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ABSTRACT

In the present paper the influence of the friction and material
modelling on the results of the Finite Element simulations of machining
is investigated. An orthogonal cutting model is proposed, which
incorporates Coulomb’s friction law. The validity of this model is tested
against similar experimental and numerical results from the relevant
literature and the influence of the friction coefficient is investigated.
Then, a second model, with a friction model based on Zorev’s stick-slip
theory, is prepared and compared to the first one. Furthermore,
simulations with Johnson-Cook material model for both kinds of friction
modelling are presented and compared to the other models. The results
of the different kinds of models although exhibit small discrepancies
between models’ results such us cutting forces, affect temperatures and
chip morphology.

© 2015 Published by Faculty of Engineering

1. INTRODUCTION

Analytical models, statistical

methods [1],

the vast number of publications on this subject
as well as the modelling novelties introduced
and used, even by the fact that software

numerical modelling and especially the Finite
Element Method (FEM) are widely used for the
analysis and the prediction of the cutting
performance in machining operations [2,3].
Simulations of orthogonal cutting using the finite
element method have a background of about
three decades [4,5]. With the increase of
computer power and the existence of
commercial FEM software, this method has
proved to be the favourite modelling tool for
researchers of the field. This is established by
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dedicated solely for the purpose of cutting
modelling exist. Results of the aforementioned
analyses are important values such as cutting
forces or temperatures on cutting tool and
workpiece that are very hard to be
experimentally = measured or  predicted
otherwise.

The success of an orthogonal cutting FEM model
depends on many parameters such as the model
formulation used, mesh, element types and
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boundary conditions applied, and the use of
modelling techniques such as adaptive meshing
and chip breakage characteristics [6]. However,
of great importance in order to produce a sound
and realistic simulation are the friction and the
material laws applied to the model. Friction
modelling at the secondary deformation zone, at
the chip and the tool rake face interaction area,
is of importance when machining modelling is
studied. In machining operations there are
severe contact conditions between the tool and
the chip, especially for turning operations that
the interaction between those two elements is
long. Many researchers claim that the
discrepancies between experimental and FEM
results are attributed to failure of providing an
adequate friction model. Friction characteristics
in the tool-chip interface are difficult to be
experimentally determined; few methods, e.g.
pin-on disc friction test, are available to identify
friction parameters. In cutting operations,
matters are perplexed due to phenomena taking
place at the tool chip contact area; strain
hardening and thermal softening are
mechanisms acting simultaneously while the
role of cutting fluids is to be studied too.

Material modelling pertains to the flow
characteristics of the workpiece material and the
corresponding equations to be included in the
FEM model. These constitutive equations
describe the flow stress or instantaneous yield
strength at which work material starts to
plastically deform or flow; the elastic strains are
much lower than plastic strains in metal cutting
and so workpiece material flows plastically into
the cutting zone. Machining conditions subject
workpiece material to high levels of strain,
strain rate and heat which greatly influence flow
stress. In the primary zone strain and
temperature ranges from 1-2 and 150 °C - 250 °C
respectively and in the secondary deformation
zone from 3 to much higher and 800 °C - 1200
oC, while strain rates reach values of up to 2x104
sl and 105 st in the two zones [7]. Lack of data
for high stresses, strain rates and temperatures
as the ones encountered in machining is a major
drawback. In many cases the constitutive data
are taken from standard tension tests that are
not sufficient for machining processes. Dynamic
experimental material tests such as Split
Hopkinson Pressure Bar (SHPB) impact testing
is employed. However, the results are not
sufficient for the deformation behaviour of

metals, especially in high speed machining;
values beyond test results are calculated by
interpolation. Astakhov and Outeiro criticized
the use of SHPB results in machining [8]. They
argue that the available data are not from
specialized laboratories, generally speaking
SHPB requires special equipment and it is not
clear how to correlate uniaxial impact testing
results of SHPB with materials that are triaxially
stressed, as in metal cutting. Other tests used are
torsion tests, compression ring tests and
projectile impact tests [9].

The aim of this study is build a FEM model of
orthogonal cutting, the validity of which is to be
tested with models and experimental data
already published, and then two different
friction models, namely Coulomb and Stick-slip
friction model will be applied. The former classic
model is well known and extensively used in the
relevant bibliography due to its simplicity [10].
However, it has been criticized by many
researchers. The latter is based on Zorev’s
theory and it assumes a transitional zone within
some distance from the tool tip that is the onset
of the transition from sticking to sliding region
and is also popular among researchers [11].
Furthermore, two different material model
schemes are used. In the first model, workpiece
material properties are incorporated into the
model from the available software data [12]. In
another approach, the Johnson-Cook model is
inserted into the simulation and results are
compared [13].

For the aforementioned models a commercial
FEM software was used, namely MSC Marc®.
Different models with varying friction and
material characteristics were studied and
cutting forces, temperatures and chip geometry
were compared. The results of the analysis
exhibit that the models show little discrepancies
in numerical results.

2. FINITE ELEMENT MODELING

For the analysis, a 2D orthogonal cutting finite
element model is developed with the aid of the
commercial FEM code MSC Marc®. Although
there are commercial FEM codes specially
designed for simulating machining operations,
e.g. Third Wave AdvantEdge®, this particular
software allows only Coulomb friction modeling;
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for the purposes of the present analysis MSC
Marc® was considered more suitable. The
proposed model is a coupled thermo-mechanical,
Lagrangian one. For chip formation there is no
need for a separation criterion; however, when a
predefined threshold value of tool penetration
occurs, remeshing is applied With the
aforementioned technique, chip formation is
performed smoothly and no large distortions of
the original mesh are allowed. The workpiece
material properties are imported into the model
from the code’s database; flow curve is inserted in
the form of strain, strain rate and temperature
depended tables.

In order to compensate for the thermal softening
effect, low cutting speed and feed rate are
applied. Furthermore, no cutting fluid is
considered. The cutting conditions incorporated
into the model are feed rate of f=0.05 mm/rev, a
cutting speed of 125 rpm and depth of cut a=1.45
mm. Workpiece material is C15 steel The cutting
tool is modeled as rigid made of high speed steel
with rake angle of a=25¢, clearance angle of 5°
and edge radius of r=0.002 mm. The workpiece
model is 2 mm long and 0.5 mm high. In the
beginning of the analysis it possesses 400 4-
noded elements and 451 nodes, while with the re-
meshing procedure it reaches 5000 elements.
The selected workpiece and tool geometries and
cutting conditions are similar to the ones
presented in [12]. Thus, the obtained numerical
results of the proposed model can be compared
to the experimental and numerical results
presented in another study.

For the model of this section, the case of classical
friction situation following Coulomb’s law is
assumed; frictional sliding force is proportional
to the applied normal load. The ratio of these two
is the coefficient of friction p which is constant in
all the contact length between chip and tool The
relation between frictional stresses T and normal
stresses may be expressed as:

7= po (1)

The friction coefficient is taken as 0.4 constant
throughout the analysis in all the contact length.
In Fig. 1, the strain rate in the workpiece and the
chip can be observed. Furthermore, the chip
morphology can be seen.
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Fig. 1. Plastic strain in workpiece and chip.

In Fig. 2 the cutting force component for the
experimental and FEM results of [12] and the
FEM results of the proposed model are depicted.
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Fig. 2. Cutting force results.

By comparing the values of the forces it can be said
that they are in good agreement. The same cannot
be said for the thrust force components. Both
numerical results from [12] and the model of this
paper are incomparable to the experimental one.
More specifically, the thrust force was measured to
be 50N while the predicted values of the model
from reference [12] and the proposed model are
9N and 12N, respectively. The failure to accurately
predict both force components is attributed to two
different reasons. In the first case, it is argued and
backed-up  with  experiments that the
discrepancies between modelling and
experimental results lay with the materials and the
conditions and not with the failure of software to
simulate machining. It is agreed that cutting and
thrust forces are not correctly predicted at the
same time, the latter being underestimated [14]. In
the second case, the discrepancies are attributed to
inadequate workpiece material or contact
conditions modelling. The workpiece material
modelling may not work well at high stresses,
strain rates and temperatures as the ones
encountered in machining and Coulomb’s law may
not describe well the friction conditions in the
chip-tool interface.
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3. RESULTS AND DISCUSSION

3.1 Friction modelling

Modelling and simulation is of great importance
in engineering [15,16]. Similarly, the evaluation
of friction models in machining has been the
topic of a number of publications. In a reverse
engineering approach, five different friction
models were tested and the results were
compared against experimental results to decide
which friction model is the most suitable [17].
The results were best when friction models with
variable shear stress and coefficient of friction
were incorporated with the finite element
models. Furthermore, an ALE model was used to
measure the influence of friction models on
several parameters [11]. On the implementation
of the stick-slip model it is concluded that a
major disadvantage is the uncertainty of the
limiting shear stress value. In another work [18],
five different friction models were analyzed and
the investigators concluded that mechanical
result, e.g. forces, contact length, are practically
insensitive to friction models, as long as the
“correct” friction coefficient is applied, while on
the other hand, friction modeling greatly affects
thermal results. In [19] an improved friction law
formulation is suggested where the constant
friction coefficient is replaced by one which
increases with plastic strain rate. Another
parameter, which is closely connected to friction
and FEM modeling, the contact length, is
analyzed in [20]. Several contact length models
utilized in the prediction of contact length in
machining are analyzed. It should be noted that
several papers presume frictionless contact in
the chip-tool interface. Finally, it is observed that
in several experimental data provided in the
relevant literature, friction coefficients are well
above the value of 0.577; above this value no
relative motion at the tool-chip interface can
occur [21]. It is assumed [22] that friction
coefficients above 1 need the strongest levels of
adhesion between asperities and the tool; these
conditions may be encountered at the newly
formed chip and at high temperatures as those
in the chip-tool interface.

In this section the model of section 2 is used
with various friction coefficients. All cutting
conditions, workpiece and tool geometries and
model parameters are kept the same except
friction coefficient, in order to evaluate its effect

on model results. In Table 1 the cutting and
thrust force components and temperatures are
presented.

Table 1. Influence of friction coefficient on force
components and maximum temperature.

Model | Friction | Cutting | Thrust | Temperature
No. factor force force [oC]
[] [N] [N]
1 0.2 63 24 350
2 0.4 69 12 544
3 0.5 70 11 558
4 0.7 77 4 603

From the results of Table 1 it can be concluded
that with increasing friction coefficient cutting
forces and temperatures increase while thrust
forces decrease. It can also be said that thrust
forces and temperatures are affected more than
cutting forces. In all the models tested, the chip
morphology is marginally affected, resembling
the chip of Fig. 1, corresponding to model
number 2 in Table 1.

However, as the normal stresses increase and
surpass a critical value, Coulomb’s equation fails
to give accurate predictions. From experimental
analysis it has been verified that two contact
regions may be distinguished in dry machining,
namely the sticking and the sliding region.
Zorev's stick-slip temperature independent
friction model is the one commonly used [23]. In
this model there is a transitional zone with
distance ¢ from the tool tip that signifies the
transition from sticking to sliding region. Near
the tool cutting edge and up to ¥, i.e. the sticking
region, the shear stress is equal to the shear
strength of the workpiece material, k, while in
the sliding region, the remainder of the contact

length ¢, the frictional stress increases
according to Coulomb’s law.
This can be formulated as:
k0O<¢</4,
T= (2)
Ho bl <l

In order to implement this equation to the
model, experimental results from the literature
and the theory are followed [11], [18]. More
specifically, for the sticking region the shear
friction factor m is calculated as the quotient of
the frictional shear stress to the shear flow
stress of work material at the tool-chip interface.
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Shear friction factor is constant in the sticking
region; for the sliding region Coulomb’s friction
law is applied with a value for friction coefficient
equal to 1, calculated by:

_R+Ftana

 F,-F tana (3)

A model is constructed with the above
mentioned characteristics and with shear
friction factor equal to 0.4. In Fig. 3 the chip
morphology and the plastic strain on workpiece
and chip are depicted. The cutting force and
thrust force components are calculated as 74 N
and 7 N respectively and the temperature is
estimated at 628 °C.

Fig. 3. Chip morphology and plastic strain.

Although the chips in Figs. 2 and 3 are at the
same cutting length from the right corner of the
workpiece, it can be seen that the first one is
significantly more curved than the second.
Furthermore, the cutting force component is
slightly higher, at about 7 %, while thrust force
component is almost half. It is worth noticing,
that the thrust force in this model has also the
opposite direction from the related force
component of the model of the previous section.
Temperature is also about 15 % higher in the
model with stick-slip friction conditions.

Additionally, two models are constructed with two
different values of shear friction factors, namely
with values 0.2 and 0.6. The results on cutting
force. components and maximum cutting
temperature are shown in Table 2.

Table 2. Influence of shear friction factor on force
components and maximum temperature.

Model | Friction | Cutting Thrust | Temperature
No. factor force force [eC]
[-] [N] [N]
5 0.2 62 -14 341
6 0.4 74 -7 628
0.6 86 25 887
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In the thrust force column the minus sign in the
first two values denotes the opposite direction of
the forces in comparison to the third value.
Figure 4 shows the experimental value of the
cutting force in comparison to the predicted
values of the same component with Coulomb
friction model and stick-slip friction model,
namely of model number 2 and model number 6.
Although results are not directly comparable,
due to different modelling conditions, it can be
seen that the second model overestimates the
value of the cutting force; however, differences
are quite small.
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Fig. 4. Comparison of cutting force results.

Figures 5 (a) and (b) show the stresses in the
primary and secondary deformation zones for
model with (a) Coulomb friction and (b) stick-
slip friction considered. In the same Figures, the
re-meshing procedure, especially near the

cutting tip, can be observed.

(b)

Fig. 5. Stresses in the primary and secondary
deformation zone when (a) Coulomb (u=0.4) and (b)
stick-slip (m=0.4) model is considered.
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It can be seen from the Figures and it was
measured from the models that the second chip
is thicker, namely 0.1 to 0.08 mm in comparison
to the first chip. Furthermore, the second chip
presents higher contact length with the cutting
tool in comparison to the second one, 0.08 to
0.06 mm respectively. Both these observations
are anticipated and attributed to the friction
model used.

3.2 Material modelling

Although many constitutive equations have been
employed for the case of metal cutting, only
some are discussed here. The first is the relation
by Usui, Maekawa and Shirakashi [24,25]:
_m
PR M
1000 1000 Path 1000

N

(4)

In this equation B is the strength factor, M is the
strain-rate sensitivity and n the strain hardening
index, all functions of temperature T, and k and
m are constants. The integral term accounts for
the history effects of strain and temperature in
relation to strain-rate. In the absence of these
effects, equation (4) is reduced to [26]:

& ™ |
= 5
7 BLOOO} ¢ (>)

Oxley suggested a relation for carbon steel as [27]:

o =0" (6)

with o; the material flow stress for e=1 and n is
the strain hardening exponent.

As pointed out in section 2, material properties
for the model are taken from the software
database. However, when the limits of the data
range are surpassed, the program uses the data
at the extreme instead of performing an
extrapolation or using an analytical formula. In
this section a model is built with the material
following the Johnson-Cook model [28]. The
equation consists of three terms the first one
being the elasto-plastic term to represent strain
hardening, the second is viscosity, which
demonstrates that material flow stress increases
for high strain rates and the temperature
softening term; it is a thermo-elasto-visco-
plastic material constitutive model, described as:

o-:(A+ Be”{1+c In(iﬂ 1—( T-Ta j (7)
€o Tm _Ta

where &,is the reference plastic strain rate, Tq

the ambient temperature, T, the melting
temperature and 4, B, C, n and m are constants
that depend on the material and are determined
by material tests [29,30] or predicted [31].

Two models with Johnson-Cook material model,
one considered with Coulomb and the other with
stick-slip friction are built and the results of the
maximum cutting and thrust forces and
temperature are tabulated in Table 3.

Table 3. Influence of the Johnson-Cook model on
force components and maximum temperature.

Cutti Thrust
Model Friction fl; rlr;g fo?clz Temperature
No. model oC
N | N rd
Coulomb 66 12 401
Stick-slip 74 -7 546

Model number 8 in Table 3 is similar to model
number 2 of Table 1 and model number 9 is
similar to model 6 of Table 2, with only
difference that models 8 and 9 are considered
with Johnson-Cook material modeling. It can be
seen that the corresponding models present only
marginal discrepancies, if any, pertaining to
cutting and thrust forces. However, it is worth
noticing that in both cases, the maximum cutting
temperatures are quite lower when Johnson-
Cook model is used. In Fig. 6 the maximum
cutting forces and temperatures for models
number 2, 6, 8 and 9 are shown together for
comparison of the results.

700

600

500
400
300
200
100

401

6.6 '74
Model 2

Model 8

M Cutting Force [N]

B Temperature [C]

Model 6 Model 9

Fig. 6. Cutting forces and temperatures in selected
models.
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e 19012
Time: 3.0240-003

Fig. 7. Chip morphology and plastic strain in the
simulation with Johnson-Cook material model.

In Fig. 7, plastic strain and chip are shown for
model number 8. Chip morphology and strain
contours appear to be similar between models 2
and 6 to 8 and 9, respectively.

4. CONCLUSION

In this paper the effect of two commonly used
friction modeling approaches and two different
material modeling proposals in Finite Element
results was investigated. First, a 2D thermo-
mechanical FEM model of orthogonal cutting
was prepared and validated with experimental
and numerical results from references with
similar cutting conditions and geometrical
characteristics. This model included the rather
simple but commonly used Coulomb law for
friction. Then, four similar models, but with
different friction coefficients, were constructed
and the influence of the coefficient on the
predicted results was investigated. It was
concluded that the variation of friction
coefficient differentiates results and affects
thrust force component and temperatures more
than it affects cutting force.

Another friction modeling scheme that is usually
encountered in orthogonal cutting FEM
simulations is the one based on Zorev’s stick-slip
theory. Three more models were prepared
based on the above mentioned theory and
variations were observed not only on the force
components values and maximum cutting
temperatures but also on the chip flow and form.
Once again it was found that friction modeling
affects thrust force and temperatures more than
cutting force; the same conclusions are found in
other papers, too [11], [17]. Then, a new model,
where the Johnson-Cook material model is
incorporated was prepared. Similar conclusions
were drawn pertaining to material modeling;
temperatures are mostly affected by the
application of this change in the model.
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It is finally concluded that, at least in the case
investigated here with low cutting speed and
feed rate and without use of cutting fluid,
friction and material modelling do not
significantly affect the predictions of cutting
forces. However, temperatures, especially in the
region close to the cutting tool tip where
maximum values are observed, are affected by
the selection of friction coefficient, friction and
material modelling applied.

Acknowledgement

The authors would like to thank Dipl.-Ing. K.R.
Bourbakis for his help in running the simulation
models.

Note

The present paper is a revised and extended version
of a paper presented at the 8t International
Conference on Tribology - Balkantrib '14, held in,
Sinaia, Romania, 30/10 - 01/11, 2014.

REFERENCES

[1] D. Lazarevi¢, M. Madi¢, P. Jankovi¢ and A.
Lazarevi¢, 'Cutting Parameters Optimization for
Surface Roughness in Turning Operation of
Polyethylene (PE) Using Taguchi Method',
Tribology in Industry, vol. 34, no. 2, pp. 68-73,
2012.

[2] K.-D. Bouzakis, 1. Mirisidis, S. Hadjiyiannis, G.
Skordaris, N. Michailidis, G. Erkens and R.
Cremer, 'Improved Coating Properties and
Optimized Substrate Data, Essential Conditions
for High Performance Cutting Tools', Tribology
in Industry, Vol. 25, No. 1&2, pp. 3-19, 2003.

[3] K.-D. Bouzakis, M. Pappa, S. Gerardis, G.
Skordaris and E. Bouzakis, 'PVD Coatings’
Strength Properties at Various Temperatures by
Nanoindentations and FEM  Calculations
Determined’, Tribology in Industry, vol. 34, no. 1,
pp. 29-35, 2012.

[4] J. Mackerle, 'Finite-element analysis and
simulation of machining: a bibliography (1976-
1996) ', Journal of Materials Processing
Technology, vol. 86, pp. 17-44, 1999.

[5] J. Mackerle, 'Finite element analysis and
simulation of machining: an addendum A
bibliography (1996-2002)', International



[11]

[12]

[14]

A.P. Markopoulos et al,, Tribology in Industry Vol. 37, No. 4 (2015) 440-448

Journal of Machine Tools and Manufacture, vol.
43, pp. 103-114, 2003.

A.P. Markopoulos, Finite Element Method in
Machining Processes, SpringerBriefs in Applied
Sciences and Technology/Manufacturing and
Surface Engineering, Springer, 2012.

S.P.F.C. Jaspers and ].H. Dautzenberg, 'Material
Behaviour in Metal Cutting: Strains, Strain Rates
and Temperatures in Chip Formation', Journal of
Material Processing Technology, vol. 121, pp.
123-135, 2002.

V.P. Astakhov and ].C. Outeiro, 'Metal Cutting
Mechanics, Finite Element Modelling', in J.P.
Davim (Ed): Machining: Fundamentals and
Recent Advances, Springer-Verlag Limited, pp. 1-
27,2008.

S.M. Athavale and ].S. Strenkowski, 'Finite
Element Modeling of Machining: From Proof-of-
Concept to Engineering Applications', Machining
Science and Technology, vol. 2, no. 2, pp 317-
342,1998.

T.D. Marusich and M. Ortiz, 'Modelling and
Simulation of  High-Speed Machining',
International Journal for Numerical Methods in
Engineering, vol. 38, pp. 3675-3694, 1995.

PJ. Arrazola and T. Ozel, 'Investigations on the
Effects of Friction Modeling in Finite Element
Simulation of Machining', International Journal
of Mechanical Sciences, vol. 52, pp. 31-42, 2010.

H. Bil, S.E. Kili¢ and A.E. Tekkaya, 'A comparison
of orthogonal cutting data from experiments
with three different finite element models’,
International Journal of Machine Tools and
Manufacture, vol. 44, pp. 933-944, 2004.

S. Szabé and ]. Kundrak, 'Investigation of
residual stresses in case of hard turning of case
hardened 16MnCr5 Steel', Key Engineering
Materials, vol. 581, pp. 501-504, 2014.

T.H.C. Childs and R. Rahmad, 'The effect of a
yield drop on chip formation of soft carbon
steels', Machining Science and Technology, vol.
13, pp. 471-487, 2009.

F. Franek, G. Vorlaufer, W. Edelbauer and S.
Bukovnik, 'Simulation of Tribosystems and
Tribometrology', Tribology in industry, vol. 29,
no. 1&2, pp. 3-12, 2007.

A. Belhocine, A.R. Abu Bakar and M. Bouch,
‘Numerical Modeling of Disc Brake System in
Frictional Contact', Tribology in Industry, vol. 36,
no. 1, pp. 49-66, 2014.

T. Ozel, 'The influence of friction models on
finite element simulations of machining',

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

International Journal of Machine Tools and
Manufacture, vol. 46, pp. 518-530, 2006.

L. Filice, F. Micari, S. Rizzuti and D. Umbrello, 'A
critical analysis on the friction modelling in
orthogonal machining', International Journal of
Machine Tools and Manufacture, vol. 47, pp.
709-714, 2007.

T.H.C. Childs, 'Friction modelling in metal
cutting', Wear, vol. 260, pp. 310-318, 2006.

S.A. Igbal, P.T. Mativenga and M.A. Sheikh,
'Contact length prediction: mathematical
models and effect of friction schemes on FEM
simulation for conventional to HSM of AISI 1045
steel’, International Journal of Machining and
Machinability of Materials, vol. 3, bo. 1/2, pp. 18-
33,2008.

V.P. Astakhov:
Elsevier, 2006.

T.H.C. Childs, K. Maekawa, T. Obikawa and Y.
Yamane: Metal machining: theory and
applications. Elsevier, 2000.

Tribology of metal cutting.

N.N. Zorev, 'Interrelationship between shear
processes occurring along tool face and on shear
plane in metal cutting', in Proceedings of the
international research in production engineering
conference, ASME, New York, pp. 42-49, 1963.

E. Usui, K. Maekawa and T. Shirakashi,
'Simulation Analysis of Built-up Edge Formation
in Machining Low Carbon Steels’, Bulletin,
Japanese Society of Precision Engineering, vol.
15, pp. 237-242,1981.

K. Maekawa, T. Shirakashi and E. Usui, 'Flow
Stress of Low Carbon Steel at High Temperature
and Strain Rate (Part 2)', Bulletin, Japanese
Society of Precision Engineering, vol. 17, no. 3,
pp- 167-172,1983.

T.H.C. Childs, A.M.W. Otieno and K. Maekawa,
'The Influence of Material Flow Properties on
the Machining of Steels', in Proceedings of the
Third International Conference on the Behaviour
of Materials in Machining, Warwick, pp. 104-
119, 1994.

P.L.B. Oxley, The Mechanics of Machining: An
Analytical Approach to Assessing Machinability,
Ellis Horwood, 1989.

G.R. Johnson and W.H. Cook, 'A Constitutive
Model and Data for Metals Subjected to Large
Strains, High Strain Rates and High
Temperatures', in Proceedings of the 7th
International Symposium on Ballistics, The
Hague, The Netherlands, pp. 541-547, 1983.

S.P.F.C. Jaspers and ].H Dautzenberg, 'Material
Behaviour in Conditions Similar to Metal

447



A.P. Markopoulos et al, Tribology in Industry Vol. 37, No. 4 (2015) 440-448

Cutting: Flow Stress in the Primary Shear Zone', [31] T. Ozel and Y. Karpat, 'ldentification of
Journal of Material Processing Technology, vol. Constitutive Material Model Parameters for
122, pp. 322-330,2002 High-Strain Rate Metal Cutting Conditions Using

Evolutionary Computational Algorithms’,
Materials and Manufacturing Processes, vol. 22,
pp. 659-667, 2007.

[30] WS. Lee and C.F. Lin, 'High-Temperature
Deformation Behavior of Ti6Al4V Alloy
Evaluated by High Strain-Rate Compression
Tests', Journal of Material Processing
Technology, vol. 75, pp. 127-136, 1998.

448



