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a b s t r a c t
In this study, mechanical tests were conducted on a face-centered cubic FeCoNiCrMn high-entropy alloy,
both in tension and compression, in a wide range of strain rates (104–104 s1) to systematically investigate its dynamic response and underlying deformation mechanism. Materials with different grain sizes
were tested to understand the effect of grain size, thus grain boundary volume, on the mechanical properties. Microstructures of various samples both before and after deformation were examined using electron backscatter diffraction and transmission electron microscopy. The dislocation structure as well as
deformation-induced twins were analyzed and correlated with the measured mechanical properties.
Plastic stability during tension of the current high-entropy alloy (HEA), in particular, at dynamic strain
rates, was discussed in lights of strain-rate sensitivity and work hardening rate. It was found that, under
dynamic conditions, the strength and uniform ductility increased simultaneously as a result of the massive formation of deformation twins. Specifically, an ultimate tensile strength of 734 MPa and uniform
elongation of 63% are obtained at 2.3  103 s1, indicating that the alloy has great potential for energy
absorption upon impact loading.
Ó 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction
Recently, a new class of alloys, namely high-entropy alloys
(HEAs), has attracted substantial research interests [1,2]. These
alloys contain multiple metallic elements in an equiatomic or
nearly equiatomic ratio and, as a result, their crystalline lattice is
severely distorted and atomic diffusion is retarded [3–6]. It is noteworthy that, an equimolar quinary alloy, FeCoNiCrMn, quickly
became a model HEA due to its pure simple face-centered cubic
(fcc) structure and exceptional ductility [1,7–9]. Otto et al. [10]
have systemically studied its tensile performance at different temperatures. While Gludovatz et al. [11] also reported its remarkable
fracture toughness at the liquid nitrogen temperature, showing the
presence of abundant twinning in the post-deformed samples.
Later, Zhang et al. [12], by using high resolution transmission electron microscope (TEM), revealed that stacking faults nucleation
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and twin formation are responsible for the observed ultra-high
toughness. These studies seemingly all agree that twinning is a
universal mechanism when this fcc-HEA is deformed at ambient
and cryogenic temperatures.
According to Zener-Hollomon parameter [13,14], Z ¼ e_ expðQ =RTÞ,
where e_ is the strain rate, Q is activation energy, R is gas constant,
and T is absolute temperature, to increase strain rate of deformation is essentially equivalent to that to lower the temperature.
Therefore, high strain-rate deformation is expected to stimulate
occurrence of twinning due to the suppression of dislocation activities and local stress concentration, in a manner similar to that at
low temperatures. Based on the excellent properties of FeCoNiCrMn at cryogenic temperatures [10,11], we anticipate this alloy
would also perform well in dynamic deformation conditions. In
fact, Ma et al. [15] and Zhang et al. [16] have already made some
efforts to explore the dynamic performance of HEAs. However,
the particular HEAs used for their study are not single-phase but
contain a mixture of fcc+bcc structures. Zhang et al. [17] have just
focused on this simple fcc HEA, but only shock compression was
involved, which did not provide information on plastic instability.
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In the present study, we carried out a series of high strainrate tests, not only in compression but also in tension for the
first time, to systematically investigate the dynamic response
of FeCoNiCrMn in order to uncover the underlying deformation
mechanism. Samples with three different grain sizes were prepared to reveal roles of grain size and grain boundary-twin
interaction.
2. Materials and methods
An ingot of the equiatomic FeCoNiCrMn alloy was produced via
induction-melting of a mixture of pure metallic elements (purity
larger than 99.8%), and re-melted four times to ensure chemical
homogeneity. The final HEA ingot weighed 3 kg with an approximately dimension of U 70 mm  100 mm. The square column
samples were wire-electrode cut, away from the central part to
avoid as-cast macro-shrinkage and subsequently, homogenized at
1,200 °C for 12 h. For the convenience of discussion, we denote this
sample as sample A. Two additional recrystallization treatments
were applied to this alloy in order to obtain different grain sizes.
The first one, denoted as sample B, was sample A cold rolled 50%,
recrystallized at 1,100 °C for 1 h, followed by water quenching.
Another one, denoted as sample C, was sample A cold rolled 50%
but recrystallized at 1,000 °C for 10 min, followed by water
quenching. Compressive specimens were subsequently machined
from these three samples to a size of 5 mm  5 mm  8 mm, with
their surface polished down to 2000-grid SiC paper. Tensile specimens were fine-turned to a gauge size of U 2.5 mm  5 mm.
For dynamic compressive and tensile tests, standard SplitHopkinson Pressure/Tension Bar (SHP/TB) was used [18]. For
quasi-static tension tests, a CMT4105 universal electronic tensile
testing machine was employed. All mechanical experiments were
conducted at room temperature and for each condition at least
three samples were tested to ensure reliability.
The grain size, shape, and orientation as well as twinning structure were characterized using electron back scattering diffraction
(EBSD) with a ZEISS AURIGA instrument equipped with a HKL
Channel 5 system operating at 20 kV. Specimens for EBSD observation were initially ground down to 5000-grit SiC paper and then,
electrochemically polished using an HClO4:C2H6O = 1:9 (in volume
ratio) solution with a direct voltage of 30 V at room temperature.
For microstructural examination, a Tecnai F30 TEM operated at
a 300 kV acceleration voltage was employed. TEM discs with a
diameter of 3 mm were punched from the bulk sample, ground
to 50 lm thickness, followed by twin-jet electro-polishing in a
mixed solution of HClO4:C2H6O = 1:9 (in volume ratio) at around
30 °C.
3. Results
Grain structures in samples A, B and C, prior to deformation are
given in Fig. 1. Only few coarse grains can be observed in sample A,
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while the other two consist of randomly-orientated equiaxed
grains, as revealed by the colors in the inverse pole figure (IPF). It
is also noted that, multiple micron-scale annealing twins appear
in samples B and C with a volume fraction of 6% and 15%, respectively, apparently resulted from the additional cold-rolling and
aging treatment. Since it has been demonstrated before [19,20]
that twin boundaries act in a similar fashion as high-angle grain
boundaries during plastic deformation, we treat them equally in
the grain size determination. Consequently, the average grain sizes
are determined to be 450, 35 and 12 lm for samples A, B and C,
respectively.
3.1. Mechanical performance
Engineering strain-stress curves of the three different samples
at a dynamic strain rate of 2.1  103 s1 in compression are shown
in Fig. 2a. Note that even at such a high strain rate none of the three
samples is fractured within the limit of the test machine (15%
strain). Despite of the minor fluctuation in the flow behavior
caused by the loading shock wave, yield strengths, r0.2, were determined to be 275, 316 and 361 MPa for samples A, B and C, respectively. The yield strength appears to follow the Hall-Petch
relationship, namely, a smaller grain size produces a stronger
material.
To reveal the strain-rate effect, Fig. 2b shows the tensile strainstress curves of sample B with a grain size of 35 lm tested at 4 different strain rates, i.e., 104, 102, 1.6  103 and 2.2  103 s1. It is
readily seen in the figure that strain rate appears to have a strong
effect on strength, especially in the dynamic regime. For example,
when the strain rate is raised from 104 to 102 s1, the UTS
increases only slightly from 577 to 610 MPa. However, once the
strain rate is raised to the dynamic range of 103 s1, the
UTS reaches a value of 734 MPa, with a large increment of about
124 MPa.
Also as noted in Fig. 2b, strain rate appears to have little effect
on the fracture strain (ef) of the current HEA. All test samples exhibit outstanding ef over 60%, except the one tested at 1.6  103 s1.
However, even this sample has a respectable tensile ductility larger
than 50%. Another important observation in Fig. 2b is the fact that,
as the strain rate increases, both the UTS and UE increase simultaneously (as shown in Fig. 2c). It is unusual since, in most alloys, the
enhancement of one of these two parameters usually leads to the
expense of the other, i.e., the so-called strength-ductility tradeoff.
This result suggests that the current HEA can be strengthened
and toughened simultaneously as the strain rate is raised. Comparing to the cryogenic tensile performance reported in Ref. [11],
strain-rate increment apparently shares similar prominent effect
as reducing the temperature. In perspective, the product of
strength and elongation, which is a useful material index for estimating toughness, exceeds 46,000 MPa% at a strain rate of 2.3 
103 s1 in tension for the current HEA. Such a high value is even
comparable to that of the precipitation hardened HEA reported in
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our previous work under quasi-static test conditions [21], suggesting its great potential for energy absorption during crush damage.
3.2. Microstructure after dynamic deformation
Microstructures of samples with different grain sizes after high
strain-rate compression are presented in Fig. 3, and the images
were taken on the plane parallel to the deformation direction. As

shown in Fig. 3a, the grain size and morphology of sample A
remain unchanged comparing to that prior to deformation. However, a majority of grains are multi-colored, indicating the formation of subgrains, probably caused by excessive dislocation
motion and interaction during the dynamic loading. Fig. 3b is a
higher magnification view at the grain boundary region in
Fig. 3a. Substantial CSL R3 boundaries (denoted by the red lines
in the figure), i.e., low-energy twin boundaries in fcc crystal struc-

Fig. 2. Engineering strain-stress curves of alloy A, B and C in compression mode (a), alloy B in tension mode but with different strain rates (b) and ultimate tensile strength
(UTS) as a function of uniform elongation (UE) in tension mode (c).
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ture, are observed. These mechanical twins appear to form in the
vicinity of grain boundaries, especially junctions where stress is
easily concentrated for twinning activation. We may, therefore,
conclude that dislocation slip dominantly controls the deformation
process in coarse-grained sample A, but a few mechanical twins,
mainly near the grain-boundary region, appear to accommodate
the local strain.
In comparison with that in sample A, no complex substructure
is detected in either sample B (Fig. 3c) or sample C (Fig. 3e). It may
be attributed to the fact that in the two finer grained samples with
larger volume fractions of grain boundary, a stronger dislocationboundary interaction is expected, while in alloy A, grains are so
large that plastic strain must be accommodated by dislocation
Fig. 4. TEM BF (a) and corresponding DF (b) images of sample A after dynamic
motion within grain interior, thus results in the observed complex
compression tests showing bundle of thin twin layers.
dislocation substructures. R3 twin boundaries, including those initial annealing twins, are clearly marked by red lines in the correTEM evidences of the well-developed twinning structure are
sponding band contrast map in Fig. 3d, among which several
presented in Fig. 6, taken the sample after being tensile-tested at
mechanical twins are further distinguished in green circles. Appar2.2  103 s1 as an example. As can be seen, these stair-like bands
ently, most of them are developed throughout the entire grains
in
the corresponding BF and DF images consist of two sets of nanorather than restricted within the boundary junction region, indicattwins or SFs, indicating that under the current dynamic tension
ing that twinning plays a relatively more important role comparing
condition, multiple twinning systems are activated at the same
to that in sample A. However, the density of deformation twins
location. Accompanied with the EBSD observations, twinning is
(which is difficult to quantify accurately under the resolution of
apparently a favorite deformation mode under high strain-rate
EBSD) is moderate, indicating that dislocation slip still partially
tension.
dominates. The microstructure of deformed sample C (Fig. 3e and
f) is similar to that of deformed sample B, except with a slightly
increased volume fraction of deformation twins. This result is con4. Discussion
sistent with the observation that finer grain size results in higher
density of twin nucleation sites per unit grain boundary previously
4.1. Grain size effect
reported in twinning-induced plasticity (TWIP) steel [22]. To further reveal the microstructure of deformed samples, a bright field
Hall-Petch equation is usually applied to describe the strength(BF) image of compressively deformed sample A is presented in
ening caused by grain size refinement and is expressed as [25,26]:
Fig. 4a. Three band-like structures nearly parallel to each other
are shown, and the corresponding dark field (DF) image from a
ry ¼ r0 þ ky  d1=2 ;
ð1Þ
zone axis of [1 1 0] is shown in Fig. 4b. It is interesting to note that
each band, or bundle, actually consists of several thinner individual
where ry is the yield stress, r0 is the lattice friction stress, ky is the
stacking fault layers, a precursor of mechanical twins. This obserstrengthening coefficient and d is the average grain size. Based on
vation suggests that deformation twinning is not thoroughly develthis equation, we plot the relationship between the yield stress
oped in dynamic compressed alloy A, which agrees with the EBSD
r0:2 and grain size d from the data in Fig. 2a, and the result is shown
result.
in Fig. 7a. The strengthening coefficient ky is determined to be
Microstructure of sample B deformed in tension at different
393 MPa lm1=2 , lower than that measured under quasi-static test
strain rates was examined using EBSD IPF. It should be noted
condition ( 490 MPa lm1=2 ) [10,27], but still fall within the genthat, since the total strain is much larger (0.5), the microstruceral range of 300—500 MPa lm1=2 for fcc alloys [28].
tures represent a more severe deformation. The microstructure
4 1
One of the considerations during dynamic deformation is adiaof sample B deformed at a quasi-static strain rate of 10 s
batic
heating, which can effectively lower the strength, or cause
is shown in Fig. 5a. It is obvious that all grains are elongated
softening of the test material. The temperature rising (DT) during
along the tensile loading direction. Some mechanical twins are
adiabatic deformation can be estimated from an equation
present, but the distribution is not uniform, probably due to different grain orientations. This is not a surprise that similar pheqC v DT re
¼
;
ð2Þ
nomenon was also observed in other metallic materials,
Dt
Dt
particularly in TWIP steels where twinning is readily triggered
[23,24]. Nevertheless, dislocation slip still dominates tensile
where q is the density of the material which is around 8 g=cm3 , C v
deformation process at low strain rates. Microstructures of samis the specific heat capacity at constant volume and we approxiple B deformed at different dynamic strain rates in tension are
mately take the value from pure Ni as around 0:5 J=ðg KÞ, and Dt
3
3 1
shown Fig. 5b, d (i.e., 1.6  10 and 2.2  10 s , respectively).
is the deformation duration. Therefore, DT at a plastic strain of et
Grains are also stretched in the tensile direction, however, procan be calculated as
fuse mechanical twinning structures nearly fill up the majority
Z et
of grains, greatly contributing to the imposed strain within
A
D
T
¼
rde;
ð3Þ
grains during the severe deformation. To further view twinning
qC v 0
structure in details, enlarged images, i.e., Fig. 5c and e, of the
rectangular regions in Fig. 5b and d, respectively, were examwhere A is the fraction of energy converted into heat which is taken
ined. It is evident that numerous twins from multi-planes are
as 0.9. Using Eq. (3), the maximum possible temperature rise is
intersected, and also severely curved, indicating intensive twin
estimated to be 96 K when sample is tested at 2.3  103 s1, which
interactions with each other, as well as with dislocations. Note
is comparable to that reported in some TWIP steels [29]. Such a
that those dark regions along crossed bands or junctions result
temperature rise is not expected to significantly affect the yield
to IP:
159.226.231.78
On: 2018-10-23 10:56:58 http://engine.scichina.com/doi/10.1016/j.scib.2018.01.022
from highlyDownloaded
concentrated
local
stresses.
strength of the current HEA.
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Fig. 5. EBSD results of sample B after quasi-static (a) and dynamic tension tests (b–e). (b, c)1.6  103 s1; (d, e) 2.2  103 s1.

of good ability to resist necking. Therefore, the current HEA is anticipated to be able to sustain a large uniform deformation during tensile deformation. In fact, it is quite consistent with the experimental
results.
4.3. Work hardening behavior
The current HEA exhibits a strong work hardening capability
during dynamic deformation, especially in tension as shown in
Fig. 2. Here we plot the variation of work hardening rate (WHR)
as a function of true plastic strain (Fig. 8a for compression and
Fig. 8b for tension) and true stress (Fig. 8c only for tension). As
can be seen in Fig. 8a, grain size affects little on the work hardening
Fig. 6. TEM BF (a) and corresponding DF (b) images of sample B after dynamic
behavior. The work hardening rate descends rapidly in the begintension at a strain rate of 2.2  103 s1 showing multi-activated twinning system.
ning and soon saturates at a level of around (1.5 ± 1) MPa. How4.2. Strain-rate sensitivity effect
ever, it should be noted that, when strain 0.04, finer grains
leads to larger WHR. This is because of a faster dislocation accumuStrain-rate sensitivity (SRS) is an important parameter to
lation during initial stage of plastic deformation in material with
describe the rate-controlling deformation of metals. In this study,
more grain boundaries acting as dislocation barriers. In Fig. 8b,
the strain-rate sensitivity value of the HEA can be expressed as [30]
although the fluctuation of the two dynamic curves is larger than


the quasi-static ones, it is still evident that, samples deformed at
@ ln rf
m¼
;
ð4Þ
dynamic conditions have relatively larger WHR. This may be attri_
@ ln e e;T
butable to the so-called ‘‘dynamic Hall-Petch” mechanism often
introduced by multiple mechanical twinning [33,34].
where e_ is the strain rate and rf is the flow stress, was evaluated
It was already reported that twins, especially pre-existing
and the result is plotted in Fig. 7b. It is about 0.022, which is higher
deformation twins, could effectively increase strength at no
than that for the traditional fcc metals and alloys in coarse-grained
Downloaded
to IP:
2018-10-23
10:56:58expense
http://engine.scichina.com/doi/10.1016/j.scib.2018.01.022
of ductility in some other fcc alloy systems [35,36].
conditions (m 6
0:01) [31,32].
A 159.226.231.78
high m value isOn:
usually
indicative
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Fig. 7. Hall-Petch relationship (a) and strain-rate sensitivity (b) in the model FeCoNiCrMn HEA.

Fig. 8. Work hardening rate curve of FeCoNiCrMn HEA in compression mode (a) and tension mode (b), as well as Considere’s criterion in tension mode (c).

However, twinning is difficult to activate and usually acts as an
intermediate deformation mode since the stress required for twinning is much higher than that for dislocation slip. According to
Narita and Takamura [37], the critical resolved shear stress
required for twinning is

sT ¼ cSF =ðKbS Þ;

ð5Þ

Plastic stability can also be discussed via the Hollomon equation

r ¼ K eN [40], where N is the hardening coefficient. The equation
predicts that, for a work hardenable material, plastic instability
occurs when enecking  N, where enecking is the true necking strain
[39]. From the tensile data, N values are determined to be 0.307,
0.317, 0.318 and 0.324 at strain rates of 104, 102, 1.6  103 and
2.3  103 s1, respectively. The corresponding necking strains are
0.295, 0.313, 0.373 and 0.387, respectively, agreeing reasonably
well with equation. We may, therefore, conclude that plastic stability of the current HEA improves with increasing strain rates.

where sT is the critical resolved shear stress (CRSS), cSF is the
stacking fault energy, K is a parameter which could be
approximately determined to be 2 and bS is the Burgers vector of
the Shockley partial dislocation, for a fcc crystal it is a½211=6. In
5. Conclusions
the current FeCoNiCrMn alloy, cSF ¼ 30  5 mJ=m2 [38] and
pﬃﬃﬃ
A series of high strain-rate deformation tests, both in tension
bS ¼ 6=6a ¼ 0:147 nm, thus the CRSS value is estimated to be
and compression, were conducted on an fcc-FeCoNiCrMn HEA to
102 MPa. If further converting the CRSS to normal stress via the
systematically evaluate its dynamic response and the underlying
Taylor factor M = 3.06, we can easily find that the value matches
deformation mechanism. It was found that, grain size and strain
well with the measured uniaxial tensile yield strength of around
rate both played important role in the deformation process. Several
300 MPa in this study. This finding indicates that, due to a low
key observations are described as follows.
stacking fault energy, twinning in the current HEA is easily actiFor the grain size effect, as the average grain size reduces to
vated. In fact, it occurs even at a stress near the yielding point under
12 lm, yield strength of the HEA increases to 361 MPa at a strain
dynamic strain-rate conditions. The accelerated twinning deformarate of 2.1  103 s1, almost 30% higher than that of the coarsetion was clearly demonstrated in Fig. 5, especially in the two finegrained material (450 lm). The Hall-Petch relationship was obeyed
grained samples.
even at dynamic strain rates. The hardening coefficient
To discuss plastic stability, in Fig. 8c, we draw a region (in blue)
(ky ¼ 393 MPa lm1=2 ) was found slightly lower than that in
within which the occurrence of necking is predicted according to
the Considere’s criterion, i.e., when dr/de < r [39]. After ignoring
quasi-static conditions, but within the general range for fcc-metals.
those post-necking data, the four experimental curves in the figure
For the strain-rate effect, tensile tests conducted at a wide range
all match well with the predictions. This result also clearly indiof strain rate show a simultaneous improvement of UTS and unicates that deformation at dynamic strain rates effectively delays
form elongation at dynamic strain rates, in a manner similar to
IP: 159.226.231.78
necking to aDownloaded
higher trueto(flow)
stress level. On: 2018-10-23 10:56:58 http://engine.scichina.com/doi/10.1016/j.scib.2018.01.022
decreasing of temperature. Specifically, a UTS of 734 MPa and
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uniform deformation of 63% are recorded at a strain rate of
2.3  103 s1. In addition, a high strain-rate sensitivity value
(0.022) is obtained, indicating this HEA is resistant to local necking in tension. These results suggest that the current HEA has good
potential for anti-crush and high speed shaping applications.
For the underlying deformation mechanism, at a quasi-static
strain rate, dislocation slip apparently dominates, as revealed by
the dislocation structure. At dynamic strain rates, on the other
hand, twinning is easily triggered and overwhelmingly contributes
to the total plastic strain. It is because the stress for twinning is as
low as the yield strength in the current low-stacking-fault HEA. In
materials with a finer grain size, the increasing grain boundary volume can further facilitate twin formation or stacking fault nucleation, as a result of enhanced local stresses in the vicinity of
grain boundary.
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