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High-entropy alloys, a new class of metallic materials, exhibit excellent mechanical properties at high temperatures. In spite of
the worldwide interest, the underlying mechanisms for temperature dependence of mechanical properties of these alloys remain
poorly understood. Here, we systemically investigate the mechanical behaviors and properties of Al1.2CrFeCoNi (comprising a
body-centered cubic phase) and Al0.3CrFeCoNi (comprising a face-centered cubic phase) single-crystal micropillars with three
orientations ([100], [110], and [111]) at temperatures varying from 300 to 675 K by using in situ compression of micropillars
inside a scanning electron microscope. The results show that the yield stresses of Al1.2CrFeCoNi micropillars are insensitive to
temperature changes, and their flow stresses and work hardening rates increase slightly with increasing temperature from 300 to
550 K, which differs from the typical temperature dependence of yield/flow stresses in metals and alloys. In contrast,
Al0.3CrFeCoNi micropillars exhibit typical thermal softening. Furthermore, it is found that the Al1.2CrFeCoNi micropillars
exhibit a transition from homogenous deformation to localized deformation at a critical temperature, while the Al0.3CrFeCoNi
micropillars always maintain a well-distributed and fine slip deformation. Detailed transmission electron microscopy analyses
reveal that dynamic recrystallization (involving dislocation tangles, and formation of dislocation cell structures and sub-grains)
plays a key role in the observed temperature insensitivity of the yield stress and increasing flow stress (and work hardening rate)
with increasing temperature in the Al1.2CrFeCoNi micropillars, and that thermally activated dislocation slip leads to thermal
softening of the Al0.3CrFeCoNi micropillars. The differences in deformation modes and temperature dependence of the me-
chanical properties between Al1.2CrFeCoNi and Al0.3CrFeCoNi essentially originate from the differences in dislocation activities
and slip systems since the two alloys adopt different phases. Our findings provide key insights in the temperature dependence of
mechanical properties and deformation behaviors of high-entropy alloys with body-centered cubic and face-centered cubic
phases.
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1 Introduction

High-entropy alloys (HEAs) are a new class of metallic
materials that have revolutionized alloy design over the past
decade [1–4]. HEAs generally consist of five or more ele-
ments with equal or nearly equal atomic concentrations of
each element and are therefore also called multiprincipal
element alloys [5,6]. Interestingly, HEAs exhibit four unique
effects, including a high configurational entropy, severe
lattice distortion, sluggish diffusion and cocktail effects
[3,7,8]. In recent years, HEAs have attracted worldwide at-
tention due to their exceptional mechanical properties, in-
cluding high hardness/strength, good ductility, high fracture
toughness, excellent thermal and refractory properties, and
remarkable resistance to wear, friction and corrosion [7–11].
As a typical example of HEAs, AlxCrFeCoNi has been ex-
tensively studied for more than ten years [4,12–14]. The
phase composition, microstructure and mechanical proper-
ties of this alloy can be tuned by changing the Al content x
[12–14]. As x increases, the structure of the HEA transforms
from face-centered cubic (FCC) to body-centered cubic
(BCC), and its hardness and strength increase with x [12].
When x is smaller than 0.5, the AlxCrFeCoNi alloy comprises
a single solid solution FCC phase. If x is larger than 0.9, it
comprises a BCC phase only. When x falls between 0.5 and
0.9, it consists of a mixture of the FCC and BCC phases [12].
In modern industry, metallic structures and devices are

widely used in various elevated temperature environment;
thus, extensive studies on the temperature dependence of the
mechanical properties of metallic materials are often re-
quired. Generally speaking, the mechanical properties
(especially strength and fracture toughness) of metallic ma-
terials are dependent on the ambient temperature [11,15],
since the deformation mechanisms and/or microstructure of
materials are often temperature-dependent. Previous studies
[16,17] have shown that the yield stress of BCC metals has a
strong temperature dependence/sensitivity, i.e., as the tem-
perature rises, the yield stress of BCC metals (including bulk
samples and micropillars) decreases significantly. Such a
strong temperature dependence/sensitivity is attributed to the
thermal activation of dislocation nucleation and motion [18].
Interestingly, for BCC metal pillars, the temperature sensi-
tivity decreases with a reduction in the pillar diameter [18].
This phenomenon arises from a mechanism transition from
thermally activated kink activities to phonon-drag disloca-
tion activities. It has also been noted that the temperature
sensitivity nearly vanishes when the pillar diameter is re-
duced below approximately 200 nm [18]. Recently, for some
BCC HEAs (including AlxCrFeCoNi with x>1.0, NbMo-
TaW, and VNbMoTaW) with high melting points, it was
found that their yield or flow stresses exhibit a unique tem-
perature dependence [14,19] that is different from those of
pure metals and conventional alloys. When the temperature

is lower than a critical value (which is dependent on the
melting point Tm of the HEA), the yield/flow stress slowly
decreases with increasing temperature, indicating a weak
temperature dependence [20]. However, at temperatures
above the critical value, the yield/flow stress rapidly de-
creases with increasing temperature. The weak temperature
dependence below the critical temperature is thought to be
attributed to severe lattice distortion [20] and slow atomic
diffusion [19], while the apparent temperature dependence
above the critical temperature can be related to the thermal
activation of dislocation activities. To date, the underlying
deformation mechanisms for the weak temperature depen-
dence in BCC HEAs remain poorly understood.
In this paper, we investigate the temperature dependence

of the mechanical responses and behaviors (such as the yield
and flow stresses and work hardening rates) of BCC HEAs.
In particular, single-crystal Al1.2CrFeCoNi micropillars with
the BCC phase are studied, since the yield stress of this alloy
in bulk form exhibits a weak temperature dependence. Sin-
gle-crystal FCC Al0.3CrFeCoNi micropillars are used for
comparison. The micropillars have three typical orientations,
namely, [100], [110] and [111]. To reveal the underlying
mechanisms responsible for the weak temperature depen-
dence, we conduct in situ scanning electron microscopy
(SEM) compressive tests on the micropillars and detailed
transmission electron microscopy (TEM) observations.

2 Methods

2.1 Sample preparation and microstructural char-
acterization

The Al1.2CrFeCoNi and Al0.3CrFeCoNi HEAs were synthe-
sized by arc melting Al, Cr, Fe, Co, and Ni powders (>99.8%
purity) under a high-purity argon atmosphere. During the
synthesis process, the ingots were triple melted to ensure
chemical homogenization. The HEA ingots were cast into a
rectangular copper mold. For Al1.2CrFeCoNi with BCC
phase, the as-cast samples were heated at 1200°C for 24 h
for the reduction in the elemental segregation. For
Al0.3CrFeCoNi with FCC phase, in order to reduce the ele-
mental segregation and obtain equiaxed grain structures, the
as-cast samples were heated at 1200°C for 24 h and then
treated by cold rolling to achieve a 60% reduction in thick-
ness and further annealing at 950°C for 1 h. We conducted
XRD (Bruker D8 Advance) analysis to obtain the lattice
constant and phase composition. The elemental composi-
tions and orientation of the HEA specimens were determined
with a scanning electron microscope (FEI Nova Nano430)
that was equipped with energy dispersive spectrometry
(EDS) and EBSD capabilities, respectively. According to the
orientation maps, we fabricated single-crystal micropillars
with a diameter of about 1200 nm and three types of or-
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ientations, namely [100], [110] and [111], with a FIB-SEM
system (LYRA3 TESCAN) [21]. During fabrication, all the
micropillars were first milled by using a voltage and current
of 30 kV and 1 nA, respectively, and finally polished with a
voltage and current of 30 kV and 50 pA, respectively. All the
micropillars had an aspect ratio (height/diameter) of about
2.5–3.5 and a taper of less than 3º. The TEM samples were
fabricated by FIB milling (FEI Helios NanoLab 600i). Be-
fore milling, the micropillars were sputtered with platinum
for protection. High-resolution TEM observations were
conducted inside a transmission electron microscope (FEI
TECNAI G2 F20) with an accelerating voltage of 300 kV.

2.2 In situ SEM compression

In situ compressive tests on micropillars were performed at
300, 425, 550, and 675 K inside a scanning electron micro-
scope (Quanta FEG450) equipped with a Hysitron PI 85
PicoIndenter that included a thermal module. The diameter
of the diamond flat punch used in the PicoIndenter was 5 μm.
High temperatures were achieved by a MEMS heating de-
vice integrated in the thermal module of the PI 85. Before
testing at high temperatures, the temperature was gradually
increased to a prescribed value and then maintained at this
value for 30 min to ensure that the tested sample reached the
desired temperature. Throughout compression, the tem-
perature was always kept at the prescribed value. After

compression, the sample was naturally cooled to room
temperature in vacuum for several hours. During compres-
sion, a constant strain rate of 10–3 s–1 was used. Each pillar
was loaded to a maximum strain of 60%.

3 Results and discussion

3.1 Microstructural characterization and fabrication
of the micropillars

Figure 1(a) and (b) show the X-ray diffraction (XRD) spectra
of the Al1.2CrFeCoNi and Al0.3CrFeCoNi specimens, re-
spectively. The results indicate that the Al1.2CrFeCoNi HEA
is composed of the BCC phase (A2+B2, disordered and or-
dered BCC), while the Al0.3CrFeCoNi HEA is composed of
the FCC phase. The formation of the A2+B2 phase in the
Al1.2CrFeCoNi HEA is related to spinodal decomposition at
high temperatures [22]. Figure 1(c) and (d) present the
electron back scatter diffraction (EBSD) analyses of the
Al1.2CrFeCoNi and Al0.3CrFeCoNi specimens, respectively.
It is seen in Figure 1(c) and (d) that both Al1.2CrFeCoNi and
Al0.3CrFeCoNi HEAs consist of fine and equiaxed grains.
The mean grain size of the Al1.2CrFeCoNi HEA varies from
tens to hundreds of micrometers, while that of the
Al0.3CrFeCoNi HEA is hundreds of micrometers. According
to the EBSD maps, we selected specific grains with grain
sizes of hundreds of micrometers to fabricate a large number

Figure 1 (Color online) Microstructural characterization of the Al1.2CrFeCoNi and Al0.3CrFeCoNi specimens and SEM images of typical micropillars. (a),
(b) XRD spectra of the Al1.2CrFeCoNi and Al0.3CrFeCoNi specimens, respectively. The results indicate that the Al1.2CrFeCoNi HEA has an ordered and
disordered BCC phase (A2+B2), while the Al0.3CrFeCoNi HEA has an FCC phase. (c), (d) Typical EBSD maps of the Al1.2CrFeCoNi and Al0.3CrFeCoNi
HEAs, respectively. (e) SEM image of fabricated [100]-oriented Al1.2CrFeCoNi micropillar with a diameter of about 1.2 μm.
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of single-crystal micropillars with diameters of about
1200 nm and orientations of [100], [110] and [111]. Figure 1
(e) shows a representative SEM image of the fabricated
micropillars.

3.2 Temperature dependence of the mechanical beha-
viors and properties of the HEAs

To explore the temperature dependence of the mechanical
behaviors and properties of the HEAs, we performed a series
of in situ SEM compressive tests on the Al1.2CrFeCoNi and

Al0.3CrFeCoNi micropillars at temperatures varying from
300 to 675 K. Figure 2(a) shows the representative stress-
strain curves of the Al1.2CrFeCoNi micropillars with three
orientations at different temperatures. All micropillars in-
itially undergo elastic deformation, followed by plastic
yielding and apparent strain hardening, where the stress
significantly increases with increasing of applied strain. It is
noted that the stress-strain curves are smooth and continuous
despite a few slight stress drops around the yielding condi-
tion. Figure 2(a) shows that the stress level of the micro-
pillars at a given strain does not monotonically change with

Figure 2 (Color online) Stress-strain curves and temperature dependences of the mechanical properties of the Al1.2CrFeCoNi and Al0.3CrFeCoNi micro-
pillars. (a) Representative stress-strain curves of the Al1.2CrFeCoNi micropillars with different orientations; (b) variations in the flow and yield stresses with
temperature in the Al1.2CrFeCoNi micropillars; (c) variation of the work hardening rate with temperature in the Al1.2CrFeCoNi micropillars; (d) representative
stress-strain curves of the Al0.3CrFeCoNi micropillars with different orientations at different temperatures; (e) variation of the yield stress with temperature in
the Al0.3CrFeCoNi micropillars. The lines in (b) and (c) are used as a guide for the eye, while the lines in (e) are fitting curves based on eq. (1).
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increasing temperature. Here, we chose two featured stres-
ses: one is the 0.2% offset yield stress, and the other is the
flow stress at the strain of 0.2, and we further characterized
the influence of temperature on these two stresses. For each
orientation and temperature, we tested at least 5 micropillars.
Figure 2(b) plots the variations in the average yield and flow
stresses (each data point was averaged over at least 5 tested
samples) with the temperature. Strikingly, both the yield and
flow stresses are insensitive to temperature change. In par-
ticular, nearly no strength softening occurs with increasing
temperature from 300 K to 675 K, while the flow stress in-
creases slightly (by 18.7%–33.0%) in the range from 300 K
to 550 K (Figure 2(b)). This phenomenon is distinct from the
weak temperature dependence of the yield stress observed in
some BCC HEAs [19,20,23]. It is noted that previous ex-
perimental measurements gave a critical temperature (for the
transition in the temperature dependence of the yield stress)
of 903 K for the Al1.2CrFeCoNi [14]. The temperature used
in our experiment is lower than this critical temperature. It is
noted that the sample size has no significant influence on the
temperature dependence of mechanical properties, and that
the current HEA micropillars with the diameter of 1200 nm
have the similar temperature dependence of mechanical
properties with the bulk samples. Therefore, for the
Al1.2CrFeCoNi micropillars, when the test temperature is
below 903 K, the yield stress has the weak temperature de-
pendence, indicating the temperature insensitivity. Other-
wise, the yield stress significantly decreases with the
increasing of test temperature, indicating the thermal soft-
ening. According to speculation from previous studies [20],
the temperature insensitivity of the yield stress is likely re-
lated to lattice distortion and sluggish diffusion. However,
these mechanisms cannot be used to account for the increase
in flow stress with increasing temperature that we observed
above, because these mechanisms only provide resistance to
strength softening as the temperature rises. Subsequently, we
further conducted detailed TEM observations and thorough
analyses to reveal the deformation mechanisms responsible
for the temperature insensitivity of the yield and flow
stresses.
Furthermore, we analyzed the temperature dependence of

the work hardening rate of the HEA micropillars. The work
hardening rate was obtained by fitting the slope of the stress-
strain curve between 10% and 40% strains. The work hard-
ening rate of the micropillars at room temperature reached
5.09–6.35 GPa, which is higher than those (3.0–3.5 GPa) for
BCC metal micropillars [24,25] but is comparable to those
(3.5–4.5 GPa) for HEA micropillars [4]. Such phenomenon
indicates that BCC HEAs under compression have the
stronger working hardening capability than BCCmetals [26].
Such strong working hardening capability is related to
complex dislocation slip and dislocation tangle in BCC
HEAs under compression, which originates from multi-

principal elements and distorted lattice of BCC HEAs [26].
Figure 2(c) shows the variation in the work hardening rate of
the micropillars with temperature. Despite the significant
scatter, it can be seen in Figure 2(c) that the work hardening
rate roughly increases with increasing temperature, which is
consistent with reports for bulk BCC metals, where screw
dislocations easily slip at high temperatures, giving rise to
dislocation forest hardening [27]. This trend is similar to the
temperature dependence of the flow stress. These results
indicate that the temperature dependence of the work hard-
ening rate and flow stress originate from the same mechan-
isms. It is noted that for a given temperature, both the yield
and flow stresses of the micropillars with different orienta-
tions have apparent scatters. A similar phenomenon was
observed during in situ compression of BCC Fe micropillars
[28] and is related to the randomness of the dislocation
sources and initial dislocations in the micropillars [28].
Figure 2(d) presents typical compressive stress-strain

curves for the single-crystal Al0.3CrFeCoNi micropillars with
different orientations at different temperatures. Abrupt stress
drops and strain bursts occur frequently in the stress-strain
curves (Figure 2(d)). Such a phenomenon is commonly ob-
served in FCC metal micropillars [29] but differs from the
continuous and smooth variation of stress-strain curves
(Figure 2(a)) of BCC HEA micropillars, indicating that
dislocation slip in FCC micropillars is much easier than that
in BCC micropillars. As the temperature increases from
300 K to 675 K, we observed an elevated strain burst and a
decreased yield stress in the stress-strain curves due to
thermal activation of the dislocation motion. We took the
stress at the first large strain burst in the stress-strain curve as
the yield stress of the FCC HEAmicropillars and plotted it as
a function of temperature in Figure 2(e). For all three or-
ientations, the yield stress always decreases with increasing
temperature, exhibiting common thermal softening. Con-
sidering the temperature-dependent lattice friction on the
dislocation motion, previous studies developed an approx-
imate expression that describes the temperature dependence
of the yield stress in equi-atomic solid solution alloys with
FCC phases. This expression is [30]

T
C= exp + , (1)y a b

where σy is the yield stress, T is the temperature, σa is the
Peierls stress at 0 K, σb represents the athermal part asso-
ciated with dislocation multiplication, and C is the effective
temperature related to the Burgers vector and width of the
dislocations. We used eq. (1) to fit our experimental data and
plotted the fitting curves in Figure 2(e), with the fitting
parameters listed in Table 1. It is seen in Figure 2(e) that the
predictions based on eq. (1) agree well with our experimental
data, indicating that the apparent temperature dependence of
the yield stress in the FCC HEA micropillars is due to
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thermal activation of dislocation motion, where the tem-
perature-dependent lattice friction is dominant. It is noted
that for HEAs, the solid solution and resultant lattice dis-
tortion reduce the temperature dependence of the yield stress
to an extent since they increase the barrier for dislocation
motion [30].

3.3 Plastic deformation morphology analysis

Figure 3(a)–(c) show a sequence of SEM images of re-
presentative compressed [100]-, [110]- and [111]-oriented
Al1.2CrFeCoNi micropillars, respectively, as the temperature
increases from 300 K to 675 K. Regardless of the orienta-
tion, all Al1.2CrFeCoNi micropillars exhibit a homogenous
and wavy deformation appearance at temperatures below
675 K, with some traces on the free surface, indicating the
activation of the cross-slip of screw dislocations [31,32]. At
675 K, all Al1.2CrFeCoNi micropillars exhibit shear locali-
zation due to slip bands penetrating the micropillars, in-
dicating that dislocation avalanches are induced by the
activation of only a few slip systems at high temperatures
[31,32]. Figure 3(a)–(c) implies a transition from homo-
genous to localized deformation in the single-crystal
Al1.2CrFeCoNi micropillars with increasing temperature.
Such a transition has been reported in previous compressive
experiments on BCC metal micro/nanopillars [32]. This can
be explained by the mobility of screw and edge dislocations,
which is a function of the ratio of T/Tc, where T is the test
temperature and Tc is the critical temperature [31]. For BCC
metals/alloys, the critical temperature Tc is defined as the
temperature at which the screw and edge dislocations have
equal mobility [31]. When T/Tc is less than a critical value αc
(generally lower than 1), screw dislocations move slower
than edge dislocations due to their nonplanar and polarized
core structure [33,34]. Consequently, the edge dislocations
move rapidly towards the free surface, escape from it and
then produce a situation of edge dislocation starvation [31].
At the same time, a large number of screw dislocations cross
slip, dominating the plastic deformation and leading to a
homogenous and wavy deformation appearance (Figure 3
(a)–(c)) [31]. When T/Tc exceeds αc, the edge and screw
dislocations have comparable mobility because of the ther-
mal activation of the screw dislocations that leads to an ac-
cumulation of mixed dislocations, in particular slip planes,
and eventually a localized avalanche slip (Figure 3(a-4), (b-
4) and (c-4)) [31].

Figure 3(d) shows the deformation morphologies of
compressed [110]-oriented Al0.3CrFeCoNi micropillars at
different temperatures. For all test temperatures, a large
number of well-distributed fine slip steps occur on the free
surface, and some slip traces even intersect, indicating that
both surface dislocation nucleation and multiple slip systems
are activated in the micropillar. This type of deformation
morphology is frequently observed during compression of
FCC metal/alloy micro/nanopillars [29,30] but differs from
those (Figure 3(a)–(c)) of Al1.2CrFeCoNi micropillars in the
BCC phase. The difference in the deformation morphology
between the FCC and BCC HEA micropillars arises from the
differences in dislocation activities and slip systems. Similar
deformation morphologies, as shown in Figure 3(d), have
also been observed in [100]- and [111]-oriented
Al0.3CrFeCoNi micropillars.

3.4 TEM observation of the deformed nanopillars

To reveal the deformation mechanisms at different tem-
peratures, we conducted detailed TEM observations of the
compressed micropillars. Figure 4 shows a series of TEM
images and associated selected area electron diffraction
(SAED) patterns of the [100]-oriented Al1.2CrFeCoNi mi-
cropillars at different temperatures. At room temperature, a
high density of dislocations accumulates in some regions
(Figure 4(a)), indicating that dislocation tangles operate in
the micropillars. However, the regions for dislocation accu-
mulation still have a nearly perfect BCC lattice, as evidenced
by the SAED pattern in Figure 4(c). Notably, dislocation cell
structures occur in some regions in Figure 4(a), as shown in
Figure 4(b). The SAED pattern in Figure 4(d) shows that
these cell structures have a small misorientation. Similar cell
structures of dislocations and even some subgrains with large
misorientations are observed in [110]- and [111]-oriented
micropillars at room temperature, as shown in Figures 5(a)–
(c) and 6(a)–(c). This indicates that dynamic recrystallization
(DRX) initiates in micropillars at 300 K. For micropillars
compressed at 550 K, many subgrains are distributed over a
wide and large region, as shown in Figure 4(e) and (f). These
subgrains have a mean grain size of about 100 nm. The
diffraction pattern (Figure 4(h)) shows that there is a mis-
orientation of approximately 10° between several typical
subgrains in Figure 4(h). These subgrains actually evolved
from dislocation cell structures. A similar phenomenon is
shown in [110]- and [111]-oriented micropillars at 550 K, as
shown in Figures 5(d)–(f) and 6(d)–(f), respectively. This
implies that DRX develops further in micropillars at 550 K
compared to that in micropillars at 300 K. For micropillars at
675 K, nearly all regions in the micropillar are full of sub-
grains with a mean grain size of about 100 nm. It is clearly
observed that a slip band travelled through the top micro-
pillar, leading to the formation of a surface step. Such shear

Table 1 Values of parameters in eq. (1) by fitting our experimental data
about Al0.3CrFeCoNi micropillars via eq. (1)

σa (GPa) σb (GPa) C (K)

[100]-oriented 0.382 0.236 553

[110]-oriented 1.082 0.347 150

[111]-oriented 0.536 0.293 188
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localization is due to massive dislocation slip occurring on
particular slip planes at high temperatures. The shear loca-
lization is very pronounced in the [110]-oriented micropillars
compressed at 675 K (Figure 5(g)–(i)). Notably, the localized
shear band contains a number of elongated subgrains with a

misorientation of about 15°, as shown in Figure 5(g)–(i).
The TEM images in Figures 4–6 revealed that during

compression of the Al1.2CrFeCoNi micropillars, DRX occurs
at temperatures from 300 K to 675 K, but shear localization
is activated at 675 K. In the following parts, we further

Figure 3 (Color online) Deformation morphologies of the Al1.2CrFeCoNi and Al0.3CrFeCoNi micropillars at different temperatures. (a) SEM images of the
[100]-oriented Al1.2CrFeCoNi micropillars at different temperatures; (b) SEM images of the [110]-oriented Al1.2CrFeCoNi micropillars at different tem-
peratures; (c) SEM images of the [111]-oriented Al1.2CrFeCoNi micropillars at different temperatures; (d) SEM images of the [110]-oriented Al0.3CrFeCoNi
micropillars at different temperatures; (e) SEM images of the [100]-oriented Al0.3CrFeCoNi micropillars at different temperatures; (f) SEM images of the
[111]-oriented Al0.3CrFeCoNi micropillars at different temperatures.
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analyzed the DRX process and correlated the DRX process
with the temperature insensitivity of the yield stress and even
the increasing flow stress with increasing temperature. Pre-
vious studies [35] have shown that for metallic materials,
there are two types of DRX during deformation: dis-
continuous dynamic recrystallization (dDRX) during hot
working, where two steps (including the nucleation and
growth of new grains) are discontinuous; and continuous
dynamic recrystallization (cDRX) during severe plastic de-
formation, which is a so-called one-step process and occurs
at low temperatures. At temperatures above 0.5Tm, both
cDRX and dDRX can occur simultaneously, but dDRX be-
comes dominant as the temperature rises [35,36]. When the
temperature is below 0.5Tm, only cDRX occurs, and dDRX is
generally suppressed [35,36]. Note that the melting point of
Al1.2CoCrFeNi was measured experimentally as 1643 K
[14]; thus, the test temperature in our current experiment is
lower than 0.5Tm; therefore, the DRX that occurs in the
Al1.2CrFeCoNi micropillars is actually cDRX.
By considering the TEM images at different temperatures,

our TEM observations (Figures 4–6) actually indicate that
the cDRX process occurs during compression of the

Al1.2CrFeCoNi micropillars. In the single-crystal BCC mi-
cro/nanopillars, due to the relatively complex slip systems,
dislocations prefer to interact, get tangled with each other
and even self-multiply, leading to a high dislocation density
(see Figure 4(a)) and resultant dislocation forest hardening
[37]. With dislocation accumulation, cellular structures
gradually form (Figure 4(b)) and then impede subsequent
dislocation motion, facilitating an increase in the stress. As
the plastic strain increases, the cell structures evolve into
subgrains with small misorientations (Figure 4(e) and (i)).
The misorientations between neighboring subgrains pro-
gressively increase with the accumulation of additional dis-
locations [35]. As the test temperature increases, the cDRX
process described above becomes pronounced because ad-
ditional dislocations are thermally activated. Therefore, the
micropillars compressed at high temperatures contain addi-
tional subgrains. The cDRX process indicated by our TEM
observation is similar to dynamic nanocrystallization in
some BCC metals during severe plastic deformation [35].
However, it is noted that the misorientations of subgrains
formed in our BCC HEAmicro-pillars are smaller than those
of subgrains formed in BCC metals under severe plastic

Figure 4 (Color online) Representative TEM images and associated SAED analyses of the [100]-oriented Al1.2CrFeCoNi micropillars at different tem-
peratures. (a)–(d) 300 K; (e)–(h) 550 K; (i)–(l) 675 K. The arrows in (f) represent several subgrains. Three subgrains with a mean grain size of about 80 nm
are shown in (g). (h) The corresponding SAED of (g) that shows that the misorientation of two subgrains is measured to be about 10°. (j)–(l) The presence of
a wide range of subgrains. The surface step at the top of (i) implies that the dashed lines in (i) and (j) represent the slip directions for the dislocations. The
inset in (j) indicates a misorientation of about 10° between the two sides of the slip line.
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deformation [35], which is related to the difference in the
extent of plastic deformation. Furthermore, it is noted that
the cDRX occurs during compression of Al1.2CrFeCoNi
micropillars. Such cDRX is associated with dislocation ac-
cumulation and tangle at the large plastic strain under com-
pression. Compared with the compressive deformation, the
BCC Al1.2CrFeCoNi under tensile deformation has the
smaller fracture strain. Thus, the BCC Al1.2CrFeCoNi mi-
cropillars might fail at the small strain and cannot sustain
large plastic strain during tension. As a result, the cDRX
might not be observed during the tension of Al1.2CrFeCoNi
micropillars.
Essentially, the cDRX process is a grain refinement pro-

cess. In our experiments herein, the microsized grain interior
of the pillar is gradually separated into many nanosized
grains with increasing misorientation as the plastic strain
increases. These nanosized grains or their grain boundaries
further confine and block dislocation motion, facilitating an
increase in the flow stress. At the same time, the increasing
fraction and misorientation of nanosized grains also con-

tributes to an increase in the stress. Such strengthening due to
cDRX has been demonstrated in previous experimental
studies [35]. As the tested temperature increases, the cDRX
becomes pronounced, and the associated strengthening be-
comes very prominent. Therefore, such strengthening from
cDRX competes with the thermal softening and significantly
reduces the temperature dependence of the yield and flow
stresses, which causes the temperature insensitivity of the
yield stress, increases the flow stress with increasing tem-
perature, and increases the work hardening rate with in-
creasing temperature.
For comparison, we also investigated the deformation

mechanisms of Al0.3CrFeCoNi micropillars at different
temperatures by conducting TEM analyses. Figure 7 shows
representative TEM images and relevant SAED patterns of
the compressed Al0.3CrFeCoNi micropillars with three or-
ientations. Figure 7(a) and its inset show the typical dis-
location structures. Regardless of the orientation and
temperature, a high density of nanoscale twins is observed in
all the Al0.3CrFeCoNi micropillars, as shown in Figure 7(a)–

Figure 5 (Color online) Representative TEM images of [110]-oriented Al1.2CrFeCoNi single-crystal micropillars at different temperatures. (a)–(c) 300 K;
(d)–(f) 550 K; (g)–(i) 675 K. (f) shows a sub-grain with the size of about 100 nm in the region labeled by ‘f’ in (e). In (h), several elongated sub-grains with
misorientation of about 15º are in a micro-sized shear in (g).
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(o). For the [110]-oriented micropillars compressed at 300 K,
there are even nanoscale twins intersecting with each other,
as indicated by Figure 7(h)–(l). These TEM observations
imply that during compression of the Al0.3CrFeCoNi mi-
cropillars with all three orientations, deformation twinning is
always a dominant mechanism at both room temperature and
elevated temperatures. For FCC metals/alloys, deformation
twinning is induced by continuous slip of Shockley partial
dislocations on the same slip plane [38]. The activation of
deformation twinning is mainly determined by the stacking
fault energy (SFE). The lower the SFE is, the more easily
deformation twinning is activated. Al0.3CrFeCoNi has a re-
latively low SFE of 51 mJ m–2 [39,40]. Previous experi-
mental studies have shown that deformation twinning is
prevalent during compression of the Al0.3CrFeCoNi bulk
sample [40]. These results further confirmed our conclusion
from the TEM observations. In FCC metals/alloys, de-
formation twinning generally prefers to occur at low tem-
peratures, while dislocation slip prefers high temperatures
due to the presence of thermal activation [15,41,42].
Therefore, as the temperature increases, thermally activated
dislocation slip becomes pronounced and easy, while de-
formation twinning gradually decreases, leading to a de-

crease in the yield and flow stresses with increasing
temperature. This provides a rational explanation for the
apparent thermal softening in Al0.3CrFeCoNi micropillars.
Furthermore, it is noted that in our current study, the de-
formation twinning is a dominant mechanism during com-
pression of Al0.3CrFeCoNi micropillars, while the dynamic
recrystallization due to the dislocation slip and tangle is a
controlling mechanism during compression of Al1.2CrFeCoNi
micropillars. It implies that the Al1.2CrFeCoNi system might
have a higher SFE than the Al0.3CrFeCoNi system.

4 Conclusion

In summary, we have conducted in situ SEM compression of
Al1.2CrFeCoNi (comprising the BCC phase) and
Al0.3CrFeCoNi (comprising the FCC phase) single-crystal
micropillars with three orientations at temperatures varying
from 300 K to 675 K. The experimental results showed that
the yield stresses of the Al1.2CrFeCoNi micropillars are in-
sensitive to increasing temperature, and their flow stresses
and work hardening rates increase as the temperature in-
creases from 300 K to 550 K. In comparison, the yield

Figure 6 (Color online) Representative TEM images of [111]-oriented Al1.2CrFeCoNi single-crystal micropillars at different temperatures. (a)–(c) 300 K;
(d)–(f) 550 K; (g)–(i) 675 K. The arrow in (i) shows a well-formed sub-grain which is almost dislocation free.
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stresses of the Al0.3CrFeCoNi micropillars decrease with
increasing temperature and exhibit typical thermal softening.
Detailed TEM analyses further revealed that for the
Al1.2CrFeCoNi micropillars, the temperature insensitivity of
the yield stress and increasing flow stress (and work hard-
ening rate) with increasing temperature originate from the
DRX process due to the tangle and accumulation of a large
number of dislocations during compression. For the
Al0.3CrFeCoNi micropillars, the thermal softening can be
related to thermally activated dislocation slip. The SEM
observations showed that the Al1.2CrFeCoNi micropillars
exhibit a transition from homogenous deformation to shear
localization as the temperature increases, while the Al0.3-
CrFeCoNi micropillars always maintain a well-distributed
and fine slip deformation process at all test temperatures due
to dislocation nucleation from the surface and multiple slip
systems. Our current study not only contributes to a more
comprehensive understanding of the temperature depen-
dence of plasticity in BCC HEAs, but can also provide

guidance for the design and fabrication of HEAs used for
thermomechanical devices and structures, as well as the
design of more reliable high temperature alloys used in
aerospace engineering.
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