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ABSTRACT

The response of [100]-oriented single-crystal face-centered-cubic Alg; CoCrFeNi and Alg3CoCrFeNi
high-entropy alloy (HEA) microcrystals tested from 293 to 573K by means of in situ micro-
compression is reported. At all temperatures, plasticity is governed by dislocation slip with significant
strain hardening and intermittent strain bursts observed. A model, which is in good agreement with
experimental measurements, is also developed to predict the effects of Al concentration, tempera-
ture, and crystal size on the strength of HEAs. The model interestingly predicts a softening response
with an increase in Al concentration when the crystal size is < 0.1 pm. Finally, this model can guide
the development of advanced HEAs for small-scale applications.
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In situ scanning electron microscopy (SEM) experiments are performed to quantify the thermo-
mechanical response of Al,CoCrFeNi microcrystals. A physics-based model is also proposed to
predict the strength of high-entropy alloys as a function of crystal size, temperature, and Al con-

centration.

High-entropy alloys (HEAs) are nominally single-phase
random solid solutions formed from equal or nearly
equal atomic concentrations of multiple constituents
[1-7]. These innovative alloys have drawn substantial
attention in recent years due to the vast available compo-
sition space for tuning their properties. Several HEA sys-
tems have been shown to demonstrate immense potential
for a wide range of functional and structural applications.
Examples include the metastable dual-phase FeMnCoCr
HEAs that demonstrate extensive hardening and mas-
sive strengthening [8], NbMoTaWV HEAs that exhibit
better high-temperature strength than currently avail-
able commercial superalloys [9], and AlCoCrCuFeNi

HEAs that possess significantly improved fatigue resis-
tance [10].

Despite extensive efforts that have been devoted to
study the mechanical behavior of various HEA systems
[11-17], the underlying deformation mechanism, in par-
ticular at high temperatures [18,19], is not yet fully
addressed. The Fleischer model for dilute concentration
alloys cannot be applied to HEA systems, and statistical-
based Labusch-type models that may work for all con-
centrations are still in their infancy [20-22].

In Al,CoCrFeNi HEA systems, the Al atoms have a
much larger radius, compared to the other atoms com-
prising this alloy. Therefore, the increase in the Al content
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would lead to a significant increase in the lattice con-
stant and distortion of this HEA [23]. On the other
hand, increasing the Al concentration will also lead to
solid-solution hardening via the formation of strong
covalent bonds with neighboring atoms, and the gener-
ation of hard atomic clusters [24].

In this paper, the effect of Al concentration on
the temperature-dependent mechanical response of
[100]-oriented single-crystal face-centered-cubic (FCC)
Al,CoCrFeNi HEA (in molar ratio) microcrystals is
investigated using in situ SEM micro-compression exper-
iments. If the Al composition is such that x > 0.4, a
secondary body-centered-cubic (BCC) phase will solid-
ify [25,26], the chemical compositions are thus limited
in this study to x = 0.1 and x = 0.3 to ensure that the
crystal is single-phase FCC.

The Alp1CoCrFeNi HEA, referred to hereafter as the
Alp; HEA, was procured by Sophisticated Alloys Inc. in
the form of cast blocks. Electrical discharge machining-
was used to cut a block into ~4-mm thick sheet. From
that sheet, ~12.7 mm diameter cylinders were machined
using the Tormach PCNC 1100 mill. The Aly 3CoCrFeNi
HEA, referred to hereafter as the Aly s HEA, was prepared
by arc-melting pure elements under a high-purity argon
atmosphere on a water-cooled Cu hearth [27].

Both as-forged polycrystalline HEA alloys were
mechanically polished using the silicon carbide grind-
ing paper (400, 600, 800, and 1200 grit) and 0.02 um
colloidal silica formula. The chemical composition was
confirmed using energy-dispersive spectroscopyand the
crystal orientation of the HEA was characterized using
electron backscatter diffractioninside a Tescan Mira Field
Emission-Scanning Electron Microscope (FE-SEM).

Pillar-like  microcrystals having a diameter
D = 5.0 um were fabricated within a [100]-oriented sin-
gle grain by the focused ion beam (FIB, FEI Strata DB235)
annular milling. This size was chosen as an intermediate
pillar size to avoid complications associated with smaller
pillar sizes in terms of large taper and FIB-induced dam-
age, while not being too large to avoid excessive fabrica-
tion times [28]. An aspect ratio of 2:1 (height:mid-plane
diameter) was chosen to avoid buckling for higher aspect
ratios and non-uniform stress along the length for lower
aspect ratios [29].

Micro-compression tests of the single-crystal HEA
microcrystals were performed using the InSEM HT
(Nanomechanics Inc.) in situ indenter, equipped with
a 15-um diameter diamond flat punch tip in a Tescan
Mira FE-SEM. All experiments were carried out at a
nominal strain rate of 1072s~! and at three tempera-
tures: T = 293, 423, and 573 K. While the instrument
is inherently load controlled, the displacement rate was
controlled via feedback from the load signal in order to
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achieve a constant strain rate. If a displacement jump
larger than 10nm was recorded during the deforma-
tion (e.g. due to a large strain burst), the microcrystal is
unloaded by 70% for the 293 and 423 K case, and by 10%
for the 573K case, then reloaded with the same proce-
dure discussed above. Engineering stress and engineering
strain were calculated by dividing the load and displace-
ment by the initial mid-plane cross-sectional area and
pillar height, respectively. The raw displacement data,
measured at a data acquisition rate of 100 Hz, were cor-
rected to account for the additional compliance due to
deformation of the base along with the pillar during
loading [30].

Representative stress—strain curves at different tem-
peratures and the typical deformed morphologies at 293
and 573K for the Aly; and Alys HEAs are shown in
Figures 1 and 2, respectively. The average and standard
deviation of the CRSS at 2% and 5% strains from all tested
samples are summarized in Table 1 and Figure 3, and
accelerated in situ videos can be found in Supplementary
Files. The apparent vibrations in the videos at higher tem-
peratures are only shimmering effects. Irrespective of the
test temperature, the in situ experiment revealed that as
the load is applied, the microcrystals elastically deform
until the onset of plasticity, at which point the first slip
band and strain burst are observed. After plastic flow
initiates, the microcrystals exhibit intermittent plastic-
ity events that are evident by the successive strain bursts
(i.e. load drops). Since the microcrystals are oriented in a
multi-slip orientation, both samples exhibit strong work
hardening. Furthermore, for both compositions, the flow
stresses are observed to decrease modestly with increas-
ing temperature. It is also observed that the Aly3 HEA
microcrystals are on average stronger than the Alp; HEA
ones at all tested temperature due to the solid-solution
strengthening effect of Al. However, since the difference
in Al concentration is only less than 5% between the two
HEAs (i.e. 2.4% versus 7%), this enhanced strengthening
effect is small.

As expected for the deformation of [001]-oriented
crystals, symmetric-slip deformation from all four {111}
slip planes is observed. Twinning has also been com-
monly observed in coarse-grained (CG) polycrystalline
Al,CoCrFeNi HEAs after large deformation and exten-
sive work hardening at a wide range of strain rates
(1073 to 10*s™!) [31]. However, in the current study,
TEM lift-outs from the center of the deformed micro-
crystals did not show any indication of deforma-
tion twinning. This lack of deformation twinning
can be rationalized by the low strain levels reached
in the current experiments (~10% strain), as com-
pared to bulk crystals. In addition, it is commonly
observed in other crystal systems that the twinning
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Figure 1. (a) Representative stress—strain curves for the Alg 1 CoCrFeNi HEA tested at various temperatures. Representative SEM micro-

graphs of the deformed microcrystals at (b) 293 K and (c) 573 K.

A SO0 —a 573K
—e—423K
| ——293K

) w I
(=3 (= (=3
S (=] (=}

Engineering Stress (MPa)
S

0.04 0.06

Engineering Strain

0.08

Figure 2. (a) Representative stress—strain curves for the Alg3CoCrFeNi HEA tested at various temperatures. Representative SEM micro-

graphs of the deformed microcrystals at (b) 293 K and (c) 573 K.

Table 1. Summary of the experimentally measured critical resolve shear stress (CRSS) as well as predicted from Equation (1) for both

tested compositions at different temperatures.

2% Flow stress CRSS from

HEA system Temperature (K) (MPa) 5% Flow stress (MPa) CRSS? (MPa) Tss (MPa) Tathermal (MPa) Equation (1) (MPa)
Alg.1CoCrFeNi 293 276 +7 352 +40 112.6 £ 2.9 489 69.6 118.5

423 260 £ 40 313437 106.1 +16.3 33.7 66.3 100.0

573 239416 356 97.5+6.5 21 62.4 834
Alg3CoCrFeNi 293 307 +24 395+19 125.3+9.8 58 64.8 122.8

423 267 +40 307 +40 108.9 +16.3 439 61.7 105.5

573 244+9 244+9 99.6 + 3.7 28.1 58.1 86.2

3CRSS is calculated from the 2% flow stress based on a Schmid factor of 0.408.

nucleation stress increases with decreasing sizes [32,33].
In addition, recent studies on single-crystal and poly-
crystalline materials reported that the power-law expo-
nent for deformation-twinning-mediated plasticity is
much larger than that for dislocation-mediated plasticity

[32-36]. That is, deformation twinning shows stronger
crystal-size effects. Therefore, even if deformation-
twinning-mediated plasticity governs the mechanical
response at the bulk scale, it is plausible that there
is a crystal size below which dislocation-mediated
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Figure 3. The variation of tcgss as a function of (a) tempera-
ture and (b) Al concentration for Al,CoCrFeNi microcrystals having
D=50um, p =3 x10"%/m=2,and ¢ = 10735~ as predicted
by Equation (1). The experimental results are also shown for com-
parison. (C) Tathermal and Tss are represented in stacked bar chart
for all tested temperatures and compositions for the demonstra-
tion of the contribution of each.

plasticity dominates over deformation twinning (i.e.
when CRSSg;p, < CRSStyinning)-

Under the premise that deformation-twinning-
mediated plasticity is excluded from such micron-sized
samples, in the following a dislocation-based model is
developed to describe the effect of Al concentration (Cy)),
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temperature (T), dislocation density (p), strain rate (&),
and crystal size (D) on the CRSS of Al,CoCrFeNi micro-
crystals. In this model, the CRSS, 7crss(T, ¢, D, p), is
decomposed into two components, such that:

TCRSS(T> &, D, p) = Tathermal(D> /0) + 7o (T, 8), (1)

where Tathermal (D 0) is the contribution from athermal
mechanisms and 74(T, ) is the contribution from ther-
mally activated mechanisms during plastic deformation.
The athermal contribution is directly associated with the
long-range elastic interactions of dislocations, which is
well described by the generalized size-dependent Taylor-
strengthening law [28]:

anermal = i (575 ) + aby/p, @

where B = 1.76 x 1073, a = 0.57 are dimensionless con-
stants, and p is the shear modulus as a function of tem-
perature and Al concentration. The first term on the
right-hand side of Equation (2) is the stress required
to activate the weakest dislocation source, while the
second term accounts for hardening arising from dis-
location forest interactions. Experimental and ab ini-
tio simulation results suggest that by treating CoCr-
FeNi as an effective medium, the material parameters
can be approximated as a bilinear function of tem-
perature, T, and Al concentration, Cy). By fitting data
in the literature, the shear modulus can be shown
to be: wu(T,Cap) = (1 —1.51Cp1) x (—0.031T + 93.5),
while Poisson’s ratio v and atomic volume V are rela-
tively temperature insensitive and only depend on the Al
concentration according to: v(Cyaj) = 0.28 4+ 0.2Cy) and
V(CaD) = (1 — Ca1Vcocrreni) + Ca1Var [22,37].

The thermal contribution, (T, ¢), originates from
the local energy barrier for dislocation slip that can be
overcome by local thermal fluctuations. In the current
HEA system, 74 is predominantly dominated by the
lattice friction originating from solid-solution strength-
ening. Here, a recently developed Labusch-type theory
is adopted to estimate the solid-solution strengthening
[38]. In this theory, 4 can be computed at a finite temper-
ature, T, and a given strain rate of &, by considering each
elemental component, #, as a solute atom embedded in
an effective matrix of surrounding alloy, such that [22]:

"1 KT | do 2/3
T —|—In—
n AE, ¢

Ts(T, €) = for 75/70 > 0.5,

Tyo -~ In ;] for 1:55/1:80S < 0.5,

(3)
where k is the Boltzmann constant, &g = 10*s™! is a ref-
erence strain rate and the apparent zero-temperature flow
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stress, 7y, is

N 2/3
ryoozo.osla—WK,f,[ anvg} ., @

n=1

while the energy barrier, AEy, is

N 1/3
AE, = 0.2740(1/3KAEfAE|: anVﬁ] ®)
n=1
and
. 43 ) 2/3
Kr=pu Al bt Kap=p i b,
1—v l-v
fr =035, fap=57. (6)

Here, N is the number of elements in the HEA, and the
atomic volume can be calculated as V = b3/+/2. In this
study, fr and fap are treated as two constants related to
the dislocation core structures [22,38].

Using Equation (1), the variation of tcrss as a func-
tion of temperature and Al concentration is shown in
Figure 3(a,b) for D = 5.0 um, p = 3 x 10'3/m~2 (which
is a representative value for FIB-milled microcrystals),
and ¢ = 10735~ L. The results are also summarized in
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Table 1 for the tested temperatures and Al concentra-
tions for comparison with the experimental predictions.
It is clear that the predicted tcrss as a function of tem-
perature and Al concentration is in excellent agreement
with those measured experimentally. The slightly higher
CRSS at 573 K compared to the model prediction can be
attributed to possibly a slightly higher dislocation den-
sity in those experiments [28]. It is also observed that the
effect of Al concentration decreases with increasing tem-
perature, which can be rationalized by the fact that the
energy barrier, AEy, is an increasing function of the over-
all atomic-size misfit from all elements (see Equation (4)).
Thus, the increase in the Al concentrations raises the
lattice distortion, which consequently leads to a higher
energy barrier and stronger temperature dependency for
dislocation slip. It should be noted that the small dis-
continuities in the predicted rcrgs at different temper-
atures and Al concentrations are a result of the piece-
wise Arrhenius-type relation described by Equation (3),
depending on the value of 74/72. Nevertheless, this dis-
continuity is very small and has no implications for the
current discussion.

It is also observed in Figure 3(b) that by increasing
the Al concentration up to 8%, the effect of solid-solution
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Figure 4. The CRSS for microcrystal having (a) D = 0.1, (b) 1, (c) 20, and (d) 40 um, as predicted from Equation (1) for p = 3 x 10‘3/m‘2,

and & = 10351,



strengthening does not increase significantly. This can be
attributed to two competing effects. On one hand, the
relative large atomic misfit of Al atoms leads to solid-
solution strengthening, while on the other hand, it leads
to elastic softening. Considering that an Al concentration
higher than 8% will lead to the formation of a BCC phase
[25,26], the focus here is only on the Al concentration
below this limit.

The currently proposed model demonstrates a similar
strengthening effect of Al at all three testing temperatures
and is in good agreement with the current experimen-
tal results. There is a slight discrepancy in the overall
CRSS level for the highest temperature tested here (i.e.
573 K), although the strengthening effect of Al is well
captured qualitatively. Nevertheless, a better approxima-
tion could be readily achieved by slightly adjusting f;
and fafp in Equations (5) and (6), which would give a
better dislocation core structure description at elevated
temperatures [39].

The relative contribution of T,thermal and e on the
overall CRSS of the HEA microcrystal is summarized in
Table 1 and as a stacked bar chart in Figure 3(c). It is clear
that the significant drop in strength is predominantly
associated with the decrease in 1y, which on the other
hand is attributed to thermal softening. It is also clear
that for the crystal size studied here, the contribution of
Tathermal and Tgs to the total CRSS of the microcrystal is
on the same order (tens of MPa) due to the sample size
effect. This trend might not be the case for other crystal
sizes, for example, for bulk single-crystal or CG polycrys-
talline sample, the contribution from g will dominate
the CRSS.

The model, represented by Equation (1), can give a
general understanding of the relative effects of Al com-
position, temperature, and crystal size on the CRSS of
Al,CoCrFeNij, as shown in Figure 4. It is clear that for a
given concentration and temperature, a decrease in the
crystal size leads to an increase in the CRSS in agree-
ment with the ‘smaller is stronger’ phenomenon. It is also
observed that for D > 20 um, the effect of size becomes
irrelevant, and the crystal strength reaches a steady state
that is equivalent to the bulk strength. Furthermore,
the increase in temperature for a given crystal size and
Al concentration will lead to a decrease in the crystal
strength. On the other hand, it is interesting to note
that due to the elastic softening effect of the added Al,
when D < 0.1 pm, the increase in the Al concentration
leads to a decrease in the predicted CRSS (Figure 4(a)).
However, for larger crystals, the increase in Al concen-
tration will always lead to strengthening in agreement
with the solid-solution hardening effects. It should be
noted that although in the current study only experi-
ments on micron-sized samples are used to verify the
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model, the model could be extended to bulk sample natu-
rally. By assuming a dislocation density of 1012 and using
a sample diameter of 2 mm, this model yields a predic-
tion of 68.2 MPa CRSS which is very close to 75.2 MPa
measurement [40].

In summary, in situ micro-mechanical testing tech-
nique was utilized to study the effect of Al composi-
tion and temperature on the mechanical properties and
deformation mechanism for Al,CoCrFeNi microcrys-
tals. The experimental results show that, unlike bulk sam-
ples, plasticity is mediated by dislocation slip without
any observation of deformation twinning. In addition, a
physics-based model was developed to predict the effect
of Al concentration, temperature, and crystal size on the
strength of Al,CoCrFeNi microcrystals. In this model,
the crystal strength is proposed to be dominated by both
the long-range athermal and short-range thermal con-
tributions in a linearly additive manner. The model was
shown to match well with the experimentally measured
CRSS. The model also interestingly predicts that when
the sample size decreases below 0.1 um, the increase in
Al concentration leads to a softening effect. Finally, the
currently proposed model is most likely to have a more
general validity for a wider range of HEAs, and pro-
vides a guide for the development of advanced alloys for
small-scale applications.
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