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Dual-phase high-entropy alloys (DP-HEAs) with transformation induced plasticity (TRIP)
have an excellent strength-ductility combination. To reveal their strain-rate sensitivity
and hence further understand the corresponding deformation mechanisms, we
investigated the tensile behavior and microstructural evolution of a typical TRIP-DP-HEA
(FesoMn3oCo10Cr1g, at. %) under different strain rates (i.e., 5 x 1072 s~ 1, 1 x 103
s, 5 x 107* s71 and 1 x 10~* s~') at room temperature. The strain rate range
was confined to this regime in order to apply the digital image correlation technique
for probing the local strain evolution during tensile deformation at high resolution and to
correlate it to the microstructure evolution. Grain size effects of the face-centered cubic
(FCC) matrix and the volume fractions of the hexagonal-close packed (HCP) phase prior
to deformation were also considered. The results show that within the explored strain
rate regime the TRIP-DP-HEA has a fairly low strain rate sensitivity parameter within the
range from 0.004 to 0.04, which is significantly lower than that of DP and TRIP steels.
Samples with varying grain sizes (e.g., ~2.8 and 38 um) and starting HCP phase fractions
(e.g., ~25 and 72%) at different strain rates show similar deformation mechanisms, i.e.,
dislocation plasticity and strain-induced transformation from the FCC matrix to the HCP
phase. The low strain rate sensitivity is attributed to the observed dominant displacive
transformation mechanism. Also, the coarse-grained alloy samples with a very high
starting HCP phase fraction (~72%) prior to deformation show very good ductility with
a total elongation of ~60%, suggesting that both, the initial and the transformed HCP
phase in the TRIP-DP-HEA are ductile and deform further via dislocation slip at the
different strain rates which were probed.

Keywords: high-entropy alloy, dual phase, phase transformation, strain rate sensitivity, grain size, deformation
behavior

INTRODUCTION

Multi-component high-entropy alloys (HEAs) have shown continuous development of
compositions, microstructures and desired properties over the last decade (Yeh et al., 2004; Cantor,
2014; Zhang et al., 2014; Li and Raabe, 2017b; Luo et al., 2017). Due to the inclusion of multiple
principal elements, HEAs have much higher configurational entropy compared to traditional
alloys and steels (Yeh et al., 2004). However, studies have also shown that the maximization of
configurational entropy in equiatomic HEAs alone is not the decisive factor for the formation
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of stable single-phase solid solutions (Otto et al., 2013; Yao
et al., 2014). This observation has motivated the design of
novel non-equiatomic HEA systems with tunable phase stability
(Li et al, 2016, 2017b; Li and Raabe, 2017b). One such
alloy system is quaternary Fegg_yMn,Co19Crio (at. %), which
shows the activation of displacive transformation mechanisms,
e.g., twinning-induced plasticity (TWIP) and transformation-
induced plasticity (TRIP) effects when decreasing the Mn content
(x-value) from 45 to 30 at. % (Li et al., 2016; Li and Raabe, 2017b).
Recently, a quinary system, ie., Co20CraoFes0—yMnyoNiy,
showing also such tunable mechanisms when adjusting the Ni
content (y-value), has been developed (Li et al., 2017a).

Particularly, the quaternary FesoMn3(Co;9Crio and quinary
Co20Cry0Fe3sMnyoNig HEAs in the above two systems show a
dual-phase (DP) microstructure containing two compositionally
equivalent high-entropy phases, i.e., the face-centered cubic
(FCC) y and the hexagonal close-packed (HCP) € phases (Li et al.,
2016, 2017a; Li and Raabe, 2017b; Wang et al., 2018). Due to
the limited thermodynamic stability of the FCC matrix phase in
these alloys, it undergoes a displacive phase transformation from
FCC v into the HCP ¢ phase upon mechanical loading. Hence,
this type of non-equiatomic Dual-phase high-entropy alloys (DP-
HEA) concept combines the solid-solution strengthening effect
inherent in HEAs with the TRIP effect known from advanced
high-strength steels (Hadfield, 1888; Curtze et al., 2009; Raabe
et al, 2013), leading to significantly improved strength and
ductility compared to previous equiatomic single-phase HEAs (Li
et al., 2016, 2017a; Li and Raabe, 2017b; Nene et al., 2017).

As discussed above, the recently developed TRIP-assisted DP-
HEAs show comparable strengthening mechanisms and hence
mechanical properties found also in many advanced steels,
e.g., DP and TRIP steels (Hadfield, 1888; Curtze et al., 2009;
Raabe et al., 2013). Many of these steels show positive and
strong strain rate sensitivity upon deformation (Curtze et al.,
2009). This feature has been attributed to the rationale that at
higher strain rates the time for a dislocation to be rendered
immobile in front of an obstacle (e.g., grain boundaries, twin
boundaries and phase interfaces) before it can propagate upon
gaining additional thermal energy is shorter than that at lower
strain rates (Meyers, 1994; Curtze et al,, 2009). For instance,
high manganese containing TRIP/TWIP steels usually undergo
deformation driven transformations involving formation of &
and o martensite as well as mechanical twins (Grissel et al.,
2000; Gutierrez-Urrutia and Raabe, 2011; Wong et al., 2016).
The transformation paths could be affected by strain rate as the
adiabatic heating modifies the phase transformation rate, leading
to change in mechanical properties such as ultimate strength,
uniform and total elongations (Sato et al., 1989; Grissel et al.,
2000). Also, DP steels with a ferritic-martensitic microstructure
(Fu et al,, 2012; Tasan et al., 2015) are generally more sensitive to
strain rate changes compared to TRIP steels consisting of bainite,
martensite, retained austenite and ferrite matrix (Grissel et al.,
2000; Huh et al., 2008).

Yet, the microstructure of the current DP HEA (FCC
matrix plus HCP martensite) and the associated transformation
pathways when exposed to loads (from the FCC matrix into
HCP martensite) in the TRIP-DP-HEAs are essentially different

from those in the above discussed DP and TRIP steels (Grissel
et al., 2000; Li et al., 2017b; Niendorf et al., 2018; Wang et al,,
2018). These differences may lead to different susceptibility to
strain rate changes upon deformation. Motivated by this, the
present work focuses on investigating the strain rate sensitivity of
a typical TRIP-DP-HEA, i.e., quaternary FesoMn3pCo;oCryg (at.
%), with varying starting FCC grain sizes and initially available
HCP phase fractions at room temperature. The stress-strain
behavior at various strain rates were studied and correlated to the
microstructural evolution in the HEA samples.

METHODOLOGY

Alloy Processing

The TRIP-DP-HEA with a nominal composition of
FesoMn3pCo;oCryo (at. %) was synthesized from pure metals
using vacuum induction furnace melting, followed by casting and
hot-rolling at 900°C to 50% thickness reduction. After that the
samples were homogenized at 1,200°C in Argon atmosphere for
2h and then water quenched. The homogenized alloy plates were
further cold-rolled to 60% thickness reduction and annealed at
a furnace temperature of 900°C for 3 min in Argon atmosphere
followed by water-quenching. The so produced fine-grained
samples were used as one set of starting material.

Another set of coarse-grained samples with different HCP
phase fraction was obtained by annealing the fine-grained
samples further at 1,100°C for 2 h in argon atmosphere followed
by water-quenching.

Analysis

Rectangular dog-bone shaped tensile specimens with gauge
geometry of 4mm X 2mm X l.5mm were sectioned from
the alloy sheets by using electrical discharge machining (EDM).
Uniaxial tensile tests were performed using initial strain rate
values of 5 x 1072 s71, 1 x 1073 571, 5 x 107* s7%, and 1 x
10~% s71, respectively, at room temperature using a Kammrath
and Weiss tensile stage. The strain rates were confined to this
range to allow for coupling the tests with high resolution digital
image correlation using the Aramis system from GOM GmbH
(Lietal, 2017b). This approach enabled us to determine the local
strain evolution with high accuracy, yet, at the cost of sacrificing
some portion of the strain rate space. The local strain evolution
probed during tensile deformation at each strain rate was then
correlated to the microstructure evolution. Strain rate jump tests
(Li et al., 2012) were also performed at room temperature using
the same tensile stage with the above four strain rates. Three
tensile specimens for each processing condition were tested to
confirm reproducibility.

The un-deformed HEA samples with different starting
grain sizes and the fractured tensile samples with different
strain rates were metallographically prepared for microstructural
characterization. The sample surfaces were first mechanically
ground using SiC papers from 400 to 2,500 granulation, followed
by polishing using 3 pm diamond suspensions. Final polishing
was performed using an oxide polishing suspension (OPS) with
silica particle size of ~50nm to remove the deformation layer
caused by mechanical grinding. After each step of polishing the
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samples were subjected to ultrasonic cleaning with ethanol before
proceeding to next step.

Microstructural characterization was carried out using
electron backscattered diffraction (EBSD) and electron
channeling contrast imaging (ECCI). EBSD measurements
were performed in a dual-beam Zeiss-crossbeam XB1560
scanning electron microscope (SEM) equipped with the TSL
OIM data collection software. ECCI analysis was conducted
using a Zeiss-Merlin instrument (Gutierrez-Urrutia et al., 2009).
For the tensile tested samples, the deformation microstructures
were analyzed via EBSD and ECCI at sample regions which had
experienced different local strain levels. For the un-deformed
samples, the compositional homogeneity was also analyzed
by energy dispersive X-ray spectroscopy (EDS) using the
Zeiss-Merlin instrument.

RESULTS

Microstructure Prior to Deformation

Figures 1a,b show the EBSD phase and inverse pole figure
(IPF) maps of the fine-grained TRIP-DP-HEA, which reveal an
average FCC matrix grain size of ~2.8 um (excluding the twin
boundaries) and an HCP martensite fraction of ~25%. The ECC
images in Figures 1c,d show the dual-phase microstructure with
a large number of stacking faults in the FCC matrix. These
stacking faults as well as the HCP martensite were thermally
induced during water-quenching (Li et al., 2016, 2017b).

Figure 2 shows a typical combined analysis of ECCI, EBSD,
and EDS on the coarse-grained HEA sample which was obtained
by annealing the above grain-refined sample at 1,100°C for 2h
followed by water-quenching. The ECC images (Figures 2a,b)
and EBSD maps (Figures 2¢,d) reveal distinct HCP martensitic
laths in the FCC matrix. The HEA samples in this condition
show an average FCC matrix grain size of ~38 pm and HCP
phase fraction of ~72%. From the EDS maps in Figure 2e, the
four principal elements, i.e., Fe, Mn, Co, and Cr are uniformly
distributed, confirming the compositional homogeneity of the
alloy sample. Therefore, a potential influence of compositional
inhomogeneity on the deformation mechanisms can be excluded
(Li and Raabe, 2017a; Li et al., 2017c).

Tensile Behavior and Fracture
Morphologies at Varying Strain Rates

Figure 3A displays the engineering stress-strain curves of the DP-
HEA samples with two different starting microstructures and
at different strain rates (ie, 5 x 1072 s71, 1 x 1073 s71, 5
x 107% 571, and 1 x 107* s71, respectively). The fine-grained
DP-HEA samples with an average grain size of ~2.8 um and a
starting HCP phase fraction of ~25% present very similar yield
strength (YS, ~300 MPa), ultimate tensile strength (UTS, ~800
MPa) and total elongation (~60%) at the various strain rates. A
similar trend is also observed for the coarse-grained DP-HEA
samples with an average grain size of ~38 um and a starting
HCP phase fraction of ~72%. However, the coarse-grained DP-
HEA samples show much lower yield strength (~150 MPa) and
ultimate tensile strength (~600 MPa) compared to the fine-
grained counterparts. This is mainly due to the Hall-Petch effect.

Interestingly, the coarse-grained DP-HEA samples with a very
high HCP fraction (~72%) still show large uniform elongation
(~60%). This observation suggests that the HCP phase formed
in the DP-HEA is also ductile.

Figure 3B shows the strain hardening response of the two
types of DP-HEA samples at varying strain rates. The strain
hardening rates of the DP-HEA samples are also very similar
at different strain rates though the hardening rates of the fine-
grained (~2.8 um) samples are slightly higher than those of the
coarse-grained (~38 um) materials.

As shown above, from the constant strain rate tensile tests, the
differences in the strength values between the coarse and fine-
grained DP-HEA samples at different strain rates are too small
to be used for calculation of the strain rate sensitivity parameter
(m). To further confirm the insignificant strain rate effects on
the deformation behavior of the DP-HEA, a set of fine-grained
samples were used to perform strain rate jump tests, in which
samples were subjected to rapid changes of strain rates (i.e., 5 X
1073571, 1x103s7,5x107%4s7 !, and 1 x 10~* s~1) without
intermediate unloading. Figures 4A,B show the corresponding
stress-strain curves of the fine-grained DP-HEA samples with
increasing and decreasing strain rates, respectively. The strain
rate sensitivity parameters (m) for each jump of the effective
strain rate were calculated by the following equation:

I Ix
m= M (1)
log(=5-)

€x+1

where o, and €, are the flow stress and strain rate before the
jump, respectively; oy and €,4 are the flow stress and strain
rate after the jump, respectively. As shown in Figure4, the
calculated strain rate sensitivity for increasing strain rate tensile
tests ranges between 0.013 and 0.004, and that for decreasing
strain rate tensile tests between 0.007 and 0.038. These very small
values suggest that the change in strain rate has very little or
negligible effect on the stress-strain behavior of the DP-HEA
samples, which is also consistent with the results from constant
strain rate tensile tests.

Figure 5 shows the fracture morphologies of the DP-HEA
samples with varying grain sizes and initially available HCP phase
fractions at different strain rates after the constant strain rate
tensile tests. It is clearly indicated that all the samples were
fractured in a ductile way which is characterized by well-defined
dimples. The size of dimples formed on the fracture surfaces of
the coarse-grained samples with average grain size of ~38 pm
(Figures 5a-d) are larger than those for the fine-grained samples
with average grain size of 2.8 um (Figures 5e-h), which reflects
the grain size effect on the fracture behavior.

Microstructural Evolution Upon

Deformation

Figures 6a—c show the EBSD phase maps of the fine-grained
(~2.8um) DP-HEA sample after tensile testing at a constant
strain rate of 1 x 10~* s~1. With the increase of local strain from
30 to 50%, and further to 80%, the HCP phase fraction increases
from 42 to 60%, and further to 67%, respectively. The ECC
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stacking faults in the FCC matrix.

FIGURE 1 | Combined EBSD and ECCI analysis on the fine-grained dual-phase HEA prior to deformation: (a) EBSD phase and boundary map; (b) EBSD IPF map of
an identical sample region in (a); (c¢) ECC image of the marked region in (a); (d) ECC image of the marked region in (€) with relatively high magnification showing

images taken from the marked regions in Figures 6a-c are shown
in Figures 6d-f, respectively, and they indicate the lath-shaped
HCP martensite formed during the tensile loading.

Figure7 shows the deformation  microstructures
corresponding to varying local strains in the fine-grained
(~2.8 um) alloy sample after tensile testing at constant strain
rate of 5 x 1073 s~1. Analogous to the sample tested at lower
strain rate as shown above, the HCP phase fraction in the
fine-grained DP-HEA samples at higher strain rate also increases
gradually with increasing local strain levels. As the local strain
increases, the sample region with an EBSD confidence index
below 0.1 (i.e., black region in the phase maps) also increases
owing to the high amount of deformation that distorts the FCC
and HCP lattice beyond the resolution limits as required for
reliable indexing by EBSD. From the ECC images (Figures 7d-f),
the HCP phase formed at the early stage of deformation has
a well-defined lath-shape (Figure7d) which also undergoes
significant deformation at the later stages of tensile deformation
(Figure 7).

Figure 8 shows the deformation microstructure in the coarse-
grained (~38 pm) DP-HEA sample with a starting HCP phase
fraction of ~72% upon tensile testing at a constant strain rate
of 1 x 107* s71. Trrespective of the high starting fraction of
HCP phase prior to loading, the microstructure still undergoes

further deformation induced transformation from the remaining
FCC phase into the HCP martensite. At the sample region near
to the fracture surface (i.e., with a local strain of ~80%), the
FCC phase fraction reduces to as little as only ~3% (Figure 8c).
Similarly, Figure9 presents the deformation microstructures
at various local strain levels (30, 50, and 80%) in the coarse-
grained (~38 pm) DP-HEA sample with a starting HCP phase
fraction of ~72% upon tensile testing at a constant strain
rate of 5 x 1073 s7!. At the region with a local strain of
~80% (near to the fracture surface) in the coarse-grained
DP-HEA sample, the remaining FCC phase fraction is ~5%
(Figure 9c), similar to that in the sample deformed at a
lower strain rate of 1 x 107% s~! (~3%; Figure 8c). The
substructures including slip bands in the HCP martensite in the
deformed sample are documented by the ECC images shown in
Figures 9d-f, which are consistent with previous investigations
on the deformation microstructures of the DP-HEAs (Li et al.,
2016).

DISCUSSION

The TRIP-assisted DP-HEA investigated in the present study
exhibits strengthening mechanisms similar to those in some
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FIGURE 2 | Combined ECCI, EBSD and EDS analysis on the coarse-grained dual-phase HEA prior to deformation: (a) ECC image with relatively low magnification;
(b) ECC image of the smaller marked region in (a) showing the martensite laths; (¢) EBSD phase and boundary map of the larger marked region in (a); (d) EBSD IPF
map of the identical region in (c); (e) EDS maps of the larger region marked in (a) showing the distribution of the four principal elements, i.e., Fe, Mn, Co, and Cr.
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advanced steels, e.g., DP and TRIP steels (Hadfield, 1888; Curtze
et al., 2009; Raabe et al., 2013). Many of these materials show
high sensitivity on strain rate changes during deformation. For
instance, the strain rate sensitivity parameters for the DP 600
and TRIP 700 steels have been reported to be 18.5 and 11.3,
respectively, as probed over a wide strain rate range from 102
to 1250 s~ (Curtze et al., 2009). The relatively high strain rate
sensitivity of these materials is due to the fact that at higher strain
rates the time over which a dislocation is immobile, requiring
additional thermal energy to overcome obstacles (e.g., grain
boundaries, twin boundaries, and phase interfaces), to continue

propagation is shorter than that at lower strain rates (Meyers,
1994; Curtze et al,, 2009). However, it is observed that the
mechanical properties of the TRIP-assisted DP-HEA samples in
the present study are not obviously influenced by the change in
strain rate based on the very low strain rate sensitivity (<0.04).
Although the strain rates probed in the current study are confined
to the range from 1 x 107 to 0.5 x 1072 s! due to the limits
set by the DIC-assisted tensile testing protocol, similar strain
rate ranges have also been applied in previous works to achieve
reliable strain rate sensitivity for other materials, e.g., Inconel 718
alloy (Urdanpilleta et al., 2005). Therefore, the results from the
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FIGURE 4 | Typical stress-strain curves obtained from the strain rate jump tensile tests of the fine-grained DP-HEA samples. (A) Curves with increasing strain rate;
(B) Curves with decreasing strain rate. The values of strain rate sensitivity (m) for each jump of the effective strain rate are denoted at the nodes in the inserts.

FIGURE 5 | Fracture morphologies of the dual-phase HEA samples with varying grain sizes at different strain rates after the constant strain rate tensile tests.
(a,b) Fine-grained and constant strain rate of 1 x 10~4 s 1; (c,d) Fine-grained and constant strain rate of 5 x 103 s 1; (e,f) Coarse-grained and constant strain
rate of 1 x 10~4 s ; (g,h) Coarse-grained and constant strain rate of 5 x 1073 s~ 1,

current study are considered to be adequate to reflect a very low
strain rate sensitivity of the TRIP-assisted DP-HEAs.

Since the displacive transformation from the FCC matrix
to the HCP martensite is—besides dislocation glide—the
predominant mechanism during deformation of the DP-
HEA, the very low sensitivity to strain rate changes of the
DP-HEA can be mainly ascribed to the athermal nature
of the displacive transformation the kinetics of which is
rather insensitive to strain rate changes in the range from

1 x 107* s7! to 0.5 x 1072 as observed in the current
study. Further we find that the differences in adiabatic
heating associated with the different strain rates during
deformation do not obviously affect the phase transformation
process.

According to the microstructural observations after tensile
testing, two trends can be established regarding the phase
transformation process upon deformation in the two different
DP-HEA samples at different strain rates. First, in samples with
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FIGURE 6 | EBSD phase maps (a—c) and ECC images (d-f) showing the deformation microstructures in the fine-grained DP-HEA sample with an average grain size of
~2.8um and a starting HCP phase fraction of ~25% at varying local strain (gjoc) levels (30, 50, and 80%) after tensile testing at a constant strain rate of 1 x 104 s 1,

B FCC 25%,
HCP 75%

FIGURE 7 | EBSD phase maps (a-c) and ECC images (d-f) showing the deformation microstructures in the fine-grained DP-HEA sample with an average grain size of
~2.8um and a starting HCP phase fraction of ~25% at varying local strain (gjoc) levels (30, 50 and 85%) after tensile testing at a constant strain rate of 5 x 10351,

an identical starting microstructure (i.e., the same average grain
size and HCP phase fraction), the transformation process was
carried on in a similar way and with a similar amount of
transformed FCC phase after tensile deformation at different
strain rates. This indicates that the change in the strain rate
does not significantly alter the kinetics of the dynamic phase
transformation. Second, the fraction of FCC phase transformed
to HCP martensite in the coarse-grained sample (~24%;
Figure 8) is much lower than that in the fine-grained counterpart

(~42%; Figure 6) after tensile loading up to a local strain of
~80%. However, the coarse-grained sample also shows good
ductility comparable to that of the fine-grained material. This
observation suggests that the HCP martensite in the coarse-
grained DP-HEA sample is in itself also sufficiently ductile to
accommodate a large amount of strain at all the strain rates
which were probed. This can be explained by our previous
work which showed that the HCP martensite phase deforms
via multiple deformation mechanisms including dislocation slip,
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FIGURE 8 | EBSD phase maps (a-c) and ECC images (d-f) showing the microstructures in the coarse-grained DP-HEA sample with an average grain size of ~38 um
and a starting HCP phase fraction of ~72% at varying local strain (g)oc) levels (30, 50, and 80%) after tensile testing at a constant strain rate of 1 x 1074 s 1.
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FIGURE 9 | EBSD phase maps (a-c) and ECC images (d-f) showing the microstructures in the coarse-grained DP-HEA sample with an average grain size of ~38 um
and a starting HCP phase fraction of ~72% at varying local strain (g)oc) levels (30, 50, and 80%) after tensile testing at a constant strain rate of 5 x 103 s 1.

formation of stacking faults and mechanical twinning (Li et al.,  as the microstructural evolution at various strain rates (i.e., 5 x
2016, 2017b). 10757, 1x 1072 s, 5x 107 57, and 1 x 107* s7!) has
been probed. The following conclusions are made:

CONCLUSIONS (1) The strain rate sensitivity (m) of the TRIP-assisted dual-

phase HEA with two different starting microstructures at
We investigated the strain rate sensitivity of a typical TRIP- the probed strain rates is fairly low with the values within
assisted dual-phase HEA, i.e., quaternary FesoMn3pCo10Crjo (at. the range of 0.004-0.04, suggesting that the alloy can
%), for different grain sizes and initially available HCP phase withstand the change in applied strain rate during forming
fractions at room temperature. The stress-strain behavior as well and fabrication.
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(2) Strain-induced displacive transformation from the FCC
matrix to the HCP martensite is the primary deformation
mechanism—besides dislocation glide—for both of the fine
and coarse-grained dual-phase HEA samples studied under
different strain rates at room temperature.

(3) The low strain rate sensitivity of the TRIP-assisted dual-
phase HEAs is attributed to the prevalent displacive
and athermal transformation mechanism acting during
deformation.

(4) DP-HEA samples with very high starting HCP phase
fraction can also have good ductility at different strain rates,
suggesting that the HCP phase is also ductile, deforming
further by dislocation glide and twinning.
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