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ABSTRACT

A CoCrFeMnNi high-entropy alloy (HEA) showed elongation to failure ~320% at T = 1023 Kand a
strain rate é = 10~%s~!. Strain hardening and texture weakening occurred at low &, whereas flow
softening and texture strengthening were observed at high é(> 3 x 1072 s~") experiments. The
strain rate sensitivity (m) decreased from 0.5 to ~ 0.25 with increasing . Deformation with m ~ 0.5
and deformation-enhanced grain growth at low ¢ indicated superplasticity associated with grain
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boundary sliding. The grain boundary diffusion coefficient diminished by a factor of ~4 in the
HEA. Concurrent nucleation, growth and cavity interlinkage caused premature failure compared with

conventional superplastic alloys.

Sexting microstructure of HEA (d=1.4pm)

%

&

®

Troe s bess (UPa)

¥

ColrPchiadi - MEA
4= 18w

—10" T=300K

e 10" T=108K

#5)

-=10* T=103K
10?7 T=103K

IMPACT STATEMENT

FCC CoCrFeMnNi HEA shows superplastic-like flow with ~ 320% elongation at 1023 K and 10~* s~

strain rate originating from grain boundary sliding.

1. Introduction

High-entropy alloys (HEA), consisting typically of five or
more elements, are a new class of alloys that have been
developed over the past decade or so [1-6]. Many of these
materials form concentrated solid solution alloys, and
they have potentially interesting physical and mechanical
properties. A recent review on HEA noted that there was
very limited information available from tensile testing of
such materials, especially at high temperatures [5].

The focus of this study is an equiatomic CoCr-
FeMnNi FCC alloy that has been widely investigated,
and has become a standard material for scientific stud-
ies. Although early studies suggested that the material
retained a single-phase structure upon extended expo-
sure to high temperatures, more recent studies show that
fine second-phase particles may develop in such materi-
als depending upon the annealing conditions as well as

the previous mechanical treatments [7-9]. Therefore, it
is appropriate to consider the CoCrFeMnNi HEA as a
quasi-single-phase alloy.

Mechanical testing data at high temperatures can be
represented by an expression of the following form:

& oco"dPD, (1)
where ¢ is the strain rate, o is the stress, d is the grain size,
D is the appropriate diffusion coefficient, and n and p are
termed the stress exponent and inverse grain size expo-
nent, respectively. Intragranular dislocation creep pro-
cesses involve n =3 and p = 0, whereas superplasticity
is usually associated with n < 3and p > 0.

Tensile experiments on specimens with grain sizes of
155, 50 and 4.5 um revealed that the tensile elongation
to failure (ef) decreases to ~20% with increasing tem-
perature up to 1073 K for the coarser grain sizes [10].
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However, there was a slight increase in ductility with ef
of ~50% in the 4.5 um specimen at T = 1073 K [10].
Another investigation on specimens with a grain size of
12um and T ~1023-1123K concluded that deforma-
tion occurred by a dislocation solute drag process with
a stress exponent of n~ 3, with a transition to n~5 at
higher strain rates [11].

An overview on HEA identified an elongation to fail-
ure of > 300% for superplasticity [12]. Superplastic flow
is usually examined from constant strain rate testing,
and analysis yields a strain rate sensitivity m (=n"1).
A high value of m > 0.3 (or n < 3) retards flow local-
ization and promotes superplasticity [13]. Conventional
superplastic alloy design is based on developing a reason-
ably stable grain size of < 10 pm, with either a microdu-
plex structure or a quasi-single microstructure with par-
ticles pinning grain boundaries. Although there have
already been reports of superplasticity in microduplex
HEA [14,15], it is of interest to examine the possibility of
superplasticity in a quasi-single-phase HEA with none or
a very small quantity of isolated second-phase particles.
Note that although superplasticity is not observed usu-
ally in pure metals because of rapid grain growth at high
temperatures, there are reports of superplasticity in a
fine-grained ytrria-stabilized tetragonal zirconia [16,17]
which exhibits sluggish grain growth as well as nano-Ni
which developed isolated second-phase particles during
high-temperature testing [18,19]. Therefore, the hypoth-
esis we would like to examine is that a fine-grained
CoCrFeMnNi HEA may exhibit superplastic flow.

Several approaches have been developed to produce
fine-grained HEA, including thermo-mechanical treat-
ments [20,21], severe plastic deformation [8,22] and
spark plasma sintering of nano sized powders [23], and
these have led to grain sizes of less than ~ 2 um. The HEA
exhibits only limited grain growth up to 1073 K, which
has been attributed to sluggish diffusion and a distorted
matrix because of the high solute content [20].

We show here elongations to failure of 2300% in
a thermo-mechanically processed HEA having an ini-
tial grain size of 1.4 um, with an optimum strain rate
sensitivity of ~0.5-0.6 and T = 1023 K, which corre-
sponds to a homologous temperature of 0.64 based on a
melting temperature of 1605K [24]. Furthermore, test-
ing at high strain rates leads to dynamic recrystallization,
whereas superplastic flow at lower strain rates leads to
deformation-enhanced grain coarsening.

2, Experimental

An equiatomic CoCrFeMnNi HEA was vacuum arc-
melted from pure elements (with purity 99.9%) and
cast into a bar with dimensions 10 x 20 x 40 mm.

Rectangular samples with dimensions 10 x 20 x 5mm,
cut from the as-cast bar, were homogenized at 1373 K
for 6h to attain chemical homogeneity. In order to
break down the cast structure, the homogenized sam-
ples were cold-rolled to 50% reduction in thickness
using a laboratory scale rolling mill having roll diame-
ters of 140 mm (SPX Precision Instruments, Fenn Divi-
sion, USA). The rolled samples were annealed at 1073 K
for 1h and these samples were further warm rolled at
473K to 85% reduction in thickness. Miniature tensile
samples of gauge length 3 mm and width of 1 mm were
electro-discharge machined (EDM) and further annealed
at 973 K for 15 min to obtain a grain size of 1.4 um. The
tensile specimens had shoulders with a radius of curva-
ture of 1 mm, connecting the gauge length to the grips;
the nominal elongations reported include some limited
deformation in the shoulder section. These samples were
finely mechanically polished and then electropolished to
remove any surface damaged zone. The final specimen
thickness was typically ~ 300 um. The tensile loading
direction was along the prior rolling direction (RD).

Uniaxial tensile tests were performed in air using a
table top tensile machine (INSTRON 5567) and a three
zone heating furnace (ATS, USA). Tensile testing was
conducted primarily at 1023 K over strain rates from
~107*to 10~ ! s~ 1. The tensile samples were heated from
room temperature to 1023 K at 10 Kmin~! and soaked
for 20 min before starting the test; the samples were
furnace cooled after the test. Strain rate cycling tests
were conducted to evaluate the variation in strain rate
sensitivity with strain rate and strain. The experiments
reported here were conducted on electropolished speci-
mens; experiments on specimens without polishing after
EDM or after a substantially reduced thickness yielded
somewhat lower ductility but similar flow stresses.

Selected samples were examined before and after fail-
ure to evaluate changes in the grain size and texture in the
gripping region as well as a region near the fracture tip.
The microstructural characterization involved an elec-
tron backscatter diffraction system (Oxford Instruments,
UK) mounted on a scanning electron microscope (SEM)
(Carl-Zeiss, Germany; Model: SUPRA 55). The grain size
was determined from areal measurements.

3. Results

Figure 1 illustrates the variation in flow stress with nomi-
nal elongation for a specimen tested at room temperature
and a strain rate of 107°s~! and also tests at 1023 K
and strain rates between 10~! and 10~ s~!. While the
room temperature test yielded a high maximum stress
of ~ 1050 MPa, the ductility was limited to an elon-
gation to failure (ef) of ~35%. In contrast, the flow
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Figure 1. True stress—elongation (%) curve at 300 and 1023 K for
different strain rates. The geometry of the tensile specimen is
shown in the inset.

stresses were much lower at 1023 K, but the ductilities
were much higher. Note the flow softening at 107! s™!
with ef of ~160%, and strain hardening at 1074s 1 and
ef of ~320%. These results are similar to those reported
in conventional microduplex superplastic metallic alloys
[13], and also on a microduplex HEA [14,15].

The variation in strain rate sensitivity with strain rate
and strain is depicted in Figure 2, from a plot of flow
stress with nominal elongation at various strain rates. The
strain rate sensitivities calculated from such data show
a decrease in m from ~0.59 at 107571 to ~0.25 at
1072571, Similar values of strain rate sensitivities were
observed during the strain rate decrease cycle and the
second strain rate increase cycle, although there seemed
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to be a slight decrease from m ~0.6 to ~0.5 at the
lower strain rates. In terms of superplastic flow, the above
behavior is consistent with a transition from a superplas-
tic region II with high m at intermediate strain rates to
a non-superplastic region III with low m at high strain
rates [13].

Langdon [25] developed a unified model of superplas-
ticity involving grain boundary sliding, which is consis-
tent with data on a wide range of materials, and this leads
to the following rate equation for superplastic flow &

AD4Gb[ b1*[o 12
St Lkt Bl I
b0 =57 [d] [G} @

where the constant A = 10. Dy, is the grain boundary
diffusion coefficient, b is the magnitude of the Burg-
ers vector and G is the shear modulus. The experi-
mental data in Figure 2 reveal a flow stress of 40 MPa
at a strain rate of 10~*s~!. Putting these values in
Equation (2), along with G = 56 GPa [26], b = 0.36 nm
[11],d = 1.4pm and T = 1023 yields a diffusion coeffi-
cient Dg, = 2 X 107 B m?s 1,

In an equiatomic HEA, the diffusion coefificent is
likely to be controlled by the slowest moving species,
which is Ni in the CoCrFeMnNi HEA. Prokoshkina
et al. [27] studied grain boundary diffusion experi-
mentally in Ni, and assuming a grain boundary width
8 = 1nm their data yield a grain boundary diffusion
coefficient of 8.7 x 10713 m?s~! at 1023 K. Thus, the
current experimental observations are consistent with
the widely accepted model for superplasticity, based on
grain boundary sliding, in other classes of fine-grained
materials. The calculations based on Equation (2) yield
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Figure 2. Stain rate jump test for different strain rates.
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Figure 3. Orientation maps of deformed specimens at different strain rates and their corresponding (111) pole figures.

a diffusion coeflicient that is about a factor of 4 lower
than that for pure Ni; the slightly reduced diffusion coef-
ficient may be consistent with the general observation of
a decrease in diffusion coefficients in Ni with lower purity
[27]. In addition, these results imply that while diffusion
in HEAs may be sluggish at lower temperatures, it is not
so at reasonably high temperatures as noted also from the
observations of static grain growth at 1023 K from the
grip sections of the specimens.

Microstructural information obtained in the study is
summarized in Figure 3, where the upper and lower fig-
ures show the orientation maps and (111) pole figures,
respectively, before testing and in regions near the frac-
ture tips of specimens tested at 10~ and 10~ s~!. There
are three important points to note from these data. First,
whereas high strain rate testing leads to a decrease in
the grain size, low strain rate testing leads to an increase
in the grain size. Second, there is noticeable increase in
twins in the coarser grains at the lower strain rate. Third,
while testing at 107! s™! leads to a sharpening of texture
consistent with intragranular dislocation activity, there
is a weakening of texture at the lower strain rate that is
expected when grain boundary sliding is significant.

It is important to distinguish the influence of time
of exposure to elevated temperatures from deformation,
in causing the above microstructural changes. Table 1

Table 1. Grain sizes in the grip sections and near fracture tips.

Strain rate (s 1)

107!
10~*

Grip section (um)

1.8040.11
3.014+0.08

Near fracture (um)

1.0140.02
4.44 £ 0.07

compares the grain sizes in the grip regions and near the
fracture tips of specimens tested at 10~! and 10=*s~1. In
the absence of deformation, data from the grip regions
reveal the occurrence of time-induced grain growth at
1023 K. However, the grain size is substantially reduced
near the fracture tip of the sample tested at 10! s~!, and
the grain size is greater than the grip section of the sam-
ple tested at 10~*s™1. Taken together, the experimental
results imply the occurrence of dynamic recrystallization
at 10 1's7! and deformation-enhanced grain growth at
10~*s~1. Deformation-enhanced grain growth is a com-
mon observation in conventional superplastic materials
[28], and it is usually associated with grain boundary
sliding.

Since the present experiments were conducted at
a constant cross-head velocity, the true strain rate
decreases continuously as the specimen elongates. For
a material exhibiting a high strain rate sensitivity, such
a decrease in true strain rate is expected to lead to a
decrease in flow stress at large strains. However, the
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Figure 4. SEMimage of (a) fracture tip of room temperature tensile test sample (¢ = 1073 s~') and (b) polished sample of 1023 K tensile

test sample (¢ = 1073s7).

data shown in Figure 1 indicate that there is no flow
softening under superplastic flow conditions. The effec-
tive strain hardening observed in superplastic flow is
likely to be a consequence of grain growth (as typically,
p > 0) and/or the interference caused to the motion
of intragranular dislocations by twins observed in the
coarser grains. Models of superplasticity frequently con-
sider the punching out of intragranular dislocations to
relieve stress concentrations caused by grain boundary
sliding at triple junctions [25], and there are experimental
observations of intragranular dislocations being trapped
in twin boundaries in a superplastic Cu alloy [29].

Figure 4 shows the fracture processes in specimens
tested at room temperature (a) and under superplastic
conditions at high temperature (b). The fracture sur-
face shown in Figure 4(a) reveals a conventional ductile
dimple fracture. Under superplastic conditions, a pol-
ished section of a fractured specimen reveals cavities in
stringers aligned along the RD. The cavities were large,
and the relatively broad cross-section near the fracture tip
suggests that fracture occurred by the nucleation, growth
and interlinkage of voids.

It is possible to analyze cavity nucleation in superplas-
tic materials in terms of the stress concentrations induced
by grain boundary sliding and local stress relaxations by
diffusion [30]. However, it is difficult to apply such an
analysis to the present HEA due to a lack of data on
surface energies and grain boundary energies. The align-
ment of cavities in stringers may be a consequence of
nucleation at particles introduced inadvertently during
casting that are aligned along the RD, as observed in a
quasi-single-phase superplastic Cu alloy [29], or may be
associated with the superplastic deformation process, as
noted in a microduplex Zn-22% Al eutectoid alloy [31].
It is interesting to note that cavity formation in stringers
was also reported in superplastically deformed microdu-
plex HEAs [14,15]. Although cavities appear to interlink

in a direction parallel to the tensile axis, the high strain
rate sensitivity limited cavity interlinkage perpendicular
to the tensile axis, enabling superplastic flow. While a pre-
liminary investigation suggested that fine particles had
developed in the present HEA under high-temperature
deformation, a more detailed investigation is necessary
to identify the particles and their association with con-
current cavitation.

There are two additional issues that merit discussion:
(a) the relatively low strain rate for superplasticity and
(b) the relatively low elongation to failure.

In general, since the inverse grain size exponent p is
typically in the range of 2-3, a decrease in grain size
leads to increased strain rate (Equation (1)). Experiments
on Al alloys have shown that when the grain size is
reduced from ~10 to 1um, the optimum strain rate
for superplasticity increases from ~ 10~ to > 1071 s7!.
However, in the present HEA study the optimum super-
plasticity is a relatively low strain rate of ~107*s~!
although the initial grain size was 1.4 um. Inspection of
Equation (1) reveals that the strain rate is also propor-
tional to the diffusion coefficient, and it is likely that the
enhancement in strain rate due to a finer grain size is
offset by the somewhat lower diffusion coefficient in the
HEA as well as significant concurrent grain growth. A
further refinement in grain size to ultrafine or nanocrys-
talline regime may enable superplasticity at higher strain
rates, although it may be difficult to retain a fine-grained
structure in such quasi-single-phase HEA at high super-
plastic testing temperatures. Recent indentation exper-
iments on HEA processed by high-pressure torsion to
obtain a 40 nm grain size [22] suggest deformation by
Coble creep (n = m = 1), which may yield superplastic-
ity at room temperatures, if cracking or cavitation can be
limited at the associated high stresses of ~ 0.5 to 1 GPa.

A strain rate sensitivity of ~0.5 gives large elonga-
tions to failure from =>500% in conventional superplastic



6 S.R.REDDY ET AL.

alloys. It is likely that concurrent cavitation during
superplastic flow limited ductility in the present HEA.
There is clearly a need to evaluate the cavity nucleation
sites in the alloy. Ductility may also be limited by oxi-
dation evident at surfaces of deformed samples and the
limited number of grains across the thickness near the
fracture tips. It is important to note that most commer-
cial quasi-superplastic sheet forming operations require
true strains <1 [32], so that an elongation to failure of
> 300% may be sufficient for the superplastic forming of
the present HEA.

4. Conclusions

In summary, the present study demonstrated superplas-
ticity in a fine-grained quasi-singe phase equiatomic
CoCrFeMnNi alloy. Microstructural investigations
revealed flow localization, dynamic recrystallization and
texture sharpening at a high strain rate, with an elonga-
tion to failure of ~ 160%, and more uniform flow with an
elongation to failure of 2300%, deformation-enhanced
grain growth and a weakening of texture at a low strain
rate. The experimental data are consistent with a model
for superplasticity based on grain boundary sliding. A
further refinement in grain size and strategies for limit-
ing grain growth may be useful approaches to enhancing
ductility in such HEAs.
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