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Although tension-compression (T-C) asymmetry in yield strength was rarely documented in coarse-
grained face centered cubic (FCC) metals as critical resolved shear stress (CRSS) for dislocation slip differs
little between tension and compression, the T-C asymmetry in strength, i.e., higher strength when loaded
in compression than in tension, was reported in some FCC high entropy alloys (HEAs) due to twinning
and phase transitions activated at high strain regimes in compression. In this paper, we demonstrate
a reversed and atypical tension-compression asymmetry (tensile strength markedly exceeds compressive
strength) in a non-equiatomic FCC Ni,CoFeVy5Mog, medium entropy alloy (MEA) under dynamic loading,
wherein dislocation slip governs dynamic deformation without twins or phase transitions. The asymme-
try can be primarily interpreted as higher CRSS and more hard slip modes (lower average Schmid factor)
activated in grains under dynamic tension than compression. Besides, larger strain rate sensitivity in dy-
namic tension overwhelmingly contributes to the higher flow stress, thanks to the occurrence of more
immobile Lomer-locks, narrower spacing of planar slip bands and higher dislocation density. This finding
may provide some insights into designing MEAs/HEAs with desired properties under extreme conditions

such as blast, impact and crash.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Definite tension-compression (T-C) asymmetry, in terms of
both yield strength and ultimate strength, was widely reported in
hexagonal closed packed (HCP) materials subjected to deformation
[1-9]. For HCP materials with low symmetry nature, the T-C
asymmetry can be exceedingly pronounced. In general, the T-C
asymmetry is intimately related to the asymmetry in the critical
resolved shear stress (CRSS) of active deformation modes (e.g.,
dislocation slip and twinning) between tension and compression.
First, the CRSS required to initiate the movement of dislocations
is remarkably different for the different slip systems in HCP mate-
rials, respectively [3,6]. Taking pure Mg as an exemplar, the CRSS
for non-basal slip is about 100-fold as that for basal slip [10]. Also,
more frequent pyramidal {c + a) slip activity gives rise to a higher
strength during compression, compared with that for tension of
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the textured Mg-5Y alloys [8]. Second, twinning activities depend
strongly on the loading direction [11,12]. The stress required to
activate the secondary extension twins (305 MPa) in tension is
larger than that in compression (284 MPa), leading to the T-C
asymmetry in the yielding of Ti [13]. Above all, the T-C asymmetry
in yield strength is intimately related with the CRSS anisotropy
with respect to the loading direction and initial grain orientations.

Compared with HCP materials, the T-C asymmetry was spo-
radically documented in coarse-grained face centered cubic (FCC)
metals such as Al, Cu and Ni, due to their high symmetry and
weak CRSS anisotropy for different slip systems [14,15]. However,
the T-C asymmetry in flow strength, i.e., higher strength when
loaded in compression than in tension, was recently reported in
some FCC high entropy alloys (HEAs) [16,17]. HEAs have garnered
tremendous attention for their immense structural diversity and
linked properties, including remarkable fracture toughness [18-20],
high strength [21-25] and good ductility [26-30]. As to the T-C
asymmetry, Joseph et al. [16] revealed the exceptionally high work
hardening ability in quasi-static compression of Aly3;CoCrFeNi
is attributed to profuse mechanical twinning, in contrast to the
tensile sample deformed solely by dislocation slip. An et al

1005-0302/© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.


https://doi.org/10.1016/j.jmst.2023.02.051
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2023.02.051&domain=pdf
mailto:xiang.chen@njust.edu.cn
mailto:luyiping@dlust.edu.cn
mailto:yhzhao@njust.edu.cn
https://doi.org/10.1016/j.jmst.2023.02.051

A. Meng, X. Chen, Y. Guo et al.

[17] demonstrated that phase transformation from FCC to HCP
structure plays a paramount role in elevating the compressive
stress of FeyqCoy9CryoMnygNiqg, while this mechanism is negligi-
ble under tension. Overall speaking, the T-C asymmetry in flow
strength is strongly dependent on the activation of three domi-
nant mechanisms in different work hardening stages: dislocation
activities, twins and phase transitions.

Previous investigations of HEAs pointed out that high strain
rate (HSR) is deemed favorable for the activation of twinning and
phase transitions, even for amorphization in extreme deformation
[31-43]. For instance, a superior combination of strength and duc-
tility was attained under dynamic compression of AlygCoCrFeNi
HEAs, thanks to the activation of deformation twins and abun-
dant dislocations [31]. Quantitative microstructural analysis deci-
phered that the cooperation of twins and dislocations was respon-
sible for the synchronous enhancement of strength-plasticity and
hydrogen-retarded spallation in CrMnFeCoNi HEA under dynamic
tension and compression [44]. In addition, transitions from FCC
to BCC/HCP structure and amorphization were experimentally ob-
served in VCrFeCoNi and CrMnFeCoNi HEAs subjected to dynamic
tension [40,42]. Transitions from slip and twinning to solid-state
amorphization were also verified via molecular dynamics simula-
tions of CoCrNi MEA [45]. Although a myriad of deformation mech-
anisms was anticipated in the high strain rate regime, dynamic
loading of the HEAs remains largely unexplored, not to mention
that the difference between dynamic tension and compression of
HEAs has never been examined before.

In the present work, a non-equiatomic FCC NiyCoFeVy5Mog
MEA with moderate stacking fault energy (SFE) about 50 m] m~—2
was chosen to systematically investigate the mechanical response
and subsequent microstructural alterations subjected to both dy-
namic tension and compression. Our research focus is therefore to
uncover the T-C asymmetry behavior and decipher the underlying
mechanisms in the present MEA, in an effort to explore its un-
tapped potential of utilization under extreme environments.

2. Experimental
2.1. Sample preparation

The as-cast ingot with the nominal composition of
Ni,CoFeVy5Mog, was fabricated by a medium frequency vac-
uum induction melting furnace. Ni, Co, Fe, V and Mo elements
were employed with purities greater than 99.5%. These elements
were put into the BN crucible. Prior to the melting process, the
furnace chamber was evacuated to 10~2 Pa under a protective
argon atmosphere to 0.06 MPa. The liquid metal maintained at
1823 K for 15 min was then poured into a ZrO,-coated MgO
crucible (preheated at 873 K before casting). The temperature was
recorded by an IRTM-2CK infrared pyrometer with an absolute
accuracy of 2 K. The desired alloy was re-melted and flipped three
times in an effort to attain homogeneity. The cylindrical cast ingot
was approximately 60 mm in diameter and 130 mm in height.

2.2. Dynamic tensile and compressive testing

A series of tension and compression tests were conducted on
the samples cut along the height direction (Fig. 1) inside the as-
casted ingot. Cubic compression specimens with a dimension of
5 mm x 5 mm x 5 mm were sectioned by electrical discharge
machining (EDM) and cylindrical tension specimens with a dimen-
sion of ®5 mm x 3 mm were turned by the numerically controlled
lathe. All compression specimens were polished to be mirror-like
for the ex-situ observation carefully using a diamond suspension
with a particle size of 0.25 pm. It is worth noting that all the
bulk specimens were subjected to ex-situ characterization and at
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Fig. 1. Schematic illustration of the as-casted ingot and the loading direction of the
samples subjected to dynamic tension and compression.

least three samples were tested in order to ensure reproducibility.
The dynamic compression and tension samples were performed
using the Split Hopkinson Pressure Bar (SHPB) and Split Hopkin-
son Tension Bar (SHTB) with strain rates of 1000, 2000, and 3000
s~1 (the details in Fig. ST in Supplementary Information). The dy-
namic stress was measured by the strain gauges on the incident
and transmitted bars. The strain rate, &, true strain, &, and true
stress, o, can be obtained by the following equations [46].

2Gy

= —Egr(t) (1)
!
&= _2% e (t)det (2)
Lo
0
o= e 3)

where E is the elastic modulus of the incident and transmission
bars, Ag and Ly refer to the initial cross-sectional area and length,
respectively, A is the cross-sectional area of the incident and trans-
mission bars, Cy is the longitudinal wave velocity in the bars, and
er(t) and g¢(t) are the experimentally measured strains of the in-
cident and transmitted stress pulses on the split-Hopkinson bars,
respectively.

2.3. Microstructural characterizations

Microstructures were characterized by means of scanning elec-
tron microscopy (SEM, Quanta 250 F, FEI, Hillsboro, OR, USA),
electron back-scattered diffraction (EBSD), transmission electron
microscopy (TEM) and high-resolution transmission electron mi-
croscopy (HRTEM) techniques. All the microstructures were ob-
served on the plane of the specimens parallel to the tension or
compression direction (see Fig. S2 for details). Phase constitution
was examined by X-ray diffraction (XRD, D8, Bruker, Coventry, Ger-
many). The EBSD mapping was obtained using high-resolution field
emission SEM (Carl Zeiss-Auriga-45-66) equipped with a fully au-
tomatic Oxford Instruments Aztec 2.0 EBSD system (Channel 5
software). The EBSD specimens were mechanically polished with
SiC paper and then electro-polished in an electrolyte containing
90 vol.% acetic acid and 10 vol.% perchloric acid using a voltage
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of 35 V and polishing time of 50 s in a Buehler ElectroMet 4 pol-
isher. The surface slip trace distribution after dynamic deformation
was analyzed by using Spyder and MATLAB with MTEX codes [47].
TEM and HRTEM observations were conducted in FEI-Tecnai G2 20
S-TWIN and Titan G2 60-300 microscopes operated at 200 and
300 kV, respectively. The TEM and HRTEM specimens were ground
down to 60 pm thickness, punched into 3 mm diameter discs and
then electro-polished in an aqueous electrolyte containing 25 vol.%
perchloric acid, and 75 vol.% acetic acid at 20 °C via a twin jet
electro-polishing system. The atom probe tomography (APT) test
was carried out with a local electrode atom probe (LEAP 4000X Si)
under ultraviolet laser pulsing at a laser energy of 40 p], a pulse
repetition rate of 200 kHz, and a detection rate of 0.5% at 40 K. The
IVAS 3.6.8 software was used for data reconstruction and quantita-
tive analysis.

3. Results
3.1. Initial microstructural characterization

According to the EBSD mapping (Fig. 2(a)), the as-cast
Ni,CoFeVgsMog, sample is composed of randomly orientated
grains with a mean grain size of 520 + 275 pm and the percent-
age of high angle grain boundaries (HAGBs) is ~77.5%. The XRD
pattern at the bottom of Fig. 2(a) confirms the single FCC solid so-
lution. The APT elemental maps of the MEA in Fig. 2(b) show that
the distribution of Ni, Co, Fe, V, and Mo appears to be random at
the nanometer scale. The table in Fig. 2(b) shows the measured
composition is close to the nominal one.

3.2. Dynamic tensile and compressive properties

Fig. 3 shows the true stress-strain and corresponding strain
hardening rate curves of the Ni,CoFeVy5Mop, MEA under both
tension and compression for different strain rates at room temper-
ature. The observed oscillation in the dynamic stress—strain curve
is generally at strains less than 0.05, arising from elastic wave dis-
persion in the pressure bars. For the dynamic deformed samples
(Fig. 3(a) and (c)), the shape of the true stress-strain curves is gen-
erally linear. Moreover, for the dynamic compressive samples after
yielding, no precipitous stress drop is recorded, indicating strong
resistance against plastic instability. The dynamic compressive YS
is 340 + 13, 356 + 20, and 372 + 21 MPa at the strain rate of
1000, 2000, and 3000 s~!, respectively. While for dynamic tension,
the YS is 408 + 8, 489 + 6, and 510 + 66 MPa at the strain rate of
1000, 2000, and 3000 s~!, respectively. Note that the yield point
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is determined by the intersection of bilinear fitting curves of the
elastic stage and the initial plastic flow stage.

Work hardening can be assessed by the strain hardening rate
(® = do/de, where o is true stress, ¢ is true strain) within three
distinct stages (Fig. 3(b), (d) and (f)). In stage I, the ® descends
rapidly due to the conventional transition from elastic deformation
to slip-dominated plastic deformation for all the strain rates. For
dynamic deformation in the beginning of stage II, the ® increases
for both tension and compression, but the ® is higher in tension
at strain rates of 1000 and 2000 s~! (Fig. 3(b) and (d)). The ®
reaches a broad peak and decreases slightly in tension, while the ®
increases monotonously in compression at 3000 s~ (Fig. 3(f)). The
fluctuation of ® at stage Il may stem from elastic wave dispersion
in the pressure bars for both dynamic tension and compression. In
the last stage IlI, ® decreases again at all strain rates due to the
artificial stop of the experiment. The broad ® peak of the MEA
indicates excellent strain hardening ability at high strain rates.

The YS increases with the loading strain rate under both dy-
namic compression and tension and the YS is higher under dy-
namic tension (Fig. 4(a) and Table 1). Strain-rate sensitivity (SRS)
is a vital parameter to characterize the strain-rate effect on the de-
formation of various metals. The value of the strain-rate sensitivity
can be calculated as [46]:

d1noy
d1né
e, T

where ¢ is the strain rate and oy is the yield stress. The average m
value is measured to be 0.2098 and 0.0813 for the current MEA un-
der dynamic tension and compression, respectively (Fig. 4(b) and
Table 1). The high SRS was proposed as the phonon drag effect on
the motion of dislocation, which propagates in the crystal as an
elastic lattice vibration and interacts with the dislocations and be-
comes pronounced for HEAs/MEAs, leading to an increase in vis-
cosity of dislocation movement at high strain rates [35,36]. The
strain hardening exponent n can be obtained by the Ludwick equa-
tions, as shown below [48]:

(4)

(5)

where oy is the yield stress, ¢; is the true plastic strain, and K is
the strength coefficient. The strain hardening exponent n increases
with the increasing strain rate for dynamic compression, while the
trend is inverse from 1000 s~! to 2000 s~! and keeps plateau from
2000 s~ to 3000 s~! for dynamic tension (Fig. 4(c) and Table 1).
The minimum and maximum value of the strain hardening expo-
nent is 1.15 + 0.15, 1.47 + 0.17 for dynamic tension at 3000 s!
and compression at 2000 s~

o = 0o+ Kef

Chemical

4149021 21.720.42 22.07x0.07 11.01x0.42  3.70=0.14

Compositions(at.%)

Fig. 2. Initial microstructures and compositional distributions of the Ni,CoFeVysMog, MEA. (a) An EBSD orientation mapping of the MEA, with a histogram of grain boundary
misorientation analysis inserted on the right of (a), and an XRD pattern inserted at the bottom of (a). The orientation is color coded based on the inset legend triangle; (b)
APT analysis of Ni, Co, Fe, V, and Mo elements and measured chemical compositions in the MEA.
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Fig. 3. True stress-stain curves and corresponding strain hardening rate curves of the Ni,CoFeVy5Mop,; MEA under both tension and compression at different strain rates:
(a, b) 1000 s~'; (c, d) 2000 s~'; (e, f) 3000 s~'. Noted that 1000 s~! Tension - 3000 s~! Compression would be called 1000Tension-3000Compression in the inset words
of Fig. 3(a) to 3(f), respectively. The boundaries between the three stages for the strain hardening rate are represented by solid lines and arrows (blue lines and arrows for
tension and purple lines and arrows for compression). In stage I, the ® descends rapidly and the boundaries between stage II and stage III are determined by the trend of
strain hardening rate, it is increasing or keeping plateau in stage II while decreasing monotonously in stage III. (g) Pictures of the deformed samples at each strain rate.

Table 1

Summary of yield stresses, strain-rate sensitivity, and average strain hardening exponent of the current

MEA during dynamic deformation.

Dynamic deformation  Yield stress (MPa)

Strain-rate sensitivity

Average strain
hardening exponent

Tension

1000 s~! 408 + 8
2000 s! 489 + 6
3000 s! 510 + 66
Compression

1000 s~! 340 + 13
2000 s! 356 £ 20
3000 s! 372 £ 21

0.2098

0.08

1.35 35 + 0.03
1.15 £ 0.20
1.15 £ 0.15

1.22+ 0.10
1.47 + 0.17
1.37+ 0.16

13

Astonishingly, the tensile strength noticeably exceeds compres-
sive strength under dynamic deformation (Fig. 4(d)), pointing to
an unusual T-C asymmetry in the current MEA. To quantitatively
evaluate the T-C asymmetry in terms of flow stress, the param-
eter Ao is defined as o minus oc. Fig. 4(d) includes the T-
C asymmetry reported for other HEAs and steels subjected to
quasi-static (103 s~1) and dynamic (2500 s~ 1) loading, follow-
ing the same trend: Ao < 0. For instance, the Ao decreases
from —48 MPa to —420 MPa as the strain increases to 0.3 for

207

the FeyqCo,9CryoMnygNiyo alloy at a strain rate of 10-3 s~1. The
Ao declines to —267 MPa at a strain of 0.3 for the Fe-1.0C-
18Mn steel with a strain rate of 2500 s—!. However, the T-C
asymmetry is reversed (Ao > 0) for the current MEA under
different strain rates (Figs. 4(d) and S3). The value of Ao in-
creases from 50 MPa to 280 MPa with the strain rate increas-
ing from 1000 s~! to 3000 s~! at a strain of 0.17, holding the
constant trend: Ao > 0, in distinct contrast to the referenced
materials.
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Fig. 4. (a) Variations of the yield stress with respect to the strain rates for the current MEA. (b) Variations of logarithmic yield stress with logarithmic strain rate. The m value
is calculated based on the slope under dynamic tension and compression. (c) Strain hardening exponent under various strain rates. (d) Variations of Ao with the true strain
for the current MEA and other HEAs and steels in the literature: Alg3CoCrFeNi, 103 s~ [16]; Fe4uC020CryoMnyoNijg, 10-3 s=1 [17]; Fe-0.4C-18Mn steel and Fe-0.4C-18Mn

steel, 2500 s~ [49].
3.3. Microstructure after dynamic tension and compression

The surface morphologies for the dynamic deformed samples
were examined by SEM (see Fig. 5). For the tensile sample at 1000
s~1, continuous slip takes place according to the lathe marks (re-
flected by the green dotted lines in Fig. 5(a)) perpendicular to the
tensile direction. With the strain rate increasing to 2000 and 3000
s~1, slip traces with multiple directions occur and cracks are ini-
tiated (Fig. 5(b) and (c)). Flaws and cracks are not detected under
dynamic compression at each strain rate, indicative of strong re-
sistance to adiabatic shear banding under compression. This stems
from the high work hardening ability, analogous to the NiCoCrFe
HEAs at high strain rates [50]. In addition, slip traces with mul-
tiple directions are observed for the samples at each compressive
strain rate (Fig. 5(d-f)).

Microstructures of the deformed samples were examined by
EBSD and TEM to understand the collective defect processes and
the underlying mechanisms for the T-C asymmetry of strength.
EBSD Inverse Pole Figure (IPF) maps show the structures consist
of HAGBs and some sub-grains in the necking region for the 1000
s~1 tensile sample (Fig. 6(a)). In the side region (far away from
the necking region), the slip traces can be captured in the coarse
grains and the percentage of low-angle grain boundaries (LAGBs) is
~91.0% (Fig. 6(b)). Compared with the 1000 s~! tensile sample, the
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necking side regions present similar microstructure at the strain
rates of 2000 and 3000 s~! (Fig. 6(c) and (e)), and the percent-
age of LAGBs is ~95.2% and ~89.4%, respectively (Fig. 6(d) and (f)).
No twins and phase transformation are detected for all the tensile
samples.

For the samples under dynamic compression, the grains are
elongated perpendicular to the compression direction (Fig. 7(a), (c)
and (e)). The elongated grains consist of a large volume fraction
of LAGBs and a few HAGBs. The percentage of LAGBs is ~93.1%,
~92.7% and ~87.8% for the three samples, respectively (Fig. 7(b),
(d) and (f)). Similarly, no mechanical twins and phase transitions
occur under dynamic compression. In addition, for the sample
subjected to quasi-static compression, the microstructure feature
is similar to that of the dynamic compression samples (Fig. S3).
Above all, dislocation slip is delineated to govern the defect pro-
cesses during dynamic deformation of the current MEA.

As shown in the TEM image in Fig. 8(a), a few type slip traces
and plenty of wavy dislocations form in the side region of the 1000
s~1 tensile sample. While in the side region of the 3000 s~! tensile
sample, planar slip predominantly occurs under a two-beam condi-
tion with the diffraction vector g = 200 (Fig. 8(b)). Moreover, care-
ful observation reveals that some sessile dislocations lie on {100}
planes (marked by the green arrows in Fig. 8(a) and (b)), indicat-
ing that the gliding dislocations react on different {111} planes.
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Fig. 5. SEM images of the samples under dynamic tension and compression at different strain rates: (a, d) 1000 s~'; (b, ) 2000 s'; (c, f) 3000 s~'. The green dotted lines
reflect the slip trace for the dynamic tensile samples according to the lathe marks and solid lines represent the slip traces for the dynamic compressive samples.

The sessile dislocations known as the Lomer locks are formed
by two full dislocation reactions: %[011]+%[1TO] — 5[101] (Fig.
S4(a)). The resultant dislocations cannot lie on the {111} planes
and are therefore immobile [51]. In the necking region of the 1000
s~ and 3000 s~! tensile samples, massive planar dislocation ar-
rays and dislocation tangles are observed in a two-beam condi-
tion with g = 111 near the [011] zone axis (Fig. 8(c) and (d)).
Compared with the side regions, the distribution of the disloca-
tions is more uniform and the dislocation density is higher. In
addition, more than two variants of high dense dislocation walls
(HDDWs) are clearly observed as indicated by yellow arrows in
Fig. 8(c) and (d). HDDWs are dislocation substructures evolving
from coplanar slip along {111} planes. It should be noted that the
dominant mechanism is dislocation slip on {111} planes during dy-
namic tension. The spacing of the planar slip bands decreases from
125 4+ 35 nm to 31 + 17 nm in the necking regions with the
strain rate increasing from 1000 s~ to 3000 s—! (see Fig. S4(b) and

209

(c) for details). The higher strain rate gives rise to a tendency to-
ward more planar networks and smaller spacing of the planar slip
bands.

Under 1000 s~! dynamic compression condition, samples de-
form primarily by dislocation glide and only two slip traces occur
(indicated by blue lines in Fig. 8(e)) owing to the low strain of 0.17.
Under a compressive strain rate of 3000 s~!, the dislocations in-
tersect each other and act as forest and HDDWs configuration at a
high strain of 0.33 (Fig. 8(f)). The spacing of the planar slip bands
decreases from 122 + 42 nm to 64 + 26 nm with the strain rate
increasing from 1000 s~! to 3000 s~!. Neither twins nor phase
transitions are discerned in quasi-static (Fig. S3), high strain rate
compression, and even a higher strain rate of 8000 s~! (see Fig.
S5). In the current MEA, the T-C asymmetry should be intimately
related with the dislocation-mediated processes, in contrast to the
reported twinning or phase transition dependent T-C asymmetry
in several existing HEAs [16,17].
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on the samples at different tensile strain rates: (a, b) 1000 s~1; (c, d) 2000 s~'; (e, f) 3000 s~'. The black arrow indicates the tensile direction.

3.4. Slip activity during dynamic tension and compression

The active slip systems were analyzed by means of EBSD-
assisted slip trace analysis in an effort to comprehend the T-C
asymmetry of the MEA. Taking the sample at 2000 s~! compres-
sion as an exemplar, the grain orientation is determined by IPF
mapping (Fig. 9(a)). All possible slip plane traces were calculated
by the in-house Spyder code using the deformed grain mean ori-
entation and the active slip traces were distinguished by the ge-
ometrically necessary dislocation (GND) map using MATLAB code
(Fig. 9(b)) [47]. The slip systems and corresponding Schmid fac-
tors are visualized in the table (Fig. 9(c)). According to the best-
matched calculated and observed slip traces, the three active slip
systems are marked by three arrows, corresponding to the (111)
[110], (111) [011] and (111) [101] slip systems with Schmid fac-
tors of 0.49, 0.47 and 0.18, respectively. The grains in the dynamic
tensile samples were analyzed according to the same method (see
Fig. S6). To obtain a statistically solid conclusion, the number of
the activated slip modes and their frequencies in each grain are
counted in the same way under dynamic tension and compres-
sion at different strain rates. The frequency of activated slip modes
together with the distribution of Schmid factors for all the sam-
ples is summarized in Fig. 9(d-f). The total frequency of Schmid
factors > 0.4 in the grains with slip traces under dynamic com-
pression is larger than that for dynamic tension at each strain
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rate. However, there is a reverse trend when the Schmid fac-
tors are less than 0.2. Taking the highest strain rate as an exam-
ple, the total frequency is ~4% for compressive sample while the
value is ~26% for tension, with regard to the Schmid factor less
than 0.2.

To further quantify the dislocation density, MATLAB software
with MTEX code was used. The dislocation density elevates with
the increasing strain rate under both dynamic tension and com-
pression (Fig. 10(a-f)). The dislocation density is relatively higher
when closer to the slip traces. The Kernel Average Misorientation
(KAM) distributions shift to an overall high value with the increas-
ing tensile strain rate. For example, the average KAM is about 0.41°
at 1000 s~1, and the average KAM increases to 1.50° and 2.11° at
2000 and 3000 s, respectively (Fig. 10(g)). By contrast, the av-
erage KAM for the compression samples slightly increases from
0.48° at 1000 s~! to 0.63° at 3000 s~! (Fig. 10(h)). A rough esti-
mate of the density of GNDs pgnp can be expressed as a function
of the accumulated average local misorientation angle, 6, which is
retrieved directly from EBSD data [52,53]:

0
ub
where b is the length of the Burgers vector. Taking b = 0.254 nm

for the MEA [54,55], the step size p (0.4 pm) and the average
local misorientation angle 6 (KAM) into Eq. (6), the GND den-

(6)

PGND =
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indicates the dynamic compression direction.

sity was calculated for each sample (Fig. 10(i)). For instance, the
GND density increases from 7.05 x 103 m=2 at 1000 s~! to
2.58 x 10" m~2 at 2000 s~! and further increases by five times
to 3.61 x 10 m~2 at 3000 s~! during dynamic tension. While
for the compressive samples, the density increases slowly by 30.5%
from 8.20 x 103 m=2 at 1000 s~! to 1.07 x 10 m~2 at 3000
s~1. Consistent with TEM results and slip trace analyses, the dis-
crepancy of dislocation slip behavior for tension and compression
plays a vital role in the T-C asymmetry of the MEA.

4. Discussion
4.1. CRSS dependent T-C asymmetry
The T-C asymmetry is closely correlated to the asymmetry

in the critical resolved shear stress (CRSS) of active deformation
modes (e.g., dislocation slip and twinning) between tension and
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compression. In our study, no twins were captured in the current
MEA under either dynamic tension or compression even at very
high strain rates. SFE is deemed as an intrinsic parameter in de-
termining the competitive deformation mechanisms including slip
and twinning. From the previous work, the SFE was estimated to
be 50 m] m~2 [54,55], much higher than that of the CoCrNi-based
alloys (14-36 mJ] m~2) [33,35,36,40]. Dislocations with the Burgers
vector, a 60°full dislocation (b:%< 110 >) are observed to be nar-
rowly dissociated into two partial dislocations from the relatively
high stacking fault energy of 50 mJ m~2 (Fig. 11). The critical twin-
ning stress for extending stacking faults (ti,) can be estimated
using the following equation [56]:

2SFE
win = (7)
win bp
where b, is the length of the Burgers vector of the partial

dislocation (~1.466 A) for the MEA according to the previous
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Fig. 8. Typical two-beam TEM micrographs showing the microstructure on the dynamic tension side region at (a) 1000 s~! and (b) 3000 s~', tension necking region at (c)
1000 s~ and (d) 3000 s~!, and compression samples at (e) 1000 s~! at a strain of 0.17 and (f) 3000 s~! at a strain of 0.33. The green arrows, yellow arrows and blue lines
indicate Lomer locks, HDDWs and slip traces, respectively. All the images are taken in the [011] zone axis with the g = 111 reflection except (a) with g = 111 and (d) with
g = 200 reflections.

work [54,55]. Then, the critical twinning stress is estimated to be
682 MPa, much higher than the experimentally measured value of
235 MPa for CoCrFeMnNi HEA [57]. If further converting the Ty,
value to normal stress via a Taylor factor of 3.06 [48], the equiva-
lent stress for twinning can be estimated to be 2087 MPa, almost
seven times as high as the estimated stress (300 MPa) for CoCr-
FeMnNi HEA during dynamic tension at 2100 s~! [34]. This equiva-
lent stress for twinning exceeds the alloy’s ultimate tensile or com-
pressive stress, i.e., 1355 MPa under dynamic compression at 8000
s~1, and 1030 MPa under tension at 3000 s~! (Figs. 3 and S5). It is
therefore conceivable that the T-C asymmetry is solely dislocation
slip dependent.

The slip trace analysis indicates that some hard slip modes
in the grains with low Schmid factor can be activated under dy-
namic tension (Fig. 9), which well substantiates the observed T-C
asymmetry. The yield stress is the sum of the components from
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all individual crystals with both hard and soft crystallographic
orientations with respect to the loading axis. It is reasonable to
quantitatively calculate the CRSS for dislocation slip in the MEA as
follows [11,48]:

(8)

where m is the average Schmid factor of the corresponding slip
system. The value of m decreases with the elevated strain rate
from 1000 s=! to 3000 s~! in tension, while the tendency is
increasing from 1000 s—! to 2000 s~! and slightly decreasing in
strain rate from 2000 s~! to 3000 s~! in compression (Fig. 12).
The absolute values of CRSS at each given strain rate as well as the
strain rate dependence of CRSS at dynamic tension are much larger
than those under dynamic compression (Table 2). For instance, it
is calculated that the m for slip is 0.333 £ 0.152 and 0.408 + 0.114
under dynamic tension and compression at a strain rate of 2000

Tcrss = Oyjield -
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deemed as the active slip systems, based on the best match between calculated possible slip plane traces. (d-f) Frequency of the active slip modes and the distributions of
Schmid factors in the samples under dynamic tension and compression at different strain rates: (d) 1000 s~!, (e) 2000 s, (f) 3000 s~'.

Table 2

Summary of yield stresses, average Schmid factor, and CRSS of the current MEA during

dynamic deformation.

Dynamic deformation

Yield stress (MPa)

Tension

1000 s~! 408 + 8
2000 s ! 489 £ 6
3000 s~ 510 + 66
Compression

1000 s~! 340 + 13
2000 s ! 356 + 20
3000 s! 372 £ 21

Average Schmid factor ~ CRSS (MPa)
0.346 + 0.143 141 £ 3
0.333 + 0.152 163 + 2
0.302 + 0.139 154 + 20
0.376 + 0.120 128 £ 5
0.408 + 0.114 145 + 8
0.403 + 0.100 150 + 8

s~1, respectively. The ocgss is measured to be 163 + 2 MPa in
tension and 145 + 8 MPa in compression according to the experi-
mental value of yield stress (489 + 6 and 356 + 20 MPa). All these
CRSS values are considerably larger than that of CoCrFeMnNi (62—
90 MPa) and Alg;CoCrFeNi (72-79 MPa) at the same strain rate
level [33-36]. This difference can be interpreted by additions of Mo
and V with larger atomic radius into the MEA (the atomic size is
1.24 A for Ni, 1.26 A for Co, 1.27 A for Fe, 1.35 A for V and 1.40 A for
Mo), serving as severe lattice distortion sites and strong barriers
for dislocation slip (see more discussions in Fig. S7). As pointed out
in CrMnFeCoNi and NiCoFeCrAl HEAs, a relatively high Hugoniot
elastic limit (HEL) and high phase transition threshold stress stem
from their intrinsic chemically disordered structures and large
resistance to dislocation motion [43,58]. Moreover, through molec-
ular dynamics simulation of CoCrNi MEA, HEL along the [110] crys-
tal direction was lower than that of [111] direction, but this trend
was reversed for pure FCC metals [58]. It was interpreted that the
lattice distortion is absent and the lattice resistance to dislocation
glide is relatively low in pure FCC metals, while dislocation nucle-
ation becomes easier and propagation harder due to the existence
of lattice resistance for the MEA [58]. Thus, the anisotropy in
strength between dynamic tension and compression is compli-
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cated by the fact that strength is sensitive to both the amounts of
dislocations and the resistance of dislocation motion. For dynamic
tension, a larger number of stressed slip systems with severe
lattice distortion have lower Schmid factors, in contrast to higher
Schmid factors with a narrow range for dynamic compression.
Above all, the resultant higher CRSS and more intensive hard slip
modes in dynamic tension significantly contribute to the higher
tensile yield stress, which leads to anomalous T-C asymmetry.

4.2. Strain rate hardening

As demonstrated, the yield stress significantly increases with
the increasing strain rate for the current MEA under both tension
and compression (Fig. 4(a)). The shear stress T to counterbalance
stresses due to the lattice resistance and the microstructure, can
be decomposed into an athermal stress 7, and an effective stress
T* [59]:

T="(y)+ 7 (T.¥p) (9)

where 7, is the athermal component resulting from long-range in-
ternal stresses impeding the plastic flow, ), is shear strain, T* is
strain rate yp and temperature T dependent and arises from glide
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dislocations overcoming short-range obstacles by thermal activa-
tion. According to the model proposed by Orowan [60], the shear
strain rate can be described as:

where pn, is the mobile dislocation density, b is the magnitude of
the Burgers vector, [ is the length of dislocation line, v is the vibra-
tion frequency of dislocation, A is the mean free path of dislocation
slip, Q is the Gibbs free activation energy, the Boltzmann factor K
and T describe the probability of a successful thermal activation
event, )y is a pre-exponential constant, Qg is the Helmholtz free
energy for overcoming the obstacles to dislocation motion, TorAV*
is the work done by the effective stress o, and AV* is the ef-
fective activation volume equal to the activation area IA times b.
It is widely accepted that the SRS index m and activation volume
are two vital parameters in evaluating the difference in strain rate

Qo — T AV*

KT (10)

¥p = PmblAvexp (— %) = Yoexp (—
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hardening ability. First, the measured m is 0.21 for dynamic ten-
sion, while the value is 0.08 for dynamic compression (Fig. 13(a)).
By contrast, the m values of our MEA are larger than that of
the CoCrFeMnNi HEA (0.022) in dynamic tension mode [34] and
the Alp;CoCrFeNi HEA (0.017) in dynamic compression mode [37].
In addition, the m value is one order of magnitude higher than
that for the coarse-grained FCC materials (m < 0.01), indicative of
strong resistance to shear fracture [61,62]. Second, the apparent ac-
tivation volume (V) is related with the rate-dependent dislocation
processes and can be calculated as [63,64]:
dlné

iled

where My is the Taylor factor, Kg is the Boltzmann’s constant, o is
the normal flow stress, and ¢ is the normal strain rate. The esti-
mated V of the present MEA is about 8.23 b3 under dynamic ten-
sion, much smaller than that of dynamic compression (27.9 b3).
Taking b = 0.254 nm for the MEA into Egs. (9) and (10), the ac-

V = MiKgT (11)
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Fig. 11. An HRTEM image taken with the Z = [110] zone axis, showing the atomic
structure of a 60° full dislocation, with the Burgers vector b of %[110]. This 60°
dislocation is dissociated into a 30° partial and a 90° partial. The distance between
the two partials is the stacking fault width, which is as small as about 1 nm.
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Fig. 12. Variations of the average Schmid factor with respect to the strain rate for
the current MEA under dynamic tension and compression.

tivation area is calculated to be about 27.9 b2, and the mean free
path of dislocation slip A is 5.28b (1.34 nm) for the MEA during
dynamic compression. While the activation area and A decrease
to 8.23 b? and 2.87b (0.73 nm), respectively, for dynamic tension.
A indicates the distance between the obstacles. The smaller A

for dynamic tension will bring about extremely heavy piling-up of
mobile dislocation and dislocation reactions as well as multiplica-
tions, contributing to the higher flow stress. It is consistent with
the smaller spacing of the planar slip bands and higher dislocation
density. The spacing decreases with the elevated strain rate from
1000 s~! to 3000 s~ ! in both tension and compression, while the
reduction rate is quicker in tension than compression (Fig. 13(b)).
Previous investigations indicate that the low activation volume af-
ter yielding reflects the interaction of dislocations with solutes,
ascribed to the short-range effects such as lattice distortion and
short-range ordering [65]. The rate-dependent deformation mech-
anism is dislocation slip against nanoscale inhomogeneities such
as short-range ordering or local chemical fluctuations with pile-up
stresses [41,66,67]. These effects in turn facilitate planar slip and
formation of confined dislocations in narrow planar bands. There-
fore, it requires higher stress for the onset of dislocation motion at
high strain rates, which leads to a significant rise in yield strength.

Journal of Materials Science & Technology 159 (2023) 204-218
4.3. Dynamic strain hardening

In despite of the diverse trends of strain hardening exponent
(n) with respect to the increasing strain rate, the present MEA still
shows excellent dynamic strain hardening in the strain rate range
between 1000 and 3000 s—!, as shown in Fig. 4(c). The current
study demonstrates the MEA possesses noticeably large dislocation
storage capability and high n values (1.15-1.47), greater than that
of extensively investigated CoCrFeMnNi (0.85), AlggCoCrFeNi (0.71)
and conventional steels (0.56-0.78) [26,31,68]. In the literature,
the extra strain hardening was interpreted to stem from TRIP and
TWIP effects in homogenous materials [69], or hetero-deformation
induced hardening in hetero-structured materials [70]. While for
the current MEA, planar dislocation slip governs dynamic defor-
mation, bringing about plenty of planar dislocations, Lomer dis-
location locks and HDDWs within the coarse grains. These piled-
up dislocations are strong barriers in obstructing dislocation mo-
tion and thus produce large back forces. First, sessile Lomer dis-
location locks, edge (110) {001} dislocations (Fig. 8), could act as
the Frank-Read sources for dislocation multiplication by forming
parallel and long dislocations along the same slip systems at the
early stage of dynamic tension. It was suggested that large non-
planar strain field around the dislocation core of the sessile Lomer
locks can also greatly hamper the free movement of dislocations
[51]. It is reasonable that more Lomer locks are initiated in the
beginning of dynamic tension than compression, in proportion to
the measured dislocation density. Second, it should be noted that
the slip bands become longer and denser and their interval spacing
decreases gradually with the increasing strain rate (Figs. 8 and 13).
Under such circumstances, more and more intersected slip bands
and mobile dislocations act as Frank-Read sources to multiplicate
new {111} slips with increasing stress or strain. Both the nano-scale
interval of slip planes and the heavy pile-ups of high-density dis-
locations on each slip plane produce the farthest dislocation accu-
mulation and reactions as well as strain hardening during dynamic
deformation. Third, the activation barriers created by lattice fric-
tion, short-range order or local chemical fluctuations for disloca-
tion slip are expected to be strong in the current MEA by adding
large atoms. It remains unclear whether the solid solution harden-
ing is sensitive to the loading direction.

The strain hardening rate is higher under dynamic tension than
compression in the work hardening stage II (Fig. 3), which can be
explained by the following two aspects. First, the spacing of the
planar slip bands is narrower in tension than compression at the
same stain rate, for instance, 31 + 17 and 64 + 26 nm for ten-
sion and compression at the strain rate of 3000 s~!, respectively
(Fig. 13). It was suggested that the superior mechanical proper-
ties can be enabled by dynamic slip band refinement in high-Mn
lightweight steel [71]. Second, more hard slip modes in the grains
with low Schmid factor can be activated under dynamic tension
rather than dynamic compression. A recent paper pointed out that
dislocation multiplication in inactive slip systems can contribute
significantly to strain hardening, similar to that in active systems
[72]. This can be verified by the higher GND density (3.61 x 104
m~2 at 3000 s~!) in tension compared to that in compression
(1.07 x 10 m~2 at 3000 s~ 1).

4.4. Origins of T-C asymmetry

Our microstructural analysis confirms that the atypical T-C
asymmetry is solely related to the dislocation slip processes in the
current MEA during dynamic loading. More hard slip modes are ac-
tivated in grains under dynamic tension than under compression.
In the absence of twins and phase transitions, the dislocation slip
governed T-C asymmetry is illustrated in Fig. 14. Three main fac-
tors are taken into account. First, the CRSS is higher, and more hard
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Fig. 14. Schematic illustration showing the deformation microstructure evolution of the Ni,CoFeVysMog, MEA under dynamic tension and compression at different strain
rates. The slip traces with corresponding Schmid factors are represented by different color lines. In this case, the red lines (0.45-0.5), green lines (0.35-0.45), blue lines (0.15-
0.35), and purple lines (0-0.15) indicate the range of Schmid factors. The Lomer locks and active dislocation slip are indicated by the orange and black lines, respectively.

slip modes are operative in dynamic tension, giving rise to higher
yield stress. In addition, the total frequency of grains exhibiting
more slip traces for tension exceeds that for compression, in ac-
cordance with the trend for the dislocation density. Second, at the
initial stage, larger amounts of immobile Lomer locks under dy-
namic tension are of paramount importance to the stronger yield
stress. Third, the measured SRS value is three times for dynamic
tension (0.21) than compression (0.08), leading to much larger flow
strength in the MEA. The smaller spacing of planar slip bands also
contributes to the larger flow stress in dynamic tension.

5. Conclusions

The dynamic tensile and compressive behaviors of the FCC
Ni,CoFeVy5Mog, MEA samples were thoroughly researched in the
strain rate ranging from 1000 s~! to 3000 s~! at room tempera-
ture. A pronounced dislocation mediated T-C asymmetry was un-
covered, and the salient conclusions can be drawn as follows:

(1) Under dynamic tension, the yield strength elevates by 25% from
408 + 8 MPa at 1000 s~! to 510 = 66 MPa at 3000 s~ I,
respectively. While for dynamic compression, the yield strength
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increases by 9.4% from 340 + 13 MPa at 1000 s — ! to
372 + 21 MPa at 3000 s~!. The dynamic tensile strength ex-
ceeds the compressive strength and their discrepancy increases
from 50 MPa to 280 MPa within the strain rate from 1000 s~!
to 3000 s~! at a strain of 0.17.
Exhaustive TEM and EBSD characterizations confirm that dis-
location slip is the sole deformation mechanism for both dy-
namic tension and compression. During dynamic tension, the
immobile Lomer locks occur at the early stage accompanied
by parallel slip trace lines, while only parallel slip trace lines
are activated under dynamic compression. The higher strain
rate gives rise to a tendency toward more planar networks and
smaller spacing of the planar slip bands. Compared to dynamic
compression, dynamic tension brings about smaller spacing be-
tween planar slip bands and higher dislocation density in the
current MEA.

(3) The MEA possesses noticeably high dislocation storage capabil-
ity (n: 1.15-1.47). Three factors may account for the high strain
hardening rate. First, additions of Mo and V with larger atomic
radius into the MEA are supposed to produce high solid so-
lution hardening. Second, plenty of planar dislocations, Lomer
dislocation locks and HDDWs are formed within the coarse

(2
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grains, facilitating dislocation intersections and multiplication.
Third, the spacing between planar slip bands decreases signifi-
cantly with the increasing strain rate, effectively impeding dis-
location slip.

The uncommon dynamic tension-compression asymmetry is
plausibly interpreted by higher CRSS and more hard slip modes
(lower average Schmid factor) activated in grains under dy-
namic tension than under compression. Larger strain rate sen-
sitivity (SRS) is responsible for the higher flow strength, as-
cribed to the occurrence of more Lomer-locks, narrower spacing
of planar slip bands and higher dislocation density under dy-
namic tension. The current study may provide a thorough un-
derstanding to support materials design under severe loading
conditions, such as crash or impact.
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