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The anisotropic strain-hardening behavior and texture evolution during large plastic strains were
investigated in two different grades of a-titanium. A recently proposed Taylor-type crystal-
plasticity model[1] was used to predict the crystallographic texture evolution and anisotropic
stress-strain response of these materials during large plastic strains at ambient temperature. The
reasonable agreement between the predictions and the measurements reported here demonstrates
the potential of these models for a class of titanium alloys in which plastic deformation is
accommodated by both crystallographic slip and deformation twinning. The results of this study
also provided quantitative insights into the effects of purity level on the slip and twin-hardening
parameters, which are also observed to be relatively insensitive to the initial texture in the sample.

DOI: 10.1007/s11661-008-9651-x
� The Minerals, Metals & Materials Society and ASM International 2008

I. INTRODUCTION

A number of studies[2–5] have observed that defor-
mation twinning is an important mechanism of plastic
deformation, in addition to crystallographic slip, in
several commercially important metals. Many of the
hexagonal close-packed metals and the low stacking-
fault energy cubic metals exhibit deformation twinning.
The occurrence of deformation twins has been corre-
lated to major changes in both the strain-hardening
response and the crystallographic texture evolution in
these materials.[6–10]

A crystal-plasticity modeling framework has been
employed successfully in the literature to study plastic
deformation in polycrystalline metals.[11–15] However,
most of the prior work in this field has focused on
materials that exhibit only crystallographic slip. Given
the important role of deformation twinning in several
commercially important metals, it is highly desirable to
extend the current crystal-plasticity modeling frame-
work to include deformation twinning as an additional
mode of plastic deformation. There have been several
reports in recent literature addressing the various

challenges involved in incorporating deformation twin-
ning in crystal-plasticity models.[16–20]

Some of the outstanding challenges in the develop-
ment of crystal-plasticity models for hexagonal metals
include the following: (1) description of the slip and
twin-hardening laws that account for the complex
interactions between them, (2) an efficient method for
capturing grain fragmentation caused by twinning, and
(3) a suitable homogenization theory that can be used to
predict the response of the polycrystals from the
response of individual crystals. In our prior work,[1]

we have formulated slip and twin-hardening laws for
a-Ti that were motivated by a series of experimental
investigations, while accounting for several observed
complex slip-twin interactions. We have also demon-
strated that a Taylor-type crystal-plasticity model based
on a new grain-fragmentation scheme provided reason-
able predictions for both the anisotropic stress-strain
curves and the averaged texture evolution in a high-
purity a-Ti sample subjected to a range of monotonic
deformation paths. In this new fragmentation scheme,
each grain* was allowed to be fragmented into one

parent and several offspring grains (one offspring grain
corresponding to one potential twin system in the
original grain). Once a grain is fragmented, the newly
formed parent and offspring grains were treated as
independent grains.
It should be noted that a number of alternative

approaches to the Taylor-type models are being explored
currently in the literature, including the self-consistent
methods[17,21,22] and the finite-element models.[18,23]
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*The constituent single crystals in a polycrystal are often referred to
as grains.
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There have also been attempts to include grain-boundary
sliding as a significant contributor to the plastic defor-
mation in Mg alloys[24,25] However, it should be noted
that grain-boundary sliding is not relevant to the Ti
alloys studied here because there is no experimental
evidence indicating that it is an important contributor to
their plastic deformation at room temperature.

Building on our previous success, we conducted a new
study to critically evaluate the accuracy of the Taylor-
type model (with the newly formulated grain-fragmen-
tation scheme) by applying it to a different grade of a-Ti
with a different initial texture. The sensitivity of the
mechanical behavior of a-titanium and its alloys to the
initial texture and the impurity levels has been demon-
strated via mechanical testing at a wide range of
temperatures.[26] In our prior work,[1] we used high-
purity a-titanium (HP-Ti). In this work, we focus our
attention on commercial-purity a-titanium (CP-Ti).
Compared to HP-Ti, CP-Ti is expected to exhibit much
higher yield strength and substantially different strain-
hardening characteristics. Moreover, the CP-Ti samples
we obtained had significantly different starting textures
compared to the HP-Ti sample. It was anticipated that
the large differences in the starting textures between the
HP-Ti and CP-Ti samples will serve to evaluate critically
the predictive capability of our recently formulated
Taylor-type crystal-plasticity model.[1]

II. TAYLOR-TYPE CRYSTAL PLASTICITY
MODELS FOR HEXAGONAL-CLOSE-PACKED

METALS

The main details of the crystal-plasticity model used
in this study are summarized in this section. Further
details can be found in the literature.[1]

A. Grains Prior to Fragmentation

The total deformation gradient on a crystalline
region, F, is decomposed into elastic and plastic com-
ponents as follows:

F ¼ F�Fp ½1�

where F* and Fp represent the elastic and plastic
deformation gradient, respectively. The elastic behav-
ior of the single crystal is expressed as follows:

T� ¼ C E�½ � ½2�

where C represents the anisotropic fourth-rank elastic-
stiffness tensor. The terms, T*and E

*, are a pair of work-
conjugate stress and strain measures defined as follows:

T� ¼ F��1 (detF�)Tf gF��T ½3�

E� ¼ 1

2
F�TF� � 1
� �

½4�

where T denotes the Cauchy stress in the crystalline
region of interest. The evolution of the plastic deforma-
tion gradient is described by the following equations:

_F
p ¼ LpFp ½5�

Lp ¼
XNs

a

_caSa
o þ

XNtw

b

_fbcb
twS

b
o ½6�

The two terms on the right-hand side of Eq. [6] represent
the contributions to plastic deformation by crystallo-
graphic slip and deformation twinning, respectively. The
terms Sa

o and Sb
o denote the unit slip and twin tensors in

the initial crystal orientation, respectively. The term _ca

represents the slip-shear rate on a slip system, a. The
term _fbcb

tw represents the homogenized shear rate in the
crystal due to deformation twinning. The term cb

tw

denotes the amount of constant shear associated with
twin system, b, and fb denotes its volume fraction in the
crystalline region of interest.
The evolution of plastic shearing rates on slip and

twin systems is described by appropriate power laws,
following the viscoplastic approach,[12] as follows:

_ca ¼ _co
sa

sa

����

����

1=m

sign (sa) ½7�

_fb ¼
_co
cb
tw

sb

sb

���
���
1=m

if sb � 0

0 if sb � 0

8
<

:
½8�

The rate-sensitivity parameter, m, in Eqs. [7] and [8]
was set to a very low value of 0.02 in order to simulate
the near rate-independent behavior of a-Ti at ambient
temperature. The reference slip rate, _co, was set as
0.001 s-1 to reflect the quasi-static loading condition
used in this study. The terms sa and sa represent the re-
solved shear stress and the shear resistance for a partic-
ular slip or twin system. The resolved shear stress for
both slip and twin systems can be defined as follows:

sa � T��Sa
o ½9�

A total of 18 slip systems belonging to three distinct
slip families and 12 twin systems belonging to two
distinct twin families were considered (Table I). The
evolution of the slip and twin hardening is described
phenomenologically by the following model:

_sa ¼ hpris 1� sa

sas

� �XN
s
pri

k

_ck
�� ��þ hbass 1� sa

sas

� �XN
s
bas

l

_cl
�� ��

þ hpyrs 1� sa

sas

� �XN
s
pyr

m

_cmj j ½10�
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X

b

fb

 !b
0

@

1
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X

b

fb
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X
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sas ¼

spriso þ spr
P

b
fb

 !0:5

if a 2 prism slip systems

sbasso þ spr
P

b
fb

 !0:5

if a 2 basal slip systems

spyrso þ spr
P

b
fb

 !0:5

if a 2 pyramidal slip systems

8
>>>>>>>>>><

>>>>>>>>>>:

½12�

In Eqs. [10] through [12], ha
s and sas represent the

hardening rate and the saturation value associated with
the slip system, a, respectively. The terms ha

so and saso
denote the initial hardening rate and saturation value in
the absence of twinning. The terms C, spr, and b are the
hardening parameters that aim to capture phenomeno-
logically the complex interactions observed between slip
and deformation twinning in a series of experimental
investigations.[10,26,27] The term

P

b
fb denotes the total

twin-volume fraction in the grain. The rationale leading
to the formulation of these slip-hardening laws is
described in our earlier studies.[1,19]

B. Criterion for Grain Fragmentation

When the accumulated twin-volume fraction in any
grain reaches the predetermined saturation value (taken
as 0.4 based on our prior work), that grain is fragmented
into a parent grain (corresponding to the untwined
regions) and several offspring grains corresponding to
the dominant twin systems. These newly formed grains
are allowed to undergo further deformation as indepen-
dent grains, but twinning is no longer allowed in these
grains.

C. Grains After Fragmentation

After fragmentation, the newly formed parent and
offspring grains are assumed to have the same values of
the slip resistances and hardening parameters as the
untwinned regions in the original grain. Note that the
slip systems in offspring grains have different orienta-
tions compared to those in the parent grain due to the
lattice rotation caused by twinning. The evolution of slip
resistance continues to be described by Eqs. [10] through
[12].

The preceding constitutive description is for the local
mechanical response of a single-crystal region in a
polycrystalline a-titanium sample. The response of the
polycrystalline aggregate is obtained by invoking the

extended Taylor assumption[28] of uniform deformation
through the entire polycrystal. It has been widely
reported in literature that the Taylor assumption results
in reasonable predictions of deformed textures in single-
phase medium to high stacking-fault energy cubic
metals,[13–15] although they tend to be significantly
sharper compared to experiments. In prior work,[1,19]

we have demonstrated that the Taylor model continues
to provide reasonably accurate predictions of deformed
textures for hexagonal metals, although the predictions
are qualitatively less accurate than those for the cubic
metals.

III. MATERIALS AND EXPERIMENTAL
PROCEDURES

Two grades of pure titanium were studied: (a)
commercial-purity titanium (CP-Ti) Grade-2 and (b)
high-purity titanium (HP-Ti). The chemical composition
of both materials is summarized in Table II. The CP-Ti
was received as a 33-mm rolled plate and was given a
recrystallization heat treatment of 830 �C/2 h, followed
by air cooling to produce equiaxed-grain structure with
the average grain size of 35 lm. The annealed CP-Ti
showed a rolling texture with the (0001) poles perpen-
dicular to the transverse direction and smeared between
the rolling direction (RD) and normal direction (ND)
(Figure 1(a)). The HP-Ti was received as a 12-mm
clock-rolled disk and was given a recrystallization heat
treatment of 537 �C/1 h, followed by water quenching
to obtain an equiaxed-grain structure with a 30-lm
average grain size. The initial texture of the HP-Ti
showed a fiber texture with the c-axes of many grains
distributed at approximately 20 to 35 deg from the ND
direction (Figure 1(b)).
In our previous study,[1] in order to characterize the

anisotropy of strain hardening, we subjected samples of
HP-Ti to two different deformation paths (simple
compression and simple shear). In the present study,
we took a different approach. We conducted simple

Table I. Summary of Modeling Parameters for Slip and Twin Systems

Family

Slip Systems Twin Systems

Prismatic ah i Basal ah i Pyramidal cþ ah i Compressive Tensile

Plane and direction 10�10f g 11�20h i 0001f g 11�20h i 10�11f g 11�23h i 11�22f g 11�2�3h i 10�12f g 10�11h i
Number of systems 3 3 12 6 6
Initial resistance sprio sbaso spyro scomtw stentw
Slip hardening parameters hpriso ; s

pri
so hbasso ; s

bas
so hpyrso ; s

pyr
so no hardening parameters

needed for twin systemsOther parameters C, b, spr

Table II. Chemical Compositions (in wppm) of CP-Ti

and HP-Ti Used in This Study

Alloy O Fe S C N Al Ti

CP a-Ti 810 970 9 196 80 1200 balance
HP a-Ti 95 1.3 3 7 11 <1.0 balance
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compression tests on CP-Ti in three mutually orthogonal
directions labeled as ND, TD, and RD. Because the
annealed material has a strong initial texture, this
approach is expected to give us substantially different
stress-strain curves with different strain-hardening char-
acteristics for the three tests. This dataset should be
adequate to extract all of the strain-hardening parame-
ters in the preceding model. Compression tests were
conducted at room temperature on cylindrical samples at
a constant strain rate of 0.01 s-1. All specimens were
lubricated using Teflon sheets and molybdenum disulfide
(MoS2) to minimize the frictional effects. In addition, the
compression tests were interrupted for relubrication at
regular intervals of strain between 0.3 and 0.4. Load-
displacement data were corrected for the compliance of
the testing machine before calculating the true stress–
true strain curves.[29]

The textures of the annealed samples were determined
by the electron backscatter diffraction (EBSD) tech-
nique. For this purpose, specimens were sectioned,
ground, and lightly electropolished at -20 �C in a
solution of 590 mL methanol and 60 mL perchloric
acid. Following electropolishing, the samples were
mounted on the tilting stage inside an XL30 field-
emission gun scanning electron microscope. The micro-
scope was operated at 20 kV and 6 nA with the stage
tilted at an inclination of 70 deg. The local Kikuchi
patterns were collected and indexed using the EBSD
system from EDAX. The textures of the deformed
samples were determined from the measurements of
10�10
� �

, 0001ð Þ, 10�11
� �

, 10�12
� �

, 11�20
� �

, and 10�13
� �

pole
figures using X-ray diffraction technique on a Scintag
X1 5-axis pole figure goniometer using Cu Ka radiation.
The beam is point source, circularly collimated to
0.8 mm. The detector is a Peltier cooled solid-state
detector with a slit of 2 mm. The samples had a
minimum surface area of 1.0 cm2. The samples were
oscillated 4 mm to collect data from as many grains as
possible. Data was collected out to 80-deg sample tilt in
5-deg sample rotation and tilt increments with a two-
second counting time. The data was analyzed using the
popLA software[30] to produce corrected and recalcu-
lated pole figures and orientation distributions.

IV. CALIBRATION OF TAYLOR-TYPE MODEL

In a previous study,[1] we established a procedure for
estimating the model parameters by fitting the predicted
stress-strain curves in two different deformation paths to
the corresponding measurements. The same strategy was
applied here for CP-Ti. In this study, the stress-strain
curves in simple compression along ND and TD were
used for calibration (Figure 2), and the measurement in
simple compression along RD was used for evaluation
(Figure 3).
For comparison, the values of model parameters for

both CP-Ti and HP-Ti are summarized in Table III.
The initial slip resistances (sprio , sbaso , and spyro ) in CP-Ti
are twice their values in HP-Ti. It appears that the slip
resistances of all the different slip systems scaled up by
the same constant with increased levels of impurities in
a-Ti. It is also worth noting that this scaling factor of 2
also corresponds roughly to the average increase in the
macroscopic yield strength between HP-Ti and CP-Ti
(Figure 4). The resistance to twinning (stw) in CP-Ti has
increased by approximately three times compared to the
twin resistance in HP-Ti, indicating that the increased
impurities have a stronger influence on the twin
resistance compared to the slip resistances. Note that
the same parameters are used for tensile and compres-
sive twins in the current model. The consequences of
this simplification are discussed in Section VI–B. The
initial slip-hardening rates (hpri�basso and hpyrso ) in CP-Ti
are an order of magnitude greater than those in HP-Ti.
The initial slip-saturation values (spriso and sbas�pyrso ) in
CP-Ti are greater than those in HP-Ti. Both of these
observations can be attributed to the fact that the
impurities are expected to mitigate dynamic recovery.
The slip-twin hardening parameter, spr, in CP-Ti is
higher than that in HP-Ti by the same scaling factor of
2 discussed earlier. The slip-twin hardening parameter,
C, showed a modest increase in CP-Ti, while the value
of the parameter, b, remained the same. Needless to say,
the trends seen here in the influence of impurities on the
values of the various hardening parameters need to be
validated with additional measurements in other grades
of a-Ti.

Fig. 1—Initial textures of the annealed samples: (a) CP-Ti and (b) HP-Ti.
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V. EVALUATION OF TAYLOR-TYPE MODEL

After the model parameters were determined, the
predictive capability of the proposed model was evalu-
ated quantitatively by directly comparing the predic-
tions to the measurements that were not used in the
calibration process. The predicted stress-strain response
in simple compression along RD showed good agree-
ment with measurement (Figure 3). It is worth noting
that the measured stress-strain curves (simple compres-
sion on CP-Ti along ND, TD, and RD) in Figure 4
show different features at an early stage (compressive
strains lower than approximately 0.20); whereas, they
approach each other and become similar at larger
strains. These features are captured very well by the

model and are further supported by the texture mea-
surements.
The texture measurements in the deformed samples

were not used in the calibration of the hardening
parameters, and, hence, they are used to evaluate the
predictive capabilities of the model. All textures were
rotated to position the loading directions in the center of
each pole figure. In other words, the initial textures in
these compression tests can be related to each other by
simple rotations. In particular, the initial texture for TD
compression is quite distinct from the initial textures for
the other two compression tests (Figure 5). However,
after a true strain of 1.0, all deformed textures are
surprisingly similar to each other and are comprised of

Fig. 2—Comparison of predicted and measured true stress–true strain curves in CP-Ti: (a) simple compression along ND and (b) simple com-
pression along TD.

Fig. 3—Comparison of the predicted and measured stress-strain
curves in simple compression test along RD for CP-Ti.

Table III. Summary of Estimated Model Parameters for a-Ti

Parameter sprio sbaso spyro stw hpri�basso hpyrso

CP-Ti 60 Mpa 300 MPa 240 MPa 400 MPa 800 MPa 1500 MPa
HP-Ti 30 Mpa 150 MPa 120 MPa 125 MPa 15 MPa 300 MPa

Parameter spriso sbas�pyrso spr C b —

CP-Ti 250 Mpa 430 MPa 200 MPa 30 2 —
HP-Ti 100 Mpa 300 MPa 100 MPa 25 2 —

Fig. 4—Measured true stress–true strain curves in simple compres-
sion tests on CP-Ti and HP-Ti.
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two main components: (1) a strong fiber component with
the c-axis approximately 10 to 30 deg from compression
direction, and (2) a weak fiber component with the c-axis
approximately 80 to 90 deg from compression direction.
The predicted textures at large strain (e = -1.00) in all
the three compression tests showed reasonable agree-
ment with measurement (Figure 6).

VI. DISCUSSION

A. Strain Hardening

The model parameters presented in Table III are
important to understanding the strain-hardening
response of a-Ti during large deformation. Figure 4
clearly shows that CP-Ti exhibits a higher yield strength
(attributed to the higher impurity content) compared to
HP-Ti. More interestingly, there are indeed distinct
differences in the initial portions of the stress-strain

curves from the three different compression tests
(in three orthogonal directions) on CP-Ti. Surprisingly,
these differences attenuate substantially after a moderate
strain of only approximately 0.3. The stress-strain curve
of HP-Ti (RD) was not available from the previous
study. However, the HP-Ti sample has a strong initial
fiber texture along ND, and, therefore, the stress-strain
response of HP-Ti (RD) is expected to be very similar to
that of HP-Ti (TD).
In our previous studies,[26,27] a normalized strain-

hardening plot was used to identify the role of deforma-
tion twinning in the evolution of strain hardening for
HP-Ti. In these plots, the strain-hardening rate normal-
ized by shear modulus was plotted against the increment
in yield stress due to cold work normalized by shear
modulus. These plots revealed that the strain-hardening
response of materials that exhibit deformation twinning
can be divided into three stages for hexagonal-close-
packed (hcp) metals.[27] The three stages in hcp metals

Fig. 5—Initial textures of CP-Ti samples in simple compression test along ND, TD, and RD.

Fig. 6—Comparison of measured and predicted textures of CP-Ti at e = -1.00 in simple compression tests along ND, TD, and RD, respec-
tively.
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can be described as (a) a decreasing strain-hardening rate
stage (stage A), corresponding to the deformation prior
to the onset of twinning; (b) an increasing strain-
hardening rate stage (stage B), corresponding to the
initiation and growth of twinning; and (c) a decreasing
strain-hardening rate stage (stage C), corresponding to
the deformation after the saturation of twinning. The
measured strain-hardening responses for CP-Ti studied
also exhibit these same characteristics. For comparison,
the strain-hardening curves for both HP-Ti and CP-Ti
are plotted in Figure 7. The strain-hardening rates in CP-
Ti at a given normalized stress are clearly higher than
those in HP-Ti, which can be attributed to inhibition of
dynamic recovery due to presence of impurities. The
compression of CP-Ti along TD revealed a lower initial
yield strength (Figure 4). However, the strain hardening
caused by twinning in stage B produces a higher
hardening rate in this sample compared to the other
two compression tests on CP-Ti (Figure 7). Conse-
quently, the flow stress rises to the values that are
comparable to the flow stresses achieved in the compres-
sion tests in the other two directions. The initial texture
and the subsequent twinning activity can explain the
different behavior during CP-Ti compression along the
TD direction. In particular, at the beginning of loading
the TD sample, the c-axes of most grains were inclined
close to 90 deg to the loading direction (Figure 5), and,
hence, the sample exhibits a relatively low initial yield
strength. After some strain, however, almost all grains
exhibited tensile twinning. Consequently, the strain-
hardening rate showed a rapid increase due to twinning.
On the other hand, the materials that were loaded along
the RD and ND directions had many grains with the
c-axes close to the loading direction (Figure 5). There-
fore, the deformation exhibited a higher initial yield
strength (Figure 4). Further loading along the RD and
ND directions caused several grains to twin but at a
much lower rate. Therefore, the increase in the strain-
hardening rate in stage B for RD and ND directions was
less than that for the sample loaded along the TD
direction. Upon twin saturation, all three samples
reached similar flow stresses (Figure 4).

B. Compressive and Tensile Twins

It has been reported earlier[23] that different twin
families (i.e., tensile and compressive twins) have dis-
tinctly different twin resistance. In our models, it was
assumed that all the twin systems exhibit identical twin
resistance. It is our intuition that allowing for different
twin resistances will improve the predictive capabilities
of our model. For example, it is observed in Figure 4
that simple compression along TD exhibits a lower yield
strength but a higher strain-hardening rate compared to
the samples compressed along ND and RD directions.
This is also supported by the strain-hardening plots in
Figure 7 where the strain-hardening rate in stage B of
the TD compressed sample is much higher than the
others. Due to the initial texture and twin orientations,
it is anticipated that the twinning associated with the TD
compressed sample will be mainly tensile twins

10�12
� �

10�11
� 	� �

; whereas, the twinning associated with
the other samples will be mainly compressive twins

11�22
� �

11�2�3
� 	� �

. Refinement of the hardening relations
to allow for the differences between the resistances of the
tensile and compressive twin systems should improve the
predictive capability of the model described here.

C. Twin Volume Fraction

Figure 8 shows the predicted twin volume fraction as
a function of strain during simple compression of CP-Ti
along ND, TD, and RD directions. It is clearly seen that
the twinning associated with simple compression along
TD is mainly tensile twins; whereas, the compressive
twins dominate during simple compression along ND
and RD. In addition, twin volume fraction associated
with simple compression along TD is much higher than
ND and RD at small strains, while the twin volume
fractions become similar eventually for all directions at
large strains. These modeling predictions support our
proposed theory for the texture evolution and strain-
hardening response revealed by Figures 5 through 7. A
micrograph from orientation image microscope (OIM)
measurement is presented in Figure 9 for the CP-Ti
sample subjected to simple compression along ND at a
strain of 0.22.[31] Using the line-intersection method, the
area fractions of compressive and tensile twins are
estimated to be approximately 9.0 and 1.1 pct, respec-
tively. In comparison with the predictions in Figure 8,
the measurement of compressive-twin volume fraction is
significantly larger; whereas, the measurement of tensile-
twin volume fraction is in good agreement. Note that a
number of two-dimensional section measurements using
much larger scan areas would be required in order to
estimate accurately the twin volume fraction in the
deformed sample. We plan to undertake such detailed
characterization studies of twin volume fractions in
future work.

D. Homogenization Method

The model presented here employs the Taylor assump-
tion of uniform deformation gradient in all of the
crystals. It is well known that the Taylor model predicts

Fig. 7—Comparison of strain-hardening behaviors in simple com-
pression of CP-Ti and HP-Ti samples. The ordinate is the normal-
ized slope of stress-strain curve, and the abscissa is the normalized
plastic-flow stress. The term, G, is the theoretical shear modulus of
titanium and r0 is the initial yield stress.
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much stronger deformation textures for cubic metals
compared to the experiments.[13–15,32] The same is also
true for the a-Ti studied here. It is clearly evident from
the results presented that the Taylor-type model predic-
tions for a-Ti are not as accurate as they were for cubic
metals. There is, therefore, a clear need to explore high-
order homogenization theories in future studies.[18,23,33]

VII. CONCLUSIONS

The predictive capability of a Taylor-type crystal-
plasticity modeling framework, together with the phe-
nomenological descriptions of the complex slip and

twin-hardening interactions and a new grain-fragmenta-
tion scheme, was critically evaluated by direct compar-
isons with experimental measurements on polycrystalline
commercial-purity a-titanium. Combined with our pre-
vious study on high-purity a-titanium, the following
conclusions are drawn.

1. The modeling framework presented for hcp metals
provided reasonable predictions of the anisotropic
stress-strain response and the evolution of the
underlying texture during large plastic strains in
a-titanium. Of particular significance is the fact that
the model has been validated for samples with
strong initial textures that are substantially different
from each other.

2. All necessary model parameters (slip and twin resis-
tance, as well as hardening parameters) were suc-
cessfully extracted from two simple compression
tests performed in two different sample directions.
This was possible because the sample had a sub-
stantially different initial texture with respect to the
selected compression directions.

3. A comparison of the slip-system level hardening
parameters extracted for the high-purity and com-
mercial-purity grades of a-Ti indicates that the
impurities scale up the initial resistances of all the
different families of the slip systems by a more or
less a uniform scaling factor. The effect of impuri-
ties on the initial twin resistances was observed to
be higher compared to the effect on the initial slip
resistances. Furthermore, the impurities produced a
dramatic increase in the initial hardening rates,
which is attributed to the inhibition of dynamic
recovery.
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