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Abstract

The analysis and optimization of rapid or severe material forming process, where high gradients of plastic deformations, strain rates and
temperatures are reached during the material flow, remains today a major challenge. Several light metallic alloys, as the titanium ones, are
widely used in many industrial applications. Despite their wide spread adoption, particular phenomena are encountered during their machining:
high plastic strains gradients, heavy strain rate localization, chip segmentation, accelerated tool wear, etc. Although the recent advances in the
experimental devices, it is still difficult experimentally to investigate the instantaneous mesoscopic phenomena taking place during severe
forming processes. Therefore, the use of numerical simulations, in addition to specific experimental measurements, presents an efficient
alternative for a better understanding of machining processes. Given thought the significant sensitivity of the modelling to the reliable
definition of the thermo-visco-plastic workpiece material behavior and referring to the physically based mesoscopic constitutive model
proposed in previous works of Gavrus, this study focuses on formulating and identifying phenomenological rheological laws. Their ability to
accurately reproduce the isotropic plastic behavior of the Ti6Al4V titanium alloy for both static and dynamic loadings states, as well as in a
wide range of plastic strains, plastic strain rates and temperatures, is checked. A specific iterative non-linear regression method is used for the
identification of all corresponding material parameters. Their adequacy is discussed and comparisons with experimental results of the literature
are set up. A specific user material subroutine VUHARDO is implemented into the commercial code Abaqus®/Explicit. Numerical simulations
of experimental compression tests are performed to valid the rheological models’ identification and the material flow prediction. A 2D Finite
Element Modelling of the Ti6Al4V orthogonal cutting is performed and the accuracy of proposed constitutive models is examined.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming.
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1. Introduction machinability like the Ti6Al4V titanium alloy. Despite the
interesting mechanical properties of this alloy (low density,

The machining of metallic materials, regarded as a rapid  high strength at elevated temperature, significant creep

material forming process, generally results in specific and
severe local thermomechanical deformation phenomena. The
workpiece material is subjected to large plastic strains, strong
strain-rate gradients, high temperature rise and important
nonlinearities. Moreover, severe contact conditions are taking
places in very thin material layers. The tool life and the
surface quality are consequently influenced. Therefore, the
machining process remains problematic for both researchers
and industrials, mainly for metals with a relatively poor

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.

property, good corrosion resistance), many problems are
involved during its machining due to its low thermal
conductivity and high chemical reactivity with the cutting tool
materials: chip segmentation even under low cutting
conditions, significant fluctuations of the cutting forces,
limited tool life, low machined surface quality, etc. Despites
the numerous efforts carried out for more control of the
Ti6Al4V machining, the use of experimental post-mortem and
in-situ observations is still insufficient to well understand the
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local and instantaneous changes followed by the machined
material. Therefore, the development of reliable numerical
analyses, in addition to experimental observations, is heavily
required for a robust control and optimization of machining
process. Among the numerical modelling techniques
developed during the last decades, the Finite Elements
Modelling (FEM) which allows an enhanced understanding of
the machining process. It enables a detailed investigation of
physical thermomechanical transient phenomena and
nonlinearities involved during the chip formation.

However, a well reproduction of the thermomechanical
material behavior on both bulk area and machined surface, as
well as under severe plastic strains, strain rates and
temperatures, is one of the key points to guarantee the highest
reliability of a numerical analysis. The definition of
constitutive equations able to suitably reproduce the strong
coupling between the plastic hardening [1-3] and the softening
effects due to severe deformation loadings as the dynamic
recovery, recrystallization or phase transformation [4-11], is
heavily recommended for an accurate prediction of the
machining process, as pointed out in recent works of Gavrus
et al. [9], Arrazola et al. [12] and Melkote et al. [13].

In previous scientific works many constitutive laws have
been used to model the machining [11-21]. The majority of
these laws is based on traditional well-known formulations
and can be classified in two main categories: the
phenomenological models and the physically based ones.
Even though the laws of the second category permit to take
into account the microstructure evolution and the deformation
history on a mesoscopic scale, they have been uncommonly
used to model severe dynamic forming processes and their
definition remains today a genuine challenge. On the other
hand, the outstanding success of classical empirical models
describing the flow stress is mainly due to their relatively
simpler and faster parameters’ identification. In a classical
way, the majority of these laws only takes into account the
macroscopic phenomena. They generally reproduce the
material sensitivity to the plastic strain, the strain rate and the
temperature. A reduced number of material coefficients and
weakly coupled or even uncoupled phenomena terms,
compared to those of the physically based models, are defined.

The rheological parameters’ identification of specific
constitutive equations often depends on the local deformation
variables and the analytical description of material flow. It is
directly carried out based on simpler experimental mechanical
tests and on non-linear regression methods used to fit the
experimental  true  stress-true  plastic  strain  curves
corresponding to different plastic strain rates and
temperatures. Their adequacy in terms of properly modelling
the thermomechanical phenomena taking place during a
machining process is limited for particular loading conditions.
Indeed, their extrapolation is not often allowed. On this point
of view, the inverse analysis principle [6], [22-26] based on
the minimization of a least-squares function, which is given as
the error between the global measurements (forces, torques,
specimen shape) and the FEM computed ones, can be used to
take into account the whole loadings complexities of a
mechanical test, similar to the real ones involved during
severe forming processes.
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In order to take into account the plastic material
strengthening, the strain-rate and the temperature effects
during the modelling of the isotropic rheological flow, the
empirical work hardening, as those proposed by Hollomon [1],
Voce [2] and Ludwik [3], has been defined in previous
scientific works of the literature. To take into account the
strain rate effect, Norton-Hoff or Zerilli-Armstrong, Cowper-
Symonds [4], Johnson-Cook [5], Sokolowski or Sellars-Tegart
[27] formulations are generally used. Nonetheless, many laws
as Johnson-Cook [5], Zhao-Gary [28], Vinh et al. [29] and
Arrhenius [30] ones have been defined to model the material
thermal softening effect in the case of numerical studies
focusing on the investigation of the thermomechanical
coupling. The development of new constitutive models, which
accurately take into account the influence of high strain rate
gradients, temperature rise and mesoscopic dynamic softening
phenomena involved during a plastic deformation, is
remaining today a scientific challenge. In this aim, this paper
deals with an analytical and numerical analysis of a
mesoscopic quasi-static/dynamic behavior of the Ti6Al4V
alloy. Starting from the physically based constitutive model
proposed by Gavrus [6-9], able to describe the plastic behavior
for both low and high strain rates while taking into account
important gradients of plastic deformation, strain rate and
temperature, different phenomenological models were
proposed and analyzed. Experimental compression tests’
results of the literature [11] were used and a specific multi-
steps non-linear regression method was adopted to identify the
coefficients of all studied rheological models. Comparisons
between the experimental true stress - true plastic strain flow
curves and the computed ones were performed for different
strain rates and temperatures. The identified constitutive
models were implemented in the FEM code Abaqus®/Explicit
via the user-material subroutine VUHARD®O. The built-in
Johnson-Cook (JC) law, already predefined in Abaqus®, was
used to valid the performed programming. Comparisons of
numerical results predicted with the developed subroutine and
those directly modelled with Abaqus® were done. FEM of
compression tests were performed to numerically validate the
rheological models and the parameters identification. Finally,
numerical simulations of the Ti6Al4V orthogonal dry
machining under several cutting conditions were discussed.

Nomenclature

GV Generalized Voce
CS Cowper-Symonds
JC Johnson-Cook

ASH  Arc Sinus Hyperbolic

RIC Regularized Johnson-Cook
GJC Generalized Johnson-Cook
ALE  Arbitrary Eulerian Lagrangian
LAG  Lagrangian

2. Mesoscopic phenomenological constitutive equations

This study proposes an investigation of the isotropic
thermo-visco-plastic behavior of the Ti6Al4V alloy. The
dynamic work hardening, the material sensitivity to the strain
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rate and the thermal softening effects were investigated. Based
on previous research works of Gavrus [6-9], where the
kinetics of dislocations slips due to plastic deformations and
thermal activation energy governing microscopic evolution
phenomena (as hardening, dynamic recovery, recrystallization
phase transformation and twinning) have been taken into
account, the isotropic equivalent von Mises stress & can be
expressed as a function of the true plastic strain £, the true
plastic strain rate ¢ and the temperature T as follow:

G=0,(&T)+0,(s,6T) e))

where O'e(é",T) is the initial elastic limit and O'y(&‘,é",T) is

the yield stress, given respectively by the following equations:

0,(6T)=0,xG(&)xF(T) )
o,(£.6T)=[H(e)x(1-W)+Wxo, |xG(£)xF(T)  (3)

Here o, is the elastic yield stress for a reference value of
strain rate and temperature. H(e) , G(&) and F(T) are
respectively the hardening, the strain rate sensitivity and the
thermal softening functions. W is the material fraction
undergoing dynamic softening phenomena (dynamic
recrystallization, phase transformation, twinning) described by
the Avrami expression W=l—exp(—R ng) where R and S
are the softening variables and o, is the saturation flow
stress. Consequently, & can be written in the following form:

5:[0'0+H(g)><(1—W)+W><GS]><G(é‘)xF(T) @

As shown by S. Liu et al. [10], the hardening term
corresponding to biphasic materials can be expressed by:

H(g)=H,(&)xp+H,(&)x(1-p) %)

Here H,(s) and H, (&) represent the hardening terms of
the « and the £ phases respectively, while the fraction of the
principal phase is defined by ¢ € [O,l] . Referring to Rotella et
al. [31], only a low percentage of the f phase is available in
the Ti6Al4V (about 10%-20%). This justifies the assumption
made in this study regarding a homogeneous microstructure of
the a-f Ti6Al4V titanium alloy. Hence, the same material
hardening function was defined to predict the effect of the
plastic strain (H(E) =H,(¢) =H, (8)) . For the common
empirical models of the literature, the hardening isotropic
material has been predicted through a Ludwik power law [3]:

H, . (6)=Bxég" (6)

where B and n are the hardening coefficients.

The hardening term can be considered as a result of a
threshold flow stress once a critical plastic strain is reached.
Consequently the observed dynamic recovery phenomenon
characterizing large plastic deformations of Ti6Al4V alloy
requires to take into account the effect of the progressive
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reduction of the material strengthening in the flow stress
evolution. Therefore, the generalized Voce hardening model
[2], [6-8] (GV), given by Eq. (7), was chosen in this study.

H,, (¢)=Bx[1-exp(-nxs)]" 7

where B, n, n, are the hardening coefficients of the GV law.
According to recent scientific works [7-8], n, has specific
values (0.5 for FCC metals, 1 for CC ones and 2 for HC ones).
The prediction of the material sensitivity to the strain rate
was carried out using specific terms (see Eqs (8-11)) as
Cowper-Symonds (CS), Johnson-Cook (JC), regularized
Johnson-Cook (RJC) and particularly Arc Sinus Hyperbolic
(ASH) law as proposed by Gavrus in previous works [7-10].

G (8)= 1+0.5x(jé] | ®)
80
1 (ifé<é,)
oo . o
G (2) 1+cm[f] (ifé>&,) ©)
80
GR_,C(é"):1+C><ln(l+§J (10)
NC
G, (é):1+ASH[O.5><('.SJ ] (11)
g[)

For all these strain-rate functions, C is the strain rate
sensitivity coefficient and ¢, is the reference strain rate
characterizing the transition between the static and the
dynamic states. It is noted that the JC model is applied for
strain rates higher than the reference one &, . In order to avoid
the numerical problems due to its extrapolation for strain rates
lower than &, , the discontinuous regularization method
adopted by the FEM code Abaqus® was firstly used. Because
of possible significant local gradients of the strain rate leading
to a discontinuous evolution mainly for £ <§,, a continuous
regularization of the JC strain rate sensitivity term was
adopted. The definition of the ASH term (Eq (11)) in this
study aimed to take into account the important gradients of
strain rates, where both quasi-static and dynamic loadings
(low and high strain rates respectively) are involved as in the
case of localized shear bands. The ASH function is given by
the inverse of the sinus hyperbolic:
ASH (x) = Sini” (x) = In(x++/1++7) (12)

It can be proven that Eq. (11) is close to a CS power law
for small strain rates and a JC logarithmic one for high values.

Regarding the thermal softening effect, many scientific
works of the literature were focused on accurately predicting
the material sensitivity to the temperature. Due to the limits of
the JC law [5], mainly due to its constant thermal softening
coefficient m, many modifications have been proposed [10],
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[15], [20-21], [31]. In this study, two temperature sensitivity
terms were defined and compared: the standard JC one (Eq.
13) and that proposed by S. Liu et al. [10] (Eq. 14).

T_T m .
FJC(T):I—{T _RJ ifT,<T<T, (13)
M R

T-

m 1
Foe(T) = 1—kx[ TR ] i’ ST<TR+(TM-TR)[1J"’ (14)
M -7 R k
where m, j and k are the temperature sensitivity coefficients. 7'
is the material temperature, 7% is the reference temperature
(293 K) and T is the material melting temperature (1943 K).
As shown in Eq. (14), the thermal sensitivity term GJC is a
generalized form of the JC law (k = j = 1). Therefore, its
definition aimed to overcome, through the additional
coefficients j and £, the limits of the JC law due to its single
constant coefficient m, and thereby to reproduce the observed
sigmoidal form of the material thermal softening. However,
the possible material softening caused by a dynamic
recrystallization and phase transformations, due to the plastic
deformation, was neglected in this study ie. R = § = 0.
According to above constitutive models (Eq. (4), Eq. (7-11)
and Eq. (13-14)), a total of eight phenomenological models,
corresponding to all combinations of the proposed plastic
strain, strain rate and temperature sensitivity terms were
investigated. Their identifications were performed using a
specific multi-steps non-linear regression method.

3. Constitutive coefficients identification

Experimental compression tests of the literature [11],
performed with a Gleeble machine on cylindrical Ti6Al4V
specimens (Hy/D, = 1.5) at different constant crushing speeds
(V' = Vy = cte) and initial temperatures 7y, were used for the
identification of all previous phenomenological models. The
experimental loading conditions are summarized in Table 1.

Table 1. Experimental compression loadings (Dy = 6.65 mm, Hy = 9.95 mm).

Operating Compression speed (V=V) Initial temperature
Variable (mm/s) Ty (K)
293
473
0.1 673
873
1073
0.1
1
10 293
100
1000

The influence of the machine rigidity and the offset of the
loads applied to the specimen were taken into account to
improve the force-displacement curves recordings. Even
though a low friction has been induced in the specimen-tool
interfaces during the compression tests, resulting in a weak
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heterogeneity of the plastic flow, the raw experimental data
were used to compute analytically the true stress-true plastic
strain flow. A hypothesis of homogeneous deformation has
been used. Numerical FEM simulations were then performed
to verify the analytically computed local plastic flow stress.

A specific multi-steps parameters’ identification procedure,
based on a non-linear regression method, was used to
determine the coefficients values of all studied
phenomenological models. The optimal parameters guess of
the P, ={0,,B,n,n,,C,&,,m, j,k} vector were determined
for every rheological law by minimizing, in a least squares
sense, the error between the experimental true stress-true
plastic strain curves and the computed ones for each iterative
updated parameters set. The general error function given in
previous research works [6], [24] was defined by:

2

0=3 () (o) =1 E (o) ] 19

where 7; is the total number of experimental measurements
corresponding to investigated loading conditions. o, and o,
are respectively the computed and the experimental flow
stresses. J; is the weighting or scaling factor equal here to the
inverse of the quadratic norm of experimental data.

For all studied rheological models, the same initial
parameters values of PG0 were defined in order to separately
investigate the effect of each chosen phenomenological law on
the accurate prediction of the material behavior for different
loadings. A specific non-linear iterative strategy was adopted.
It is based on the following steps:

e Identification of the hardening and the
coefficients B, n and C.

Identification of the thermal softening coefficient .
Identification of the initial yield stress o .
Identification of the reference strain rate &,.
Identification of the GV hardening exponent 7,.
Identification of the GJC exponent ;.

Identification of the GJC coefficient £.

viscosity

The main purpose of this multi-steps identification
procedure was to allow a successive reduction of the cost
function error while guaranteeing physically based
constitutive coefficients values. To avoid the local minimums,
the coefficients identified after each step were considered as
intermediate ones to obtain high accuracy of the parameters
estimation. They were re-computed during the non-linear
regression procedure. The two last steps were skipped for the
JC thermal softening term.

The identification results of rheological models composed
of the GV hardening law, the CS, JC, RJC or ASH strain rate
sensitivity term and the GJC thermal softening term are
grouped in Table 2. The errors between the experimental and
the analytically computed true stress-true plastic strain curves
obtained after every identification step and corresponding to
all investigated strain rate sensitivity functions G are
illustrated in Fig. 1. A pronounced reduction of identification
errors was underlined in the 2", the 6% and in the 7™ steps,
where the thermal softening parameters m, j and & was done
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respectively. Even though these almost similar errors, an
increase of the model reliability was noted for the ASH law.

Table 2. Constitutive coefficients identified for different strain rate sensitivity
terms G where & = (0'0+H )><G><F(JJC and W=0 (R=S=0)in Eq. (4).

Initial Identified parameters
Variable ;
parameters G(cs) G(JC) G(/uc) G(ASII)
o, (MPa) 944 611.62 946.85 91437 61335
B (MPa) 500 206.76 33195 308.59  209.02
n 0.5 17.44 14.63 19.95 17.67
n, 1 0.75 0.73 0.79 0.81
C 0.1 0.012 0.012 0.015 0.008
& (s 1 235 1.1 1.41 1.98
m 1 1.99 1.96 191 1.97
k 1 1.12 1.11 1.11 1.12
j 1 5.37 5.16 5.29 525
Error Q (siep1y (%) _ 44.19 30.12 26.04 43.96
Error Q (siep7) (%) _ 6.8 6.85 7.1 6.54
a0 [ melcs) |
_35 [ | G g
X 30 mG(RIC) [ 2
5 ig WG(ASH) [ B 55 | [—00Ls{Exp] —-0.01s-1{Mod)
£ = 0.15-1(Exp) 1s-1{Mod)
w }g Q 500 | | —1s1(Exp)  ----1s-1{Mod)
5 2 2 —igso—:[l:up] ----10s-1{Mod)
o U —_ -1(Exp) ----100s-1{Mod)
0 T T T T T
1 2 3 4 5 6 7 o o005 01 015 02 025 03

Step of the identification procedure True plastic strain

Fig. 1. (a) Least-squares errors Q of stresses for different identification steps
and strain rate sensitivity functions (293K) and (b) comparison of the
experimental and the computed true stress-true plastic strain curves for
different initial strain rates (293K _o,,,, = Hg, (€)% G g, (€)% Fyye (T)) -

Figure 2 illustrates a comparison between all investigated
strain rate and thermal softening sensitivity functions.

(a) [——gG(cs) —8—G(I) —+—G(RIC) M) 1. =

o |—e—GlAsH) -O -G*c) %

5 2 3 08 —e—F(IC)

H 1,75 | 2

b L 2T06 —a—F(aIc)

] o5

"E@u--u——ﬂvl'!: 5g04

2 4 %<

g g-& 02

[ 0,75

£ oo b s

3 05 | 2

% 0001 001 01 1 10 100 1000 10000 200 450 700 950 1200 1450 1700
Strain rate (s-1) Temperature (K)

Fig. 2. Sensitivity terms variation: (a) of the material viscosity G (&) using
Fye (T) and (b) of the thermal softening £ (7) using G, (£) .

For low strain rates, high correlation levels between the G
functions corresponding to the CS and the ASH laws were
reached for initial strain rates below 1 s'. However, the
mismatch was increased for the highest strain rate, in the case
of the CS function. Contrariwise, important disagreement
between the ASH and the JC laws was underlined, even for
high strain rates. It is justified by the significant mismatch
noted between the identified initial yield stresses 0. A new
G* ¢ function, corresponding to the G one and multiplied
by the ratio gy, /UO(ASH) , was plotted. It resulted in more
agreement with Gusy especially for high strain rates. This
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justifies the ability of the ASH law to accurately reproduce
both low and high strain rates as has been proved by Gavrus
[7-9]. Therefore, the advantageous of the ASH law in terms of
accurately predicting the material strain rate sensitivity,
mainly the transition between the lowest and the highest
values, was underlined. Contrariwise, the performed
comparisons confirmed the limits related to the extrapolation
of the CS (or the JC) law for high (or low) strain rates, where
a non-physical prediction of the specimens’ material behavior
was encountered. For the thermal softening prediction, Fig. 2b
underlines the inadequacy of the JC term, which leads to a
quasi-linear evolution of the F" function, totally unlike the GJC
term resulting in a sigmoidal variation. Therefore, the
definition of the GJC allowed more reliable prediction of the
temperature effect on the Ti6Al4V material behavior, thus
more significant correlations between the experimental and
the analytically computed stress-plastic strain curves (Fig. 3b).
However, in the case of the JC thermal softening function
(Fig. 3a), only the experimental results at particular initial
temperatures (e.g. 293K and 873K) were suitably reproduced,
underlining the inadequacy of the classical JC law in terms of
well reproducing the Ti6Al4V sensitivity to the temperature.

law —D

T ﬂ —283K(ex) —93K(Exp)
Tum g e T _—— g
2~ —173K(eg) 21w ; — — 73K
§ 0 /- ey | €0 / T 73]
E Ll T3K{Exp) g 600 — 673K Exp)
[} s | 400 ity
',_E 200 - —4T3K(exp) E 200 - —8mK(E)

0 [~ 4mKNog] | | M)
0005 01 015 02 025 —1073Kee) 0005 01 015 02 025 —WEp)
True plasticstrain 3t True plastic strain 073

Fig. 3. Comparison of the experimental and the computed true stress-true
plastic strain curves corresponding to different temperatures and thermal
softening functions (initial strain rate of 0.01 s™"): (a) Fyc and (b) Fgjc.

Regarding the prediction of the coupled effects of the

plastic strain, plastic strain rate and temperature, the most
reliable phenomenological law can be written in this form:

¢
0'=(O'O+Bx[1—exp(—nx.9)]n")x 1+ ASH | 0.5x 8J
£

v (16)
m J l
T-T, . 1\m
x l—kx[rw;,}z] lfTRST<T}€+(T;\/[_TR)(%)
4, Numerical validation
Numerical —axisymmetric simulations of Ti6Al4V

compression tests were performed using the commercial code
Abaqus®/Explicit. The same loading conditions and initial
cylindrical specimens’ geometry as the experimental ones
were defined (see Table 1). Adiabatic conditions were
assumed using a Taylor-Quinney factor of 0.9. The
investigated phenomenological models were numerically
implemented into the user VUHARD®© subroutine. Different
contact conditions of specimen-tool plate interfaces:
frictionless, moderate friction and sticking were simulated to



Mariem Yaich et al. / Procedia Manufacturing 47 (2020) 1496—1503

investigate the friction effect on the modelling reliability. In
the case of a moderate friction, a Coulomb-Tresca law was
defined (u = 0.21, i, , =1 and 7, = o, /<3 = 421MPa,
where o, is the average flow stress estimated for the
equivalent plastic deformation energy balance computed from
the reference hardening curve corresponding to 0.01 s!, 293 K
and a true plastic strain below 0.2). A quadrilateral
axisymmetric FE mesh with a reduced integration degree and
a deformation-temperature coupling (CAX4RT) was used.
Rigid bodies were defined to model the tool plates. The built-
in JC phenomenological model [9] predefined in the FEM
code Abaqus® was adopted for the VUHARD® validation.
High agreements were noted between the numerical results
directly computed with Abaqus® and those modelled with the
developed user subroutine. Afterword, comparisons between
the FEM numerical force-displacement curves and the
experimental ones were set up. The case of a JC thermal
softening term was firstly considered to investigate separately
the effect of strain rate sensitivity functions. Fig. 4 illustrates
the computed errors in terms of the axial forces and true
stresses predicted with different contact conditions.

(a) (WF (With Friction) N F (Sliding)

(b) ‘ B F (With Friction) §F (Sliding)
& F (Sticking) I Stress ‘

& F (Sticking) W Stress

Error (%)
e

G(RIC) G(ASH) G(cs)  G(c)

G(RIC) G(ASH)

G(Cs)  G(iC)
Strain rate sensitivity function

Strain rate sensitivity function

Fig. 4. Errors of FEM upsetting forces F (in blue) and flow stresses (in red)
computed for different friction conditions, strain rate sensitivity models,
initial strain rates and 1.5 mm crushing (293K): (a) 100 s™' and (b) 0.01 s™.

Similar errors’ trends for both numerical forces and flow
stresses were underlined for all investigated contact
conditions. The use of JC and RJC strain rate sensitivity terms
gives lowest mismatches with the experimental results for an
initial strain rate of 100 s™', while more important differences
were observed for a strain rate of 0.01 s These results justify
their adequacy only for high strain rates, totally unlike the CS
law giving good agreements with experimental observations
only for low strain rates. Nonetheless, the prediction of low
and high strain rate effects was simultaneously enabled with
the ASH law. It led to more accurate predictions, mainly when
it is coupled with the GJC thermal softening model. This
highlighted the effect of both strain rate and temperature
sensitivity laws on the FEM reliability. A low sensitivity of
the numerical results to the contact conditions was also
pointed out. For same compression loadings (0.01 s 293K),
low disagreements between the numerical forces were
observed underlining the weak effect of friction. However,
slight mismatched deformation modes and flow stress
distributions were noted for all investigated contact conditions
(Fig. 5). Concerning the numerical upsetting loads, a relatively
weak sensitivity to friction conditions was pointed out. It
underlined the accuracy of the homogeneity assumption set up
to compute analytically the true stress-true plastic strain
curves, directly used by the non-linear regression method.
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Fig. 5. Cylindrical deformed specimens’ shapes corresponding to a FEM
crushing of 1.5 mm for three contact conditions (0.01 s' 293K

o =Hg, (£)xG g (£)x Fe (T)): (2) moderate friction, (b) sliding and (c)
sticking conditions.

This low friction effect on the flow stress values and
specimen shape is due to the chosen slender cylindrical
specimen (H,/D, =1.5) and to the maximum reached plastic
strain (below 0.3). The stress heterogeneity was more
accentuated for the sticking contact, where no sliding occurred
at the specimen-tool interfaces. Furthermore a slightly bulging
cylinder was observed in the case of a moderate friction.
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Fig. 6. Comparisons of computed FEM forces and flow stresses errors
corresponding to a 1.5 mm crushing and a 0.01 s! strain rate for different
initial temperatures and thermal softening functions: (a) Fgc) and (b) Fgic).

The accuracy of all performed identifications was also
checked for four initial temperatures: 293K, 673K, 873 and
1073K. For an initial strain rate of 0.01 s’!, the FEM of the
compression tests gives correlated forces and flow stresses
errors (Fig. 6). Concerning the JC thermal softening term
reliability, significant mismatch with the experimental loads
and flow stresses were underlined when an initial temperature
of 1073K was defined. For a lower temperature of 673 K,
mismatched results were also predicted. However, the
rheological law based on the GJC term allowed a reliable
prediction of the Ti6Al4V behavior at different temperatures,
mainly when it was coupled with the ASH strain rate
sensitivity term (Fig. 6b).

It should be noted that even though accurate predictions
were obtained with the adopted non-linear identification,
rigorous predictions of the material behavior can be obtained
by an inverse analysis based on minimizing the error between
the experimental and the computed FEM loads, as well as the
specimen shape [22-26].
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5. High speed machining modelling
5.1  Numerical orthogonal cutting model

In order to evaluate the robustness of the proposed
phenomenological models, 2D numerical simulations of the
Ti6Al4V orthogonal dry machining at room temperature were
performed wusing the Abaqus®/Explicit code. Linear
quadrilateral FE mesh, with a reduced integration and coupled
deformation-temperature conditions (CPE4RT) were used. A
tungsten carbide cutting tool was considered as a rigid body
characterized by an edge radius of 20 um, a clearance equal to
2° and rake angles of 7°. The model geometry, the mesh and
the boundary conditions defining the mesoscopic area of the
orthogonal dry finishing cutting are pictured in Fig. 7.

"™ Cutting tool-
workpiece contact
interfaces

Fig. 7. Orthogonal cutting model, geometry/mesh and boundary conditions.

The case of an orthogonal finishing cutting process was
investigated. A feed rate of 0.1 mm/rev, a depth of cut of 3
mm and two cutting speeds of 60 m/min and 180 m/min were
considered. Both Lagrangian (LAG) and Arbitrary Eulerian
Lagrangian (ALE) formulations were used. The remeshing
was only applied to a small part of the workpiece (the chip
part, the cutting tool passage zone and the machined surface),
subjected to severe local loadings during the cutting process
(see Fig. 7). Whereas, a LAG mesh was defined to the rest of
the model geometry. The discretization of the workpiece
upper part, where the ALE formulation was defined, and of
the cutting tool edge radius, was done with a refined mesh to
well reproduce the geometry changes as well as the
particularity of the tool shape. This meshing strategy aimed to
reduce the computing time, significantly increased by the ALE
formulation and the mesh refinement. To predict the thermo-
visco-plastic workpiece material flow, the phenomenological
models with (a) an isotropic recovery hardening term of GV,
(b) a strain rate sensitivity term of CS, RJC or ASH and (c) a
thermal softening term of GJC were chosen. The coefficients
of all investigated rheological models are grouped in Table 2.
A Coulomb-Tresca friction law was used to predict the
sticking-sliding in the cutting tool-workpiece interfaces. The
influence of dissipated energy by plastic deformation and
friction on the temperature rise was taken into account. For
this study the material damage behavior was not considered.

5.2 Results and discussion
Figure 8 illustrates the numerical chip shape and the

computed cutting and feed forces corresponding to the three
rheological models, for a cutting distance of 0.9 mm.
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B Mod (60m/min) Exp (60m/min)
B Mod (180m/min) K Exp (180m/min)

EMod (60m/min) Exp (60m/min)
W Med (180m/min) § Exp (180m/min)

Average cutting forces (N)

G{Cs) G(RIC) G(ASH) G(CS) G(RIC) G(ASH)

Strain rate sensitivity function Strain rate sensitivity function

Fig. 8. Effects of strain rate sensitivity terms G and of cutting speed on the
FEM chip morphology and the average predicted forces: (a) G(CS)_60
m/min, (b) G(RIC)_60 m/min, (c) G(ASH)_60 m/min, (d) exp_60 m/min
[32], (e) G(CS)_180 m/min, (f) GCR)_180 m/min, (g) G(ASH)_180
m/min); (h) exp_180 m/min [33], (i) cutting forces and (j) feed forces.

Different chip morphologies were predicted, depending on
the defined rheological model. For a cutting speed of
60 m/min, slight chip segmentation was noted in the case of
the CS and of the ASH strain rate sensitivity terms.
Contrariwise, totally continuous chip was predicted with the
RJC law. With the increase of the cutting speed, more
localized adiabatic shear bands were modelled with all
compared laws, especially for ASH formulation. Distinct
numerical forces F. and Fy were computed along the cutting
and feed directions respectively for a 3 mm width. The lower
values were predicted with the CS strain rate sensitivity term,
while the highest ones were modelled using the ASH law (Fig.
81 and Fig. 8j). Referring to the experimental results of
Calamaz [32], the material flow stress given by Eq. (16), using
the ASH term, lead to the most reliable numerical results.
Moreover the most pronounced chip’s deformation
localizations, in agreement with the experimental morphology,
were predicted with this law. Furthermore, the corresponding
FEM average cutting and feed forces are in good agreement
with the experimental ones, pointing out the accuracy of the
ASH strain rate sensitivity model. However, the low local
outbreak chip's geometry instabilities corresponding to a weak
chip segmentation is due, as highlighted by Yaich et al. [33],
to the major influence of the adaptive remeshing procedure.

6. Conclusion

The adequacy of different mesoscopic phenomenological
models in terms of accurately predicting the thermo-visco-
plastic material behavior of Ti6Al4V was analyzed. A general
Voce term (GV) was used in order to reproduce the work
hardening of the biphasic titanium alloy, as well as the
dynamic recovery due to its micro-structure change during a
plastic deformation. The analysis of the material sensitivity to
the strain rate and to the temperature based on the definition of
different constitutive equations’ terms was performed. The
identification of all studied rheological models was carried out
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for both quasi-static and high strain rates, as well as for
different initial temperatures. The comparisons between four
strain rates sensitivity laws (CS, JC, RJC and ASH laws)
underlined the limited suitability of the power CS and the
logarithmic JC models for particular strain rate range. The
adequacy of the CS model was highlighted only for lowest
strain rates, while the material behavior under high strain rates
was adequately modelled with a JC or a RJC form.
Contrariwise, the ASH law showed an interesting ability to
accurately predict all investigated strain rates ranges. In terms
of suitably predicting the temperature effects on the Ti6Al4V
alloy behavior, the definition of two temperature sensitivity
terms, the JC and the GJC ones, highlighted the inadequacy of
the JC law and the accuracy of the GIC one. A
phenomenological model based on a GV hardening term, an
ASH strain rate sensitivity function and a GJC thermal
softening term was proposed. The efficiency of the multi-steps
non-linear identification procedure was also proved through
the numerical validations performed by FEM simulations of
studied experimental compression tests. The good agreements
obtained between the experimental, numerical and the
analytically computed results underlined the robustness of
both identifications and numerical implementations. Finally,
the performed 2D FEMs of the Ti6Al4V orthogonal dry
cutting process at a mesoscopic scale highlighted the
significant sensitivity of chip segmentation to the strain rate
term. Despite the advantage related to the ALE formulation,
mainly summarized on the authorized nodes relocation
according to the material deformation, a reliable prediction of
chip segmentation was allowed using ASH law. A better
description of the strain rate gradients on the adiabatic shear
bands and of the plastic strain localizations was observed.
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