatigue already at 19.7Mpa. Picture 6 presents the 
percentage of surface fracture for different fatigue tests (glue OptiBond FL).  

 
Tabele 1. Static and dynamic stretching divided according to storage period[24] 

Glue �TBS 
[MPa] 

�TFR 10 Hz 
after first week 

[MPa] 

�TFR 2 Hz po 
after first week 

[MPa] 

�TFR 2 Hz after 
3 months 

-E & Ra: OptiBond FL 51. ± 17.6 20.5 ± 16 21.3 ± 17.4 19.7 ± 16.6 
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Fig 5. Chart for cyclical load of a sample glued with  OptiBond FL glue, including 3 storage periods [24] 

 
Fig 6. Percentage of surface destruction for particular test method[24] 

The highest percentage of fractures occurs in static load of the tested element. The results reach 
even up to 70%. Cyclical fatigue tests for 2Hz and 10Hz display relatively little damage of the 
analysed teeth enamel surface. The range falls between 17% to 40%.  
 
3.2. Method 2 [27] 
 

Results for samples which were bent statically are very similar and they amount to: 164.4 
±9.1 and 164±2.4MPa (table 1).  
�

Tabela 2. Dental samples endurance to four-point bending [27] 

Type of sample Mean fracture 
stress in MPa 

Statistical 
grouping 

Solid dentin 164,4 ± 9,1 A 

Solid composite 164,6 ± 2,4 A 

Bonded beam 90,6 ± 2,5 B 
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Among samples that underwent cyclical load, all samples endured the maximum number of cycles 
which equalled 106 at the maximum pressure – 49.2MPa. Picture 7 indicates that along the 
increase of cycle number, the maximum pressure for the sample decreases.  

 
Pic. 7. Scheme representing an average number of cycles for the maximum pressure [27] 

 
4. Summary 
 

The purpose of this paper was to present the endurance and fatigue tests methodology for 
human and bovine dental samples. The article describes two methods which help to determine 
properties of analysed glue. The first testing method for glued junctions in molar teeth is much 
more time consuming as it includes methods of static stretching of the analysed sample and 
cyclical – dynamic stretching at the frequency of 2Hz and 10Hz. The obtained results confirm 
there is a difference in the range of endurance depending on the method and period of sample 
storage in the solution. Table 2 lists results of analysis methodology for the two above described 
methods. In this article only one glue type is mentioned as the aim of the paper was to present the 
method for properties determination of glued tooth – composite junctions. Similarly to the above 
mentioned, method 1 will be used by the author for own analysis. A difference will be introduced 
by altering the mode of storage – right after extraction, dental samples will be frozen down to -
32°C and later cleansed of any remaining soft tissue. Samples will be disinfected with gamma rays 
just as in method no 2. The ISOMET 4000 machine will be used for the analysis. It will be applied 
for trimming the samples into beams into the dimension: 1.5mm x 1.5mm x 15mm. Samples will 
undergo tests in a material testing machine of a load 500N.  

 
Table 2. List of methods 

Methods 1 2 3[3] 
Load dynamic dynamic and static dynamic 

Frequency 2 Hz and10 Hz 106 cycles 0,25Hz 4x104 cycles 

Storage period 
0,5% 

chloroamine in 
4°C 

Sterilisation with � rays 
Hanks salt solution 
 (HBSS) in 25°C 

24h in distilled water 
at 37 #C 

Range of testing 
(pressure) 

500 N; 0 – 40 
MPa 165 N; 0 – 90 MPa 24 – 54 MPa 

Problem type 

Measurement of 
dynamic and 

static tensions for 
results 

comparison  

Determination of 
junction properties for 

tooth- composite 
junction during static 

and dynamic tests 

Shear fatigue limit 
testing coupled with 
shear bond strength 

measurements 
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