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Abstract

This works focused on the mechanical behavior of an ‘as-forged’ Ti-1023 alloy used in airframe forging
applications. Its microstructure, characterized by SEM and EBSD, was composed by 15% of primary ap
nodules (2-5 um in size) embedded in millimeter long 3 grains partially fragmented into equiaxed 3 subgrains
of 5-10 um. Further neutron diffraction analysis indicated an almost random B texture. Tensile tests at
differents strain rates were performed. A very low strain rate sensitivity was observed. The contribution of
each phase to the overall mechanical behavior was numerically investigated by a two-phase elasto-viscoplastic
self-consistent (EVPSC) model with affine-type linearization. Internal stresses arising from elastic and plastic
strain incompatibilities were analyzed. Throughout the mechanical loading, {100} oriented grains were more
deformed than {111} grains and all the o nodules. The onset of plasticity occurred sequentially in the  phase,
initially in {110} grains followed by {111} and then {100} ones. The effect of the crystallographic texture
on slip activity was also studied through simulations made with a synthetic rotated cube [ texture, typical of
B-working, while considering a textures in Burgers Orientation Relationship (BOR) with the  phase or being
random.

Keywords : near B titanium; tensile behavior, elastic anisotropy; elastic/plastic incompatibilities; EVPSC
modeling; crystal plasticity

1. Introduction

Near B titanium alloys like Ti-1023 are competing with quasi-o or o/p titanium alloys for airframe
forging applications like landing gears, turbine engines, and rotor systems. Thanks to transformation processes
including B and o/p forging before aging, excellent mechanical properties are achieved at room temperature.
Their microstructures are multiscale and therefore the relationships between the microstructure and the
mechanical behavior are complex. In near-§ Ti-alloys, the retained 3 phase represents up to 40% of the volume
which is higher than in conventional o/p alloys [1]. Therefore, the contribution of the B phase to the mechanical
behavior should be investigated in detail. Furthermore, the p phase is reported to exhibit high elastic
anisotropy. It was recently highlighted that the elastic anisotropy in near f alloys can have a strong influence
on the development of internal stresses that may lead to the heterogeneous development of plastic activity and
then initiate cracks [2]. In a previous study on a p quenched Ti-5553 [3], it was shown that the elastic
anisotropy of the p phase may induce strong incompatibility stresses at the end of the elastic regime depending
on the single-crystal elastic constants used in the model. As these incompatibility stresses depend on grain
orientation, the initiation and development of plastic deformation are highly heterogeneous. It was also shown
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that the elastic anisotropy of the B phase affects slip activity by promoting {112}<111> slip systems over
{110}<111> ones [4].

To understand the role of the B phase on the material’s behavior, the Single-crystal Elastic Constants
(SEC) should reflect the real elastic behavior of the B phase. However, the published SEC in the literature for
B-Ti (BCC) spans over a large range of values [2, 5-15]. The Zener anisotropy coefficient [16] ranges from 1
to 8. These discrepancies may be due to the various chemical compositions and thermo-mechanical treatments
of the studied Ti alloys but also to the difficulty to exactly measure SEC in multiphase polycrystalline
specimens. The SEC identified by Martin [14], Petry et al. [7] and Raghunathan et al. [11] give very different
Zener anisotropy coefficients (of 2.4, 3 and 8.3, respectively) but all lead to Young moduli close to the
measured one for a  quenched equiaxed microstructure (E=68GPa). In a two-phase o+f Ti alloy, the SEC of
the B phase are expected to be different from those of a B quenched alloy because of the difference of
composition due to element partitioning.

The understanding of the mechanical behavior of near B Ti-alloys requires the investigation of the
interaction between the a and B phases. In particular, the o phase is generally much stiffer than the 3 phase.
In addition, the plastic behaviors of both phases, especially in terms of critical resolved shear stresses on slip
systems and anisotropy, are also completely different. Hence, the o phase induces together with the B phase,
elastic and plastic incompatibility stresses that are responsible for strain-hardening as well as the
heterogeneous onset of plasticity which may lead to crack initiation. Indeed, significant cracks have been
observed for these alloys after failure originating from basal slip activity in the a. nodules [17, 18]. In addition,
these effects can be amplified by the presence of a pronounced crystallographic texture [17]. For instance, slip
activity of a nodules in a B metastable Ti-5553 alloy with bimodal microstructure was observed to depend on
the crystallographic orientation of the B region where they are embedded in [17]. This dependence was also
investigated from numerical simulations of the plastic behavior of a nodules with random texture embedded
in differently oriented B grains [19]. In particular, in {001} oriented grains, the model predicted the onset of
plasticity in favorably orientated a nodules despite much higher critical resolved shear stresses than the (3
grains [19]. Furthermore, the orientation spread within the  grains was also seen to have a significant effect
on the plastic behavior of o nodules [19].

The present study focuses on the tensile behavior at different strain-rates of a Ti-1023 alloy with a
simplified nodular microstructure and a random f texture. In addition to the experimental characterization of
this alloy by tensile tests, neutron source, Scanning Electron Microscope (SEM) and Electron BackScatter
Diffraction (EBSD), the purpose of this work is to theoretically investigate the contribution of each phase to
the overall mechanical behavior. The effect of elastic anisotropy of both phases is discussed in terms of the
development of elastic/plastic incompatibility stresses, their consequences on the onset of plasticity in both
and a phases and slip activity in specific grain subsets. Also, the role of crystallographic texture on the onset
of plasticity and slip activity of both phases is investigated. The crystallographic texture indeed influences
both the macroscopic behavior and the local grain interactions. For this purpose, a sharp {001}<110> rotated
cube texture for the B phase, which can be typically obtained from some pB-working processes [1, 20-24], is
considered in order to differentiate from the random texture observed for our alloy. Moreover, two extreme
situations are studied for the o texture in this case: a strong o texture obtained by assuming that the o phase
formed with variant selection and in Burgers Orientation Relationship (BOR) with the surrounding  phase
and a weak random a texture.

The theoretical study uses an advanced elasto-viscoplastic self-consistent model (EVPSC) with affine
linearization of the viscoplastic flow rule and a 1-site self-consistent approximation which has been recently
formulated thanks to the translated field method [25]. This model was previously applied to commercially
pure a-titanium alloys [26] as well as to B quenched Ti-alloys [3, 4, 19]. It is extended here to a two-phase
polycrystalline Ti-1023 alloy.

The paper is organized as follows. Section 2 deals with the elaboration and characterization of the
simplified Ti-1023 microstructure and describes the performed tensile tests. Section 3 is devoted to a brief
description of the EVPSC model, along with the single-crystal plasticity constitutive equations. Model
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parameters and their identification are reported in Section 4. EVPSC results are presented and discussed in
Section 5. Concluding remarks follow in Section 6.

2. Experimental work and results
2.1. Material and heat treatment

The investigated material is the near § titanium alloy Ti-10V-2Fe-3Al, hereafter denoted Ti-1023. The
B-transus of this alloy is about 800°C. The as-received material was a forged billet in the ‘as-aged state’. Its
microstructure was bimodal with primary a nodules (called ap) and secondary a needles (called as) embedded
in a B matrix. It was obtained by different forging/annealing steps in the B and o/ domain (as-forged state)
followed by an aging step at 500°C (as-aged state).

For our modelling purposes, the microstructure was simplified to come back to the as-forged state.
Thus, the material was further solution treated at 760°C for 1 hour followed by water quenching to suppress
the secondary as needles. The formation of  phase during quenching cannot be totally excluded. However,
no o phase was not detected in our samples by X-ray diffraction. The final microstructure is composed of
15% of equiaxed op nodules in the B matrix (see Figure 1).

2.2. Microstructure and texture

Small specimens were prepared by chemical polishing using a standard colloidal silica suspension
(OPS + 10% H20>) solution to enable a successful EBSD characterization of the microstructure. SEM
observations of several cross-sections confirmed the absence of secondary as precipitates. Metallographic
examinations were performed using Light Optical Microscopy (LOM), Back-Scattered Electron imaging
(BSE) and Electron Back-Scattered Diffraction analysis (EBSD). For EBSD measurements, a JEOL JSM-
6500F electron microscope equipped with the camera Nordlys-S was employed. Several EBSD maps with 0.5
pm step size were carried out along the cross-section to characterize the microstructure and the textures of a
and B phases.

The a phase volume fraction was measured to be 15%. The microstructure was composed of millimeter
long prior B grains elongated in the Z-direction (axial direction of the billet). They were partially fragmented
into equiaxed B subgrains of 5-10 um size. Primary op nodules were present both within § grains and at the
prior B grain boundaries. The a nodules were mostly equiaxed with a size of 2-5 um. EBSD and BSE
micrographs of the microstructure are shown in Figure 1. The macrotextures of the p phase were measured
using a 6 T1 Thermal Neutron Four-Circle diffractometer on a 1cm? sample at Laboratoire Léon Brillouin
(LLB), France. The texture index was 1.2, indicating a random crystallographic texture (Figure 2). The o
texture was not measured by Neutron Diffraction and cannot be inferred directly from the local EBSD
analyses. However the global o texture is expected to be almost random given that the 3 texture is random.
Comparison of {0001}, and {110}p pole figures obtained from different EBSD maps supported this
assumption (see two examples in Figure 1). In general all the {0001}, poles overlapped a {110} pole but with
a very large spread. This is due to a remaining trace of the Burgers Orientation Relationship (BOR) between
both phases.



Figure 1- Typical microstructure of the ‘as-forged’ Ti-1023 alloy. Top left: a cross-sectional IPF map of the
B phase along the Z direction (axial direction of the billet) which is normal to the EBSD map. Top right: two
Back-Scattered Electron (BSE) images where grey regions correspond to B subgrains and black ones to a
nodules. Bottom: stereographic projections of the {110}s and {0001}« pole figures in two typical regions
corresponding to prior  grains.

{110}

1.2

Figure 2- Pole figures of the p phase of the ‘as-forged” Ti-1023 alloy measured by neutron diffraction showing
a random texture (texture index=1.2).

2.3. Mechanical testing

Cylindrical specimens with 6.35 mm diameter and 20 mm length have been machined along the Z
direction for tensile tests. The tensile tests were performed on a ZWICK Z250 machine with a force cell of
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250 kN and a contact extensometer. Samples were deformed at constant crosshead velocity up to fracture with
initial strain rates of 2 x 107 s (specimen A), 2 x 10* s (specimen B) and 2 x 107° s™* (specimen C). The
testsat 2 x 10 * s and 2 x 10° s~ were repeated twice on samples taken in close areas of the billet and shown
tensile properties within 2% scatter. The experimental engineering stress-strain curves are reported in Figure
3. The estimated Young’s modulus, yield stress, ultimate tensile strength (UTS) and elongation at failure (A%)
are deduced from these curves and are listed in Table 1. The measured Young moduli vary between 76 and 80
GPa, the yield stresses are around 800 MPa and the maximum elongation before fracture is about 13%. The
stress-strain curves of the ‘as-forged’ Ti-1023 alloy are compared with the ones obtained for a B quenched
equiaxed grains Ti-5553 alloy [31] (Figure 4). As expected, the Young’s modulus of the studied Ti-1023 alloy
is higher than the one measured for the B quenched Ti-5553 alloy (68 GPa) due to the presence of op nodules
that reinforce the mechanical behavior. Furthermore, the tensile strength is reached very early in specimens A
and B at strains 3.3 and 3.25%, respectively. For the lowest strain rate specimen C, the tensile strength is
reached only at 9.7%. The overall hardening rate of this alloy is relatively low.

Besides, it is worth recalling that during the deformation of Ti-1023 alloys, the metastable  phase may
transform into a stress-induced orthorhombic martensite o [27-30]. The triggering stress for this
transformation depends on several parameters like temperature, grain-size [28], strain-rate [29], texture, as
well as morphology and volume fraction of o phase [30]. The effect of stress-induced martensite
transformation is generally visible on a simple tensile curve as it is associated with a typical double yielding
or strain plateau region [27-30]. No such features or change of slope can be observed before necking in the
present stress-strain curves (Figure 3). Therefore, the stress-induced martensite transformation B 2> o” is
supposed to be a minor deformation mode in our samples and is not considered in the modeling (see next
section).
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Figure 3- Experimental tensile engineering stress/strain curves of the ‘as-forged’ Ti-1023 alloy for three strain
rates: 2x103s? (Sample A), 2x10**s? (Sample B) and 2x10°s* (Sample C).



Table 1- Mechanical characteristics of the ‘as-forged” Ti-1023 alloy estimated from the tensile curves.

Strain rate (S'l) Young’s Yield UTS Uniform | A(%)
Modulus stress at (MPa) elongation
(GPa) 0.2% (%)
(MPa)
A 2x10° 76.3 799 881 3.3 12.5
B 2x10” 71.7 800 878 3.25 13
C 2x10° 79.7 770 888 9.7 13.1

— Ti-1023(85%p)-2x1073s"!

—— Ti-1023(85%)-2x10-*s"!

X;;(MPa)

A Ti-5553(100%p)-2x103s1

®  Ti-5553(100%p)-2x10*s!

0 1 2 3 4 5
E33(%)

Figure 4- True tensile stress/strain curves: comparison of the strain rate sensitivity between the‘as-forged’ Ti-
1023 alloy and a B quenched Ti-5553 [31]. The true stress-true strain responses are plotted for strain rates
2x10% and 2x10%s™2,

3. Elasto-viscoplastic self-consistent modeling (EVPSC) and crystal plasticty

The advanced elasto-viscoplastic self-consistent model (EVPSC) considers an affine linearization of
the viscoplastic flow rule. In this approach, the 1-site self-consistent approximation is formulated thanks to
the ‘translated field (TF) method’, which is not detailed here (see [3, 25, 26] for details). Such a micro-macro
scale transition model is well suited to model disordered materials like two-phase polycrystalline aggregates.
Indeed, the EVPSC model can account for crystal elasticity and plasticity of both phases, crystallographic
texture as well as strain rate effect in contrast with elastoplastic self-consistent (EPSC) schemes which are
rate-independent, as for example the one employed in [11]. The polycrystal is represented by a large number
of grains characterized by their crystallographic orientation, volume fraction, morphology and phase (a or
in the present study). It is noteworthy however that in the present one scale transition scheme, both a and
grains are heterogeneities at the same microscopic scale and interact with the homogeneous equivalent
medium which is the polycrystal containing both phases at the millimeter scale. Therefore, the o grains are
not embedded in a pure B matrix phase but are interacting directly with the homogeneous equivalent medium.
As outputs, the EVPSC code provides the ‘local’ behaviors (at the scale of the grain orientations) and the
‘overall’ or ‘effective’ behavior (at the scale of a Representative VVolume Element of the polycrystalline
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aggregate). Both are related through the so-called ‘strain (or stress) concentration equations’ described in
[25,3]. The EVPSC model, which was previously applied to B quenched Ti-alloys [3], is now used and
extended to a two-phase polycrystalline Ti-1023 material.

Let us briefly describe the single crystal plasticity laws employed for both o and  phases. Within the
infinitesimal strain hypothesis, the total local strain rate relative to an elasto-viscoplastic behavior can be
decomposed as follows:

£ =& 4 &P (1)

with £ = s: 6 from the generalized Hooke’s law where s (= ¢™1) is the local elastic compliance tensor, and
€"P is given by a nonlinear viscoplastic constitutive flow rule that depends on the Cauchy stress tensor ¢. Both
a and B single crystals are supposed to be elastic-viscoplastic where plastic strain and rotation result from
crystallographic slips on specific systems s. The slip rates y* in both a and 3 single crystals are described by
the constitutive viscoplastic law developed by Méric et al. [32, 33]:

rlS
TS — %S| —rS
Y = <%> sign(t® — x%) (2)
where (x) = max(x,0) and t°is the resolved shear stress, t°> = R%: ¢ with RS the symmetric Schmid
orientation tensor. In this study, x* and r® are supposed to be associated with kinematic and isotropic hardening
states. Their expressions are given by:

x*=c’a® with & =v° (3)
and

r* =rg (4)

K® and n® are two material coefficients characterizing the viscous effect. c® is a kinematic hardening parameter.
At the grain level, the viscoplastic strain rate is given by the sum on all slip systems N:

N
EVP = Z RSYS (5)
s=1
whereas the viscoplastic spin tensor is given by:
N
®'P = Z SSYS (6)
s=1

where S* is the skew-symmetric Schmid orientation tensor. The material parameters n®, K*, r§, ¢ and N are
specific to the phase and slip family. They are given and discussed in the next section (see Table 4).

4. Model parameters

The microstructure is composed of 3 grains for a volume fraction of 85% and primary op nodules for
15%. The B phase and the a phase are represented by 2000 and 5000 grains with uniform volume fraction,
respectively. For both phases, grains are considered to be spherical. The crystallographic texture is assumed
random, as observed experimentally, which implies more orientations for the o phase with HCP structure than
the B phase with BCC structure. The used numbers of grains are enough to describe correctly the experimental
random texture (i.e. response insensitive to the direction of the tensile test). Each grain is actually assigned to
a different crystallographic orientation defined by a set of Euler angles (¢,,®,®,). These angles are

determined as follows [34]:

¢ = 2mr
@ = arccos(2r; — 1) (7)
(P = 2mr,



where (r;,75,73) are numbers randomly generated within the range [-1, 1]. The Euler angles are updated at
each time step from the elastic rotation tensor, computed as w® = —w*P [26], where w"P is the viscoplastic
rotation tensor (see its time derivative in equation (6)).

Besides, in the whole paper, the tensile loading direction is parallel to the Z axis. Therefore, in figures,
only the 33-component of a given tensor is shown. For analysis of results in Section 5, grain subsets are also
defined based on initial diffraction conditions: i.e., for a given {hkl} plane, if the plane normal of the grain
defined in the specimen reference frame is initially aligned within £5° of solid angle with the tensile axis, then
that grain contributes to the grain subset. Hereafter, these grain subsets are denoted {hkl}s for the § phase or
{hkil}. for the o phase.

4.1. Single-crystal elastic constants

Table 2 provides the values of the SEC for both a and B phases used in this study. These SEC were not
directly measured on our alloy but were chosen from the literature. Among all the SEC reported for the 3
phase, we have selected those given by Petry et al. [7]. In fact, these SEC were measured on pure  Ti single
crystals at elevated temperature but were already applied to model p quenched Ti-5553 alloys and predict its
effective Young’s modulus (about 68 GPa) [31, 35] and the overall elasto-viscoplastic behavior [3, 4]. These
SEC correspond to a Zener elastic anisotropy factor of A=3. They fit correctly the effective Young’s modulus
measured for the present two-phase Ti-1023 alloy. A comparison between numerical results and experiments
is shown in the next section.

For the a phase, the SEC used in the model are the well-known ones taken from Hearmon et al. [36]
which were directly measured on pure a-single crystals. Several SEC for a phase were also proposed in the
literature for Ti-alloys. They are however generally obtained from indirect methods on polycrystalline samples
by model/experiment comparisons [11, 13] and are thus subjected to significant uncertainties due to the high
number of elastic constants to be fitted (5 SEC). Table 3 summarizes some of them and indicates the
corresponding Young’s modulus at the scale of the a-single crystal for two orientations. The angle 6=0° means
that the c-axis of the a single crystal is parallel to the tensile direction (TD) and 6=90° means that the c-axis
is perpendicular to TD. For each set of SEC, Table 3 indicates also the effective Young’s modulus of the
present two-phase o+p polycrystalline Ti-1023 alloy computed by the model. The effective Young’s modulus
varies from 73 to 76 GPa. At the macroscopic scale, the influence of the a SEC is not observed since the
volume fraction of a phase is low (15%) and its texture is random. However, the computed single-crystal
Young moduli and the gap between 6=0° and 6=90° depend on the set of SEC.

Table 2- SEC of a and 3 phases used in this study.

Phase SEC (GPa) Refs.
(04 C11 =160, C12 =90, C44:46.5, C33:181, C13:66 Hearmon et al. [36]
p C11 =134, Cy; =110, Cyy =36 Petry et al. [7]




Table 3- SEC of Ti a phase from the literature. Using these SEC, the single crystal Young’s modulus (YM)
for axis ¢ // TD (6=0°), for ¢ L TD (6=90°) as well as the effective Young’s modulus for the Ti-1023
polycrystal of this study are computed.

Materials Cu Cs3 Cua C12 Cus Single | Single Effective
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | crystal |crystal | YM
YM YM (GPa)
(6=0°) | (6=90°)
(GPa) (GPa)
Pure a single 160 181 |46.5 |90 66 146 104 75.3
crystal [36]
o/p single colony | 141 | 163 |48.7 |769 |57.9 |132 94 74.7
Ti-6242 [13]
A single crystal | 136 | 163 | 40.6 |78 68.5 | 119 85 73.3
Ti-6%Al [13]
Ti-1023 [11] 163 | 191 38 114 | 69.3 | 156 81 73.0

4.2. Viscoplastic parameters

Table 4 provides values of all viscoplastic parameters used in this work. The resulting elasto-
viscoplastic response obtained by the EVPSC model fits well the experimental curves for the three strain rates
as shown in Figure 5. For the B phase, {110}<111>, {112}<111> and {123}<111> slip systems are considered
which corresponds to 48 possible systems. The value of n°, which is the inverse of the slip rate sensititivity, is
adjusted to describe the low strain rate sensitivity observed experimentally (see Section 2.3). The best
agreement between numerical results and experimental curves is obtained when nf=80 for all  phase slip
systems. In addition, the r§ parameter is set to 70 MPa for {110}<111> and {112} <111> slip systems (i.e.
the main active slip modes) and to 80 MPa for {123}<111> slip systems, which are supposed to be less active
in BCC metals [37, 38]. As in the previous numerical study [3], a simple linear kinematic hardening at the
scale of the slip system is chosen (equation 3) for which the values of c¢® for the different slip families are
identified from the stress/strain curve after the yield point. The ¢ parameter is set to 200 MPa for the
{110}<111> and the {112}<111> slip systems and to 400 MPa for {123}<111>, which is consistent with a
low slip activity for this mode due to a stronger hardening. Note that the kinematic hardening parameter c* is
here used to describe, at the intra-granular level, the very low macroscopic hardening rate of the material
during monotonous tensile loading and not during cyclic loading, which is here not studied. In order to be
consistent with the generally lower strain rate sensitivity of a phase compared to  phase [39, 40], the n®
parameter for the a phase is slightly higher than the one for the § phase (n*= 90). The contribution of a phase
to the overall strain hardening is not observed on the experimental tensile stress-strain curves when comparing
the‘as-forged’ Ti-1023 alloy to a B quenched Ti-5553 (see Figure 4). Furthermore, several simulations were
performed with various hardening parameter ¢® (c$=0, 10, 100 and 1000 respectively) for the o phase and the
effect on the macroscopic stress-strain curve was found to be negligible. Thus, c¢$=0 is considered for all a slip
systems.

For the o phase single-crystalline behavior, 24 slip systems, corresponding to 3 basal, 3 prismatic, 6
pyramidal <a> and 12 1% order pyramidal <c+a> systems, are considered. It is assumed that twinning does not
occur in the studied alloy due to the high amount of Al in the o phase [11, 41]. Parameters K°® and r§ are given
in Table 4. These parameters are estimated in such a way that they fit well the experimental tensile stress-
strain curves and are consistent with the observations of basal and prismatic slip bands in a nodules [17, 18,
42]. Hence, the considered basal/prismatic critical resolved shear stress (CRSS) ratio (considering here a
CRSS defined by the quantity ro+K from Eq. (2)) is about 0.93 in agreement with the value found
experimentally by Hémery and Villechaise [17] and Duval [42] on Ti-5553 alloys. However, it should be
underlined that the phase chemical compositions of the presently studied ‘as-forged’ alloy are different from
those of the aged alloys used in the works of Hémery and Villechaise [17] and Duval [42]. Therefore, this
comparison should be taken with care. For the o phase, parameter K® is a little lower than the one for the
phase. The low activity of pyramidal slip is taken into account in the model by using higher CRSS values for
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pyramidal slip systems. As shown in Figure 6, not only the elastic behavior but also the viscoplastic behavior
of the a phase is different from the effective behavior, in particular, due to the higher CRSS considered for a
slip systems compared to B ones.

Table 4- Viscoplastic parameters of the B and o phases for each slip system family (48 slip systems for
(BCC) phase and 24 slip systems for o (HCP) phase) used in the simulations.

Slip family n’ KS(MPa.s/™) r,*(MPa) c*(MPa)
{110} <I11> 80 300 70 200
B phase
{112} <111> 80 300 70 200
{123} <111> 80 300 80 400
Basal 90 270 215 0
Prismatic 90 270 251 0
a phase
Pyramidal <a> 90 270 435 0
Pyramidal <c+a> 90 270 620 0
—— Experiments (2x10-3s-1) —— Experiments (2x10-4s-1) —— Experiments (2x10-55-1)
----- EVPSC Model = = =EVPSC Model — — —EVPSC Model

800

%,,(MPa)
g
5,,(MPa)

=
=]
=]

200

ESS(%) ESS‘%)

(b) ()

Figure 5- Comparison between experimental and predicted macroscopic true stress-true strain response of
the‘as-forged’ Ti-1023 alloy at strain rates 2x10° s (a), 2x10* s (b) and 2x10° s (c).
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Figure 6- Effective stress-strain response of the ‘as-forged’ Ti-1023 alloy at strain rate 2x107 s compared
to the stress-strain responses of p phase and o phase.

5. Model results and discussion

5.1. Incompatibility stresses in  and o phases

Incompatibility stresses have both elastic and plastic origins. In the elastic regime, incompatibility
stresses arise from the heterogeneity of the elastic moduli of the grains due to both elastic anisotropy and the
presence of two different phases. The incompatibility stresses given in this section are defined as the difference
between the local mean stress o33 in a grain and the applied macroscopic stress Xz3. Figures 7a shows the
predicted incompatibility stresses in all B grains as a function of the macroscopic strain. Incompatibility
stresses increase linearly with the macroscopic strain in the elastic domain, then decrease progressively at the
onset of plasticity (internal stress relaxation due to plasticity).

It is interesting to see how incompatibility stresses of some grain subsets evolve with the applied
loading. Therefore, incompatibility stresses in three representative subsets defined respectively, by {111},
{100} s and {110} 4, are plotted in the same figure. The grain subset {111} (blue points), {100} (red) and
{110} (green) are illustrated in Figure 7c. Note that the incompatibility stress of a grain subset corresponds
to the average of all points of the subset. Note also that a grain subset always represent the same set of grains
even if diffraction conditions can be lost for some of the grains due to elastic rotations. For B phase,
incompatibility stresses have a positive contribution in {111}ggrains (i.e. local stresses higher than the overall
stress or tensile internal stresses) and a negative one in {100} (i.e. compressive internal stresses) throughout
the loading. This behavior originates from the difference of elastic moduli, {111} being the stiffest orientation
among the B phase and {100} the most compliant one during the elastic regime. Local stresses in {110}
grains are the closest to the macroscopic stress compared to {111} and {100}. In addition to Figure 7a, the
distribution of incompatibility stresses as a function of the B grain orientation is given at E33=0.02 in Figure
7e. Note that the highest local stresses are achieved in {111} but plasticity occurs first in {110} grains due
to a more favorable orientation for slip.
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Figure 7- Incompatibility stresses in all B grains (a) and in a nodules (b) as a function of the macroscopic
tensile strain for a strain rate of 2x1073s (shaded regions). The average response by phase is shown in solid
black line for the B phase and dotted black line for the o phase. The colored lines give the average
incompatibility stresses of different grain subsets of B and a. The numbers in the legend correspond to the
effective number of grains in each grain subset. IPF in the Z direction of the 2000 [ orientations (c). {111},
{100}p and {110} grain subsets (considering £5° around Z) are colored in blue, red and green, respectively
(c). IPF in the Z direction of the 5000 a orientations (d). {0001}, {10-10}, and {2-1-10}, grain subsets
(considering £5° around Z) are colored in blue, red and green, respectively (d). Average values of
incompatibility stresses at E33=0.02 plotted in the standard triangle, respectively for the orientations of the 8
(e) and a phases ().
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Incompatibility stresses in all a nodules are given in figure 7b together with those predicted for
{0001}q, {10-10}, and {2-1-10}, grain subsets. The three a subsets considered in this study are illustrated in
Figure 7d. Unlike the  phase, the predicted incompatibility stresses of o nodules are all positive during loading
(i.e. tensile internal stresses) irrespective of the nodule orientation. Regarding this issue, let’s recall that the
predicted elastic moduli of all o nodules are between 104 and 146 GPa whereas the effective elastic modulus
of the alloy is 75.3 GPa (see Table 3), mostly dictated by the  phase due to its large volume fraction (85%).
In the elastic regime, the lowest incompatibility stresses are achieved in {10-10}, and {2-1-10}, subsets.
Nevertheless, in the plastic regime, incompatibility stresses in {10-10}, and {2-1-10}, are not the weakest
ones (see Figure 7b). Figure 7f shows the distribution of incompatibility stresses for the o orientations at
E33=0.02. Note that incompatibility stresses start to decrease as soon as the grain deformation becomes plastic.
The highest incompatibility stresses are achieved in {0001}, throughout the loading. Knowing that the strain
of {0001}, grains does not become plastic (see Section 5.2), the noticeable decrease of incompatibility stresses
in {0001}, (from E33=0.4, see Figure 7b) should be explained by a Poisson’s effect given the difference of
behavior between the elastic {0001}, nodules and the effective behavior which is almost incompressible in
the plastic regime. Furthermore, it is interesting to explain the difference of incompatibility stress evolutions
between {10-10}, and {2-1-10}, grain subsets. Indeed, considering perfectly oriented {11-20}, and {10-10},
grains, the evolution should be the same as both grains have the same stiffness tensor and the same distribution
of initial Schmid factors on slip systems. However, it is reminded that subsets of grains are defined within £5°
of solid angle with the ideal orientation and that grains are rotating during the simulations. Hence, a slight
deviation from a {11-20}, orientation has not the same consequence as a slight deviation from a {10-10},
orientation. In the present case, it actually appears that grains of the {10-10}, subset deviate more and more
from the ideal orientation, which is not the case for grains belonging to the {11-20}, subset. This explains the
difference between the {11-20}, and {10-10}, curves.

5.2. Plastic strain evolutions

Figures 8a and 8b (zoom of 8a) simultaneously show the evolution of the average plastic strains along
the tensile axis in {100}s, {110}s, {111}, {0001}, {10-10}. and {2-1-10}, grain subsets with respect to the
macroscopic strain. Additionally, the average plastic strains of the overall 8 and a phases are given in the same
figure. It is observed that for a random texture, the B phase first reaches plasticity. Furthermore, plasticity in
the B phase sequentially progresses. The onset of plasticity starts in {110}s, then in {111} and finally in
{100} oriented grains due to their low local stress o33 (Figure 7a). This sequential onset of plasticity in the B
phase is in agreement with the in-situ XRD observations on the forged Ti-1023 with a same microstructure as
the present study [11]. For the a phase, plastic strain occurs in the {10-12}« oriented grains (not shown) and
then progresses eventually to {10-10}, and {2-1-10}.. From figure 8b, an interesting result is observed: plastic
strain in o phase starts before the occurrence of plasticity in the {111} and {100} grains. Besides, due to the
high CRSSs considered for pyramidal slip, the nodules {0001}, remain elastic throughout the loading since
their orientation is completely unfavorable for both basal and prismatic slips.
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Figure 8- Average plastic strain of B and a phases versus applied strain at strain rate 2x107 s, The average
plastic strain of different p and o grain subsets are given too (a). For more legibility, the zoom of plastic strain
between E33=0.01 and 0.03 is given in (b).

5.3. Study of g and e phase slip activity

Figure 9a shows that {112}<111> slip systems are predominant at the onset of plasticity and remain
so throughout the loading. The parameter @ designates the relative slip activity of a p phase slip family defined
as follows:

NB .
_ Zgs s=p fg|V3| 3
" yvNg ¢Ns .S (8)
Zg=1 25:1 flegl

where fg is the grain volume fraction, N the total number of grains, Ng the total number of B grains, p and g
are the first and the last slip system number of the family and Ny the total number of slip systems of each
phase (Ns=48 for B and Ns=24 for o phase). It is shown that {112}<111> slip systems are more active than
{110}<111> ones. The initial preference can be attributed to the elastic anisotropy of the B phase since both
families have the same material parameter values (Table 4) and a macroscopic Schmid factor analysis shows
that there is no marked preference between these two slip system families for a random texture (see [4]).
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Figure 9- Relative activities of B phase slip system families (dimensionless) as a function of the macroscopic
plastic strain predicted by the EVPSC model at strain rate 2x1073s™,

The contribution of the o phase to the overall plasticity given by ®* (see equation (9)) is given with
respect to the macroscopic plastic strain in Figure 10a. In equation (9), N, designates the total number of a
nodules. Note that the parameter ®* corresponds to the sum of the relative slip system activities of the four
considered a-slip families.
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It is shown that the contribution of a phase to the overall plasticity is less than its volume fraction (15%°.
Also, the o phase contribution globally tends to increase with the strain rate. This effect can be explained by
the slightly lower strain rate sensitivity considered for a. phase compared to  phase (Table 4) and by a complex
competition between basal and prismatic slip systems.

From the analysis of a phase slip activity (Figure 10b), only basal and prismatic slip systems are active.
The parameter &' designates the relative slip activity of an o phase slip system family with respect to the o
phase only (see equation 10). Basal slip is predominant at the onset of plastic deformation compared to the
prismatic one. The contribution of basal systems to o phase slip activity remains predominant throughout the
loading (more than 50%), although the relative contributions of basal and prismatic slips are very close at high
strains. Figure 10b reveals that basal slip systems are more active than prismatic ones with the increase of
strain rate up to 4% overall plastic strain although the same strain rate sensitivity is considered for both slip
system families (Table 4). After 6% of overall plastic strain, there is an opposite trend (see Figure 10b).
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slip activities dependence on the strain rate (b).

5.4. Influence of the crystallographic texture

The effect of texture was assessed by comparing the previous results to the behavior of a textured
sample. A sharp {001}<110> B texture typical from B-working [1, 20-24] was discretized using ATEX
software [43] (see the crystallographic pole figures in Figure 11). This rotated cube texture was actually
measured on a Ti-1023 alloy of another study [1] and had a texture index of 3.8 [44]. Since the o texture was
not measured, it was chosen to model two extreme situations: a very strong and a very weak o texture (a
realistic situation lies certainly somewhere in between these two extreme cases). The strong a texture was
obtained by assuming that the o phase formed with variant selection and in BOR with the surrounding  phase.
This was generated from the rotated cube [ texture using the f—a transformation model of Stanford and Bate
[45] with a k parameter of 10° to account for the variant selection. The weak a texture was modeled as a

random one (see equation 7).
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Figure 11- Rotated B cube crystallographic texture plot as stereographic projections of the {110}, {111} and
{100} pole figures (top). The texture of the a phase modeled from the B one assuming BOR and variant
selection (bottom).

Figure 12a compares the macroscopic stress-strain responses. At the macroscopic scale, the effect of
the rotated cube [ texture on the elastic-viscoplastic behavior is obvious. The effective Young’s modulus
drops down to 65.3 GPa, the elasto-viscoplastic transition is sharper and the flow stress at a given strain is
lower compared to the random [ texture. The effect of the o texture on the effective elasto-viscoplastic
behavior is less noticeable macroscopically since the a volume fraction is low (15%). However, the presence
of a sharp or a weak a texture modifies slip activity. The contribution of a phase to the overall plasticity
(equation 9) for the three cases is presented in Figure 12b. When the o texture is in BOR with the rotated cube
B texture, the contribution of a phase slip activity reaches 15% at the onset of plasticity. Irrespective of a
texture, the rotated cube B texture favors the o phase slip activity at start. The latter can be explained by
globally less favorable Schmid factors in the B grains and a more compliant elastic behavior compared to a
random f texture. This is confirmed by Figure 13 which shows a delayed initiation of plasticity of the § grains
with a rotated cube texture compared to random one. From a Schmid factor analysis, it can also be noticed
that the o texture in BOR with f is favorable for basal slip (Figure 12c). Therefore, the relative slip activity
of basal slip family is more important throughout the loading when the a texture is in BOR (Figure 12d).
Another consequence of the rotated cube texture is noticeable on the onset of plasticity between both phases,
which is illustrated in Figure 13. In contrast with the case /o random textures where plastic strain evolution
is much higher in the B phase than in o from the initiation of plasticity, plastic strain evolution is more or less
similar in both phases at start with a rotated cube f texture. For a rotated cube [ texture and in agreement with
Figure 12D, it is also observed that the difference of mean plastic strain between o and 3 phases is lower when
the o texture is in BOR with (.
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Figure 12- Macroscopic stress-strain curves predicted for three textures: rotated  cube texture with o random
(blue), rotated B cube texture with a in BOR (pink) and B/ a random (black) (a). Contribution of o phase slip
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grains having a Schmid factor equal or higher than Xo (c). Relative o phase slip activity as a function of the
macroscopic plastic deformation (d).
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6. Conclusions

An EVPSC model was applied to theoretically investigate the elasto-viscoplastic tensile behavior of a
two-phase polycrystalline near B Ti-1023 alloy. As found experimentally, the simulations considered a
microstructure containing 15% of equiaxed primary a nodules mixed with equiaxed B grains and a random
texture for both phases. Both o and § phases were considered elastically and plastically anisotropic. The elastic
constants were selected among the wide choice given in the literature in such a way that they reproduce
correctly the macroscopic elastic response. The viscoplastic parameters were chosen to fit the experimental
tensile behavior performed at three different strain rates. A remarkable low strain rate sensitivity was observed
experimentally for this alloy. It was successfully reproduced in the simulation by considering a high value of
the inverse of the slip rate sensitivity at the scale of the slip systems for both phases. The CRSS given for a
phase slip systems agree with the litterature considering a basal/prismatic CRSS ratio of 0.93 [17]. The main
results are briefly recalled below:

1) Incompatibility stresses due to elasto-viscoplastic intergranular accommodation are present for
both B and o phases. In the elastic regime, they arise from the heterogeneity of the elastic moduli
of the grains due to both elastic anisotropy and the presence of two different phases. Incompatibility
stresses have a positive contribution in {111} grains and a negative one in {100} throughout the
loading. For the a phase, incompatibility stresses of o nodules are all positive during the loading
due to both higher elastic moduli of nodules and higher CRSS considered for a slip systems
compared to B ones. The highest incompatibility stresses are reached for the stiffest orientation
{0001}«. Due to the high CRSSs considered for pyramidal slip, this orientation remains purely
elastic throughout the loading since it is completely unfavorable for both basal and prismatic slip.
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2) The onset of plasticity occurs in the 3 phase with a strong load transfer to the o nodules. The plastic
deformation of the B phase is sequential: it starts in {110} grains followed by {111} and then
{100} ones which are the most compliant in the elastic regime. However, the plasticity of the o
phase begins before {111} and {100} grains.

The effect of the crystallographic texture was also investigated. Simulations made with a synthetic rotated
cube B texture coupled with a strong or a weak a texture were compared to the one with randomly distributed
/o textures. The weak o texture corresponded to random orientations whereas the strong one was in Burgers
Orientation Relationship (BOR) with the rotated cube [ texture. Two interesting results are summarized
below:

3) Compared to random texture, the rotated cube B texture is favorable for a phase slip activity
irrespective of the a texture.

4) When the o texture is assumed to result from variant selection in BOR with a rotated cube [ texture,
basal slip activity is promoted compared to the case of a rotated cube B texture coupled with a
random o texture.
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