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Abstract

In this work, a hyperelastic constitutive model is developed to describe the thermo-mechanical behavior of the Til7 titanium alloy. The grain
shape and the crystallographic orientation are explicitly taken into account. The behavior of both the @ and S phases is modelled with a crystal
plasticity formulation coupled to a CDM (Continuum Damage Model). The constitutive model is implemented in the ABAQUS/Explicit finite
element solver with a user-defined subroutine. The model parameters are identified from experimental tests. According to the cutting simulation
results, both strain localization and chip segmentation are strongly impacted by the crystallographic orientation.
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1. Introduction

Titanium alloys are widely used in the aerospace industry
due to their high strength-to-weight ratio, combined with an
excellent corrosion resistance and good mechanical properties
even at high temperature. However, due to their high hardness
at elevated temperatures, low thermal conductivity and high
chemical reactivity[1], machining operations are often difficult
for titanium alloys. Indeed, during the cutting process, the low
thermal conductivity limits heat conduction, which leads to an
important temperature increase of both the workpiece and the
tool. As a result, plastic deformation is localized into narrow
shear bands, which influences chip segmentation and affect both
the cutting forces and the surface integrity[2].

The localization of plastic deformation into ASBs is depen-
dent on microstructural features (grain size, crystallographic
orientation) [3]. As a consequence, those inputs are required
to properly simulate the plastic instability and the localiza-
tion phenomena. Several phenomenological constitutive mod-
els such as the Johnson-Cook model[4] are commonly used for
the simulation of strain localization during metal cutting oper-
ations. Such models provide a macroscopic description of the
response of a material point during cutting operations. They
however fail in accounting for the possible influence of mi-
crostructural heterogeneities. In order to include the influence
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of microstructure, Simoneau et al. [5] improved the Johnson-
Cook model to account for the effect of the different metallur-
gical phases. This strategy allowed obtaining a more realistic
description of the temperature field and the cutting forces at the
chip level. An alternative approach consists in using the gen-
eral framework of crystal plasticity to explicitly consider mi-
crostructural heterogeneities. For instance, Zhang et al. [6] have
developed a 2D cutting simulation in small deformation. Tajalli
et al. [7] carried out a study in large rotation and small defor-
mation under plane strain conditions. They showed that cutting
forces and chip morphology are impacted by the local crystallo-
graphic texture. A 3D crystal plasticity model has been recently
developed by Ayed et al. [8] for finite transformations. Accord-
ing to the results, a significant evolution of the crystallographic
texture is observed during cutting operations.

The main objective of the present work is to develop a ther-
modynamically consistent hyperelastic constitutive model to
describe the thermo-mechanical behavior of the Til7 titanium
alloy. The grain shape and the crystallographic orientation are
explicitly taken into account. The behavior of both the o and
B phases is described using a modified crystal plasticity model
coupled to a Continuum Damage Model (CDM).

This paper is organized as follows. In the first section, the
hyperelastic constitutive model is detailed. The identification
procedure for the two-phase @ + 8 microstructure and the single
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phase 8 microstructure are presented in the second section. The
cutting simulation results are discussed in the third section.

2. Description of the crystal plasticity model

2.1. Kinematics

fo} \F"|

Fig. 1. Multiplicative decomposition of the deformation gradient tensor F into
plastic contribution F?, thermoelastic contribution F* and rotation R.

We consider here an arbitrary material point for which the
state at each time depends on the deformation path history. The
deformation path is represented by the history of the deforma-
tion gradient tensor F. Using the polar decomposition, the de-
formation gradient tensor is decomposed as the product of a
rotation tensor R and a stretch tensor U:

F=R-U (1

The orthogonal tensor R represents the rotation, while the dif-
ferent effects of the deformation mechanisms are contained in
the symmetric stretch tensor U. The formulation chosen here
relies on the multiplicative decomposition of the stretch tensor
U into an inelastic part F”, associated with the crystallographic
slip deformation, and a thermoelastic part F*, associated with
the thermoelastic deformation (see Fig.1):

U=F*"FP 2

This formulation uses the isoclinic decomposition introduced
by Lee [9] and Mandel [10] to formulate constitutive relations.
As shown in Fig 1, three different configurations are therefore
considered: the initial configuration €, the intermediate con-
figuration Q; and the current configuration ,. For each slip
system s, the intermediate configuration, which contains the
undistorted lattice, allows defining the slip direction /7 and
the slip plane normal 7. The list of slip systems for the body-
centered cubic (bcc) S phase and the hexagonal close-packed

(hcp) @ phase is given in Table 1. For the single 8 phase, follow-
ing the suggestions of [11, 12], only the (111) {110} and (111)
{112} slip systems are considered. For the resolution of field
equations resulting from equilibrium and compatibility condi-
tions, the explicit finite element solver of ABAQUS is used.
Constitutive relations are implemented within a VUMAT sub-
routine which uses the co-rotational stress tensor & for the de-
scription of the mechanical behavior. This stress tensor is con-
nected to the Cauchy stress tensor o according to:

oc=RT-6-R 3)

2.2. State equations

At each time, the state of a material point is defined by a
set of state variables, which are the thermoelastic strain tensor
E*, the absolute temperature 7, the damage variable D and the
isotropic hardening variables ¢* associated with different slip
systems. The Green-Lagrange thermoelastic strain tensor E*, is
expressed from F* as follows:

E'==(FT - F -1 (4)

N =

The state variables allow defining the specific free energy v,
which is expressed in the intermediate configuration as follows:

poy = po” (E*, T, D) + poy” (¢*, D)

poYr = %E* :C*(T,D):E*—E":C*(T,D) : a(T - Typ)

T\ 1 . ‘
+poc, (T—To —Tlog(TO))+ 501 -D) § q‘ZH“q’
()

In the above equation, T is a reference temperature, ¢, is the
specific heat, Q is the hardening modulus, H is an interaction
matrix and « is the temperature-dependent thermal expansion
tensor such that: @ = ay &(T). The specific free energy ¢ is
used as a thermodynamic potential from which the different
state laws can be derived.

The second Piola-Kirchhoff stress tensor P* is obtained us-
ing equation 5 as:

o
OE*

P =po— =C(T,D): (E" —a(T - Ty)) (6)

C* (T, D) is the fourth order elastic stiffness tensor, which de-
pends on both temperature and damage. It accounts for the elas-
tic anisotropy of the cubic and hexagonal lattice through C,.
The dependence of the elastic stiffness tensor with respect to
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Table 1. Slip systems for centred cubic and hexagonal close-packed structural
material

Hexagonal close-packed (a phase)

Name Family Number
Basal <11§0> fooor} 3
Prismatic <1 1io> {1010} 3
Pyramidal<a> <1 1§o> {1101} 6
Pyramidal<a+c> <1 1§3> {im 1} 12
Centred cubic (B phase)

(1 1 1) {1 10} 12

(1 1 1) {1 12} 12

the damage and the temperature variables takes then the fol-
lowing form :

C*(T,Dy=B(THU : —P)P*: Cy : P*+ (1 - D)B(T)[

H(: P)P*:Cy:P+P?: Cy: PU4P¢: Cy : P+P° : Cy : PY)

P* and P? are respectively the spherical and deviatoric projec-
tion tensors and are defined as follows:

1
P'=-I®I 8
1@ ®)

1
Pd=H—§I®I )

H is the Heaviside function. According to (7), damage degra-
dation affects both the spherical and the deviatoric parts of the
stiffness tensor when the hydrostatic pressure I : P* is posi-
tive. At the opposite, only the deviatoric part is impacted by
damage when the hydrostatic pressure / : P* is negative. This
description allows accounting for closure effects. The relation
between the second Piola-Kirchhoff stress tensor P* and the
Cauchy stress 7 is:

1
F*.-p . FT 10
det(U) (10)

5’:

For each slip system s, the critical shear stress »* measures the
resistance to crystallographic slip due to strain hardening. From
the definition of the specific free energy , one obtains that:

! 0 :
F =y =(1-D)0 Y Y an

The specific entropy s, which is the thermodynamic force asso-
ciated with the temperature 7, is expressed as:

v _ 1, oc

POer =727 " ar

Pos = — E*

+E*:C :(a/+a—T(T—TO))—i-pOc,7 ln(T—O) (12)

The thermodynamic force Y driving the development of the
damage Y is given by:

oy 1. aC ac*
Y=-pg— = E*: cE"+E:
Pop =2 “ap P T D

Z(Y(T—T())

+ %QZqSZH”q’ (13)

2.3. Evolution equations

At a given time, the specific intrinsic dissipation source d; is
calculated from:

di=p—y—sT (14)

The power developed by internal forces is expressed from the
co-rotational stress tensor & and the eulerian strain rate defined
by d = U - U! through the relation:

pop=Jo:d (15)

Using equation 5, we can obtain:

1 .
dy=—|M:LP- r'¢* - YD (16)
: Lo Z 1 ]

s

In the above equation, the Mandel stress tensor M, which is
the power conjugate to the plastic part of the velocity gradient
L? = FP . FP~! has been introduced. This stress measure is
connected to P* with:

M=FT.F.p* (17)

According to (16), some evolution equations for L”, §* and D
are needed for the constitutive model to be complete. Within
the crystal plasticity framework, the plastic part of the velocity
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gradient tensor is conveniently written:
LP = ngwgyf (18)
s

where 7 is the plastic shear strain rate on slip system s. For
the plastic flow rule, a modified version of the model of (Meric
and Cailletaud [13]) is used. Based on dislocation theory [14],
the modification has been introduced to account for the effect
of dislocation multiplication and/or annihilation on the flow be-
havior:

7' =@ <'T'T_r> sign(r") (19)

where 7° = M : (m’ ®n®) is the shear stress acting on slip
system s. K and n are a viscosity parameters. Q and b are the
isotropic hardening rule material parameters. g denotes the ini-
tial dislocation density. For the evolution of damage, a power
type of relation is used:

) y\"
D=<7> IILP|I (1 - D) (20)

r

Y, is a material parameter which measures the resistance to
damage development and m is a rate sensitivity parameter. In
the above equations, K, n, Q, b, Y, and m are temperature de-
pending parameters.

3. Parameter identification

In this section, the procedure used for the identification of
material parameters for the S-rich Til7 titanium alloy is pre-
sented. For this purpose, two different microstructures have
been considered. The first microstructure is solely composed
of equiaxed B grains. This microstructure is used to identify the
material parameters associated with the 8 phase of the Til7 al-
loy. The second microstructure is composed of « lamellae em-
bedded in a B8 matrix. It is used for the determination of the
material parameters associated with the @ phase.

To determine the material parameters, some compression,
shear and tension tests have been carried out using a Glee-
ble 3500 simulator. The experimental procedure is presented
in [3].The compression tests, which have been conducted at
temperatures ranging from 25 to 900°C and strain rates rang-
ing from 0.1 to 50 s~!, have been used for the identification of
the viscoplastic flow rule parameters for both phases. The shear
and tension tests allow determining the parameters of the dam-
age rule for the lamellar two-phase a + 8 Til7 microstructure
only. Tensile and shear tests have been conducted on specimens
with different states of triaxiality (i.e shear, smooth, notched

with a radius of 8, 4 or 2 mm) at temperatures ranging from 25
to 800°C and strain rates ranging from 0.1 to 1 s7'.

For the simulation of these tests, a synthetic microstructure
is first generated using the NEPER software [15]. A random
crystallographic orientation is then affected to each grain. For
the lamellar @ + 8 microstructure, the crystallographic orienta-
tion of @ phase lamellae is randomly selected according to the
Burgers orientation relationship[16]:

(110), 1(0001), and[lﬁ]ﬂll [2110]0 1)

Also, for the simulation, all tests are considered to be adiabatic.

3.1. Compression tests

Fig. 2. Geometrical model and boundary conditions for compression tests

Fig.2 shows the geometrical model, which contains 250
grains, used for the identification of the viscoplastic flow
rule parameters. C3D4 tetrahedral elements (with 1 integration
point) have been used in this section. Convergence is obtained
with 170 elements/grain. The friction coefficient has been taken
into account according to the proposition of [8]. The identifica-
tion procedure is as follows:

o First, the identification of the S-treated Til7 parameters
is performed. This step allows obtaining an evolution
function for each parameter (i.e K#(T), n*(T),0%(T) and
WA(T)).

e Then, using the identified S-treated Til7 parameters and
the experimental stress strain curves obtained for S + «
Til7, the a phase parameters (i.e K*(T), n*(T), Q*(T)
and b*(T)) are identified.

Fig. 3 shows some identification results of the above parame-
ters for the B+« and the S-treated Til7 at different temperatures

and a strain rate of 1 s™'.

3.2. Tensile and shear tests

The tensile and shear tests are simulated to determine dam-
age parameters (i.e. Y, and m ) for the a + S Til7 alloy. The
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Fig. 3. Comparison between numerical and experimental stress-strain curves at
different temperatures and a strain rate of 1 s~!.

A V70

Fig. 4. Geometrical models and boundary conditions for tensile and shear tests

corresponding geometrical models are shown in Figure 4. Both
the Y, and m parameters have been identified for each temper-
ature from the experimental force versus displacement curves.
Figure 5 presents the identified force-displacement curves of
the shear, smooth and notched specimens at the temperature of
25°C and a strain rate of 1 s~!. As shown in Fig 5, an increase of
stress triaxiality is associated with an increase of the maximul
force and a decrease of the maximum elongation.
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Fig. 5. Comparison between numerical and experimental force versus displace-
ment curves for a temperature of 25°C and a strain rate of 1 s7!.
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Fig. 6. Geometrical model and boundary conditions for the cutting simulation
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4. Cutting simulation

In order to study the impact of microstructural features on
chip segmentation, orthogonal cutting simulations have been
carried out. As shown in Fig 6, the cutting model includes the
tungsten carbide tool and an « + B Til7 titanium alloy work-
piece. The workpiece contains 70 grains with random crystal-
lographic orientation. C3D8R elements have been used for this
simulation. The mesh size is about 10x 10 x 10 um. The ge-
ometrical model and the boundary conditions are presented in
Fig 7. The cutting tool is defined as a deformed solid with an
edge radius of 10 um and with rake and flank angles of 5°. The
cutting speed, the feed rate and the cutting depth are respec-
tively V. =75 m/min, f =0.1 and 0.2 mm/rev and a, = 0.25
mm. During chip formation, the friction coefficient is constant
and equal to 0.3 [8].

The experimental cutting tests used for comparison have
been presented in [8]. They were conducted using a Lead-
well LTC25iL CNC lathe. A Kistler 9257B piezoelectric dy-
namometer has been used to measure the cutting force F.. The
cutting speed and the feed rates performed are respectively
V. =75 m/min and f =0.1 and 0.2 mm/rev. The experimental
cutting depth is a, = 5 mm. The average value of the experi-
mental cutting force ranges from 1090 + 70 to 1720 + 100 N.
In this work, the experimental and numerical average values of
cutting force are compared. The numerical cutting force is plot-
ted in Fig 7. For comparison purpose, because the experimental
and numerical cutting depth are different, the cutting force is
assumed to vary linearly with the cutting depth a,,. As a result,
the numerical cutting force is converted and compared to the ex-
perimental results with (F ./ fap) [8]. The cutting force error be-
tween the finite element modelling (FEM) and the experimental
does not exceed 8%, which means the parameter identification
procedure is correct.

As shown in Fig 8, depending on the crystallographic ori-
entation, a strain localization phenomenon, leading to the for-
mation of an Adiabatic Shear Band (ASB), is observed. Indeed,
ASBs initiate at the tool tip (in the high compressive area), then
propagate along the two sides of the workpiece before reaching
the top surface. The propagation along the sides of the work-
piece is faster than the propagation through the thickness. In
this region, the formed chip shows a strong heterogeneous dis-
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Fig. 7. Comparison between converted experimental and numerical average val-
ues of cutting force
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Fig. 8. Impact of the crystallographic orientation on chip segmentation: a) De-
formed mesh and b) Norm of the plastic deformation.

tribution of the plastic deformation. However, when the condi-
tions are not met for strain localization, an unsegmented chip is
formed. Indeed, the plastic deformation becomes more homo-
geneous in the chip. As a result, when the grain size is compa-
rable to the feed rate and/or the cutting depth, the chip segmen-
tation is strongly impacted by the crystallographic orientation.

5. Conclusions

In this paper, a thermodynamically consistent hyperelas-
tic constitutive model based on the crystal plasticity theory
has been implemented in the ABAQUS/Explicit finite element
solver with a user-defined subroutine. The flow behavior param-
eters have been identified from compression tests carried out on
B-treated Til7 and S+« Til7 specimens. In addition, tensile and
shear tests have been performed to calibrate the damage model.

Finally, orthogonal cutting operations have been simulated
to understand the possible influence of the microstructure on
chip segmentation. The cutting force is well predicted by the
model. In addition, a strong dependence of the chip segmenta-
tion to the crystallographic orientation has been observed. In-
deed, when the chip is fragmented, the shear bands initiate at
the tool tip, then propagate along the two sides of the workpiece

to the top surface. Also, a strong heterogeneous distribution of
the plastic deformation is observed in the formed chip.
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