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Preface 

The first officially announced GGB Trans-Trio-Sciences Workshop held in 
Szent István University, Gödöllő, was organized as a parallel session of 
„Synergy and Technical Development” international conferences in agricultural 
engineering, 2009, Gödöllő. The selected and reviewed scientific content of the 
workshop was published in the “Mechanical Engineering Letters”. 

 
„GGB Trans-Trio Sciences” 
Gent – Gödöllő – Baia Mare  

 

 
 
The further scientific co-operation of the partners in the field of tribology 

related engineering and design led to second workshop also escorting the 
„Synergy and Technical Development” international conference, 2011. 

This release of “Mechanical Engineering Letters” vol.5. contains reviewed 
articles selected from the second GGB Trans-Trio-Sciences Workshop 
concerning tribology from the points of materials, construction, computational 
and experimental modelling, friction and wear process control, maintenance of 
worn parts. 
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Friction torque, temperature and roughness in roll-slip 
phenomenon for polymer –steel contacts 

1Jacob SUKUMARAN, 2Mátyás ANDÓ, 1Vanessa RODRIGUEZ,  
1Patrick DE BAETS, 3Patric Daniel NEIS 

1Department of Mechanical Construction and Production, Laboratory Soete, Ghent University 
2Institute for Mechanical Engineering Technology,  

Faculty of Mechanical Engineering, Szent István University  
3Universidade Federal do Rio Grande do Sul, – UFRGS, Rua Sarmento Leite, Brazil  

Abstract 

The current study gives an insight of the roll-slip phenomenon of polymer-metal 
pair where priority is given to measurement techniques, test duration and the 
behavior of the polymer. A systematic tribological measurement was used to 
identify the friction torque from polymer –metal pairs where the friction torque 
from contact is obtained by subtracting the base torque of the test rig to exploit 
the absolute results. Base torque of the machine is almost constant, the changing 
can describe with linear trend line which is less than 0,5% per ten minutes. 
Measurements made for 3 hours shows that the friction force between the 
polyamide 6 (NaPA6) and structural steel (S33J2) has a polynomial of degree 
two with a function ( 126,134031.95549.1 2 +⋅+⋅−= TTFf ). Micrographs from the 
contact surface revealed the damage of roughness peaks during the course of 
testing. The involved wear mechanisms was investigated with roughness 
measurements and microscopy. The roughness plots also correlates with the 
micrograph where the rate of decrease in Ra in the initial stage is higher 
followed by a linear increase in the later stage. This can describe using 
polynomial function of degree as ( 4967.23695.0029.0 2 +⋅+⋅= TTRa ). 

Keywords 

Roll/slip, compensation friction torque, roughness. 

1. Introduction 

In polymer tribology the commonly investigated phenomenon is sliding, and a 
significant amount of research has also been conducted for rolling [1-5]. 
However a limited research was done for the phenomenon with a rolling to 
sliding ratio [6-8]. Roll-slip phenomenon still needs a lot more investigation 
from the measurements perspective for polymer metal pairs. Roll-slip is the 
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commonly occurring mechanisms in the engineering components like gears 
cams rollers etc. This phenomenon exhibits in small scale applications like gears 
in fax machines to the large scale levels like bearings for roller mills and in 
agricultural engineering applications. Earlier researches on rolling resistance 
have been interpreted from the view point of traction where both the specimen 
and the countermaterial deform [5]. Nevertheless, in those models both the 
specimen and the countermaterial deforms. But in the case of polymer metal pair 
the mating material is rigid to undergo a deformation. Thus the mechanisms 
involved in the contact surface are vital to dictate the friction behaviour. 

Inaccuracies behind every scientific research might have the appropriate 
reasoning from experiments perspective. Careful consideration of the whole 
system can avoid the errors. A developed connection between the mechanism 
and the system can serve as a starting point for updating and corrections. These 
inaccuracies can be attributed to specific sector tribology: where 92 % mean 
deviation confirms to the corrections of the result. Most of the researches 
perfomed calculates the combine friction force/friction torque of the system and 
the contact [6-8]. In polymers metal contacts where the friction is relatively low 
this combined value might affect the precission of the measurement. Thus 
friction torque from the machine itself is an important factor on maintaining the 
accuracy and the repeatability of the experiments. Attempts have been made by 
researchers to by using a elastic contacts for identifying the friction force in 
rolling /sliding contacts [5] where the validation might be more realistic on 
subtracting the friction of the stem from the contact. Reserch using PA 46 on 
twin-disc with the slip ratio of 2% has been performed earlier where the rate of 
change of coefficient of friction during the test period was 0.25 to 0.35 [6]. 
Images and roughness acquired from time to time could also serve as an vital 
evidenceon identifyin the involved wear mechanisms. Xiao et al in his study on 
roll-slip phenomenon of steel on steel pairs has found high friction coefficient 
increases with increasing roughness [9], nevertheless, more data are required for 
the polymer metal roll-slip . Polymer which has greater importance due to its 
embedding ability and the visco elastic behaviour can be correlated with the 
change in surface topography. The changes in roughness during in the course of 
wear like damage of peaks and valleys also dictate the course of wear. Besides 
the roughness of the countermaterial influences the tribological properties and 
the correlation between the roughness of the polymer and the friction is mostly 
governed by the modulus of elasticity of the polymer. 

2. Materials and methods 

In order to investigate the roll-slip and its relation to the friction force a twin-
disc setup was used. The slip ratio used in the testing is defined as the rolling to 
sliding ration and given in equation (1) where d1 is the diameter of the steel disc 
and d2 is the diameter of the polymer disc. 
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1

12

d
dds −

=  (1) 

Test Materials 
The examined materials were from Quattroplast Kft. (Hungary). The used 
thermoplastic polymer was Sodium catalyzed cast polyamide 6 – NaPA6 and 
commercially available structural steel (S355J2) was used as the counter 
material. The material properties of the test materials are tabulated below in 
Table 1. 

 
 

Properties S355J2 NaPA6 
Yield strength [MPa] 355 80 
Elongation at break [%] 16 - 18 >40 
Young’s modulus [GPa] 510 - 680 3.3 
Hardness 160 HB 83 Shore D 
Moisture absorption at 23˚C and 50 ReH [%] – 2.5 
Thermal conductivity (20˚C) [W/(m·K)] 60 0.23 
Maximum allowable service temp. [˚C] – 110 

 

Test setup 
The equipment used for testing roll-slip is the modified FZG (Forschungsstelle 
fur Zahnrader und Getriebebau) setup. This equipment was used to model a 
rolling to sliding contact with a specific slip ratio. Since both the saft carrying 
counter material and test specimen rotate at the same rpm, the required slip ratio 
is obtained by the difference in diameter of the specimen.  

 
Figure 1. Modified FZG where the twin-disc tests were conducted. 

A torque meter (Lorenz Messtechnik DR-20-type) is used to record the 
exhibited torque. Fig. 1. shows the used twin-disc setup with the circle mark on 
the torque meter which was connected to the shaft of the counter material disc. 



 
Friction torque, temperature and roughness in roll-slip phenomenon  

for polymer –steel contacts 
 

10 

The temperature of the contact surface is measured on the polymer material 
using an contactless infra-red sensor. The temperature sensor is placed 50 mm 
perpendicularly away from the contact surface. The load is given through the 
pivoted arm engaged to the movable shaft where the polymer disc is fixed. All 
the measurements are recorded online using a data acquisition system. The 
roughness was measured at regular intervals using a cut-off value of 0.8 and a 
traverse distance of 4 mm was used. 

Test Parameters 
Roll-slip testing tends to have complex measurements where the results have to 
be corrected to find the absolute value. The test parameters were carefully 
chosen to investigate the three different purposes. Initially the torque from the 
machine (base torque) is identified by running the machine at no load condition 
without contact for 30 minutes at a speed of 250rpm. The initial measurement 
was done in order to validate the base. Furthermore, a test with duration of 3 
hours is conducted to identify the rate of change in friction force as a function of 
time. The second test was conducted at a speed of 200 rpm with a normal force 
of 130N. Before and after the test the base torque of the machine was measured 
on no load condition for a period of 15 minutes. The dimensions of both the 
polymer and steel disc are Ø89.9 and Ø 74.95 respectively; the dimensional 
specifications of the discs are selected to match the slip ratio of 20% which is 
considered to be close to the practical application. 

The final test is to identify the change in microstructure of the specimen. The 
test was repeated with stop-over for measuring the influence of roughness of the 
specimen at an interval of 15 minutes for 225 minutes. After every 15 minutes 
the test was stopped and the image of the specimen was acquired using an 
optical microscope connected to a 10 bit CCD, simultaneously the roughness at 
that instant was also measured using a Hommel tester. 

3. Results 

In scientific investigation it is important to know the consistency of the 
measured parameters from the equipment. Precise measurements adds value to 
the whole research especially in place of tribological measurements it could lead 
to energy saving and indirectly help on material selection. In normal flat on flat 
testing the friction measurements are directly obtained from the load cell 
however in testing roll-slip the measurements made from the torque sensor 
serves as a reference to calculate the co-efficient of the friction. In such places 
the torque sensor measures the combined friction torque from the contact and the 
machine. Thus the components of the test rig also aids to the inaccuracies (e.g. 
seals and bearing resistance). 

Base torque 
The first measurement aims to identify the resistance of the test-rig. Fig. 2. show 
the plot for the base torque as a function of time. 
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Figure 2. 30 minutes base torque measurement. 

As clearly seen on the Fig 2. the base torque is almost constant along the time. 
At the first 5 minutes there is a decrease in base torque which probably belongs 
to lubrication effect. After 5 minutes the oil fill all the places (bearings) and 
follows without any change and hence the curve is linear. The base torque 
relatively having small rate of change where the variation every 10 minutes is 
less than 1%. But on using the second part of the measurement (15-30 minutes) 
the variation is 0,5% per 10 minutes. Base on this phenomenon in further 
investigation it will be appropriate to measure the base torque before and after 
the test, and correcting the nominal torque with a linear base torque function. 

3 hours friction measurement 
For a specific condition (20 % slip, 200 rpm, 130 N normal force) the friction 
force between sodium catalyzed PA6 and S355J2 structural steel was measured. 
The plot with the friction force as a function of rolling-sliding time is shown in 
Fig. 3.  
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Figure 3. The friction force as a function of time  

with the fitted curve. 
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The tendency of the friction force can described with a polynomial function of 
degree 2. The equation for the calculated curve is given in (2), which is valid 
from 0-180 minutes. 

  126,134031.95549.1 2 +⋅+⋅−= TTFf , R2=0.9817 (2) 

This tendency refers that the half of the changes occurs in the first 30% time 
of testing. Moreover, to study the effects of temperature a curve was plotted with 
temperature as a function of rolling-sliding time (Fig. 4.). 
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Figure 4. The temperature as a function of time with the fitted curve. 

It is clearly seen on the fig. 4 that the change in temperature almost linear. 
The equation for the calculated curve is (3), which valid from 0-180 minutes. 

  849.250749.2 +⋅= Tt , R2=0.9688 (3) 

The change in temperature after 3 hours testing is less than 7°C. This value is 
relatively low, which does not change significantly the mechanical and 
tribologyical properties. 

Microstructure changing 
All the images were acquired using a 20X objective which has a calculated total 
magnification of 335 times, the field of view is about 1,4×1 mm polymer surface 
(Fig. 5.). The measured roughnesses are also shown in the micrograph where it 
is evident that the roughness decreases as a function of time. Considering the 
image as a function of time the damage of the peaks from the machining is very 
much visible leading to the change in the roughness value. Moreover, the peaks 
after considerable running time have been worn down to the level of the valley 
and are connected by the valley. The difference of 1µm was observed for the 
initial and the final value of the Ra (Fig. 6.). 
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Figure 5. The micrograph of the worn surface and the corresponding roughness values taken at 

regular intervals. 

Abrasion of soft polymer by the structural steel is seen from the lines running 
over the contact surface. The change in Ra for the speculated test period is 38 % 
and considered to be significant in case of tribological testing. 
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Figure 6. Roughness changing at every 15 minutes. 
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The trend for the change in roughness is illustrated by polynomial function 
similar to the friction force. The equation for the calculated curve is (4), which 
valid from 0-225 minutes. 

  4967.23695.0029.0 2 +⋅+⋅= TTRa , R2=0.9220 (4) 

4. Discussion 

Standards for measuring system can provide a systematic approach to acquire 
error free data. Acceptable range for the errors in the obtained results depend 
upon the sector, however considering tribology field limitations exists. 
Measuring friction torque using standard procedures for roll-slip phenomenon 
aids precise results. Isolation of complex phenomenon provides a chance to 
analyze the influence of individual parameters. Considering the base torque in 
fig 2 it can be seen from the plot it is almost constant which is due to the 
lubrication effect from the bearing are moreover the oil temperature is constant. 
The obtained base torque from the machine is removed as compensation from 
friction torque due to the contact. The 3 hours test shows a trend with 
polynomial of degree 2 where the friction force which can be attributed 
theoretically to the change in surface and temperature. From the temperature plot 
it is evident that the change is less than 7˚C where the curve as seen from the 
plot has a linear increase. This might be due to the cooling effect between every 
contact where the contact surface is exposed to the ambience temperature (25˚). 
Moreover, there is enough time to conduct the heat via the metal counterpart and 
the shafts. Based on the temperature measurement the change in surface has a 
vital effect of the friction force but not to the temperature.  

The rate of change of roughness is high which is seen from the micrograph. It 
is evident from the curves that the change in roughness is also polynomial, 
because the at the initial stage the roughness peeks are worn much faster. This 
influence can be attributed from the topographical change of the surface: 
Initially the surface changes fast, because the real contact area is much smaller at 
this stage where the contact is mostly from the tip of the roughness peaks. For 
which the contact pressure is relatively high for the individual peaks. After a 
specific period of testing the peaks are damaged and the real contact surface 
increases. The bigger area leads smaller contact pressure but help to the adhesion 
phenomenon. This effect has a vital influence to change the friction force. 

5. Conclusions 

Structured roll-slip tribological measurement was identified where careful 
consideration was taken for the compensation of the friction torque from the 
machine itself. It was also found the base torque is almost constant along the 
testing which aids to obtain the real values from the measurement. Following the 



Friction torque, temperature and roughness in roll-slip phenomenon  
for polymer –steel contacts  

 

15 

systematic approach, the long term measurement (3 hours) shows that, the 
friction force between the NaPA6/S33J2 can be described using a polynomial 
function with degree 2. Micrograph was used as evidence to compare the change 
in roughness. It was clearly seen that, the peeks are destroyed at the beginning of 
testing. In the initial stage the rate of change in roughness is much higher and 
further it becomes linear. The polynomial function in both the cases for 
roughness and the friction force illustrates the relationship between each other, 
although the relations are reverse. By using the results high precision online 
tribological measurements can be recorded. Further attempts to acquire the 
images online can aid to reveal the actual mechanisms involved in the course of 
testing. 
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An implicit return mapping algorithm for anisotropic 
plasticity with mixed non-linear kinematic-isotropic- 

hardening 
Mohsen SAFAEI, Wim DE WAELE 

Department of Mechanical Construction and Production, 
Laboratory Soete, Ghent University 

Abstract 

Advanced material models can be used to simulate most of the characteristics of 
sheet metal subjected to plastic deformation. Commercial Finite Element (FE) 
codes are limited in terms of available advanced material models. Therefore the 
authors developed and implemented into FE an advanced anisotropic material 
model using UMAT in which the implicit radial return mapping was used. The 
model can be used for any yield criterion combined with mixed non-linear 
kinematic hardening and isotropic hardening (NLK-IH) originating from the 
Armstrong-Frederick hardening model and later developed by Chaboche. This 
paper discusses in detail the integration algorithm used for the implemented 
UMAT. This material model will improve the modelling capabilities for sheet 
metal forming processes, such as the prediction of earing in cup drawing and 
springback in U bend operations. 

Keywords 

sheet metal forming, finite element, mixed hardening, anisotropic material, 
implicit return mapping 

1. Introduction 

In recent years several comprehensive constitutive models have been developed 
(Barlat and Lian 1989; Banabic, Aretz et al. 2005; Bouvier, Gardey et al. 2006) 
and implemented in dedicated software. In the commercial finite element code 
ABAQUS (Hibbitt, Karlsson and Sorensen Inc) the user is limited to the Hill 48 
model for anisotropic yielding. More advanced models have to be implemented 
by means of the user material (UMAT) subroutine. Unfortunately, the codes of 
such subroutines for advanced constitutive models are typically not available as 
open source. 

Implementing material constitutive equations into finite element code can 
simply be explained as defining stress update algorithms in which an imposed 
strain increment gives rise to a corresponding stress increment. Describing this 
incremental relation is not always straightforward. Fully implicit, explicit and 
semi-implicit integration schemes can be used for introducing the material 
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constitutive behaviour into FE. As opposed to explicit integration, implicit 
integration used with consistent Jacobian overcomes the convergence problems 
encountered at the transition from elastic to plastic behaviour. As a result, 
overestimation of stress at first yield will not appear. Moreover, contrary to 
explicit integration which uses small time steps, implicit integration enables the 
use of larger time steps so CPU time can be highly reduced. Note that a finite 
element method is referred to as an implicit method when implicit schemes are 
employed for the integration of the momentum balance or equilibrium equations. 
Therefore an implicit finite element method can use implicit or explicit 
integration for constitutive equations such as stress update algorithms (Dunne 
and Petrinic 2005). 

This paper discusses implicit radial return mapping used for introducing a 
material model for plane stress which is based on a quadratic yield function 
(Hill) and mixed non-linear kinematic hardening and isotropic hardening (NLK-
IH) originating from the Armstrong-Frederick hardening model and later 
developed by Chaboche. This material model will improve the modelling 
capabilities for sheet metal forming processes, such as the prediction of earing in 
cup drawing and springback in U bend operations 

2. Constitutive plasticity model 

Yield criteria and the NKH-IH hardening model  
Based on the additive decomposition of the strain tensor increment 

~
εd  into an 

elastic and a plastic part and using Hooke’s law, the relation between stress and 
elastic strains can be written as:  
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where eC
≈

is the elastic tangent moduli tensor. As used in ABAQUS, the Voigt 

notation is used in this paper. 
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Where σ, ε and γ are Cauchy (plane) stress, strain and engineering shear strain 
which is twice the tensorial shear strain, respectively. 

Yield criteria are defined by 

  )((
~

pisofF εσσ −=  (4) 

fy is the continuously differentiable yield function, 
~~~
ασσ −=  with 

~
α the back 

stress tensor, σiso is the isotropic hardening function and 
p

ε is effective plastic 
strain. In associated plasticity, the effective plastic strain is equal to the plastic 
multiplier λ: 

  λε dd
p
=   (5) 

In the presented integration algorithm, f can be any yield function but in this 
paper only Hill’s 48 quadric yield criterion is discussed: 
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The P tensor can be calculated based on the Lankford coefficients Rx with x 
the orientation of a tensile specimen with respect to the rolling direction: 
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The isotropic hardening function (σiso) determines a uniform change in all 
directions of the yield surface’s size , and the back stress function (

~
α ) translates 

the yield surface in stress. The former and the latter are functions of accumulated 
plastic strain and plastic strain, respectively. Whereas the isotropic hardening is 
reasonably effective to simulate monotonous and proportional operations during 
which load direction does not change (Chung, Lee et al. 2005), this function 
overestimates hardening and springback for non-monotonous deformations. At 
the other hand, the kinematic hardening function, when used alone, 
underestimates both hardening and springback (Zhao and Lee 2002). Therefore a 
combination of isotropic and kinematic hardening is required to predict the 
phenomena observed in the evolution of the yield stress surface due to change of 
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load direction. These phenomena are Bauschinger effect, softening, transient 
(Fig. 1.) and stagnation behavior.  

 
Figure 1. Phenomena observed in the hardening curve due 

to reversed loading cycles 

When material hardens due to slip deformation, strain incompatibilities occur 
between grains resulting in micro-residual stresses in the material. These micro-
residual stresses cause the renown Bauschinger effect which is macroscopically 
characterized by reduced yielding of material upon load reversal. This effect 
decreases during cyclic loading. The linear kinematic hardening law with one 
material parameter proposed by Prager takes the Bauschinger effect into account 
(Prager 1956). The Prager’s model is written as:   

  pdd
~~
εα ≈  (8) 

Here, the yield surface translates in the same direction as the plastic strain 
increment. Due to linearity, difficulties occur when this model is used for cyclic 
loading which involves reversing the load direction (Chaboche 1986). In 
addition, as described by Ziegler, the Prager’s model does not produce consistent 
results for 2D and 3D cases (Ziegler 1959). To overcome this inconsistency, 
Ziegler proposed another linear kinematic hardening law in which the yield’s 
surface translates radially from its center (Ziegler 1959). The Ziegler’s model 
assumes the following evolution: 

  
~~~
ασα −≈d   (9) 

Neither Prager nor Ziegler models can address the hardening nonlinearities 
which play an important role in the behaviour of materials such as aluminium or 
advanced high strength steels.  
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Figure 2. Nonlinear isotropic-kinematic hardening 

From these hardening nonlinearities, the transient behaviour introduces a 
smooth transition from elastic to plastic in the hardening curve which is shown 
by the segments b – c and b’ – c’ in fig. 1.. The transient behaviour was 
considered in hardening models proposed by (Armstrong and Frederick 1966; 
Chaboche and Rousselier 1983; Chaboche 1986; Chaboche 1991; Armstrong 
and Frederick 2007). The non-linear kinematic hardening law of Armstrong & 
Frederick considers the evanescent strain memory effect observed in cyclic 
loadings by adding a relaxation term (recall term) to the Ziegler’s linear 
kinematic hardening model, both of which evolve independently.  

  
pp

dad
f

cd εγε
σ

α
~

~

~
−=  (10) 

Where c and γ are hardening parameters and as described before for 
convenience 

~~~
ασσ −= . Integrating this model for uniaxial conditions gives:  

  ( )p

ec εγ

γα −−= 1  (11) 

where γ
c and γ denote to saturated value of back stress and rate of saturation, 

respectively.  
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Figure 3. Stress-strain curve for dual phase steel DP600 and Chaboche model  

Later Chaboche (Chaboche 1986) proposed superposing multiple Armstrong 
& Frederick laws as one model. As suggested by Chaboche, using multiple back 
stresses may result in a considerable improvement of results in some cases 
(Hibbitt, Karlsson and Sorensen Inc). 

  ∑
=

=
N

i
i

1 ~~
αα   (12) 

where N is number of back stress components. 
The Voce isotropic hardening model is written as:  

  ( ) R
piso += 0σεσ   (13) 

and 

  
•

•

−=
p

RQbR ε)(   (14) 

where Q and R are material parameters.  
After a certain number of cycles Voce isotropic stabilizes to Q with saturation 

rate of b (Chaboche 1986). When Voce isotropic hardening is used in 
conjunction with Chaboche kinematic hardening saturating hardening curves are 
produced for cyclic loadings, Fig. 3. For materials with non-saturating hardening 
(such as Aluminum) the Voce model can be replaced by other hardening laws 
such as Swift’s law. In the Voce model, the yield surface expansion rate 
decreases monotonically which properly produces a convex curve for stable 
materials such as (advanced) high strength steels (Chun, Jinn et al. 2002). 
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However, this approach may result in erroneous results for some materials with 
upper and lower yield or relatively flat stress strain curve  

Loading/un-loading and consistency conditions 
The Kuhn-Tucker unilateral constraints (also called complementarity conditions) 
provide the most convenient formulation of the loading/unloading conditions for 
classical plasticity. Stresses must be admissible and plastic strain can only take 
place on the yield surface. Therefore λ and σ are restricted by the following 
unilateral constraints (Belytschko, Liu et al. 2000): 

λ ≥ 0,  f(σ, ρ) ≤ 0 
λf(σ, ρ) = 0 (15) 

In addition λ ≥ 0 must satisfy the consistency requirement. This hypothesis 
describes that when the material hardens, the load point remains on the yield 
surface, and can be mathematically expressed as: 

  0),( =⋅ pf σλ  (16) 

or alternatively 
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Reminding 
~~~
ασσ dd −=  and substituting 

~
σd  from Eqn.(1) and

~
αd  from 

Eqn. (10) into Eqn. (17) results after some manipulations in: 
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The elasto-plastic tangent modulus is after some manipulation obtained by 
using the incremental plastic multiplier from Eqn.(5)  
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Stress update algorithm 
The stress update algorithm starts with assuming that the increment of strain is 
completely elastic. The resulting stress is called trial stress, which goes beyond 
the yield surface in case of plastic deformation. 

  
≈

∆+= eitrial C:
~~~
εσσ   (21) 

The back-superscript i refers to the previously converged calculation step, 
while the current step is i+1. Variables without the back-superscript mean in the 
current step, unless stated otherwise. 

  
~~~
ασσ itrialtrial

−=   (22) 

Occurrence of plastic deformation is evaluated by checking the following 
formula  

  δεσσ <−= )()(
~

piisotrial
fF   (23) 

in which δ  is a very small number such as 10E-15. When Eqn (22) is fulfilled, 
it means that the material is in the elastic region, otherwise it is yielding. 

The associated plastic flow is described by: 

  
~~
ndd p λε =  and λε dd

p
=   (24) 

Using this sub-stepping algorithm introduced by Yoon (1999), a new series of 
equations is made for k-th sub-potential residual. 

  )(::
~~~~~~

p

k

eielei CC εεσεσσ ∆−∆+=∆+=
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  (25) 

where el

~
ε∆  and p

~
ε∆  are increments in elastic and plastic strain. 
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The 
~
σ  and 

~
α  should comply with the following yield condition 
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The 
~
σ , 

~
α , 

~
σ  and 

p
ε  in Eqns. (25)-(27) are dependent on kλ∆  which needs 

to be determined by the Newton-Raphson iteration method. For simplicity the k 
index is omitted.  

Using the sub-step iterative algorithm, the radial return of stress on the yield 
surface is not happening in one step but is divided in m steps. For the k-th step 
the solution is obtained by solving a series of non-linear equations using 
Newton-Raphson iteration. In this method r-residuals are defined to present the 
difference between current constitutive variables and backward Euler ones. 
Applying r-residuals for Eqns (25)-(27) 
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Using a truncated Taylor expansion for Eqns (28)-(30) 
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After laborious calculations, incremental change in the back stress is found as  
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Incremental change in the Cauchy stress is  
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Implementation of plasticity constitutive equations into ABAQUS using 
implicit integration, demands the definition of the tangent stiffness matrix or 
material Jacobian ( ε

σ
∆∂

∆∂ ) which highly depends on material behaviour. It 

should be noted that the material Jacobian does not affect the accuracy of the 
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solution but the rate of the convergence of the solution. In case of isotropic 
elasticity the material Jacobian is the same as the elastic tangent stiffness ( eC

≈
). 
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When 
⋅

λ is found from (37), then 
⋅

σ , 
⋅

α  are found from, (34) and (36). Stress 
and strain can finally be updated according to the following equations: 

  
⋅
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1 ααα ii  (40) 

  
⋅

+ +∆=∆ λλλ ii 1  (41) 

  λε ∆=∆ ++ 11 ipi  (42) 

Where superscripts i and i+1 denote to iterative steps. 

Conclusions 

This paper presents the elastic-plastic integration of material constitutive laws 
for the case of plane stress and mixed non-linear kinematic hardening and 
isotropic hardening and any arbitrary yield criterion. The key parameter in this is 
the plastic multiplier λ for which Newton’s iteration method has been used. 
Effective plastic strain and plastic strain are stored at the end of the subroutine 
and are recalled at the next iteration. Finally, material Jacobian is returned to the 
program even though that it has no effect on the accuracy of the solution but the 
rate that it converges. 
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Abstract 

In this paper we are going to present an essential modification of an existing 
analytical model. The model creation normally starts with a simplified, less 
complex analytical model, where the phenomena can be easily interpreted, 
checked and controlled. If this model is available and valid – with its certain 
simplifications – then as a following step, it can be either extended by taking 
into account earlier neglected factors or a similar but more advanced 
computational model has to be created in order to broaden the investigated 
factors. 

The accent will be set on a neglected factor, the moving center of gravity 
(COG), in this paper, and the obtained results will be compared with some 
external data from other authors. 

Keywords 

biomechanics, human knee, analytical model 

1. Introduction 

The applied tools in the biomechanical modeling begin with the use of 
mechanical-analytical models and involve MR techniques, computer-aided-
design, multibody- or finite element simulations.  

In order to investigate complex motions with such programs and methods, a 
well-based, reliable analytical model has to be created with adequate number of 
constrains and reasonable simplifications. To show the impact of the neglected 
factors in the models, a well-known motion, the deep-squat will be presented, 
examined and explained throughout the paper. Let us look at the analytical 
modeling part of the investigation. 

2. Analytical model 

In the relevant literature, the kinetics of deep-squat is investigated by mechanical 
models and test rigs. The most spread among the test rigs is the so-called Oxford 
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type while so far the most typical approximation of the deep-squat is the 
mechanical model shown in Figure 1 (Cohen et al., 2001). In the figure, the 
flexion angle is denoted as α, L is the theoretical length of the femur and the 
body weight vector is denoted as G. 

 
Figure 1. Deep-squat movement by Cohen et al. 

The following simplifications were considered related to Cohen model: 
– The model is quasi-static, 
– Two-dimensional, 
– The inertial forces during the movement are neglected, 
– No internal forces (Fs, FN) between the surfaces are considered, 
– Only the squatting movement is investigated with the model, 
– The load is derived from the mass of the person, 
– The body weight vector (G) can only move vertically. 

 
Figure 2. Free body diagram of the patellofemoral forces 



 
Review of current knee biomechanical modeling techniques 

 

32 

There are three major forces which have significant effects in the knee joint, 
namely the quadriceps force (Fq), the patellofemoral joint reaction force (Fpf) 
and the patellar ligament force (Fp) (see in Figure 2). Besides these forces there 
is one more important force the tibio-femoral force (Ftf), but this force cannot be 
calculated with most of the analytical models. 

Let us follow Cohen’s approach in the derivation of the formulas according to 
Mason’s description (Mason et al., 2008), thus let us note that L represents the 
length of the femur and the length itself is considered here as 0.45 m. The 
moment arm is represented as d, while the body weight vector as G: 

 )2/sin()( αα ⋅= Ld  (1) 

The so-called net-knee moment can be derived as follows: 

 )2/sin(5.0)(5.0)( ααα ⋅⋅⋅=⋅⋅= LGdGM k  (2) 

The quadriceps force (Fq) can be derived from the net knee moment (Mk) and the 
effective moment arm (see in Table 1) of the quadriceps (Salem and Powers, 
2001): 

 
)(
)()(

α
αα

eff

k
q L

MF =  (3) 

The patellofemoral joint reaction force (Fpf) can be expressed as a product of the 
quadriceps force and the k(α) dimensionless function (Van Eijden et al., 1986) 
which is found in Table 1: 

 )(
)(
)()()()( α

α
αααα k

L
MkFF

eff

k
qpf ⋅=⋅=  (4) 

Finally, the patellar ligament force (Fp) can be derived by substituting Eq. (5) in 
Eq. (1), where g(α) dimensionless function (Van Eijden et al., 1986) which is 
found in Table 1.  

 )(
)(
)()()()( α

α
αααα g

L
MgFF

eff

k
qp ⋅=⋅=  (5) 

Thus the model is based on the assumption, that during the squat the center of 
gravity (shortly COG) – the body weight – does not change its line of action, 
thus the net knee moment can be derived as a simple function of the flexion 
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angle.  This approach assumes that the subject stays in perfectly vertical position 
during squatting which gives two false results. First, if a person tries to carry out 
a deep-squat movement, the balancing is completely necessary, which means 
that the COG has to change its place. Second, by neglecting the change of the 
COG calls forth unnecessary overestimation. The excursion of the COG has 
been described as a linear function of the flexion angle (Fekete et al., 2011), thus 
by inserting this function into the L length, the moment arm of the net-knee 
moment is reduced and the moving COG phenomena is taken into account. Let 
us consider the dimensionless λ3 function (Table 1) which describes the change 
of COG (Fekete et al., 2011): 

 86.00022.0)(3 +⋅−= ααλ  (6) 

Then, let us create a new function for the L length: 

 ( ) 387.000099.0)(3 +−=⋅= αλα LL  (7) 

Table 1. Functions and constants of the 
mathematical model 

 C0 C1 C2 C3 C4 SD r2 Sample p-
value 

g(α) [-] 1.102 -2.209D-
3 

-1.493D-
4 

1.138D-
6 0 0.1 0.989 13 p < 

0.05 

k(α) [-] 0.486 1.324D-
2 

-1.151D-
4 

+3.35D-
7 0 0.11 0.989 13 p < 

0.05 

Leff(α) 
[mm] 0.046 2.8D-4 -1.3D-5 8D-8 0 N/A 0.98 N/A N/A 

λ3(α) [-] 0.86 -2.2D-3 0 0 0 0.2 0.63 31 p < 
0.05 

3. Results 

With this altered length the net-knee moment is highly lowered as it follows: 
Naturally, all the other forces become lower than in the case of the original 

calculation method. In order to prove the validity of moving COG 
implementation, experimental data or other author’s results are plotted along the 
results. 
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Figure 3. Net-knee moment functions 
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Figure 4. Quadriceps force function 
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Figure 5. Patellofemoral joint reaction force 
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Palellar ligament force
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Figure 6. Patellar ligament force 

The results obviously show that the modified model – with the moving COG 
– gives a better approximation (with less overestimation) contrarily the original 
method.  

5. Conclusion 

In summary, a novel modification of an existing model was presented. The 
moving COG has significant impact on the forces, and this was demonstrated in 
this paper. This analytical model was derived from theoretical assumptions and 
experimentally determined parameters – based on multiple human participants. 
The obtained, modified Fq(α) force function can be extended for further use as 
an input function for isometric motion, since all the descriptive relationships 
found in the literature provide a ratio of the patellofemoral forces divided by the 
quadriceps force. 
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Abstract 

Continuous sliding experiments on WC-10wt%Co have been conducted at 
temperatures of 25 and 400 °C in dry conditions according to the ASTMG99-
95a standard. WC-6wt%Co pins were used as counter body.  The plate 
specimens were surface finished by grinding and wire-EDM. The tests were 
performed using a rotating sliding speed of 0.3 m/s and mean Hertzian contact 
pressure of 2.06 GPa. Pins and plate specimens were analyzed by 2-D and 3-D 
surface topography scanning and optical microscopy. The experimental results 
demonstrated that wear and friction of WC-Co cemented carbides is influenced 
significantly by elevated temperature as well as surface finishing condition.  

Keywords 

WC-10wt%.Co, wire-EDM, Friction and wear, High temperature, pin-on-plate 

1. Introduction 

Cemented carbides, best known for their high hardness and superior wear 
resistance, have a range of industrial uses more diverse than that of any other 
powder metallurgy product. These materials are commonly used for cutting 
tools, drilling applications, mining equipment, etc (Glaeser, 1998). However, 
there is a high need in the industry to improve the profit and production by 
reducing maintenance cost, lubricants, etc. Cemented carbides are basically 
produced by powder metallurgy which involves milling, mixing, green 
densification and finally liquid phase sintering. Cobalt is the alloying metal and 
constitutes only a small part (ranging from 3 up to 20%) of the total mass. It is 
the most preferred binder in WC-based hardmetals due to its outstanding wetting 
and adhesion characteristics in combination with tungsten carbide, leading to 
unique properties (Zhengui et al, 1998). 
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Normally, cemented carbides are machined and surface finished by means of 
grinding and subsequently polished with boron nitride and/or diamond which 
make the final shaping very hard. In the last years, an innovative technology 
called wire-EDM has overcome those difficulties. Nevertheless, this machining 
process is a thermal process and depending on the energy employed it may affect 
the surface quality by the formation of a recast layer and cracking on the surface 
being wire-EDM’ed. 

The impact of wire-EDM machining process on the friction and wear 
response of cemented carbides have been already elucidated in reciprocating 
sliding motion, e.g. (Bonny et al, 2010 and Perez Delgado et al, 2010).  
However, there is a vague scientific perception of the influence of wire-EDM at 
high temperature on friction response of cemented carbides under continuous 
sliding contact. 

This paper aims to investigate the friction response of WC-6wt%Co pins 
against WC-10wt%Co plates with different surface finishes attained by grinding 
or wire-EDM in rotating sliding experiments performed at room and high 
temperature (400 °C) and examines the interaction of the originated oxide layer 
and wear particles. 

2. Experimental procedure  

Test specimens  
The WC-10%wtCo cemented carbides were produced by liquid phase sintering 
(LPS). It is a process for forming high performance, multiphase components 
from a powder which involves sintering under conditions where solid grains 
coexist with a wetting liquid. The test material displays an E-modulus of 541 
GPa, a Vickers hardness HV10 of 1685 kg/mm2, a compressive strength of 6.6 
GPa, fracture toughness KIC,10kg of 11 MPa m1/2 and an electrical resistivity of 1.7 
x 10-7Ω.m.  

The young’s modulus, E, was obtained by resonance frequency method 
(ASTM C 1259-94) on a Grindo-sonic (J.W. Lemmens, Elektronika N.V., 
Leuven, Belgium). The Vickers hardness was measured with indentation weights 
of 10 kg (Model FV-700, Future-Tech Corp., Tokyo, Japan). The fracture 
toughness, KIC,10kg, was obtained by Vickers indentation, see (Shetty et al, 1985). 
The electrical resistivity was obtained by the 4-point contact method using a 
Resistomat Mikroohmmeter (Type 2302, Gernsbach, Germany). 

Surface finish  
The plate samples of WC-10%wtCo were machined and surface finished by 
grinding and wire-EDM, thus obtaining final dimensions of 4 mm x 38mm x 58 
mm. The grinding was done using JF415DS grinding equipment (Jung, 
Göppingen, Germany) with a diamond abrasive wheel (type MD4075B55, 
Wendt Boart, Brussels, Belgium). Furthermore, wire-EDM was achieved using 
ROBOFIL 2030SI technology (Charmilles Technologies, Switzerland) in de-
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ionized water with dielectric conductivity of 5 µS/cm. This machining process 
involves several steps ranging from a rough cut to smooth surface finish.  In this 
paper a fine EDM surface finish was chosen and identified as ‘E21’through the 
text.  

The surface roughness of the WC-10wt%Co cemented carbides was measured 
using surface profilometry (Somicronic® EMS Surfascan 3D, type SM3, needle 
type ST305) according to the ISO 4228 standard. Ra values of 0.22 µm and 0.23 
µm for ground and wire-EDM’ed specimens, respectively, were obtained. It is 
worth noting that the Ra roughness level of both surface finishes is very similar 
and could be subjected to comparison. 

Wear testing  
Wear tests were carried out at temperatures of 25 and 400 °C employing a pin – 
on – disk high temperature tribometer (CSM Switzerland, maximum temperature 
1000 °C). The tests were performed according to the ASTM G99-95a standard 
under atmospheric conditions, mean Hertzian contact pressure of 2.06 GPa, 
sliding speed of 0.3 m/s and a total sliding distance of 10000 m. WC-6wt%Co 
pins were used as static counterpart with a radius of 6mm. The Vickers hardness 
ratio pins/specimens > 1.1. 

3. Results and discussion 

Influence of surface finish on friction coefficient  
The effect of fine wire-EDM on friction response of WC-10wt%Co cemented 
carbides with respect to the ground material is illustrated in Fig. 1. Each value in 
the curve is an average of at least 3 wear experiments performed under identical 
conditions, with deviations of less than 10 %. Fig. 1 indicates that at 25 °C, 
sliding speed of 0.3m/s and, mean Hertzian contact pressure of 2.06 GPa and a 
sliding distance of 10000 m the change of dynamic coefficient of friction is 
similar for both surface finishes. The obtained friction curves show an increment 
during the first sliding meters, subsequently decline towards an equilibrium state 
after running-in. This can be explained in terms of continuous breaking of 
asperities. However, the wire-EDM’ed samples have randomly evidenced higher 
friction values during the course of the test and finally there is sudden increase 
in the last 2000 m. It can be attributed to the presence of wear debris particles 
and continuous breaking and regenerating of micro-junctions at the contact 
surface during sliding, and the deteriorated surface quality attained by wire-
EDM machining.  

Fig. 2 shows the dynamic coefficient of friction of the tribological 
combinations, which exhibit average values of 0.37 and 0.39 for ground and 
wire-EDM surface finish, respectively. Nevertheless, the dynamic coefficient of 
friction reached values up to 0.48 for fine wire-EDM’ed samples, which is in 
agreement with results obtained in reciprocating sliding motion experiments as 
reported by (Bonny et al, 2010). 
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Figure 1. On-line monitoring of dynamic coefficient of friction versus sliding distance of ground 

and wire-EDM’ed WC-10wt%Co against WC-6t%Co pins (pmean 2.06 GPa, speed 0.3 m/s) 
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Figure 2. Post-mortem fluctuation and mean value of friction coefficient for ground and wire-

EDM’ed  WC-10wt%Co, pmean 2.06 GPa, speed 0.3 m/s, 10000 m. 

Influence of high temperature on friction coefficient  
Fig. 3 shows the minimal, maximal and mean values of dynamic friction 
coefficient of ground WC-10wt%Co in rotating sliding contact with WC-6wt%Co 
applying a mean Hertzian contact pressure of 2.06 GPa, a sliding distance of 
10000 m, a sliding speed of 0.3 m/s and temperatures of 25 and 400 °C. As can be 
seen in Fig. 3, the fluctuation range of the friction coefficient becomes larger at 
400 °C. Furthermore, the average friction coefficient is more than two times 
higher at 400 °C compared to friction at room temperature.  Mechanical properties 
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and chemical stability of cemented carbides can strongly be affected by increased 
temperature. For instance, the transverse rupture strength decreases by increasing 
the temperature up to 600 °C, see (Ueda et al, 1976). This strength reduction could 
result in crack propagation on the surface, thus causing more adhesive friction as a 
consequence of interlocking of wear debris due to irregular shape.  Additionally, 
the generated oxide layer consisted basically of WO3 and small amounts of Co, 
CoO, and WC, as reported by (Sheikh-Ahmad and Bailey, 1999). 
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Figure 3. Influence of temperature on dynamic friction coefficient of ground 

WC-10wt%Co in rotating sliding contact with WC-6wt%Co using a mean Hertzian 
contact pressure of 2.06 GPa, a sliding speed of 0.3 m/s and a sliding distance 

of 10000 m. 

Identification of wear mechanisms  
The discrepancy in friction response between wire-EDM and ground surface 
finishing conditions could be essentially attributed to the lower surface quality 
as a result of the thermally affected layer on the wire-EDM surface. SEM 
analysis on top of the wear track of wire-EDM’ed WC-10wt%Co alloys with 
wire-EDM surface finish E21 is presented in Fig. 4. A combination of the base 
material and the adhered debris layer can be observed in the wear track. 
Basically, the main wear mechanisms identified are surface binder expulsion, 
abrasion, grain cracking and grain pull out. The binder phase is partially 
removed by a combination of plastic deformation and abrasive ploughing 
grooves and fracture of the adhered debris layer. A more prominent occurrence 
of wear mechanisms can be encountered on the wire-EDM’ed WC-10wt%Co 
compared to the ground specimens. 



 
Influence of wire-EDM on high temperature sliding friction response  

of WC-10wt%Co cemented carbide 
 

42 

  
Figure 4. SEM view on central wear track surface of fine wire-EDM’ed grade 
WC-10wt%Co (a) 100X and 1000X (b) slid against WC-6wt%Co for 10000 m 

at 0.3 m/s with pmean 2.06 GPa 

Visual inspection of worn surfaces after wear testing at 400 °C revealed the 
presence of wear debris accumulated both outside and inside the wear tracks. A 
smoother optical aspect was observed on the wear surface compared to wire-
EDM and ground surface finish. Additionally, a colored oxide layer was 
observed on the wire-EDM’ed surface. Nevertheless, further investigation of the 
oxidation layer, debris layer and wear mechanisms in the specimens tested at 
high temperatures will be carried out by means of scanning electron microscopy 
(SEM), energy dispersive X-ray (EDX) spectroscopy and XPS measurements on 
wire-EDM’ed WC-10wt%Co. 

4. Conclusions 

Rotating pin-on-plate experiments on WC-10wt%Co cemented carbide plates 
surface finished by grinding and wire-EDM and slid against WC-6wt%Co pins 
at room temperature or at 400 °C revealed that the friction response is 
significantly affected by contact temperature and surface finishing condition. 
The highest friction was encountered for wire-EDM’ed surfaces, which can be 
related to the thermal impact of the EDM process, involving at the same time 
more prominent occurrence of wear mechanisms such as grain and binder 
removal, grain cracking, formation and delamination of debris layer, polishing 
and abrasion. Furthermore, the dynamic friction coefficient at high temperature 
was more than two times higher compared to the friction level at room 
temperature. The generated wear particles and the oxide compound layer in the 
wear track will be examined more in-depth in a near future investigation. 
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Abstract  

The importance of ceramics used in engineering practice is more and more 
greater. We have planned and accomplished an individual measuring system for 
turning ceramics. During turning we measured the main cutting forces and the 
cutting forces in feed rate. To evaluate the practical applicability of ceramic 
surfaces turned and grinded originally, to compare the tribological behaviour we 
have also assembled a laboratory measuring equipment by which we measured 
the frictional force on steel counter-surface grinded at dry friction condition. 

We have determined with mathematical-statistical methods the variables of 
the main cutting forces connections to be found in literature from the measuring 
results of cutting force. After tests we have analysed the electron-microscope 
exposures of the surfaces cut concerning the surface cracks and pittings. We also 
determined the 3D surface characteristics with surface topography measuring 
method. We proved with complementary, comparative thermo-camera 
examinations the forming of arising heat-circle at the contact of cutting tool.  

Keywords 

ZrO2-MgO ceramic, turning, surface 

1. Introduction 

The engineering ceramics are such constructional materials which can be used at 
essentially higher temperature comparing to materials used till now, at under 
heavy physical and chemical load. 

The claim to structural ceramics is continuously increases with the 
development of the industry and they can get important part just in this segment. 
The zirconium-dioxide is also such material. The development of manufacturing 
finished – and intermediate products claim the cutting of more and more 
complex surfaces [1-4]. The more economical machining of spatial surfaces 
claims the further development of tools with regular edge. The zirconium-
dioxide as basic material having lower hardness and other characteristics is 
suitable to machine by tool with regular edge, so in case of piece production or 
in case of small and medium series manufacturing, at quick prototype-
manufacturing it can become potential material alike [5-9]. Its cutting and 
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machinability characteristics has to be known that this could be ensue. Our 
research work concentrates to one part of this, in accordance with the 
recommendation of a company producing and developing zirconium-dioxide 
semi-finished product. The main steps: 

– Testing the cutting characteristics of the engineering ceramics in case of 
machining by single-point cutting tool at turning. 

– Developing measuring system to measure the main – and feed rate 
direction forces during cutting. 

– Topographic test of surfaces after machining with cutting parameters set. 
Analysing the micro-cracks formed possibly on the surface and the shell 
– like pittings. 

– Examining the heat affected zone arising during cutting. 
– Comparing the cutting characteristics of ceramic with the cutting 

characteristics of lamellar – and globular cast-irons. 
– To compare the arising frictional characteristics in case of dry friction 

condition in case of ceramic – steel surface pairs machined with different 
sets. 

2. Material and method 

During tests we have machined the surface of ceramic with different settings. 
Based on preliminary measurings we established that it is expedient to choose 
the depth of cut between 0,01 and 0,05 mm, the feed rate should be between 0,01 
and 0,05 mm/rev. immediately at the tool edge. We also carried out preliminary 
measurings concerning the approximate value of the cutting speed, this was 
around 50 m/min. After turning we made surface topography as well as electron 
microscopic exposures from the surfaces machined and we analyzed those. We 
have measured the dry frictional characteristics of the ceramic / steel material 
pair with comparing character as a further test of the surfaces turned and grinded 
of the ceramic. 

The materials tested 
Zirconium-dioxide ceramic specimen 

The characteristics of the ZN 40 engineering ceramic is that it has got 
favourable physical and chemical characteristics at high temperature range. It 
has got high hardness (1250 HV), because of this it can be cut only with 
polycrystal diamond and with cubic boron nitride tools. The material tested is a 
zirconium dioxide ceramic stabilized with magnesium. The diameter of the 
cylindrical specimens was 16 mm used at turning tests. 
Cast-iron and Steel specimen 

As a reference materials were used. 
Single-point cutting tool 

The cutting tool was a tipped turning tool with 12x12 –shank. I have carried 
out my tests with two kinds of inserts (tips) with cubic boron nitride (CBN) and 
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with polycrystal diamond (PCD). It is expedient to carry out such hard cutting 
with these materials. 

Cutting tests 
To measure the axial and tangential components of the cutting force I applied 
resistance force-meter-tool head between the tool-head and tool shank developed 
and manufactured by me. It makes possible to measure the feed rate force (Ff)  
and the cutting force (Fc) in case of straight turning in this form. 

Surface topographical tests 
Because of the increasing requirements created against surfaces machined there 
is a need to evaluate many-sided the surface micro-topography which means the 
surface characteristics by writing up data collected from the sampling surface. I 
have made electron microscopic exposures from the ceramic surface machined 
with different cutting parameters as well as from surface grinded. 

Friction tests 
I have made an equipment to carry out tribological tests. During the test I 
pressure the steel counterface with determined normal direction force the casing 
surface of the rotating ceramic specimen and in the meantime I measure the 
value of the friction force with force meter cell. I have calculated the friction 
coefficient characterizing the system from the normal direction force and the 
friction force as well as I measured the wear of the steel specimen and its 
deformation. 

Complementary tests with thermo-camera 
The heat developing during cutting has got a great effect on the material removal 
process as well as it effects strongly the tool service-life. To study the heat 
affected zone developed I made exposures with thermo-camera during cutting. 
Considering that the basic material chosen by me for to be machined is 
significantly more rigid the heat deriving from internal friction presents oneself 
probably in smaller amount. 

3. Results 

Cutting tests results of ceramic 
During tests I have measured the values of the main – (Fc) and feed rate (Ff) 
cutting forces. Table 3.1. contains the parameters set in the cutting system. I 
have determined the characteristic content and the exponents to given parameter 
of the empirical connection (feed rate, depth of cut, cutting speed) taking into 
also account the cutting speed from the values of main cutting force measured by 
using mathematical statistical methods. 

The Figure 1. shows the characteristic values of measurings carried out with 
CBN – tool at uniformly increasing cutting speed. The cutting speed (vc) 
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measured along the horizontal axis the cutting forces (Fc; Ff) can be found on the 
vertical axis. 

Table 1. Main characteristics of measurings 

 
Ceramic,  

ZrO2 

Globular 
cast iron, 

GJS-400-15 

Lamellar cast 
iron,  

GJL 200 
Cutting speed, vc [m/min] 25 / 75 
Depth of cut, a [mm] 0,01 / 0,02 / 0,03 / 0,04 / 0,05 0,02 
Feed rate, f [mm/fordulat] 0,01 / 0,02 / 0,03 / 0,04 / 0,05 
Ambient temperature, T [ºC] 23 
Length of casing tested, s [mm] per feed rate 3 mm, altogether 15 mm 
Tool material  PCD / CBN 

 
Figure 1. Diagram of main and feed rate forces. 

(vc= changing m/min., a= 0,02 mm, f= 0,02 mm/rev.; 
ceramic: zirconium dioxide, tool: CBN) 

It can be seen that value of the small forces arising at the beginning of cutting 
increase. After the transient point the value of the main cutting force increased 
significantly with the increasing of the cutting speed at cubic boron nitride 
(CBN) tool. 

In case of CBN-tool material the amount of feed rate forces are approximately 
the half of the amount of main cutting force. The value came about the cutting 
force with diamond (PCD) tool. The two forces at the two kind of tools show 
similar characters in their trends. 

I also show the change of the cutting forces in the next diagram (Figure 2). I 
set the cutting speed to 25m/min. value. The value of the depth of cut was 0,02 
mm. I changed the values of the feed rate according to f=0,01;-0,02;-0,03;-0,04;-
0,05 mm/rev. 
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The main cutting force increases with the increase of the feed rate, however 
the value of the feed rate force almost hardly changes. At a=0,04 mm depth of 
cut the great degree deviation of the main cutting force allows to conclude to the 
damage of the cutting edge. That was proved later by microscopic exposures. 

It is also significant the running up of the feed rate force in the beginning 
range. Both the ceramic and the tool are at ambient temperature in the beginning 
first point. During cutting significant amount of heat developed and warning up 
starts. As an effect of this the value of the force increases to a certain time then 
sets in a near constant value it can be seen in the diagram. 

Diagram of measured forces (ZrO2-MgO, CBN)
( a = 0,02 mm; f = 0,01-0,02-0,03-0,04-0,05 mm/rev.; vc = 25 m/min ) 
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Figure 2. Diagram of main and feed rate forces. 

I have also measured the changes of the main cutting force in accordance with 
the formers to the polycrystal diamond tool. The value of the cutting speed was, 
vc=25m/min. The value of the depth of cut was, a=0,02 mm. The values of the 
feed rate were, f=0,01;-0,02;-0,03;-0,04;-0,05 mm/rev. 

Diagram of measured forces (ZrO2-MgO, PCD)
( a = 0,02 mm; f = 0,01-0,02-0,03-0,04-0,05 mm/rev.; vc = 75 m/min ) 
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Figure 3. Diagram of main and feed rate forces. 
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The trends are similar to the cubic boron nitride tool. The cutting force shows 
increasing tendency, while the feed rate force set in to a certain value, then 
showed slight decrease. 

The cutting force at higher cutting speed (Figure 3) set in a nearly constant 
value following a steep running up which was lower than at smaller (vc=25 
m/min.) cutting speed. The feed rate force following the running up or decreased 
or had got the same value. The tool edge caused the deviation of the feed rate 
force with great probability. 

The diagrams so far showed the effect of the feed rate changing. I make 
known in the followings some diagrams at which I examined the effect of 
changing the depth of cut concerning to the main and feed rate cutting forces. I 
have set the cutting speed (vc) to 75m/min. value. The value of depth of cut 
were, a=0,05;-0,04;-0,03;-0,02;-0,01 mm at casing turning. The values of the 
feed rate were, f=0,02 mm/rev. I carried out the tests only with PCD-tool giving 
more favourable surface characteristics. 

Diagram of measured forces (ZrO2-MgO, PCD)
( f = 0,02 mm/rev.; a = 0,05-0,04-0,03-0,02-0,01 mm; vc = 75 m/min ) 
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Figure 4. Diagram of main and feed rate forces. 

The Figure 4 shows the change of the main cutting and feed rate forces taking 
place of changing the depth of cut. It can be stated that the changing of the depth 
of cut over a=0,02 mm doesn’t effect significantly the value of the main cutting 
force. In case of machining with higher cutting speed (vc=75m/min.) comes 
about lower main cutting force values. 

Edge test results of the cutting tool 
We have made exposures with optical microscope from the turning tool inserts 
(Figure5). During cutting the main cutting edge got pittied in low-rate. This 
pitting also can be seen on the force diagrams. In the first exposure the original 
polycrystal diamond insert can be seen. In the second exposure already a piece 
pittied from the edge, the shell-like pitting can be seen. Other pittings were 
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formed using the tool longer. These pittings change significantly the edge 
geometry although the tool remained suitable further on, too. The quality 
properties of the surface cut by pittied insert are worse with high probability and 
show greater standard deviation than the inserts with regular edge geometry. 

 
Figure 5. Microscopic exposures, PCD-tool, the original cutting insert, 

first pitting and further pittings 

Determining the cutting force in the function of parameters 
The sources of literature to the cutting force (Horváth and Co. 1995; König and 
Co. 1997, Dudás 2000) use a theoretical relation worked out first of all to steels 
which is the following in the function of cutting parameters: 

[ ]N  vafCF z
c

yx
vc ⋅⋅⋅=  

Our aim is with the planned tests to be carried out to decide the usefulness of 
the preceding equation at cutting ceramic and to determine the necessary 
parameters with multivariate linear regression. 

The mathematical function matched to the results of tests planned: 

29940
c

4397016460 vaf183477F ,,,, −⋅⋅⋅=  

It is important to mention concerning the usefulness of the equation that this 
relation describes the formation of the measuring results within the parameter – 
range determined in the test plan. 

Results of surface check with scanning electron microscope 
For the sake of greater magnification we have made scanning electron 
microscopic exposures in 100x, 500x then 2000x-times magnifications from the 
ceramic surface machined.  
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Figure 6. Ceramic surfaces turned with CBN and PCD tools. vc=75 m/min., 

f=0,04 mm/rev., a=0,02 mm, N=100x 

The machining is strongly slashed, very rough, cratered in Figure 6, on the 
exposure of surface machined with CBN-tool. The turning with PCD-tool 
resulted less and smaller craters. The cutting direction can be well seen. The tool 
point formed the surface into serrated. 

The original grinded surface electron microscopic exposure can be seen in 
Figure 7. The amount of craters as a result of machining can be considered 
identical with the machining with PCD-tool. (Figure 6.). However the dimension 
of craters formed are 30-40% greater. This dimensional difference can increase 
the lubricant keeping capacity of the surface. The grinding grains made also the 
surface into serrated but because of the smaller dimension of grains the ditches, 
grooves, scratches dimension are also smaller: 

 
Figure 7. Ceramic surface grinded 

The exposures with 2000x magnification prove the producing plastic (ductile) 
chip removal (Figure 8) which shows favourable surface-continuity. This proves 
the applicability of turning with polycrystal diamond. 
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Figure 8. Surface turned with PCD-tool 

vc=75m/min., f=0,04 mm/rev., a=0,02 mm, N=2000x 

As a recommendation the whole number multiple is a given of the natural 
logarithm basis (“e” number) of the hardness of material to be cut as the 
hardness of the tool material in the practice. The diamond as an usable tool 
material for machining ceramics is suitable for this requirement. There are such 
experiments rising as a possibility the machining with lower hardness material 
as a significantly different conditions can take place compared with machining 
steels. However these are not suitable for industrial purpose, yet. 

Results of frictional model tests and their interpretations 
On the casing surface of ZrO2 ceramic tested at vc=25 and 75 m/min. cutting 
speed and 5 different feed rate (f=0,01;-0,02;-0,03;-0,04;-0,05 mm/rev.) 
machined surface can be found. The width of these are 3 mm one by one. Figure 
9 shows the value of arising friction force developed between the ceramic and 
the steel specimen. We distinguished the different surfaces with various colours 
and marks. The “k” marks the grinded surface while the numbers “1, 2, 3, 4, 5” 
mark the feed rates set during turning in hundredth millimeter. 

 
Figure 9. Friction force diagram (between steel/grinded and ceramic surface cut) 
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The friction force didn’t show significant change on the surface grinded 
within identical load section. It set in a nearly constant value within short time 
(50s). The grinded surfaces also seized with imposing maximum load. It is 
striking on the diagram that the friction force increased in such a great extent on 
the 2. load level on the ceramic surfaces cut with 0,01 and 0,02 mm/re. feed rate, 
that the surfaces seized in this section. The seizing ensued on the 3. load level on 
surfaces cut with greater feed rate. 

Friction coefficient
( v = 0,23 m/s; PCD; 25 m/min ) 
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Figure 10. Diagram of friction coefficient  

(between steel/grinded and ceramic surface cut) 

It is evident from the values of friction coefficients (Figure 10) that higher µ 
values characterize the surfaces machined with smaller feed rate. The value of 
friction coefficient on the surface turned with f=0,05 mm/rev. feed rate remained 
at nearly constant value in the sections tested similar to the grinded surface. 
Fluctuating friction coefficient, characterizing seizure can’t be observed. 

Microscopic comparison of sliding surfaces 
I have made exposures from the dry sliding surfaces of ceramic and steel. The 
maximum magnification of the microscope was 40x. Two exposures are at 
disposal from both surfaces. One shows the whole sliding surface, the other 
shows a part of the sliding surface with 40x magnification. I show the sliding 
test carried out on the surface machined with a given feed rate in Table 2. 
Further exposures made from the surfaces can be found in the No. 2 supplement. 

It can be seen well on the microscopic exposures of sliding track that at lower 
speed (vc=25 m/min.) the machining is more rough, it resulted greater craters on 
the ceramic surface. These craters cut the steel surface in a greater extent during 
sliding test and thus they were filled up with steel faster. After this adhesive 
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connection could develop at certain places between identical materials (steel 
plate and steel particles stick into craters). This accelerates the seizing process 
significantly. 

Table 2. Microcopic exposures of sliding surfaces 
(machining parameters: vc=25 m/min., 75 m/min.; f=0,02 mm/rev.; 
a=0,02 mm; test parameters: vk=0,23m/s; Fn=50N, 100N; 150N). 

tool: 
PCD 

cutting speed 
25 m/min 

cutting speed 
75 m/min 

 
ceramic surface 

 
ceramic surface 

 
ceramic surface 40x 

 
ceramic surface 40x 

 
steel surface 

 
steel surface 

feed rate 
f = 0,02 mm/rev. 

 
steel surface 40x 

 
steel surface 40x 
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4. Conclusions 

– We establish in the test field that in case of ZR40 (ZrO2-MgO) ceramic 
basic material with the CBN and respectively PCD tool types having 
regular edge geometry chosen by me can be reached plastic (ductile) 
chip removal during turning in the cutting parameter field set (a=0,02 
mm; f=0,01-0,02-0,03-0,04-0,05 mm/rev.; vc=25-75 m/min.). 

– We have proved with my measurings that in the upper range of the 
cutting speed of test field the polycrystal diamond tool is more 
favourable at turning zirconium-dioxide ceramics stabilized with 
magnesium it can be used with smaller cutting force than the cubic boron 
nitride tool. Furthermore we have established that the polycrystal 
diamond (PCD) resulted cutting force similar to the cubic boron nitride 
at lower (vc=25 m/min.) testing cutting speed. The occurrence 
experienced at different frictional processes.  

– I have established in the test field that the cutting force at uniformly 
increasing cutting speed in case of zirconium-dioxide ceramic and 
lamellar cast iron shows increasing tendency-contrast with the 
connection concerning steel machining to be in the technical literature. 
In case of lamellar cast iron used as reference material in vc=40-50 
m/min cutting speed range a transient zone comes about to the cutting 
force, before which there is an increasing section to be approximated 
with different incline linear depending on the tool, while following that 
the cutting force is constant or it has got a nearly constant value. The 
transient zone also can be measured at turning with PCD-tool in case of 
40-50 m/min cutting speed but the trend is contrasted: at lower speed 
nearly constant cutting force can be measured, above this a continuously 
increasing force-trend appears. In case of CBN tool there is also a 
transient zone belonging to 40-50 m/min. cutting speed at which in case 
of lower speeds appeared a continuously increasing cutting force, after 
the transient zone the force increase is still steeper respectively. 

– I have proved with mathematical-statistical methods that the connection 
concerning the main cutting force ]N[vafCF 2

c
yx

vc ⋅⋅⋅=  to be found 
in the technical literature in the tested parameter field (f=0,02-0,04 
mm/rev,; a=0,02-0,04 mm; vc=25-75 m/min.) can be extended to turning 
ZrO2-MgO ceramic with PCD tool (with the edge geometry defined). I 
have determined with my measurings the values of the constant and 
exponents – Cv=477,183 - - x=0,1646- - y=0,4397 - - z=-0,2994 – and I 
proved that the connection can be applied with 95% probability with on 
the parameter interval tested. 

– I have proved with friction tests (block-on-ring tribological system, 
St37F grinded steel (Ra=0,8mm) “block” surface, without lubrication, 
ceramic “ring” specimen) that at high turning cutting speed (vc=75 
m/min.) and at small feed rate (f=0,01-0,02 mm/rev.) the friction 
resistance is smaller on the ceramic surface. The surface grinded has got 
smaller dimension but into the great number shell pittings the steel worn 
particles seat quickly, which transforms the ceramic/steel friction 
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connection into steel/steel characteristic friction, which increases 
significantly the adhesive component of the friction force. 
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Abstract 

Fretting fatigue is a phenomenon in which two contact surfaces undergo small 
relative oscillatory motion due to cyclic loading. Due to fretting fatigue, fatigue 
lifetime of components reduces considerably comparing to when no fretting 
takes place. There are more than 50 factors that can affect fretting fatigue 
behavior of material such as, coefficient of friction, contact pressure, slip 
amplitude, cyclic axial stress, interface stress distribution, etc. These variables 
can be divided in two set of primary and secondary variables. Some variables 
such as cyclic axial stress, magnitude of slip, coefficient of friction and normal 
contact stress that have more influence on fretting fatigue lifetime are considered 
as primary variables. One of the challenging primary variables parameter that 
has significant effect on lifetime of component is slip amplitude. Experimental 
study of slip amplitude measurement at contact interface is either very difficult 
or not very accurate so that numerical techniques are really desirable to 
overcome the experimental test difficulties. In this study, we introduce a new 
approach in order to find the relation between slip amplitude and two other 
primary variables; namely axial stress and normal contact stress using finite-
element. Numerical simulations are done to monitor the slip amplitude at contact 
interface with different axial and normal-contact stresses ranges. Then based on 
numerical design of experiments technique, the interaction of these two primary 
variables on fretting fatigue slip amplitude is monitored.  

Keywords 

fretting fatigue, primary variables, slip amplitude, finite element 

1. Introduction 

Fretting occurs due to oscillatory relative displacement between two bodies that 
are in contact together, which results in damage at contact interface. Depending 
on contact conditions (i.e. surface finish, coefficient of friction (COF), etc.) and 
mechanical variables (i.e. axial stress, contact stress and slip amplitude), fretting 
damage at contact interface can cause either crack initiation and growth leading 
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to catastrophic failure (fretting fatigue), or fretting wear or combination of both. 
Fretting fatigue is a serious phenomenon, which results in reduction of fatigue 
lifetime of component comparing to when no fretting takes place.  

Figure 1 shows Silver Bridge (LabSpace, 2011), that was an eye-bar-
chain suspension bridge built in 1928. The bridge connected West Virginia and 
Ohio over the Ohio River in United State. On December 15, 1967, the Silver 
Bridge collapsed while it was full of rush-hour traffic, resulting in the deaths of 
46 people. Investigation of the wreckage pointed to the cause of the collapse 
being the failure of a single bolted connection in a suspension chain, due to 
fretting fatigue phenomenon. Actually after that disaster this type of connection 
never used again but there are a lot of applications that are still subjected to 
fretting fatigue such as bolted and riveted structures, gas and steam turbines, 
bearing shafts, steel cabals and so on. 

 
Figure 1. Silver Bridge disaster 1967, (a) Suspension bridge, (b) assemble view 

of eyebar-chain, (c) explode view of eyebar-chain 

Figure 2 illustrates the relation between two connected bodies in bolted 
structure that are subjected to oscillatory motion due to variety of cyclic loads. 
The load transfer to the structure takes place on a local scale, though, at the bolt/ 
plate interface. The remote global stress causes shear stress at contact interface 
and normal contact stress comes from tightening of nut.  
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Figure 2. Shematic view of fretting fatigue problem in bolted connections  

There are more than 50 factors that can affect fretting fatigue behavior of 
material such as, coefficient of friction, normal contact stress, slip amplitude, 
cyclic axial stress, interface stress distribution, etc. These variables can be 
divided in two sets of primary and secondary variables (Dobromirski 1992). 
Some variables such as cyclic axial stress, magnitude of slip, coefficient of 
friction and normal contact stress that have more influence on fretting fatigue 
lifetime are considered as primary variables. One of the challenging primary 
variables parameter that has significant effect on lifetime of component is slip 
amplitude.  

In order to characterize fretting fatigue and fretting wear behaviors one of the 
well-known Fretting maps is introduced by (Vingsbo and Soderberg 1988). The 
relative slip between contact surfaces was assessed through the relative 
displacement or strain between two points, one on the fretting pad and the other 
on the specimen.  Based on this measurement, two types of map were proposed:  

(I) fretting map based on contact conditions (stick, partial and gross slip), and 
(II) fretting map based on material response, considering non-degradation, 
cracking and wear that depend on normal contact stress and relative slip for a 
given experimental conditions.  

These maps are useful to characterize fretting conditions including damage. 
But the technique that was used to monitor slip amplitude at contact interface 
was old and the local slip amplitude could not be measured.  Besides, all the data 
in these maps are based on global slip amplitude measurements.  

As the role of local slip amplitude in fretting fatigue phenomenon is crucial, 
thus in this investigation numerical technique is used to monitor the contact 
stresses and slip amplitude at contact interface, and consequently the effect of 
different primary variables on local slip amplitude. 
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For this purpose, a Finite Element (FE) model of geometric configuration 
shown in Figure 3 is developed using python programming language in 
ABAQUS, for parametric study of different primary variables in fretting fatigue 
problem. The radius of contact surface of pad is 25 mm. Also specimen length, 
width and thickness are equal to 20 mm, 2 mm and 6.35 mm, respectively. The 
pad and the specimen are made from aluminum alloy Al7075-T6 with ultimate 
strength and yield stress of the material equal σult= 590 MPa and σy= 503 MPa, 
respectively. The FE model is verified through comparison to the analytical 
elastic solutions (Hills and Nowell 1994).  

One approach to studying the interaction effects between two or more factors 
in an experimental program is known as factorial design. This efficient 
experimental strategy, which often falls under the more generic term ‘design of 
experiments,’ calls for the variation of factors together with a final aim of 
relating the change in experimental response to the change in the factors. Often 
used in industrial research and development or process improvement, factorial 
design and subsequent statistical analysis of the experimental results can provide 
a method for quantitative identification of not only main effect of factors, but 
also any potential interaction between factors. In this paper, after getting the 
output data from parametric study the effect of two of primary variables namely 
axial stress and contact pressure on slip amplitude is investigated. This 
understanding will help us to choose appropriate boundary conditions for 
modeling the actual fretting fatigue problems in laboratory and numerical codes.  

 
Figure 3. Configuration of fretting fatigue experiments: 

specimen on contact with cylindrical pad. 

2. Background  

In order to verify the FE model and its numerical results of the fretting fatigue 
problem, a brief description of the relevant theory with known analytical 
formulations and solutions is given in this section.  

In fretting fatigue problem the contact stresses play significant role. In order 
to calculate normal stress distribution at contact interface Hertz contact model 
can be used. 
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( )

2

a
x10P ⎥⎦
⎤

⎢⎣
⎡−−=xP

 (1) 

Where P(x) is normal contact stress distribution, P0 is maximum normal 
contact stress and a is semi contact width. Hertz’ original theory has been 
extended to cover the application of tangential loads and the presence of friction 
at the interface independently by (Cattaneo 1938) and (Mindlin R.D. 1953). The 
Coulomb friction model was employed: 

  q(x)< µP(x) (2) 

Where q(x) is the shear traction at point x and µ is the coefficient of friction. 
In this case the Coulomb friction law is applied on a local basis, i.e. if the shear 
traction at any point is less than the critical value µp, no relative displacement 
occurs. However, if the Coulomb limit is reached at any point along the surface, 
the shear traction at this point is essentially the pressure scaled by µ. 

  
( ) ⎥⎦

⎤
⎢⎣
⎡−−=

a
x 2

1P0µx'q  (3) 

If the global Coulomb limit is not exceeded, i.e. Q<µP, a central stick region 
will exist of width 2c: 

  µp
Q1

a
c

−=  (4) 

A second shear traction in the region -c<x<c is given by: 

  
( )

c2
x2

1P0a
cµx''q −−=  (5) 

The problem is depicted in Figure 3; being similar to the configurations used 
in many fretting fatigue experimental studies, it provides a useful benchmark 
solution. The effect of the bulk stress is to create an eccentricity to the Mindlin-
Cattaneo shear traction distribution (Hills and Nowell 1994): 

  
( ) ( )

c2
ex 2

1P0a
cµx''q −

−−=
 where 

p0µ4
aσaxiale = , -a<x<a (6) 
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The overall shear traction across the contact is given by the superposition of 
( )x'q and ( )x''q , i.e. 

  ( ) ( ) ( )x''qx'qxq +=  (7) 

3. Slip amplitude  
There is a significant amount of evidence that the most damaging scenario is one 
where a large portion of the contact interface sees no relative displacement 
(sticking) and the edges of contact experience small amplitudes of relative 
displacement (slipping). This effect is illustrated in Figure 4 (Vingsbo and 
Soderberg 1988), which shows that sticking contact and gross sliding are not as 
damaging as the partial slip regime. Figure 4 is taken from Experimental 
observations of surface cracks that nucleate at the edge of contact support the 
general notion that the behavior of interest is in the partial slip zones. 

 
Figure 4. Schematic of fretting fatigue lifetime vs. relative slip amplitudes, 

taken from (Vingsbo and Soderberg 1988) 

As mentioned in the introduction section, this measurement is based on 
measuring global slip amplitude. However, at contact local interface, the 
amplitude of slip may be less and consequently the horizontal axis of this 
fretting map may change. 

5. Fretting fatigue numerical contact model 

Finite element software, ABAQUS (ABAQUS 6.10, 2011) is employed to solve 
the fretting fatigue problem shown in Figure 3. Configuration of fretting fatigue 
experiments is specimen in contact with cylindrical pad. 
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The geometry and loading conditions are shown in Figure 5, due symmetric 
condition shown in Figure 3, just half of specimen is modeled. A two-
dimensional, four noded, plane strain quadrilaterial element is adopted for this 
finite element model. The circular surface of the pad is defined as a top (slave) 
contact surface and top surface of the specimen is defined as a bottom (master) 
contact surface. Both top and bottom contact surfaces are defined as a contact 
pair to model the possible contact region. The Lagrange multiplier of friction is 
included in the contact pair to define the friction behavior of the contact region 
(µ=0.5). The contact region is divided into stick and microslip regions. The stick 
region does not have relative movement between the top and bottom contact 
surfaces. The microslip regions show a small relative movement between the top 
and bottom contact surfaces, which is commonly observed in fretting.  

The normal and shear stresses along the contact region can be also calculated 
from FE model. Since the stress components near the contact region are high and 
their distributions are quite complex, a very fine mesh (a four node quadrilateral 
element with size of 5 µm x 5 µm) is used in this region. The mesh used is also 
fine enough to capture the relaxed stress state near the trailing edge and the 
reverse slip near the leading edge. In order to model the effect of attached spring 
to the pad for generating tangential load Q (Figure 3) both side of pad are 
restricted to move in vertical direction then the reaction stress (σreaction) is applied 
at the other side of specimen so that Q can be calculated based on equation 8, 
where As is cross section area of specimen as shown in figure 5: 

 
Figure 5. Fretting fatigue general contact model 

  
As

σreaction
As

σaxialQ −=  (8) 

Python programming language is used for parametric study in order to 
investigate the effect of different primary variables and their interaction effects 

22 
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on slip amplitude. All design variables for this parametric study or Numerical 
Design of Experiments (NDOE) is tabulated in Table 1. Four and seven 
variables are used for axial stress and normal contact force, respectively. With 
these variables 28 (4×7= 28) numerical simulations are done. 

Table 1. fretting fatigue primary varibales. 

σaxial (MPa) 30 60 90 150 - - - 
P (N) 5 50 300 600 900 1200 1500 
Q (N) 18 18 18 18 18 18 18 
 
 
Then MATLAB (MATLAB 7.12, 2011) code is used to post process the FE 

outputs for monitoring the interaction effect of primary variables on fretting 
fatigue slip amplitude. For this purpose, in each FE model maximum local slip 
amplitude at contact interface is extracted. Then, a surface is interpolated 
through these points at each axial stress and normal contact load.   

6. Numerical results 

In order to validate fretting fatigue FE model, stress distribution at contact 
interface is compared with the analytical solution (Hills and Nowell 1994) as 
explained in section 2.  

Figure 6 shows the shear stress distribution at contact interface. As it can be 
seen with 5 µm mesh size at contact interface, a good correlation between 
numerical and analytical method can be achieved. 

 
Figure 6. Shear stress distribution via normalized contact distance 

( σaxial= 90 MPa, P= 1200 N, a=177.9µm). 
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Figure 7 shows fretting slip distribution at half-contact interface between pad 
and specimen for different normal contact forces (σaxial= 30 MPa). As it can be 
seen the slip amplitude near trailing edge reaches its maximum value and it is 
near to the side where axial stress is applied. It can be seen that the slip change 
does not follow a constant trend when normal contact force increases. Almost in 
all cases this behavior can be noted.   

 
Figure 7. Fretting fatigue slip amplitude at half-contact interface 

(σaxial= 30 Mpa, P= 5, 50, 300, 600, 900, 1200 and 1500 N) 

 
Figure 8. Fretting fatigue slip map  

P 
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Figure 8 shows the effect of different normal contact force and axial stress 
and their interaction on slip amplitude. As it can be seen in this illustration that 
is called fretting fatigue slip map, it is possible to find the relevant local slip 
amplitude and the fretting fatigue parameter at which the partial slip occurs. So, 
based on the proposed FE methodology it is possible to renew the fretting map 
(Figure 4). It is also possible to extend the number of design variables to more 
than two and taking into account some other primary variables such as tangential 
force (Q), coefficient of friction (µ) or even different pad’s geometries.   

7. Conclusions  

In this investigation a FE fretting fatigue model is introduced. Based on the FE 
model a parametric study is done in order to find the interaction effects of two 
primary variables; namely axial stress and normal contact force, on fretting 
fatigue slip amplitude. Also Numerical Design of Experiment (NDOE) method 
is used to post process the FE output data.  

To conclude, a fretting fatigue slip map is proposed based on the FE model 
that can be used for monitoring the local slip amplitude and consequently, 
choosing right fretting fatigue parameters that are near to the practical 
applications.  

Furthermore, it is possible to extend this method to investigate more about 
interaction effects of different primary and secondary variables of fretting 
fatigue on local slip amplitude, which play a significant role in fretting fatigue 
problem. 
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Abstract 

Polyamides (PAs) form a major class of tribo-polymers used in various types of 
friction and wear situations, especially because they exhibit advanced 
mechanical properties and abrasive wear resistance. In this paper, the influence 
of fillers like molybdenum disulphide (MoS2) and nanoparticles in polyamides 
describing friction and wear behaviour was investigated. Reciprocating wear 
experiments were performed in polyamide 6 (PA6) and polyamide 6.6 (PA6.6) 
against low carbon steel counter plates using a medium scale flat on flat 
tribotester. The polymer test specimens were slid at a constant velocity of 10 
mm/s and contact pressure of 10 MPa was included. The experimental results 
demonstrates that the friction coefficient of PA6 increase with increasing the 
temperature caused by frictional heating. PA6.6 composite filled with 
molybdenum disulphide (MoS2) has lower coefficient of friction on comparing 
with PA6 due to the addition of nanoparticles. The PA6.6 sliding against steel is 
found to be more sensitive than PA6 to stick-slip motion, which complicates the 
wear mechanisms involved.  

Keywords 

Polyamide 6 (PA6), Polyamide 6.6 (PA6.6), carbon fiber, MoS2, friction and wear. 

1. Introduction 

Thermoplastics have replaced metals in many light duty load bearing 
applications because of their lightweight, economic fabrication and good 
chemical resistance. The increase in use of polymers is due to the low coefficient 
of friction when compared with metals because of low interfacial adhesion 
energy [1]. The mechanical strength and wear resistance of polymers largely 
determine the suitability of these materials for applications like gears, bearings, 
cams, etc.[2]. Furthermore polymer gears and bearings can accommodate shock 
loading, shaft misalignment and bending better than the metal parts. Polyamide 
(PA) and polyacetal (POM) are the widely used thermoplastic polymers for 
engineering applications.  
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PA is one of the major engineering high performance plastics used in dry running 
applications for their good balance in properties. Thanks to their crystalline 
structure they show an excellent mechanical properties and chemical resistance. In 
addition, these materials have very good flame retardant property and can be 
extruded, thermoformed, or molded. Both polyamide 6 (PA6) and polyamide 6.6 
(PA6.6) are widely used in many different markets and applications due to their 
good performance. They are by far the most used polyamide globally. In the 
recent years there is an increase in the usage of PA in food, medical, and 
chemical packaging applications [1]. Over 100 different formulations are 
available in the production of PA film, but PA6 and PA6.6 with melting point of 
215, and 264°C, is commonly found polymer in food packaging applications [3]. 
Although they PA6 and PA6.6 exhibit similar properties some slight differences 
remain were PA6.6 has the following advantages on comparing with PA6 with 
better hydrolytic stability, lower cost, better long term heat ageing, the PA6.6 at 
1.8 MPa is 80-90°C. PA6.6 is used in high temperature applications. It provides 
good surface appearance and good weld strength leading to burst pressure 
resistance. The water absorption properties of polymer are important because of 
influence on mechanical, electrical and tribological properties. PA6.6 has a 
lower absorption percentage of 8.5%, where PA6 which has 9.5%. The relatively 
high absorption percentage in PA6 is due to the high ratio of amide group to the 
CH2 group were the amide group has a greater water absorbing property. 

Several research has already been performed on the tribological behaviour of 
PA and it was fairly satisfactory  even at dry sliding and lubrication was 
considered necessary only at high speeds [4]. However, this paper is focused on 
the comparison of the friction coefficient and the wear rate of PA6 and PA6.6 in 
the medium-scale testing with the goal to improve the fundamental insight into the 
tribology of these materials and to further extend the scientific perception of the 
influence of reinforced composites. In the last years various fillers have been used 
to develop polymers composites for high wear resistance, for example, short fibers 
reinforcements, such as carbon, glass and aramid fibers have been successfully 
used to improve the strength and therefore the load carrying capacity of polymers 
composites. In the other hand, with solid lubricants, such as polytetrafluoethylene 
(PTFE), graphite and MoS2 have proved to be generally helpful in reducing the 
coefficient of friction and consequently the wear rate. Nevertheless, all of those 
composites are used in polymer to increasingly applied as structural materials in 
the aerospace, automotive and chemical industries due to provide lower weight 
alternatives than metallic materials and a number of these applications are 
concentrated on tribological components, such as gears, cams, bearings and seals 
where the self-lubrication of polymers is of special advantages.  

2. Materials and methods 

Three different types of polymers with dimension of 30x30x30 mm3 have been 
used in the current investigation, commercially available (Zell Metal, Austria). 
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PA6 (Zellamid 202XN) is reinforced by nanoparticles. PA6.6 (Zellamid 250) is 
one of the hardest and most rigid types of extruded nylon. And the last PA6.6 
(Zellamid 250MO) filled with Molybdenum disulphide (MoS2) having improved 
strength, rigidity and friction ratio (Table 1). Main characteristics of all the three 
polymers are high resistance to react with fuels, oil, greases, most organic 
solvents and alkalis.However, Zellamid 250 and Zellamid 250MO has low 
moisture absorption rate which ensures better dimensional stability. Before the 
test the samples are machined by milling, and the arithmetic mean roughness 
was found to be 3.5 µm. 

Table 1. Properties of the polyamide PA6 and PA6.6 

Property Unit Zellamid 
202 XN 

Zellamid 
250 

Zellamid 
250 MO 

Density g/cm3 1.15 1.15 1.15 
Tensile strength at break MPa 93 80 80 
Elongation at break % 5 50 50 
Modulus of elasticity in tension MPa 4200 3200 3200 
Hardness Shore, Scale D  80 80 80 
Moisture absorption % 3 2.8 – 
HDT °C 168 100 –- 
Melting Point Method A °C 215 255 265 
 
 
S235JR low carbon steel (1.0037, EN10025) plates were used as counter 

material for all experiments, with dimensions of 100mm x 200mm x 20mm. The 
chemical composition of the counter plates are summarized in Table 2. The 
surface finishing of counter plates was obtained by means of grinding. The 
surface roughness of the counter plates was measured before and after the tests 
using a Hommel Tester T1000 according to DIN EN ISO 4287 standard with an 
assessment length lt = 4.0 mm and cut off λc = 0.80 mm. The resulting Ra 
roughness values before tests were found between 0.6 and 0.7µm.  

Table 2. Chemical composition and properties of S235JR carbon steel. 

Material C[%] Si[%] Mn[%] P[%] S[%] Cr[%] Ni[%] 
S235JR 0.22 0.35 1.10 0.05 0.05 0.3 0.3 

3. Test-setup 

The medium-scale tests were performed on a flat on flat setup a schematic 
view of the test rig is shown in the figure 1, the adaptability of testing of the 



Friction and wear properties of polyamides filled 
with molybdenum disulphide (MoS2)  

 

71 

convenience to handle the system. Beside, the results can be extrapolated to 
large scale thus making the test more economical. The test bench is built on a 
fatigue rated load-frame with 200 kN capacity. Two steel counter-faces (2) are 
mounted (bolt connection) on a central sliding block (1). This central sliding 
block is connected to the actuator of the load frame. The sliding block moves 
in the vertical direction and slides against the two specimens (5) placed in 
holders (4). The maximum normal load which can be applied on the friction 
specimens is 225 KN. The test material (5) and the holders (4) are held in 
(vertical) position by the reaction fork (3). Wear of the friction material is 
compensated by horizontal movement of the holders (4) with respect to the 
reaction fork (3). The reaction fork is constructed in such fashion that it can 
also hold the test medium. The characteristics of the test rig and the test 
parameters are mentioned in Table 3. 

    
Figure 1. Medium-scale flat (MSF) tribotester 

Table 3. Test parameters 

Parameters Units Limits 
Size of test material [mm] 30 x 30 x 30 
Size of counter (steel) material [mm] 80 x 200 x 19 
Maximum stroke [mm] 100 
Maximum normal load  [kN] 225 
Maximum friction force [kN] 200 
Maximum frequency at maximum stroke [Hz] 1 
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4. Test Procedure 

Initially the moisture absorbed by the test specimen from the environment is 
removed by drying the specimen in an oven for 24 hours at a temperature of 
70oC. The specimen was cooled in a controlled atmosphere before measuring the 
weight and the thickness. Flat polymer materials are slid against flat counter 
plates to simulate flat on flat condition. Visual inspections were made to ensure 
the parallelism between the counter plate and the specimen. The used sliding 
stroke was 10 mm, furthermore the running-in was done for 72 hours with a 
constant load and velocity at 9000N, 10mm/s respectively, 10 mm was the    
sliding stroke, Cooling is done in order to study the change in temperature 
during the initial period of contact which is normally high. After cooling for 4 
hours the test was performed for two hours with the same load and velocity. A 
total of seven loops were done to identify the accuracy level of the test. 

5. Calculation of the friction coefficient  

For all the measured signals the scale factors and offsets were applied. The total 
friction force (FFR) is measured by the force transducer. The coefficient of 
friction (µ) is calculated from the measured friction force (FFR) and the normal 
force (FN) according to equation 1, where in the factor of two is used because the 
friction force is the aggregate of the two friction specimens.  

  
N

FR

F2
F

µ
⋅

=   (1) 

The values of friction force in the beginning of sliding will be considered for 
calculating the static coefficient of friction (µstat). The dynamic coefficient is the 
average the second half of the stroke (µdyn). 

6. Results 

Parameters like friction force, temperature, and displacement due to wear of 
material were recorded and the results are summed up for analysis. 

The friction coefficient during the 72 hours test is shown in Figure 
2(a).Considering the difference between the static and the dynamic friction all 
the three materials follow the same pattern having larger values for static friction 
comparing the dynamic friction Figure 2(b) shows the friction coefficient from 
76 to 78 hours. The main purpose of running-in for 72 hours is to have a proper 
surface orientation on polymers to have an error free result. Moreover, the 
specimen is allowed to cool for four hours from 72 hours until 76 hours. A 
difference in the range between the running-in period and the test period is 



Friction and wear properties of polyamides filled 
with molybdenum disulphide (MoS2)  

 

73 

observed. During the running-in period the friction force between a 
thermoplastic and the steel surface aligns.  

 
(a) 

 
(b) 

Figure 2. Illustrates the range of friction coefficient between  
all three materials (a) 0 – 72 hours (b) 76 – 78 hours. 

The figure 3(a) and (b) shows the friction curves for the running in period for 
all three test material from 0 to 72 hours. The curve for friction coefficient was 
made as function of sliding distance (h) where a constant load and sliding 
velocity of 9000N, 10 mm/sand sliding stroke 10 mm is maintained. Both the 
static and dynamic friction shows similar behaviour with respect to the sliding 
distance or sliding time (h). It worth to note that the tendency of the friction 
coefficient curves is similar in both, forward and reverse directions considering 
the absolute values. Figure 3(a) shows the friction curves for all three materials 
during the running in period where the friction coefficient increases dramatically 
during the initial stage from 0 to 20 hours and then follows a steady pattern until 
72 hours. The dynamic friction coefficients among the three materials during 
two hours from 76 to 78 hours is shown in figure 3 (b) and it clear the friction 
coefficient is relatively lower in Zellamid 250MO when compared with the other 
two materials. Both materials Zellamid 250 and Zellamid 202 XN have a similar 
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trend in the friction curves.  Moreover, Zellamid 202 XN produces has high 
friction coefficient on comparing with other two polymers.  

 
(a) 

 
(b) 

Figure 3. Coefficient of friction Vs. Displacement during running-in: steel – PA 6.6 
(Zellamid 250 MO); s= 64 mm; P= 11-10 MPa; velocity= 10 mm/s for 

(a) Running –in 0-72 hrs (b) Test period 76-78 hrs 

 
Figure 4. Friction Force vs. Tangential displacement after every standstill, 

steel-PA6 (Zellamid 202XN), P=11MPa, v=10mm/s, cycle 1. 
Show stick-slip effect during the initial period from 46.6 mm 

to 47.05 mm the stroke. 
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7. Influence of temperature 

It is evident from Figure 5 (a) and (b) that for all the three materials the 
temperature increases to a specific limit initially and reaches a steady state 
where the temperature remains constant. During the running-in phase, the 
temperature of the specimens increases above 80˚C as shown in the Figure 5 (a). 
The temperature of contacts surface increases with sliding distance due to the 
frictional heat developed during sliding. Figure 5(b) shows the increase in 
temperature with respect to the sliding distance from 76 to 78 hours and in all 
the three materials it was found to be linear. The friction and wear behaviours 
might also depend on the temperature rise of apparatus used. Among all three 
samples Zellamid 250 MO has the lowest effect of temperature during the test. 

 
(a) 
 

 
(b) 

Figure 5. Temperature of Zellamid 202XN, Zellamid 250 MO and Zellamid 250, 
(a) From 0-72 hours, (b) From hour 76-78. 
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8. Wear rate of the polymers used in testing 

The total thickness reduction of the three different polymers blocks during the 
tests at a constant load and velocity is shown in the Figure 6. The total thickness 
reduction results from the combined action of the following mechanisms: elastic 
and plastic deformation, thermal expansion and wear (material loss). In order to 
distinguish real wear (material loss) from deformation, the weight loss of the test 
material was also measured and thus the wear was calculated. One sample was 
tested to compare the results for analysing the accuracy level of the experiment. 
It is clearly seen in Figure 6 Zellamid 250 and Zellamid 202 XN has the highest 
wear when compared with Zellamid 250 MO. The actual wear (material loss) of 
the plastic blocks is caused by abrasion, which could be expected for such rough 
counter plates. No material transfers due to adhesion of the plastic material to 
the steel counter surfaces were observed. And wear debris on the sides of the 
wear track gives possible evidence for abrasion.  

 
(a) 

 
(a) 

Figure 6. (a) Illustrates the wear rate of the three materials (Zellamid 250 XN, 
Zellamid 250 MO, Zellamid 250 from 76 to 78 hours, (b) Wear (material loss).  
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9. Discussion 

The main objective of the current research is to investigate in the friction and 
wear behavior of the PA6 and PA6.6 which could be used in bearing 
applications. The friction and wear behaviour of polymeric matrix materials can 
be improved by having a lower surface tension and high stiffness which is 
obtained quite successfully by using reinforced or filled with nanoparticles to the 
polymers. Internal lubricants such as PTFE or graphite are frequently 
incorporated to the polymers to reduce adhesion. Additives like short aramids, 
carbon, or glass fibers are used to increase stiffness, strength, impact resistance, 
thermal conductivity, and creep resistance of the polymers. With a blend of 
high-performance polymer matrix, internal lubricants and fibrous reinforcement, 
excellent friction and wear properties can be achieved in composites. In our case 
additives like nanoparticles and molybdenum is added and the effect of these 
additives is clearly seen from the results were the friction behaviour of the 
material changes corresponding to the additives.  

Previous research has been conducted with different speeds and it was found 
that friction coefficient at of nylon reaches a maximum of 1.0-2.0 only higher 
speeds[5]. The friction coefficient increases rapidly until 20 hours, on comparing 
the increase in temperature were the relationship between temperature and the 
friction coefficient is linearly dependent on each other. Two mechanisms 
controls the friction force F between a thermoplastic and steel: adhesion and 
deformation of the plastic [6] were adhesion occurs as product of the real contact 
area and the shear strength of the plastic material. An increase in glass transition 
temperature (which equals 40-50 °C for PA 6) leads to a gradual decrease in the 
elasticity modulus E which dominates the deformation mechanism. The 
difference in the friction curves during the forward and the reverse stroke is 
possibly due to the asperity interactions were breaking and regeneration of micro 
junctions. The asperities are broken down during the forward traverse causing a 
increased value in friction coefficient relative to the reverse stroke were new 
asperities are formed during the reverse stroke. Moreover, this is explained as 
the result of frictional heating which increases the temperature of the contact 
surface, leading to relaxation of polymer molecule chains [7]. Some variations 
are observed in the friction coefficient are possibly due the critical surface 
energy of the polymer 

In others investigations it was found that for line and point contacts, the flash 
temperatures at running-in are at maximum due to the high contact pressure in 
the initial stage [8] this is due to the intensity of heat to a confined area is 
relatively small on comparing with flat on flat test configuration, this 
phenomenon is eliminated. It was evident that temperature played a vital role in 
the material behaviour, for example in all three material from 76 to 78 hours 
showed a behavior correlating the raise in temperature were the friction 
coefficient decreases with the increase in temperature. However, considering all 
the three polymers, the highest temperature was observed in Zellamid 202 XN 
(PA) which is due to the material property with respect to the strength by 
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softening were the mobility of the chains increases as they become less rigid. 
Nevertheless, this higher mobility also makes it easier to remove wear debris 
from the bulk specimen. Melting can also occur because of the higher 
temperatures and plastic deformation is more at higher loads. Both effects 
contribute to a severe wear regime for PA6. 

For apparent contact pressure which is sufficiently low to neglect the 
interaction of the individual contact spots between rough surfaces, the real 
contact area or the indentation of the hard asperities into the softer material is 
proportional to the normal load for both elastic and plastic deformation. Such a 
situation results in a friction coefficient independent of the normal load where 
the softer material has a constant shear. In our case the load is of the range in 
between large scale and the medium scale testing causing plastic deformation as 
a dominant mechanism. As PA6 is a thermoplastic, it deforms more easily at 
interactions with the harder steel roughness asperities of the mating surface 
when its temperature is higher. Consequently, at higher temperatures the 
roughness asperities of the steel counter surface plough through the PA, rather 
than normal separation of the rubbing surfaces due to the forced tangential 
motion from the inclinations of roughness peaks over one another (asperity 
interlocking). The normal vibration caused by asperity interlocking lead to a 
reduction in the friction force at higher velocities. Figure 5 shows that the mean 
coefficient of friction during stick-slip is lower than during smooth sliding. 
During stick-slip serious vibrations of the entire test rig were observed. From the 
literature, it is known that both normal and tangential vibrations lead to a 
reduction in the friction force [9, 10]. Therefore, it is well known that for 
abrasive wear processes the surface roughness especially that of the hardest 
surface, is extremely important. The higher the surface roughness of the hard 
surface, the higher the ploughing and abrasive wear. The friction coefficients of 
thermoplastic polymers PA6.6, PA6 first decrease with increasing surface 
roughness of the steel counter plate and reach minimum values at Ra about 0.2-
0.5µm. With further increasing roughness the friction coefficient increases. The 
explanation for this behavior in the literature [11] is that, for small values of the 
surface roughness, adhesion forces are the dominating factor, whereas for higher 
surface roughness, abrasive processes prevail. The literature supports the finding 
that abrasive wear of polymers increases considerably with growing surface 
roughness of the steel mating plate [8]. 

The influence of particles size plays an important role of the wear resistance 
was due to either mechanical (the enhanced modulus and hardness practically) or 
chemical (the improved bonding between transfer films and metallic 
counterparts) reasons similar effects were observed by Wang et al [12] where the 
effect of Molybdenum disulphide (MO) additives  and nanoparticles in PA 6.6 
was investigated recently where PA with MO particles do not have a favorable 
result but when blended with carbon fibers shows significant improvement  in 
wear resistance of PA 6.6 and higher coefficient of friction. The research work 
done by Pettarin et al [13] also showed same results of having increased wear 
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resistance by adding molybdenum disulphide is contributed through the heating 
effects. It was also observed in our case that the Zellamid 250 MO has the 
lowest temperature relative to the other two materials where MoS2 helps in the 
dissipation of generated heat during friction and thus having high wear 
resistance.  

10. Conclusions 

Systematic flat on flat wear experiments at medium-scale on three polyamides: 
Zellamid 202XN, Zellamid 250 MO and Zellamid 250, in reciprocating sliding 
contact with low carbon steel counter plates under normal load of 9000N and 
sliding velocity of 10 mm/s revealed that tribological properties are affected by 
chemical composition, mechanical properties of the thermoplastic, service 
temperature as well as reinforcement by means of nanoparticles.  PA 6.6 
(Zellamid 250) sliding against steel is sensitive to stick-lip motion and favorable 
behaviour in friction and wear was observed in the PA6.6 with Molybednum 
disulphide additives. The highest friction coefficient and wear level was 
encountered with Zellamid 250 the PA6 without any additives. The 
molybdenum disulphide additives influence the material to have high wear 
resistance and low co-efficient of friction.  
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Abstract 

Large scale tension testing of defected girth welds is an essential tool to identify 
the possible structural failure of a plastically deformed pipeline due to girth weld 
defects. To enable a profound interpretation of the influences of all parameters 
and their interactions, the authors have developed a parametric finite element 
model which describes such large scale tension tests. This paper compares 
calculated values of crack driving force with an extensive set of existing 
analytical relations for two simplified geometries created by the model: flat 
plates and pipes. For all considered cases, excellent agreements are achieved 
with published literature. Hence, this analytical validation allows to conclude 
that the finite element model can be used with confidence to calculate crack 
driving force in large scale tension tests of defected girth welds. 
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fracture mechanics, crack driving force, plate, pipe, validation 

1. Introduction 

The growing energy demand urges fossil fuel suppliers to install and operate fuel 
transmission pipelines in increasingly hostile environments. Some of these 
environments may impose a plastic deformation to the pipeline (e.g. due to land 
slides). The girth welds that connect different pipes have a high likelihood of 
defects (e.g. cracks, slag inclusions, lack of fusion) and are critical in terms of 
structural integrity when loaded in tension. Consequently, girth weld testing is 
an essential tool for the qualification of pipe and weld design. 

Two types of large scale girth weld tension tests are commonly used: the 
curved wide plate tension (CWP) test and the full scale pipe tension (FSP) test. 
First, a CWP test can be described as a tensile test on an unflattened sample of a 
pipeline which traverses the girth weld. Second, a FSP test includes a full scale 
pipe section containing the entire girth weld. Whereas a FSP specimen can be 
geometrically described by its length 2L, mean pipe diameter D and wall 
thickness t, a CWP specimen is additionally characterized by its width 2W. For 
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both a CWP and a FSP test, the girth weld is deliberately notched along the 
circumferential direction aiming to represent a part-through weld surface defect. 
To gain a better understanding in the outcome of a CWP or FSP test result, the 
authors have developed a parametric script that produces finite element models 
which can describe both tests. Essential for this model is a correct calculation of 
the relation between remotely applied conditions and crack driving force. To 
validate this calculation, this paper elaborates a comparison of calculated crack 
driving force results with solutions available in literature for simplified 
geometries. 

Section 2 gives an overview of available analytical solutions for validation. 
Then, Section 3 gives a brief summary of the finite element model. Next, 
Section 4 discusses the validation. Conclusions are finally drawn in Section 5. 

2. Existing analytical equations for validation 

Basic principles of fracture mechanics 
All considered analytical equations for validation are based upon fracture 
mechanics. This research field can generally be divided into two approaches, 
each based upon different assumptions: linear-elastic fracture mechanics 
(LEFM) and elastic-plastic fracture mechanics (EPFM).  
First, LEFM assumes a purely linear-elastic material behaviour defined by 
Young’s modulus E (MPa) and the Poisson ratio ν. Assuming a tensile loaded 
crack, crack driving force is described by a stress intensity factor KI 
(MPa.mm1/2), generally expressed as follows: 

 aYK mI πσ=  (1) 

with σm the remotely applied stress (MPa), a the crack depth (mm) and Y a 
dimensionless scaling factor. Y depends on the geometry, the defect size and the 
investigated position on the crack tip front. Second, EPFM includes the effect of 
advanced crack tip plasticity. Compared to LEFM, it has a wider application 
range but is more challenging to perform. The current study deals with the 
frequently applied J-integral, which is a measure for crack driving force in 
EPFM. J is the sum of a linear-elastic component Jel and a plastic component Jpl. 
On the one hand, Jel is theoretically related to KI as follows: 

 '2 EKJ Iel =  (2) 

where E’ is E under plane stress conditions and E/(1 – ν2) under plane strain 
conditions. For applied stresses well below the yield stress, J merely consists of 
the linear-elastic component Jel. Hence, focusing on those stresses, Eq. (2) can 
be used to calculate KI. 
 Jpl, on the other hand, can be expressed as proposed in the EPRI handbook 
[Kumar et al., 1981]: 
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where t is the thickness of the structure and ε0 (yield strain = σ0/E), σ0 (yield 
strength), α (yield offset) and n (strain hardening exponent) are four parameters 
which define the material’s true stress-true strain (σ-ε) behaviour assuming a 
Ramberg-Osgood [Ramberg et al., 1943] relation: 
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Jpl is proportional to a dimensionless factor h1, which depends on the geometry 
of the structure, the crack dimensions, the material behaviour (more specifically, 
the strain hardening exponent n) and the considered position on the crack tip 
front. In literature, solutions for Jpl are often provided on the basis of tabulated 
h1-factors, which have been obtained from finite element analyses. Using Eq. 
(4), Eq. (3) can be converted into an alternative expression which indicates the 
influence of both the remotely applied stress σm and the remotely applied plastic 
strain εm,pl:  

 plmmpl thJ ,1 εσ=  (5) 

In Eq. (5), εm,pl is the plastic (power-law) component of the remotely applied 
strain εm, related to σm through Eq. (4). 

Since the investigated application involves remote plasticity, the presented 
validation will cover EPFM calculations. Applying Eq. (2) for stresses way 
below yielding (where J ≈ Jel) additionally allows for an LEFM validation. 

Solutions for validation of a CWP simulation 
To the authors’ knowledge, crack driving force equations for curved plates with 
a surface crack are currently inexistent. Therefore, the validation of the CWP 
model has been simplified to flat plates, which are extensively described in 
literature. In addition, the validation assumes plain plates without weld. 

For the LEFM calculation of KI in surface-cracked flat plates, the closed-form 
Newman-Raju equation [Newman et al., 1984] is universally accepted and will 
therefore be applied in this paper. For the EPFM calculation of J over the entire 
crack front, a closed-form equation does not exist. Nevertheless, several authors 
have summarized discrete h1-solutions in a tabulated form. In this paper, finite 
element results will be compared to h1-values tabulated in four different studies: 
[Yagawa et al., 1993], [McClung et al., 1999], [Lei, 2004], and [Wang, 2006]. 
All abovementioned studies provide solutions for all positions on the crack tip 
front, characterized by a crack tip angle φ (Figure 1).  
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φφ
 

Figure 1. Definition of crack tip position φ. 

Solutions for validation of a FSP simulation 
A literature survey indicated that the availability and completeness of existing 
full pipe solutions is rather limited. In fact, no solutions were found which cover 
all possible positions on the crack tip front. Nevertheless, [Miura et al., 2008] 
found that, if D/t ≥ 21 and a/t ≤ 0.6, the stress intensity factor KI for a 
circumferential defect in a pipe with diameter D and thickness t is comparable to 
that of an equal defect in a flat plate with width πD and thickness t. Adopting 
this agreement and assuming that a similar statement can be made for J, the 
solutions pointed out in Section 2.2 will be used for validation of FSP 
simulations. 

3. Parametric finite element model 

An in-house developed Python script communicates with the finite element 
software package ABAQUS®. Depending on a user-defined option, it creates 
finite element (FE) models that represent either CWP specimens or FSP 
specimens. The created models consist of one half of a specimen, assuming 
transversal symmetry. This involves that only one half of a crack is modelled, 
the crack tip angle φ varying between 0 and π/2. A full technical description of 
the structure of the script and the produced finite element models is beyond the 
scope of this paper. For a more detailed description and parametric studies, the 
reader is referred to [Hertelé et al., 2011]. For the simulations performed in the 
current study, it suffices to note that: 

– mesh density was chosen fine enough to generate accurate results as 
indicated by a previously performed mesh convergence study. 

– the defect tip was surrounded by a fine spider-web mesh, which 
facilitates accurate calculations of J. 

– a material that hardens according to the Ramberg-Osgood model (Eq. 
(4)) has been assumed. This enables the calculation of h1 through Eq. (5). 
In accordance with all considered literature, small strain isotropic 
hardening has been used in combination with the Von Mises yield 
criterion. 

4. Analytical validation 

Considered geometries and material 
Two geometries were considered: a flat plate and a full pipe (Figure 2). 
Geometrical characteristics are summarized in Table 1. The investigated 



Analytical validation of crack driving force calculations for defects  
in plates and pipes under tension  

 

85 

geometries were long enough to eliminate possible unwanted effects of the 
boundary conditions at the end planes, enabling an extraction of remotely 
applied conditions in a cross section with uniform stress (σm) and strain (εm). 
Aiming at remote strains up to roughly 0.05, the end plane displacement was set 
to 5% of the total specimen length. 

The material was assumed to harden with a strain hardening exponent n = 10. 
This value has been chosen for since it is included in all abovementioned 
tabulated solutions for h1, enabling a comparison with published literature. 
Thickness, crack dimensions and material definitions are equal for both plate 
and pipe. From the assumption made in [Miura et al., 2008] as discussed in 
Section 2.3, both specimens should hence yield similar values for KI (and, 
hypothetically, J) for equal remote conditions and an equal crack tip position 
(note that D/t = 21 and a/t < 0.6).  

cross section with defect

(a) flat plate (b) full pipe

2L

W

t

a

c

a

t

c

Do

2L

cross section with defect

(a) flat plate (b) full pipe

2L

W

t

a

c

a

t

c

Do

2L

 
Figure 2. Mesh of the considered geometries 

Table 1. Geometrical characteristics of the considered geometries 

Specimen Length 
 

2L (mm) 

Width 
 

2W (mm) 

Mean 
diameter
D (mm) 

Thickness 
 

t (mm) 

Crack 
length 

2c (mm) 

Crack 
depth 

a (mm) 
Flat plate 480 120 – 15 30 3 
Full pipe 1320 – 315 15 30 3 

Validation of KI (LEFM) 
The extraction of KI starts from the assumption that J ≈ Jel (or Jpl ≈ 0) for stresses 
well below yielding (σm << σ0). As can be seen in Figure 3 this assumption is 
valid. Indeed, J is proportional to σm

2 for small linear-elastic stresses, which is 
theoretically the case for Jel as follows from Eqs. (1) and (2).  
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Figure 3. J equals Jel for stress levels up to roughly σ/σ0 = 0.6 

(J response for full pipe at φ = π/2). 

Starting from the Jel-values as calculated in Figure 3 and assuming plane 
strain conditions (E’ = E/(1 – ν2)), Figure 4 shows the comparison of the 
obtained KI-values (normalized against σm) with the Newman-Raju equation for 
both plate and pipe. The following observations can be made: 

– the KI-values calculated by the finite element model are in close 
agreement with those predicted by the Newman-Raju equation. The best 
agreement is found near the deepest point of the crack (φ = π/2). For 
long, shallow defects (as mostly the case in pipeline girth welds), this 
crack front area is of the highest interest since it shows the largest KI-
values. 

– as stated in [Miura et al., 2008], the KI-values for the pipe approach those 
for a flat plate with the same crack dimensions. 

It can be concluded that the FE model can serve as a tool to calculate KI-
values and, hence, allows to perform a linear-elastic fracture mechanics analysis. 
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Figure 4. The obtained KI-values are in close agreement with the equation 

of Newman & Raju. 
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Validation of Jpl (EPFM) 
Subtracting Jel (obtained as in Figure 3) from J, Jpl is obtained and h1-factors are 
calculated (Eq. (5)). Figure 5 shows the comparison with previously published 
h1-factors, valid for both considered geometries. The following is observed: 

– The calculated h1-factors closely agree with literature and are within the 
scatter band created by the different published results. 

– In contrast with the KI-values, there is a greater divergence between the 
h1-factors of the flat plate and those of the pipe. Hence, the statement 
made in [Miura et al., 2008] for LEFM cannot be fully extrapolated to 
EPFM. Nevertheless, it can serve as a rough estimation if a limited 
accuracy suffices for the investigated problem. 

Figure 5 indicates that the FE model, next to LEFM, also gives representative 
results in an EPFM analysis. 
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Figure 5. The obtained h1-factors are in close agreement with previously 

published literature. 

5. Conclusions 

For simplified cases of a flat plate and a full pipe without weld, the following 
major observations have been made: 

1. Compared with existing literature, the finite element model predicts 
representative values of the stress intensity factor KI assuming linear-
elastic conditions. 

2. Calculations of the plastic component of J-integral, Jpl, agree with a 
wide variety of previously published results. 

3. Under certain geometrical conditions, KI-values for a defect in a full 
pipe can be calculated by simplifying the geometry to a flat plate. A 
similar statement for J is to be dealt with care, as this simplification 
might result in a loss of accuracy. 
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Assuming that the abovementioned observations can be extrapolated to the 
more sophisticated cases of a curved wide plate with weld or a full scale pipe 
with weld, this study allows to conclude that the finite element model can be 
used with confidence to calculate crack driving force values in large scale 
tension tests of girth welds containing a defect. 
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Abstract 

In order to improve a threaded pipe connection’s fatigue life, accurate 
knowledge is necessary of the acting stresses and strains while subjected to 
external loads. In this study the stress distribution over an API Line Pipe 
threaded connection subjected to an axial load is studied using a 2D 
axisymmetric finite element model. It is shown that a non-uniform load 
distribution over the different threads causes a high stress concentration factor at 
the last engaged thread of the male part of the connection. The simulated results 
are compared to strain gauges measurements obtained during a quasi-static axial 
tensile test on a 4.5” API Line Pipe connection. A good correspondence is found 
between the two data sets, which proves the validity of the 2D axisymmetric 
model. Following the quasi-static tensile test, a fatigue test is carried out on the 
sample in the same test setup. A fatigue crack initiated at the root of the LET 
thread of the male part of the connection, which is the location where the highest 
stress concentration appears in the simulations.. 

Keywords 

threaded pipe connection, pipeline, experiment, finite element model  

1. Introduction 

Threaded pipe connections are used in the oil and gas industry to connect 
pipelines in risers, drillstrings and casing strings. They consist of a male and a 
female part called respectively ‘pin’ and ‘box’. To maintain a sealed and secure 
connection under external variable loads, threaded connections are generally 
preloaded. The assembly of the connections is referred to as ‘make-up’. The 
combination of the make-up torque together with external loads and the 
geometry of the threads results in a complex stress distribution over the 
connection. Local stress concentrations at the thread roots can initiate fatigue 
cracks, in time causing the connection to fail. According to Griffin et al. (2004) 
the highest stress concentration under axial load can be expected at the last 
engaged thread (LET) of the pin. 
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In this study the stress distribution over an API Line Pipe threaded connection 
subjected to an axial load is studied using a 2D axisymmetric finite element 
model. As a validation, the simulated results are compared to strain gauges 
measurements obtained during an axial tensile test. Afterwards, a fatigue test is 
carried out on the same sample. 

2. Finite element model 

To simulate the threaded connections a 2D axisymmetric model is used. This is 
common practice when modelling threaded connections (cfr. Assanelli et al. 
1997) since the reduced calculation time compared to full 3D models. Detailed 
information on the used finite element model can be found in the article by Van 
Wittenberghe et al. (2010). 

The finite element analysis is performed in two consecutive steps. During the 
first step the make-up of the connection is simulated. Since a 2D axisymmetric 
model is used, this can not be done by rotating the pin into the box with a certain 
number of make-up turns as is done with a real connection. Instead, a radial 
overlap is applied, corresponding to the specified number of make-up turns and 
the thread surfaces are brought into contact. From the resulting von Mises 
equivalent stress distribution in Fig. 1a it can be seen that the stresses in the pin 
are very high and even exceed the material’s yield strength. This is mainly 
caused by high compressive hoop stresses. The stresses in the box remain much 
lower than in the pin, since this is the more rigid part. 

During the second step of the analysis an additional axial tensile stress is 
applied. The resulting von Mises stress distribution for an external axial tensile 
stress of 150 MPa is presented in Fig. 1b. The highest stress concentration 
appears at the root of the LET of the pin (indicated by the arrow). This 
corresponds to the earlier obtained results by Griffin et al. (2004) and as will be 
shown later, this location is also susceptible to fatigue crack initiation. 

150 MPa

a)

b)

0   1 2     3     4    5     6  7 

 
Figure 1. Von Mises stress distribution in: (a) a preloaded threaded connection and 

(b) a preloaded connection with an additional tensile stress. 
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The high stress concentration at the LET of the pin is the consequence of an 
uneven load distribution over the engaged threads of the connection. This load 
distribution as a percentage of the total load carried by the connection is given in 
Fig. 2. The threads are numbered as shown in Fig. 1a. Thread nr. 1 is the so-
called ‘last engaged thread’ or LET of the pin and carries 36% of the total load. 
This is a highly undesirable situation. When trying to improve the performance 
of a threaded connection, one should try to obtain a more uniform load 
distribution over the threads and hence have a lower load and stress intensity 
factor at the LET. 
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Figure 2. Thread load distribution (thread numbering according to Fig. 1). 

3. Axial tensile validation test 

To validate the simulation, an experimental axial tension test is carried out on a 
4.5” API Line Pipe specimen of Grade B steel in the 1000 kN universal testing 
machine shown in Fig. 3. The specimen consisting of the pin (1a) made up in the 
box (1b) is placed vertically in the test rig. To compensate for any misalignment 
errors, the sample is connected to two ball joints (2) at the top and bottom. The 
upper ball joint is connected to the load cell (3) that measures the load applied 
by the vertical hydraulic actuator (4). During the test an axial tensile load is 
gradually applied and the appearing strains are continuously logged by several 
strain gauges. 

Following the quasistatic axial tensile test a dynamic fatigue test is carried out 
in the same setup. The fatigue test is performed at a load ratio of R = 0.1, with a 
maximum stress in the pipe body of 161 MPa. The load is fluctuated at a 
frequency of 3 Hz. The connection failed after 10712 cycli as shown in Fig. 4. 
Several mechanisms contributed to the connection’s failure. Firstly, a fatigue 
crack initiated at the last engaged thread of the pin and propagated over part of 
the pin’s cross-section. This caused the load to concentrate on the remaining 
section and the partition of the threads in this area. Once this area became too 
small, the threads sheared of locally in this region and finally jumpout occurred. 
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Figure 3. Axial tension setup.  

 
Figure 4. Failed connection after fatigue test 

4. Discussion 

The strains measured during the axial tensile test are now compared to the 
simulated values obtained by the finite element model. In Fig. 5 and 6, the 
results are shown for respectively the axial strain values Exx and the hoop strain 
values Ezz for the made up connection subjected to an axial tensile stress of 



Numerical modelling and experimental validation of a threaded pipe  
connection under axial tension  

 

93 

150 MPa in the pipe body. The strains are plotted along the axial length of the 
pipe where x = 0 corresponds to the outer left end of the box, as shown in the 
upper part of Fig. 5.  
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Figure 5. Comparison of axial strains Exx (SG = measured strain gauge values). 

 

-1.E-03

-8.E-04

-6.E-04

-4.E-04

-2.E-04

0.E+00

2.E-04

4.E-04

-10 0 10 20 30 40 50 60

St
ra

in
 [-

]

Distance [mm]

Pin FEM Ezz
Box FEM Ezz
SG Pin Ezz
SG Box Ezz

 
Figure 6. Comparison of hoop strains Ezz (SG = measured strain gauge values). 
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It is noted that the strain values measured in the box are much lower than in 
the pin since the box is the more rigid part. The maximum axial strain appears 
around the region of the LET around x = 20 mm. For all strain components, the 
results obtained by the finite element model are in good agreement with the 
measured strains. The RMS deviation is limited to 84 µε. Consequently, the 
model is validated for the axisymmetric load case of axial tensile loading. 

5. Conclusions 

In this paper the behaviour of a threaded pipe connection under axial tensile 
loading is investigated. This is done by a combination of finite element 
modeling and experimental validation. A good correspondence is found between 
the two data sets, which proves the validity of the 2D axisymmetric model. 
Following the quasi-static tensile test, a fatigue test is carried out on the sample 
in the same test setup. A fatigue crack initiated at the root of the LET thread of 
the male part of the connection, which is the location where the highest stress 
concentration appears in the simulations and where the highest axial strain 
values are measured during the experiments. 
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Abstract 

Cold flame-spray technology was investigated in many other areas of 
mechanical engineering during the past decades and gained overall acceptance in 
the field of vehicle parts, turbine elements, aviation…etc. However the 
technological steps are clearly described in the literature [1, 2, 3, 4, 5, 6] and 
detailed suggestions – regarding the powders, the spraying guns, part preparation 
and spraying methods - are available from different producers some lack of the 
technology was found. This paper describe the influence of spraying standoff 
distance (SOD) on normal component of coating bond strength (R┴) and on the 
shear component of coating bond strength (R║). For the test three different metal 
powder types were used. 

Keywords 

porous metal layer, cold flame-spray, normal and shear strength 

1. Introduction 

The technology of surfaces produced with thermal spraying underwent on 
spectacular development in the past decades and the development goes on 
nowadays, too. The method is also used at such advanced technical application 
as renewing, repairing parts of jet propelled power plant. We have put the 
emphasis to the cold flame spraying that is on the examination of surface 
coatings with porous structure. The cold flame spraying is a wide – spread 
method renewing shafts worn in normal work renewing sliding bearing surfaces, 
or other sliding surfaces well identifiable. The main advantage of the technology 
is it can be also used in case of alloyed shafts as avoiding heat effect higher than 
200-300°C the get hardening, the texture change can be avoided. 

Concerning the practical application it is an outstandingly important fact that 
the spraying of powders takes place mainly with manual technology, surely this 
ensures the quickness, elasticity for the process. The manual process has always 
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got subjectivity and from this results that in case of at most powder 
compositions the suggested spraying distance as an absolute data can’t be kept. 
We have selected three, basically different powder alloys representing 
various powder groups from the powders suggested for cold flame 
spraying in the commercial turnover, suggested for the most extreme 
application of parts sprayed with cold technology and they function as 
sliding surface, too. 

2. Materials and method 

I have selected three basically different powder alloys representing various 
powder groups suggested for cold flame spraying in my research program 
suggested for the most extreme application of parts sprayed with cold 
technology and they function as sliding surface, too. 

I have selected three characteristic powder-alloys for the extreme 
technological application fields of the cold flame-spraying metal power spraying 
technology to be characteristically distinguished by their chemical compositions. 

– HardTec 19400 – hard coating, protection against abrasive effects, 
– LubroTec 19955 – excellent sliding requirements, 
– DuroTec 19910 – tough and hard coating utilization of the dynamic 

loadability, 
The manufacturer gives only indicative values about the chemical 

compositions of the powder alloys, therefore these were analyzed by EDX. The 
results are reported in Table 1. The characteristic components are Cr, Ni and Fe 
(in strongly varying proportions), but the following constituents could also be 
identified: C, Mn, S for each alloy, Mo and Co for DuroTec and LubroTec, B for 
DuroTec and HardTec, and Si for DuroTec. The alloy for the bonding layer 
(Xuper Ultra Bond 51000) contained Ni, Mo and Al. 

The particle size of the starting powders was between 20 and 80 µm, as 
determined by vibrating sieving. 

The substrate material for each test samples was 16MnCr5. Base (bonding) 
layer was made of Xuper Ultra Bond 51000. 

Table 1. Composition of the applied alloys as determined  
by EDX (m%) 

Alloy C Ni Cr Fe Mn Mo Co B Si S Al 
Xuper Ultra  
Bond 51000  89.5    5.4     5.0 

DuroTec 0.1 84.6 9.4 2.1 0.02 0.3 0.05 1.1 4.8 0.015  
HardTec 0.1 1.1 15.8 78.1 0.08   1.0  0.018  
LubroTec 0.03 74.7 15.4 8.4 0.11 0.1 0.1   0.01  
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Performing spraying-application tests during which we examined the density 
(porosity), the hardness, the bond strength, the conditions of surface energy, the 
adsorption – and emission capacity of lubricant of surface layers by applying 
several spraying distances which is the most subjective technological parameter 
in case of manual technology. 

The main variable of my tests were: 
– generally suggested, producers’ spraying distance (180 mm), 
– increased with 40% the spraying distance in extreme value, 
– reduced with 40% the spraying distance in extreme value, and 
– using further spraying distances between extreme values. 

3. Test samples 

Normal strength investigation 
The normal component of bonding strength of the porous layer is defined as 
follows: 

A
FR ⊥

⊥ = , where 

R┴ = Normal bonding strength (MPa) 
F┴ = Normal force acting on the sprayed surface (N) 
A = The sprayed area subjected to the normal force (mm2). 

 
There are various methods in the literature and engineering practice to carry 

out such test. I have selected the Nádasi-method, which uses the test sample 
shown in Fig.1. During the procedure the substrate part is pulled out from the 
ring while the porous coatings from the top surface of the substrate part is 
debonding. The measured force and the known surface area is used for 
calculation for normal strength. 

 
Figure 1. Test combination for normal strength tests. 

1 – porous sprayed layer, 2 – tested substrate part, 3 – mating ring part, 4 – fixed base  
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Shear strength investigation 
For the calculation of shear strength of the sprayed porous layer the following 
formula is used. 

R║ = F║ / A, where 

R║ = shear strength (MPa) 
F║ = acting shear force (N) 
A = surface subjected to shear force (mm2) 

 
In accordance with DIN 50161 standard we have selected the METCO 

method for the shear tests. The applied test sample can be seen in Fig.2. 

 
Figure 2. Shear test samples. 

1 – substrate part having sprayed and notched layer, 2 – shearing ring 

4. Results and discussion 

The dependence of normal component of coating bond strength (R┴) on the 
standoff distance for the various coatings is shown in Fig. 3. The evolution of R┴ 
proved to be sensitive to SOD and depended on the type of alloy applied. R┴ for 
DuroTec (compared hereinafter to the base value obtained at normal SOD), 
decreased upon increasing SOD, while it did not change much upon decreasing 
SOD. R┴ for HardTec decreased upon increasing SOD, but increased upon 
decreasing SOD. A completely different trend was observed for the LubroTec 
coating: R┴ decreased strongly upon decreasing SOD, and appeared to decrease 
slightly upon increasing SOD. 

This is in agreement with the above results, according to which the 
composition and hardness of LubroTec differ strongly from those of the other 
two alloys. The evolution trends of R┴ versus SOD can be fitted by second order 
polynoms. Comparing the three alloys, at and near the normal SOD, HardTec 
and LubroTec seem to have similar R┴ values (~14 MPa), while the 
corresponding value for DuroTec is smaller (~9 MPa). This is most likely 
connected to the hindered diffusion of B and Si due to the relatively low 
temperature of the cold flame-sprayed system. 
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Figure 3. Normal component of coating bond strength, R┴ 

From top to bottom: DuroTec, HardTec, LubroTec 

Upon shear tests, no detectable scratch tracks remained on the samples, the 
coating was always sheared off in a form of a 2 mm thick single cylindrical 
piece, and shear took place inside the bonding layer. The dependence of shear 
component of coating bond strength (R║) on the standoff distance is shown in 
Fig. 4. According to these results, R║ was sensitive to SOD and depended on the 
type of alloy applied, similarly to the case of the normal component. In 
particular, for HardTec and DuroTec, deviation from the normal SOD was less 
detrimental in case of decreased SOD, while the opposite trend was observed for 
LubroTec. The maximum achievable values of R║ were about 40, 50 and 60 
MPa for DuroTec, HardTec and LubroTec, respectively. Such a trend can be 
explained by the hindered diffusion of B in HardTec and of B and Si in DuroTec 
upon cold flame spraying. Comparing the normal and shear components of 
coating bond strength, the normal component was always much smaller than the 
shear one: the values of R║/R┴ proved to be about 4.4, 3.4 and 4 for DuroTec, 
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HardTec and LubroTec, respectively. As mentioned above, flame spraying is 
usually performed by hand, during which the normal SOD cannot be kept 
precisely. Therefore, the information presented in Figs. 3 and 4 can be of great 
practical importance. 

 
Figure 4. Shear component of coating bond strength, R║ 

From top to bottom: DuroTec, HardTec, LubroTec 

5. Conclusion 

Based on the normal directional bond strength tests carried out with the Nádasi – 
method it was established that the spraying distance influences the bond strength 
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with different degree and character in case of various powder alloys according to 
the followings: 

– The normal directional bond strength of the sprayed layer made of 
„DuroTec compositon” powder alloy is sensitive to the increase of 
spraying distance. The increase of the distance as compared with the 180 
mm optimum spraying distance results strength decrease, the trend can 
be approximated with quadratic polynome: 

9378,50513,00002,0 2 ++−= xxy  

The reduction of the spraying distance doesn’t change in average the 
bond strength but the increased measuring results’ standard deviations 
indicate the uncertainty of the technology in case of reduced spraying 
distance. The difference from the 180 mm spraying distance is less 
disadvantageous if it goes with reduction of spraying distance. 

– The average values of the bond strength in normal direction sprayed with 
„HardTec composition” coating slightly increased together with the 
standard deviation of the measuring results in case of reducing the 
spraying distance. The increase of the spraying distance reduces 
significantly the bond strength in normal direction. The trend can be 
approximated with quadratic polynome: 

69,190127,00003,0 2 ++−= xxy  

The interval of the standard deviation distance was defined, which is a 
value between 140-180 mm at “Hard Tec composition” powder from the 
bond strength in normal direction standpoint. 

– The bond strength in normal direction of the sprayed layer with 
„LubroTec composition” powder alloy in the function of spraying 
distance results opposite trend with the HardTec and DuoTec 
compositions. The strength of the sprayed layer with “LubroTec 
composition” strongly decreases in case of reducing the spraying 
distance, while increasing the spraying distance reduces less the bond 
strength. The trend can be approximated with quadratic polynome: 

315,112374,00005,0 2 −+−= xxy  

The internal of the standard deviation distance can be interpreted, its 
suggested value is between 180-220 mm. 
It was proved with METCO-type measurings of shearing bond strength 
that the spraying distance influences the shearing bond strength in 
different degree in case of  an three powder-alloys, but this influencing 
effect doesn’t agree with the trends of bond strength in normal direction. 
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– The shearing bond strength of the “DuroTec” layer is sensible to the 
increasing of the spraying distance. The distance increase as compared 
with the optimum 180 mm spraying distance results strength descrease 
which can be approximated with quadratic polynome: 

0839,34929,00016,0 2 ++−= xxy  

The reduction of the spraying distance reduced hardly 10% in average 
the bond strength, the standard deviation of the measuring results are 
nearly identical (relative standard deviations 4-5,5%). I have established 
that the optimum spraying distance within interval the shearing bond 
strength of the layers sprayed with “DuroTec composition” powder alloy 
is 4,4 times higher than the bond strength in normal direction. This rate 
is smaller in case of other spraying distances. 

– The average values of shearing bond strength of sprayed layer with 
„HardTec composition” coating decreased in small degree with hardly 
5% in case of reducing the spraying distance, the standard deviation of 
values measured didn’t change unfavourably, too. The increase of 
spraying distance reduces the shearing bond strength. The trend can be 
approximated with quadratic polynome: 

356,223517,00012,0 2 ++−= xxy  

The interval of the suggested optimum spraying distance is 150-190 mm 
at this powder alloy. 

– The shearing bond strength of the “LubroTec” layer in the function of 
spraying distance resulted opposite trend with the “HardTec” and 
„DuroTec” coatings, which can be approximated by quadratic polynome: 

167,233815,0001,0 2 ++−= xxy  

The shearing bond strength of the “LubroTec composition” coating 
changes in more sensitive way (more strongly decreases) to the reduction 
of spraying distance as in case of increasing the spraying distance. 
Concerning the shearing bond strength it is suggested to keep the 180 
mm spraying distance. 
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Abstract 

Within nowadays applications of welded structures, monitoring of defects under 
large applied deformations can help to understand the behaviour of the entire 
structure. To monitor the stable crack extension of these defects, several 
techniques can be applied. Within this research, laboratory scale, non-welded 
test specimens were tested and two techniques were used to continuously 
monitor the ductile crack extension, namely the unloading compliance and 
potential drop technique. Both techniques were simultaneously applied. Based 
on finite element simulations the measured data is related to the crack size. It is 
observed that the potential drop technique is able to accurately determine both 
crack size and crack extension. In contrast, the unloading compliance technique 
overestimates the crack size, whereas the crack extension is correctly estimated 
by this technique.  

Keywords 

SENT, SENB, Potential Drop, Unloading Compliance, fracture mechanics 

1. Introduction 

Welded structures unavoidably contain defects. When these structures are 
subjected to high static loads (i.c. large deformations), the present defects may 
demonstrate significant stable crack extension before collapse of the structure 
[Kibey, 2011]. To assess the potential detrimental influence of these defects, 
fracture mechanics tests are commonly carried out on sample specimens [Shen, 
2009]. This yields insight in the behaviour of such defects under fully plastic 
loading conditions. 

Since testing full scale structures is only in rare cases economically viable, 
small scale test specimens are frequently used and advised by standards, e.g. 
ASTM E1820 [ASTM, 2009]. A commonly used test configuration is the Single 
Edge Notched Tensile specimen, which consists of a rectangular bar containing 
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a through thickness fatigue pre-cracked artificial defect. This specimen is loaded 
in tension, whereby two variants exist depending on whether the rotation is 
allowed in the grips (pin-loaded) or not (clamped). Within the framework of this 
paper, the focus is on clamped SENT specimens [Cravero, 2006; Dexter, 2010]. 

To continuously monitor the behaviour of the crack during testing, crack 
growth measurements are performed. Two different measurement techniques are 
discussed in this paper, the unloading compliance (UC) technique and the direct 
current potential drop (DCPD) technique. So far, both techniques have only been 
applied on weld-free samples to check for their feasibility. The application of 
both techniques for welded samples is part of future research. 

2. Unloading compliance technique 

Principle 
A commonly used method is the unloading compliance technique. Upon loading, 
specimens are partially unloaded at predefined deformation levels, allowing for 
the determination of the compliance (C) (see also Figure 1). Subsequently, the 
measured compliance is related to the crack length. Therefore, several analytical 
relations are available for standardized fracture mechanics test specimens 
[Cravero, 2007; Shen, 2009]. However, within the framework of this paper, an 
in-house developed parametric finite element model is used to obtain the 
required relationship. 

Finite element model 
A parametric Python script has been developed for Abaqus® 6.10. This script 
allows automatically generating and analyzing a finite element model of a SENT 
specimen, based on a predefined set of geometry, material, loading and meshing 
parameters. 

The geometry of the weld-free SENT specimen is defined by the width (B), 
height (W) and length of the specimen. In addition, the notch is defined by its 
relative depth (a/W-ratio) and notch tip radius (see also Figure 2). Within the 
framework of this study, a notch tip radius of 2.5 µm has been applied, which is 
widely used in modeling to represent an infinitely sharp (fatigue-precracked) 
notch [Thaulow, 1999]. Furthermore, the constructed finite element model only 
represents one half of the specimen, symmetry boundary conditions are assumed 
along the longitudinal direction. The experiments analyzed in this paper relate to 
clamped SENT specimens. Therefore, the load boundary conditions restrict all 
degrees of freedom; no rotation is allowed at the free ends and fixed 
displacements are applied at the free surfaces. 

Compliance theory assumes that this compliance only depends on the elastic 
material properties and the geometry of the specimen. Consequently, linear 
elastic material properties are assigned to the finite element model (Young’s 
modulus equal to 206980 MPa). The applied mesh is represented in Figure 2, a 
spider web mesh is applied around the crack tip. Since a local thickness 
reduction is often applied in actual SENT specimens, the finite element model 
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also allows incorporating this local thickness reduction (also referred to as side 
grooves). This reduction is realized by means of a coordinate transform, applied 
to the nodes of the mesh. The geometry of these side grooves is determined by 
the amount of thickness reduction (%groove), the opening angle (αgroove) and the 
root radius of the groove (rgroove). Analogous to the performed experiments, a 
15% thickness reduction was modeled with a root radius of 0.4 mm and an 
opening angle of 90°. 

0

25

50

75

100

125

150

175

0.0 0.5 1.0 1.5 2.0 2.5

Fo
rc

e 
 [k

N
]

Crack Mouth Opening Displacement (CMOD) [mm]

100

125

150

175

0.925 0.950 0.975 1.000

Fo
rc

e 
 [k

N
]

CMOD [mm]

1/C

 
Figure 1. Result obtained from unloading compliance measurements 

 
Figure 2. Mesh and global dimension of SENT specimen 
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Experimental procedure 
For the experimental tests, the crack mouth opening displacement (CMOD) and 
force (P) are continuously measured. At predefined CMOD-values, the specimen 
is elastically unloaded. The unloading range is calculated as follows: 

  eeunload aWBP σ)(
4
1

0−=  (1) 

With: 
Be effective specimen thickness at crack plane (0.85B for specimens with side 
grooves) [mm] 
σe average of yield and tensile strength [MPa]  

In addition, six unloading cycles were carried out in the linear elastic range to 
determine the initial compliance of the specimen. Subsequently, the slope is 
determined for each unloading cycle. 

From the finite element simulations, a relationship between crack length and 
compliance is obtained. This relationship is graphically represented in Figure 3.  

0.0

0.2

0.4

0.6

0.8

1.0

0.00 1.00 2.00 3.00 4.00 5.00 6.00

R
el

at
iv

e 
cr

ac
k 

si
ze

 a
/W

 [-
] 

Compliance [10³ mm/kN]  
Figure 3. Relationship between crack size and compliance through 3D FEA 

3. Potential drop method 

Principle 
A second method which can be applied to continuously determine the crack 
length, is the potential drop method. Two different approaches exist, the direct 
current (DC PD) and alternating current (AC PD) method. A literature survey 
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has clarified that the direct current method is more suitable for crack sizing, 
whereas the alternating current method is more suitable for crack detection [Van 
Minnebruggen, 2011]. However, it should be noted that relative large currents 
are required for the application of the DC method. For the test specimens under 
investigations a current of 25 amps was applied. 

As the crack grows upon loading, an increase of the potential drop across the 
cracked ligament is expected. To relate this increasing potential drop to the crack 
size, finite element simulations are believed to result in a reliable relationship. 

Finite element model 
Analogous to the compliance technique, a parametric finite element model has 
been developed. However, for this application no deformation was applied as the 
coupled thermo-electrical analysis does not allow for this. Instead, a constant 
current (= Iin = Iout) is applied on two pins near the end of the specimens, 
reflecting the experimental conditions. In addition, two pins are placed near the 
crack, representing the measurement pins from which the potential drop across 
the growing crack is retrieved. The material is defined by its conductance. This 
conductance is obtained through reverse modeling, considering the initially 
measured potential drop and the initial crack size. 

Electric potential [mV]

3.00

-3.00

0.00

Iin

Iout

Measured 
potential drop

 
Figure 4. Simulated potential field in SENT specimen 

A characteristic configuration is represented in Figure 4, showing the obtained 
potential field. It is observed that, assuming this reflects the experimental 
conditions, a homogeneous potential field is obtained between the current input 
region and the cracked region. Such homogeneous zone is important since 
interaction between both could possibly complicate the relationship between 
crack size and potential drop. 
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Experimental procedure 
Simultaneous with the unloading compliance measurements, the potential drop 
measurements were performed. During the experimental testing, the potential 
drop is measured every 5 seconds in the plastic cycles, no measurements were 
performed during the elastic unloading cycles. 

From the experimentally measured data, an increase of the potential drop was 
already noted from the start of the test. Since crack growth is not believed to 
start immediately, the linear increase observed during the first phase of the test is 
attributed to blunting and (local) plastic deformation (strain hardening). The 
presence of such linear blunting phase is also reported in literature [Wilkowski, 
2009]. The actual potential drop, related to crack growth, can thus be obtained 
by subtracting this linear increase from the measured signal. The obtained 
potential drop is subsequently related to the crack length by means of the 
relationship graphically represented in Figure 5. 
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Figure 5. Relationship between potential drop and crack size through 3D FEA 

4. Results and Discussion 

Test specimens 
Within the framework of this research, 2 clamped SENT tests have been 
performed. All specimens were extracted from plain pipe material grade 
API-5L X60 and had the same dimensions; a width of 28 mm, height of 14 mm 
and a relative crack size a/W of 25%. 

These specimens are fatigue pre-cracked in three-point bending. After this 
pre-cracking, side grooves are applied resulting in a local thickness reduction of 
15%. The actual SENT testing is carried out with hydraulic clamps; a daylight 
grip length of 10W was used. 
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Unloading compliance test results 
From both tests described above, the compliance has been obtained at 
subsequent intervals. By applying the relationship obtained from the finite 
element simulations, the crack size has been calculated for both tests. The 
calculated crack size is plotted in Figure 6 and Figure 7 for test SET11 and test 
SET12 respectively.  

In addition to aforementioned measurements, the tested specimens have been 
broken open in liquid nitrogen after testing. From the fracture surface both the 
extension of the fatigue pre-crack and the amount of stable crack extension 
could be measured. These data are represented by the dotted lines in Figure 6 
and Figure 7. 
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Figure 6. Calculated crack size for test SET11 
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Figure 7. Calculated crack size for test SET12 
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Comparing both reveals an overestimation of the initial and final crack size, 
whereas the amount of ductile crack extension is believed to be well estimated. 
For test SET11 the measured crack extension was 1.98 mm, the calculated 
extension equals 2.00 mm. Test SET12 showed a crack extension of 1.93 mm, 
while the calculations revealed 1.90 mm of crack extension. Therefore, it is 
concluded that the unloading compliance technique is able to describe the crack 
extension with large precision, the exact sizing of the cracks is however not yet 
accurate. The reason for this overestimation is most probably in the rotation of 
the specimen, which has not been accounted for in the current procedure. Future 
research will focus on the description of this rotation. 

Potential drop test results 
The data obtained from the potential drop measurements revealed the presence 
of a linear phase in the CMOD-PD diagram, during the initial loading. Upon 
loading the increase of the potential drop becomes more than linear, signaling 
stable crack extension (see Figure 8).  

Subtracting the linear increase of the PD from the measured signal yields the 
potential drop related to crack extension. For test SET11 and SET12 this is 
graphically represented in Figure 9 and Figure 10 respectively. This curve is 
subsequently related to the crack size by means of the previously described 
relationship (see §3.3). The obtained relationship between CMOD and crack size 
is plotted in Figure 9 and Figure 10 together with the measured initial and final 
crack sizes. 
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Figure 8. Measured potential drop signal and linear  

blunting phase 
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Figure 9. Calculated crack size and corrected potential drop signal (SET11) 
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Figure 10. Calculated crack size and corrected potential drop signal (SET12) 
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An excellent correspondence is observed between calculated and measured 
final crack size. The same applies for the initial crack size, which is however not 
surprising regarding the reverse modeling technique applied to determine the 
conductance of the material (see also §3.2). 

5. Conclusion 

The stable crack extension in two fracture mechanics single edge notch tension 
tests has been fully analyzed based on the unloading compliance and potential 
drop technique. It is concluded that: 

– The unloading compliance technique allows to accurately determine the 
amount of stable crack extension. 

– Crack sizing by means of the compliance technique is however not 
straight forward, an extra rotation correction might be required to 
overcome this problem. 

– The potential drop technique allows determining both crack size and 
cracking extension accurately.  
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Abstract 

Punch-material and material-active plate friction has a great influence on 
material flows quality, extrusion process, on roughness and quality of the 
processed piece. The paper presents researches about some important aspects 
concerning material flow in manufacturing process of metal pieces, through 
inverse extrusion. The tribo-system of plastic deformation punch-piece-active 
plate is very complex and it is characterized by elementary couples of friction 
that compose it. Using different lubricants on contact surfaces deformation tool-
piece may have a favorable influence on flow quality and on manufactured 
piece. 

Keywords 

Extrusion, friction, tribo-system, flow of material, piece's quality 

1. Introduction 

Extrusion of pieces is a volume pressure procedure in which, under the 
compression force action of punch, the material solicited on three-dimensional 
compression has to take through plastic flow, the space between punch and plate 
– figure 1. Depending on material processed, used machinery, dimensional 
precision, form and the needed surface quality, extruded piece, can be realized 
on cold, semi-warm and warm. These high forces need powerful equipments and 
also high price.  

 
Figure 1. Inverse extrusion. 
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Therefore, the procedure is applied especially in great series production. 
Extrusion procedure is used for a large scale of materials: plastics, metals and 
non-ferrous alloys and carbon and allied steels with low carbon equivalent 
content. 

Researches on inverse extrusion are less than researches for direct extrusion 
and those for inverse extrusion of pieces with thick walls are almost non-
existent. So, in industry, the inverse extrusion is more difficult to apply than the 
direct extrusion. 

2. Tribo-system  

The theoretical researches shows a complex inter conditioning between: 
– material flow; 
– components in contact; 
– these components characteristics; 
– works environment; 
– deformation tool roughness; 
– precision of piece; 
– technological process parameters multitude. 

These interdependences impose a systemic abortion for inverse extrusion 
process of pieces. Comprising of elements, functions and levels into a unitary 
form, based on systems theory (Czihos, 1978) will conduce to a “building 
model” construction: definition for deformation tribo-system for inverse 
extrusion of a piece – figure 1. During plastic deformation process, there are 
initializing and developing tribo-contacts between tool and piece surfaces, the 
ensemble tool-piece becoming a complex couple for plastic deformation. This 
complex couple and component elementary couples - table 1 - have peculiarities 
to friction couples, which are characteristics for functioning machine elements: 

– couples are submitting by very strong stress that produces material flow; 
– mechanic characteristics are complete different – “strong” component 

(tool) is stressed in elastic domain and the “soft” component (piece) is 
stressed in plastic domain, through hardening; 

– elementary deformation couples are instantaneously - “strong” 
component is permanent and the “soft” component is other in each 
moment, being replacing by flowing, with new material stratums; 

– deformation couple is very complex, having a numerous elementary 
couples (6) that will determinate a complex material flow and numerous 
influence factors; 

– complex deformation couple comprises a fundamental elementary couple 
(superior couple of class II, stressed by deformation forces with essential 
roll for material flow and its quality), numerous (3) principal elementary 
couples (inferior couples of class III, stressed by friction forces or 
deformation force components); the others are secondary elementary 
couples (inferior couples of class IV, with negligible influences on 
surface but important for interior material stratums flowing). 
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Table 1. Elementary couples components of complex couple 

Elementary couples characteristics 
Elementary couple 

Contact type Force Couple 
class 

AIII –Surface punch/material Generalized 
cylindrical surface Fp – friction force III Inferior 

BIII – Lateral surface 
plate/material Cylindrical surface Fp – friction force III Inferior 

CIII  (CII)* - Active surface 
punch/material 

Conical surface 
(linear contact) 

Fα – deformation 
force 

III Inferior 
(II 

Superior) 
(DII)* - Edge punch 
h/material 

Linear Fα – deformation 
force II Superior 

EIV – Frontal surface 
punch/material Plane surface 

F=Fp+Fα+Fn 
Total force for 

extrusion 
IV Inferior 

FIV  - Frontal surface 
plate/material Circular plane surface 

F=Fp+Fα+Fn 
Total force for 

extrusion 
IV Inferior 

3. Material flow 

The process is characterized through unitary efforts of intense spatial 
compression σ > σc needed for material flow through space between punch and 
active plate. Based on plasticity theory, it was realized tensions state scheme 
deformation state scheme on infinitesimal element with cubic form considered in 
different zones of material. On these volume elements it was established 
distribution of principal unitary efforts σx, σy, σz  and distribution of specific 
deformations εx, εy, εz  on the three principal directions x, y, and z - – figure 2.  

 
Figure 2. Schemes of unitary efforts 

and of deformations 
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Inverse extruded material can be divided (Butnar & Cioban, 2005) in four 
distinct zones: 

– zone 1 – deformation focus – placed under stamp, with hf, depth, is 
strong strained on try-dimensional compression that produces reduces of 
element dimension on z direction and elongation on x and y directions; 

– zone 2 – placed under the punch level, in its exterior, strong strained and 
deformed where is registered reduces of element on y direction and 
elongation on x and z; 

– zone 3 – lateral wall of tubular piece with internal surface; 
– zone 4 – non-extruded material. 

Flowing stratums of material is influenced by some factors: 
– extruded material and its proprieties; 
– deformation grade; 
– deformation speed; 
– punch-material and material-active plate friction; 
– produced piece dimensions. 

Un-uniformity flowing of extruded material and piece quality can be 
characterized by the quality indexed deformation focus high (Socaciu, 1996), 
relation 1: 

  
)2(2

)5,0)(1(
h

m

p
1f

µ+εε⋅β

µ+ε−ε
=  (1) 

where µp, µm are friction coefficients between semi-product and punch and 
between semi-product and active plate, β ≅ 1.1…1.12 – Lode coefficient; 
ε=d2/D2 – deformation grade. 

Growth of deformation focus high hf1 means a superior quality of surfaces of 
the piece, of structural and physic-mechanical proprieties. In deformation 
process, is comprised a bigger volume of material. Difference between flowing 
speed of contiguous stratums is lower, deformation un-uniformity is attenuated 
and the risk for interior defects is much diminished. 

4. Experimental 

Material used on experimentation researches was aluminum Al 99.5, semi-warm 
extruded, 265°C temp., on a hydraulic press PH200 with an extrusion mould, 
made through personal conception. Material deformation grade on reference 
diameter was important: 

  ε=d2/D2=60.49%  (2) 

Material flow process was researched through inverse extrusion of a piece 
with internal diameter d=ø70 starting from a cylindrical semi-product with 
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dimensions diameter D=ø90 and height H=30mm. The punch and active plate 
were made of allied steel. 

Extrusion was in 4 different lubrication states of punch-material contact 
(friction coefficient µp) and material-active plate (friction coefficient µm): 

– dry (µp=µm=0.64); 
– lubrication with hydraulic oil H32EP (µp=µm=0.31); 
– lubrication with processing oil MET P1C (µp=µm=0.30) and  
– lubrication with graphite on oil support MET P1C, granulation 1…2 µm, 

(µp=µm=0.24).  
For flowing research and friction influence, the semi-product was made by 2 

semi-cylinders and on separation plane was traced, by a pantograph milling 
machine, a fine rectangular net, with side 2.5 mm, precision 0.01 mm, canal 
width 0.5 mm and depth 0.3 mm. 

Extrusion process has modified the net lines. Into separation plane, there was 
a complex flowing in concordance with the theoretical results.  

High determination of deformation focus hf was made by a measurement 
instrument through co-ordinate ZKM 05-250D, with precision 0.5 µm, between 
internal frontal surface of piece and the last “horizontal” line of the deformed net 
– figure 3. Focus measurement was made on separation plane for two pieces, 
with the next results - figure 4. 

 
Figure 3. Determinations of deformation focus 

 
Figure 4. Variation of focus deformation with tool-piece friction 
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5. Conclusions 

The most important conclusion is that the deformation focus grows together with 
tool-piece friction reducing, that favors a more uniform flow and a piece with 
unitary structure and proprieties. The deformation focus grows is maximum on 
graphite lubrication, where it grows with about 17.5% towards dry friction. The 
graphite lubrication offers the best quality of flow material and of processed 
piece. 

On lateral wall of piece, there are registered axial growths of “cell”, that 
confirm material elongation resulted from theoretical studies. But “cells” 
growths are different: higher in inferior part of piece wall (∆l ≈ 0.5…0.7 mm) 
and reduced in superior part (∆l ≈ 0.05…0.15 mm). 

Lubricant presence favors deformation, “cell” growths being higher on 
graphite and reduced on mineral oils. Lubricant introduced on surface contact 
tool-piece reduces deformations non-uniformity. On dry friction, on external 
wall of piece appear elongations of sliding lines, very pronounced at a half of 
wall thickness. Using lubricant, this advance of central stratum, decreases. 
Deformation is most uniform using graphite on support P1C, when the net lines 
remain approximate at the same level, horizontal.  
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Abstract 

A claim has come up in the research of the mechatronical systems to develop 
special materials that can get information from a computer and change their 
attribution accordingly. From a control technology point of view using electric 
or magnetic field is the most obvious. One group of these materials is electro-
rheologic (ER) fluids that change their shear strength feature according to the 
electric field applied. The main goal of this work is to build up a test station for 
determining the effects and the relationships between the oil parameters and the 
electric field applied. The unique ER valve construction and the test apparatus 
are shown and also the function tests of this unit have been carried out. 

Keywords 

Electro-rheological effect, Flow control, Hydraulics 

1. Introduction  

The electro-rheological effect  
The change in apparent viscosity of electro-rheological (ER) fluid is dependent 
on the applied electric field, i.e. the potential divided by the distance between the 
plates. The change is not a simple change in viscosity, hence these fluids are 
now known as ER fluids, rather than by the older term Electro Viscous fluids. 
The effect is better described as an electric field dependent shear yield stress. 
When activated an ER fluid behaves as a Bingham plastic (a type of viscoelastic 
material), with a yield point which is determined by the electric field strength. 
After the yield point is reached, the fluid shears as a fluid, i.e. the incremental 
shear stress is proportional to the rate of shear (in a Newtonian fluid there is no 
yield point and stress is directly proportional to shear). Hence the resistance to 
motion of the fluid can be controlled by adjusting the applied electric field. 

Properties of electro-rheological fluids 
Electro-rheological fluids are suspensions of extremely fine non-conducting 
particles (up to 50 micrometers diameter) in an electrically insulating fluid. The 
apparent viscosity of these fluids changes reversibly by an order of up to 
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100,000 in response to an electric field. For example, a typical ER fluid can go 
from the consistency of a liquid to that of a gel, and back, with response times 
on the order of milliseconds. The effect is sometimes called the Winslow effect, 
after its discoverer the American inventor Willis Winslow. 

Challenges and advantages of ER phenomenon 
A major problem is that ER fluids are suspensions, hence in time they tend to 
settle out, so advanced ER fluids tackle this problem by means such as matching 
the densities of the solid and liquid components, or by using nanoparticles, 
which brings ER fluids into line with the development of magneto rheological 
fluids. Another problem is that the breakdown voltage of air is ~ 3 kV/mm, 
which is near the electric field needed for ER devices to operate. An advantage 
is that an ER device can control considerably more mechanical power than the 
electrical power used to control the effect, i.e. it can act as a power amplifier. 
But the main advantage is the speed of response, there are few other effects able 
to control such large amounts of mechanical or hydraulic power so rapidly. 
Unfortunately, the increase in apparent viscosity experienced by most electro-
rheological fluids used in shear or flow modes is relatively limited. The ER fluid 
changes from a Newtonian liquid to a partially crystalline "semi-hard slush". 
However, an almost complete liquid to solid phase change can be obtained when 
the electro-rheological fluid additionally experiences compressive stress 
(MONKMAN 1995). This effect has been used to provide very effective 
clutches or hydraulic valves. 

2. Development, structure and operation of an electro-rheological valve 

The ER phenomenon as a material model is described by the Bingham model 
related to ER liquids, which is based on the mathematical model describing the 
non-newton liquids (LEE 2002). The Bingham model is a complex viscoplastic 
rheological model (CSIZMADIA 2003). As a material model it can be divided 
into an ideally ductile an ideally viscous member (ZRÍNYI 1999 ). (Fig. 1 ) 

 
Figure 1. The Bingham model 
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Figure 2. The shearing tension in the function of  

shearing gradient  

Research objectives 
The aim of testing flow properties of the ER liquids is to establish a model, 
which can be generally applied of testing the behaviors of ER liquids made of 
different materials considering the physical data of the applied materials. By 
computer simulation the parameters of this mathematical model can be 
determined, which can be generated by minimum search. As the first step of the 
model identification the approximate search of the minimum of the established 
target function is accomplished by genetic algorithm, then the refinement of the 
result with the known numerical methods. 

The ER valve 
During the further material and application tests it is practical to use a device 
which has application possibilities too. In this consideration for further 
investigations we need the design of a hydraulic ER valve, which can be 
operated built in hydraulic circuits. 

 
Figure 3. The ER valve 
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3. Development of measuring system for investigating  
the features of electro-rheological fluids 

Applied test principle 
Consider two concentric pipes (external and internal electrodes) and constant 
fluid flow is flowing between them. An electric field will be developed 
according to the electric potential applied on the electrodes and the gap between 
the electrodes and all of these causes the change of shearing strengths of fluid. 
The magnitude of change can be definitely determined from the pressure drop. 
During the test series the fixed parameters relating to the individual set of 
measurement are: fluid flow, oil temperature, fluid concentration. The only 
variable parameter is: the electric field. The parameter to be tested is the 
pressure drop and the calculated one is the shearing strength. 

Design of hydraulic measuring circuit 
The system consists of three main parts, like: the hydraulic power unit, ER 
circuit, data acquisition and control system. The hydraulic unit ensures the flow 
of ER fluid by a driving servo cylinder. The ER valve with flow meter and the 
pressure difference meter are fitted into the ER circuit. 

 
Figure 4. Experimental setup 
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Test control and data acquisition 
The applied NI CompactRIO™ programmable automation controller is a 
modular system; out of its modules we used the analogue-to-digital converter 
(NI 9201), for a dual purpose. On the one hand we applied it in the controlling 
process to measure the voltage signal (which is in proportion to the 
displacement) provided by the displacement encoder. On the other hand we used 
it in collecting data about the voltage signals corresponding to pressure values 
provided by the analogue pressure sensors. The communication between the 
CompactRIO™ and the computer was ensured by an Ethernet connection. We 
realised the real-time control by applying the FPGA module of CompactRIO™ 
programming it in the LabVIEW 2009 software. 

4. Test measurement 

The pressure difference required by the ER fluid to flow was ensured by a 
bladder-type accumulator had been pre-charged up to 6 bar before the 
experiment. The measure of orifice of applied ER valve is h = 0.5 mm, the 
length is l = 200 mm. During the test we applied silicon oil without additives, 
whose viscosity is 50 mPas. The test took place in 24 oC. 

 
Figure 6. The results of measurement (Flow 1,5 l/min) 

Fidure 6 shows the pressure drop at the ER valve while the electric field 
changes from 0 to 7 kV/mm. At this test the flow rate flowing through the ER 
valve is 1,5 l/min. In the figure we can see that the pressure increase can be 
divided into two parts. The primary one is fast pressure increase from 3,9 to 4,5 
bar, then a secondary, slower pressure increase can be observed from 4,5 to 7,74 
bar. The response time of the pressure increase is 3,01 s. 
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Figure 7. The results of measurement (Flow 0,4 l/min) 

Figure 7 also shows the pressure drop in the function of time while the electric 
field changes from 0 to 8 kV/mm. At this test the flow rate at the ER valve is 0,4 
l/min. The response time of the pressure increase is 11,38 s. The value of the 
pressure increase is 7,64 bar. The maximum pressure drop is 8,76 bar. 

 
Figure 8. The results of measurement (Flow 2,2 l/min) 

At the test that can be seen at figure 8 the flow rate crossing the ER valve is 
2,2 l/min. The electric field changes from 0 to 8 kV/mm. The response time of 
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the pressure increase is 1,98 s. The value of the pressure increase is 3,32 bar. 
The maximum pressure drop is 8,76 bar. 

These tests show that the flow rate has an impact to the response time of the 
evolving pressure drop. With the increase of the flow rate the response time of 
the pressure increase falls.  The explanation of this phenomenon requires further 
experiments. The maximum value of the pressure increase depends on the rate of 
the applied electric field. 

5. Conclusions 

The test equipment developed is an experimental instrument being fitted into a 
hydraulic system what enables dynamic measurement of shearing stress of 
electro-rheological fluid as a function of electric field, oil temperature and 
particle mass fraction. The electric potential applied between the electrodes 
effects the change of shearing strengths of the fluid. The measure of changing 
can be determined unambiguously upon the pressure drop.  

On the basis of test results the dynamic behavior model of ER fluid could be 
built up. On the other hand the instrument capable not only for testing the ER 
fluids but applying it as a fluid flow controller. As this kind of flow controller 
valve doesn’t contain any moving part and can be controlled by electric field the 
probability of failure could be radically decreased. 
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Abstract 

Threaded connections are used throughout the world during the completion of 
wells to extract oil and gas from distant reservoirs. Due to the extreme depths 
and working conditions of offshore supplies, the structural integrity of these 
components is of principal importance. 

The standard ISO 13679:2002 describes the experimental procedure to 
determine the safe working conditions of the coupling. It defines three different 
kinds of tests required to qualify the coupling: a make-break test, a test load 
envelope and a failure test. 

This paper illustrates the test load envelope procedure applied to a 1” regular 
API Line Pipe threaded coupling. A pressurized grade B connection is subjected 
to a cyclic sequence consisting of different internal pressure and axial 
tension/compression combinations with equal Von Mises Equivalent (VME) 
stresses within predefined boundaries of the expected working conditions of the 
coupling. During testing, axial and circumferential strains are measured at 
several locations on the specimen. Loss of structural integrity results in a 
reduction of pressure within the pipe. Leak detection is the considered failure 
criterion throughout the entire test and is an indication for the fitness for use of 
the coupling under the applied working loads. 

Keywords 

threaded coupling, test load envelope, structural integrity 

1. Introduction 

Threaded connections are often used when long strings have to be formed and 
regularly disassembled when drilling oil and gas wells. 
In order to certify newly designed threaded couplings, they have to be subjected 
to a series of tests to guarantee their performance under service loads. The 
considered load cases comprise internal and/or external pressure and axial 
compression or tension. Methods to perform the required tests are described in 
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the ISO 13679 standard. These regulations specify three different types of tests: 
make-and-break (M&B), test load-envelope (TLE) and failure-tests. The second 
type of tests is discussed in this paper. 

2. Background 

The test specimens used in this work consist of two pins and one box as 
illustrated in Figure 1. Except for the minimal length of the pin to avoid 
interference of the clamping, given by equation 1 [1], no geometric restrictions 
are enforced. 

 min 0 06L D D t= +  (1) 

With 0D  the outer diameter [mm] and t  the minimum wall thickness [mm] of 
the pin. 

 
Figure 1. Example of a test specimen consisting of two pins and a box, with indication of the 

location of installed strain gauges 

In addition to the required minimum length of both pins, the geometric 
tolerances of the threads are considered when assembling the testspecimen, 
resulting in different thread interferences. When the entire procedure is 
conducted, 8 different combinations of thread interference should be considered. 
Generally, the combination of loads to which the threaded connection can be 
subjected is illustrated by means of a Von Mises Equivalent (VME) diagram 
(see Figure 2). This diagram illustrates all possible combinations of pressure and 
axial load that cause a predefined percentage of yield stress in the material, 
according to the Von Mises yield criterion. When bending loads are not taken 
into account, the ellipse is calculated in accordance with equation 2. 

 ( ) 2 2 21 * YS a h r a h h r r as σ σ σ σ σ σ σ σ σ σ− = + + − − −  (2) 
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Where s  is a safety factor [%], YSσ  the yield strength of the material [MPa], 
aσ  the axial stresses [MPa], hσ  the hoop stresses [MPa] and rσ  the radial 
stresses [MPa]. 
Depending on the combination of the applied loads, the stresses can be 

calculated as follows: 

 a
F
A

σ =  (3) 

For internal pressure: 

 *h i ip kσ =  (4) 

 r ipσ =  (5) 

For external pressure: 

 0 0*h p kσ =  (6) 

 0rσ =  (7) 

The geometric dependent parameters 0k  and ik  are defined by: 
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When a TLE-cycle with a given safety factor (see equation 2) can be 
completed without failure, it is advisable to reduce this factor in order to 
determine the actual performance limits of the connection and pipe body. Due to 
the huge amount of different connection designs and resulting performance, the 
total amount of points to be tested during one test cannot be mandated. However, 
the result of a test is only accepted and considered to be reliable when at least 10 
points per quadrant are evaluated [2]. 

Figure 2 gives an example of a VME ellipse for a regular 1” API Line Pipe 
threaded connection made of Grade B steel with a yield strength of 356 MPa. 
Using a 42% safety factor, 6 different load points are tested in the first and 
second quadrant. 



Experimental procedure for evaluation of the structural integrity of threaded 
API line pipe couplings  

 

131 

 
Figure 2. Example of a TLE ellipse for a Grade B steel, 1” API Line Pipe threaded  

connection with indication of the 6 points which were tested. 
The arrows indicate the direction of the load cycles 

3. Experimental setup 

When internal pressure is applied, additional axial tension is created on the end 
caps of the specimen (see Figure 1). Due to this interaction, formula 10 is used 
to transform the theoretically calculated axial forces into the required axial force 
to be applied by the tensile machine. Herein, aF  is the applicable axial force 
[kN], tF  the theoretical force [kN], ip  the internal pressure [MPa] and D  the 
inner diameter of the pin [mm]. 

 

2
* 4
1000

i
a t

Dp
F F

π
= −  (10) 

Figure 2 shows the actual load path and the conditions which should be used 
as input for the force controlled tensile machine conducting the test in order to 
match the theoretical TLE from Figure 1. 

Each load point is tested three times. To increase the reliability of the test, the 
load history is changed by following the cyclic path through the ellipse in 
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different directions. At first, in counterclockwise (CCW) direction, load points 1 
through 6 are assessed as given in Figure 1. Secondly, the direction is reversed 
and when load point 1 is reached, a final reverse in CCW direction takes place 
and the test is stopped at point 6. 

During the entire test, axial and hoop strains are recorded at 4 different 
locations (Figure 3) and are given in Figure 4 for each load point.  

A remarkable behavior of the connection was observed during the beginning 
of the test, at load point 1. For symmetry reasons, strains 2 and 6 should be equal 
in magnitude and trend. However, from Figure 4 it is visible that at load point 1 
the lower pin is in compression and the upper pin is in tension. After that, the 
trend of both strains is similar. 

This behavior may have been caused by an initial misalignment of the 
coupling. Figure 5 indicates that during the first 200 seconds, the coupling is 
being aligned by introducing a bending moment in the vicinity of the box. This 
taken into account, strains 2 and 6 behave similar with exception of the initial 
offset caused by misalignment. 

 
Figure 3. Example of the modified TLE ellipse together with 

the actual load path applied during the test. 
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Figure 4. Overview of the measured strains during the TLE-test. 

(Cycle 1: Point 1 through 6, cycle 2: point 6 through 1 and cycle 3: point 1 through 6) 

 
Figure 5. Measured strains 2 and 6, together with the applied tensile loads 

 during the first 5 minutes of the test. 

Noteworthy is the abrupt change in applied force and measured strain when 
the specimen starts to elastically deform at 80 seconds. When tension is applied, 
shear stresses at the thread flanks can cause the coupling to move and adapt to 
the current loads. The overshoot in the applied tensile force by the machine can 
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be explained by the sudden movement of the coupling caused by initial play 
between the flanks of pin and box. 

Furthermore, strain 4 appears to be less sensitive to any of the applied load 
combinations. This indicates that the used strain gauges are not on top of the last 
engaged thread but to the left of their intended position. The recess of the 
connection does not undergo any deformation caused by the axial tension or 
compression and due to the absence of the supporting pin; the hoop stresses are 
drastically reduced. 

4. Conclusion 

When conducting tests as described in standards such as the ISO 13679:2002 for 
testing threaded couplings, misalignment and initial play between the threads of 
the investigated connection must be considered to interpret the measured strains.  

In order to better understand the initial bending behavior, it is advised to 
measure the misalignment before starting the test and to use multiple strain 
gauges at the same section, shifted with a 90 degree angle. 
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Abstract 

The paper’s aim is to fix the priorities in supply activities with spare parts for 
drilling machine PG-80. For this we use the Pareto Method (ABC Diagram) 
applied to statistic registered in Ore Mining Baia Sprie. 
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1. Introduction 

The supply activities with spare parts are one of essential activities in the 
maintenance of the equipments and machines. Without a systemic and prompt 
supply activity the entire production activity can be disturbed. Another aspect is 
the determination of the pieces with accelerate rate of failure. These for establish 
the order in bringing the spare parts and for study the causes of low reliability of 
these pieces. 

Are many techniques for management of stocks, but the most used are the 
Pareto Method (ABC diagram) and the method based to apportionment on the 
calculus basis for the component pieces in three classes: 

– pieces with fast speed of wear; 
– pieces with medium speed of wear; 
– pieces with low speed of wear. 

The last case is used in manufacturing plant with specialists in wear calculus 
and with laboratories trained for these activities. 

The first case is easy to apply, even by users, the requirements are: the know-
how about the method and a data base concerning the equipment for witch the 
research is required. 

2. The application of Pareto Method on the drilling machine PG-80 

As part of the exploitation of useful mineral substances the operation of drilling 
occupy a particular place due to the great expenses (energy, time, and physical 
effort). Directly dependent on these are both the drilling equipment 
performances and the drilling tools performances. 
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The drilling machine PG-80 (fig. 1) is a mining equipment custom built for 
drilling the mining hole, parts of mining technology “drilling-explosion”. 

 
Figure 1. Drilling machine PG-80 

The drilling machine PG-80 is a heavy roto-percussion type. Together with P-
90W attaining 70-80% from the entire drilling equipment. 

The Pareto method apportionment the spare pieces in three classes: 
A. low number of pieces (ca. 20%) with high influence to reliability (ca. 

80%); 
B. medium number of pieces (ca. 30%) with medium influence to reliability 

(ca.15%); 
C. high number of pieces (ca. 50%) with low influence to reliability (ca. 5%). 

Table 1. 
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The database is built for the case of Ore Mining Baia Sprie and covered two 
years (1995, 1996).  

Table 2. 

 

 
Figure 2. The Pareto curve 
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The table 1 presents the components elements of drilling machine PG-80 and 
the number of pieces replaced in 1995-1996. This number is average for 35 
drilling machine PG-80 in function. 

The results of calculus are represented in table 2. It’s the presentation of the 
pieces ordered by the number of failure and implicit the percent. 

3. Conclusion 

The calculus and the graphic representation of database show the concordance 
between the theory and the practice: 

 
 

Class Number of pieces Percent 
A 5 76.023 
B 8 16.373 
C 12 7.604 

 
 
The next step is to study each pieces from A class to eliminate the failure 

causes (from design work, from manufacturing of from bad utilization). 
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Abstract 

During the course of our work we have been studying the conditions of 
establishing a rubber-to-metal bonding. To achieve this, we have carried out 
rheological tests to determine the feature curves of the mixtures that can be used 
to establish the bond, as well as the details of the mechanical metal pre-
treatment. we have compared the impact of widely used materials and the 
resulting surface roughness on tear strength.  we have planned and produced a 
test tool to create the samples using different methods.   

Keywords 

steel rubber bonding, surface, roughness, surface treatment 

1. Introduction 

Mechanical units used by contemporary mechanical and automotive industries 
require that they should operate at a high technical quality, without any faults for 
a rather long time. This can only be achieved if all items are produced according 
to best practice technical standards which are already in place at the planning 
stage. To combine the two physically rather different materials – steel and 
rubber – into a single mechanical element, it is necessary to establish a 
purposefully planned bonding system.  

Our research is about studying the conditions of establishing a rubber-to-
metal bonding. First we compared the physical, mechanical and rheological 
features of the most important elastomers which are widely used in practice. 
Then we examined the possibilities of the pre-treatment of metal armatures and 
the effects of the differences. We also applied imaging analyses to understand 
processes taking place at the boundary. To describe the morphology, we used 
electronic-microscopic images, while to create the one and two dimensional 
lateral item map, we used characteristic X-ray emission images. We were 
looking for relation between inner tool pressure and the strength of the resulting 
bond when using compression technology. In the future we will also examine the 
same using molding technology; the results of this will be discussed in a later 
study.     
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2. Rubber-to-metal bonding 

When industrially producing vibration absorbing rubber products and other 
rubber-metal parts, there is a chemically produced bonding material that realizes 
the bonding between the vulcanized rubber and the metal armatures. The process 
consists of degreasing the metal parts and then the mechanical pre-treatment 
which is dependant on the metal material – it can be done through spraying 
either corundium or steel grits. The bonding strength is influenced by not only 
processing the glue according to the technology, but also by the rubber mixture. 
Bonding of the mixture is highly dependant on its hardness and on the type of 
the elastomer as well. we have used a general rubber mixture from 55 Sh° 
natural rubber for my measurements.   

3. Measurement results 

During our research we first determined the rheological feature curves which 
make a specific mixture sufficient for establishing rubber-to-metal bonding.  

Figure 1 represents the rheological figures of the NR-based mixtures studied. 
We have carried out the measurements with an S 100 Monsanto Rheometer. 
Chart 1 shows the curves produced by this equipment. 

Colors used: blue: 43 Sh°; red: 57 Sh°; green: 72 Sh°, 170°C, 6 min 
The approach for the evaluation is as follows: 0 is assigned to the moment 

curve minimum, maximum is assigned to its maximum. As the maximum point 
is difficult to define, it is a widely used practice that 90% from the moment 
curve minimum (t90) is regarded as the vulcanization time of the material 
(according to measurements the same is the maximum of the tear strengths). The 
20% increase from the minimum is represented as t02. The significant values 
from the curves can be seen in Table 1, from which the vulcanization time and 
the ability for rubber-to-metal bonding can be determined. 

 
Figure 1. Rheological curves 
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Table 1. Significant values of the the rheological curves 

Mixture Smin Smax t02 t90 
NR 43 Sh⁰  5,98 33,7 0,95 1,96 
NR 57 Sh⁰  7,41 37,14 0,9 1,77 
NR 72 Sh⁰  8,63 41,36 0,81 1,62 

 
The effects of the mechanical pre-treatment of the metal armatures were 

analyzed through spraying tests. We used the following specimen (Figure 2.) for 
the experiments applying a properly designed tool (Figure 3.). 

 

d1=25mm 
h=20mm 
s=2mm 
l=18mm 
d2=M6 
 

Figure 2. Test specimen 

 
Figure 3. Test specimen vulcanizing tool 
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The most important aspect of the experiment was to create different surface 
roughness values using different spraying materials and different spraying times; 
calculating an average surface roughness, and then treating the metal armatories 
with adhesives and vulcanizing the sheet specimens. The spraying material was 
S170 steel grits at first, and then corundium. Figure 4. shows the tensile results 
in the function of surface spraying time using steel grits, furthermore Figure 5. 
presents the same in case of corundium spraying. The micro-topography created 
by the spraying materials can be seen on Figures 6 and 7.  

Table 2. Parameters of the test: 

Type of the tensile test machine LLOYD LR 300 
Breaking Rate [mm/min] 500 
Sheet Specimen [mm] 25/20-1 M6x18 
Ambient Temperature [⁰ C] 23 
Relative humidity [%] 40 

 
Figure 4. Tensile force and Ra Roughness in relation  

to spraying time using steel grits 

 
Figure 5. Tensile force and Ra roughness in relation to spraying  

time using corundium 
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20,4mm

-17,3mm

0mm

 
Figure 6. The impact of steel grits on the surface 

26mm

-30,2mm

0mm

 
Figure 7. The impact of corundium on the surface 

4. Conclusions 

– After analyzing the Monsanto-curves, it can be seen that mixtures with a 
firm induction phase and a long, steady process are the most ideal for 
establishing the metal bonding. The value t02 has to be at least 0.8 min., 
otherwise the absorption ability of the bonding system significantly 
decreases due to the early vulcanization of the rubber which in turn 
weakens the strength of the bond. 

–  It can be seen from the results of the experiments regarding the pre-
treatment of mechanical armature that the Ra average surface roughness 
is insufficient in determining the strength of the rubber-to-metal bond. 
This is because there is no clear connection between spreading time (thus 
dynamic surface roughness) and the adhesion strength of the bond.    
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Abstract  

Among the large number of engineering polymers the cast polyamide 6 material 
has special attention in the field of semi-finished structural materials (rods, 
plates, tubes) due to good mechanical and tribological properties. According to 
the industrial needs the development of different special properties like greater 
abrasive resistance, ESD characteristics, better flame-proofing or increased 
toughness is vital. To identify these properties on different polymer composites 
(based on PA6), we have carried out more than 2800 standard tensile, flexural, 
Charpy-impact and Shore-D hardness test, we have produced SEM pictures and 
we have determined surface resistivity, abrasive tribological properties and 
carried out flammability tests. As a result of this the optimal quantities of 
additives: 3wt% graphite, 3wt% conductive graphite, 1wt% conductive carbon 
black, and 10wt% and 15w% softening material. 

Keywords 

polyamide 6, mechanical properties, tribological properties, electric behaviour, 
effect of different additives 

1. Introduction 

Plastics are used in more and more wide range since their appearance. Due to 
recent developments, they are not only used in inferior fields like packaging, but 
are also used as load carrying mechanical parts. 

One of the most often used engineering plastic is the polyamide 6 (PA6) 
because of its quite good mechanical (strength, hardness, toughness, damping) 
and tribological (sliding, wearing resistance) characteristics [1]. Due to this, it is 
also used as bearing bushes, wearing laths, different pulleys, gears etc... 

During a former Hungarian research, the industrial product technology of 
magnesium catalyzed cast PA6 semi-finished products (rods, plates) was worked 
out. This method has several benefits contrary to the commonly used natrium 
catalyzed product. The magnesium catalyzed PA6 has a more homogeneous 
structure with a higher crystallizing factor, and has less remaining monomer 
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content. The impact strength is higher and the abrasion wear resistance is better 
than the natrium (sodium) catalyzed PA6 [2, 3]. 

The use of tougher cast polyamide 6 materials is especially advisable on those 
areas where the working environment differs from usual. For example the 
agricultural machinery, where the agricultural works are often accompanied with 
extreme conditions, the impacts should be beared by the applied materials. 
Essential property is the abrasive wear resistance, where the possible 
improvement is typically responsible for increasing of part’s lifetime (e.g. 
protecting cover, chute) [4-6]. The use of antistatic or fire-resistant plastics is 
crucial under danger of explosion (grain silos, transport system of fertilizers). 

Using of improved polymer machine parts is important both from 
agrotechnical and environmental protection point of view. These parts play 
important role at the reduction of weight- fuel consumption- and the emission of 
harmful materials of agricultural machines, at the reduction of soil compression 
and for the ground water balance. 

The aim of the research is the further improvement and examination of 
magnesium catalyzed cast PA6 composite semi-finished products, which enables 
the wider range of use in agricultural systems. The following improvement areas 
were determined accordingly:  

– improved toughness 
– improved abrasive wear resistance 
– antistatics characteristics 
– improved fire resistance. 

The targeted features should be reached without significant change of the 
original mechanical properties of the natural base material. In that case the range 
of use can be increased (universality), which may cause a real market advantage. 

The improved material characteristics can be reached with different additives, 
because of the below points are among the aims of the research: 

– determining which additives are efficient for influencing the 
characteristics 

– detailed examination on the effects with the selected additives depending 
on their quantity used in the base matrix 

– complex evaluation of the recipes and their qualifications on the basis of 
ambitions – material characteristics. 

2. Material and Method 

For material development the magnesium catalyzed cast polyamide 6 (PA6) was 
chosen. By using the pre-research results of composite production (where 39 
additives were examined), a research plan was made. The aim was to get to 
know the exact effects of the selected additives. During the selection of the 
additives the mechanical and special characteristics, the easy adaptability to the 
industrial casting technology (the basis of practical use of the research) and the 
contradictions in the literature and the personal experiences were taken into 
consideration. The selected additives are shown in Table 1. 
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Table 1. Additives selected for research plan 

Additives Content [%] 
Softening material 10 15 20 25  
MoS2 2 3    
Graphite 1.5 2 2.5 3 3.5 
Montmorillonite 0.5 1 3 6  
Conductive graphite 0.5 1 2 3 4 
Conductive carbon black 0.5 1 1.5 2 2.5 
 

The following examinations were made on new, composite sample materials: 
– Tensile-test (MSZ EN ISO 527) 
– Flexural-test (MSZ EN ISO 178) 
– Charpy impact-test (MSZ EN ISO 179) 
– Hardness-test (MSZ EN ISO 868) 
– SEM microscopic examination on broken surface of impact-test 
– Abrasive tribological test (DIN 50322) 
– Surface resistivity measurement (IEC 60093) 
– Plastics flammability test (UL-94) 

3. Results 

In this chapter the measured results are summarised, and the effects of additives 
are evaluated. 

Montmorillonite additive 
The montmorillonite was selected, because several articles wrote about its use as 
fire resistant additive in case of polyamides. These articles did not take into 
consideration that the polyamide 6 under real flaming circumstances burns with 
dropping, therefore the montmorrilonite’s decreasing effect for burn intensity 
does not predominate (Table 2). 

Table 2. Burning characteristics of samples containing montmorillonite 

Montmorillonite content [%] Group sign Comment 
0 HB Drops every 2 seconds 
0.5 HB Drops every 2 seconds 
1 HB Drops every 2 seconds, 16.4 mm/min 
3 HB Drops every 2 seconds, 16 mm/min 
6 HB Drops rarely, 14.8 mm/min 
 
On the basis of the measured results, it is stated that the montmorrilonite 

content spoils the fire resistant characteristics of pure material, therefore the 
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additive did not achieve its aim. From the surface resistivity measurements it 
also can be determined that montmorrilonite results higher surface resistivity for 
the sample, so it does not help to reach better antistatic behavior. The only 
improvement was in the abrasion resistance of 6% sample, which results 33% 
lifetime increase compared to the base material. At this additive quantity, 
depending on the weighting, mechanical characteristics decrease with 3-9%. On 
the basis of reached results, the production of new market product containing 
montmorrilonite is rejected. 

Softening material 
The first aim of using softening materials is to change the mechanical 
characteristics, mainly to increase the impact strength of material. During 
casting, it became clear that the 25% additive content is more than what the base 
material can take up, therefore visible segregation arose. The mechanical 
characteristics of this sample (eg. Young’s modulus, tensile strength…) 
significantly decreased, moreover, at burning test it showed weak characteristics. 
In case of 20% additive content the microscopic examinations proved (typical 
fracture surface) the assumption drawn from mechanical characteristics, that the 
two-phased system already appears at this additive content (Figure 1). 

 
Figure 1. 30× and 500× enlarged SEM picture of 20%  

softening material 

At 15% additive content, 3 times higher impact strength could be reached 
(Figure 2). Together with this the Young’s modulus (with 40%) and the tensile 
strength (with 50%) decreased. It also could be noticed that the surface 
resistivity decreased to 1010 Ω, so a system with good antistatic characteristics 
was produced. Due to the decrease of Young’s modulus, the abrasive wear 
intensity doubled. Its general use in abrasive tribological systems is not 
recommended, but due to its Shore-D hardness decrease (12%) it could be good 
in such tribological systems, where the particle embedding capability of the 
surface has a fundamental importance. 
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In case of 10% additive, the characteristics of sample change similar as in 
case of 15% additives, but these changes are smaller. In case of the 10% 
additive, the sample’s characteristics are closer to the pure material 
characteristics. Its impact strength is 70% higher, but its tensile strength 
decreased with 13%. Antistatic characteristic was not improved by the 10% 
additive, and the abrasive wear intensity was also raised by 33%. The burning 
characteristics declined both in case of 10 and 15% additive. 

On the basis of the result, the new market product containing softening 
material can be produced. In case of 10% additive, one should count with better 
impact strength but worse abrasive wear resistance and burn characteristics. In 
case of 15% additive, a much better impact strength and antistatic characteristics 
are obtained, but other mechanical, burn and abrasive tribological properties are 
worse. 
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Figure 2. The specific impact strength of samples containing 

softening materials 

Graphite additive 
Graphite was chosen because it improves the tribological and electrical 
characteristics. According to this, the abrasive wear intensity decreases with 
25%. (Figure 3). The electrical characteristics are improved by the increase of 
additive content. In case of 2.5% graphite content, a cast polyamide 6 was 
produced having good antistatic properties. By adding further additive the upper 
limit of ESD characteristic can be reached (surface resistivity with a order of 
magnitude more than 109 Ω). The tensile strength decreased with 10-15%, the 
impact strength decrases with 15-25%, but the Young’s modulus of flexure 
increases with 5-15%. This means at the summarized mechanical characteristics 
a decrease of 5-8%. The graphite additive beyond the improvement of electric 
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and tribological characteristics, it improved the fire resistance as well, namely 
the originally HB rated cast polyamide 6, these materials obtained the V-2 
rating, which is higher by one step. 

Test conditions: 0,7 MPa, 80 mm/s, P60
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Figure 3. Abrasive wear intensity of samples containing graphite 

On the basis of the examinations, in case of 3% adding, ESD characteristics, 
improved abrasive wear resistance and fire resistance is obtained, whilst the 
mechanical characteristics decrease is restrained. Due to the improved 
characteristics, this product is considered to be a successful development. 

Conductive graphite additive 
The conductive graphite was selected as it showed quite good electric 
characteristics during pre-tests. According to my examinations, the 3% and 4% 
sample in normal and wet state has a very low surface resistivity (107 Ω 
magnitude), therefore these materials belong to the ESD group. In dry condition 
their surface resistance a little bit bigger (109 Ω magnitude), so, in this case they 
also have ESD characteristics. 

The conductive graphite does not change significantly the tribological 
characteristics, so in practical point of view it does not cause better abrasive 
wear resistance. According to the flammability test, in case of little additive 
content (0.5-1%) it improves, in case of bigger additive content it does not 
worsen the burning resistance characteristics. Comparing to the graphite, the 
tensile strength of the samples is reduced in a smaller volume (5-10%) and 
beside the Young’s modulus of flexure, the Young’s modulus of tensile also 
improves (5-10%) (Figure 4). Therefore in the summarized mechanical 
characteristics only 2-6% decrease occurs. Due to the outstanding electric 
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characteristics reached, the sample containing 3% conductive graphite is also 
considered to be a successful development. 
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Figure 4. The Young’s modulus of conductive graphite 

Conductive carbon black additive 
The conductive carbon black was selected also due to the improvement of 
electric characteristics. 1% additive is enough to receive a material with ESD 
characteristics in normal and wet state (Figure 5). 
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Figure 5. Surface resustance of samples containing conductive carbon. 

This is advantageous also, because in case of 1% additive, the mechanical 
characteristics rarely change (0-1%). The Young’s modulus of the sample 
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increased (6-7%), while its impact strength decreased (10%). The tribological 
characteristics were not modified significantly by this additive – just like as it at 
conductive graphite. The fire resistance however got worse within category HB, 
these samples do not burn out by themselves. On the basis of the excellent 
electric characteristics and the low proportion mechanical change of 
characteristics reached with a minimal additive, the development having 1% 
carbon is considered to be successful. 

Molybdenum-disulfide additive 
The molybdenum-disulfide was selected as it improves tribological 
characteristics by a little proportion of additive as well. However in abrasive 
environment, there was no sign of significantly improved wear resistance, 
therefore it do not fulfill its prime goal. According to the tests, it has no 
significant effect on electric characteristics as well. The Young’s moduluses 
increased by 10-10%, but the impact strength decreased with 20%. On the basis 
of the flammability tests, the material can be ranked to the V-2 category. 
According to the test system set, the adding of molybdenum-disulfide is not 
practical as graphite makes better characteristics. 

4. Conclusions 

As a result of the successful material development process, we have chosen 5 
receipts, which enables the magnesium catalyzed polyamide 6 for agricultural 
machinery use: 

– 3% graphite, 
– 3% conductive graphite, 
– 1% conductive carbon black, 
– 10% softening material, 
– 15% softening material. 

Based on the results of the research, the production and sales of magnesium 
catalyzed polyamide 6 containing graphite and conductive carbon black started. 

5. Summary 

Based on the survey of technical literature we have identified 35 additives used 
at injection molding and at natrium (sodium) catalyzed cast polyamide 6 to 
change certain characteristic. These materials would be suitable to reach the 
following goals mainly characterizing agricultural engineering practice: 

– better tribological properties – greater abrasive resistance, 
– improved electrical properties – antistatic or ESD characteristics 
– better flame-proofing, 
– improved mechanical properties – increased toughness, 

The main task was to select the efficient additives and work out the procedure 
(for example dispersing) needed to carry out the preliminary tests together with 
the production-developing company with the additives selected. We have 
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selected from these those additives which are capable to produce suitable 
composites with magnesium catalyzed cast polyamide 6 base material. Based on 
preliminary tests We have identified six additives to be used efficiently 
(softening material, molybdenum-disulfide, graphite, montmorillonite, 
conductive graphite and carbon black). 

We have worked out a complex material-testing and evaluation system 
according to as an aim set. Based on the system it can be determined whether an 
additive results suitable structural material for industrial requirements. We have 
set up an experimental plan being familiar with technical literature, the additives 
selected and the experimental system, which is suitable to determine the optical 
quantity of additives selected. We have machined out standard specimens from 
the cast composite box as a next step. Then we have carried out more than 2800 
standard tensile, flexural, Charpy-impact and Shore-D hardness test, we have 
produced SEM pictures and we have determined surface resistivity, abrasive 
tribological properties and carried out flammability tests. 

We have elaborated the measurement results by statistical methods then (for 
example: Young’s tensile modulus, formation in the function of the softening 
material content) which were unknown previously in case of using magnesium 
catalyzed, cast polyamide 6. Parallel with this we have also discovered the 
causes of changes following the effects of additives. 

We have evaluated the effects of certain additives taking into account more 
aspect based on the experimental system worked out. As a result of this we have 
determined the optimal quantities of additives in experimental circumstances 
given, which are the following: 3wt% graphite, 3 wt% conductive graphite, 
1wt% conductive carbon black, and 10 wt% and 15w% softening material. 
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Abstract 

This paper presents an experimental analysis to understand the limitations and 
significance of using vibration data to examine Vibration Based Damage 
Detection (VBDD) methods. The effects of boundary conditions on damage 
detection in FRP composite beams are considered. The approach used herein 
evaluates the resonance frequency shift as a function of the level of introduced 
damage. The results showed that the sensitivity of modal parameters were 
dependent on the boundary conditions, highlighted by the presence of resonance 
shift, change in mode shapes and damping ratios between an intact and damaged 
beam structure. Four different boundary conditions are implemented; namely 
simply supported (SS), fixed-fixed (FF), fixed-simply supported (FS), and fixed-
free (FFR) boundary conditions. The results showed that effect of boundary 
conditions had significant importance on the sensitivity of damage detection. 
Out of all considered boundary conditions simply supported (SS) boundary 
conditions proved to be most sensitive to damage.  

Keywords 

Vibration Based Damage Detections, FRP Composite, Experimental Modal 
Analysis  

1. Introduction 

A number of damage detection techniques are proposed in the literature to detect 
cracks and fault in a structure in order to decide the structure remaining life. 
Their uses and reliability have consequently become an important factor in the 
evaluation of the safety of any structure. Various engineers and scientists have 
devoted their time and efforts towards developing new, more reliable, efficient, 
and less tedious detection techniques.  

In general damage detection technique can be classified into two broad 
categories a) the vibration based damage detection methods, defined as global 
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methods (including direct and indirect methods), because they do not give 
sufficiently accurate information about the extent of the damage, but they can 
alert about its presence and define its precise location [Change et al., 2003]. (b) 
The local methods based on visual inspections and experimental tests of acoustic 
or ultrasonic methods, magnetic field methods, radiograph, and eddy-current 
methods were previously discussed [Doherty, 1987]. The local methods require 
access to the portion of structure to be inspected. 

Observation has shown that vibration-based identification technique to 
monitor structural integrity is sensitive to physical parameters [Farrar et al., 
1998], [Salawu, 1997], [Landrein et al., 2001].  A change in physical parameters 
of a structure results in change of its modal parameters; therefore, change in 
natural frequencies, damping ratios, mode shape vectors or related measures, i.e. 
mode shape curvatures or identified flexibility matrix, may indicate damage 
development in the structure, and the structural health condition.  

This paper presents an experimental verification to evaluate the effect of 
boundary conditions on damage detection in FRP beams. Since, it is difficult to 
distinguish between changes in modal parameters due to environment, damage 
or boundary conditions; it is worth investigating the effect of boundary 
conditions. The dynamic tests were carried on intact, fully bonded and partially 
bonded (damaged) beam, where the modal parameters were recorded for each 
case.  

2. Experimental Investigation 

FRP Composite beam description. The dynamic test was conducted using an 
intact, fully bonded and damaged FRP composite beam with different boundary 
conditions. The test beams were supplied by Strongwell Company and the 
manual (contain both mechanical and physical properties) provided by the same 
company was used as a reference during the course of this research [Strongwell 
Design Manual, 2002]. 

The three sets of beams mentioned above were used for this experimental 
investigation. Each set consisted of four beams. The first set had fixed-fixed 
boundary conditions at both ends, and the second set was simply supported, third 
had fixed-free supported, and the last had fixed-simply supported as shown in 
Figures 1. Each beam was made of FRP (Fibreglass Reinforced Polymer) beam 
of a cross-sectional area 0.03 m by 0.03 m with a length of 1 m. The mass of the 
beam was calculated as 3.812 gm. The FRP beam has the following properties: 
Young modulus is 210 mN107926.1 × , density equals to 3Kg/m1827 , and 
poison ratio is 0.3 [Strongwell Design Manual, 2002]. 

The dynamic behaviour of each beam was investigated in this study. The 
experimental procedure was carried out carefully to guarantee a high degree of 
accuracy.  
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Figure 1. Experimental setup of boundary conditions  

Damage Simulation with Adhesive Bonding. Most induced type of damage 
appears to be overload-crack damage and saw-cut damage. In this experimental 
work damage was simulated by bonding one side (out of four different sides) of 
the beam i.e. the beam with artificial crack at its mid-point. Several steps were 
taking to implement artificial damaged. The procedures and graphical views for 
artificial bonding are shown in figure 2.  
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Figure 2: Bonding of test beams; (i) Two FRP beams before bonding (ii)  

bonding process (iii) partially bonded beams 
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Two-part thixotropic epoxy adhesives were used in this experiment. The 
epoxy adhesive has two parts, which are mixed together at the ratio of 3:1 for 3 
minutes with mixing spindle until the material becomes smooth in consistency 
and has a uniform grey colour.  

Fully bonded beam and damaged beam– In this case two sections of FRP 
composite beam are bonded together from all four sides of the beam using epoxy 
adhesive (Sikadur-31). While damaged beam, only one-side of the beam was 
bonded with FRP strip as shown in figure 3.  

 
Figure 3. Fully-bonded and Partially-bonded beam specimen 

Experimental Testing. To simulate the effect of boundary conditions on the 
dynamic behaviour of the beam, two rigid steel supports were designed. The 
steel support, with 0.25 m height, 0.12 m length and 0.09 m breadth. These rigid 
steel supports were used to simulate the different boundary conditions on the 
beam ends (steel frame for fixed boundary condition and steel triangular shape 
for simply supported). The two support sides have bolts and nuts at the screw 
thread area as indicated in figure 1. To implement the fixed boundary condition, 
specimens were mounted on the steel support clamped in two positions as shown 
in figure 1, through a torque wrench to achieve accurate torque. For the case of 
simply supported boundary condition, composite beam specimens were mounted 
on the steel supported with extra triangle shape steel without preventing rotation. 

An impact hammer was used to excite the FRP composite beam. The clear 
length, i.e. the total length that remains after the beam attached to the steel 
support of the beam, is about m 82.0 and is divided into 9 points. The distance 
between each point on the beam is equivalent to m 10025.1 1−× . Two different 
triaxial accelerometers were used during this experiment, one being used as a 
reference, while the other one as a moveable. Triaxial accelerometers are 
intended for simultaneous measurement of vibration in three perpendicular axes. 
Trixial accelerometer has average weight of kg 0367.0  . The connection cable 
pointed toward y (horizontal) & z (vertical) – directions of the signal analyzer to 
each accelerometer that is all response measurements were toward vertical 
direction of the beam. The moveable accelerometer positions were located at 1/8 
intervals of the span starting from support of the composite beam.  

For data acquisition the LDS-Dactron Phazer dynamic signal analyzer and the 
LDS-Dactron RT Pro [RT Pro Version 6.0, 2004] were used to record the 
dynamic response at 5000 Hz sampling frequency. All vibration data acquired 
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are imported to SPICE [Peeters and De Roeck, 1999] to process the acquired 
modal parameters such as frequencies, damping ratio and mode shapes.  

3. Results 

The results in terms of natural frequencies and damping ratios for intact and 
damage beam are presented in Table 1.  

There was a clear indication of relative drop in natural frequency shift for 
damaged beams for each mode due to artificial damaged introduced as indicated 
in Table 1. It is clear from all indication that different boundary condition 
produced different changes in modal parameters which attribute an importance 
to damage indication.  

Table 1. Comparison between Experimental Results of Intact and damaged beams 
for SS, FF, FFR and FS Boundary Conditions 

1st three modes [Hz] Damping Ratio Boundary 
Conditions Intact Damaged Diff % Intact Damaged Changes 
SS-          f1
               f2
               f3 

144.63
534.45

1019.36 

20.36 
525.87 
690.44 

85.74 
1.6 

32.27 

3.7 
3.7 
5.0 

4.1 
4.7 
5.2 

9.7 
21.28 
3.65 

FF-         f1
               f2
               f3 

308.26
765.75

1298.17 

232.68 
680.56 
1230.01 

24.52 
11.13 
5.25 

3.1 
4.4 
4.7 

3.7 
4.5 
5.9 

8.8 
2.22 

20.55 
FFR-      f1
               f2
               f3 

53.004
315.00
784.68 

19.98 
127.35 
609.46 

62.30 
59.57 
22.33 

1.9 
2.3 
2.6 

2.3 
3.3 
3.9 

15.79 
30.30 
33.33 

FS-         f1
               f2
               f3 

220.66
650.59

1301.83 

140.85 
568.98 
1408.01 

37.17 
12.5 
8.16 

5.7 
6.9 
7.2 

6.7 
6.9 
7.4 

17.91 
0 

2.7 
 
 
For example, the case of fixed-fixed boundary conditions – the natural 

frequencies for composite FRP beam decreased from 308.26 Hz for mode 1 to 
232.68 Hz. For mode 3 it was seen a slight decreased in the natural frequency 
compared to mode 1.  The relative decrease in natural frequency compared to the 
intact condition for the beam ranges 24.54% for mode 1 to 5.25% for mode 3. 
These are also the case for every other boundary condition investigated 
experimentally. There are changes in value of frequency response due to damage 
since natural frequencies are determined by the boundary conditions of a system. 
It was observed from the results that changes in boundary conditions will have 
effect on the structural damage scenarios examined. 

The existing study has presented that changes in the modal parameters 
(damaged effect) may not be the same for each mode and each boundary 
conditions. For example, in the case of damping, FF boundary conditions, it can 
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be seen that for mode 1 the change is 8.8% and mode 2 is 2.22% but mode 3 
demonstrated a bigger difference of 20.55%. The SS boundary condition at 
mode 3 dropped in percentage changes to 3.65%. The frequency shifts in the 
case of SS boundary conditions are also very significant from other boundary 
conditions, which seems that, the SS boundary more sensitive to damage out of 
all the boundary conditions. There is a reduction in percentage different in 
damping ratios at SS boundary condition for the case of mode 3 which can be 
considered to be less accurate result. 

4. Conclusion 

The effect of boundary conditions on vibration based damage detection in FRP 
composite beam is studied. The boundary conditions considered are simply 
supported, fixed-fixed, fixed-free and fixed-simply supported. Particular damage 
scenarios were applied to the beam model by bonding a side of the beam and 
leave the other parts unbonded to induce artificial damage. The dynamic 
identification tests were performed with the aim of using the modal parameters 
to assess damage in beam structure. The evaluation of the variation in the modal 
parameter due to the effect of boundary conditions was carried out. The results 
show that the influence of simply supported boundary conditions on 
measurements or vibration data have great impact on modal parameters. In other 
words the result from this work indicated that simply supported boundary is 
more sensitive to damage in comparison to other three boundary conditions: 
fixed-fixed, fixed-free and fixed-simply. Boundary condition effect is one of the 
factors of change in dynamic properties, therefore boundary condition effects 
should be considered, when using VBDD technique.  
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Abstract 

Tribological behaviour – friction, wear and lubrication – of machine elements 
highly depend on the operating state and also the original topography of working 
pair. Nowadays – beyond the parameter based technique – two dominant 
research trends can be observed in surface roughness characterisation. One is the 
technique when the local features of topographies are characterized based on the 
identification of asperities and scratches, while the other is the “global” surface 
characterisation method using complex mathematical tools. 

In our study surface roughness measurements were performed. The roughness 
and waviness of the surface microtopographies can be filtered and differentiated 
by three dimensional Fourier analysis. 

The aim of this study was to define the dominant and specific wavelengths of 
microtopographies in two main directions. 

Keywords 

Fourier, filtering method, roughness characterization, wavelength 

1. Introduction 

In the past decades researchers provided experts involved in surface 
microtopography research with a number of tools and methods to characterize 
the machined surface. At the same time, this knowledge is utilized only a small 
degree in the engineering practices [1]. Nowadays engineers use only a filtered 
data for the characterisation of the surface microtopography. The most applied 
filtering methods has prepared the roughness profile from the measured profile 
by traditional mathematical background. These methods – e.g. 2RC or Gauss 
filter - made by electronic or statistic models with transfer function depend on 
cut off wavelength [Varga et. al., 2011, Horváth 2008]. 

In the present study Fourier analysis were performed to examine specific and 
dominant wavelength  of the profiles of the measured microtopography. 

Investigated topographies 
The first pert of investigation was the turned and short blasted surfaces. The 
turning surface microtopography has been an orientation by feeding of the 
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manufacture. The other surface has no orientation. In all cases 1 by 1 mm 
surface topography was measured with 2 µm sampling in both directions. 
Measurements were performed in Mahr Perthometer Concept stylus instrument. 
Table 1. summarize the roughness parameters of the surfaces and Fig.1 shows 
the microtpographies: 

Table 1. Roughness parameters of the investigated topographies 

Machining technique Sa Sq Sz 
turning 0.98 µm 1.18 µm 6.75 µm 
Short blasting 4.86 µm 6.18 µm 47.56 µm 

 
(a) (b) 

Figure 1.a,b The short blasted and turned microtopography 

Mathematical method of the characterisation of special wavelength 
The wavelength  based characterization method developed by Fourier 

transformation. The discrete transformation made as follows: 
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There are two possibilities of showing results. One is to represent the 
amplitude of PSD in the function of wavelength. The other prevalent method is 
logarithmic scale frequency-PSD amplitude visualization. The practical gain of 
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the first method is that dominant wavelength components appear as a maximum 
point of the PSD curve. In the second method the height frequency range of the 
curve can be approximated by a line. The slope of the line is in correlation with 
the fractal dimension of surface. In the latter case, wavelengths smaller than the 
highest dominant wavelength plays a considerable role. PSD amplitude becomes 
constant – the self-affinity character of the profil disappears – in a lower 
wavelength range. The slope of fitted line to PSD curve has correlation with 
fractal dimension (Stout et. al.,1993). 

Results 
The (1) and (2) equation was accepted all of the measured profiles of the surface 
microtopography. The results of analysis is the short blasted  case are 
summarised in Figure 2.a,b and the turning case are summarised in Figure 3.a,b. 

 
(a) (b) 

Figure 2. a,b The wavelength distribution in two direction  

  
(a) (b) 

Figure 3.  The wavelength distribution a., in parallel on and b., 
in  perpendicular of machining direction 
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As the Figure 1.a.,b. and Figure 2.a.,b. shows, the PSD amplitude is different 
the two perpendicular directions. In the case of surface microtopography with no 
direction the bigger PSD amplitude belongs to different wavelength in both of 
the direction of analysis (Barányi, 2009). The short blasted surface has not a 
characteristic main wavelength which determines a turnting wavelength of the 
filtering method. The usable filtering wavelength can lost some information for 
the roughness profile or the waviness profile. 

In the case of orientated surfaces the PSD amplitude is different in the two 
main directions. In the perpendicular of machining direction the maximum of the 
PSD amplitude can be found in same wavelength and this value is equal with the 
feed of the turning (Fig. 4.). In the parallel direction the values of the Fig.3.a. 
diagram are smaller than the Fig 3.b. In this direction can be found main 
waviness for all of the profiles.  

 
Figure 4. The wavelength distribution in perpendicular of machining direction 

2. Conclusions 

In the measurement practice the roughness measuring proposes only a few 
directive for the three dimension filtering methods. The most procedures apply 
traditional mathematical methods for filtering and these methods have a special 
characterisation. The Fourier method gives information for the waves of the 
profile and the researcher can decide the value of the cutting wavelength. With 
this model can be filtering the special parts of the microtopography. For this 
mathematical method researchers can be use the special characteristic of the 
Fourier based filtering. 

Nomenclature 

Sa  average roughness  µm  
Sq root mean square roughness µm 
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Sz max height of surface µm 
qx frequencies in x and y directions kHz 
z(xi) height coordinate located in xi µm 
M number of points in profile -- 
∆x sampling distances µm 
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Abstract 

Taking in account the lower values of classical wormgear efficiency, the study 
of wormgears with rolling elements is important. The paper presents theoretical 
and experimental results regarding the efficiency values in various functional 
conditions. 
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1. Introduction 

Increasing the efficiency of worm gears has been a long time preoccupation of 
specialists in gears. Over time, innovations were found, such as the 
Buckingham-Ryfel solution, Litvin-Niemann solution or constructive solutions 
for ameliorating of the friction conditions. 

One of these solutions is using rolling elements between active surfaces of the 
worm gear. It is possible to change sliding friction with rolling friction, which is 
more favorable. 

This paper presents the experimental results obtained by the authors testing 
the efficiency of a worm gear with rolling elements. 

2. Theoretical aspects of worm gear efficiency 

The theoretical study of rolling and sliding worm gears was made taking in 
account the real and specific conditions in the experimental work (load, speed, 
dimensions range, materials and lubrication).  

For the both of variants (sliding worm gear and rolling worm gear) we 
considered mineral grease RUL 100 Ca3 STAS 1608. For the rolling worm gear 
we had following dates: 

– the balls’ surface roughness was Rz 0.4µm, 
– the worm’s rolling way roughness - Rz 1.6µm, 
–  the wheel’s rolling way roughness - Rz 1.6µm,  
– the balls’ diameter 9.525mm,  
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– the helix angle’s variation is in the experimental determined range – 
4°…6°,  

– the contact angle between balls and rolling ways - 40°,  
– the same active balls number, 
–  the rolling circle in the strangulation section - d01=40mm,  
– the wheel’s rolling circle - d02=96mm,  
– elastic modulus of the rolling ways and balls - E=2,3x105MPa. 

The calculus of efficiency was made with formula (1): 
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The theoretical calculus of the efficiency with (1) must take the friction 
coefficient for the real conditions in which the experimental work passed and 
contact type in the two situations: rolling contact and sliding contact. Calculus 
for these conditions was made pursuant to [7], [8], [9] in MathCAD. 

The calculated efficiency for the rolling solution, for three revolutions, is 
presented in figure 1, in concordance with the experimental loaded range. 

The friction coefficient’s variation is presented in figure 2. We can observe 
that we have a continuous decreasing curve. 

3. Experimental results and conclusion 

 
Figure 1. 
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Figure 2. 

The experimental results are synthesized in figure 3. Figure 3b presents the 
variation of the rolling worm gear with load and the worm gear’s revolution 
variation. 

We can observe the correspondence between the experimental curve and the 
theoretical curves, which show efficiency variation for applied load domain. In 
the experimental case we also obtain the increasing of the efficiency value. 

If we analyze figure 3a and figure 3b, it’s evident that the efficiency values 
for rolling worm gear is greater. Also, it’s possible to see that we obtained 
different variations in the efficiency curves for rolling and sliding gears. 

 
 

(a) (b) 

Figure 3. 
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If we compare figure 3 and figure 1, we have the confirmation of the obtained 
experimental curve’s tendency. Both situations have the same tendency for 
efficiency increasing in correlation with entrance revolution. The tendency is 
explicable due to better lubrication conditions at greater rev.  

The low values for efficiency are explicable by a little helix angle and low 
sliding speeds. For such values, we have some examples in [5], [6], [7]. 
Therewith we have a decrease in efficiency with the decreasing of revolution. 
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