
LA-UR-15-26741 (Accepted Manuscript)

Characterization and modeling of mechanical behavior of single crystal
titanium deformed by split-Hopkinson pressure bar

Morrow, Benjamin
Lebensohn, Ricardo A.
Trujillo, Carl Patrick
Martinez, Daniel Tito
Addessio, Francis L.
Bronkhorst, Curt Allan
Lookman, Turab
Cerreta, Ellen Kathleen

Provided by the author(s) and the Los Alamos National Laboratory (2016-09-01).

To be published in: International Journal of Plasticity

DOI to publisher's version: 10.1016/j.ijplas.2016.03.006

Permalink to record: http://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-15-26741

Disclaimer:
Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.



Characterization and modeling of mechanical behavior of single

crystal titanium deformed by split-Hopkinson pressure bar

B. M. Morrowa, R. A. Lebensohna, C. P. Trujilloa, D. T. Martineza, F. L. Addessioa,
C. A. Bronkhorsta, T. Lookmana, E. K. Cerretaa

aLos Alamos National Laboratory, P.O. Box 1663, MS G755, Los Alamos, NM 87545 USA

Abstract

Single crystal titanium samples were dynamically loaded using split-Hopkinson pressure bar
(SHPB) and the resulting microstructures were examined. Characterization of the twins and
dislocations present in the microstructure was conducted to understand the pathway for ob-
served mechanical behavior. Electron backscatter diffraction (EBSD) was used to measure
textures and quantify twinning. Microstructures were profusely twinned after loading, and
twin variants and corresponding textures were different as a function of initial orientation.
Focused ion beam (FIB) foils were created to analyze dislocation content using transmission
electron microscopy (TEM). Large amounts of dislocations were present, indicating that
plasticity was achieved through slip and twinning together. Viscoplastic Self-Consistent
(VPSC) modeling was used to confirm the complex order of operations during deforma-
tion. The activation of different mechanisms was highly dependent upon crystal orientation.
For [0001] and [101̄1]-oriented crystals, compressive twinning was observed, followed by sec-
ondary tensile twinning. Dislocations, though prevalent in the microstructure, contributed
to final texture far less than twinning.

Keywords: microstructures, twinning, crystal plasticity, electron microscopy, Kolsky bar

1. Introduction

Materials properties in extreme environments are of great interest for structural applica-
tions. Of particular importance is the mechanical response of these materials in the complex
dynamic loading environments experienced in automotive, aerospace, nuclear energy and
biomedical applications. Hexagonal close-packed (hcp) metals, such as titanium, magne-
sium, and zirconium, and their alloys are important for their role as structural materials
in these applications. As such, it is essential to understand the mechanical response under
extreme conditions to prevent unexpected engineering failures of structural components.

Split-Hopkinson pressure bar (SHPB) is a common technique for studying mechanical
properties of materials subjected to dynamic loading, where strain rates can exceed 102 s−1
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(for a brief review, see (Kolsky, 1949; Gray, III, 2000; Ramesh, 2002)). The technique is
well-suited for dynamic testing because it imparts a uniform, uniaxial load on a specimen.
Much effort has been devoted to determining the predominant deformation mechanisms in
hcp metals, notably titanium (Partridge, 1967; Christian and Mahajan, 1995; Nemat-Nasser
et al., 1999; Meyers et al., 2001, 2002; Salem et al., 2003; Ungár et al., 2008; Moon et al.,
2009; Xu et al., 2012), zirconium (Beyerlein and Tomé, 2008; McCabe et al., 2009; Mor-
row et al., 2013b; Niezgoda et al., 2013; Wang et al., 2013; Morrow et al., 2013a, 2014c),
hafnium (Cerreta and Gray, III, 2004; Cerreta et al., 2007), and magnesium (Lou et al., 2007;
El Kadiri et al., 2013; Morrow et al., 2014b,a, 2015) over a range of strain rates. Materials
in this class tend to behave similarly, so for simplicity the current work focuses on titanium
as a representative for ductile hcp materials. It is well known that both dislocation slip and
twinning contribute significantly to the deformation behavior in polycrystalline hexagonal
metals (Partridge, 1967; Christian and Mahajan, 1995), and that these mechanisms con-
tribute differently depending on numerous conditions, including temperature, strain rate,
grain size, polycrystalline texture, etc. The effects of strain rate, in particular, has proven
challenging to predict. Several studies have observed the mechanical response of titanium
under quasi-static (Nemat-Nasser et al., 1999; Salem et al., 2003; Zeng et al., 2009; Nixon
et al., 2010) and dynamic loading (Meyers et al., 1994; Chichili et al., 1998; Nemat-Nasser
et al., 1999; Cheng and Nemat-Nasser, 2000; Ramesh, 2002; Li et al., 2004; Huang et al.,
2007; Xu et al., 2013; Sun et al., 2014). Existing dynamic mechanical test data, and, with it,
understanding of active mechanisms in the dynamic loading regime is fairly limited. Because
of this, few attempts have been made to predict the mechanical behavior of titanium under
these extreme loading conditions. Additionally, most research to date has been performed on
polycrystalline samples. Both twinning and slip, the mechanisms responsible for strength,
occur predominately on the grain or single crystal length scale. It is therefore essential to
understand plasticity in single crystals, which can then be used to inform polycrystalline
strength models. Only a few works have dealt with the effect of crystallographic orientation
on mechanical properties during quasi-static deformation in titanium (Battaini et al., 2007;
Gong and Wilkinson, 2011). Generally, these studies are performed at strain rates below the
dynamic regime, so the relative contributions and sensitivities of deformation mechanisms
may differ from those observed at high rate.

The current work seeks to fill these gaps by studying titanium single crystals which
have been deformed dynamically in compression using a SHPB technique. The resultant
microstructure is characterized with respect to the basic deformation mechanisms: twinning
and dislocation slip activity. Additionally, a visco-plastic self consistent (VPSC) model is
used to simulate deformation in these single crystal samples during plastic deformation and
determine the likely deformation path based on experimentally observed mechanisms.

2. Material and Methods

High-purity (99.99%) titanium multi-crystalline materials were used for this study. The
oxygen impurity content is expected to be less than 300 ppm. Electron backscatter diffrac-
tion (EBSD) was used to triage crystallographic orientations within the multi-crystals and
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identify large grains from which single crystal specimens would be machined. Cylindrical
specimens in two different single crystal orientations, 2.5 mm in diameter by 2.5 mm tall,
were machined from the larger multi-crystalline samples using electrical discharge machin-
ing (EDM). The single crystal specimens were machined such that a single orientation was
parallel to the center compression axis of the cylinder in each case. The orientation of
each smaller sample was verified using EBSD prior to mechanical testing. Top and bot-
tom surfaces of each cylinder were scanned to ensure consistency through the thickness of
each specimen. Fig. 1 shows EBSD maps for [0001] and [101̄1] specimens in the untested
condition. Samples were deformed in uniaxial compression using a split-Hopkinson pressure
bar (SHPB) at room temperature and to 25-30% strain. The compression direction corre-
sponds to the normal axis of the pole figures shown in Fig. 1. Strain rates for each test were
∼4.45 × 103 s−1. After deformation, representative samples from each orientation were sec-
tioned perpendicular to the loading direction and prepared using standard metallographic
techniques. Fig. 2 shows light optical microscopy (LOM) of each sample after SHPB loading.
Post-mortem EBSD was performed on an FEI Inspect SEM equipped with an EDAX EBSD
system. An accelerating voltage of 20kV was used, with a step size of 0.35 µm. Post-mortem
transmission electron microscopy (TEM) foils were prepared using an FEI Helios dual-beam
focused ion beam (FIB) microscope. An FEI Tecnai with an accelerating voltage of 300 kV
was used for imaging.

3. Results and Discussion

Fig. 3 shows true stress as a function of true strain during dynamic loading for the two
single crystal sample orientations obtained from the larger multi-crystalline specimen. The
curves show very different mechanical behavior as a function of initial specimen orientation.
To highlight the difference in mechanical response based on orientation, Fig. 4 shows stress-
strain behavior for only two of the single crystals: one oriented for loading parallel to
the [0001], and the other oriented parallel to [101̄1]. It is clear that the [0001] specimen
exhibits a higher flow stress than the [101̄1] sample. This difference in behavior is typically
associated with a difference in activity of the predominant deformation mechanism(s), in
this case twinning versus dislocation slip. To confirm this hypothesis, these two specimens
were selected for in depth microstructural characterization to correlate deformed structure
to observed mechanical properties.

3.1. Deformed Microstructure

EBSD was used to measure orientation of the crystals after SHPB loading. Figs. 5 and 6
show inverse pole figure (IPF) maps of deformed [0001] and [101̄1] crystals, respectively. It
is important to note that the scan data has been rotated to show orientations with respect to
the loading direction to facilitate comparison with the initial, unstrained case. Both scans
reveal a large amount of each crystal which had reoriented in a manner consistent with
twinning. Additionally, material with a twin orientation relationship was observed within
the primary twinned regions, indicating that second-generation (and potentially some later-
generation) twinning had occurred. Textures measured from EBSD, both before and after
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straining, are shown in Figs. 7 and 8. Changes in microstructure as a result of deformation
become obvious by comparison. The initial, unstrained microstructures result in a single
peak in the discrete texture plot shown in Figs. 7(a) and 8(a) (as the entire specimen is
a single orientation). After deformation, several intense peaks are apparent in Figs. 7(b)
and 8(b). Each strong peak corresponds to a specific orientation within the deformed mi-
crostructure. It is already known that twinning was prevalent in the deformed samples (see
Figs. 5 and 6), and these peaks in Figs. 7(b) and 8(b) are consistent with twin orientations.
To quantify the intensity or volume fraction of microstructure contributing to the reorien-
tation peak, various regions of interest in each basal pole figure of deformed material were
selected, shown in Fig. 9. The fraction of scan points in Figs. 5 and 6 with orientations
corresponding to each region detailed in Fig. 9 were measured using TSL OIM Analysis
software. Quantified results are shown in Tables 1 and 2 for the areas in Figs. 9(a) and 9(b),
respectively.

The EBSD data quantify twinning, but are less well-suited to describe total dislocation
content as a function of mechanical deformation. To access dislocation substructure, TEM
was performed on each sample. Fig. 10 shows TEM micrographs for each orientation. Due
to the very large amount of deformation in each specimen, a detailed characterization of
individual dislocations was not possible. A very high dislocation density was observed in
each sample, consistent with expectations for samples of this loading history. Simple tilting
experiments were performed to check for dislocation invisibilities. Many of the dislocations
maintained contrast while others became invisible under certain imaging conditions, indi-
cating that there are multiple families of dislocations present in the samples, consistent
with both 〈a〉-type and 〈c+a〉-type slip. Because each of the samples had experienced a
large amount of strain, and therefore the microstructure had reoriented immensely from the
initial, undeformed state, direct interpretation of the deformation behavior was difficult.
Modeling was employed to discern the relative contributions of dislocations and twinning
during deformation, and the order of the deformation evolution (in terms of slip and twin
contributions) as a function of strain during mechanical testing.

3.2. VPSC Modeling

Visco-Plastic Self-Consistent (VPSC) modeling was chosen to reproduce the trends of ex-
perimentally observed textures and mechanical response of dynamically deformed Ti single
crystals. This method has been successfully applied in the past to describe plastic defor-
mation and texture evolution of polycrystalline hexagonal metals (Lebensohn and Tomé,
1993; Lebensohn and Canova, 1997; Tomé et al., 2001; Agnew et al., 2001; Proust et al.,
2007; Nixon et al., 2010; Escobedo et al., 2012; Knezevic et al., 2013a). The model is well-
suited for this task because it is able to account for slip and twinning, strain-hardening,
as well as macro-scale shear on the sample during loading. Given the initial and final
textures, VPSC is able to determine the likely order of operative mechanisms during defor-
mation, and the relative activity of each mechanism. Moreover, VPSC simulated hardening
response can be compared with the experimental mechanical behavior to analyze, for exam-
ple, the relative contributions of geometric hardening, which may become very relevant in
twinning-dominated deformation, and strain hardening.
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Under VPSC, the constitutive behavior relating the stress, σσσ, and the strain rate, ε̇̇ε̇ε, in
a single crystal is given by:

ε̇̇ε̇ε =
N∑
s=1

msγ̇s = γ̇0

N∑
s=1

ms

(
|ms : σσσ|
τ s

)n

sgn (ms : σσσ) (1)

where γ̇s, τ s, andmmms are, respectively, the shear rate, the critical resolved shear stress (CRSS)
and the Schmid tensor, associated with slip or twinning system s; N is the total number of
slip and twinning systems, γ̇0 is a normalization factor and n is the stress exponent, inverse
of the rate-sensitivity. Note that, in general, the CRSSs are a function of accumulated plastic
strain in the crystal due to strain hardening. Here, we adopt the following extended Voce
law (Tomé et al., 1984):

τ ∗s = τ s0 + (τ s1 + θs1Γ)

(
1− exp

(
−Γ

∣∣∣∣θs0τ s1
∣∣∣∣)) (2)

where Γ =
N∑
s=1

γs is the total accumulated shear in the grain; τ s0 , τ s1 , θs0, and θs1 are the initial

CRSS, the back-extrapolated CRSS, the initial hardening rate, and the asymptotic hardening
rate, respectively, of slip or twinning system s. In addition, we allow for the possibility of
self and latent hardening by defining coupling coefficients, hss

′
, which empirically account

for the obstacles that new dislocations or twins associated with system s′ represent for the
propagation of dislocations or twins on system s. The increase in the threshold stress after
a time increment ∆t is calculated as:

∆τ s =
dτ ∗s

dΓ

N∑
s′=1

hss
′
γ̇s

′
∆t (3)

Under VPSC, a set of single crystal grains represents the polycrystalline aggregate, and
each of these grains may have different stress-strain rate responses, determined by its crystal
orientation and its interaction with a homogenous equivalent medium whose effective prop-
erties are obtained as a weighted average over the aggregate of the local properties. Further
details of the VPSC formulation can be found in (Lebensohn et al., 2007).

In this work, involving texture evolution by twinning of a single crystal, twinning re-
orientation was handled using the Predominant Twin Reorientation (PTR) scheme (Tomé
et al., 1991), adapted to the case of an initial configuration consisting of a unique single
crystal. In the case of polycrystals, PTR consists in using a MonteCarlo scheme to reorient
entire grains with high twinning activity into the orientation of their most active twinning
system, under the constraint that the total volume fraction of these reoriented grains has
to coincide with the actual twinned volume fraction calculated throughout the aggregate.
The twinned volume fraction associated with each grain is obtained as the ratio between
the shears accommodated by twinning, as determined by the constitutive response, and the
so-called “characteristic” twin shear that would result from the reorientation of the entire
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crystal. In this way, the overall twinned volume fraction is accounted for, while the number
of orientations remains constant.

Mechanical behavior and texture evolution of the crystals compressed along the [0001]
and [101̄1] directions were modeled by using 10,000 single crystal replicas, all with the same
initial orientation. In the [0001] case, the c-axes of all replicas were initially parallel to
the compression axis, while in the [101̄1] case, the [101̄1] directions were aligned with the
compression axis. By application of the PTR scheme, if the constitutive response determines
that, for example, 10% of the volume of the single crystal has twinned into one of the primary
compressive twin variants, then 1,000 replicas will adopt the orientation of that variant. As
soon as they are reoriented, these replicas will start accommodating shear by tensile twinning
and some of them will eventually adopt the orientation of these tensile twins, reflecting the
volume fraction of secondary twinning. In this way, the model can predict the volume
fraction of every variant of primary compressive twins, secondary tensile twins and of the
remaining original (“parent”) single crystal.

All simulations were performed assuming that the Ti single crystal can deform plastically
by {101̄0}〈12̄10〉 prismatic slip, and {101̄2}〈1̄011〉 tensile and {112̄2}〈112̄3̄〉 compressive
twinning. The prismatic slip mode consists of three different slip systems, while both the
tensile and compressive twinning modes consist of six different variants, identified in what
follows as: TTW1 through TTW6, and CTW1 through CTW6, respectively, given in Table 3.
Each slip system and twin variant has a unique Schmid tensor entering in the constitutive
equation (Eq. 1). For convenience, the value of γ̇0 was made to coincide with the applied
strain rate: 4.45 × 103 s−1. The adopted value of the microscopic rate-sensitivity exponent
was n = 6, consistent with macroscopic experimental values (Chichili et al., 1998, 2004).
The initial CRSSs, τ s0 , and the Voce hardening parameters, τ s1 , θs0, and θs1, associated with
the slip and twinning modes are given in Table 4. These were the values adopted in most
cases presented below, except for one simulation performed under the assumption of no
strain-hardening, i.e. τ s1 , θs0, θ

s
1 = 0, to decouple and analyze the separate effect of geometric

hardening. Concerning the adopted hardening matrix, two cases have been considered. Most
examples below correspond to the assumption of no latent hardening, i.e. hss

′
= 1, ∀ss′,

except for one case of latent hardening only between compressive twinning variants, i.e.
hctw,ctw′

> 1, and hss
′

= 1 otherwise. In any event, given the lack of competition between
different deformation modes, e.g. tension or compression along the c-axis of the parent
orientation can be only accommodated by tensile or compressive twinning, respectively; the
details of the adopted strain-hardening law have little effect on the predicted textures.

To gain insight on the mechanisms of texture and microstructure evolution of these
Ti single crystals, predictions at an intermediate strain level (10%) are reported, together
with results at the maximum experimental strain level (∼25%). Predictions at the final
strain allow for direct comparison with experimental data, while results at the intermediate
strain reveal information about the microstructural changes that lead to the final state,
including the likely order in which deformation modes become dominant. EBSD data were
used for calibration and validation of the VPSC predictions. Additionally, the LOM images
of the deformed specimens (Fig. 2) were used to compare with the predicted macroscopic
deformation of the samples. Like in the experiments, in the [0001] case symmetry determines
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zero macroscopic shear, while in the [101̄1] case a noticeable macroscopic shear is indeed
predicted by the model.

In what follows, predicted textures are reported in the form of pole figures, in two ways:
a) using individual dots corresponding to the poles associated with every active twin variant
and, if still present, the parent single crystal, and b) using level lines representing volume
fractions of the original single crystal reoriented into each twin variant and remaining in
the initial orientation. While the latter predictions can be directly compared with the
twinned volume fractions reported in Tables 1 and 2, in reference to the regions of the
basal pole figure identified in Fig. 9, the representations of our simulated results should
not be quantitatively compared with the pole figures reported in Figs. 7 and 8. In these
experimental pole figures, intensity corresponds to multiples of random distribution and
maxima associated with different twin variants are more spread, to the point that in some
cases tensile and compressive twinning peaks merge into a single, widely spread maximum
(see Fig. 7(b)). This can be due to lattice rotations associated with heterogeneous slip
activity inside the twins, which are not captured by the VPSC model, and secondary slip
modes other than prismatic slip (assumed in our simulations to be the only operative slip
mode), which may also contribute to the orientation spread inside the twins.

Fig. 11 shows the basal (0001), prismatic {101̄0} and pyramidal {101̄1} pole figures
corresponding to the initial Ti single crystal and from VPSC simulations after 10% and
25% compressive strain, with compression axis along the original [0001] crystal direction,
represented in the center of the pole figures. The central spot in the basal pole figures at
0% and 10% strain corresponds to the parent crystal, and the six spots toward the rim,
appearing after 10% strain, are the result of primary compressive twinning. Except for a
rotation around the compression axis that is required to align the adopted initial orientation
with the experimental data, these peaks are consistent with the regions of the basal pole
figure labeled 2, 4, 6, 8, 10, and 12 in Fig. 9(a). The persistence of the central basal pole
at 10% strain indicates that the model predicts that only a fraction of the parent crystal
has twinned after 10% strain. In contrast, by the end of the simulation (ε=25%), no central
basal intensity is left, indicating that the material is completely twinned. At 25% strain, the
six primary compressive twin peaks persist and four secondary tensile twinning peaks have
formed, which are consistent with four of the six odd numbered regions in Fig. 9a. Overall,
after correcting for the aforementioned rotation around the compression axis, the predicted
locations of the basal, prismatic and pyramidal poles after 25% strain are fairly consistent
with the experimental textures after SHPB loading reported in Fig. 7(b).

Interestingly, the relative intensities of the strong texture peaks due to primary and
subsequent secondary twinning appear to depend on the first variant that occurs in the
microstructure. This indicates that, while for this very symmetric configuration all twin
variants are a priori equally probable from an orientation point of view, certain variants are
preferred after the first twin was formed. The final texture then follows from this initial
twinning event. To illustrate this, Fig. 12 shows a basal pole figure, with the compression
axis x3 in the center and two mutually perpendicular axes x′1 and x′2 at right and top,
respectively, showing the predicted volume fractions of the different primary compressive
twin variants and the remaining original [0001] orientation, after 10% strain. Three pairs
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of opposed twin variants have accumulated different volume fractions of material, ranging
from 7% to 20%. Furthermore, Fig. 13 shows the corresponding evolved textures after
25% strain. Table 5 shows the predicted volume fractions of the different primary and
secondary twin variants. The arrows in Fig. 13(a) indicate in which primary twin variant
secondary twins were originated. Note that in order to directly compare these predictions
with the experimental results (Fig. 9(a)), axes x1 and x2 (corresponding to a rotation around
compression axis x3) were identified to give the best match between the predicted and
measured intensities for regions 1 through 13. Fig. 13(b) shows the predicted (in black)
and measured (in color) volume fractions of the different labeled regions/twin variants.
Measured volume fractions in green indicate reasonable agreement with the predictions,
while red numbers indicate poor matching.

Next, the case of the Ti single crystal compressed along the [101̄1] direction is ana-
lyzed. Fig. 14 shows the basal (0001), prismatic {101̄0} and pyramidal {101̄1} pole figures
corresponding to the initial configuration and from VPSC simulations after 10% and 25%
compression along the original [101̄1] crystal direction. Note the match between the initial
single crystal orientation and the experimental pole figure, Fig. 8(a). The single spot in the
initial basal pole figure remains after 25% strain, indicating that, unlike the previous case
and consistent with the experimental evidence, the initial single crystal is not completely
consumed in the recovered sample. The two basal poles in the upper quadrants observed
at both 10% and 25% strain correspond to primary compressive twinning, while the basal
pole observed near the compression axis at 25% strain corresponds to a single variant of
secondary tensile twinning. More details of the texture evolution can be discerned in the
basal pole projections of Figs. 15 and 16, in which level lines indicate the predicted vol-
ume fractions of each twin variant and the parent single crystal, for 10% and 25% strain,
respectively. At 10% strain (Fig. 15) the model predicts that a 35% volume fraction of
the specimen has twinned into two compressive twinning variants having basal poles almost
perpendicular to the compression axis, with one variant accommodating roughly two times
more deformation than the other. At 25% strain, Fig. 16 shows that inside the most active
compressive twinning variant (CTW2), one tensile twinning variant (TTW2) was formed,
with its (0001) pole direction re-aligned with the compression direction. Table 6 shows the
predicted volume fractions of the different primary and secondary twin variants. It is ev-
ident that the model overestimates the total twinned volume (∼75%) compared with the
measured one (∼55%). Fig. 16(a) also shows regions 1-2 and 5-8 of the experimental basal
pole figure after SHPB loading reported in Fig. 9(b). Fig. 16(b) shows the volume fractions
predicted (in black) and measured (in green/red for good/poor agreement with the predic-
tions) of the different labeled regions/twin variants. Evidently, the predicted parent, TTW2,
CTW3 and CTW2 basal maxima are close to the four most intense experimental maxima,
labeled 1, 2, 6, and 8, respectively, except for an upward displacement that would need to
be experienced by the predicted peaks for an almost ideal matching. It is worth noting that
the model predicts a macroscopic positive shear along direction x2 normal to direction x3
of ∼0.25 after 25% compressive strain, which is consistent with the shape of the recovered
sample. This shear also determines lattice rotations (of ∼6 and ∼14 degrees after 10% and
25% strain, respectively) that do displace the basal pole maxima upwards, but not enough
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to make them coincide with the experimental peaks. This quantitative disagreement may
be due to either an underestimation of the actual shear by the model, or uncertainties in
the alignment during EBSD characterization of the sheared recovered sample. In any event,
in this case the model provides a plausible explanation of the interplay between observed
texture and the twinning-dominated microstructure evolution.

The above observations on the role of twinning in microstructure evolution and texture
development are summarized in Fig. 17, which shows the relative activity of the slip and
twinning modes, together with the evolution of the compressive and tensile twinning volume
fractions for both initial crystal orientations. It should be noted that Fig. 17 depicts the
VPSC model predictions, which compare favorably (at least in end-point behavior) with
the experimental observations. In the case of the [0001] crystal, given that prismatic slip is
unable to accommodate strain along the 〈c〉-axis, compressive twinning clearly dominates
the early stage of deformation, determining that 100% of the parent grain has twinned after
20% strain. On the other hand, the dominant deformation mode in the [101̄1] crystal is the
soft (and well-oriented, in this case) prismatic slip. With a smaller contribution, primary
compressive twinning is not completely exhausted after 25% strain. Due to the unfavorable
orientations of both parent crystals for tensile twinning activation, this mode requires the
prior formation of primary compressive twins. Therefore, this secondary twinning mech-
anism starts contributing to plastic deformation after ∼5-10% strain. While some of the
deformation modes are similar to those expected from polycrystalline behavior (i.e. Xu
et al. 2013) the activities and hardening behavior is expected to be different, as single crys-
talline samples will involve only intragranular mechanisms, while polycrystalline samples
will have intergranular effects also.

Finally, we present the effect of different strain hardening assumptions on the predicted
stress-strain response. It is important to reiterate that the adoption of different hardening
laws has a minor effect on the texture evolution discussed previously, due to a very strong
dependence of the favorability of the different deformation modes with crystal orientation,
irrespective of the precise value of their critical stresses. In the first case, the strain hardening
was set to zero to discern the effect of geometric hardening only. The resulting stress-
strain curves are shown in Fig. 18(a). The [0001] case has a slightly higher initial yield
stress. For both parent crystal orientations, the initial flat behavior (up to ∼5% strain)
is due to a known issue of the PTR scheme (Tomé et al., 1991), i.e. a lagging effect that
requires a few deformation steps to equalize the volume fraction actually reoriented into the
twin orientation with the effective twinned volume fraction determined by the constitutive
behavior. Once the latter is achieved, both configurations show a strong hardening associated
with the rapid increase of the volume fraction of compressive twinning, a mechanism that
flips material into much harder orientations with respect to the applied compressive loading.
Then, when the activity of softer tensile twinning increases, both stress-strain curves become
flat. In both cases, geometric hardening can account for roughly a 50% increase in flow stress
after 25% strain. This is evidently not enough to explain the measured ∼4-fold increase,
reported in Fig. 3. To approach this order of magnitude and attempt a plausible explanation
for the differences between the two experimental curves, Fig. 18(b) shows the cases with
strain hardening parameters given in Table 4, corresponding to two different assumptions
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for the hardening matrix hss
′

(Eq. 3): i) no latent hardening, i.e. hss
′

= 1, and and ii)
strong latent hardening, only between compressive twinning variants, i.e. hctw,ctw′

= 8 and
hss

′
= 1 otherwise. The trend observed in Fig. 3, wherein the [0001] crystal hardens faster

than the [101̄1] crystal, can be achieved by the imposed latent hardening on compressive
twinning interactions. In the [0001] case, symmetry determines that all six compressive
twinning variants are activated, which makes CTW-CTW’ latent hardening very effective to
increase the critical stresses of compressive twinning, and, concomitantly, the macroscopic
stress. In the [101̄1] case, compressive twinning activity is lower and only two variants are
active, making the adopted latent hardening less effective in increasing the effective stress
response. On the other hand, the clear change in hardening rate of the [0001] stress-strain
curve, contrasting with the fairly constant rate of the [101̄1] curve, observed in Fig. 4,
cannot be obtained with the relatively simple Voce hardening law given by Eqs. (2-3). More
sophisticated laws, including explicit consideration of the dislocation densities and slip-twin
interactions (e.g. (Knezevic et al., 2013b)) should be adopted and identified to capture the
observed trend. The consideration and calibration of such improved hardening description
will be reported in the future.

4. Conclusions

Titanium single crystals were deformed in compression by SHPB loading. Crystals in
the [0001] and [101̄1] orientations were chosen for detailed analysis. Each orientation showed
very high dislocation density, and high twin fraction following deformation, indicating that
both mechanisms play an important role in the observed mechanical behavior. The relative
contributions of each mechanism was markedly different for the two orientations. Total twin
fractions of 99% and 66% for [0001] and [101̄1] orientations, respectively, were measured
using EBSD. Second generation twins were prevalent, especially in the [0001] orientation.
Such a large volume of transformed material made direct interpretation difficult, so VPSC
modeling was used to determine the deformation evolution during dynamic loading. VPSC
indicated that, while dislocation activity was important, massive reorientations of the mi-
crostructure occurred due to twinning. For the [0001] case, the initial, undeformed crystal
deformed by first forming several variants of compression twins. At later stages of strain,
the first-generation twins often underwent second-generation tensile twinning. The preferred
variants of twins formed during deformation seem to be geometrically dependent on the first-
generation twin variant that nucleates first. Third-generation twinning was also observed,
though did not contribute significantly to the final texture. For the [101̄1] case, due to the
orientation of the parent crystal, only two variants of compression twin were predominant.
At higher strains, second-generation tensile twinning formed within the more active variant.
In general, VPSC simulations showed good agreement with experimental observations on
microstructure and texture evolution. Additionally, no macroscale shear was observed in the
[0001] crystal, but shear was seen in the [101̄1] case. This was also observed in simulations.
Finally, VPSC modeling was used to reproduce the hardening behavior of the single crystals
as a function of strain, yielding good qualitative agreement with experimental mechanical
data, in terms of the relative response of both single crystal orientations. Simulation of more
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detailed characteristics of the stress-strain response requires adoption of more sophisticated
hardening laws at the single crystal level.
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(a) [0001] (b) [101̄1]

Figure 1: EBSD of compression surface of (a) [0001], and (b) [101̄1] specimens before loading.
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(a) Impact Sur-
face, [0001] crys-
tal

(b) Side View,
[0001] crystal

(c) Impact Sur-
face, [101̄1] crys-
tal

(d) Side View,
[101̄1] crystal

Figure 2: Light optical microscopy of (a)-(b) [0001], and (c)-(d) [101̄1] specimens after SHPB loading.

Figure 3: Stress-strain curves for Ti single crystal samples loaded using SHPB.

Figure 4: Stress-strain curves for two representative orientations of Ti single crystal, loaded using SHPB.
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(a) (b)

Figure 5: Inverse Pole Figure from EBSD scan of [0001] oriented Ti single crystal after loading with SHPB.

(a) (b)

Figure 6: Inverse Pole Figure from EBSD scan of [101̄1] oriented Ti single crystal after loading with SHPB.
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(a) Unstrained (b) After SHPB Loading

Figure 7: Texture plots from EBSD from [0001] crystal in (a) unstrained sample, and (b) sample deformed
to ∼25% strain.

(a) Unstrained (b) After SHPB Loading

Figure 8: Texture plots from EBSD from [101̄1] crystal in (a) unstrained sample, and (b) sample deformed
to ∼25% strain.
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(a) [0001] crystal (b) [101̄1] crystal

Figure 9: Texture plots from EBSD from (a) [0001] crystal, and (b) [101̄1] crystal, with locations for texture
intensity analysis in Tables 1 and 2 shown.

Table 1: Fraction of EBSD scan points with orientation within each numbered region of interest in texture
plot (Fig. 9(a)).

Location Scan Fraction
1 0.010
2 0.155
3 0.107
4 0.108
5 0.102
6 0.030
7 0.099
8 0.067
9 0.064
10 0.083
11 0.075
12 0.069
13 0.041
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Table 2: Fraction of EBSD scan points with orientation within each numbered region of interest in texture
plot (Fig. 9(b)).

Location Scan Fraction
1 0.440
2 0.196
3 0.025
4 0.036
5 0.035
6 0.068
7 0.031
8 0.110
9 0.022
10 0.009
11 0.005
12 0.002
13 0.002

(a) (b)

Figure 10: TEM micrographs of (a) [0001] crystal, and (b) [101̄1] crystals. Both specimens display extremely
high dislocation densities.
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Table 3: Twin variantes of the tensile and compressive twinning modes.

Twin Variant Twin Plane Twin Direction

TTW1 (101̄2) [1̄011]

TTW2 (011̄2) [01̄11]

TTW3 (1̄102) [11̄01]

TTW4 (1̄012) [101̄1]

TTW5 (01̄12) [011̄1]

TTW6 (11̄02) [1̄101]

CTW1 (21̄1̄2) [21̄1̄3]

CTW2 (112̄2) [112̄3̄]

CTW3 (1̄21̄2) [1̄21̄3̄]

CTW4 (2̄112) [2̄113̄]

CTW5 (1̄1̄22) [1̄1̄23̄]

CTW6 (12̄12) [12̄13̄]

Table 4: Adopted initial CRSSs and Voce hardening parameters for the slip and twinning modes.

Mode τ s0 [MPa] τ s1 [MPa] θs0 [MPa] θs1 [MPa]
Prismatic Slip 10 0 15 15

Tensile Twinning 25 0 37.5 37.5
Compressive Twinning 50 0 75 75
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Figure 11: Basal (0001), prismatic {101̄0}, and pyramidal {101̄1} pole figures (one dot per pole of each twin
variant or parent crystal) corresponding to the initial Ti single crystal, and from VPSC simulations after
10% and 25% compressive strain along the [0001] direction.
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x'
1

x'
2

Parent--26.3%

CTW3--6.8%CTW2--19.2%

CTW4--

10.7%

CTW1--

10.6%

CTW5--19.2%CTW6--7.2%

Figure 12: Basal (0001) pole figure, with compression axis x3 parallel to the [0001] direction in the center,
and two mutually perpendicular axes x′1 and x′2 at right and top, respectively, showing the predicted volume
fractions of the different primary compressive twin variants and the remaining parent crystal, after 10%
strain.
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Figure 13: Basal (0001) pole figures after 25% compressive strain along [0001]. Axes x1 and x2 correspond
to the rotation around compression axis x3 that give the best match between the predicted and measured
intensities for regions 1 through 13 in Fig. 9(a). Predicted volume fractions for each primary and secondary
twin variant are summarized in Table 5. The arrows in (a) indicate in which primary twin variant secondary
twins were originated. (b) Predicted (in black) and measured (in color) volume fractions of the different
labeled regions/twin variants. Measured volume fractions in green/red indicate reasonable/poor agreement
with the corresponding predictions.

Twin Type Percentage
CTW1 10.9%
CTW2 32.4%
CTW3 6.8%
CTW4 11.1%
CTW5 31.6%
CTW6 7.2%

Twin Type Percentage
TTW1 17.1% (from CTW5)
TTW2 3.7% (from CTW2)
TTW3 0%
TTW4 17.0% (from CTW2)
TTW5 4.0% (from CTW5)
TTW6 0%

Table 5: VPSC prediction of volume fractions of different twin variant orientations for a Ti single crystal
compressed along the [0001] direction.
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Figure 14: Basal (0001), prismatic {101̄0}, and pyramidal {101̄1} pole figures (one dot per pole of each twin
variant or parent crystal) corresponding to the initial Ti single crystal, and from VPSC simulations after
10% and 25% compressive strain along the [101̄1] direction.
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x
1

x
2

Parent--64.5%

CTW3--12.7%CTW2--22.8%

Figure 15: Basal (0001) pole figure showing the predicted volume fractions of the different primary com-
pressive twin variants and the remaining parent crystal, after 10% strain in the case of the Ti single crystal
compressed along the [101̄1] direction.
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Figure 16: Basal (0001) pole figures after 25% compressive strain along [101̄1]. Measured basal pole figure
regions 1-2 and 5-8 from Fig. 9(b) are also shown. Predicted volume fractions for each primary and secondary
twin variant are summarized in Table 6. The arrow in (a) indicates in which primary twin variant secondary
twins were originated. (b) Predicted (in black) and measured (in color) volume fractions of the different
labeled regions/twin variants. Measured volume fractions in green/red indicate reasonable/poor agreement
with the corresponding predictions.

Twin Type Percentage
CTW1 0%
CTW2 62.8%
CTW3 13.8%
CTW4 0%
CTW5 0%
CTW6 0%

Twin Type Percentage
TTW1 0%
TTW2 21.0% (from CTW2)
TTW3 0%
TTW4 0%
TTW5 0%
TTW6 0%

Table 6: VPSC prediction of volume fractions of different twin variant orientations for a Ti single crystal
compressed along the [101̄1] direction.
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Figure 17: Relative activity of the slip and twinning modes and twinned volume fractions as a function of
strain, for the [0001] and [101̄1] initial crystal orientations.
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Figure 18: Stress-strain response for different strain hardening assumptions. (a) Case with no strain hard-
ening, reflecting geometric hardening only. (b) Case with strain hardening, for no latent hardening (in red),
and strong latent hardening between compressive twinning variants (in black).
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