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Using a combination of mechanical testing, scanning electron microscopy, and a unified crystal plasticity
framework for discrete intragranular shear localization, we investigate intense, localized slip bands on prismatic
planes and {1012} (1011) tensile twins, and their transmission across the grain boundaries (GBs) in commer-
cially pure titanium. The analyses show that the orientation and curvature of the GB influence the local stress
fields at the GBs, and consequently, the slip/twin transmission across the boundary. In addition to host grain
properties, neighboring grain properties, such as active slip systems and instances of heterogeneity like slip bands

and twins, heavily affect the deformation mechanisms in each grain. Finally, the applicability of geometric
factors to predict the transmission in the experimentally observed co-located pairs is discussed. The local stress
field calculated by the discrete slip and twin band model is shown to be capable of determining whether a
transmission has occurred in an observed co-located pair, and also the direction of the transmission.

1. Introduction

Commercially pure titanium (CP-Ti) and its alloys have been widely
used in industry due to their superior mechanical properties, such as
high specific strength, excellent corrosion resistance, and biocompati-
bility [1-5]. However, their plastic behavior can be highly anisotropic
and strongly dependent on temperature and strain rate [6-9]. The
complexity is due in part to the activation of two distinct deformation
mechanisms-slip and twinning. Both heterogeneously shear the grain on
crystallographic planes [10-14] and can grow in intensity in the form of
bands that extend partly or fully across the grain [8,15-18]. Localized
slip bands (SBs) and twin bands play a significant role in the deformation
of Ti since they accommodate a large share of the parent grain’s
deformation while only occupying a small fraction of the grain’s vol-
ume. These localized bands generate intense stress fields in the regions
where the band terminates, whether inside the grain or at the grain
boundary (GB). The latter is the more frequently observed case and,
importantly, the situation that permits them to affect deformation
mechanisms in the neighboring grains. They can, for instance, act as a
potential site for strain localization and void nucleation [19,20]. They
have also been seen to “transmit” and propagate across the GBs,
potentially leading to long twin or SB chains that percolate across the
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grain structure [21-24]. To what extent localized SBs or twins can alter
deformation mechanisms in neighboring grains and the variables
determining the propensity of such transmissions have long been key
questions of interest.

Over the last few decades, several experimental studies have
employed imaging techniques to study twin and SB transmissions across
GBs in polycrystalline Ti alloys, as well as other structural hexagonal
close-packed (HCP) metals [15,16,25-31]. In the post-mortem surface
techniques, microscopic signatures of the slip or twin transmission are
“co-located” pairs, a term that refers to a pair of slip and/or twin bands,
each embedded in a different grain, intersecting the shared GB at nearly
the same location. Slip-band pairs, twin pairs, or mixed slip/twin pairs
have all been reported to occur frequently, suggesting that they are a
non-negligible contributor to plastic deformation [8,15,27-29,32].
Significantly, another study demonstrated that such co-located pairs
were not a surface effect and occurred subsurface as well [16].

To understand the conditions for transmissions, a geometric factor,
m = (n; . n,)-(b; . by) is often used. The m" gauges the alignment of the
planes, with normal vectors of n, and the shear directions, denoted by b,
of the incoming (i) and outgoing (o) slip or twin systems in question
[33]. It helps to identify the most likely SB system or twin variant that
would form in the neighboring grain, should a transmission event occur.
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Table 1
Composition of grade 1 CP-Ti. All measurements are in wt.%.
Element o Fe Al Cu Ni Cr S N Ti
wt.% 0.169 0.049 0.017 0.017 0.015 0.013 0.011 0.011 0.004 bal.

It tends to suggest that transmissions are more favored the lower GB
misorientation, a tendency that indeed is generally observed [34,35].

While easy to use, several studies have demonstrated that additional
variables, not accounted for in m’, must also govern slip and twin
transmissions [28-30,36-40]. Using post-mortem electron
back-scattered diffraction (EBSD), Wang et al. reported a correlation in
location across the GB between prismatic SBs in geometrically soft
grains and {1012}(1011) tensile twins in geometrically hard neigh-
boring grains [15]. They found that m of the observed co-located
slip-twin pairs do not always correspond to the highest m value
possible between the pair of grains. High-resolution EBSD and differ-
ential aperture X-ray Laue micro-diffraction analyses of localized SBs in
CP-Ti further showed that a high value of m' is not necessarily associated
with SB transmission across the GB [25,26]. A study on HCP Mg-Y alloy
also found that m' cannot explain some of the observed slip-to-twin
transmissions across GBs [36]. A machine learning model, using only
grain orientations, failed to predict twins resulting from twin-twin
transmissions at both low-angle and high-angle GBs [40]. Finally, a
recent study in CP-Ti revealed that the morphology of the GB influences
slip transmission across the GB [30]. They used electron channeling
contrast imaging (ECCI) coupled with controlled surface removal to
investigate the interaction of SBs with the GB as a function of depth. The
slip system onto which incoming SBs transmit across the same GB was
found to vary at different depths due to the fact that the orientation of
the GB with respect to the incoming SBs varies between the surface and
subsurface levels.

In addition to microstructural variables, it has been suggested that
local stress fields produced by the bands themselves promote trans-
mission and can determine the twin variant or SB system that will
subsequently form on the other side of the GB [16]. Slip or twin bands
can generate intense stress fields in the neighboring grains at the
band/grain boundary junction. The intensity and character of these
fields can differ from the grain average stresses in the neighboring grain
and potentially promote slip or twinning activity that would not
otherwise occur. One way of resolving such stress fields within a group
of HCP grains is to utilize spatially resolved micromechanical techniques
that can model localized intragranular bands and their interactions with
GBs. In recent years, a few theoretical approaches [41,42], as well as
several numerical methods, ranging from finite element (FE) method
[43-51] to phase-field models [52-55] to fast Fourier transform (FFT)
calculations [35,56-62], have been developed to model discrete SBs or
twin lamellae within a grain and the stress fields ahead of them. Most of
them were based on crystal plasticity, which enables deformation via
anisotropic elasticity and multiple slip modes of the HCP crystal. One
study implemented discrete SB modeling in an FFT-based elasto-visco-
plastic formulation to study the shear localization for a range of HCP
metals, including CP-Ti [56]. Neighboring grain orientations were found
to influence SB intensification, and in turn, the type of band (prismatic
or basal) in one grain was found to substantially alter the active defor-
mation modes in the neighboring grain within the vicinity of the GB. A
few more studies performed explicit twinning simulations using crystal
plasticity-based models to calculate stress fields ahead of twin/GB
junctions relevant for understanding twin-twin transmissions [35,63,
64]. Most of these studies only address the formation of a slip or twin
band, and in cases where the localized stress fields ahead of the band is
studied, only the transmission between two SBs or between two twin
bands were considered, leaving the transmission between a SB and a
twin uninvestigated.

The present work examines the grain neighborhood-induced twin or

slip localizations in CP-Ti. Combining scanning electron microscopy
(SEM) analysis and crystal plasticity FFT modeling, we aim to elucidate
the key factors that govern the transmission of slip and twin bands across
the GBs. The model employed here features both discrete intragranular
SBs and twin lamellae in the same microstructure. Different deformation
modes are characterized in CP-Ti samples subjected to four-point
bending. Prevalent at several GBs are co-located pairs of prismatic SBs
and {1012} (1011) tensile twins connected across a GB. Many of these
pairs are analyzed via SEM and represented directly in simulations, with
retention of the actual GB morphology and the orientation of the twin/
slip band with respect to the GB and loading direction. In many cases,
the geometric m' fails to rationalize them. We demonstrate how calcu-
lation of the local stress fields helps to explain the occurrence of slip vs.
twin transmission or the lack of transmission, and the selection of out-
going slip system or twin variant. It also helps to identify the trans-
mission pathway (i.e., slip — twin or twin — slip) for the experimentally
observed co-located pairs. The results indicate that the deformation
mechanisms in one grain can be strongly affected by those of its
neighboring grains, and the transmitted mechanism does not necessarily
match the slip/twin system active in those grains.

2. Experimental methods and material characteristics

To characterize the transmission of slip/twin bands across the GBs, a
rolled and recrystallized grade 1 commercially pure titanium (CP-Ti) is
selected and subjected to four-point bending. The initial and deformed
microstructures were characterized using a JEOL 6500 SEM equipped
with an orientation imaging microscopy (OIM) system (EDAX/ TSL,
Draper, UT). The mechanical test and a few initial microstructural
characterizations have been previously carried out and are described in
[8,15]. Some of the microscopy data from that experiment are newly
presented here. So that the paper is self-contained, a brief description of
the testing and characterization methods is given here.

Table 1 provides the chemical composition of the selected material
system. To prepare the material for the four-point bend test, a
25mm-long specimen with a rectangular cross-section of 3mm x
2.5 mm was cut such that the bulk of the grains have their c-axes ori-
ented ~ 45° from the tensile axis of the bending sample. The specimen
surface (25 mm x 3 mm) was mechanically polished before deforma-
tion. For high quality, visibly scratch-free surface, a final polishing was
performed with a colloidal silica suspension. EBSD analysis in an area of
5mm x 3mm in the center of the surface of the specimen prior to
deformation was performed. The initial material had a typical basal
texture with an intensity of ~ 6 multiples of random distribution with a
grain size of 80um. The specimen was then subjected to a four-point
bending test so that the central region of its surface experienced uni-
form tensile stress along the sample longitudinal direction [65]. A sur-
face tensile strain of ~2% was applied to ensure enough of the grains in
the sample were plastically deformed. post-mortem EBSD investigations
were conducted in the same 5mm X 3mm region located in the center
of the surface, using the same imaging parameters. Intense SBs and twins
on the surface were characterized via trace analysis and using the EBSD
maps.

3. Computational framework
3.1. Discrete slip/twin band crystal plasticity formulations

An infinitesimal-strain crystal plasticity (CP) model based on fast
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Softening coefficient Dy , elastic constants [82], c/a ratio [83], and critical resolved shear stress (CRSS) values [81] for different deformation modes available for
CP-Ti. Note that only slip modes are allowed to accommodate plastic deformation in the calculations.

Material Do c/a Elastic constants (GPa) CRSS values for deformation modes (MPa)
ratio C11 Cio Ci3 Csa3 Cyq Prismatic (a) Basal (a) Pyramidal I (c + a) Tensile twin
CP-Ti 50 1.588 162.4 92.0 69.0 180.7 46.7 96 127 240 225
. Homogeneous layer
.Slipping grain
m Slip band

Twinned grain

 Twin

!

Fig. 1. (a) SEM image showing intense prismatic SBs in grain #1 and {1012} twin lamellae in grain #2. Dashed lines indicate the border of the simulation cell. (b)
Schematic of the bicrystal unit cell subjected to the SB constitutive law to examine potential slip-twin transmission. A 2-voxel-thick (w; = 2) SB is embedded in the
top grain, impinged at the curved GB. (c) The bicrystal unit cell simulated with the twinning constitutive law to study potential twin-slip transmission. A 6-voxel-thick
(w¢ = 6) black domain in the bottom grain shows the preselected area for twinning. In both (b) and (c), the dashed black box shows the region of interest in which the
local stresses at the tip of the slip/twin band are assessed. The SEM image corresponds to pair P4 of Table 3.

Fourier transform (FFT) is employed in the present study. This full-field
computational scheme, originally developed by Lebensohn et al. [66],
has been advanced to capture intergranular heterogeneity in the form of
intense SBs [56-58] and deformation twinning [59,67,68] in separate
studies. Here we combine these two techniques to simulate heteroge-
neous elasto-viscoplastic deformation in CP-Ti crystals in which both
intense SBs and deformation twins exist. For this reason, both formu-
lations are briefly reviewed.

In the CP-FFT approach, a compatible strain field is adjusted to an
equilibrated stress field by minimizing the average local work at each
discretization point in several iterations [66]. The stress-strain rela-
tionship of an elasto-viscoplastic material with shear transformation is
given by,

6(x) = C(x) : €(x) = C(x) : (e(x) —&"(x) — €"(x)) (€))

where o(x) is the Cauchy stress tensor, C(x) is the tensor of elastic
moduli, &(x), £(x), €°(x), and € (x) are, respectively, the total, elastic,
plastic, and transformation strain tensors, calculated at any material
point x. Twinning is modeled as a strain transformation process and the
associated transformation strain € (x) applies only to points within the
twin domain [59,67,68]. This shear transformation tensor is null in all
points outside of the twin domains, including those associated with SBs.
Using a semi-implicit time discretization scheme, the stress state in the
material point x at time t + At can be written as,

GHM(X) — C(X)
. (€t+At (X) _ Pt (X) _ ép,t+At(X7 6r+m) At — S[r‘[(X) _ Aetr,HAt (X))
®))

The viscoplastic strain-rate tensor at material point x, £°(x), is
constitutively calculated from the stress tensor through a sum over the N
available slip systems, as follows:

200 => w0 700 =i >om ) (ML) e )

L 6(x)) 3)

The change in transformation strain during the twinning process is

specified as,

tw
Ae(x) = m" () A7 (), 870 = i @

In Eq. (3), 7*(x), and 7(x) are, respectively, the shear rate and the
critical resolved shear stress (CRSS), associated with slip system s at point x.
Furthermore, 7, is a normalization factor and n is the stress exponent.
m =12 (b'®n+n°*®b*) and m™ =1/2 (b™ @ n™ +n™ @ b") are,
respectively, the Schmid tensors associated with the slip system s and the
twinning system. Unit vectors b® (b™) and n* (n'") are aligned with the slip
(twinning) shear direction, and slip (twin) plane normal. Finally, in Eq. (4),
N™-in¢ js the number of increments by which the shear strain in the twin
domain, Ay, reaches the characteristic twin shear, S™.

For material points corresponding to SBs, x € SB domain, a different
procedure is applied. Strain localization in polycrystals developed by
recurring glide within intense SBs is associated with low or negative
strain hardening in many experimental studies [69-78]. Moreover,
extensive crystal plasticity modeling studies consider SBs as domains
undergoing material softening, i.e., a decay in the slip resistance with
strain [41-49,56-58,79]. In these models, softening only occurs for
active slip systems in the band and at the rate at which it slips. To
characterize such behavior, the critical resolved shear stress (z}) for any
slip system s decays linearly with the rate of plastic strain (°) on that
system at each material point x located within a preselected band, while
the resistance to slip on all systems at all material points outside the
band will be fixed throughout the simulation:

(%) = Do 7' (x) [7(x)] At

8.t

(3 x€SB domain
'(x) =71, (X)|y‘(x):0

s, 1At _
! (x) = x¢&SB domain

c

)

where the coefficient Dy in Eq. (5) is a material constant to regulate the
rate of softening. It is suggested to calibrate the model using experi-
mental results to obtain an accurate measure for Dy. However, in the
present study, this constant is numerically determined so that the
experimentally observed SBs fully develop within the prescribed applied
strain. To avoid numerical instabilities, a lower limit of 77 = 2 MPa is set
for all slip systems.
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Fig. 2. (a) SEM image reveals pair P3 with slip « twin transmission across the GB in a CP-Ti sample subjected to 2% uniaxial strain along the y-axis. The box with
dashed lines shows the frame from which computational models are built. Models constructed with (b) an actual or (c) a planar GB morphology for the pair of grains

in (a). In both models (b-c), a 2-voxel-thick SB is embedded in grain #1.

3.2. Material parameters and model setup

Material parameters used in the calculations include the single-
crystal elastic constants at room temperature, available slip systems,
and their critical resolved shear stress (CRSS) values, the lattice constant
(c/aratio), and the coefficient Dy in Eq. (5). These are presented for CP-
Ti in Table 2. CP-Ti has an anisotropy index' of AL = 0.075, where the
ideal case of perfect isotropy yields zero [80], showing more elastic
anisotropy than many common HCP metals, like Mg (A = 0.012) and Zr
(ALY = 0.046). We made available to the calculation the dominant slip
systems reported in experimental studies [15,28,32,81]. These are
prismatic (a), basal (a), and pyramidal {1011} (1123) slip. Considering
plastic deformation, the easiest slip mode in Ti is prismatic slip, followed
by moderately harder basal slip, and then pyramidal (c+a) as the
hardest mode [81]. For comparison, a reported CRSS value for {1012}
tensile twinning is also given in Table 2, although it is not used or
needed in the calculations.

Crystalline microstructures are modeled here that mirror those
observed experimentally, both previously published [8,15] and newly
presented data, including material points associated with discrete twin
lamellae and SBs. Fig. 1 shows an example comprising a grain with many
prismatic SBs neighboring a grain with a few twin lamellae. The box
with dashed lines in Fig. 1(a) shows the frame from which the bicrystals
are created for the calculations. Fig. 1(b) and (c) show the microstruc-
ture models used for the corresponding SB and twin band, respectively.
The decomposition of a co-located pair into uncoupled, independent
simulations of SB and twin band allows the analysis of the local stress
fields ahead of each band and helps to identify whether the pair devel-
oped via a directional “path-dependent transmission” or an independent
“co-formation” event. The bicrystals in Fig. 1(b) and (c) are discretized
into 250 x 300 voxels in the y- and x-direction, respectively. A SB
domain is preselected within the banded grain to mirror the SEM image.
The actual imaged domain corresponds to the intersection of the
dominant glide plane with the viewing x-y plane. For all SBs modeled
here, two voxels span the SB thickness. This thickness is sufficiently fine
to enable a uniform shear through the thickness of the band [56]. To
model the discrete twin bands in all calculations, a six-voxel-thick twin
domain is embedded in its parent crystal, as shown in Fig. 1(c). The
out-of-plane thickness of the bicrystals spans three voxels in all calcu-
lations. It can be shown that greater (by two orders of magnitude)
simulation cell thicknesses do not change the calculated micro-
mechanical fields [56]. All simulation cells are surrounded by a 40-vox-
el-thick layer in both in-plane directions with properties of a randomly
oriented CP-Ti polycrystal. The thickness of this layer is sufficiently

! The anisotropic index is defined as: AL = v/ [ln(’;—,‘é)}z-«—s[ln(f;;)]z,

where 9%V = C11 + Caz + Cs3 + 2C12 + 2C13 + 2C23,15ﬂv =C11 +Co2 +C33 —
Ci2 — C13 — Ca3 + 3Cas + 3Cs5 + 3Ces,1 /K% = S11 + Sa2 + S33 + 2812 + 2513 +
2523,15/uR =4 (S11 + Sa2 + S33 — S12 — S13 — S23 + 3Sa4 + 3Ss5 + 3Sg6)-

large to render spatially resolved micromechanical fields insensitive to
the image forces due to the considered periodic boundary condition.

The CPFFT simulation cells are subjected to uniaxial tension along
the y-direction, up to 2% strain, consistent with the actual experimental
condition. Normal stress components in the other two directions are
enforced to be zero. Modeling slip banding and twinning are performed
sequentially. In the SB simulations, the constitutive law stated in Eq. (5)
is applied to the material points inside/outside the band domain, and no
shear transformation or reorientation is involved. Macroscopic strain is
set to evolve in increments of 0.01% per time step and the time steps are
specified to be small enough to ensure convergence. When modeling the
twin lamella, the same level of uniaxial strain is first applied to the
simulation cell without the twin. Subsequently, the lattice of the twin
domain is reoriented following the twin/matrix orientation relationship,
and the characteristic twin shear is built incrementally and homoge-
neously over N™-"® = 2000 increments, according to Eq. (4). Consid-
ering that twinning occurs on much faster time scales than slip, we
model slip as a rate sensitive process, in which plasticity develops in
time with strain, and twinning as a relatively instantaneous process. We
insert the twin at a fixed time step, rather than modeling its growth over
time. Thus, the incremental implementation of the twin shear is only to
ensure numerical convergence and occurs at a fixed macroscopic strain
level, signifying the instantaneity of twinning relative to slip. Although
not an inherent limitation of the present formulation, hardening in the
CRSS values for basal and prismatic slip are not included for the sake of
simplicity in the calculations. The competition between these two modes
is not expected to change significantly within the few percent of applied
strain.

In all calculations, as in Fig. 1, we consider the actual GB plane
morphology and crystal orientations. The shear tractions calculated
along the boundary because of local GB curvature or inclination with
respect to macroscopic load are expected to contribute to the local
stresses and potentially play a role in the propensity for band trans-
mission. To elucidate the GB morphology effect, we repeat some cal-
culations for a simplified geometry consisting of two equal-sized grains
sharing a planar GB, as seen in Fig. 2(c). For both actual and planar GBs,
two sets of simulations are conducted, one with and the other without
the slip/twin band modeled in their parent grain. The calculated local
stresses ahead of the band, at the GB junction within the neighboring
grain, particularly over a region that is several times the thickness of the
band, as indicated in Fig. 1(b) and (c) with dashed black boxes are
compared.

To identify the deformation mode and system onto which a trans-
mission from an experimentally observed slip/twin system is more likely
to happen, when explicitly modeling either a discrete SB or twin, the
system of the modeled band or twin corresponds to the experimentally
observed system. However, in any material point outside of the band
domain, all slip systems are available for activation. Further, we
consider all 18 slip systems and six variants of {1012} tensile twinning,
when identifying candidate slip/twin system in the neighboring grain
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Orientation of the SB and twinned grains as well as the Schmid factors for the active systems and the geometric factor m" associated with the transmission. The

deformation modes in all banded and twinned grains are prismatic slip (except for P6) and {10T2} tensile twin (T1), respectively. Refer to Table 4 for the variant’s

crystallographic details.

Pair Banded grain Twinned / banded grain m’
Euler angles Observed prismatic SB Euler angles Observed T1 twinning / SB
¢, (o] 2 variant Number of bands mg P ] bo variant Number of bands m; or my
SeT P1 77 65 288 2 27 0.48 159 87 196 1 5 0.43" 0.93
P2 68 74 291 2 17 0.44 313 93 131 6 6 0.23 0.89
P3 93 123 356 3 21 0.47 20 105 348 2 3 0.38 0.88
P4 91 80 281 2 23 0.50 26 83 339 2 3 0.39 0.79
SeS P5 59 78 295 2 5 0.37 67 84 292 1 5 0.27 0.27
P6 82 80 257 3 31 0.49 147 63 76 <c+a>" 8 0.41 0.03
SH0 P7 95 75 68 3 10 0.49 12 82 143 - 0 - -

2 Observed slip mode is (1011) [2113] (c+a) pyramidal slip system.

b Both twin variants 1 and 5 have the highest Schmid factor in the twinned grain.

for transmission. For instance, to determine the slip system onto which a
twin transmits across the GB, we compare slip activity on all 18 systems
at the twin tip and identify those with the highest activity as potential
outgoing systems in a twin-to-slip transmission.

4. Results
4.1. Experimental results

Results from the current microstructural characterization of the
deformed material along with detailed descriptions of some parts of the
dataset that were previously published in [15] are presented here.
Consistent with those descriptions in [15], trace analysis across the
investigated surface area revealed that prismatic slip was prevalent in
many grains in the part of the dataset newly presented here. The analysis
also reveals the activation of substantial number of grains with
T1:{1012} tensile twins. Considering the twin volume fraction and the
relatively low characteristic twin shear for T1 twins in CP-Ti, no more
than approximately 4% of the total strain was accommodated via
deformation twinning [15]. SEM image analysis shows a strong corre-
lation between the twin lamellae and prismatic SBs in the grain neighbor
in nearly one-third of the twinned grains.

Table 3 presents the crystallographic and geometric information
obtained from the SEM/EBSD analysis for four pairs of twinned grains
and “banded grains” (grains containing SBs) in which the SBs and twins
(S < T) were co-located, as well as two cases of co-located SBs on either
side of the boundary (S < S). For comparison, we include the same
information for a grain containing lone SBs, blocked at the GB (S - 0).
Grain orientations are given by Euler angles in Bunge convention in a
coordinate system with x = transverse, y = tensile axis, and z = sample
normal. In some cases, several SB/twin co-located pairs were observed
across the same boundary, and for these cases, the number of SBs or
twins identified in each grain is included.

Before performing micromechanical calculations, a geometric anal-
ysis is performed for all the observed cases. Table 3 lists the Schmid
factor for the observed slip (m;) or twin (m,) band system. The under-
lined Schmid factor entries, whether m; or twinning m,, indicate when
the active SB or twinning variant is preferred, compared to all other slip
or T1 twinning systems, by their parent orientation alone. Table 3 also

Table 4

offers the geometric factor m' associated with the transmission. An
underlined m' value means that, according to the m criterion, the
transmission is most favorable (i.e., has the highest m") among all pris-
matic slip — T1 twinning pairing in S < T cases, or slip — slip pairing in S
< S cases. Crystallographic information about different variants of
prismatic slip and tensile twinning is presented in Table 4.

One can obtain some quick insight from assessing these geometric
factors. First, it is evident that the observed SB prismatic system in the
banded grainsin S < T cases has the highest Schmid factor between the
three possible prismatic systems. The same conclusion, however, cannot
be made for twinned grains as there are several grains in which the
operating twin variant is not associated with the highest Schmid factor
twin variant. When considering the combinations of prismatic SBs and
twins, we find that the geometric factor m becomes the better geometric
predictor than the Schmid factor. A previous study [15] came to a
similar conclusion, suggesting that grain with a twinning system that
makes a high m" with respect to the incoming SBs is more likely to
display slip-stimulated twinning. However, neither the Schmid factor
nor m’ indicates whether observed transmitted pairs were accomplished
via co-formation or path-dependent transmission. Alternatively, anal-
ysis of the local stress field can indicate not only if the band transmits,
but whether these pairs resulted from co-formation or path-dependent
transmission and the sense of direction taken. To this end, in the cal-
culations that follow, we decompose co-located pairs into two problems,
each of which with just one slip or twin band, and analyze the stress field
ahead of it in the neighboring grain.

4.2. Role of GB morphology on local stress field near the GB

Since local stress states are important for the analysis, we first
investigate the effect of GB morphology, its curvature and orientation
with respect to loading axis, on the local stress state, by comparing the
GB shear traction developed for the actual morphology with that for a
planar boundary. Fig. 2(a) shows a SEM image from pair P3 with pris-
matic SBs in grain #1 connected to twin lamellae in grain #2 across the
GB. Bicrystals with the actual and planar GB morphologies are shown in
Fig. 2(b) and (c), respectively. Both models are subjected to 2% applied
strain along the y-direction, consistent with the experiments.

Crystallographic information about different variants of prismatic slip and {1012} tensile twinning.

Prismatic slip

{1012} tensile twinning

Variant 1 2 3 1 2 3 4 5 6
Shear direction [2110] [1210] [1120] [1011] [o111] [1T01] [1011] [0111] [1101)
Plane normal (0110) (1010) (1100) (1012) (0112) (1102) (1012) (0112) (1102)
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Fig. 3. Distribution of the GB shear traction in grain #1 at 2% macroscopic strain for the bicrystal with the actual GB morphology (a) without and (b) with an intense
SB and (c-d) for the same bicrystal but with a planar GB (c) without and (d) with an intense SB, (e) Variation of the GB shear traction at 2% macroscopic strain
calculated along the paths shown with white dashed lines in parts (a) through (d). The sudden drop in the two GB profiles with a SB corresponds to the location where
the SB is crossed and is associated with the softening in the band. Distance along the GB is normalized by the length of the GB. Grain #2 is colored gray in parts (a-d)
to help emphasize the fields in the grain #1 side of the GB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Furthermore, to evaluate how SBs affect the GB shear traction, simula-
tions are repeated with no active SB in grain #1.

Fig. 3(a—d) shows the distributions of the GB shear traction (zgg), on
the grain #1 side of the boundary, for both actual and planar boundaries
with and without a SB. The GB shear traction at each point near the
boundary is calculated given the full stress tensor and the orientation of
the GB at that point. Fig. 3 reveals a significant distinction between the
GB shear tractions, signaling the imperative role GB orientation and
curvature play. The cases containing a SB in Fig. 3(b, d) further
demonstrate the discontinuity in the shear traction along the boundary
at the band/GB junction caused by the SB. The shear traction varies
significantly along the GB, a phenomenon that would have been missed
if the actual morphology of the GB was not modeled. Finally, Fig. 3(e)
compares the shear traction profiles between the actual GB morphology
and the planar one. While in both cases the SB locally alters the stress
fields, particularly at the SB/GB junction, the alteration is more sub-
stantial when the actual morphology of the GB is considered.

The results thus far quantitatively reveal a significant role of GB
morphology on GB shear traction, a quantity that could contribute to slip
transmission across the GB. This notion is consistent with prior studies
[30,84]. An experimental investigation of the interaction of SBs with the
GB as a function of depth in CP-Ti revealed that the slip system onto
which incoming SBs transmit across the same GB can alter at different
depths, only because the orientation of the GB with respect to the
incoming SBs changes between two depths [30]. Furthermore, a mo-
lecular dynamics (MD) study [84] found that the resolved shear stress
(RSS) contribution from the GB tractions either helps or hinders the

emission of dislocations, depending on their direction with respect to the
RSS contribution from the applied loading. Accordingly, the actual
morphology and orientation of GBs, as well as the orientation of SBs or
twin domains, with respect to applied loading are preserved in all cal-
culations that follow.

4.3. Simulation of potential slip-to-twin transmissions

In this section, we investigate a few cases to study the stress field
developed at the tip of a SB inside the neighboring grain to identify
whether they assist or prevent slip-to-twin transmission across the GB.
Fig. 4(a) shows a SEM image of pair P2 in which parallel prismatic SBs in
grain #1 are spatially correlated with (1102) [1101] twin lamellae in a
relatively small neighboring grain #2 at 2% applied strain. Activated
prismatic slip in grain #1 has a high Schmid factor of m; = 0.44, sug-
gesting the possibility for the independent activation of SBs in this grain.
In grain #2, on the other hand, the Schmid factor for the most favorable
twin variant (V6), which is the same as the observed variant, is only m; =
0.23, signifying that this grain is not well oriented for twinning. Twin
nucleation in small grains is particularly unlikely when the Schmid
factor is low [85], further highlighting the role that SB localization in
grain #1 could play in twin nucleation in grain #2, but not the other way
around.

Due to the fact that the m' factor associated with the prismatic SBs in
grain #1 and observed twin variant in grain #2 (m = 0.89) is the
highest among all other twin variants, it was previously conjectured that
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Fig. 4. (a) SEM image at 2% macroscopic strain for pair P2 revealing a possible transmission between intense prismatic SBs in grain #1 and (1102) [1101] tensile
twin (variant 6) in grain #2 [15], (b) Bicrystal model for the pair P2 shown in (a), calculated field at 2% macroscopic strain of the twin plane resolved shear stress
(TRSS) for the (1102) [1101] tensile twin variant (V6), (c) without and (d) with an intense SB in grain #1.

twin nucleation might have happened as a result of a local change in the
stress fields at the GB caused by the prismatic slip activity localized in
grain #1 [15]. However, the noteworthy questions are why easy pris-
matic slip with a slightly higher Schmid factor (m; = 0.26) did not form
in grain #2 and why twins, with this variant, formed instead?

These questions can be addressed by investigating local stress fields
at the SB tip for both mechanisms. Fig. 4(b) shows the bicrystal model
used to study local stress fields at the tip of the prismatic SBs in grain #1.
The other nearest and next nearest neighbors are not explicitly modeled,
but rather the effect of the surrounding neighbors is represented by a

homogeneous medium. In the Appendix, we demonstrate for this pair
that explicitly resolving more neighboring grains than in the current
bicrystal model does not significantly affect the local stress fields in and
around the slip band tip. Fig. 4(c) and (d) respectively, represent the
distribution of the twin resolved shear stress (TRSS) for variant V6
(1102) [1101] seen in grain #2, for a simulation model with and without
a SB in grain #1, both for 2% applied strain. In either case, we first find
that the stress field in the two grains is heterogenous and unlike the far-
field macroscopic stress, signifying the effect of the surrounding ho-
mogeneous medium on local stress distribution within these grains.

250.0
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150.0

Fig. 5. Calculated twin plane resolved shear stress (TRSS) fields for the (0112) [0111] tensile twin variant (V2) at 2% macroscopic strain (a) without and (b) with an
intense SB in grain #1. It is evident that the SB in this case does not affect the local driving stress for twinning at the tip.
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Fig. 6. Calculated distribution of the twin plane resolved shear stress (TRSS) in pair P3 for the (0112) [0111] tensile twin variant (V2) at 2% macroscopic strain, with
the actual GB morphology, and (a) without and (b) with a SB embedded in grain #1. Perhaps countermtumvely, the SB has decreased the TRSS in the vicinity of the
SB, and thus reduces the possibility of slip to twin transmission across the boundary. (c) TRSS distribution in grain #2, for a planar GB without a SB, elucidating the
effect of GB morphology on the local stress fields at the boundary.
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Fig. 7. (a) Bicrystal model for pair P3 shown in Fig. 2(a), with a twin lamella in black, (b-c) Calculated distribution of the resolved shear stress (RSS) for the prismatic
slip system in grain #1, in which intense prismatic SBs are observed, at 2% strain, and (b) without the twin, and (c) with the twin.

Without a SB, the TRSS is uniformly distributed and low, suggesting
twinning is not favored in grain #2 under the imposed 2% strain. With a
SB, however, intense TRSS develops in grain #2 at the SB tip. The TRSS
maps for the other five {1012} twin variants find that variant V6 shown
in Fig. 4 and seen experimentally, experiences the greatest intensity,
which explains why V6 was selected. The difference in stress fields be-
tween the cases with and without a slip localization supports the idea
that the enhanced stress field at the SB tip is responsible for the twins
seen in grain #2.

Since slip competes with twinning, the driving forces for prismatic
slip are also compared for these two cases to determine whether SB
formation would have been favored over twinning. Evaluation of the
prismatic slip system resolved shear stress fields in grain #2 indicates
that the maximum RSS intensity at the SB tip is weakened by 18% with
the SB than without. These calculations, therefore, suggest that the
intense prismatic SBs in grain #1 initiated the twins in grain #2 despite
the low Schmid factor of this variant, determining this co-located pair as
a case of path-dependent transmission. In this case, the choice of
deformation mechanisms, slip or twinning, of grain #2 was significantly
influenced by the deformation behavior, particularly the localized SBs
within neighboring grain #1.

To demonstrate a case in which SBs do not affect the stress fields in

the grain neighbor, the pair P4 shown in Fig. 1 is considered. In P4, grain
#1 contains several parallel prismatic SBs, whereas (0112) [0111] twin
(variant 2) is activated in grain #2. Grain #1 is perfectly oriented for
prismatic slip with m; = 0.5 while the Schmid factor for the observed
twin variant in grain #2 (m, = 0.39) as well as the transmission factor
(m" = 0.79) are relatively high. Since the twin lamellae in grain #2 have
terminated in the middle of the grain, we can argue that they initiated at
the common GB of grains #1 and #2 and at locations where the SBs
intersected it. However, whether SBs in grain #1 and twins in grain #2
were accomplished via co-formation or path-dependent transmission
cannot be determined from the SEM image.

To gain insight into the sequence of events, contours of the TRSS for
the operating twin variant (V2) after 2% applied strain are shown in
Fig. 5(a) and (b), respectively, for a model without and with a SB
embedded in grain #1. First, it is evident that the SB in grain #1 has no
effect on the V2 TRSS field in grain #2. Second, analyzing the other
variant TRSS fields finds that the SB would not serve as a driving force
for any other twin variant. Last, the TRSS for the V2 variant is the
highest value, the same variant as seen experimentally. Thus, this
variant selection is unaffected by the activity of SBs in grain #1. Taken
together, it may be conjectured that either the prismatic slip in grain #1
and tensile twinning in grain #2 formed independently, a co-formation
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Fig. 8. (a) SEM image reveals pair P1 with slip < twin transmission across the GB after 2% uniaxial strain [15]. (b) Bicrystal model for pair P1 with a twin lamella in
black. (c-d) Calculated distribution of the accumulated shear on the active prismatic system in grain #1 from pair P1 at 2% strain (c) without the twin and (d) with
the twin.

Shear on prismatic slip system

event, or twin lamellae in grain #2 initiated SBs in grain #1. To see if the than the co-formation event.
latter is possible, we simulate the reversed transmission, in which the
twins in grain #2 formed first. The result reveals intensified local
stresses on the prismatic system at the twin tip inside grain #1, sug-
gesting that a path-dependent twin-to-slip transmission is more likely

4.4. Simulation of potential twin-to-slip transmissions

Fig. 2 shows the SEM image of pair P3 containing prismatic SBs in
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Fig. 9. (a) SEM image of pair P5 revealing transmission between (1010) [1210] prismatic slip (S2) in grain #1 and (0110) [2110] prismatic slip (S1) in grain #2, at
2% macroscopic strain, (b) Bicrystal model subjected to the SB constitutive law for the pair of grains shown in (a), (¢) Calculated distribution of shear accumulated on
the S1 prismatic system in grain #2 confirms the effect of SBs in grain #1 on the selection of system onto which they transmit in grain #2, (d) Evolution of the
resolved shear stress on two prismatic slip systems denoted by “S1” and “S2”, as the macroscopic strain increases. The curves are shown for both the average RSS in
the SB tip zone only and in the entire grain #2.
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Shear on pyramidal slip system

Fig. 10. (a) SEM image of pair P6 revealing transmission between (1100) [1120] prismatic slip (S3) in grain #1 and (1011) [2113] pyramidal slip in grain #2, at 2%
macroscopic strain, (b) Bicrystal model subjected to the SB constitutive law for the pair of grains shown in (a), (c) Distribution of shear accumulated on the pyramidal

system in grain #2 at 4% applied strain.

grain #1 connected to two (0112) [0111] twin lamellae (V2) in grain
#2, and the bicrystal models used to calculate stress fields in these two
grains. The Schmid factor for the prismatic slip in grain #1, twin in grain
#2, and the transmission factor are, respectively, m; = 0.47, m; = 0.38,
m = 0.88. Fig. 6(a) presents the distribution of the TRSS for the oper-
ating twin variant (V2) in grain #2, after 2% applied strain, without a
SB. Even without the SB, the TRSS is not uniformly distributed neither
within grain #2 nor along its GB with grain #1. Remarkably, the loca-
tion along the GB at which the TRSS is heightened, predicted by cal-
culations, corresponds to the location of two twin lamellae formed at the
GB (see Fig. 2(a)). This would suggest that twinning in grain #2 is
already favored to form at the observed site in the GB without a need for
SBs in grain #1.

Since the actual morphology of the GB appears to make a defining
role, we show in Fig. 6(c) the contour of TRSS for the operating twin
variant in grain #2 from a bicrystal model with a planar GB and without
a SBin grain #1. For the planar GB, twinning in grain #2 is most likely to
form at the triple junction at the top segment of the boundary, in stark
contrast to experimental observations. A comparison between Fig. 6(a)
and (c) implies that the morphology of the GB can influence local stress
fields along the GB (through its effect on the GB shear traction) to the
extent that it can control slip transmission events across the GB.

It is also possible that the SB in grain #1 participated in choosing the
observed V2. Fig. 6(b) shows the V2 TRSS field due to the SB in grain #1.
Perhaps counterintuitively, a local reduction occurs at the tip of the
band. Not only would a SB in one grain not generate stress concentra-
tions that promote twinning, but it would also hinder slip — twin
transmission. Evidently, SBs in grain #1 do not contribute to twinning in
grain #2.

To be complete, V2 twins in grain #2 could have caused SBs in grain
#1. The bicrystal model shown in Fig. 7(a) is used to calculate the
resolved shear stress (RSS) fields for (1100) [1120] prismatic slip cor-
responding to the observed SB. Fig. 7(b) and (c), respectively, show the
contours without and with the V2 twin. Comparing these two RSS maps
reveals that the twin in grain #2 maximizes the RSS in grain #1 ahead of
the twin tip but lowers it elsewhere. Among all three prismatic slip
variants, the active slip system, shown in Fig. 7(b, c), has the highest
RSS, explaining the selection of the active slip system observed experi-
mentally. This co-located pair likely occurred via transmission of V2
twins in grain #2 into prismatic SBs in grain #1.

Next, we present simulation results for the likely slip < twin
transmission event in pair P1, as shown in Fig. 8(a). High Schmid factors
for the prismatic slip in grain #1 (m, = 0.48), twin in grain #2 (m, =
0.43), and the transmission factor (m" = 0.93) suggest that these two
mechanisms are independently favored to activate under the
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macroscopic load. The bicrystal setup created to model this pair of
grains is displayed in Fig. 8(b). Fig. 8(c) and (d) show the amount of
shear accumulated on the prismatic slip system, the one observed
experimentally, without and with the twin, respectively. The calcula-
tions suggest that under an applied strain of 2%, the prismatic slip
system becomes uniformly activated within grain #1, due to the grain
#1 crystal orientation with respect to loading. With the twin in grain #2,
the slip activity in grain #1 escalates exclusively at the twin/GB
junction.

Calculations considering the reverse path, with the SB in grain #1
and grain #2 twin free, reveal a stress concentration inside grain #2 at
the SB/GB junction, for all six twin variants. Since both prismatic slip in
grain #1 and (1012) [1011] tensile twinning in grain #2 are already
favored due to the parent grain orientations, the intense SBs in grain #1
and twins in grain #2 affected their location and less so their systems.

4.5. Simulation of potential slip-to-slip transmissions and blocked SBs

Other common observations include one SB or a pair of co-located
SBs at GBs, signifying slip-to-slip transmission or a blocked SB. The
SEM image in Fig. 9(a) shows the pair P5 with prismatic SBs in grain #1
and grain #2 correlated across a GB. In grain #1, SBs are localized on the
most favorable prismatic system, S2: (1010) [1210], with a Schmid
factor of mgz = 0.37. In grain #2 SBs correspond to the prismatic system
S1: (0110) [2110], which has a lower Schmid factor of mg; = 0.27. The
transmission factor associated with these two slip systems is m" = 0.27.
Based on this geometric analysis alone, activation of the system S1 in
grain #2 is counterintuitive since another prismatic slip system had a
higher Schmid factor (my, = 0.42) and correspondingly higher m’ value
(m' = 0.98) with S2 in grain #1.

To understand why slip transmission involved an unsuitably oriented
slip system, two bicrystal models were simulated, each of which contains
a SB in one of the grains. Fig. 9(b) shows the model with a SB in grain
#1, with which the local stress fields at the band tip inside grain #2 are
evaluated. Fig. 9(c) presents the distribution of shear accumulated on
the active prismatic slip system in grain #2 (S1) at 2% applied strain.
While the areas in the interior of the grain #2 do not accommodate any
shear strain on system S1, the localized slip activity on this system at the
SB tip is intense, implying that SBs in grain #2 were initiated due to
prismatic SBs in grain #1. Transmission from grain #1 to grain #2 was
further supported by repeating the calculation for the contrary situation,
SB transmission from grain #2 to grain #1. The SB in grain #2 showed
no impact on local fields at the band tip inside grain #1 and therefore
this pathway is unlikely.

To compare how local stress fields encourage slip activity on these
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Fig. 11. (a) SEM image for pair P7 showing prismatic SBs in grain #1 blocked at the GB at 2% macroscopic strain, while some twin variants in grain #2 are perfectly
aligned with the incoming slip, geometrically making the slip — twin transmission more likely to occur, (b) Bicrystal model for pair P7 shown in (a), Calculated
distribution of the twin plane resolved shear stress (TRSS) at 2% macroscopic strain for the (1102) [1101] twin variant (V3) that has the highest value of m" = 0.98
associated with a slip — twin transmission, for the simulations (c¢) without and (d) with an intense SB in grain #1. It is noted that despite the perfect alignment
between the incoming slip system and the outgoing twin variant, the band is blocked at the boundary and creates no impact on the local stress fields at the tip.

two systems in grain #2, resolved shear stress (RSS) on prismatic sys-
tems S1 and S2 are presented in Fig. 9(d), as the far-field strain increases.
Notably, while the RSS for system S2 is higher than that for S1 in the
interior of the grain, activity of SBs in grain #1 intensifies the RSS for
system S1 at the band tip to a level higher than the local value of RSS on
system S2 at the GB. In contrast to the stress states inside the grain, SBs
in grain #1 encourage S1 activity, the one observed experimentally,
while suppressing S2 activity at the GB.

Fig. 10 for pair P6 shows a likely transmission between (1100)
[1120] prismatic SB in grain #1 with a Schmid factor of m; = 0.49 and
(1011) [2113] pyramidal (c+a) SB in grain #2 with a Schmid factor of
my = 0.41. The interesting aspect about this transmission is its
extremely low m" = 0.03. The question is then why this transmission
with pyramidal slip is observed instead of one involving the easier basal
slip system that is more favorably oriented for activation (m; = 0.49)
and for transmission (m = 0.65).

To address this question, Fig. 10(c) shows the distribution of shear
strain accumulated on the active pyramidal slip system in grain #2. The
presented contour is obtained at 4% far-field strain since no activity at
the band tip was found for any slip system at 2% strain. The calculations
successfully predict activation of the hard pyramidal slip system at the
band tip in grain #2, despite the very low m value for the observed
transmission. Analysis of RSS maps for the favorably oriented basal slip
system further reveals that the SB in grain #1 does not promote acti-
vation of basal slip at the GB. Simulation of the reversed transmission, in
which the pyramidal SB in grain #2 formed first, reveals that the local
fields at the pyramidal band tip generated inside grain #1 would not
favor the activation of the prismatic slip system corresponding to the
observed SBs. Prismatic SBs formed first and not the other way around.

Finally, an example of blocked SBs by the GB (P7) is shown in the
SEM image in Fig. 11(a), where intense prismatic SBs in grain #1 were
not transmitted into grain #2. The bicrystal model used to study stress
fields at the band tip is also shown in Fig. 11(b). While grain #2 expe-
rienced homogeneous deformation, or no deformation at all, calcula-
tions indicate multiple slip and twinning modes in this grain that are
favored by the far-field loading orientation and are well-aligned with
prismatic SBs in grain #1. The most likely slip system in grain #2 for a
slip-to-slip transmission is (0111) [1213] pyramidal slip with m; = 0.49
and m" = 0.74, while the most likely twin variant for a slip-to-twin
transmission is (1102) [1101] twin variant (V3) with m = 0.46 and m" =
0.98. Calculations reveal no intensifying or weakening effect from the
SB in grain #1 on the local stress fields at the GB for any slip system or
twin variant. Contours of the TRSS for the (1102) [1101] twin variant
(V3) at 2% macroscopic strain are shown in Fig. 11(c) and (d), respec-
tively, for models without and with a SB in grain #1. These explain why
the SBs did not promote twin variant V3 in the neighboring grain #2.
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The resolved shear stresses for all slip and twinning modes at any point
inside grain #2 are below their applicable critical value. Consequently,
the accumulated shear strain on all slip systems is zero, indicating that
grain #2 accommodated no strain at all. Despite high values of m" and
mg, not all SBs will transmit SBs or trigger twins across a boundary and
those that are blocked can be identified because they do not generate
driving forces.

5. Discussion

It was previously reported in [84] that the contribution of the GB
shear traction to the overall resolved shear stress developed at the GB
can affect whether the GB assists or inhibits the emission of dislocations
at the GB, a phenomenon directly associated with slip transmission
across the GB. It can be envisioned that GB morphology could be
included in GB engineering to control deformation mechanisms within
the grains and inhibit or promote their transmissions across the GBs. As
suggested by the TRSS fields in Fig. 6(c, ), a curved GB, especially the
segments of it that make a 45° angle with the loading axis, promotes
twin formation from the boundary more than a planar boundary would.
This finding is in agreement with the effect of GB orientation on slip
activity in CP-Ti reported in an experimental study [30], where it was
found that a change in the orientation of the GB with respect to loading
direction necessitates the activation of secondary slip systems in prox-
imity to the grain boundaries.

It is also demonstrated here that GB/band junction stress fields can
help to identify the transmission path, that is, which mechanism initi-
ated the transmission and which one completed it. Contrary to previous
speculations that most twins in the studied CP-Ti sample were formed
via a slip-stimulated twin nucleation mechanism [15], we reveal the
reverse, in which some of the co-located slip and twin bands in CP-Ti
manifest first as twins, which then stimulated a SB in the grain
neighbor. Table 5 summarizes simulation and experimental results for
each studied pair. Depending on the calculated stress fields around the
co-located pairs, each transmission case is classified as one of the fol-
lowings; S — T for slip-to-twin transmission, T — S for twin-to-slip
transmission, S — S for slip-to-slip transmission, and S - 0 for SBs that
are blocked at the GB. Many studies have reported various effective
techniques, such as grain size refinement and adding solid solution or
precipitates, for inhibiting twinning in titanium [86-90]. Thus, the di-
rection of the transmission path taken can have implications on the
effectiveness of such techniques. Particularly, if most SBs are activated
by the twin bands, inhibiting the formation of twins may cause reduced
formability in the material associated with the lower extent of slip.

Several cases presented here demonstrate that simple geometric
parameters, such as Schmid factor and m', that have been widely used to
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Table 5

’

Twin variants observed in transmission instances, the Schmid factors for the incoming and outgoing systems, and the geometric factor m associated with the transmission. To compare simulation results with experimental

observations, the deformation mode in the neighbor with the highest RSS value and the slip/twin band effect on the local stress state at the band tip are also presented for each pair. The slip mode where intense SBs are

detected is prismatic slip (except for P6). See Table 4 for crystallographic information about different variants of prismatic slip and tensile twinning.

Transmission

Twin/SB effect on stress at

Prismatic variant with highest RSS

SB effect on stress at

Deformation mode with highest RSS

'

m

Observed twin / SB

Observed SB

Pair

classification

the tip

at the tip the tip at the tip

variant mgor

mg

Prismatic

variant

mg

T->S
S—>T
T-S
T-S
S2 - S1
S3 - <c+a>

Intensifying

3,2

Intensifying
Intensifying

Weakening

6,3

0.94
0.89
0.88
0.79
0.27
0.03

0.43
0.23
0.38
0.39
0.27
0.41

0.48
0.44
0.47
0.50
0.37
0.49
0.49

P1

S —

P2
P3

Intensifying
Intensifying
No effect
No effect

3,1

1,4
2,5

2,1

No effect
Intensifying
Intensifying

No effect

P4

2,1

1,2
<cta>"

P5

S —

<c+a>"

P6

SH0

P7

SH0

2 Observed slip mode is (1011) [2113] (c+a) pyramidal slip system.
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forecast active deformation mechanisms and their potential trans-
mission across boundaries are not consistently reliable. First, while
undoubtedly beneficial for quickly identifying the most favorable pair
for transmission, they do not identify whether this transmission happens
in the first place. Second, they clearly do not account for differences in
deformation mechanisms at the GB junction from the rest of the grain or
for the GB morphology. This conclusion supports several experimental
studies that have reported many instances in which m" was not effective
in explaining why the observed transmission occurred or a potential
transmission did not [25,26,36]. While requiring more computation, an
intragranular stress-based criterion, such as the one presented in this
work, provides a better prediction and accounts for these features. In
fact, it has been established that, in addition to good alignment between
two slip systems, as indicated by m’, the outgoing system needs to have a
sufficiently large resolved shear stress level from the dislocation pile-up
stress field before a transmission can occur [91]. While the notion is
acceptable, identifying the variables that affect these local RSS has not
been straightforward. As demonstrated here, these driving stresses are
localized and depend on the properties of both the band that impinges
on the GB and the GB itself. For instance, local stresses explain the
activation of a prismatic slip system despite its low Schmid factor and
low m’, in favor of other prismatic systems with higher values of m, and
m'. Similarly, local stresses developing at the GB/SB junction explain the
observed transmission to a hard pyramidal (c+a) slip system despite its
nearly zero m'. Last, local stresses explain why a SB would become
blocked despite many potential pathways with high m'.

Finally, we remark that many current constitutive models for HCP
materials that deform by slip and twinning do not consider the exchange
of deformation mechanisms into and out of a grain from its neighbor-
hood. Most modeling techniques predict deformation mechanisms in the
grain based on the stress field calculated using grain properties and
constraints of neighboring grains [66,92,93]. Three-dimensional,
spatially resolved crystal plasticity models, for instance, consider the
influence of the stress and deformation response of grain neighborhoods
under compatibility constraints [32,94-96]. Local stress fields can be
generated at the GBs or triple junctions that differ from the stress field in
the interior of the grain as a result. Invariably, the slip and twin activity
and orientations in these regions would differ as well [97-100]. Yet still,
in these models, deformation mechanisms are not transmitted, and the
dependence on the neighborhood is indirect. Analysis of local band/GB
junctions of many co-located pairs studied here shows that the slip or
twin happened in one grain only because it was passed from its neigh-
boring grain. The event in Fig. 4, for instance, exemplifies tensile twins
activated in the neighboring grain caused by stress concentrations from
the SBs in the parent grain. The tensile twins superseded prismatic slip,
which would have been expected or predicted in that grain based on its
properties. While including deformation “fluxes” in such models is
numerically challenging, a part of the roadblock has been the lack in
understanding the direction of transmission and which slip system or
twin variant are involved. The present results provide guidance on
selecting the participating direction and crystallographic pathway.

6. Conclusions

Consistent with the report previously published in [15] on a part of
the deformed microstructure, experimental observations from the newly
presented data in this work show that the plastic deformation in CP-Ti is
mainly realized via strong localized crystallographic bands, either
{1012} (1011) twins or prismatic SBs. These localized bands are typi-
cally seen to intersect at the parent grain boundaries, having initiated or
terminated there. In some instances, SBs or twins terminating in the
interior of the grain were also observed. In either case, many GBs show a
clear correlation in location for slip/twin bands on two sides of the
boundary, forming co-located pairs. What is not clear from SEM images,
however, is whether these co-located pairs were achieved via a
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Fig. A.1. (a) EBSD map of grain #1 (slip banded) and grain #2 (twinned) and their neighboring grains. (b) The microstructure model created for CPFFT calculation
of 10 grains contained in the dashed box in (a). (c, d) Calculated field at 2% macroscopic strain of the twin plane resolved shear stress (TRSS) for the (1102) [1101]

tensile twin variant (V6) (c) without and (d) with an intense slip band in grain #1.

directional, path-dependent transmission or independently via a
co-formation event. To address this question, we present a crystal
plasticity fast Fourier transform model that uniquely treats both discrete
SBs and twin lamellae. Unlike most modeling techniques that predict
deformation in each grain based on the grain properties, the present
model directly incorporates grain neighbor properties into the predic-
tion of deformation mechanisms in the parent grain. The model is
applied to bicrystal unit cells that replicated a pair of grain with trans-
mission from SEM images. Studying local stress field caused by a slip or
twin band at the GB/band junction, we investigate the propensity for a
new slip/twin band to form in the grain neighbor, and hence identify the
transmission path taken. We show that the local stress field calculated by
discrete slip and twin band model can determine not only if a trans-
mission has occurred in an observed co-located pair, but also the

direction of the transmission, an insight that geometric criteria, such as
m’, cannot provide. We further reveal that retaining the actual
morphology of the GB when modeling a set of grains can heavily in-
fluence local stress fields developed near the boundary, and conse-
quently, the slip/twin transmission across the GB. Such influence ensues
from the effect of GB morphology on the intensity of the sudden
disruption in the GB shear traction that occurs at the discrete slip or twin
band/GB junction and contributes to the local back-stress and stress
concentration developed on either side of the boundary.
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Appendix

To investigate how an active SB/twin lamella in one grain influences
the local stress field in the neighboring grain, we model a discrete SB/
twin lamella within a bicrystal setup that consists of only the two grains
of interest. We do not spatially resolve the stress field in more neigh-
boring grains, relying on the assumption that the local stress field within
and around the tip of the slip band or the twin lamella outweighs the
stress heterogeneity due to the presence of the next nearest neighboring
grains. To check this assumption, we select the pair P2 and repeat our
calculations, this time on a model microstructure that contains more
neighboring grains. Fig. A.1(a) and (b) respectively, shows the EBSD
map of pair P2 and its neighboring grains, and the model microstructure
we created for modeling this grain aggregate.

Calculated at 2% applied strain, Fig. A.1(c) and (d) shows the dis-
tribution of the resolved shear stress for the experimentally observed
twin variant in grain #2, for the extended model microstructure,
respectively, without and with a SB modeled in grain #1. A comparison
between Figs. A.1(c) and 4(c) reveals that the direct interaction of
neighboring grains slightly changes the stress distribution in grain #2 in
the SB-free models. When a slip band is modeled in grain #1, the local
stress distribution in grain #2 is heavily influenced by the slip band-
induced stress concentration ahead of the band near the grain bound-
ary, as indicated by comparing Figs. A.1(d) and 4(d). Therefore, the local
stress field at the band tip completely outweighs any stress heteroge-
neities due to the constraint effects from more neighboring grains. This
validates our assumption that the local stress fields developed ahead of
localized slip/twin bands heavily influence the selection of slip system
or twin variant at the GB within the neighboring grain, onto which the
transmission is likely to occur. It further demonstrates that resolving
more of the neighboring grains does not affect the conclusions made in
this work.
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