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Abstract

The coupling effects of low asymmetry of HCP structure and transient non-uniform stress/strain
states during multi-pass deformation processing cause a great variation in crystallographic
orientation of titanium tubes, which may induce anisotropic/asymmetrical behaviors and affect
the formability and service performance of the materials. The unique plastic deformation and
mechanisms under 3D stress need to be accurately understood for integrated design of
fabrication and forming of titanium tubular products via simultaneously achieving shape
forming and property tailoring. How to address this eluded and tantalized issue, however, is still
a bottleneck issue. In tandem with this, taking high strength titanium tube (HSTT) as a case, by
using macro/meso scaled hybrid methodology, a correlation among loading condition, distorted
plasticity and texture evolution of the material is established and articulated by the following: 1)
Via Knoop indentation, tension/compression and EBSD, the distorted plasticity of HSTT is
identified, and the combinations of three slip and two twinning modes are found to dominate the
inhomogeneous deformation, which must be introduced in viscoplastic self-consistent (VPSC)
crystal plasticity; 2) A compression-based orthogonal inverse method is used to calibrate the
crystal plasticity parameters and validated  from various aspects, and the VPSC-based
computation is conducted for tubular materials with six typical initial textures under six
fundamental loadings; 3) The remarkable distorted plasticity and evolution are observed for
most cases; The interactions among slipping/slipping, slipping/twinning and twinning/twinning
coordinate the anisotropic/asymmetrical behaviors and hence induce the distorted evolution of
plasticity; The relationship between deformation modes (strain vectors) and texture evolution is
constructed, and by allocating plastic flow in 3D space, the tubes with the desired textures and

bespoke properties can be tailored in cold rolling.
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plasticity;  Inhomogeneous deformation
1. Introduction

Titanium tubular materials have attracted increasing applications as one of the key
high-performance and lightweight structures in many high-end clusters such as aerospace,
marine, energy and healthcare (Yang et al. 2012; Banerjee and Williams, 2013). While, titanium
tubular parts are manufactured by multi-pass thermal-mechanical fabrication processes such as
extrusion, rolling, and many subsequent forming processes including bending, flaring,
hydroforming and joining. Subjected to various loading conditions, complex tensile and
compressive stress states are often induced. The inherently low asymmetry of HCP alpha
titanium tube makes its behaviors strongly sensitive to three-dimensional (3D) stress state. Thus,
the coupling effects of inherently low asymmetry of crystal structure and transient stress/strain
states induce more inhomogeneous deformation (Rodriguez-Galan et al., 2015). Along with
unequal deformation, diverse deformation modes further result in the preferred crystallographic
reorientation, and the texture evolution then in turn enhances the inhomogeneous deformation
and induces multiple tensile and compressive instabilities. Taking high strength Ti-3Al-2.5V
tube (SAE, 2010) as an instance, the transient stress and strain states during the whole rolling
process make titanium tube exhibit a great variation in crystallographic orientation, which
affects the subsequent formability and service performance of the materials. Thus, for integrated
design and development of both fabricating and forming processes for producing tubular
products with high quality and satisfied properties, it is critically needed to establish the whole
spectrum of knowledge of the deformation behaviors and mechanisms of titanium tube under
complex stress states. However, for tubular materials, it is a challenge issue to characterize their
plastic response under 3D stress states due to the limitation of circle and hollow structure
(Kuwabara, 2007).

So far, great efforts have been provided for exploring the plastic deformation behaviors
(including yielding, strain hardening and flow rule) and revealing the underlying mechanisms
under different loading conditions (Deshpande et al., 2005; Banabic et al., 2010) for different
kinds of materials by using in-situ/ex-situ TEM and atomistic/continuum modeling (Vitek et al.,
2004; Wang and Beyerlein, 2011; Mathis et al., 2015). It is known that most polycrystalline
materials such as FCC, BCC and HCP show pronounced anisotropic behaviors, viz., different
strengths along stress symmetric line, as shown in Fig.1, which have been verified by the
texture-induced dislocation mechanism (Barlat et al., 1997, 2003; Iadicola et al., 2008; Khan

and Yu, 2012; Tuninetti et al., 2015). However, as shown in Fig.1, the anisotropy behaviors are



axial symmetry about the tension-compression (T-C) stress dividing line FL. In this case, the
anisotropic plasticity and evolution in the first quadrant of stress plane, as shown in Fig.1, can
be assumed to cover the entire behaviors in full stress state. In addition to the anisotropic
responses, the other most notable feature is the asymmetry distribution along the T-C stress
dividing line FL for many advanced materials even including FCC (Cheng et al., 2003; Cazacu
and Barlat, 2004), which implies both the directionality sensitivity and pressure sensitivity occur

simultaneously.
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Fig.1. Stress and strain partitioning zones in plane stress condition.

Actually, both the anisotropy and asymmetry are common phenomena not only in plastic
deformation but also in other deformations such as elastic deformation (Bauschinger effect),
creep and phase transformation (Barlat et al., 2003; Tsuno et al., 2008; Raniecki and Mro6z, 2008;
Grolleau et al.,, 2011; Reedlunn et al., 2014). As mentioned before, the texture-induced
dislocation mechanisms satisfy the directional sensitivity by initiating the Schmid law governed
slipping. For the given preferred texture, the anisotropic behaviors can thus occur for most
materials with FCC, BCC and HCP crystal structures. These pressure insensitive phenomena are
attributed to the Schmid law governed slipping, which is a reversible shear mechanism. While,
for the T-C asymmetry, the pressure sensitivity requires that the internal shear mechanism of
deformation is sensitive to the sign of shear stress. Such irreversible mechanisms include

twinning with polarity nature (Proust et al., 2009; Tuninetti, et al., 2015), directional slip such as



non-Schmid sliding and asymmetric slip (Lim et al., 2015; Wilson, 1975), porosity induced
deformation (Drucker, 1973; Cazacu and Stewart, 2009) and internal stress related mechanisms
such as phase transformation, temperature gradient, opening of micro crack, residual stress,
internal Bauschinger effect, nonlinear solute-dislocation interaction and inhomogeneous plastic
deformation (Wilson, 1975).

As shown in Fig. 2, it can be summarized that, for the materials with different crystal structures,
the dominated plastic deformation mechanisms are different, which surely induces a certain
degree of anisotropy and asymmetry. Since the contributions of porosity induced deformation
and internal stress related mechanism on anisotropy and asymmetry seem similar for all types of
materials with FCC, BCC or HCP structure, the roles of the Schmid slipping, twinning and

Non-Schmid slipping are discussed in the following.
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Fig.2. Schematic of the deformation map of materials with different crystal structures.

For FCC materials, there are enough Schmid slipping systems available for accommodating
arbitrary deformation, and thus less twinning is needed, which results in the obvious anisotropy
and the neglected asymmetry (Barlat et al., 1997). This is the reason why some strongly textured
FCC materials exhibit remarkable anisotropy, while remain tension-compression (T-C)
symmetry. However, at the extreme conditions such as cryogenic and dynamic environments or
with special microstructures such as nanostructured and ultrafined grain metals, there is a
substantial T-C asymmetry. For the former, twinning is a dominative mechanism, while for the
latter, the asymmetry arises from the pressure dependence of the dislocation self-energy (Cheng
et al., 2003: Tomar and Zhou, 2006).

As shown in Fig.2, for BCC materials, less but sufficient Schmid slipping is available for
compatible deformation, and the twinning also becomes important under the extreme conditions

of low temperature and high strain rate. While, some BCC materials such as Fe, Mo, Nb, Cu and



Ta, present the significant T-C asymmetry governed by the Non-Schmid effect, viz., non-glide
stress associated with stress-state dependence of the Peierls barrier for screw dislocation (Jiao et
al., 1996; Nitz et al., 1998; Gall et al., 1999; Ogata et al., 2002; Vitek et al., 2004; Tschopp and
McDowell, 2007; Tsuno et al., 2008; Bassani and Racherla, 2011; Wang and Beyerlein, 2011;
Patra et al., 2014). This pressure effect on Peierls glide stress can explain the minor T-C
asymmetry of about 0.3% for pure Al with FCC structure (Bulatov et al., 1999). As shown in
Fig.2, the T-C asymmetry of BCC materials is generally greater than that of FCC materials.
While, for HCP materials, the least slipping systems require twinning to accommodate plastic
deformation, which causes the most significant anisotropy and asymmetry such as Mg-alloy
(Stanford et al., 2012; Tari et al., 2014; Kabirian et al., 2015), Ti-alloy (Jones and Hutchinson,
1981; Graff et al., 2007; Khan et al., 2007; Nixon et al., 2010; Gilles et al., 2011; Revil-Baudard
et al., 2014; Tuninetti et al., 2015) and other HCP materials (Mitsunobu et al., 2014). Based on
the schematic of the deformation map shown in Fig.2, the superposition of anisotropy and
asymmetry may result in distorted plasticity for these materials, viz., irregular yielding and
nonlinear hardening in full stress space. However, this coupling effect has not been fully
addressed yet.

As previously mentioned, to achieve high quality titanium tubular parts in both geometry
accuracy and mechanical properties, it is critical to have a full understanding of the complex
distorted plasticity and its evolution in deformation processes with different stress states.
Unfortunately, different from bulk materials or thick sheets (Boger et al., 2005; Piao et al., 2012;
Tuninetti, et al., 2015), tubular materials generally have geometrical non-linearity such as
curved surfaces, except for the uniaxial tension along longitudinal direction. It is thus a
challenge to obtain the plastic response along other directions. Meanwhile, it is thought that
Schimid glide and twinning are two major directional mechanisms for HCP materials. Since the
viscoplastic self-consistent polycrystal (VPSC) is capable for slip/twinning coordinated
deformation predictions (Lebensohn et al., 1996; Styczynski et al., 2004; Agnew and Duygulu,
2005; Xu et al., 2008; Iadicola et al., 2008; Graff et al., 2007; Brown et al., 2012; Kabirian et al.,
2015; Zhou et al.,2016), it is used in exploring the behaviors of titanium tubular materials in 3D
stress state (Jeong et al., in press). While, the VPSC-based computation relies on the robust
calibration of the mesoscaled parameters of crystal plasticity via dedicated experiments.

In this study, as shown in Fig.3, a macro/meso scaled hybrid methodology is used to establish a
quantitative correlation between loading condition, distorted plasticity, texture evolution and
mechanisms of high strength titanium tube (HSTT) in deformation processes. A near alpha

HSTT is used as an instance of tubular materials. First, by using elaborately designed uniaxial



tension/compression experiments of tubular specimens and Electron Backscattered Diffraction
(EBSD) analysis, the slip/twinning dominated multiple mechanisms of titanium are identified;
Then, a compression-based orthogonal inverse method is used to calibrate the parameters of
crystal plasticity model; Thirdly, the VPSC-based computation with the same set of crystal
parameters is conducted for the tubes with six typical initial textures under six fundamental
loading conditions denoted as 4, C, E, G, [ and K in Fig.1; Finally, the distorted plasticity and its
evolution in full stress state as well as its physical mechanisms are articulated, and by
establishing the correlation between loading condition and final texture, the idea to coordinate
the deformation modes in 3D space for tailoring desired textures of HSTT is clarified for

ensuring the needed properties of the deformed tubular products.
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Fig.3. Macro/meso scaled hybrid methodology.
2. Experimental procedures
2.1 Case study materials

The as-received material is the stress relieved Ti-3Al1-2.5V titanium tube (SAE, 2010) with the

dimensions of 12 mm x 0.9 mm (tube diameter x wall thickness). The morphology of this near



alpha tube is characterized by a large number of cold working produced alpha grains with minor
beta phase spread out at the grain boundaries. The tested tubes are fabricated by hot extrusion,
multi-pass cold rolling and interval annealing, and the final cold pilgering is believed to
determine the final texture of HSTT. The major microstructure feature of the Ti-3Al-2.5V tubes
is the diverse textures in the finished products even with the same geometrical dimensions.
2.2 Knoop indentation-based characterization of tubular materials
Knoop microhardness tests are conducted to preliminarily estimate the overall anisotropy/
asymmetry coupled distorted plasticity of the as-received tubular material. Knoop indentation
test is a standard method for material characterization due to the fact that they provide an easy,
inexpensive, non-destructive and objective method for evaluating basic properties from small
volumes of materials or thin-walled tubular materials, which are difficult to characterize (Zisis
and Giannakopoulos, 2011). Why the Knoop indentation-based method can be used to evaluate
the anisotropic characteristics of materials is essentially attributed to the non-centrosymmetric
pyramid shape of the indenter, as shown in Fig.3, and the six hardness indentations on the three
orthogonal planes along different directions, as shown in Fig.4 (Suwas et al., 2003). Based on
the measured Knoop hardness data characterizing the strong anisotropy, how to analytically
convert the hardness data into the stress data without losing the anisotropy information is
another critical issue. Instead of using the Mises criterion, the Hill'48 yield criterion is
introduced into the Knoop indentation-based procedure to more accurately calculate the stress in
each indentation. By combining the stress data converted from the anisotropic hardness data,
the yield locus of the anisotropic materials can thus be indirectly determined and estimated. A
brief explanation of the improved Knoop indentation-based characterization method used for
determination of the yield locus is presented below.
® Geometry of Knoop microhardness indenter and measuring locations for characterizing
anisotropic and asymmetrical behaviors
As shown in Fig4, the special pyramid shape of the Knoop indenter can produce a
rhombohedral shaped indentation with the long and short diagonals with the ratio o
approximately 7:1. The indenter of Knoop is asymmetric with respect to the center point, and
this non-centrosymmetric Knoop indenter reveals directionality in Knoop Hardness Value
(KHV) on the three orthogonal planes, and hence the anisotropic deformation behavior of
material. The other indenters like Brinell, Rock-well, or Vickers are not so sensitive to
mechanical anisotropy due to the high degree of symmetry of the indenter. Fig.4 shows that the
Knoop indenter has a longitudinal angle 172°30" and a transverse angle of 130°0". The



penetration depth of this indenter is approximately 1/30 of the long diagonal of the indentation.

The geometry of the microindenter is designed in such a way that each facet of a pyramid
indenter could produce a large compressive stress in a direction normal to the contact plane and
a small frictional shear stress component parallel to the plane and in a downward direction. The
compressive stress may be resolved into two parts: hydrostatic compressive stress and a
deviatoric shear stress along the planes bisecting the direction parallel and normal to the
indenter surface. The direction of the shear stress is a function of the geometry of indenter. The
KHYV is assumed to be representative of a stress deviator, which is determined by the indenter

geometry.
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Fig.4. Knoop indenter and orientations of the Knoop indentations on three different planes.

As shown in Fig.5, two Knoop indentations were made on each of the three principal anisotropic
planes (RD, TD and ND planes) with the indenter major axis aligned with the principal
directions. The macroscopic coordinate system includes RD-rolling, TD-transverse and
ND-through thickness directions. The resulted six orientations of indentation are marked as 'a' to
'f on the three planes, and the six Knoop hardness values ('a'-'f") are graphically represented in
Fig.5. In this study, as shown in Fig.5, the six Knoop indentations are selected for tubular
materials.

® Mapping relationship between the stress points in the yield stress space and the six

indentation locations in Knoop hardness tests

The graphical presentation of the Knoop indentation-based yield stress utilizes a planar
representation of 3D space, and the planar representation is referred to as an octahedral plane, as
shown in Fig.5. It is thought that the Knoop indenter orientation determines the directions on the
octahedral strain plane. The directions of the six Knoop indentations (‘a'-'f") are determined by
the 7:1 strain-ratio associated with each of the six Knoop indenter orientations. The six indenter

orientations are shown in Fig.5(a), and the octahedral strain plane is defined by ¢, +¢,+¢, =0,



as shown in Fig.5(b). The coordinates of the six Knoop indentations (‘'a'-'f') in the
octahedral strain plane and in the stress plane. Taking the direction a as a case, the
conversion from the indentation locations in Knoop hardness tests to the stress points in yield

stress space is described in detail.
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Fig.5 Directions of the six Knoop indentations ('a'-'f"): (a) for the microhardness test on three different planes;
(b) in the octahedral plane.

As shown in Fig.5(b), the octahedral strain plane coordinates corresponding to the direction a
are (7, 1, -8). The direction of a in octahedral strain plane is determined by consecutively
drawing three lines parallel to the €1, €2, and €3 axes lines with 7, 1, and -8 units, respectively. A
line from the origin through the ends of the third line is plotted, which indicates the direction a,
as shown in Fig.5(b). Consequently, the directions of the six Knoop indentations ('a'-'f") are
plotted in the octahedral strain plane shown in Fig.5(b).

By normalizing the coordinates corresponding to the octahedral strain plane as shown in Table 1,
the directions of the six Knoop indentations ('a'-'f") are graphically represented in strain plane in
Fig.6 (a). Based on the above analysis and the stress-strain relationship, we can obtain the
qualitative directions of the six Knoop indentations in the stress space and shown in Fig.6(b).
The plane yield locus of the as-received tubular material can then be plotted by converting the
anisotropic Knoop hardness values to the yield stress.

Table 1. Conversion from the coordinates of the six Knoop indentations (‘a'-'f") in the octahedral
strain plane to the coordinates in the strain plane.

Indentation The coordinates The coordinates in the strain plane
Orientation in the octahedral strain plane p

a 7,1,-8 15,9

b 1,7,-8 9,15

c -8,7,1 -9,6




d -8,1,7 -15,-6
e 1,-8,7 -6,-15
f 7,-8,1 6,-9

e \/ e \J

Fig.6. The directions of the six Knoop indentations ('a'-'f"): (a) by normalizing the strain-ratio; (b) in the stress
plane.

® Formulation for converting the Knoop hardness to strength information

The foundation of the conversion is that the KHV is proportional to the shear stress on the
octahedral plane. For plane stress condition, Eq. (1) shows the relationship between the KHV
and the shear stress in the octahedral space established via many experiments and has been
validated and applied (Wheeler and Ireland,1966; Amateau et al., 1975; Suwas et al., 2003;
Mondal et al., 2013).

KHV:3/\/§T8 =(o; —0,0,+0;)"” =(1-0,/0, +(o*2/0'1)2)1/2o'1 =(l-0,/0, +(o*1/0'2)2)1/20"2 (1)
With the relationship of o,/0, =@, (i=a, b, ¢, d, e, f) for each indentation position, the yield
stress at each indentation can be determined:

o, =KHV(-a,+a))"?; o,=KHVa,(1-a,+a’)" (2)
Instead of the Levy—Mises flow rule, the Hill'48 yield criterion is introduced into the Knoop

indentation-based procedure to more accurately calculate the stress ratio ¢, . Since the tests

along the hoop direction and radial direction are difficult to be conducted using tubular materials,
only the uniaxial tension test is used and the normal anisotropy Hill'48 function is used and
shown in Eq.(3).

f(6)=(G+H)o] -2Ho,0,+(H+F)o, -0, (3)
where o, 1is the flow stress. F, G, and H are the anisotropy coefficients and determined by

Eq.(4) in the following.
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F=(/R,+1/R}—-1/R})/2
G=(0/RL,+1/R-1/R})/2 (4)
H=Q/R +1/R,-1/R})/2

For the normal anisotropy materials, R, ,R,, and R,, can be determined by Eq.(5).

R,=R,=1, R,=\/(r+1)/2 (5)
where 7 is the normal anisotropy coefficient.

For the as-received tubular material, the normal anisotropy coefficient »=1.51 determined by
the uniaxial tension test and the anisotropy coefficients F, G and H are then calculated by Eq.
(6).

F=G=1/(2R;,)=03987, H=1-1/(2R;,)=0.6013 (6)
By using the associated flow rule as shown in Eq. (7), the relationship between the
strain-increment and the stress components can be obtained and formulated in Eq.(8).

af
de. =dA——
Y oo, (7)

i
de, =dA[2(G+H)o,-2Ho, |

{dez =dA [Z(H +F)o,—-2Ho, )]

According to Eq.(8), the strain ratio is determined by Eq.(9).

des, (G+H)o,-Ho, (1+R)o,-o,

de, (H+F)o,-Ho, (+R)o,-o, ©)

where R is the ratio of the parameters, viz., G/H =F/H =R.

(8)

For each indentation, «; can be calculated. For instance, for the orientation a in Fig.1, the

following exists:

e _ g (10)
de,
By combining Eqgs.(9) and (10), the following equation is obtained:
o, 1+R+0
g, =T 1XR+S (1)
o, 1+0+Ro6
Repeating the above operations for all other indenter orientations leads to
o, 1+0+RS o, 1-Ro6 o, 0—-R o, R+0+RO
ab:—_— o =—=—- = ——= O =— —

= a =
o, 1+R+5 . ° o, 1+R+R5. ' o, R+5+R5 . ° o 5—R

b 9 b

o _ 0, _ 1+ R+ RO
7o, 1-R6

(12)
® FEvaluation of the anisotropy/asymmetry behaviors of the as-received tubular materials

Based on the above equations, a load of 200g is applied to conduct the Knoop microhardness
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tests. For each direction, the measurements are made at fifteen different positions to have a good
statistical average and the indentation spots are carefully chosen to avoid overlapping
deformation zones. The surface being tested experiences a high metallographic finish with the
small load used. The microscope is used to measure the indentations, which usually has a typical
resolution level of 0.2 um. The hardness is measured using a THV-IMD KHYV tester. The
detailed measured KHVs are listed in Table 2.

Fig. 6 (a) shows the obvious anisotropy and asymmetry in the locus of KHV, and it can be
confirmed that the Knoop hardness data can well represent the anisotropy and
tension-compression asymmetry of materials. According to Egs.(11), (12) and (2), the stress

ratio «, and the converted stress data are calculated, then the plane yield locus of the

as-received tubular material is depicted in Fig.6(b). The yield locus can be plotted by a smooth
curve connecting the raw KHYV point, or by the best fit ellipse method (Fitzgibbon et al. (1999))
and the real coefficient polynomial function. In this research, the measured points are fitted by
using a cubic polynomial function presented in Eq. (13). It is noted that, assuming the normal
anisotropy coefficient » =1, the above equations are converted to those previous publications
reported using Levy—Mises. Fig.6 (b) shows that, compared with the isotropic yielding, the
as-received HSTT presents an obvious distorted yield loci by the two types of Knoop
indentation-based methods. Whether the enhanced algorithm by introducing the Hill'48 criterion
can describe more reasonably the distorted yielding of the tubular materials will be discussed in

Section 4.2.3.
f(x,y)=Ax>+ By’ +Cx* + Dy’ + Exy + Fx + Gy —1 (13)

Distorted yielding b
I_I_I_I_I_I_l A y . - . 4000 +
0 100 200 300 b introducing Mises
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Fig.6. Knoop microhardness based yield locus: a) The locus of KHV in the octahedral plane; b) The locus of

yield stress in the plane stress plane
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What is the useful of the green “triangle”

Table 2. Knoop hardness results.

Datum KHYV in different orientations (kg/mm?)

number a b c d e f

1 329.8 370.9 252.8 288.6 339.9 276.8
2 346.0 365.8 243.5 282.3 326.2 274.1
3 339.9 320.0 255.2 286.9 326.2 261.6
4 337.7 327.6 238.2 267.2 347.5 270.9
5 339.2 3214 245.8 266.2 316.7 241.8
6 316.0 318.7 239.5 295.7 339.9 248.1
7 301.9 349 .0 248.1 280.7 319.4 265.7
8 320.0 339.2 244.0 262.6 349.0 265.2
9 338.5 346.0 254.7 271.9 325.5 243.5
10 331.2 348.3 220.5 265.7 327.6 241.3
11 340.7 346.0 253.8 256.2 334.1 267.2
12 347.5 349.8 265.2 252.8 3134 287.5
13 3214 342.9 232.2 289.8 331.2 288.6
14 339.2 339.9 240.4 270.4 333.3 293.3
15 341.4 329.1 249.0 266.7 344.4 289.2
Average 332.9 340.9 245.6 260.2 331.6 267.8

2.3 Uniaxial tension/compression tests of tubular specimens

As shown in Fig.7 (a), the uniaxial tension/compression tests are conducted for the pieces of
tube specimens directly cut from the raw tube. Both the longitudinal and vertical extensometers
are used for accurate recording of strain. The velocity is 5 mm/min to ensure quasi-static
deformation. Among different heights of the compression specimens, viz., H={1.5, 2, 3, 4, 5,
6}mm, the height of 2mm can ensure a stable compression deformation without obvious
barreling, distortion and buckling instabilities. The tension/compression stress-strain curves are
presented in Fig.7 (b), which indicates an obvious T-C asymmetry.

Similar to the Lankford coefficient R-value, contractile strain ratio (CSR) measurements is used
to evaluate the anisotropy of the tubular materials (SAE, 2013), which is defined as the ratio of
circumferential strain to radial strain for a given tensile strain of 3.5%. Here, the digital speckle
strain measurement method (Yang et al., 2010) is employed to evaluate the CSR-value of the

HSTT against strain. Fig.7 (b) shows the variation of the CSR-value against axial plastic strain.
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It is found that CSR is not a constant, but decreases and then stabilizes with the increase of the

deformation. This indicates the nonnegligible evolution of the anisotropic plasticity of HSTT.
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Fig.7. Uniaxial tension/compression of tubular specimen along the rolling direction: (a) tubular specimens; (b)
stress-strain curves and CSR value; (c) measure locations.

2.4 Micro texture and microstructure? evolution identified by EBSD

The metallographic micro texture of the as-received tubular material and its evolution
intension/compression deformation are quantified using SEM-EBSD method. The scanning area
of each color map is 50x50um with a step size of 0.1um in a MIRA3XMU equipped with an
HKL EBSD system. The EBSD data processing procedure is designed using the Channel5
software. From EBSD data, the crystallographic orientation distribution (COD) is determined by

using MTEX method (Hielscher and Schaeben, 2008).
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It is known that the HSTT is fabricated by multi-pass cold rolling with a large accumulated
plastic deformation and incomplete annealing, the internal residual stress thus exists to cause
difficulty in sampling for a better Kikuchi pattern. The approaches of grinding, mechanical
polishing and electropolishing are used to prepare the EBSD samples, which are thin rings with
the height of about Imm directly cut from the tensioned and compressed tubes by wire cutting.
The thin ring is chemically thinned to achieve the final thickness to accommodate the elastic
flattening. The cross-section surface normal to the rolling direction of tube is mechanically
polished and finally electro-polished using a 10% perchloric acid + 90% glacial acetic acid

solution at 50V and 10~20 C for 60s. As shown in Fig.7(c), for the tension samples, three

subsamples of A, B and C are cut from the selected positions with different tensile plastic strains,
viz., 0, 0.04 and 0.16; For the uniaxial compression, the cross-section of the compressed sample
normal to the compression direction is measured.

Fig. 8 shows the evolution of micro texture of HSTT during tension and compression processes.
As shown in Fig. 8(a), the initial texture of the as-received materials (sample A) is characterized
by a near radial texture (<0001>//ND); While as shown in Fig. 8 (b) and (c), the c-axes of the
HCP crystals gradually reorientate toward the TD direction with the increase of tensile
deformation, and finally turn into the tangent texture(<0001>//TD). However, after compression,
Fig. 8(d) shows that the c-axes reorientate toward RD and TD directions, and turn into the
coexisting states of both the rolling texture(<0001>//RD) and the tangent texture(<0001>//TD),
in which the rolling texture intensity is larger than that of the tangent texture. The radial texture
disappears finally.

In light of the relationship between the crystallographic orientation and the nature of the
activated slip and twinning systems as well as the rationality of Schmid law, both the Schmid
factor for slip systems and the volume fraction evolutions of several twinning systems are
presented by EBSD as shown in Fig.9. The possible slipping systems and twinning modes are
presented, viz., Basal slip {0001}<11-20>, Prismatic (Pr) slip {10-10}<11-20>, First-order
Pyramidal (Py<a>) {10-11}<11-20>, Second-order Pyramidal (Py<c+a>), Tensile twinning
(Tt){10-12}<10-1-1>, Tensile twinning (Tt) {11-21}<11-2-6>, Compressive twinning (Ct)
{11-22}<11-2-3> and Compressive twinning (Ct) {11-11}<-10-1-2> (Bridier et al., 2005).

Fig.9 (a) shows the volume fraction tendencies of grains with hard orientation along with
tension deformation. The hard orientation refers the Schmid factor less than 0.25. It is shown
that the Basal gliding remains hard status along the tension deformation. While, Pr, Py<a> and

Py<c+a> remain softer orientation with the Schmid factor larger than 0.25. Due to the reversible
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feature of the gliding, it can be concluded that no matter how the tension or compression is
concerned, the primary slip system of HSTT is Pr, Py<a> and Py<c+a>. However, for the
twinning activity, its polarity nature requires independent identification in tension and
compression. Fig. 9(b) shows that, during tension, the volume fractions of tensile twinning are
less than 0.8%, and the (Tt){10-12}<10-1-1> change relatively significantly, thus this twinning
can be thought as one of the dominated twinning mechanisms in tension; On the contrary, as
shown in Fig. 9(c), it is noted that much more volume fraction of twinning up to 2.6% is
observed in the compression. In summary, both the tensile twinning (Tt) {1012} <1011 > and
the compressive twinning (Ct){11-22}<11-2-3> can be regarded as the dominant twinning
modes in deformation of titanium tubular materials. The identification of these physical

mechanisms lays a basis for the VPSC calibration.
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Fig. 8. Texture of HSTT in tension and compression deformation: (a) tension sample A; (b) tension sample B;
(c) tension sample C; (d) after compression of 50%.
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(b) twin volume fraction in tension; (¢) twin volume fraction in compression.

3. VPSC-based crystal plasticity modeling

3.1 Basic assumptions and governing equations

The VPSC modeling is based on the assumption that each grain can be treated as an anisotropic
visco-plastic ellipsoidal inclusion (Eshelby, 1957) embedded and interacted with a homogeneous
visco-plastic effective medium (MEM) that represents the polycrystalline aggregate with the
average constitutive behavior. The inclusion and medium have fully anisotropic properties.
Deformation is based on crystal plasticity mechanisms, and both the slip and twinning
activations are considered (Tomé et al., 2012). Since the rolled materials are dense enough, the
non-reversible slip modes are not considered. The viscoplastic constitutive behavior at local

level in a given grain is described by the non-linear rate-sensitivity equation below:
\) ) s ms O- <l n
gij = Zm”y = 702’":‘;‘ (—];I_S K ) (14)
K K 0

where 7° is the critical resolved shear stress (CRSS) on slip or twinning system s,

N

m; = (n'b; +b'n’)/2 is the Schmid tensor associated with slip or twinning, n’ and b’ are

the normal and Burgers vectors in the slip or twinning system, &, and o, are the deviatoric

strain rate and stress, »° is the local shear rate on system s, y, is a normalization factor and n

is rate-sensitivity exponent.

Such self-consistent polycrystal formalism needs an interaction equation that linearly relates the
stress and strain rate of the effective medium. The condition that the averages of stress and strain
rate over all the grains have to be consistent with the equivalent macroscopic magnitudes,
making the self-consistent resolution of the problem and ensuring both the strain compatibility
and stress equilibrium (Lebensohn et al., 1996, Lebensohn and Canova, 1997). In addition,
Fig.10 shows the detailed calculation procedure of the VPSC-based crystal plasticity modeling.
In the following, only the hardening formulas and the twinning model are briefly presented.
Among several hardening models such as Mechanical Threshold Stress (MTS) hardening and
dislocation density models, an extended Voce hardening law, as shown in Eq. (15), is used to
describe the evolution of the threshold stress with accumulated shear strain in each grain for

individual deformation system including slip and twinning systems.

=1, +<rl“‘ +6’1‘T){1—exp(—egrrs H (15)
1
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where 7' is the instantaneous CRSS, T = ZAys is the accumulated shear in the grain, 7,

N

and 7, +7; are the initial CRSS and the final back-extrapolated CRSS, 6; and 6 are the

initial hardening rate and the asymptotic hardening rate, respectively.
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Fig.10. Calculation procedures of VPSC-based crystal plasticity modeling.
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The model allows for 'self and 'latent' hardening by introducing coupling coefficient #*
empirically accounting for the obstacles that new dislocations s’ represent the propagation of

system s:

d s

T ' '
A7’ = B Ay 16
7 drz y (16)

where A7’ is the increase of the CRSS of a slip system due to shear activity Ay .

Though twinning is assumed to be associated with CRSS in the twinning plane along the
twinning direction, it differs from the reversible gliding in its direction and is modeled by
allowing activation only if the resolved shear stress is positive along the Burgers vector of the
twinning. The occurrence of twinning (lamellar morphology) not only significantly changes the
aggregate texture by reorienting the twinned volumes relative to the surrounding matrix, but also
acts as an effective barrier for the activation and propagation of dislocations by easier slipping

or other twin lamellae. As shown in Eq. (16), this barrier effect on slip and twinning systems can

be empirically described by assigning high value to the coupling coefficient he
The contribution of twinning to the texture development can be modeled by the predominant
twin reorientation scheme (PTR) and the volume fraction transfer scheme (VFT) (Tomé et al.,

1991). The VFT scheme is used to describe the reorientation due to twinning from a numerical

point of view. For the PTR scheme, within each grain g, both the shear strain y*¢ contributed

t.g
by each twin system ¢ and the associated volume fraction p"¢ =7 4, (S is the

characteristic twin shear) are recorded. The sum over all the twin systems of a certain mode (eg.,

tensile twins or compressive twins) and over all the grains represents the accumulated twin

fraction V““"**in the aggregate for the particular twin mode:

emode yhe
g t

Since it is not numerically feasible nor physically justifiable to regard each twinned fraction as

an independent new grain, the PTR scheme adopts a statistical approach, viz., at each increment,

some grains are fully reoriented by twinning provided that the accumulated twin fraction is

larger than the so-called threshold volume fraction v , as shown in Eq.(18).

eff

VIICC ( 1 8)
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ve is the effective twinned fraction, which is the volume fraction represented by these fully
reoriented grains for each of the twin modes. The process is repeated until either all grains are
randomly checked or until the effective twin volume exceeds the accumulated twin volume. It is
noted that: 1) only the historically most active twin system in each grain is considered for
reorienting the whole grain by twinning; 2) the twinning fraction is kept consistent with the

shear activity that the twins contribute to deformation. This algorithm prevents grain

thl
reorientation by twinning until a threshold value V™ is accumulated in any given system

(typically 10-25% of grain volume) and rapidly increases to the threshold to a value around

AM A" (typically 50-60% of grain volume). The twin reoriented grains undergo a second

reorientation by twinning.

3.2 Establishment of boundary conditions for instantaneous deformation

The VPSC-based crystal plasticity computation needs two basic inputs, viz., the initial
crystallographic textures and loading/strain boundary conditions (overall velocity gradient
components or overall stress components).

The texture input can be either directly measured by SEM-EBSD probing or parametrically
generated by the statistical method. It is noted that the as-received material is the stress relieved
titanium tube with a large number of cold working produced grains. Due to the high degree of
deformation, most of the misorientation distributions are low angle boundaries in the EBSD
scanned areas, which leads to many different crystal orientations in the same grain. Therefore,
every scanning outputs a crystal orientation, viz., three Euler angles, and the number of the
scanning points in the EBSD result is 28603. For the as-received material, a total of 28603
crystal orientations are directly used in VPSC computation.

For the boundary conditions, the velocity gradient components (strain rate and spin), stress
components or a combination of strain-rate and stress components are imposed to the aggregates.
In this research, the velocity tensor L is used to specify which deformation components should
be enforced. There are two ways for assigning the velocity gradient. The first one is to fix the
velocity gradient during each incremental deformation; while the latter is to impose the variable
velocity gradient at each iteration step, which reflects the instantaneous deformation history. As
shown in Table 3, for simple loading conditions such as uniaxial tension and compression, the
fixed velocity gradient can be analytically calculated and is enough to represent the monotonic
deformation history. For most metal forming processes, however, the deformation is

non-proportional and non-steady, the variable velocity gradient should be feasible. The explicit
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3D-FE simulation combined with Abaqus/Vumat subroutine is used to obtain the deformation
gradient, and thus the variable velocity gradients can further be calculated by using Eq. (19).
The advantage of this approach is accurately accounting for the instantaneous deformation

(= [ [P Y[ o) 19

where L is the velocity gradient for time ¢, F'and F “U'*are the deformation gradients for

time ¢ and ¢+ Af, respectively.

Table 3. Boundary conditions imposed on the polycrystals for the VPSC simulation.

Test RD tension/compression  TD tension/compression  ND tension/compression

. ; &
& 0 0 ~E4 0 0 A 00
. . _ g . _ g
Velocity gradient tensor 0 A 0 0 ¢ 0 0 A 0

0 0 -4 0 0 - 0 0 &

Note: the strain rate € is positive for tension and negative for compression, respectively.

3.3 Compression-based orthogonal inverse method for parameters calibration

One of the most difficult tasks in crystal plasticity modeling is to determine the accurate
parameter values for generating the best simulation results, whilst still being realistic and well
constrained. There are two kinds of parameters for VPSC, viz., the numerical implementation
related parameters and the crystal plasticity related ones. Since the values of the former
parameters are generally defaulted, the latter ones are the focus in this section. According to the

used Voce hardening and latent hardening, a total nine types of parameters should be calibrated,

viz., Voce hardening related parameters 7,7, 6, , 6, ; and latent hardening related parameters

hPr

Py<a> Py<c+a> Tt
s hs ’ hs ’hs

, hsCt . In addition, for the two twinning mechanisms, three kinds of

PTR scheme related parameters, viz., twin shear S, A™  and A’hz, should be calibrated. Both
S™ and S are assigned as 0.174 and 0.219, respectively; 4™ and 4™ are given by 0.2
and 0.5, respectively (Eshelby, 1957). The rate-sensitivity exponent # is 25.

As identified in Section 2, three gliding systems (Pr, Py<a> and Py<c+a>), two twinning modes
(tensile twinning (Tt) {1012} <1011 > and compressive twinning (Ct) {1 152} <1123> ) are
the dominant mechanisms for HSTT, and there are a total of 45 parameters for VPSC-based
crystal plasticity modeling of HSTT. Due to a large number of fitting parameters, testing the
validity of all the combinations of parameters against the experimental data is impractical. A

possible way is to use an optimization method to automatically find the best set of parameter
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combination. However, such a method has its own computational requirements and
complications (e.g. avoiding false minimal) and is not available at present. Here, the parameter
set is determined through an orthogonal virtual experiment fitting of the experimental
stress-strain curve. Meanwhile, since the number of the involved mechanisms for
accommodating the compression deformation is more than that for tensile deformation, only the
experimental data of compression is used for parameter calibration. The axial tensile tests and a
more complex process, viz., mandrel bending, are used for validation of the established
VPSC-based crystal plasticity modeling from the aspects of both stress-strain curves and texture
evolutions. The strain rate & is 0.005 s for calculation of the static velocity gradient of
tension and compression, and the variable velocity gradients are obtained for mandrel bending.

The initial values and selection ranges of the above hardening parameters for each deformation
mechanisms (7,,6,,7,,0,, k", k7 b b hT") are selected based on a statistical

analysis of the results previously reported (Eshelby,1957; Lebensohn and Canova,1997;
Fundenberger et al.,1997; Balasubramanian and Anand,2002; Salem et al.,2005; Yapici et al.,
2006; Wu et al.,2007; Gurao et al.,2011; Abdolvand and Daymond,2012). The results are as

follows:

® For 7,, 7, is 15~120MPa, 7,"“ /z/" is about 10; 7,"*“ is 250~450MPa,
T /1) isabout4; 7' is 50~250MPa, 7, /7,  isabout2; 7z, /7, isabout4;

® For 7,, 7, is 30~70MPa; 7 is 0-30MPa; 7,"*“ is 190-270MPa; 7" is
0~35MPa or 200~220MPa; 7" is 0-30;

® For O,, 6 is 100~2000; 6°“ is about 1000; &,"<*“ s 200~3000; &'
50~100;

® For O, ler is 0~1, ley<“> is 178-450; 91Py<c+a> is about zero; 91Tt is 10~75; 916 is
178~450;

® The coupling coefficients 1™ between slip and slip are set to one, and the slip-twinning
coefficient and the twinning-twinning one are set to 5 and 10, respectively.

3.4 Evaluation of the established VPSC crystal plasticity model

Table 4 shows the finally obtained parameters by the compression-based orthogonal inverse

method. Regarding the macroscopic stress-strain curves and the micro texture evolution in

uniaxial tension/compression tests and mandrel bending with spatial inhomogeneous

deformation, the calibrated VPSC crystal plasticity model is thoroughly validated from different
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aspects.

Table 4. Final parameters for VPSC modeling of HSTT.

To Tl 90 91 h:,pr h:B hspy<c+a> h:,Tt h:,Ct
Pr 235 80 2485 50 1 1 1 5
Py<a> 620 95 500 100 1 1 1 5
Py<c+a> 565 45 800 50 1 1 1 5
Tt 570 0 2000 50 5 5 5 1 10
Ct 545 0 2000 50 5 5 5 10 10

Note: The latent hardening parameters have no unite. The unit for all other parameters is MPa.

As shown in Fig.11, the predicted stress-strain curves in uniaxial compression agree well with
the experimental ones. In particular, with the same set of parameters calibrated by the
compression-based orthogonal inverse method, there is a very good fitting to the uniaxial

tension experiments in terms of the stress-strain curve.
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Fig.11. Comparison of the experimental and prediction results of {0001} pole figures for uniaxial
tension/compression tests.

Simultaneously, by comparison of the texture evolution between the predictions and the
experimental results, it can be seen that, despite the discrepancy in texture density to some
extent, the key features of texture reorientation during uniaxial tension and compression are
accurately captured. That is, with the increase of uniaxial tensile deformation, the c-axes of the
HCP crystals gradually reorientate toward the TD direction, then the initial texture of a near

radial texture (<0001>//ND) gradually turns into the tangent texture (<0001>//TD ); After
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compression, Fig.11 shows that the c-axes reorientate toward RD and TD directions, and turn
into the coexisting states of both the rolling texture (<0001>//RD) and the tangent texture
(<0001>//TD), in which the rolling texture intensity is larger than that of the tangent texture.
The radial texture disappears finally.

The reason why the certain discrepancy exists is due to the following causes:

1) Unlike the macroscopic stress-strain curve, the texture distribution is a microstructure feature.
The inhomogeneous deformation during uniaxial tension and compression may affect the
characterizing accuracy of the micro textures. As shown in Fig. 7(c), for the tension samples,
three subsamples of A, B and C are cut from the selected positions with an approximate tensile
plastic strain of 0, 0.04 and 0.16, respectively. For the uniaxial compression, the middle
cross-section of the compressed sample normal to the compression direction is measured.
Though the height of 2mm can ensure a relatively stable compression deformation, a slight
barreling still exists.

2) The assumptions made in the VPSC crystal plasticity model surely result in the discrepancy
between the predicted textures and the experimental ones. By EBSD analysis in this study, the
VPSC crystal plasticity model only considers five main deformation mechanisms, viz., prismatic
slip (Pr), pyramidal slip (Py<a>), pyramidal slip (Py<c+a>),tensile twinning (Tt) and the
compressive twinning (Ct). Other deformation mechanisms are ignored. In additional, the
morphology of the as-received high strength titanium tube is near alpha materials, which is
characterized by a large number of cold working produced alpha grains with minor beta phase
spread out at grain boundaries. In VPSC-based model, only the alpha phase is considered and
the initial grain shape is assumed to be uniformly distributed. Furthermore, the governing
equations in VPSC crystal plasticity mode such as the hardening law and twinning rule are
established in an empirical way.

To further illustrate the validity of the calibrated VPSC crystal plasticity model, taking the
mandrel bending of HSTT as a typical forming case subjected to complex 3D loading of tension
and compression, as shown in Fig. 12(a), the comparison of the VPSC predictions with the
experimental results is conducted. Upon bending, there occur 3D tensile stress states and 3D
compressive stress states at the extrados and intrados of tube simultaneously. Both the tension
strain and compression strain at the extrados and intrados of tube are larger than those in
uniaxial tension and compression. It can be seen that the stress states in mandrel bending are
much complex than those in uniaxial tension and uniaxial compression. In the VPSC-based
computation of mandrel bending, the variable velocity gradient throughout the whole bending

process is assigned into the VPSC-based crystal plasticity models. In mandrel bending
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experiment, the bending radius is 1.5 times the tube diameter, the bending angle is 90° for the
designed forming angle of 90° , and the bending velocity is 1° /s . The detailed description of

the 3D-FE models of the mandrel bending is given in literature (Li et al., 2012). Using the
combination of the VPSC model and Explicit 3D-FE model, the texture evolution along tube

bending is captured, as shown in Fig. 12 (b).

Origin tube

Bending model

Intrados
+ Neutral layer
+ Extrados

(a)

Extrados

Cutting location

0001
Extrados Exp.

] 1 Intrados

—DN L N

(b)
Fig. 12. Comparison of the experimental results and the prediction ones of mandrel bending: (a) schematic of
bending under non-uniform tension and compression; (b) {0001} pole figures and measuring locations.

As shown in Fig. 12(b), the features of the micro textures during tube bending are accurately
predicted. Except for the minor difference in intensity, the simulated results are consistent with

the experimental ones and can represent the deformation characteristics, viz., the c-axes of grain
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turn toward TD direction at the extrados of tube, and the c-axes of grain reorientate toward RD
and TD directions at the intrados of tubes, as shown in Fig. 12(b). It is thus sure that the VPSC
crystal plasticity model can work correctly and its calibration is correct. Accurate prediction of
the mechanical response and texture evolution indicates that the predicted relative activities of

the slip and twin modes contributing to plastic deformation are reasonable.

4. Results and discussions

4.1 Computation matrix

By using the VPSC-based virtual experiments with the calibrated crystal parameters, the plastic
deformation of titanium tubular materials under the arbitrary loading conditions can be
identified and elucidated. A computation procedure of 6 x 6 matrix is given, which is used to
represent the tubes with six typical initial textures and under six fundamental loadings.

As shown in Fig.13, a total of six types of initial textures are experimentally or mathematically
designed, viz., as-received , bimodal, random, radial, tangential texture and rolling textures. In
the VPSC model, each orientation is defined by three Euler angles
(04, <27 ,0<D<7,0<¢, <27 ) and the associated volume fraction. For the as-received
and bimodal textures, we directly considered the total 28603 and 27020 crystal orientations in
VPSC-based computation, and for the other initial textures, 2000 crystal orientations are
considered. As shown in Fig.14, the computation accuracy can be ensured given enough crystal
orientations being considered in the modeling. The methods to obtain the texture of the latter

three modes are presented. To obtain the radial texture, the first step is to make ¢, be an
constant, such as @, =5° 15°, 25°, 35°, 45°, 55°. According to the number of grains needed,

¢, varies from 0° to 360°. Since the basal pole may tilt about +15°to +£30° from the

normal direction towards the rolling and tangential directions, and @ may vary from 0° to
30° . Following this procedure, the radial texture including 2000 discrete orientations is
generated. To obtain the tangential and rolling texture, the radial texture may be rotated with
90° rigidly around the rolling direction and tangential direction using the rotation matrix as
shown in Eq.(20), respectively. The crystal orientation feature of the bimodal texture is its
c-axial shifting from radial direction to tangential one with 20°~30°. Finally, the six typical

tubular textures including 2000 discrete orientations representing the initial texture are obtained.

1 0 0 00 -1
R=/0 0 -1| and R,=|0 1 0 (20)
01 0 1 0 0

27



where, matrix R,

tangential direction.

™}

is the rotation matrix around rolling direction and matrix R,
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Fig.13. Six typical initial textures of the VPSC model: (a) as-received texture; (b) bimodal texture; (c) random
texture; (d) radial texture; (e) tangential texture; and (f) rolling texture.
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Fig.14 True stress-strain curves of the radial texture with different orientations.

As shown in Fig.1, six fundamental loading conditions include uniaxial tension/compression
along RD direction (marked as 4 and G), uniaxial tension/compression along TD direction

(marked as E and K), and the equal biaxial tension and compression in RD-TD plane (marked as
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C and /). For the biaxial tension or biaxial compression loading, as shown in Eq. (21) in the

following, the stress states at yielding can be equivalently transformed to the ones under uniaxial

+tc 0 0l [f0 0 0700 O
+toc 0|+| 0 Fo 0 |=|0 0 0 1)
0 0/ |0 0 Fo| [0 0 F0

o,=| 0

0
compression or uniaxial tension along ND direction, respectively. This equivalence is based on
the assumption of hydrostatic pressure insensitivity of yielding for densified matters, which has
been verified by several experiments (Barlat et al., 2003; Nixon et al., 2010; Khan and Yu, 2012).
Thus, all the six loading conditions can be simplified as the uniaxial deformation and described

by the static velocity gradients.

4.2 Distorted plastic deformation behaviors

4.2.1 Anisotropic and asymmetry in flow stress

Fig. 15 shows the true stress-strain curves of the HSTT with different initial textures under
different loading conditions. It is found that the strain hardening behaviors for the six initial
textures differ greatly. Except for the random texture, there occur remarkable anisotropic
behaviors both in tension and compression loading conditions for other five initial textures, and
another anomaly for HSTT is the significant T-C asymmetry.

Fig. 15(a) shows that, for the as-received texture, whether in tension or compression state, the
flow stress along the ND (with most c-axes), TD (with a little c-axes) and RD (with nearly no
c-axes) is the highest, intermediate and lowest, respectively. The HSTT with the as-received
texture shows the significant anisotropy in both tension and compression. Meanwhile, the
significant T-C asymmetry in the flow stress is observed. For instance, the yield stress in
compression along RD is about 684.7 MPa, while it is 744 MPa in tension along RD. The T-C
asymmetry is higher along ND than the ones along TD and RD, viz., the strength difference
along ND-tension and ND-compression is the most significant.

As shown in Fig. 15(b), for the bimodal texture, more pronounced anisotropic and asymmetric
behaviors are observed compared with those of the as-received texture samples. The flow stress
in most directions is greater than those in the as-received tubular materials. The flow stress in
ND-tension is greater than those in other loading conditions. The highest T-C asymmetry is
found in ND direction for bimodal texture. It is also noted that different increasing tendencies
occur in tension or compression, viz., the concaved up strain hardening responses with the

positive strain hardening slope, while the convexed up hardening responses with the negative
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strain hardening slope. More remarkable concaved and convexed increase of strain hardening is
observed for either tension or compression deformation along ND and TD.

As for the samples with random texture, as shown in Fig. 15(c), the yielding behaviors, viz.,
isotropy and symmetry, coincide in all directions no matter in tension or compression at the
early deformation stage. The minor anisotropy and T-C asymmetry occur when the strain is
about 20% due to the formation of textures. For the radial texture samples, as shown in Fig.
15(d), the anisotropy and T-C asymmetry are the highest with the loading direction along ND
direction, viz., the loading direction parallel with the c-axis. In contrast to that along ND
direction, the mechanical responses of tension/compression in RD/TD directions are almost the
same due to the cylindrical symmetry of the HCP structure. As shown in Fig. 15 (e) and (f) and
compared with the radial texture sample, both the tangential and rolling texture samples show
the similar anisotropy and T-C asymmetry. It can thus be summarized that the anisotropy and the
T-C asymmetry are highest when the loading direction is inclined to the c-axes.

The above results show that, for each initial texture, the anisotropy and T-C asymmetry are
strongly dependent on the predominant orientation of the c-axes with respect to the loading
directions. A similar result has also been reported by Agnew et al. (2005). Since there are

positive and negative strain hardening behaviors for several initial textures, the widely used
exponent hardening law such as o=K (80 +5)" cannot be used for calibrating the strain

hardening characteristics. For instance, the strain hardening exponent should be negative for

bimodal texture and radial texture by using the above exponent hardening equation.
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Fig.15. True stress-strain curves under different texture conditions: (a) as-received texture; (b) bimodal texture;
(c) random texture; (d) radial texture; (e) tangential texture; (f) rolling texture.

4.2.2 Anisotropy and asymmetry in plastic strain

As mentioned in Section 2.2, the CSR is used for characterizing the anisotropy and asymmetry
of plastic flow of HSTT. Fig. 16 shows the obvious evolution of CSR-values along RD-tension,
TD-tension and RD-compression for different textured samples. Fig. 16(a) reveals that the
variation tendency of the calculated CSR-values has a good agreement with the experimental
ones presented in Section 2.2. It is confirmed that the CSR is not constant in plastic deformation
in most cases. In uniaxial tension, the CSR-value first rapidly decreases then stabilizes with the
increase of plastic strain. While, there are totally different or even contrary evolution curves in
the uniaxial RD-compression, as shown in Fig. 16(d) and (f). For the rolling texture, the
CSR-value in compression increases with strain; However, for the samples with the as-received,
bimodal and radial textures, the CSR-values decrease with the increase of plastic deformation;
The CSR-values have a little change during deformation for the random textured and tangential
textured samples. In addition to the above obvious asymmetry of plastic flow, the pronounced

anisotropy of plastic flow is also observed and shown in Fig. 16(a), (b), (e) and (f).
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Fig.16. Variation of the CSR values under different conditions: (a) as-received texture; (b) bimodal texture; (c)
random texture; (d) radial texture; (e) tangential texture; (f) rolling texture.

It is noted that with the RD deformation, the CSR-values of the bimodal textured sample are
the highest among all the initial textures, and the CSR-values for the tangent texture are the
smallest. For the uniaxial tension along RD, the average CSR-values of the as-received texture,
bimodal texture, random texture, radial texture, tangential texture and rolling texture are 1.51,

11.70, 1.068, 2.40, 0.51 and 2.5, respectively.
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4.2.3 Distorted evolution in yield loci

Using the yield stress data obtained from physical and virtual experiments, the yield loci for the
six levels of the accumulated plastic strains are constructed by means of the specific plastic

work as shown in Eq. (22).
W, = Ia.dgpl (22)
The uniaxial tension stress-strain curve in the RD direction is chosen as a reference for plastic

work, viz., the yield stresses o, and the corresponding plastic work W are calculated for the
particular value of plastic strains 6‘2 . Then at the same plastic work of W, the yield stress
o0, for RD compression and TD tension/compression as well as the yield stress components
(o, ,0,) for biaxial tension/compression are determined. Following the above procedure, as
shown in Fig.17, the yield stress points ( o, , 0), (0, 0y, ) and ( 0,5, 0, ) at different plastic
strains of 6‘2 are thus plotted in the stress space.

The normal anisotropy Hill’48R yield function, formulated in Eq.(3), is used to plot the yield
loci of the HSTT with different initial textures corresponding to different equivalent plastic
strains. Since the response along the hoop direction is difficult to measure for tubular materials,
the Hill’48R is frequently used for tubular materials in many prior arts (Kuwabara, 2007; Yang
et al., 2012). Fig.17 shows that, in addition to the random texture, the distributions of the yield
loci are anisotropic and the non-centro-symmetric for most initially textured samples, which
indicates the existence of irregular yielding and nonlinear evolution in titanium tubes. It is
believed that these distorted plasticity behaviors are explicitly presented by anisotropy and

asymmetry in both flow stress and plastic strain in 3D stress state.
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There is no figure sub-title of (a) and (b) in Fig.18

However, the quadratic feature of Hill'48R yield equation results in incomplete anisotropy and
centro-symmetry ellipse, and this most widely used yield criterion cannot capture either the
observed anisotropy or the T-C asymmetry of the tubular materials in terms of the yield stress
and plastic flow. For comparison, the full Hill'48 criterion and other currently proposed yield
criteria, such as Hill'48, Y1d2004-18p (Barlat, et al., 2005), CPB06 (Cazacu et al., 2006) and
Yoon'14 (Yoon et al., 2014) are considered for describing the anisotropy and asymmetry of the
as-received HSTT with the near radial crystallographic reorientation. The detailed calibration
procedure by combining the experimental data and the VPSC computation can be referenced in
the literature (Li et al., 2016). Fig.18 shows that, compared with the normal anisotropy Hill'48R
criterion, the full Hill'48 criterion can describe more accurately the distorted plasticity of the
HSTT. However, both the full Hill'48 and Y1d2004-18p still cannot completely describe the
significant evolution of the anisotropy/asymmetry of what??? of the titanium tubes. In general,
the yield loci by using the CPB06 and Yoon'l4 criteria match well with the experimental and
VPSC data.
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Fig.19 Comparison of the yield loci a) by Knoop indentation-based method and macro/meso scaled hybrid
methodology (Exp.+VPSC); b) the normalized yield loci using different methods.

Furthermore, through comparing, Fig. 19(a) shows that the yield loci calibrated by CPB06
criterion and Knoop indentation-based method can well describe the anisotropy and asymmetry
deformation?? behaviors of the as-received tubular materials. The discrepancy between them
should be attributed to two reasons: 1) the analytical conversion from the anisotropic hardness
information to strength one results in the strength discrepancy; 2) the higher degree of the
localized deformation at the surface in the Knoop indentation causes such a strength discrepancy.
It is noted that, as shown in Fig.19(b), via comparison of the normalized yield loci, it is found
that the shapes of the yield loci generated the Knoop indentation-based characterization method
is similar to the shapes of the virtual experimental yield loci, especially in the first quadrant. It is
concluded that the revised Knoop hardness test can really provide the qualitative articulation of

the nature of yielding of materials.
4.3 Mechanisms for coordinating the distorted plasticity

4.3.1 Activities of multiple deformation mechanisms

By examining the relative activities of individual deformation modes mentioned in Section 2.3,
the competitive mechanisms of slipping/slipping, slipping/twinning and twinning/twinning
under six typical loading paths are explored for different initially textured HSTT, which
provides an insight into the macroscopic behaviors of different textured samples.

For the as-received texture in Fig. 20(a) and (b), both the RD-tension and TD-tension are
dominated by prismatic slip (Pr) with a low CRSS over the entire range of plastic strain. Both
the tensile twinning (Tt) and the compressive twinning (Ct) remain inactivated throughout the
deformation. The deformation along c-axis of the HCP is mainly accommodated by the

pyramidal slip (Py<c+a>). Hence, when subjected to tension along RD and TD, the
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corresponding flow stress is relatively lower. While, upon the compressive deformation along
RD and TD, as shown in Fig.20(c) and (d), although the dominated deformation mechanism still
turns to Pr and its activity becomes reduced along the plastic straining, the role of Py<c+a>
increases gradually, and contrary to the results of RD-tension and TD-tension, both the tensile
twinning (Tt) and the compressive twinning (Ct) activate to accommodate the deformation along
the c-axis of the crystal. Relatively, the activity of Ct is far more prominent than that of Tt. It is
noted that, the activities of Ct and Tt result in the higher strain hardening rate and flow stress in
compression along RD and TD, as shown in Fig. 15(a).

Unlike RD and TD loading, when subjected to deformation along ND, the loading direction is
almost parallel to the c-axis of a large fraction of grains. As shown in Fig. 20(e) and (f), the
ND-tension and ND-compression are dominated by Py<c+a> with a higher CRSS, and the Pr
becomes relatively less activated along the plastic straining. Meanwhile, Ct and Tt are also
active similar to those in RD and TD compression deformation. It can be believed that the
activities of the Py<c+a>, Ct and Tt result in a higher flow stress along ND deformation, as
shown in Fig. 15(a), and enforcing the deformation along the ND of HSTT requires the
activation of much harder Ct and Py<c+a> slip to accommodate deformation along the crystal
c-axes. As shown in Fig. 15(a), it is noted that the competitive activities between Pr, Py<c+a>
and the occurrence of Ct and Tt contribute to the remarkable anisotropy and asymmetry of
HSTT, viz., distorted plasticity with strain. For magnesium, it is noted that the Py<c+a> is
mostly inactive at room temperature (Mohr et al., 2013), and Basal slip is the dominant

mechanism in coordinate the deformation (Jin, et al., 2015).
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Fig.20. Deformation modes for as-received textured sample under different conditions: (a) RD-tension;
(b) RD-compression; (¢) TC-tension; (d) TC-compression; (¢) ND-tension; (f) ND-compression.

The above competitive activities and the coordination of the individual mechanism can be
observed for the tubular materials with other initial textures. The distinguished macroscopic
responses can be turned to the different relative activities of multiple slipping and twinning
modes. For the tube with the initial random texture, the dominant mechanism is Pr and Py<c+a>
is a key role to accommodate the c-axis related deformation. Since the relative activities of
individual deformation modes for three loading directions are nearly identical, the ideal isotropy
and symmetry behaviors are observed and shown in Fig.15 (c), Fig.16 (c) and Fig.17 (c). It is
worth noting that, as shown in Fig.21, when the loading direction is parallel to the c-axis of the
low symmetry HCP crystal, the role of the Py<c+a> becomes overwhelming. In addition to the
compressive twins Ct, the tensile twin Tt becomes extraordinary abundant to accommodate the
c-axis deformation at the early deformation stage. The roles of both the Ct and Tt weaken
gradually to induce more Pr and Py<c+a> slipping activities at the later deformation stage. As
shown in Fig.15, the observed concaved hardening response frequently occurs when the loading
direction is parallel to the c-axis of the HCP crystal. The root cause can be traced by the above
unique physical mechanisms, viz., a greater fraction of tensile twinning Tt at lower plastic strain

followed by slip and strain hardening at the higher level of deformation.
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(g) RD-Tension for rolling texture

(h) RD-Compression for rolling texture

Fig.21. Deformation mechanism for other textured samples under different conditions.
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4.3.2 Texture evolution

The above slipping/slipping, slipping/twinning and twinning/twinning coordination surely
induce diverse texture evolution along plastic strain for each textured tube, which is the root
cause of the distorted evolution of the plasticity mentioned in Section 4.2. Table 5 shows the
different texture evolution of the tubes with six different initial textures under six typical loading
conditions. By comparing basal pole figures, the interaction between deformation mechanisms

and grain reorientation can be explained. The discussion is focused on the as-received one.

Table 5. Predicted Basal pole distributions after 40% tension/compression along six directions
for six initial textured tubes.

As-received 3i Radial Tangential Rolling

10001}

Trp

Tmo | E P '} - o0

TND .

Crp

Cxp

As for the as-received samples, the pole figures reveal a dramatic texture variation when
subjected to the compression along RD, TD and ND. In addition, Ct and Tt play a dominant role
in allocating the texture evolution of the RD, TD and ND compressed samples in Fig.20 (b), (d)
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and (f). While, for the tension along RD, TD and ND, a relatively less variation of the crystal
reorientation is observed except for the tendency of the tangent texture to some extent. As
shown in Fig.21, there is negligible twinning occurrence through the entire deformation stage
for the tensile deformation along three directions. Thus, the role of the twinning in reorienting
the crystallographic texture and coordinating the deformation modes for benefiting the dominant
slipping systems such as Py<c+a> is further confirmed though their fraction is smaller compared
with those of the slipping systems.

Regarding the compression along ND, as shown in Fig.20, the dominant pyramidal<c+a> slip
occurs to accommodate the c-axis related deformation coordinated by Ct and Tt. The
pyramidal<c+a> reorientation creates a fiber perpendicular to the tensile direction and this joint
mechanism rotates the c-axes away from the tensile direction, viz., basal poles have a tendency
to align themselves parallel to the direction of the maximum compressive strain. The maximum
compressive strain direction is ND. However, the Ct {11-22}<11-2-3 rotates the basal pole away
from the center of the pole figure. By means of this rotation in the twinned structure, an
orientation tilted 50°-90° away from ND direction is usually achieved (Tenckhoff, 2005). The
coupling effects of the Py<c+a> and Ct for accommodating the c-axis related deformation cause
the tangent texture to tend to disappear and gradually form the radial texture with the highest
pole density tilting away 30 ° from the ND. As for the compression along TD, since the

Py<c+a> is not the dominant mechanism to accommodate the c-axis deformation, the initial
tangent texture has not been eliminated thoroughly. Furthermore, as for the compression along
RD, the fraction of the Py<c+a> activity is small, and the activation of tensile twins causes a
nearly 90° rotation of crystal structure about the <1-120> directions on the {10-12} planes
toward the center of pole figure. The coupling effects of Py<c+a>, Ct and Tt thus result in the
combination of the tangent texture and rolling texture.

4.4 Tube texture tailoring by positively control of full plastic flow

The above discussions prove that the distorted plasticity of HSTT depends on the loading
conditions and the initial/evolution of texture, and the loading conditions result in abrupt texture
variation and distorted behaviors for the given initial textures. To obtain high performance
titanium tubular parts beyond the shaping, for the tubes with certain initial texture, by positively
allocating the plastic flow in 3D spatial space, the finished product with preferred
formability/performance can be tailored with desired textures. Taking the tube with the initial
random texture as a case, the relationship between full plastic flow and texture evolution is

explicitly established, and then the multi-pass cold rolling process is designed to allocate the
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spatial flow of the plastic strain to induce the desired texture.

4.4.1 Relationship between plastic flow and texture evolution

Due to the arbitrary change in both the diameter and wall thickness, the plastic flow of tubular
materials is more complicated to be characterized than that of the rolled sheet. Instead of Rd and
QO as shown in Egs.(23) and (24) (Lebensohn et. al.,1996), a more general index is used to

represent the spatial plastic flow and the deformation degree of tubular materials.

Rd:A_“x100%={1—(ij(ij}x100% (23)
4 T \D

in( ) &, 24)
TUARE

where a and 4 are the cross-section areas of the reduced tube and tube billet, # and T are the wall

0=

thicknesses of the reduced tube and tube billet, respectively; d and D are the mean diameters of
reduced tube and the tube billet, respectively.

As shown in Fig.22 and according to the law of volume constancy and the principal strain of

tube, the principal strains for the rolling, tangential, and radial directions denoted as ¢_,&,, and

g, , respectively, can be drawn on a plane triaxial strain diagram. Any change in the tube

dimensions can be represented by a strain vector in the above plane triaxial strain diagram. The
size and angle of the strain vector correspond directly to the deformation degree and the plastic

flow mode As expressed by Egs.(25) and (26), the size and angle of the strain vector are defined

by effective strain &, and strain ratio « . The strain ratio refers to an angle clockwise from the

positive &_ axis to the direction of the strain vector shown in Fig.22.

g, = \/é(erz +e, + 8,2) (25)

o =arctan[(g, — &,) / \/ggl] (26)
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g, &
Fig.22. Plane triaxial strain diagram with strain vector.
To investigate the relationship between plastic flow and texture evolution, the strain vectors for
the initial random textured tube under six fundamental loading conditions are calculated using
Egs. (23) and (24). Table 6 shows the texture evolution with different strain vectors. When the
strain ratio is about 60°, the wall thickness reduction is the dominant deformation mode, and
the radial texture is gradually formed along the plastic straining; When the strain ratio is about
120° , the diameter expansion is the dominant deformation mode, and the rolling texture is
formed; When the strain ratio is about —60°, the diameter reduction is the dominant one, and
the tangent texture is formed. Based on Table 5, by plotting the texture evolutions with different

strain vectors ( &, , & ), an equilateral triangle can be constructed and presented in Fig. 23. For

symmetry, the triangle is completed with another three moderate textures and they fall on the
vertical line through the centre of the triangle. The centre is marked with a pole figure indicating
random texture. It is clear that the radial texture can be obtained with the stain ratio ranging
from 0° and 60°, and the tangent texture can be tailored with the strain ratio ranging from
0° and —60°. The density of the above texture increases gradually with the plastic strain.

Table 6. Strain vector and texture evolution of tube under different loading conditions.

Deformation Range of Deformation Texture of tube when Texture of tube when
path strainratiocr  mode of tube £,=0.2 £,=0.4
Length x 3 {0001} L . s (0001}
elongation
RD-tension -1.62° ~ with equal
Q=1 -0.91° wall thinning
and diameter
contraction
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TD- tension
-1<Q<0

ND- tension

Q<-1

RD-
compression

Q=1

TD-
compression
-1<Q<0

ND-
compression

Q<-1

Diameter

expansion
119.7° ~ with equal
120.6° length

shortening and
wall thinning

Wall
thickening
118.1° ~ Wi_th equal
119.2° dlametfzr
’ contraction
and length
shortening
Length
shortening
178.32° ~ with eﬁual
. wa
179.09 thickening and
diameter
expansion
Diameter
contraction
260.9° ~ with equal
o length
-60.1 elongation and
wall
thickening

10001}

Wall thinning
with equal
60.0° ~ diameter
61.4° expansion and
length

elongation :
0.25

10001}

10001}

10001}

Note: The deformation mode of tube is defined by changes in wall thickness, diameter and length.

4.4.2 Texture tailoring in cold rolling of HSTT

As shown in Fig.24, the multi-pass cold pilgering is one of the most widely used fabricating
processes for seamless tube with both inner radius and wall thickness progressively reduced
between a fixed asymmetric mandrel and forward-and-backward rolling grooved die. The
process consists of several tens of “stokes” between which the tube is turned (by 50-60°) and
moved forward by a small distance. As mentioned in Introduction, the transient inhomogeneous
deformation in cold pilgering results in a great variation in crystallographic orientation, which
may induce distinguishable mechanical properties such as elongation, yield strength and

ductility (Abe and Furugen, 2012). By taking the process of @32 x3mm — ¢17.48x1.07mm

(&, =1.6) with the initial random texture as an objective and according to the above relationship
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between strain vector and texture evolution, the process of the multi-pass cold pilgering is
designed to tailor the desired texture. The radial texture is regarded as the preferable one for
avoiding cross-section flattening because of high resistance along ND direction. Thus, the near

radial texture is the target texture for texture tailoring.
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Fig.23. Position of texture in relation to the equilateral triangle.

The calibrated VPSC model combined with 3D explicit FE simulation is utilized to predict the
texture evolution during cold rolling. Due to the non-proportional and non-steady incremental
deformation alternatively in tension and compression during cold pilgering, the boundary
condition of tube cold pilgering cannot be accurately described by a monotonic velocity. As
mentioned in Section 3.2, the explicit 3D-FE simulation combined with Abaqus/Vumat
subroutine is used to obtain the deformation gradients, and then the fully variable velocity
gradients of the whole pilgering can be calculated for VPSC input by using Eq. (17). The details
on the multi-pass cold pilgering modeling can be found in the report (Li et al., 2013).
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Fig.24. Multi-pass cold pilgering of HSTT.

The relationship between strain vector and texture evolution, as presented in Section 4.3.2,
shows that the compressive forces of radial direction result in the preferential orientation of the
basal poles in radial direction (ND). According to Fig.23, the strain ratio should be within
0°-60° with an enough larger effective strain for the radial texture. Thus, both the pilgering
tooling and reduction parameters are designed to obtain the dominant compression deformation
along wall thickness compared with the deformation along the tangent direction of the tube.
Fig.25 shows the evolution of both the texture and the strain ratio during one-stroke cold
pilgering. The A-F represents the different locations on the rolled tube billet along the axial
direction, viz., 50, 125, 300, 350, 500 and 600 mm.

It is found that, in the diameter reduction zone (axial location 0-100mm), the tube billet is
pressed by the groove and the contraction along the tangent direction, resulting in an obvious
hoop reduction strain along with increase of wall thickness, which further causes the strain ratio
of about —60° and thus tangent texture ( c-axis of the HCP // tangent direction of tube). In the
first stage of wall thickness-diameter reduction (axial location 100-250 mm), the tube billet
gradually contacts with the mandrel and the a remarkable wall thickness reduction occurs under
the coupling constraints of the grooves and the mandrel, and then the strain ratio quickly

increases to about 60° with the obvious radial texture (c-axis of the HCP // radial direction of

46



tube). In the later stage of wall thickness-diameter reduction (axial location 250-600mm), the
diameter reduction increases a little and the strain ratio decreases and then stabilizes within the
range of 10° - 20°, which causes the tilting of c-axis towards radial direction and tangent

direction and finally strong radial texture can be formed with the dominant thickness reduction.

807
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1 Strain ratio 60°
404

’ ., Strain ratio 20°
207

4
Strain ratio 10°
'Strain ratio -60°

Strain ratio (°)

C-300mm D-350mm E-500mm  F-600mm

TD4 TDA

Sv

Min:
0

=3.8
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Fig.25. Texture evolution of the random texture tube during cold pilgering: (a) with different strain ratios;
(b) with different effective strains.

As for the above one-stroke rolling process, the effective plastic strain equals 1.6. However, in
practical process, multi-pass design is needed for the finished tube fabrication since enough
deformation degree should be satisfied for tailoring the final texture as shown in Fig. 25(a).
Hence, the texture evolution with different effective plastic strains including 2.6, 3.8 and 5.6 is
quantitatively presented as shown in Fig.25 (b). It can be confirmed that the density of the radial

texture for the finished tube increases greatly. Thus, to obtain the dominant radial texture for the
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tubes with the initial random texture, the accumulated effective plastic strain should reach up to
3.8 by multi-pass cold pilgering rolling.

In addition to the random texture, the evolutions of two typical initial textures of HSTT, viz.,
radial texture and extrusion texture, during cold pilgering with different effective strains, are
presented as shown in Table 7. To obtain the ideal bimodal texture for the tubes with the initial
radial texture, the accumulated effective plastic strain should reach up to 5.6 by multi-pass cold
pilgering rolling. For the initial extrusion texture, to obtain the dominant radial texture, the
accumulated effective plastic strain should reach up to 3.8. And to obtain the bimodal texture,
the accumulated effective plastic strain should reach more than 5.6.

Table 7. Texture evolution with different effective strains during cold pilgering: (a) initial radial texture; (b)
initial extrusion texture.

Routine g, =0 &,=2.6 &,=3.8 &,=5.6
TDA
12 TD4
0 15
s
R 10
a 4
D 5
0
D4
15
b 0
5

5. Conclusions

Taking a high strength cold rolled titanium tube as a case, the coupling contribution of
anisotropy and asymmetry to the distorted plasticity of titanium tube as well as the underlying
mechanisms are quantitatively explored and articulated experimentally and numerically. A
quantitative correlation between initial texture, loading condition, distorted plasticity and texture
evolution is established to achieve the integrated design of fabricating and forming of titanium
tubular products with high dimensional accuracy and satisfied properties. The main contents and
results are summarized as follows: Hill? Evolution

1) A hybrid methodology is used to quantitatively investigate the anisotropic and asymmetrical
plasticity behaviors and physical mechanisms of tubular materials. By using elaborately
designed uniaxial tension/compression experiments of tubular specimens and EBSD analysis,

the slip/twinning dominated multiple mechanisms to accommodate the inhomogeneous plastic
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deformation are identified; A compression-based orthogonal inverse method is used to calibrate
the parameters involved with VPSC theory and the VPSC-based computation with static and
variable velocity gradients is conducted under different loading scenarios for predicting the
deformation behaviors and texture evolution during various loading conditions including
complex forming processes such as multi-constrained tube bending and cold pilgering.

2) The coexistence and competition of the multiple mechanisms such as slip/slip and
slip/twinning as well as twinning/twinning result in the remarkable and varied anisotropy and
asymmetry characteristics in hardening, strain flow and yield loci for alpha titanium tube in
plastic deformation, viz., three slips including prismatic slip Pr<a>, pyramidal slip Py<a> and
pyramidal slip Py<cta>, and two twinning modes including tensile twinning Tt {10-12}
<10-1-1> and compressive twinning Ct {11-22}<11-2-3>; The superposition of both anisotropy
and asymmetry further results in severe distorted yielding and plastic flow as well as strong
irregular evolution of yield loci in 3D spatial stress space, which cannot be described by general
yield functions such as Hill'48R criterion.

3)The history of slip/twinning activity determines the texture evolution in the deformed samples,
viz., when the loading direction is parallel to the c-axis of alpha titanium, the dominated slip
mechanism is Py<c+a>, the second one is Pr<a>, and the relative contribution of twinning to
plastic strain is more smaller than that by slip, while it coordinates the texture evolution more
greatly; By using more general index strain vector in full spatial space, the relationship between
final texture evolution and plastic flow modes is recognized for tailoring the texture evolution,
viz., the radial texture can be obtained with a large effective plastic strain and the stain ratio
ranging from 0° and 60°; By using this relationship, the finished high strength titanium tubes
with the desired textures can be tailored by allocating the plastic flow in 3D spatial space during
multi-pass cold pilgering. However, although the radial texture is assumed to be target one,
which texture is the preferred one for better formability and higher performance needs further

investigation and confirmation.
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