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Abstract

Exploring the interconnection between texture variation and the activations of slip systems is
vital for the texture generation and controlling during machining of Ti-6AL-4V. The
evolution of crystallographic texture and the activations of different slip systems during
machining of Ti-6AL-4V were studied combined with the orientation imaging microscopy
(OIM) and visco-plastic self-consistent (VPSC) framework. A VPSC model considering the
activations of five slip families as well as twinning of hexagonal close packed (HCP) Ti
structure and coupled with a finite element cutting simulation model were used to simulate
the texture variations during machining of Ti-6AL-4V. Crystallographic texture evolutions of
Ti-6AL-4V in chips and machined surface were examined using OIM. Two initial textures of
Ti-6AL-4V yielded the same end texture, a strong C fiber texture. Lastly, Voce hardening

parameters were modified to control the activations of slip modes as well as twinning and



O J o U bW

AT UIUTUITUTUTUTUTOTOTE BB DD B DDA DNWWWWWWWWWWNNNNNNONNNONNNNR R R R R PR PP
O™ WNFRFOWOJdNTD WNRPOW®O-JIAAUTDRWNR,OW®OWJNTBDWNRFROWO®W-TJNUB®™WNROWO®W-10U D WK R O WO

calibrate the VPSC simulation results of texture and mechanical property. It is found that the
combination of prismatic <a>, basal <a>, pyramidal <a> and 2-nd order pyramidal <c+a> slip
systems induce the generation of C shear texture in the machining of Ti-6AL-4V. The
activation of the 2-nd order <c+a> slip system makes large contribution to the formation of C
shear texture irrespective of the initial textures and machining parameters. The result
demonstrates that activations of slip systems and their relative activities depend on the shear
deformation in machining of Ti-6AL-4V. This finding is important to control the texture
variation in the deformation of Ti-6AL-4V.
Keywords: Crystallographic texture; VPSC simulation; Slip systems; OIM characterization;
Machining; Ti-6AL-4V
1. Introduction

Crystallographic texture, induced by severe plastic deformation (SPD) of metal alloys, is
a versatile route for amplifying mechanical properties and modulating functional responses
[1-3]. Texture evolution of material is mainly controlled by the deformation fields (e.g. strain,
strain rate, temperature) and the deformation modes (slip and twinning). Identifying the
interconnections among the deformation fields, deformation modes and the texture evolution
of materials is important to guide towards new ways of plastic deformation to control the
texture of deformed materials.

Machining is a well-known SPD process that has been examined as one of the
techniques of controlling/modifying textures of materials [4]. A schematic of machined
surface formation during machining is illustrated in Fig. 1. By removing a preset depth of

material ap, a chip of thickness of a. and a new machined surface are generated. Large
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amount of deformation is imposed in the primary deformation zone as the progression of
cutting tool in the cutting speed direction. High strain rate (>107), large strain (>1) and high
temperature (>200 °C) result in reorientation tendencies of grains and thus a new

crystallographic texture [5].

.

Primary deformation zone

New surface

Fig. 1. Schematic of machining process.

Several studies have been conducted to identify and analyze the texture variations during
machining of materials. Basu et al. used orientation imaging microscopy (OIM) to
characterize the texture evolution of copper machined surfaces [6]. They also calibrated that
visco-plastic self-consistent (VPSC) model can predict the texture variation during machining
of copper. Veldsquez et al. [7] found that the three types of texture were generated in the
Ti-6AL-4V machined sub-surface. It was shown that it is possible to control the
crystallographic texture variation by selecting proper cutting parameters.

Ti-6AL-4V, a typical dual-phase titanium alloy, was used in this paper. For the
hexagonal close-packed (HCP) structure of a-Ti, five types of slip systems are involved in the
SPD of Ti-6AL-4V, i.e., prismatic <a> {10-10}<11-20>, basal <a> {0002}<11-20>,

pyramidal <a> {10-11}<11-20>, 1-st order pyramidal <c+a> {10-11}<11-23> and 2-nd
3
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pyramidal <ct+a> {11-22}<11-23>. In addition to slip, Ti-6AL-4V shows a propensity for
deformation twinning during SPD process. The twinning modes depend on the deformation
characteristics of Ti-6AL-4V. Extension twinning mode {10-12}<-1011> and compression
twinning mode {10-11}<11-20> are the predominant twinning modes for HCP a-Ti.

Crystal plasticity theory has been used to establish the links between a set of
slip/twinning systems activated in the deformation process of titanium alloy and the grain
reorientations over the past several decades. Gurao et al. [8] showed that the activation of
basal slip system is necessary to reproduce a near basal texture using VPSC model during
room temperature compression of commercially pure titanium. In an analogous HCP system,
Zecevic et al. [9] employed an elastic-plastic polycrystal model to elucidate the activities of
1-st pyramidal <c+a> and 2-nd pyramidal <c+a> slip systems on the effects of the texture
variations during rolling of Mg-4%Li. The isolated effects of 1-st pyramidal <c+a> and 2-nd
pyramidal <c+a> slip systems on grain reorientations were identified by using
single-slip-mode within VPSC code. The studies mentioned above show that VPSC code can
be used to discern which deformation modes are responsible for the texture variations during
SPD of materials. However, there are few efforts that try to assess the relative activities of the
multiple slip and twinning modes on the texture evolution during machining of Ti-6AL-4V
[10].

In this work, a VPSC model with modified Voce type hardening was used to simulate
texture evolution arising from different activated deformation modes during machining of
Ti-6AL-4V. First, a finite element cutting simulation model was established to obtain the

velocity vector fields in chips and machined surface during machining of Ti-6AL-4V. The
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isolated effects of five slip families and one twinning mode on the texture variations with two
initial textures were investigated via modifying the parameters in the Voce hardening of the
VPSC code. Then, OIM analysis was performed to characterize the texture evolution in
Ti-6AL-4V chips and machined surface. Eventually, slip or twinning systems were coupled
and acted simultaneously with the VPSC simulated results agreeing well with the OIM
experimental results. The calibrate VPSC model with modified Voce hardening parameters
used to predict the crystallographic texture evolution during machining of Ti-6AL-4V was
obtained.
2. VPSC simulation and experiments
2.1 VPSC model of texture simulation

In the present investigation, VPSC-7 code was used to simulate the texture evolution
during machining of Ti-6AL-4V, in which each grain is assumed to be an ellipsoid, which is
embedded in a homogeneous equivalent medium. The deformation of each grain is related
with the macro deformation of polycrystal via physical shear mechanism of slip/twinning. A
detailed description of the VPSC code can be found in the research of Tomé and Lebensohn
[11].

Slip/twinning systems would be activated once the macro deformation is larger than the
critical resolved shear stress (CRSS) of a certain slip/twinning system. Voce hardening
scheme was used to update the CRSS evolution of slip/twinning system with respect to the

accumulated shear strain. This is expressed as Eq. (1).

s
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where 79, 6y, 01, (tott)) are the initial CRSS, the initial hardening rate, the asymptotic
5
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hardening rate and the back-extrapolated CRSS, respectively. I' is the accumulated shear
strain in the grain. The plastic strain rate in single crystal level associated with the shear

strain is given by Eq. (2). It can also be rewritten in a linear form.

s !

S o g
=7'02m2{m2s } =Mo" @)
s=1

where M ;(S“)(a’) and o’ are the viscoplastic compliance and the local deviatoric stress
term of grain, respectively. n is the inverse of strain rate sensitivity exponent. For the
self-consistent process, it is assumed that the strain rate in each grain equals to the polycrystal
macroscopic strain rate [11].

Arbitrary Lagrange-Euler (ALE) algorithm with Abaqus/Explicit was used to develop
Ti-6AL-4V cutting simulation model. The detailed procedures of the implementation and the
validation of the Ti-6AL-4V cutting simulation model were presented in our previous

research [12]. Johnson-Cook (J-C) constitutive model, as expressed with Eq. (3), was used to

define Ti-6AL-4V dynamic behavior during machining process.

il 5]

in which 4, B, C, n, m are J-C material parameters for Ti-6Al-4V. Strain rate sensitivity

proportional factors in J-C constitutive model and VPSC model are defined with Egs. (4) and

(5), respectively.
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in which the referenced strain rate £, is 0.0001 s™. The strain rate is ranged from 0.0001 s™
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to 10000s™". As shown in Fig. 2, the inverse of strain rate sensitivity exponent n’ in VPSC
model is set as 44 to coincide with the material behavior predicted using J-C constitutive

model (with the value of C 0.028).
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Fig. 2. Strain rate sensitivity proportional factors of J-C constitutive model and VPSC model.

Two deformation paths were defined in the machining process of Ti-6AL-4V, as shown
in Fig. 3. Deformation path A entered into chip and deformation path B became part of
machined subsurface. Strain field, strain rate field and deformation gradient of defined
deformation paths were extracted from the established cutting simulation model. Velocity
gradients of deformation paths A and B were calculated based on the presented outputs of

Ti-6AL-4V machining process.
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Chip
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Fig. 3. Deformation paths defined in the machining of Ti-6AL-4V.

Two initial texture distribution data sets of as-received state without any additional
annealing and with post annealing were used in the texture simulations. The simulated texture
data were analyzed using MTEX software [13]. Based on our previous research, only one
twinning deformation mode {10-11}<11-20> was generated during machining of Ti-6AL-4V
[14]. Therefore, the Voce hardening law parameters for all slip systems and associated with
the twinning mode of {10-11}<11-20> of Ti-6AL-4V were adjusted. It is possible to control
the activation of each deformation mode and characterize its effects on texture variation in
machining of Ti-6AL-4V. Relative amount of shear contributed by each deformation mode in
every deformation step was available in the VPSC output files. Various deformation modes
were combined by modifying the Voce hardening parameters and the relative contributions of
each deformation mode on the texture variation were estimated.

In this work, Voce hardening parameters were modified based on the research of
Galan-Lopez and Verleysen [15]. The values for Voce hardening parameters are tabulated in
Table 1. Self and latent hardening parameters for 4 slip systems were equal to 1, to avoid

introducing strong and unpredictable coupling effects between various slip systems [16]. The
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values of 6, for all the slip systems were set to 0 to reduce the parameters optimization time
in Voce hardening law [18]. It should be noted the activated sequences of slip systems are
prismatic, basal, pyramidal <a>, 1-st pyramidal <c+a>. They demonstrated the fitting
parameters can be successfully applied to simulate texture evolution during large deformation
of Ti-6AL-4V. However, second-order pyramidal <c+a> slip system and deformation
twinning modes were not considered in their research.

Table 1 Voce hardening parameters for 4 slip systems of « titanium [15].

Deformation mode  Prismatic Basal Pyramidal <a> Pyramidal <c+a>
70 (MPa) 290.8 411.5 506.6 654.1
71 (MPa) 126.0 205.5 408.5 700.2
6y (MPa) 113.6 167.0 394.1 970.0

2.2 Machining experiments and texture measurements

The Ti-6AL-4V used in this study is composed about of 90% by volume of HCP a-phase
and 10% of body-centered cubic (BCC) f-phase. Plastic deformation of Ti-6AL-4V in this
study relies predominantly on the slip of HCP «a-Ti. Orthogonal cutting tests of Ti-6AL-4V
with two initial textures were conducted on lathe to obtain new generated machined surface
and chips. As described in Fig. 3, the depth of cut @y was set to 100 um. High speed steel
cutting tool was used. The tool rake angle was selected as 5°. Two cutting speeds of 550
mm/s and 1100 mm/s were used in the machining tests. OIM characterizations of the
machined surface and chips were performed in a FEI Scios™ ultra-high-resolution analytical
DualBeam system equipped with electron back-scattered diffraction (EBSD) detector. To

eliminate the effect of initial texture on the experimental results, all the characterized areas of
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EBSD were maintained on the cross-section of Ti-6AL-4V cylindrical samples (Fig. 4). The
examined samples were prepared with mechanical grinding first and final polishing in a 0.04
um colloidal silica suspension for about 1 hour. EBSD was operated in a voltage of 20 kV

and a beam spot size of 13 - 15 (current strength about 5 - 7 nA).

————
- -

Fig. 4. Schematic of EBSD detection area of Ti-6AL-4V.

3. Results
3.1 Initial textures of Ti-6AL-4V

Fig. 5 shows the initial texture of Ti-6AL-4V bar without post annealing. The detection
area was perpendicular to the axis of Ti-6AL-4V bar. Pole figures (PFs) (Fig. 5(c)) and
inverse pole figures (IPFs) (Fig. 5(b)) present that the main texture component of Ti-6AL-4V
is {11-20}<0001>. Likewise, the initial texture of Ti-6AL-4V with post annealing is
presented in Fig. 6. A new texture component of {10-10}<0001> is generated. Both the PFs
and IPFs of two initial Ti-6AL-4V alloys also reveal a very weak basal sheet texture {0001}.
Besides, the average grain size of Ti-6AL-4V with post annealing is larger than that without

post annealing as full recrystallization was occurred with post annealing.
10
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Fig. 6. Undeformed initial texture component of Ti-6AL-4V after annealing of the bulk.

3.2 Texture variations in chips and machined surface with two initial materials
The crystallographic texture variations of Ti-6AL-4V machined surface created from
bulk in the as-received state at cutting speeds of 550 mm/s, and 1100 mm/s are shown in Fig.

7 and Fig. 8, respectively. Orientation distribution function (ODF) maps were established

11
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with Bunge system angles (¢;, @) restricted to a region {n/2, n/2} and angle ¢, was sectioned
into 6 parts (0°, 10°, 20°, 30°, 40°, 50°) for the symmetry of textures of hexagonal materials. A
typical shear texture, C fiber shear texture is seen from the PFs. The ideal positions of C fiber
are simple points in the {0002} PF and lines in both the {10-10} and {11-20} PFs [18]. The
texture component is approximately specified by the Euler angles (60° 90° 0-60°) by

analyzing the ODF maps.

Fig. 7. Texture variations of Ti-6AL-4V machined surface created from bulk in the as-received state at
cutting speed of 550 mmy/s. (a) IPF map; (b) IPF; (c) PFs; (d) ODF maps. Symbols “[J” and «O
represent texture components of C fiber shear texture and basal sheet texture {0001}, respectively.

Besides, the weak basal sheet texture {0001} is still maintained in the machined surface

under both cutting speeds. Two basal sheet texture components {0001}<I11-20> and
12
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{0001}<10-10> are detected in the ODF maps. They are specified by the Euler angles
(p2+91=30°, 0°, @2t91=30°) and (p2+¢1=60° 0°, po+t¢,;=60°), respectively, marked with circles
as shown in Figs. 7(d) and 8(d). It can also be seen that the intensity of basal texture is
strengthened at cutting speed of 1100 mm/s compared with that at cutting speed of 550 mm/s.
At the same time, weak bulk texture component of {11-20}<0001> is detected in the
machined surface at the cutting speed of 1100 mm/s. The ideal location of bulk texture is

specified by Euler angles (90°, 90°, 0/60°) marked with triangle in Fig. 8(d).

(1120)

w1

Fig. 8. Texture variations of Ti-6AL-4V machined surface created from bulk in the as-received state at

cutting speed of 1100 mm/s. (a) IPF map; (b) IPF; (c) PFs; (d) ODF maps. Symbols “A, [, and O

represent texture components of {11-20}<0001>, C fiber shear texture and basal sheet texture {0001},
respectively.

13
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Figs. 9 and 10 show the texture evolution of Ti-6AL-4V machined surface, which were
created on the sample, which was annealed in the bulk state. The detection area at cutting
speed of 1100 mm/s, is opposite to that under other cutting conditions, as shown in Fig. 10(a),
the X axis of spatial reference system is the same direction with cutting speed, which is
opposite to that in Figs. 7(a), 8(a) and 9(a). ODF maps in Fig. 10(d) are restricted to the Euler
angles of (60-150°, 0-90°, 0-60°). Both the PFs and ODF maps reveal that the main texture
component is C fiber shear texture. It is specified by the Euler angles of (120°, 90°, 0-60°),
which is the same location with that (60°, 90°, 0-60°). There is a little deviation between the

detection locations in Fig. 9(d) and the ideal locations of C fiber shear texture.

(1120)

0

(d o

30 30

1) 30 60

Fig. 9. Texture variations of Ti-6AL-4V machined surface created on the sample which was annealed in

the bulk state at cutting speed of 550 mm/s. Symbols “[]” and «O represent texture components of C
14
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fiber shear texture and basal sheet texture {0001}, respectively.

Additionally, similar observations are obtained for the basal sheet texture component
{0001} in Ti-6AL-4V machined surface compared with Figs. 7 and 8. The ideal locations are
specified with the Euler angles (¢1+¢2=60°, 0°, ¢1+¢,=60°) and (¢, +¢>=150°, 0°, ¢;+@,=150°).
The measured intensity values are present near the ideal locations of basal sheet texture
{0001}. Initial bulk texture component {10-10}<0001> is also characterized in the ODF
maps, marked with triangles. The ideal locations are specified by the Euler angles (90°, 60°,
0-60°) [19]. Similar results are observed compared with Fig. 8 that the intensity of bulk

texture component is increased at cutting speed of 1100 mm/s.

Fig. 10. Texture variations of Ti-6AL-4V machined surface created on the sample which was annealed in

the bulk state at cutting speed of 1100 mm/s. Symbols “A, [, and O represent texture components of
15



O Joy U W

OO OO U U OO BB BB DWWWWWWWWWWNDNDNDNDNDNDNDNNDNNNNRERRRRRRERERERRE
GO WNREFPOWOWOJOHUPDd WNEFEFOWOW-TOHOUPd WNREFPOWOJIOHUDdWNREOWOWOJOUPDdWNE OWOWTJOU D WD O

{10-10}<0001>, C fiber shear texture and basal sheet texture {0001}, respectively.

Chips at cutting speed of 1100 mm/s was selected as a representative case and the
texture evolution is presented in Fig. 11. PFs were plotted referring to shear plane AB as
described in Fig. 1. It is evident from Figs. 11(a) and 11(e) that serrated chips are formed and
the grains in the shear bands are severely elongated in the shear direction. There are slight
differences of the texture locations in the PFs and ODF maps along deformation paths A and
B. The generated texture along deformation path A is specified by Euler angles (30°, 90°,
0-60°). Corresponding changes of texture locations can be observed in the PFs. Actually, the
generated texture type along deformation path A is the same as that along deformation path B.
However, the texture intensity along deformation path A is stronger than that along
deformation path B. This difference presumably arises from the deformation along
deformation path A is much severer than that along deformation path B.

[1100] (d) o

2

[0001]

(Loi0)

(1100

e . BRCC |T210]
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Fig. 11. Texture variations of Ti-6AL-4V chips at cutting speed of 1100 mm/s. (a) - (d) created from bulk
in the as-received state; (e) - (h) created on the sample which was annealed in the bulk state. Symbols “[]”
and «O represent texture components of C fiber shear texture and basal sheet texture {0001},
respectively.

Compared with chips created at a cutting speed of 1100 mm/s from the as-received bulk
without an annealing treatment, the intensity of basal sheet texture {0001} is weaker in the
samples created at cutting speed of 1100 mm/s from the bulk material, which was annealed.
The difference indicates that deformation modes activated during machining and
contributions to the formation of texture components are different. It is seen that chip
morphologies (chip peak /; and chip valley /,) are different in the two cutting conditions.
Deformation in two types of chips is directly related with chip morphologies. It is deduced
that the extent of deformation in chips determines the intensity of generated basal sheet
texture {0001}. We will discuss it in Section 4.2 of this work.

3.3 Deformation histories during machining of Ti-6AL-4V

Strain and strain rate tensors at each point of machined area are simplified as

8_X_x E_XJ} 8_X_X (é_)g/ . . . . . . . ., .
and | . ) since machining process coincided with plane strain conditions.
&, &, &, &,

Fig. 12 shows the simulated results of effective strain and shear strain rate distributions
during machining of Ti-6AL-4V. As an ALE framework was used in the cutting simulation
model, there is a big difference between the simulated chip morphologies and the
experimental results. However, large amount of deformation is imposed in the primary
deformation zone and the material becomes chips and machined surface. The deformation in

a shear band was extracted and the strain and strain rate fields along deformation path A can
17
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be simulated accurately.

Strain variation is an accumulative process, so the effective strain value in the primary
deformation zone, as shown in Fig. 12(a), is not large. On the contrary, high strain rate is
located in the primary deformation zone since strain rate is a measure of strain imposed per
unit time. Fig. 12(b) shows the shear strain rate distribution contour. It is evident that high

strain rate distribution zone is the primary deformation zone.
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Fig. 12. Deformation histories during machining of Ti-6AL-4V at cutting speed of 550 mm/s. (a) Effective
strain field; (b) Shear strain rate.

Variations of effective strain and shear strain rate along defined deformation paths with
cutting time are plotted in Fig. 13. Effective strain along paths A and B (Fig. 13(a)) increase
rapidly with cutting time and then gradually tends to attain saturation values. It is indicated
that the variation of effective strain is an accumulative process. The saturation values of
effective strain reveal that the deformation of material is ceased. And, the distributions of
shear strain rate along deformation paths present unimodal distribution with cutting time. The
peak values are located in the primary deformation zone. Strain rate histories along
deformation paths A and B are consistent with the strain histories. The simulated distributions
of strain, strain rate along deformation paths A and B are agreed well with the measured

results of Guo et al. [20]. Coupled with the deformation gradient along the deformation paths,
18
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velocity gradient are obtained and inputted into the VPSC simulation code.
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Fig. 13. Evolutions of effective strain and shear strain rate along deformation paths A and B at cutting

speed of 550 mm/s. (a) Effective strain; (b) Shear strain rate.

The cutting temperature variations during machining of Ti-6AL-4V are also analyzed

and are shown in Fig. 14. It is seen from Fig. 14(a) that the highest temperature is located in

the chip - tool rake face contract zone. The cutting temperature along deformation path B at

cutting speed of 550 mm/s is plotted in Fig. 14(b). It is evident that the cutting temperature is

an accumulative process during machining of Ti-6AL-4V. With the continuous progression of

cutting tool, the cutting temperatures in chip and the machined surface are decreased. It has

been proved that high temperature can reduce the CRSS values of slip systems and thus

promote the activations of slip systems [21]. To couple the high cutting temperature effect in

the Voce hardening law of VPSC model, the initial CRSS values of slip systems were reduced

in certain degrees. The modified Voce hardening parameters of slip systems will be given in

Section 4.1 of this study.
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Fig. 14. Variation of cutting temperature during machining of Ti-6AL-4V at cutting speed of 550 mm/s. (a)
Cutting temperature distribution contour; (b) Cutting temperature distribution along deformation path B.
3.4 VPSC simulation results of different activated slip systems and associated with one

deformation twinning system

Initial orientation data from the as-received bulk without any annealing was selected as a
representative case. The isolated contributions of 5 slip systems and deformation twinning
mode to the texture variations along deformation path B at cutting speed of 550 mm/s were
obtained by modifying Voce hardening parameters. Prismatic slip mode is the first to be
activated during deformation of o titanium material. Fig. 15 shows the texture variations
when only prismatic slip system is activated. It is evident that the locations of these most
active prismatic slip orientations are very similar to the split basal peak texture developed in
the stable rolled textures of Mg alloys [19]. The ideal locations of basal sheet texture {0001}
are marked in Fig. 15(c) with circles. The generation of basal sheet texture {0001} reveals
that prismatic slip mode is responsible for the rotation of {10-10} prismatic plane in the

normal compression/tension stress direction in the primary deformation zone [22].
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Fig. 15. Texture variations along deformation path B at cutting speed of 550 mm/s with only prismatic slip
mode activated. (a) PFs; (b) IPF in Z direction; (c) ODF maps. Symbol «O represents basal sheet texture
{0001},

Fig. 16 shows the texture evolution with the activity of basal slip system. ODF maps in
Fig. 16(c) expose the generated texture component is (150°, 90°, 0-60°) when only basal slip
mode is activated. This texture is similar to B fiber shear texture generated in equal channel
angular pressing (ECAP) of magnesium [23]. The ideal locations of B fiber shear texture of
magnesium characterized by Euler angles are (45°, 90°, 0-60°). The difference in ¢; angle is

presumably due to the distinct shear deformation during machining of Ti-6AL-4V.
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Fig. 16. Texture variations when only basal slip mode is activated. (a) PFs; (b) IPF in Z direction; (¢) ODF
maps.

The texture variation with the activity of pyramidal <a> slip system is shown in Fig. 17.
ODF maps in Fig. 17(c) reveal the texture component is (150°, 60°, 0-60°). It is obvious that
the ¢ angle is rotated 30° compared with that only basal slip mode is activated.
Correspondingly, in the IPF of Fig. 17(b), texture intensity changes from [-12-10] direction to
[10-10] direction. There is also a change in ¢; angle compared with the bulk texture
component (90°, 90°, 0/60°). Or, we can say the texture variation with the activation of
pyramidal <a> slip mode is based on the texture variation with the activation of basal slip
mode. Pyramidal <a> slip mode first generates a rotation of c axis towards Z-X plane and
then towards Z direction. Compared with the OIM analysis results, it is concluded that the

simulated results do not agree well with the experimental results when only prismatic and
22
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basal slip systems are activated.
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Fig. 17. Texture variation when only pyramidal <a> slip mode is activated. (a) PFs; (b) IPF in Z direction;
(c) ODF maps.

Figs. 18 and 19 present the texture variations with the activities of 1-st order pyramidal
<c+a> slip mode and 2-nd order pyramidal <c+a> slip mode. Both the ODF maps in Fig. 18(c)
and 19(c) present the texture components locations are (60°, 90°, 0-60°). It is hard to
characterize the texture variations with the activities of 1-st order pyramidal <c+a> slip mode
and 2-nd order pyramidal <c+a> slip mode from the ODF maps. There are slight differences
in the {10-10} and {11-20} PFs as shown in Figs. 18(a) and 19(a). Unlike 1-st order
pyramidal <c+a> slip, 2-nd order pyramidal <c+a> slip favors formation of four peaks in
{10-10} PF. Gajewska et al. [24] also detected the intense texture component during ECAP

process of commercially pure titanium is located at the same positions as in Fig. 19(a). It is
23
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concluded that 2-nd order pyramidal <c+a> slip mode shows better capability of reproducing

texture features during machining of Ti-6AL-4V.
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Fig. 18. Texture simulated results when only 1-st order pyramidal <c+a> slip mode is activated. (a) PFs; (b)

IPF in Z direction; (¢) ODF maps.
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Fig. 19. Texture simulated results when only 2-nd order pyramidal <c+a> slip mode is activated. (a) PFs;
(b) IPF in Z direction; (c) ODF maps. Symbol “[]” represents C fiber shear texture.

Texture simulation result when only one deformation twinning mode {10-11}<10-12> is
activated is shown in Fig. 20. The ideal location of formed texture is identified with Euler
angles (120°, 30-90°, 0-60°). The activated twinning planes (K; and K3) are characterized as
{10-11} plane and {0001} plane. The shear direction of {10-11} type twinning is <10-12>
axis and the twin boundaries are characterized by a misorientation of 57.42° about shear
direction [25]. The orientations of the activated twinning planes are presented in the PFs of
Fig. 20(a). Comparing the simulated texture variation of {10-11} twinning mode activation
with the experimental measured result in Fig. 7, it is evident that the contribution of {10-11}

twinning to the generated texture during machining of Ti-6AL-4V is very small.

(a) (0002} (1010) (1120 (b) 001 [1100]

= Los
[0001] [1210]

Fig. 20. Texture simulated result when only {10-11}<11-20> deformation twinning mode is activated. (a)
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PFs; (b) IPF along Z direction; (¢) ODF maps
4. Discussions
4.1 Slip systems activated during machining of Ti-6AL-4V

Previous studies have demonstrated that 1-st order pyramidal <c+a> slip mode is the
dominant deformation mode during the deformation of magnesium [27]. However, in this
work, based on the simulated results of texture evolution with the independent activities of 5
slip systems and one deformation twinning mode, it is noticeable that the effects of 1-st order
pyramidal <c+a> slip mode and {10-11} deformation twinning mode on the texture variations
are not obvious. Therefore, the activities of 1-st order pyramidal <c+a> slip mode and {10-11}
deformation twinning mode are not considered in the VPSC code during the machining of
Ti-6AL-4V. It is known that a <c+a> Burgers vector needs to be activated in the plastic
deformation of « titanium alloys in which a minimum of five independent slip systems are
required. 2-nd order pyramidal <c+a> slip mode must be activated to accommodate the
reorientation trends of deformed grains during machining of Ti-6AL-4V.

For the 2-nd order pyramidal <c+a> slip family, {11-22} is the shear plane and <11-23>
is the shear direction. With the cutting tool progressing, materials in the primary deformation
zone undergo shear deformation. Fig. 21 shows the orientations of selected grains in the
machined sub-surface of Ti-6AL-4V. A certain inclination is generated of the deformed grains
with respect to the cutting speed direction. It is seen that crystal plane {11-22} is parallel to
the shear plane AB and crystal direction [11-23] is parallel to the shear direction in the
primary deformation zone during machining process. Under the action of shear deformation
during machining process, 2-nd order pyramidal <c+a> slip mode is easily activated.
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Fig. 21. Crystal orientations of selected grains in the machined sub-surface of Ti-6AL-4V created on the

sample which was annealed in the bulk state at cutting speed of 550 mm/s.

Voce hardening parameters of prismatic slip, basal slip, pyramidal <a> and 2-nd order
pyramidal <cta> slip were determined by comparing the simulated results with the
experimental measured results until simulated crystallographic textures matched their
experimental ones. The optimized parameters are tabulated in Table 2. With considering the
high cutting temperature effect, the initial CRSS values in Table 2 are different from literature
[15] (Table 1). It is noted that prismatic and basal slip modes are easily activated in the initial
cutting process of Ti-6AL-4V as the CRSS values of prismatic and basal slip modes are low.
As the cutting tool progresses into workpiece, pyramidal <a> slip mode and 2-nd order
pyramidal <c+a> slip mode start to be activated. It is because the deformation of material is
large enough that the CRSS values of pyramidal <a> and 2-nd order pyramidal <c+a> slip
modes are easily achieved.

Table 2 Voce hardening parameters used in this study.

Deformation mode  Prismatic Basal Pyramidal <a> Pyramidal <c+a>

70 (MPa) 272 290 392 454.1

27



7 (MPa) 328 546 452 5

0y (MPa) 1200 1570 1350 120

VPSC texture simulated results along deformation paths A and B based on the modified

O Joy U W

NeJ

hardening parameters are presented in Figs. 22 and 23, respectively. It is noticeable that the

= e
N R O

simulated texture variations along deformation paths B and A agree well with the

=
Sw

experimental results as shown in Figs. 7(a) - 7(d) and Figs. 11(e) - 11(h). The simulated shear

= e
~J o

texture and basal texture locations along deformation path B are close to the ideal locations

N
o o W

specified by the Euler angles (60°, 90°, 0-60°) and (¢+¢;=30° 0° @,+9;=30°). For the

N NN
w N

simulated texture variation along deformation path A, the PFs and ODF maps show that the

NN
a1

texture locations are close to the experimental results. It is concluded that the activation of

N NN
0 J o

2-nd order pyramidal <c+a> slip system is favor for the formation of C fiber shear texture.

w W N
= O w

The modified Voce hardening parameters can be used to simulate the texture variation during

w w w
DS N

machining of Ti-6AL-4V.
(2)

w W
oy U1

18 (b) 001 [1100]

w
~J

14

12

w
[e¢]

12

w
NeJ

08

D
(@)

06
0a (0001 [1210]

0

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

s 28
63

64

65




O Joy U W

OO OO U U OO BB BB DWWWWWWWWWWNDNDNDNDNDNDNDNNDNNNNRERRRRRRERERERRE
GO WNREFPOWOWOJOHUPDd WNEFEFOWOW-TOHOUPd WNREFPOWOJIOHUDdWNREOWOWOJOUPDdWNE OWOWTJOU D WD O

Fig. 22. VPSC simulated texture results along deformation path B created from bulk in the as-received

state at cutting speed of 550 mmy/s. (a) PFs; (b) IPF along Z direction; (c) ODF maps. Symbols “[J” and

«O represent texture components of C fiber shear texture and basal sheet texture {0001}, respectively.
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Fig. 23. VPSC simulated texture results along deformation path A created on the sample which was

annealed in the bulk state at cutting speed of 1100 mm/s. (a) PFs; (b) IPF along Z direction; (¢) ODF maps.
Symbols “[]” and «O represent texture components of C fiber shear texture and basal sheet texture
{0001}, respectively.

The relative activities of involved slip modes during machining process were obtained
from the VPSC simulations. Fig. 24 plots the simulated relative activities with two calibrated
sets of Voce hardening parameters. In this study, higher activities of prismatic slip, basal slip
and pyramidal <a> slip are responsible for the texture variation in the early stage of
machining. With the increase of deformation, 2-nd order pyramidal <c+a> slip becomes the
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dominant deformation mode and is responsible for the generation of shear texture during
machining of Ti-6AL-4V. However, as shown in Fig. 24(b), the slip mode relative activities
calculated from the simulation results based on the calibrated Voce hardening parameters of
literature [15] are different from the results in Fig. 24(a). In the calibrated VPSC model of
literature [15], prismatic and basal slip modes are the most activated. Comparisons between
these two calibrated VPSC models reveal that 2-nd order pyramidal <c+a> slip is the
dominant mode for the texture evolution during machining of Ti-6AL-4V irrespective of the

initial texture components.
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Fig. 24. Simulated relative activities of different slip modes of Ti-6AL-4V along deformation path B at
cutting speed of 550 mm/s. (a) Voce hardening parameters used in this work; (b) Voce hardening
parameters referenced from the research [15].

4.2 Validity of the VPSC model in simulation of mechanical property for Ti-6AL-4V

In order to demonstrate the validity of the modified VPSC model in describing the
mechanical behavior of Ti-6AL-4V, a simple tension simulation in quasi-static condition is
performed with comparing to the experimental result in literature [15]. A good match is
observed between simulated and experimental tensile curves, as is shown in Fig. 25. It is
concluded that the calibrated Voce hardening parameters in this study can accurately predict

the mechanical behavior of Ti-6AL-4V.
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Fig. 25. Comparison of simulated and experimental tensile curves [15].

The relative activities of different slip modes are mainly depended on the deformation
histories during machining of Ti-6AL-4V. As shown in Figs. 7 8, 9 and 10, the intensities of
{0001} basal sheet textures along deformation path B at cutting speed of 1100 mm/s are
strengthened compared with that under cutting speed of 550 mm/s. This is because the depth
of machining affected zone is decreased with the increasing of cutting speed. Fig. 26 shows
the variations of effective strain with distances from machined surface to bulk material at
cutting speeds of 550 mm/s and 1100 mm/s. It is evident that the depth of machining affected
zone at cutting speed of 550 mm/s is larger than that at cutting speed of 1100 mm/s. The
extent of subsurface deformation presents gradient variation with distance from machined
surface to bulk material. Correspondingly, the contribution of 2-nd order pyramidal <c+a>
slip mode is decreased with distance from machined surface to bulk material. Therefore, the

intensity of basal sheet texture {0001} is strengthened at cutting speed of 1100 mm/s.
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Fig. 26. Variation of strain with distance from machined surface.

A shown in Fig. 11, segmentation degree was defined to characterize the extent of
deformation in two types of chips. Segmentation degrees calculated as G, = (h;-hy)/h; in Figs.
11(a) and 11(e) are 0.29 £ 0.14 and 0.54 £ 0.20, respectively. It is evident that the extent of
deformation in Fig. 11(e) is larger than that in Fig. 11(a). Large deformation in Fig. 11(e)
indicates that much activity of 2-nd order pyramidal <c+a> slip mode is involved during
machining of Ti-6AL-4V in the as-received state. At the same cutting speed, the intensity of
{0001} basal sheet texture is strengthened in the material created from bulk in the as-received
state due to the relatively low deformation.

5. Conclusions

In this study, VPSC framework and OIM characterization were used to investigate the
effects of activated slip systems and deformation twinning on the texture variation during
machining of Ti-6AL-4V. Simulations were performed by modifying the Voce hardening
parameters in VPSC model, which allows for the activation of only one slip mode. In
addition, the validity of the modified VPSC model in simulation of mechanical property of

Ti-6AL-4V was verified. OIM characterization results show a same C fiber shear texture is
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produced with two different initial textures of Ti-6AL-4V. VPSC simulations indicate that the

combined activations of prismatic, basal, pyramidal <a> and 2-nd order pyramidal <c+a> slip

modes are necessary to reproduce the experimental textures during machining of Ti-6AL-4V.

Calibrated Voce hardening parameters in VPSC framework are obtained to control activities

of different slip families and can predict the texture evolution satisfactorily during machining

of Ti-6AL-4V. Compared results elucidate the texture evolution during machining of

Ti-6AL-4V is commonly attributed to 2-nd order pyramidal <c+a> slip irrespective of

material or manufacturing variables.
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