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SENSITIVITY ANALYSISOF THE CONSTITUTIVE MODELSIN FEM-BASED
SIMULATION OF THE CUTTING PROCESS

The paper considers the problem of the influenceowistitutive model parameters on the results dfifased
simulation of the orthogonal cutting process usdd® (AISI 1045) carbon steel and multilayer-coatarbide tool.
The simulations were based on the power constéuaw (PL) with a special consideration of the tenapure-
related thermal influences. The sensitivity analysérformed concerns the models proposed by OzrkeKaihori
and own data in the form of multi-regressive edqrtifor the substrate and coating components thed applied.
In particular, the values of n exponent were vairedrder to assess the simulation results. The BiEMilations
include the average interface temperature, theildlision of temperature on the rake face and withi& wedge
body, as well as cutting forces. By modifying the parameters, the prediction errors lower than lIbéte
obtained.

1. CONSTITUTIVE MATERIAL MODELS IN FEM SIMULATION

Modelling of machining processes in terms of mattteria optimization is currently
developed in order to support the implementatiomeiv technological chains into the
production. For this reason the FEM based simulasa basic engineering tool in modern
industry. Unfortunately, all popular FEM simulationethods, i.e. Lagrangian, Eulerian,
Arbitrary Lagrangian Eulerian (ALE) methods are abte to include into the cutting model
all corresponding physical phenomena with acceptabyineering accuracy [1],[2],[3].

According to the current knowledge of metal cuttthg threshold is the development
of more accurate and complete constitutive mateniadlels which consider the appropriate
mechanical thermophysical properties of both warkpiand tool materials [4-7].

The success in developing the constitutive modefsedds on solving three important
problems:
» Definition of mechanical properties of the workmeanaterial under cutting conditions,
» Specification of the thermophysical properties be tworkpiece and cutting tool
materials including thin layered coatings [5],[8],
* Quantification of friction in the cutting zone [[8],[10].
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It should be underlined that the FEM is one oflge@ing machining problems and is
very popular among metal cutting experts and sisintMoreover, the FEM constitutive
model should meet the High Speed Cutting (HSC) High Performance Cutting (HPC)
demands and can be validated for a wide range chimiag parameters, especially the
cutting speed [11],[12]. In addition, it should emva wide spectrum of cutting tool
materials including multilayer coated and compotatas.

Bearing in mind all these modelling aspects andidyar; in this study the focus is
made on the influence of model parameters for ptiedi accuracy under orthogonal cutting
conditions. The second important consideratiohesimfluence of temperature on the strain-
stress diagram.

2. METHODOLOGY OF INVESTIGATIONS

In this paper the modified Lagrangian equation wssd to predict the thermal and
mechanical effects occurring during orthogonaliogtiprocess of the C45 steel. The tool
material was WC-6%Co sintered carbide coated whited-layer TiC/AJO5/TIN (3L)
coating. The sensitivity analysis includes two dibasve material models used in
AdvantEdge commercial package [13], i.e. standatiRL-TD Power Law — Temperature
Dependent In addition, the PL-TD model was completed usitwgp sets of model
parameters specified in Table 1.

In order to validate the FEM predictions,dnd F cutting forces were measured under
free and non free orthogonal cutting conditions. thre first case a strain—gauge
dynamometer with a SNAP Master data acquisitiotesysvas applied. In the second case,
the forces in semi-orthogonal cutting were measwsithg Kistler 9257B piezoelectric
dynamometer equipped with 5019B amplifier and N8&D, National Instruments, A/D
multi-channel board. The visualization of the resaf force signals and its processing was
performed using CutPro data acquisition system.

As mentioned earlier, the FEM modelling utilizearstard and PL-TD constitutive
models, which mathematically are expressed bgdéinee power equation, as follows

1/n
05 (gp ) =0, O(T )[1 + g—gJ ( 1)

€p

where: g, is the initial yield stressg, is the plastic straingg is the reference plastic strain,

1/n is the strain hardening exponent a@ft) is thermal softening index defined as
a function of temperature according to (2).
In equation (2) thecy throughcs are coefficients for the polynomial fil is the
temperature . is the linear cut off temperature, aiige; is the melting temperature. The
equation (2a) is defined f@<T., where equation (2b) far>T.,.
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It is important for

T _Tcut J
Tmelt _Tcut

(1) = OTeut )[1— (2b)

the researcher that it canirefown model parameters in the

PL-TD constitutive model, using literature dataeaperimental results. It should be noted
that the FEM model ignores the thermal softenirfgatfof the cutting tool material. In this
study these data were kept the same as in Ref.T[&. influence of thermophysical
properties of the machined C45 steel on the FEMliptiens was tested for three groups
of relevant data given by Kalhori [14], Ozel andrpat [10], and available in AdvantEdge
(AE) package [13]. The thermophysical propertieshef machined C45 steel were selected
based on own investigations [8] and own databas®BIR5]. In particular, they include
temperature-based thermal conductivity, specifi@athand thermal expansion (linear
expansion coefficient), which were kept constant for all material modsiasidered in this
comparative study. All the above mentioned datavardéied in Figs. 1 and 2.
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Fig. 1. Stress-strain function determined by eyjfdfLa set of experimental data

It is evident in Fig.

1 that the Kalhori’'s analysissumes substantially lower values

of stress (doted lines) than those determined Bt @z Karpat [10]. On the other hand, the
function o() in the Kalhori's model [14] was obtained for themiperature range
of 20°C - 800°C and plastic strain varying frono@t115.

On the other hand, Ozel and Karpat consider theéeature range of 60°C-625°C and
plastic strain of 0,05-0,2 respectively. Computemlugs of parameters of the power
constitutive model given by eq. (1) are specified able 1.
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Table 1. Constitutive model parameters - equatfthand (2) - calculated for the C45 carbon steebeding
to the data by Kalhori [14] and Ozel and Karpaf [10

Parameters Kalhori Ozel and Karpat

Co 1,0018 1,0162
C -3,57 10 -7,60 10°

C, -1,39 1 -1,20 1¢°

C 5,95 10'° 8,00 10°

C4, G 0 0

J,, Pa 401 16

£ 0,00191

n 6,2 4.9

Teut» °C 800 625
Ecut 0,115 0,200
Error, % 11 7

In this analysis, the values of the yield stresd #Hre reference plastic strain were
assumed to be constant and equatje 401MPa anctg = 0,00191 respectively.

1400 Exponent of Kalhori's model:

n=62 L.t 200°C

| ea=eaaeaa n=50
....... n=3.1

1200 —

Ozel model

Stress 0 [MPa]

0 0.02 0.04 0.06 0.08 0.1 0.12
Plastic straire

Fig. 2. Stress - strain curves for the constituiesver model (1) using Ozel's data and Kalhorésaowith
variablen values (=6,2 — experimentah=5,0 andh=3,1 — modified models)
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As a result, the relative errors determined foadabvided by both reference models
were about 11% and 7% respectively. As mentioneldkeavariations of the exponent in
the constitutive power law (1) can substantialfjuence thes(¢) function. Fig. 2 illustrates
how the o(¢) function changes whemis equal to 3,1, 5,0 and 6,2, respectively. As loan
noted in Fig. 2, the constitutive Power Law (CPLQdal is less sensitive to timevariations
when the temperature increases. Changes of thmahepftening (TS) index, expressed by
term ©(T) in eq. (1) are shown in Fig. 3.
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Fig. 3. Thermal softening of C45 steel calculatgatq. (2) for the data given in Table 1

In Fig. 3 values of TS index vary from 1, whichrétated to the ambient of 20°C, to 0O,
which corresponds to the melting temperature. Is tomputation algorithm, the thermal
softening function was assumed to be linear intémeperature range from that defined by
own experiments up to the melting point. It shookdemphasized that material plasticizing
due to the thermal softening occurs faster wherhét@s model is used (20% and 40% at
400°C and 600°C respectively in relation to the ISzgata). It is evident that for the same
values of strain and yield stress, the calculat@des of the stresses are lower than those
determined by Ozel's model. In addition, this effedll be more pronounced by higher
values of the strain-hardening exponent

As a result of model modifications, some importahationships were observed during
comparisons ofn effects on the thermal behavior of the workpiecatamal. For low
temperatures of about 2UD, comparable stress values are obtained for cablgavalues
of n exponent, i.en=5,0 for Kalhori’s model andh=4,9 for Ozel's model, as shown in
Fig. 2. When temperature increases the experimeatal coincides well with the Kalhori’s
model assuming=3,1. This fact can be explained by a differentrapph for modelling
of the thermal softening effect because, as showfig. 3, the model by Ozel is less
sensitive to the temperature increase. In facthentemperature range of 400-8Q0 the
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average thermal softening index determined by (3z20-40% less than for Kalhori's data.
It should be noted that in the Kalhori's approatie stress-strain function(s) was

determined without modification ofo(T) term. Such an approach allows an explicit
determination of the influence afexponent on the FEM predictions in the AE system.

3. EXPERIMENTAL RESULTS

3.1. THERMAL EFFECTS

The analysis of the experimental results was peréorin two stages. The first part
was focused on the variations of the cutting terpee resulting from variations of the
thermophysical properties in the FEM model. Theosdcstage concerns the assessment
of the influences of the mechanical propertiesuditlg changes of the cutting forces and
the distributions of the reduced stresses on thlerédxe face.

Fig. 4 shows the average values of the cutting &zaipre determined by FEM
simulations taking into account four different ma&kmodels. The first finding is that the
predicted cutting temperatures based on the ddkectaml in AE database were distinctly
higher than measurements. This specifically corxcéne AE PL-TD model in which the
thermophysical properties of the tool material ahepen the temperature [8]. In this case the
workpiece material model is the same as the AE datahmodel. It is concluded that
measured temperatures fit well the simulated residing input data by Kalhori [14], taking
into consideration relatively large variations log texperimental results.
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Fig. 4. Comparison of the measured temperaturds WM predictions (original and modified).
Confidence interval P = 95%

As shown in Fig. 4, a small decreasemexponent down to 5,0 causes that the
temperature increases slightly of about 5% (comspariof cases C and nl). This trend
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coincides with stress-strain model shown in FigfoR which stress increases when
decreases from the reference vaiaé,2 to 5,0.

The fact that for the temperature of about ®@he o() curves fit each other well
(n=3,1), can result in comparable FEM temperaturediptiens. In fact, the average
interface temperature obtained by means of FEMreat®® model was also about 86G0
Unfortunately, this hypothesis was not confirmeddoyulation results. For instance, the
reduction onmn exponent by a half, i.e. to=3,1 caused that the temperature increased and
instead of comparable stress values for both Ozeid Kalhori's models the predicted
temperatures are different (bars D and n2). Thellsitions were carried out using the same
thermal properties for the work and cutting tooltenals. It seems that the decisive factor
which controls the interface temperature is thersodlening illustrated in Fig. 3.

Fig.5 shows that the variant of the constitutivedeloof workpiece material does not
markedly change the temperature distribution onréke face. Due to this evidence, the
maximum interface temperature is localized at astaot distance of about 0,22mm from
the cutting edge. Moreover, the characterigpiatead effect is visible for material models
by Kalhori and Ozel. On the other hand, the appboaof the temperature-dependent
thermophysical properties of the cutting tool malectauses that the temperature decreases
monotonically starting from the vicinity of the tag edge. This effect can confirm an
important influence of changes of the thermal catigity and specific heat on the
distribution of isotherms on the tool rake face.

AE standard ——
--E-- AE PL-TD
—+ - Kalhori
—
(@) —&— Ozel 1
by L - == |
(O]
S
=
©
S
]
g.
()]
[t
SN \s\e\
0 | | | | |2 = k=t ! —t - - El—t

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Distance along rake face [mm]

Fig. 5. Temperature distribution along the rakeefas. analyzed FEM simulation models.
Cutting speed of 330m/min

The role of the constitutive model type in thermmhulations can be assessed from
Fig. 6 which shows the temperature distributiondagh the rake face inside the tool body.
In the case of the Power Law Temperature Depend@mTD) model, in which thermal
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properties of both matted materials are dependem¢mperature, the isotherms are parallel
to each other at a certain distance between them.thHese kinds of FEM models the
temperature gradient inside the coating and thestmate is equal to 3-10°@h and
2-6°Cjum respectively.
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Fig. 6. Temperature distribution below the rakesfatthe point of maximum contact temperature foc@ated
tools and all analyzed FEM simulation models. @gtpeed ¥330m/min

The minimum variations of the temperature gradiemuts obtained for Kalhori's
model, for which also minimum average interface gematures were predicted. The
standard model gives distinctly higher temperagreslients of 15°GQim for the coating but
lower ones of 2°Gim for the substrate. The reason is that for theramee cutting
temperatures of about 900°C also the influencesofperature on the material properties
can be a decisive factor. Moreover, it can be ndtegdooth models that the multilayer
coating including TiC, AlO; and TiN layer of tm, Gum of 3um in thickness plays a role of
the thermal barrier and restrains the heat tramsferthe tool substrate. Similar temperature
distributions were obtained for cutting speeds@8 and 206m/min.

No visible effects on the temperature distributadang the rake face and inside the
tool body resulting from the variations were obtained.

3.2. MECHANICAL EFFECTS

The values of force components are compared instefnfFEM model types in Fig. 7.
It is reasoned that this factor plays an importalg in the simulation of the decohesion of

the workpiece material.
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The observed differences relate not only to theesbf the cutting forces but also the
courses of both componentg &d Fk. In general, higher values of cutting force were
obtained for the standard FE model which utilizes ihput data from the AE database. The
minimum values of both components resulted fromkatori’'s model, as indicated by bar
#C in Fig. 7. This constitutive material model gilew stress values in the entire range of
strains and temperatures.

1600
a) - [ ]Experiment
1400 + T
= 1 B-AE PL-TD
. 1200 Y C-Kalhori
1) 1 [ D-Ozel
O 1000 777777 n1-Kalhori n=5.0
(@) 1 [ | n2-Kalhorin=3.1
= 800
(@) |
S 600
= |
>
400 |
®) | A B CiD nin2
200 =
] 11=0.51
0 o
330.0
b)
1000
[ |Experiment
800
=, [ |D-Ozel
@ 600 777/ n1-Kalhori n=5.0
8 n2-Kalhori n=3.1
O
Y—
- 400+
(0]
()
L 200 |
0

Cutting speed [n/min]

Fig. 7. Summary of the experimental values of theting force (a), feed force (b), with FEM simutatt data
(original and modified) taking into account confide interval of P = 95%. Numbers 1 and 2 deschibesalues
of experimental data obtained in orthogonal andi-sethogonal turning processes respectively

A good agreement was achieved when using Ozel'ssmbuthis case, the differences
between measurements and predictions do not exid@édfor the whole range of cutting
speeds. On the other hand, it was revealed thde#uteforce predictions are very sensitive
to the cutting speed. The prediction accuracy emes from 30% to 10% when cutting
speed increases.

It should be noted that despite different measudagices and different machining
conditions (free orthogonal vs. non-free cuttirty theasured values of the cutting forge F
and feed force {Hdiffer slightly from each other (Fig. 7 — bars #afd 2). The standard
deviations of the dynamic measuring signals areghm range of +50N and +10N for
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piezoelectric and strain-gauge dynamometers raspbctThese data are very important in
terms of the acceptability and the accuracy of F&tMulation and the constitutive models
used.

A relatively good agreement between forces predibte Ozel's and Kalhori’'s model
with n=3,1 can suggest that for comparablg functions also the predicted cutting forces
will be of comparable values (see bars D and n2ign 7). It is obviously known the stress-
strain relationship controls the decohesion procasd the simulations of mechanical
characteristics give such an effect, despite tHéerdnt values of parameters in the
constitutive models.

Fig. 7 shows that simulation models result in highariations of the values of the
cutting force. For instance, for FEM simulationsiethutilize PL-TD model, the standard
deviation of the cutting force signal is about HlOfegardless of the simulation variant
used. In contrast, the standard FEM model giveg kiggh scatters, especially for the feed
force kF (x300N). This fact can be explained by the poanitfication of the thermal
properties at high cutting temperature including dkecurrence distinct material plasticizing.

4. SUMMARY

Based on the experimental results and FEM predistibe conclusions are as follows:

» Popular constitutive models cannot be universé&ims of both mechanical and thermal
characteristics due to the different approach foodefling of the stress-strain
relationship and thermal softening effect.

* The n exponent influences the FEM predictions but itpomance depends on the
individual thermophysical characteristics of thetenals. Such a sensitive analysis can
support the selection of optimum mechanical chargtics of the cutting process.

» The thermal softening index can also be used tdigreptimum thermal characteristics
of the cutting process.

* The predicted cutting forces and the average gutemperature as well the distribution
of isotherms on the rake face differ substantiallyen the thermophysical properties
(A, G, @) in the material models are the same, but modets (g, ) are different.

 The best agreement between the measured and sohiteites was achieved for model
parameters proposed by Ozel and better fittinghef measured temperatures to the
predicted values was found for the input data glweiKalhori.
ACKNOWLEDGEMENT

The authors would like to acknowledge, that thigeezch has been carried out as part of a projentidd by the Polish
National Center for Research and Development. Rtdj®. PBS1-178595.

REFERENCES

[1] CHILDS T.H.C., MAEKAWA K., et al., 2000Metal cutting. Theory and application&rnold, London.



116 Piotr NIESLONY, Wit GRZESIK

[2] KLOCKE F., KRIEG T., 1999Coated tools for metal cutting-features and apglmas, Annals of the CIRP,
48/2, 515-525.

3] OZEL T., SIMA M., SRIVASTAVA AK., KAFTANOGLU B., D10, Investigations on the effects of multi-
layered coated inserts in machining Ti-6Al-4V aleigh experiments and finite element simulatjofsnals of the
CIRP - Manufacturing Technology, 59/2, 77-82.

[4] ARRAZOLA P.J., OZEL T., 2010 niestigations on the effects of friction modellindinite elemensimulation
of machining Int. J Mechanical Sciences, 52/1, 31-42.

[5] CHILDS T.H.C., 2006 Numerical experiments on the influence of mateaia other variables on plane strain
continuous chip formation in metal machinjiigt. J Mechanical Sciences, 48, 307-322.

[6] PUJANA J., ARRAZOLA P.J., M'SAOUBI R.M., et al.,, R0, Analysis of the inverse identification
of constitutive equations applied in orthogonal cugtprocessint. J. Mach. Tools Manuf., 47, 2153-2161.

[71 UMBRELLO D., M'SAQOUBI R., OUTEIRO J.C., 2007The influence of Johnson—Cook material constants on
finite element simulation of machining of AISI 3K8ée] Int. J. Mach. Tools Manuf., 47, 462—-470.

[8] NIESLONY P., 2011,FEM modelling of thermal influences in turning fdefined thermophysical properties
of cutting tool materialsSchool of Metal Cutting SOS5, Opole, 210-217 Ralish).

[99 COURBON C., MABROUKI T., RECH J., et al, 2018lew thermal issues on the modelling of tool-workpie
interaction Application to Dry Cutting of AISI 1045 steel, Adnced Materials Research, 223, 286-295.

[10] OZEL T., KARPAT Y., 2007 Jdentification of constitutive material model paratars for high-strain ratenetal
cutting conditions using evolutionary computatiomddorithms Int. J. Materials and Manufacturing Processes,
22/5, 659-667.

[11] ATTIA M. H., KOPS L., 2004,A new approach to cutting temperature predictiomsidering the thermal
constriction phenomenon in multi-layer coated tpéisnals of the CIRP, 53/1, 47-52.

[12] OZEL T., SIMA M., SRIVASTAVA A K., 2010,Finite element simulation of high speed machiningAl-4V
alloy using modified material modeNAMRI/SME, 38, 49-56.

[13] Third Wave AdvantEdge User’'s Manual, 2011, Verddh Minneapolis, USA.

[14] KALHORI V., 2001, Modelling and simulation of mechanical cuttinQopctoral thesis, Lulea University of
Technology.

[15] Material Properties Database, 2013, MPDB, JAHM \Bafe, Inc.



