Technical Paper

Modelling of micro-machining of Ti-6Al-4V: strain gradient

interpretation

Rahul Yadav, Gautam Kumar’, Nilanjan Das Chakladar, Soumitra Paul

Indian Institute of Technology Kharagpur, Kharagpur, India

Presented in International Conference on Precision, Micro, Meso and Nano Engineering (COPEN - 12: 2022)
December 8 - 10, 2022 IIT Kanpur, India

ABSTRACT

KEYWORDS

Micro-Cutting,
Residual Stress,
Chip Morphology,
Ti-6Al-4V.

Advances in computer methods over the last two decades have accelerated research
in engineering sectors because of high computing power. Micro-machining is a
manufacturing domain that is widely utilized for producing miniature components
where predictability is a concern. The current work emphasized developing and
executing a user-defined constitutive flow and friction models to simulate the
physical phenomenon of chip morphology, residual stresses, and cutting forces
during orthogonal machining at the micro-scale. The proposed model integrates
strain gradient and dynamic recrystallization effect using a user hardening subroutine
written in Fortran for machining of Ti-6Al-4V in micron scale. Furthermore, a
user defined friction subroutine was implemented at the tool-chip interaction.
A comparison is made between the modelling results and experiments in terms of

specific cutting energy (SCE) and residual stresses.

1. Introduction

The manufacturing of miniaturized components in
the engineering and biomedical sectors became
popular due to the advent of lithography and non-
lithography-based techniques such as electro-
discharge machining, laser micro-manufacturing,
LIGA, electroplating, ion beam, and ultrasonic
machining (Chae et al., 2006). Lithography-
based techniques can produce exact geometrical
features with limited tolerance for Si material.
However, these techniques are not cost-effective,
and their processing time is extremely high.
The technique of micro-mechanical machining
overcomes the challenges of such processes.

Since the depth of cut and feed during the micro-
cutting process are substantially more prominent
than the microstructure arrangement of grains
of the workpiece, the material is considered as
homogeneous and isotropic. However, the level
of strain gradient and the local strain affect the
flow stress (Wang et al., 2008). The finite element
analysis (FEA) is a reliable numerical method for
studying a complicated nonlinear system such as
a material removal process. The accuracy of FE
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modelling reckons on the selection of material and
friction model. Ozel and Karpat (2007) illustrated
the procedure to predict the Johnson-Cook
constitutive parameters for different materials
during the micro-cutting process. An enhanced
strain softening model was introduced and the
orthogonal turning process was studied to analyze
chip morphology and the machining forces of
Ti64 (Calamaz et al., 2010; Sima & Ozel, 2010).
Harzallah et al. (2017) introduced a new damage
model, and postulated maximum shear criteria for
better prediction of chip serration and shear band
evolution during cutting of Ti64. Liu et al. (2021)
modified the Johnson-cook constitutive model
by adding the microstructure evolution, which
considered the hardening and dynamic recovery
during orthogonal machining of Ti64. Yadav et al.
(2022a) proposed the models for plastic flow of
material and friction by considering the dynamic
recrystallization and stick-slip oscillations at the
contact of chip and tool while micro-cutting
Ti-6Al-4V.

Most of the aforesaid studies reported the FE
modelling of the micro-machining operation
with the Johnson-Cook and strain-softening
constitutive material model. However, strain
gradient (nonlocal effect) significantly influenced
the micro-cutting process. Further, an elementary
Coulomb friction model was described to define
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the chip-tool interface. Therefore, in this proposed
study, the micro-machining process is simulated
by considering the dynamic recrystallization and
strain gradient effect. An enhanced user-defined
stick-slip friction model is used at the chip and
tool interaction. The comprehensive investigation
of chip morphology, machining forces, SCE and
residual stresses are proposed and verified with
experimental results from reported literature.

2. Finite Element Modeling Approach: Micro-
Scale Cutting

A two-dimensional orthogonal model with plane
strain assumption is proposed to investigate the
micro-cutting mechanism with an enhanced
constitutive flow and friction model of Ti-6Al-4V.
The cutting tool is considered to be rigid with an
orthogonal rake angle of +8° and a cutting-edge
radius of 1.5 um. The assembly view with the
meshing of parts for orthogonal cutting isillustrated
in Fig. 1. Micro-cutting process deformed the
material severely with a high strain rate. Thus, a
dynamic explicit solver is implemented to solve
the coupled temperature-displacement nonlinear
differential equations.

2.1. Constitutive model

The plastic deformation of the workpiece with the
coupled effect of temperature, strain rate, and
strain can be illustrated by Johnson-Cook (J-C)
model (Yadav et al., 2021). The material model is
represented as below:

opc=(A+ Bs;;}{1 +Cln (—pf)} (1~ (o)) (1)

During machining Ti-6Al-4V, materials suffer higher
strain with an elevated strain rate of order 10° to
10° st and reflect strain softening and shear band
formation. The J-C model unable to capture the
proper chip morphology and plastic strain at this
elevated strain rate. Thus, a TANH model proposed
by Sima and Ozel (2010) combines thermal
softening and strain softening in the J-C model. The
obtained expressions are given below

n 1
OTANH = [A +B gp {eXp(Ea)}:I [1 +Cin (Eref):l

[1 _( _T=Tamp__ [D +(1-D) {tanh (( p— )}s] (2)

Tmett= Tamb

Where, D = {1 - (T,;t)d}'p = (Tmel ) and a,b,d,r,s

indicates the material constants.
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Fig. 1. Geometrical illustration of 2D model of
orthogonal micro-machining.

The consequences of dynamic recrystallization
were considered using the Johnson Mehl Avrami
Kolmogorov (JMAK) model. The amount of
recrystallized volume over the total element
volume is mentioned below (Liu et al., 2021):

K-
Ep—Ecriti
zdr=1—exp[—ﬁ(w) ] if & > €crand zg, = 0, if &, < e

€os

Where, e = 10, 9 exp

Ecritical is the critical strain that symbolizes the
growth of dynamic recrystallization amid the
coupled thermo-mechanical analysis, and g, is the
strain at z,=0.5. Q and R are energy of activation
(kJ/mol) and universal gas constant (J/K mol),
respectively. A hybridized flow model is stipulated
using the J-C and TANH models, coupled with
dynamic recrystallization. The hybridized model
is implemented in ABAQUS as user subroutine
VUHARD.

Ohybria = (1 = Zar) )¢ + Zar Orann (4)

In addition, the effect of inhomogeneous
deformation is implemented by imposing a
strain gradient in the flow model. The flow stress
with strain gradient is discussed in equation 5
(Lai et al., 2008).

2bh(MaG)? 4e
MeS) andn = —=<

Thybria = Onybriay 1 + (Y, where, 3 =

2
‘Thybrid)

The factor of strain gradient (n) relies upon the
shear strain €,, and uncut chip thickness (uct) a,.
The characteristic length of deformation is defined
by 1, which relies on burgers vector b, Taylor’s
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Table 1
Material model and damage model parameters (Chen et al., 2011; Yadav et al., 2022b).
(pa) | BIMPA | C m | Taw(0) Tynete (°C)
1092 0.014 1092 0.47 25 1630
1098
éref Q
(sec?) g g 0d5 f 0 25 (KJ/mol)
0.01 ’ ’ 218
B oy, ay, A m,;, m k R
0 1 2 1 2
0.69 1.21e-05, 2, 0.5 0.04, 0.006 2 0/ g ;“10')
Dcl DcZ Dc3 Dc4 Dc5 b M Q
-0.09 0.25 -0.5 0.014 3.87 0.3 3.06 0.4
factor M, the empirical constants a, shear modulus y 4 Shear

G, and the flow model aﬁybn-d. The workpiece
(Ti-6Al-4V) material constants are mentioned in
Table 1.

2.2. Damage model

The damage initiation criterion is captured by
implementing J-C damage model (Zeng et al.,
2017). The damage model parameters in the
equation 6 for Ti-6Al-4V are given in Table 1. The
fracture strain is given by e,’;. & is the triaxiality of
stress (the ratio of the hydrostatic pressure to the
equivalent Von-Mises stresses). The aggregate
model is defined as below:

5 T-Tamp ]
¢ Tmett= Tamb

&) = [Dey + Degexp(D3§)] [1 + Doyln (;—Pf)] [1 +D

2.3. Friction model

During micro-machining, the frictional stick-slip
phenomenon is observed at the interaction of
the workpiece and the cutting edge of the tool.
A FORTRAN code-based user subroutine (VFRIC)
is employed to incorporate the stick-slip friction
model into ABAQUS. The algorithm is illustrated
below (Yadav et al., 2022b):

Sticking phenomenon (T<uP) T = Us; (YL) O,

Slipping phenomenon (t=>uP)

Trr = HstOpn — (Kst = Mkin)OnCOS (wf(i))

Where u,, (0.33), and iy, (0.2) are the static and
kinetic coefficient of friction at the region of stick-
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Fig. 2. Chip morphology analysis at Vc = 31.41 m/min
(a) chip segmentation (b) chip thickness.

slip. Y., Yo and y symbolize the critical elastic slip,
slip rate, and elastic slip. 74, and o, represent
frictional stress and normal contact stress. The
frequency of the chip segmentation by w;.

3. Results and Discussions

The estimation of the chip morphology, cutting
force, SCE and residual stress at varying feed
is discussed in this section. The machining of
Ti-6Al-4V in micron scale results in formation
of serrated chip, as depicted in Fig. 2. The crack
initiation and the shear band are observed
at the chip segments. The maximum plastic
strain of 5.5 was localized along the shear
band. The chip morphology with varying uct
(a,) is depicted in Fig. 3 with and without
consideration of the strain gradient effect. The
average value of the coefficient of chip reduction
(T = h,/a,) decreased with an increase in uct (a,)
and was observed to be maximum for 1 um uct
(a,<r,) due to the size effect (Sima & Ozel, 2010).
The rake angle near the edge radius became
negative, and the material underwent large
compression (squeezing) while passing along
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the edge radius. The T value was higher for the
strain gradient flow model due to high shear
deformation at the micro-scale caused by the strain
gradient effect. The variation of primary cutting
force with time and uct (a,) is illustrated in Fig.
4(a) and Fig. 4(b), respectively. The primary cutting
forces P, and its orthogonal component Py affect
the cutting power, tool life, and surface finishing,

(, \ a;=7 pm
z

Fig. 3. Chip morphology at different uct a;
(a) without strain gradient effect (without SGE)
(b) with the effect of strain gradient (with SGE).

the variation of their ratios is shown in Fig. 4(c)
for different uct (a,). The analysis reveals that the
force ratio enhanced with a reduction in uct (a,)
from 7 um to 3 um. The thrust force dominated
the machining force due to the size effect when
the uct (o, = 1 um) was less than the radius of
the cutting edge (r_ = 1.5 um). The force ratio was
higher with the strain-gradient effect due to higher
flow stress during plastic deformation. Fig. 4(d)
describes the SCE plot with varying a /r_ ratios.
The SCE is inversely dependent on the material
removal rate. As the uct (a,) reduces, the chip load
decreases. Thus, the material removal decreased,
significantly increasing the SCE at a low value of
uct (a,). A similar trend was obtained by Ducobu
et al. (2017) at the same ratio of a,/r_ at the meso
scale. The size effect reduces with an increase in
undeformed chip thickness irrespective of the
same scalar proportion of uct (a,) and edge radius,
leading to the simulated trend being larger than
the reported trend. The residual stress in
micro-cutting is induced by non-uniform plastic
deformation, temperature gradients, and phase
change. In the proposed study, the effect of phase
change on residual stress is ignored. The residual
stresses in compression are usually observed
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Fig. 4. (a), (b) cutting force study with time and uncut chip thickness, respectively,
(c) variation of force ratio analysis, (b) analysis on SCE (J/mm?) at Vc = 31.41 m/min.
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Fig .5. Residual stresses variation with and without the effect of strain gradient at different uct (h)
(@) 1 um (b) 3 um (c) 5 um (d) 7 um; The validation of the proposed model with literature
(e) along machining direction x (f) along transverse direction z.

at the micro-machined surface, with maximum
magnitude at a certain depth due to the build-up
of high-density of dislocations, and its magnitude
further decreases with an increase in depth.
The analysis of induced compressive residual
stresses with uct (a,) in the machining direction is
illustrated in Fig. 5 (a, b, ¢, d). The study revealed
that the compressive residual stresses reduced
with a reduction in uct (a,) from 7 um to 3 um.
The size effect predominates at uct (a,) of 1 um
(< r, 1.5 um), resulting in a rise in the extent of
compressive residual stress. The residual stress
under the strain gradient effect was higher due
to higher cutting forces (Fig.4) depicted by dotted
lines.

The proposed FEM model was validated with the
experimental work reported in the literature of
Zeng et.al (2017) and Yadav and Mathew (2021)
for{(a,=5um)>(r_=1.5um)}and {(a,=1 um) <(r,
= 1.5 um)} respectively in Fig 5 (e, f). The trend and
the magnitude of compressive residual stresses
from the FEM model in Fig 5 (e, f) satisfactorily
matched with the proposed experimental work
in the literature. The trend line comparison was
made with the reported experimental data for
a/ r,=171and a/ r, = 0.88. The current work
aimed to enhance and implement the constitutive
flow material and friction model to capture the
micro-machining phenomenon and machinability
performance of TI-6Al-4V.

4. Conclusion

This proposed study develops a 2D finite element
analysis for micro-machining with an enhanced
flow and friction model incorporated through
user-subroutine using Fortran. The cutting forces,
chip morphology, SCE, and residual stress are
analysed for TI-6Al-4V. Some specific conclusions
are mentioned below:

The chip serration and formation of the shear band
for Ti-6Al-4V was simulated successfully through
strain softening and strain gradient model. The
implementation of strain gradient effect in the
flow model captures the non-homogenous
deformation during micro-machining, which results
in increase of machining forces, SCE, and maximum
residual stresses. The chip reduction coefficient
was high (= 2.3) for a lower uct (a,) of 1 um due to
high shear deformation at low uct (a,). The cutting
force ratio (ny/Pz) increased rapidly from 0.65 to
1.5 with a reduction in uct (a, value from 3 um to
1 um, and thrust force (P, ) dominated over cutting
force (P) caused by localized rake angle. The SCE
showed the nonlinear response when uct is less
than cutting edge (a, _ r,) due to a drastic decrease
in material removal rate. The surface residual
stress (in magnitude) increased with an increase
in uct (a,) value when a, > r_due to high cutting
forces. However, for a. < r, surface residual stress

1 e
was enhanced due to the size effect.
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