SCIENTIFIC REPLIRTS

Effects of strain rate on room-
and cryogenic-temperature
compressive properties in
e metastable V10Cr10Fe45Co35
mmern®® - high-entropy alloy

- Hyejin Song'?, Dong Geun Kim?, Dae Woong Kim?*, Min Cheol Jo*, Yong Hee Jo*,
- Wooyeol Kim*, Hyoung Seop Kim(?, Byeong-Joo Lee(®* & Sunghak Lee*

: Quasi-static and dynamic compressive properties of an FCC-based metastable HEA (composition;

: V10Cr10Fe45Co35 (at.%)) showing both Transformation Induced Plasticity (TRIP) and TWinning

. Induced Plasticity (TWIP) were investigated at room and cryogenic temperatures. During the quasi-
static and dynamic compression at room temperature, the FCC to BCCTRIP occurred inside FCC grains,

: and resulted in very high strain-hardening rate and consequently maximum compressive strength

. over 1.6GPa.The dynamic compressive strength was higher by 240 MPa than the quasi-static strength

. because of strain-rate-hardening effect, and kept increasing with a high strain-hardening rate as

. the twinning became activated. The cryogenic-temperature strength was higher than the room-

. temperature strength as the FCC to BCCTRIP amount increased by the decrease in stability of FCC

. phase with decreasing temperature. Under dynamic loading at cryogenic temperature, twins were not

. formed because the increase in SFE due to adiabatic heating might not be enough to reach the TWIP
regime. However, the dynamically compressed specimen showed the higher strength than the quasi-
statically compressed specimen as the strain-rate-hardening effect was added with the TRIP.

. Preservation, development, and transportation of resources have demanded novel metal alloys having excellent

. mechanical properties for technological advances and applications to extreme environments. Though unceasing

. efforts have been made to enhance mechanical properties, cryogenic-temperature environments often cause a
severe deterioration in ductility and toughness by lowering damage-tolerance capacities'. Recently-developed
face-centered-cubic(FCC)-based high-entropy alloys (HEAs) provide excellent cryogenic-temperature strength,
ductility, and fracture toughness by actively generating a TWinning Induced Plasticity (TWIP) mechanism*-. So
as to further enhance mechanical properties at cryogenic temperature, various strengthening mechanisms includ-
ing solid solution hardening’, precipitation hardening?®, and grain refinement®!? have been suggested.

Recently, a TRansformation Induced Plasticity (TRIP) mechanism widely utilized in austenitic high-Mn
steels has been adopted to HEAs'"!2, For example, Z. Li et al. found an FCC to hexagonal-close-packed (HCP)
TRIP in FeMnCoCr or CoCrFeMnNi alloys*!'"*!4, In austenitic high-Mn steels, both TWIP and TRIP are work-

° ing, depending on their stacking fault energy (SFE), and the TRIP becomes more active as the SFE goes down

. with decreasing temperature. Though the definition and utilization of SFE are difficult in FCC-based HEAs, the

. transition in deformation mechanisms might occur with decreasing temperature, and can directly affect their
cryogenic-temperature properties'®.

However, the dynamic deformation behavior is hardly investigated because most of HEA researches deal with

: static or quasi-static mechanical phenomena. Applied strain rates often change deformation mechanisms, and the
. hardening occurs under dynamic strain rates as the thermal activation of dislocation movement is often restricted
© by a viscous drag effect'®!”. An adiabatic heating also occurs because the heat generated during the dynamic
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Figure 1. Representative quasi-static and dynamic (a) engineering stress-strain curves and (b) strain-
hardening-rate (do/de) curves tested at room temperature of the V10Cr10Fe45Co035 HEA. The dynamic
compressive specimen was not fractured, and thus the quasi-static compressive test was conducted until the
total strain reaches 26.2% (similar to the dynamic total strain (25.9%). The dynamic yield and maximum
strengths are higher than the quasi-static ones.

deformation is not sufficiently emitted. TRIP and TWIP mechanisms can be activated by this temperature rise
due to adiabatic heating, but which mechanism critically affects dynamic properties has not been elucidated.
Thus, dynamic deformation researches are essentially needed for cryogenic or extreme applications of HEAs
to enhance quasi-static and dynamic mechanical properties and to understand dynamic deformation behavior.

Quasi-static and dynamic compressive properties of an FCC-based metastable HEA showing both TRIP and
TWIP were investigated at room and cryogenic temperatures by using a universal testing machine and a split
Hopkinson pressure bar, respectively, in this study. A transition phenomenon of TRIP and TWIP mechanisms
occurring under different loading conditions and test temperatures was also examined.

Results
HEA microstructure. The achievement of a single FCC phase in an annealed state and the increase in ther-
mal stability of BCC phase at low temperatures are used to generate the FCC to BCC martensitic transformation
in the present HEA design. Based on the CALPHAD approach with a Thermo-Calc software!®, Co, Mn, and Ni
contents are varied in the V,,Cr,,Fe,;sCo,Mn;;5_, and V,,Cr,,Fe,;sCo,Ni(;5_, systems, whose equilibrium phase
diagrams at 600 °C~1500°C are shown in Supplementary Fig. 1a,b. Supplementary Fig. 1¢,d shows differences
in Gibbs free energies between BCC and FCC phases (AGFCC=BCC, stability of BCC phase) at 25 °C. The lower
AGFCC—BCC indicates the high stability of BCC phase. The stability of BCC phase increases largely with increasing
Co content, as indicated by blue arrow bands in Supplementary Fig. 1c,d, irrespective of Mn or Ni content, while
the stability of FCC phase decreases. In order to obtain the stable single FCC phase at 950 °C (HEA annealing
temperature, dotted lines in Supplementary Fig. 1a,b) and to generate the maximal transformation from FCC to
BCC, the Co content is set to be 35at.% (HEA composition; V10Cr10Fe45Co35 (at.%)) in this study.
Supplementary Fig. 2a,b shows an EBSD phase map and XRD data of the V10Cr10Fe45Co35 HEA. The HEA
shows a single phase of FCC (Supplementary Fig. 2a), and its average size of FCC grains is 20 pm. XRD peaks
(Supplementary Fig. 2b) show the same results with the phase map, which satisfies the first objective of the pres-
ent HEA design.

Quasi-static and dynamic compressive properties at room temperature. Figure 1a shows rep-
resentative quasi-static and dynamic engineering stress-strain curves tested at room temperature, and meas-
ured compressive properties are listed in Supplementary Table 1. The dynamic compressive specimen was not
fractured, and the yield compressive strength, maximum strength, and total strain are 640 MPa, 1925 MPa, and
25.9%, respectively. The quasi-static compressive test was conducted until the total strain reaches 26.2% (similar
to the dynamic total strain (25.9%). The dynamic yield and maximum strengths are higher than the quasi-static
ones according to a typical strain-rate hardening effect'>*°.

Figure 1b shows strain-hardening-rate (do/de) curves tested at room temperature. The quasi-static hardening
rate rapidly decreases until the true strain of 0.03, and then decreases very slowly. Under dynamic compression,
the strain-hardening rate decreases and then increases from the strain of 0.15. The quasi-static hardening rate is
higher in the strain range of 0.06~0.22 than the dynamic hardening rate.

Compressive deformation mechanisms at room temperature. Figure 2a-d shows EBSD phase and
image quality (IQ) maps of the cross-sectional area of the quasi-statically compressed specimen at true strains
0f0.05, 0.11, 0.16, and 0.28 (green arrow marks in Fig. 1b). The volume fractions of HCP and BCC phases (Vycp
and V¢, respectively) were measured, and are shown inside phase maps. At the strain of 0.05, very few HCP
and BCC phases start to form at annealing twins or FCC grain boundaries (Fig. 2a). This implies that the HEA
deforms mostly by the dislocation slip, rather than the TRIP or TWIP. At the higher strain (0.11), considerable
amounts of HCP and BCC phases are observed, while deformation twins are not found (Fig. 2b). These HCP
and BCC phases are martensites transformed from the FCC phase by the compressive deformation. Some HCP
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Figure 2. EBSD phase and image quality (IQ) maps of the cross-sectional area of the quasi-statically
compressed specimen at true strains of (a) 0.05, (b) 0.11, (c) 0.16, and (d) 0.28 (green arrow marks in Fig. 1(b)).
The volume fractions of HCP and BCC phases (Vycp and Vi, respectively) were measured, and are shown
inside phase maps. At the strain of 0.11, considerable amounts of HCP and BCC phases are observed, while
deformation twins are not found. Some HCP phases are independently formed, whereas all BCC phases are
formed with HCP phases, which implies that most of BCC phases are transformed from already-formed HCP
phases.

phases are independently formed, whereas all BCC phases are formed with HCP phases, which implies that most
of BCC phases are transformed from already-formed HCP phases. With the further compression (strain; 0.16),
the formation of BCC phase becomes active as most of HCP phases transform to BCC phases (Fig. 2¢). In the
final deformation stage (strain; 0.28), BCC phases are quite populated, and their volume fraction reaches 50.1%,
whereas only a few HCP phases are observed (Fig. 2d).

In order to identify parallel lines existed inside FCC grains of the quasi-statically compressed specimen at the
true strain of 0.11 (Fig. 2b) which might be HCP phases or deformation twins, TEM analyses were performed.
Figure 3a—e shows TEM bright-field (BF) and dark-field (DF) images and selected area diffraction (SAD) patterns
obtained from a zone axis of [~110]cc//[11-20]ycp . A number of parallel lines are observed inside an FCC grain
(Fig. 3a), and are identified to be HCP phases by the SAD pattern (Fig. 3b) and DF images (Fig. 3¢,d). BCC phases
are also found at intersections of two HCP phases (Fig. 3¢), which confirms again that BCC phases are formed by
the transformation from already-formed HCP phases. When HCP phases composed of two kinds of parallel lines
are formed from the FCC matrix, the orientation relationships between FCC and two HCP phases are (111)gcc//
(0002)gcp; and (11-1)pcc//(0002) yeps, respectively, as shown in Fig. 3b-d.

Figure 4a-d shows EBSD phase and IQ maps of the specimen dynamically compressed after a stopper
was inserted between Hopkinson bars to obtain sequential dynamic true strains of 0.05, 0.11, 0.16, and 0.28"
(green-arrow marks in Fig. 1b), like the quasi-statically compressed specimen. In the initial deformation stage
(true strain; 0.05), only a few HCP phases are formed inside FCC grains (Fig. 4a). At the strain of 0.11, a consid-
erable number of parallel lines are formed, although it is not clear whether they are HCP phases or deformation
twins (Fig. 4b). Along these lines, a few BCC phases are formed, while some HCP phases are formed and grown
at FCC grain boundaries. At the higher strain (0.16), a number of BCC phases are formed at already-formed HCP
phases or along parallel lines developed inside FCC grains (Fig. 4c). As the compression proceeds to the strain of
0.28, BCC phases are largely grown, and parallel lines are more actively formed, whereas the volume fraction of
HCP phase almost remains (Fig. 4d).
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Figure 3. TEM (a) bright-field (BF) image, (b) selected area diffraction (SAD) patterns, and (c-e) dark-field
(DF) images of parallel lines existed inside FCC grains of the quasi-statically compressed specimen at the true
strain of 0.11 (Fig. 2(b)). Parallel lines are identified to be HCP phases by the SAD pattern and DF images. BCC
phases are also found mostly at intersections of two HCP phases, which confirms that BCC phases are formed
by the transformation from already-formed HCP phases.

Figure 5a—f shows TEM BF and DF images and SAD patterns of parallel lines existed inside FCC grains of the
dynamically compressed specimen at the true strain of 0.11 (Fig. 4b). Somewhat thick parallel lines are identified
to be HCP phases by BF and DF images (Fig. 5a,b) and SAD pattern (Fig. 5¢). In another FCC grain, thin parallel
lines (thickness; several tens of nanometers) are found, and are identified to be twins (Fig. 5d-f). These TEM
results indicate that twins are not differentiated from HCP phases in the EBSD IQ map (Fig. 4b) because they are
very thinly formed even in the TEM images. Thus, twins are formed in the dynamically compressed specimen,
whereas they are not in the quasi-statically compressed specimen (Fig. 3a—e), although the quantification of their
fraction is difficult.

Figure 6a,b shows volume fractions of FCC, BCC, and HCP phases present in the quasi-statically and dynam-
ically compressed specimens as a function of true strain. Here, these fractions were measured from the XRD
method? described in the Experimental part because the XRD method provides the more reliable data covering
the wider analysis area than the EBSD method. Under quasi-static compression, the FCC phase starts to trans-
form to the HCP phase at 0.05 (Fig. 6a). Its fraction increases to 6.1% at 0.11, and then slightly decreases until
0.28. The BCC phase is not formed at 0.05, but its fraction increases continuously to 50% with increasing strain.
The volume fraction of total (BCC 4 HCP) phases is governed mainly by that of BCC phase, when considering
relatively low volume fractions of HCP phase. Trends of volume fractions of BCC and HCP phases in the dynam-
ically compressed specimen are same to those of the quasi-statically compressed specimen (Fig. 6b), although
overall volume fractions are somewhat lower in the dynamically compressed specimen.

Quasi-static and dynamic compressive properties at cryogenic temperature. Figure 7a shows
quasi-static and dynamic engineering stress-strain curves tested at cryogenic temperature, and measured com-
pressive properties are shown in Supplementary Table 1. Under dynamic compression, the yield compressive
strength, maximum strength, and total strain are 1083 MPa, 2245 MPa, and 21.6%, respectively. The quasi-static
compressive test was conducted until the similar total strain (21.2%) to that of the dynamic compressive test
(21.6%). The yield and maximum strengths of the quasi-statically compressed specimen are 534 MPa and 1735
MPa, respectively, which are lower than those of the dynamically compressed specimen. A small stress drop
appears in the quasi-static stress-strain curve at a low strain level, as indicated by a black arrow. This might also
appear in the dynamic stress-strain curve because it can be removed by a smoothening process of raw wave-form
curves, although it is not shown in Fig. 7a. Examples of dynamic stress-strain curves are shown in Fig. 7c,d. There
might exist a stress drop or stay at a low strain level, but is smoothened to produce the adjacent-averaged curve.

Figure 7b shows cryogenic-temperature strain-hardening-rate curves. The quasi-static hardening rate
decreases rapidly with increasing true strain, and then decreases slowly after the true strain of 0.03, while there
exists a deep well caused from the small stress drop. Under dynamic compression, it shows a down-up-down
behavior, although the overall hardening rate is similar to that of the quasi-static compression.
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Figure 4. EBSD phase and IQ maps of the cross-sectional area of the dynamically compressed specimen at true
strains of (a) 0.05, (b) 0.11, (c) 0.16, and (d) 0.28 (green arrow marks in Fig. 1(b)). At the strain of 0.11, parallel lines
are formed, although it is not clear whether they are HCP phases or deformation twins. Along these lines, a few BCC
phases are formed, while some HCP phases are formed and grown at FCC grain boundaries. At the higher strains,
many BCC phases are formed at already-formed HCP phases or along parallel lines developed inside FCC grains.

Compressive deformation mechanisms at cryogenic temperature. Figure 8a—c shows EBSD phase
and image quality (IQ) maps of the quasi-statically compressed specimen at true strains of 0.08, 0.13, and 0.22
(green arrow marks in Fig. 7b). At the strain of 0.08, a considerable number of HCP and BCC phases are formed
along many parallel lines (Fig. 8a). Since some HCP phases are independently formed, whereas all BCC phases
are formed with HCP phases, it is expected that most of BCC phases are formed in a parallel-line shape by
the transformation from already-formed HCP phases. At the higher strain (0.13), a number of BCC phases are
formed, while the amount of HCP phase is not varied much (Fig. 8b). As the formation of BCC phase becomes
more active, most of parallel lines are crossed each other. With the further compression (strain; 0.22), most of
FCC grains are filled with BCC phases together with a few HCP phases (Fig. 8¢).

Figure 9a—c shows TEM images and diffraction pattern of parallel lines existed inside an FCC grain of the
quasi-statically compressed specimen at 0.13 (Fig. 8b). There are many crossed parallel lines inside the FCC grain
(Fig. 9a). These lines are identified to be HCP phases by DF image (Fig. 9b) and SAD pattern (Fig. 9¢). Twins are
not found in this specimen.

Figure 10a-c shows EBSD phase and IQ maps of the dynamically compressed specimen at true strains of
0.08, 0.13, and 0.22. HCP and BCC phases are formed at the initial strain (0.08) (Fig. 10a), and their formation
becomes active as the strain increases (Fig. 10b,c)). The overall phase formation behavior is similar to that of the
quasi-statically compressed specimen (Fig. 8a—c). According to the TEM observation (Fig. 11a—c), all parallel
lines are not twins but HCP phases.

Figure 12a,b shows variations in volume fractions of phases present in the quasi-statically and dynamically com-
pressed specimens as a function of true strain. Under quasi-static compression, both HCP and BCC phases are
formed at the strain of 0.08, and their volume fractions are about 15% (Fig. 12a). As the strain increases to 0.13, the
BCC fraction rises rather abruptly, while the HCP fraction increases slightly. With the further strain to 0.22, the
BCC fraction increases, while the HCP fraction decreases, and thus the total (BCC + HCP) fraction tends to be sat-
urated. Under dynamic compression, the variation of phase fractions is similar to that under quasi-static compres-
sion (Fig. 12b), and the saturation of total (BCC + HCP) fraction also appears at the strain of 0.13 or higher. Overall
(BCC+ HCP) volume fractions are somewhat lower in the dynamically compressed specimen.
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Figure 5. TEM (a,d) BF images, (b,e) DF images, and (c,f) SAD patterns of parallel lines existed inside FCC
grains of the dynamically compressed specimen at the true strain of 0.11 (Fig. 4(b)). Somewhat thick parallel
lines inside an FCC grain are identified to be HCP phases by BF and DF images and SAD pattern. In another
FCC grain, thin parallel lines (several tens of nanometers) are identified to be twins.

100 T T T T T 100 S T T T T
(a) el (b) -
RN FcC 6
80 4 '\J/ i 80 .. Fcc N
Quasi-static Compression ™~ _ Dynamic Compression TN J‘/
60 Room Temperature N 60 Room Temperature Sl

Volume Fraction of Phases (%)

Volume Fraction of Phases (%)

40 - . 40 1
201 i 201 -
0 : 0

T T T T T T T T T T T
000 0.05 0.10 0.15 0.20 0.25 030 0.35 000 0.05 0.10 0.15 0.20 0.25 0.30 0.35

True Strain True Strain

Figure 6. Volume fractions of FCC, BCC, and HCP phases present in the (a) quasi-statically and (b)
dynamically compressed specimens as a function of compressive true strain at room temperature. Under quasi-
static compression, the volume fraction of HCP phase increases to 6.1% at the strain of 0.11, and then slightly
decreases until 0.28. The BCC phase is not formed at 0.05, but its fraction increases continuously to 50% with
increasing strain. Trends of volume fractions of BCC and HCP phases in the dynamically compressed specimen
are same to those of the quasi-statically compressed specimen, although overall volume fractions are somewhat
lower in the dynamically compressed specimen.

Discussion
Room-temperature deformation mechanisms: TRIP and TWIP. A viscous phonon-drag effect and
a thermally-activated nucleation of dislocations generally operate at high strain rates'®**-*”. Under the present
dynamic loading case (compressive strain rate of ~3000s™!) of the VCrFeCo HEA having metastable FCC matrix,
however, the viscous drag effect becomes much more dominant than the thermally-activated dislocation nuclea-
tion?. As the dislocation movement becomes difficult under the dynamic loading, the amount of generated dis-
locations becomes larger at a given strain than that of the quasi-static loading case?. According to this strain-rate
effect, the dynamic strength is higher than the quasi-static strength (Fig. 1a).

BCC-phase martensites are formed at room temperature by the FCC to BCC TRIP during quasi-static and dynamic
compressive deformation (Figs 2a-d and 4a-d). Since this formation of BCC martensite is largely influenced by the
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Figure 7. Representative quasi-static and dynamic (a) engineering stress-strain curves and (b) strain-
hardening-rate (do/de) curves tested at cryogenic temperature of the V10Cr10Fe45Co35 HEA. The quasi-
static compressive test was conducted until the similar total strain (21.2%) to that of the dynamic compressive
test. The dynamic yield and maximum strengths are higher than the quasi-static ones, and a yield-point
phenomenon appears in the dynamic stress-strain curve (black arrow mark).
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Figure 8. EBSD phase and IQ maps of the cross-sectional area of the dynamically compressed specimen

at true strains of (a) 0.08, (b) 0.13, and (c) 0.22 (green arrow marks in Fig. 7(b)). At the strain of 0.08, a
considerable number of HCP and BCC phases are formed along many parallel lines. Since some HCP phases are
independently formed, whereas all BCC phases are formed with HCP phases.

Figure 9. TEM (a) BF and (b) DF images and (c) SAD pattern of parallel lines existed inside an FCC grain of
the quasi-statically compressed specimen at the true strain of 0.13. Many crossed parallel lines inside the FCC
grain are identified to be HCP phases by the DF image and SAD pattern. Twins are not found in this specimen.

enhancement of strain-rate sensitivity due to limited slip systems than the FCC phase?!, both quasi-statically and
dynamically compressed specimens show very high strain-hardening rate and consequently maximum compressive
strength over 1.6 GPa (Fig. 1a,b and Supplementary Table 1). The dynamic compressive strength is much higher (by
240 MPa) than the quasi-static strength, which can be readily explained by a strain-rate-hardening effect!>%.
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Figure 10. EBSD phase and IQ maps of the dynamically compressed specimen at true strains of (a) 0.08, (b)
0.13, and (c) 0.22. At the strain of 0.08, HCP and BCC phases as well as parallel lines are formed, and their
formation becomes active as the strain increases.

Figure 11. TEM (a) BF and (b) DF images and (c) SAD pattern of parallel lines existed inside an FCC grain of
the dynamically compressed specimen at the true strain of 0.13. Many parallel lines inside the FCC grain are
identified to be HCP phases.
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Figure 12. Volume fractions of FCC, BCC, and HCP phases present in the (a) quasi-statically and (b)
dynamically compressed specimens as a function of compressive true strain at cryogenic temperature. Under
quasi-static compression, the fraction of BCC phase increases rather abruptly as the strain increases to 0.13,
while that of HCP phase increases slightly. With the further compressive strain to 0.22, the fraction of BCC
phase increases, whereas that of HCP phase decreases, and thus the total (BCC + HCP) volume fraction tends
to be saturated. Under dynamic compression, the variation of phase fractions is similar to that of the quasi-
statically compressed specimen. Overall (BCC + HCP) volume fractions are somewhat lower in the dynamically
compressed specimen.
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Figure 13. Temperature distributions calculated by finite element method (FEM) simulations at true

strains 0.05, 0.1, 0.2, and 0.3 inside the dynamically compressed specimen. The temperature localization is
concentrated at the specimen center, while the localization at specimen edges is released as the heat is readily
emitted outside. The peak temperature of the specimen center reaches 200 °C at the true strain of 0.3.

It is noted that the BCC martensite fraction is lower by about 10 vol.% after the true strain of 0.15 in the
dynamically compressed specimen than in the quasi-statically compressed specimen (Fig. 6a,b). This decreased
amount of BCC martensite is caused by the increase in stability of FCC phase because of the temperature rise due
to adiabatic heating®*3!. Under dynamic loading, the adiabatic heating raises the temperature and consequently
the SFE or stability of FCC phase as the SFE increases with increasing temperature®?->*, This decrease in BCC
martensite lowers the strain-rate-hardening effect, and thus the difference in strength between the dynamic and
quasi-static loadings becomes smaller after the strain of 0.15, as shown in Fig. 1a.

The temperature rise occurring during dynamic compressive tests was estimated to correlate the adiabatic
heating and SFE increase. The temperature distribution inside the dynamically compressed specimen at room
temperature was calculated by thermos-elasto-plastic simulation of finite element method (FEM) using an
ABAQUS ver. 6.9 and explicit schemes of dynamic solutions because of difficulties in the experimental tem-
perature measurement. Dynamic conditions and specimen geometries were based on experimental ones. The
number of elements was 31,145 for the cylindrical 5¢p x 5-mm specimen. The tool was modeled as a rigid body,
and the Poisson’s ratio of 0.299 and density of 7.668 g/cm? were used. Details on FEM simulations are described
in references!”.

Figure 13 shows FEM-simulated temperature distributions at true strains 0.05, 0.1, 0.2, and 0.3 inside the
dynamically compressed specimen. The temperature localization occurs at specimen edges along the shear direc-
tion, and becomes more serious as the true strain increases. The temperature is concentrated at the specimen
center, while its localization at specimen edges is released as the heat is readily emitted outside. The peak temper-
ature of the specimen center reaches 200 °C at 0.3. The temperature rise of 175°C considerably raises the SFE of
FCC phase, and reduces the amount of transformed BCC martensite (Fig. 6b), thereby leading to the decrease in
strengthening.

However, the compressive stress of the dynamically compressed specimen keeps increasing with a high
strain-hardening rate over that of the quasi-statically compressed specimen (Fig. 1a). This implies that another
deformation mechanism can work together with the BCC TRIP. According to the TEM data (Fig. 5d-f), many
twins are observed in the dynamically compressed specimen. The existence of twins is associated with the increase
of SFE of FCC phase due to the temperature rise, which might reach the regime of TWIP mechanism, like in the
SFE-range diagram of austenitic high-Mn steels'”>-%%. Since twins act as obstacles against dislocation movement,
they induce the highly-sustained strain-hardening rate by the dynamic Hall-Petch effect®*°, which results in an
excellent compressive strength.

Cryogenic-temperature deformation mechanisms: TRIP. At cryogenic temperature, the stability of
FCC phase contributes to mechanical response in the TRIP mechanism. For example, there exists a small stress
drop in the stress-strain curve of the quasi-statically compressed specimen (a blue-arrow mark in Fig. 7a) because
of a down-up-down-shaped strain hardening (Fig. 7b). It is known that this stress drop or ‘softening’ phenome-
non is mainly attributed to the rapidly decreased strain-hardening rate due to the FCC to HCP transformation
in the early deformation stage*"*2 It has also been found in in ultra-fine-grained materials due to the lack of
mobile dislocations***! as well as metastable austenitic stainless steels**, Fe-Mn alloys*®?’, and Fe-Mn-Si alloys*.
Gunter et al.® proposed that the easy deformation and rapid hardening stages were closely related with e- and
o’-martensites, respectively. According to Tamura et al.”°, the e-martensite formation produced this softening
in the early deformation stage of FCC-based Fe-Ni and Fe-Cr-Ni alloys. Thus, the softening would occur at low
strains by the formation of HCP martensite, like in FCC-based alloys.

The microstructural evolution and phase stability at cryogenic temperature also show similar trends to those at
room temperature. The EBSD data of the quasi-statically compressed specimen (Fig. 8a—c) indicate that the mar-
tensitic transformation is identified as a strain-induced one because most of BCC martensites are formed inside
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FCC grains, and that the amount of transformed BCC martensite is larger at cryogenic temperature. This increase
in BCC martensite at cryogenic temperature is caused by the decrease in stability of FCC phase with decreasing
temperature®>-*. Thus, the cryogenic-temperature strength is higher than the room-temperature strength.

The temperature rise as well as the decrease in temperature should be considered under dynamic loading.
Since the SFE of FCC phase increases with increasing temperature, it is higher in the dynamically compressed
specimen, which results in the lower volume fraction of HCP and BCC martensites (Fig. 12a,b). Twins do not
exist because the increased SFE of FCC phase might not be enough to reach the regime of TWIP mechanism.
However, the dynamically compressed specimen shows the higher strength than the quasi-statically compressed
specimen as the strain-rate-hardening effect is added with the TRIP.

Deformation mechanisms varied with SFE of FCC phase, test temperature, and loading condition are sche-
matically illustrated in Supplementary Fig. 3. As the SFE increases, they change from TRIP to TWIP>»2, and the
SFEs are approximately estimated on the line of SFE (red- and blue-arrow marks). The SFE of the quasi-statically
compressed specimen at room temperature lies within the TRIP regime (red arrow mark) (Figs 2a—d and 3a-e).
Under dynamic loading, the SFE increases to reach the regime of TWIP mechanism, and thus twins as well
as HCP and BCC martensites are formed (Figs 4a—d and 5a-f). When the quasi-static loading changes to the
dynamic one, deformation mechanisms shift toward the right. Considering the favorable effect of twinning on
strain hardening and strengthening, thus, the higher strength in the dynamically compressed specimen contain-
ing both twins and martensites can be plausibly interpreted by Supplementary Fig. 3.

At cryogenic temperature, martensites are formed alone without twins (Fig. 8 through 11). The SFE of the
dynamically compressed specimen is situated within the TRIP regime, while the SFE of the quasi-static specimen
lies below that of the dynamic specimen (blue arrow marks). Thus, the TRIP amount in the dynamic specimen is
smaller. However, the dynamic strength is higher as the strain-rate-hardening effect is added.

Conclusions

Quasi-static and dynamic compressive properties of an FCC-based metastable V10Cr10Fe45Co035 HEA showing
both TRIP and TWIP were investigated at room and cryogenic temperatures, and a transition of TRIP and TWIP
mechanisms was examined by detailed microstructural evolutions.

(1) The BCC martensite was formed by the FCC to BCC TRIP during the quasi-static and dynamic compres-
sion at room temperature, and resulted in high maximum compressive strength over 1.6 GPa together with
high strain-hardening rate. The dynamic strength was higher by 240 MPa than the quasi-static strength
because of strain-rate-hardening effect, and kept increasing with a high strain-hardening rate from the
early deformation stage as the twinning became activated.

(2) The SFE of the quasi-statically compressed specimen at room temperature was situated within the regime
of TRIP. Under dynamic loading, twins as well as HCP and BCC martensites were formed as the SFE was
increased by the temperature rise to reach the regime of TWIP. This indicated that deformation mecha-
nisms were shifted from the TRIP to TWIP with increasing loading rate. Considering the favorable effect
of twinning on both strain hardening and strengthening, thus, the dynamically compressed specimen
containing both twins and martensites showed the higher strength than the quasi-statically compressed
specimen.

(3) The amount of FCC to BCC TRIP was larger at cryogenic temperature than at room temperature because
of the decrease in stability of FCC phase with decreasing temperature, and thus the cryogenic-temperature
strength was higher than the room-temperature one. The SFE of FCC phase was higher in the dynamically
compressed specimen because of the temperature rise, which resulted in the lower volume fractions of
HCP and BCC martensites. Twins did not exist because the increase in SFE of FCC phase might not be
enough to reach the regime of TWIP. However, the dynamically compressed specimen showed the higher
strength than the quasi-statically compressed specimen because the strain-rate-hardening effect was added
with the TRIP.

Methods
Fabrication. The HEA (V10Cr10Fe45Co035 (at.%)) was fabricated by a vacuum-induction melting route after
master alloy plates were made from pure element powders (99.9% purity at least). Fe is a cost-effective element in
FCC-based HEAs, and its increased content helps to promote the formation of BCC- or HCP-phase martensite.
The Fe content is set to be 45at.%, based on an alloy-design strategy underlying that the HEA is not Fe-based
alloys but a multi-principal-element material®*->*. Cr which improves the corrosion resistance is set to be 10at.%.
As a strong bonding element with Fe, Co, and Ni, 10at.% of V is added, if the formation of sigma phase is sup-
pressed®>*’. The addition of Co works for the increase in BCC martensite in FCC-based metastable HEAs.
Master alloy plates (weight; about 7 kg) was molten and poured into an Y-shaped rectangular graphite module.
In order to make the HEA composition uniform, a bottom part of Y-shaped ingot was sectioned and homog-
enized at 1100 °C for 6 hrs. The ingot (size; 110 x 80 x 60 mm) was sand-blasted, cold-rolled (reduction ratio;
50%), annealed at 950 °C for 1 hr, and quenched.

Microstructural analyses. Phases were identified by using X-ray diffraction (XRD), and their volume frac-
tions were quantified by a method proposed by Moser? using integrated intensities of (110),, (200),, (211),,
and (220),, peaks for BCC phase, (111)., (200)., (220).,, (311)., and (222)., peaks for FCC phase, and (10-10).,
(10-11),, and (10-12), peaks for HCP phase. Here, a-, 7-, and e-phases existed in high-Mn steels are equivalent
to BCC, FCC, and HCP phases, respectively, in FCC-based HEAs. Deformation mechanisms were examined by
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using electron back-scatter diffraction (EBSD, step size; 0.15 pm) and transmission electron microscopy (TEM).
TEM thin foils were prepared by electro-polishing in a 90%-CH;COOH and 10%-HCIO, solution, and were
observed by using a TEM (2100, Jeol, Japan) at 200k V.

Compression tests. Cylindrical specimens (diameter; 5 mm, height; 5 mm, longitudinal orientation) were
quasi-statically compressed at room and cryogenic temperatures at a strain rate of 1072 by using a universal
testing machine (1361, Instron, USA, capacity; 100 kN). A split Hopkinson pressure bar was used for dynamic
compressive tests'”. The same-size cylindrical specimen was situated between incident and transmission bars,
and was compressed by a high-speed 19-mm-diameter striker bar under an air pressure of 0.2 MPa (compressive
strain rate; ~3000s™!). Raw compressive curves were smoothened by an adjacent-averaging method, and entire
tests were performed three times for each datum. Test details were explained in a reference'”.

Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

References
1. Kimura, Y., Inoue, T., Yin, F. & Tsuzaki, K. Inverse temperature dependence of toughness in an ultrafine grain-structure steel. Science
320, 1057-1060 (2008).
2. Song, Y. Y, Ping, D. H,, Yin, E. X,, Li, X. Y. & Li, Y. Y. Microstructural evolution and low temperature impact toughness of a Fe-
13%Cr-4%Ni-Mo martensitic stainless steel. Mater. Sci. Eng. A 527, 614-618 (2010).
. Deng, Y. et al. Design of a twinning-induced plasticity high entropy alloy. Acta Mater. 94, 124-133 (2015).
4. Stepanov, N. et al. Effect of cryo-deformation on structure and properties of CoCrFeNiMn high-entropy alloy. Intermetallics 59,
8-17 (2015).
5. Wu, Z,, Parish, C. M. & Bei, H. Nano-twin mediated plasticity in carbon-containing FeNiCoCrMn high entropy alloys. J. Alloys
Compd. 647, 815-822 (2015).
6. Jo, Y. H. et al. Cryogenic strength improvement by utilizing room-temperature deformation twinning in a partially recrystallized
VCrMnFeCoNi high-entropy alloy. Nature Com. 8, 1-8 (2017).
7. Li, Z., Tasan, C. C,, Springer, H., Gault, B. & Raabe, D. Interstitial atoms enable joint twinning and transformation induced plasticity
in strong and ductile high-entropy alloys. Sci. Rep. 7, 1-7 (2017).
8. He, J. Y. et al. A precipitation-hardened high-entropy alloy with outstanding tensile properties. Acta Mater. 102, 187-196 (2016).
9. Li, Z., Pradeep, K. G., Deng, Y., Raabe, D. & Tasan, C. C. Metastable high-entropy dual-phase alloys overcome the strength-ductility
trade-off. Nature 534, 227-230 (2016).
10. Sun, S.]J. et al. Enhanced strength and ductility of bulk CoCrFeMnNi high entropy alloy having fully recrystallized ultrafine-grained
structure. Mater. Des. 133, 122-127 (2017).
11. Li, Z., Koramann, E, Grabowski, B., Neugebauer, ]. & Raabe, D. Ab initio assisted design of quinary dual-phase high-entropy alloys
with transformation-induced plasticity. Acta Mater. 136, 262-270 (2017).
12. Li, Z., Tasan, C. C., Pradeep, K. G. & Raabe, D. A TRIP-assisted dual-phase high-entropy alloy: Grain size and phase fraction effects
on deformation behavior. Acta Mater. 131, 323-335 (2017).
13. Won, J. et al. Edge-cracking behavior of CoCrFeMnNi high-entropy alloy during hot rolling. Met. Mater. Int. 24, 1432-1437 (2018).
14. Choi, W.-M.,, Jung, S., Jo, Y. H,, Lee, S. & Lee, B.-]. Design of new face-centered cubic high entropy alloys by thermodynamic
calculation. Met. Mater. Int. 23, 839-847 (2017).
15. Huang, S. et al. Temperature dependent stacking fault energy of FeCrCoNiMn high entropy alloy. Scr. Mater. 108, 44-47 (2015).
16. Kumar, A. & Kumble, R. G. Viscous drag on dislocations at high strain rates in copper. J. Appl. Phys. 40, 3475-3480 (1969).
17. Kim, H. et al. Dynamic tension-compression asymmetry of martensitic transformation in austenitic Fe-(0.4, 1.0)C-18Mn steels for
cryogenic applications. Acta Mater. 96, 37-46 (2015).
18. Sundman, B., Jansson, B. & Andersson, J. O. The thermo-calc databank system. Calphad 9, 153-190 (1985).
19. Kim, H. et al. Mechanisms of toughness improvement in Charpy impact and fracture toughness tests of non-heat-treating cold-
drawn steel bar. Mater. Sci. Eng. A 571, 38-48 (2013).
20. Lee, W.-S. & Lin, C.-F. Impact properties and microstructure evolution of 304L stainless steel. Mater. Sci. Eng. A 308, 124-135 (2001).
21. Jeon, C., Kang, M., Kim, C. P, Kim, H. S. & Lee, S. Quasi-static and dynamic compressive deformation behaviors in Zr-based
amorphous alloys containing ductile dendrites. Mater. Sci. Eng. A 579, 77-85 (2013).
22. Moser, N. H., Gross, T. S. & Korkolis, Y. P. Martensite formation in conventional and isothermal tension of 304 austenitic stainless
steel measured by x-ray diffraction. Metall. Trans. 45A, 4891-4896 (2014).
23. Li, J. et al. High temperature deformation behavior of carbon-containing FeCoCrNiMn high entropy alloy. J. Alloy Comp. 747,
571-579 (2018).
24. Sun, Y. et al. Evolution of diffusion activation energy and Zener-Hollomon parameter of ultra-high strength Al-Zn-Mg-Cu-Zr alloy
during hot compression. Prog. Nat. Sci.: Mater. Int. 28, 635-646 (2018).
25. Zhang, J. et al. Hot deformation behavior of Ti-15-3 titanium alloy: a study using processing maps, activation energy map, and
Zener-Hollomon parameter map. J. Mater. Sci. 47, 4000-4011 (2012).
26. Shahriari, B., Vafael, R., Sharifi, E. M. & Farmanesh, K. Modeling deformation flow curves and dynamic recrystallization of BA-160
steel during hot compression. Met. Mater. Int. 24, 955-969 (2018).
27. Sarkari Khorrami, M. & Kazeminezhad, M. Post deformation at room and cryogenic temperature cooling media on severely
deformed 1050-Aluminum. Met. Mater. Int. 24, 401-414 (2018).
28. Moon, J. M. et al. Strain rate effects of dynamic compressive deformation on mechanical properties and microstructure of
CoCrFeMnNi high-entropy alloy. Mater. Sci. Eng. A 719, 155-163 (2018).
29. Li, K. et al. Strain rate dependence on the evolution of microstructure and deformation mechanism during nanoscale deformation
in low carbon-high Mn TWIP steel. Mater. Sci. Eng. A 742, 116-123 (2019).
30. Zener, C. & Hollomon, J. H. Effect of strain rate upon plastic flow of steel. J. Appl. Phys. 15,22-32 (1944).
31. Sahu, P. et al. Stability of austenite and quasi-adiabatic heating during high-strain-rate deformation of twinning-induced plasticity
steels. Scr. Mater. 62, 5-8 (2010).
32. Remy, L. Temperature variation of the intrinsic stacking fault energy of a high manganese austenitic steel. Acta Metall. 25, 173-179
(1977).
33. Curtze, S. & Kuokkala, V.-T. Dependence of tensile deformation behavior of TWIP steels on stacking fault energy, temperature and
strain rate. Acta Mater. 58, 5129-5141 (2010).
34. Curtze, S., Kuokkala, V.-T., Oikari, A., Talonen, J. & Hanninen, H. Thermodynamic modeling of the stacking fault energy of
austenitic steels. Acta Mater. 59, 1068-1076 (2011).

w

SCIENTIFIC REPORTS |

(2019) 9:6163 | https://doi.org/10.1038/s41598-019-42704-x 11


https://doi.org/10.1038/s41598-019-42704-x

www.nature.com/scientificreports/

35. Park, K.-T. et al. Stacking fault energy and plastic deformation of fully austenitic high manganese steels: Effect of Al addition. Mater.
Sci. Eng. A 527, 3651-3661 (2010).

36. Pierce, D. T., Jiménez, J. A., Bentley, J., Raabe, D. & Wittig, J. E. The influence of stacking fault energy on the microstructural and
strain-hardening evolution of Fe-Mn-Al-Si steels during tensile deformation. Acta Mater. 100, 178-190 (2015).

37. Ueji, R. et al. Tensile properties and twinning behavior of high manganese austenitic steel with fine-grained structure. Scr. Mater. 59,
936-966 (2008).

38. Vercammen, S., Blanpain, B., De Cooman, B. C. & Wollants, P. Cold rolling behaviour of an austenitic Fe-30Mn-3Al-3Si TWIP-steel:
the importance of deformation twinning. Acta Mater. 52, 2005-2012 (2004).

39. Bouaziz, O., Allain, S. & Scott, C. Effect of grain and twin boundaries on the hardening mechanisms of twinning-induced plasticity
steels. Scr. Mater. 58, 484-487 (2008).

40. Sevillano, J. G. An alternative model for the strain hardening of FCC alloys that twin, validated for twinning-induced plasticity steel.
Scr. Mater. 60, 336-339 (2009).

41. Datta, K. et al. A low-temperature study to examine the role of e-martensite during strain-induced transformations in metastable
austenitic stainless steels. Acta Mater. 57, 3321-3326 (2009).

42. De, A. K. et al. Deformation-induced phase transformation and stain hardening in type 304 austenitic stainless steel. Metall. Mater.
Trans. A 37, 1875-1886 (2006).

43. Girtnerova, V., Singh, A, Jager, A. & Mukai, T. Deformation behavior of ultra-fine-grained Mg-0.3 at% Al alloy in compression. J.
Alloy Comp. 726, 651-687 (2017).

44. Gao, S. et al. Mechanism of huge Liiders-type deformation in ultrafine grained autenitic stainless steel. Scr. Mater. 159, 28-32 (2019).

45. Byun, T. S., Hashimoto, N. & Farrell, K. Temperature dependency of strain hardening and plastic instability behaviors in austenitic
stainless steels. Acta Mater. 52, 3889-3899 (2004).

46. Morris, J. W., Hwang, S. K., Yushchenko, K. A., Belotzerkovetz, V. I. & Kvasnevskii, O. G. Fe-Mn alloys for cryogenic use: a brief
survey of current research. Adv. Cryog. Eng. 24, 91-102 (1978).

47. Tomota, Y., Strum, M. & Morris, J. W. Microstructure dependence of Fe-high Mn tensile behavior. Metall. Trans. A 17, 537-547 (1986).

48. Sato, A., Chishima, E., Soma, K. & Mori, T. Shape memory effect in y2e transformation in Fe-30Mn-1Si alloy single crystals. Acta
Mater. 30,1177-1183 (1982).

49. Guntner, C. J. & Reed, R. P. The effect of experimental variables including the martensitic transformation on the low temperature
mechanical properties of austenitic stainless steels. Trans. ASM 55, 399-419 (1962).

50. Tamura, I., Maki, T. & Hato, H. On the morphology of strain-induced martensite and the transformation-induced plasticity in Fe-Ni
and Fe-Cr-Ni alloys. Trans. ISI] 10, 163-172 (1970).

51. Briix, U, Frommeyer, G., Grissel, O., Meyer, L. W. & Weise, A. Development and characterization of high strength impact resistant
Fe-Mn-(Al-, SI) TRIP/TWIP steels. Steel Res. 73, 294-298 (2002).

52. Idrissi, H., Ryelandt, L., Veron, M., Schryvers, D. & Jacques, P. J. Is there a relationship between the stacking fault character and the
activated mode of plasticity of Fe-Mn-based austenitic steels? Scr. Mater. 60, 941-944 (2009).

53. Pradeep, K. G. et al. Non-equiatomic high entropy alloys: Approach towards rapid alloy screening and property-oriented design.
Mater. Sci. Eng. A 648, 183-192 (2015).

54. Yeh, J.-W. et al. Nanostructured high-entropy alloys with multiple principal elements: Novel alloy design concepts and outcomes.
Adv. Eng. Mater. 6,299-303 (2004).

55. Miracle, D. B. & Senkov, O. N. A critical review of high entropy alloys and related concepts. Acta Mater. 122, 448-511 (2017).

56. Stepanov, N. D. et al. Effect of V content on microstructure and mechanical properties of the CoCrFeMnNiVx high entropy alloys.
J. Alloy Comp. 628, 170-185 (2015).

57. De Boer, F. R., Boom, R,, Mattens, W. C. M., Miedema, A. R. & Niessen, A. K. Cohesion in metals: Transition metal alloys (North-
Holland, Amsterdam, Netherlands, 1988).

Acknowledgements

This research was supported by Creative Materials Discovery Program through the National Research Foundation
of Korea (NRF) funded by Ministry of Science and ICT (NRF-2016M3D1A1023383), and by the Brain Korea 21
PLUS Project for Center for Creative Industrial Materials.

Author Contributions

H.S. and S.L. designed the experiments. H.S., D.G.K., D.W.K. and M.C.J. performed all the experiments. W.K. and
H.S.K. conducted FEM simulations. D.G.K., YH.J., B.J.L. and S.L. designed HEA alloy based on thermodynamic
calculations. D.G.K. and Y.H.]. fabricated the HEA. H.S. analyzed the data. H.S. and S.L. wrote the manuscript
with contributions from the other authors. All authors commented on the final manuscript and conclusion of
this work.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42704-x.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:6163 | https://doi.org/10.1038/s41598-019-42704-x 12


https://doi.org/10.1038/s41598-019-42704-x
https://doi.org/10.1038/s41598-019-42704-x
http://creativecommons.org/licenses/by/4.0/

	Effects of strain rate on room- and cryogenic-temperature compressive properties in metastable V10Cr10Fe45Co35 high-entropy ...
	Results

	HEA microstructure. 
	Quasi-static and dynamic compressive properties at room temperature. 
	Compressive deformation mechanisms at room temperature. 
	Quasi-static and dynamic compressive properties at cryogenic temperature. 
	Compressive deformation mechanisms at cryogenic temperature. 

	Discussion

	Room-temperature deformation mechanisms: TRIP and TWIP. 
	Cryogenic-temperature deformation mechanisms: TRIP. 

	Conclusions

	Methods

	Fabrication. 
	Microstructural analyses. 
	Compression tests. 

	Acknowledgements

	Figure 1 Representative quasi-static and dynamic (a) engineering stress-strain curves and (b) strain-hardening-rate (dσ/dε) curves tested at room temperature of the V10Cr10Fe45Co35 HEA.
	Figure 2 EBSD phase and image quality (IQ) maps of the cross-sectional area of the quasi-statically compressed specimen at true strains of (a) 0.
	Figure 3 TEM (a) bright-field (BF) image, (b) selected area diffraction (SAD) patterns, and (c–e) dark-field (DF) images of parallel lines existed inside FCC grains of the quasi-statically compressed specimen at the true strain of 0.
	Figure 4 EBSD phase and IQ maps of the cross-sectional area of the dynamically compressed specimen at true strains of (a) 0.
	Figure 5 TEM (a,d) BF images, (b,e) DF images, and (c,f) SAD patterns of parallel lines existed inside FCC grains of the dynamically compressed specimen at the true strain of 0.
	Figure 6 Volume fractions of FCC, BCC, and HCP phases present in the (a) quasi-statically and (b) dynamically compressed specimens as a function of compressive true strain at room temperature.
	Figure 7 Representative quasi-static and dynamic (a) engineering stress-strain curves and (b) strain-hardening-rate (dσ/dε) curves tested at cryogenic temperature of the V10Cr10Fe45Co35 HEA.
	Figure 8 EBSD phase and IQ maps of the cross-sectional area of the dynamically compressed specimen at true strains of (a) 0.
	Figure 9 TEM (a) BF and (b) DF images and (c) SAD pattern of parallel lines existed inside an FCC grain of the quasi-statically compressed specimen at the true strain of 0.
	Figure 10 EBSD phase and IQ maps of the dynamically compressed specimen at true strains of (a) 0.
	Figure 11 TEM (a) BF and (b) DF images and (c) SAD pattern of parallel lines existed inside an FCC grain of the dynamically compressed specimen at the true strain of 0.
	Figure 12 Volume fractions of FCC, BCC, and HCP phases present in the (a) quasi-statically and (b) dynamically compressed specimens as a function of compressive true strain at cryogenic temperature.
	Figure 13 Temperature distributions calculated by finite element method (FEM) simulations at true strains 0.




