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High entropy alloys are a new class of metallic materials with a potential for use
in structural applications. However, most of the studies have focused on mi-
crohardness and compressive strength measurements for mechanical proper-
ties determination. This study presents the tensile deformation behavior of a
single-phase, face-centered cubic Al0.1CoCrFeNi high entropy alloy (HEA).
Friction stir processing was carried out to refine the grain size. Scanning
electron microscopy and electron backscatter diffraction were carried out for
microstructural examination. The grain size of the alloy was on the order of
millimeters in the as-received condition. The average grain size after friction
stir processing of the alloy was 14 ± 10 micrometers. The mechanical properties
were determined through microhardness measurement and mini-tensile tests.
The friction stir processed alloy showed a total elongation of �75% for the mini-
tensile sample used and yield strength of 315 MPa. It is an exceptional com-
bination of strength and ductility. Friction stress was determined to be
174 MPa and the Hall–Petch coefficient was 371 MPa (lm)1/2. Such a high value
of Hall–Petch coefficient suggests that grain boundary strengthening can be a
very effective strengthening mechanism for the HEA Al0.1CoCrFeNi.

INTRODUCTION

Although alloy design based on one predominant
element has been the norm, the start of the twenty-
first century saw a great departure from conven-
tional alloying principles. The new alloying principle
has led to the emergence of a new class of composi-
tionally concentrated alloys, which are known as
high entropy alloys (HEAs). These alloys are also
called multiprincipal elements alloy and multicom-
ponent alloys. The HEA name has been attributed to
this class of material due to their high configura-
tional entropy compared with the entropy of fusion of
many conventional metals.1,2 In a very conservative
approach, Yeh et al.3 showed that it was possible to
develop �8000 new alloys based on the HEA design
principle. If one goes by the estimate of Miracle et al.4

then the number of equimolar alloys can be as high as
127,000. Although the paradigm based on high en-
tropy alloys is still in its infancy, the scientific and
technological explorations are expected to lead to a
‘‘new science’’ and products superior in performance
than those based on conventional alloys.

The alloys developed based on this new paradigm
have shown many material properties either at par
or exceeding that exhibited by conventional alloys.
Figure 1 shows a tetrahedron for the design of
engineering components that involves the plastic
deformation of alloys. It includes the fatigue-limited
design, yield strength-limited design, toughness-
limited design, and creep-limited design. Note that
the best property in each category is exhibited by
HEAs.1,5–7 This observation based on the initial set
of results is really encouraging and shows the future
potential of HEAs as structural materials.

Based on the initial potential of HEAs, it is im-
portant to further study mechanical properties to
understand the deformation behavior of HEAs in
different microstructural states. To this end, a host
of researchers are globally engaged in investigating
several mechanical properties including uniaxial
compressive and tensile properties.1,2,4,8,9

In the current work, friction stir processing (FSP)
was used for the microstructural modification of a
high entropy alloy. FSP is a derivative of the friction
stir welding technique, which was developed at The
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Welding Institute, United Kingdom, in 1991.10 The
concept of FSP as a generic microstructural modifi-
cation tool was introduced by Mishra et al.11 Dif-
ferent friction stir process attributes have led to the
development of various friction stir technologies.12 A
series of recent publications ascertain the role FSP
plays in the development of fine-grained, equiaxed,
randomly oriented grains, and low dislocation den-
sity microstructures.13–15 The current work has been
undertaken to understand the effect of microstruc-
tural refinement using FSP on plastic deformation
behavior of a high entropy alloy. The friction stress
and Hall–Petch coefficient parameters present in
the Hall–Petch equation have been calculated in this
work for the HEA studied.

EXPERIMENTAL

A single-phase, face-centered-cubic (fcc) Al0.1-

CoCrFeNi HEA (nominal composition, at.%:
Al—2.44 and rest 24.4 each) was used for FSP. The
HEA was prepared at The University of Tennessee,

Knoxville. The steps involved in the making of the
HEA were as follows: (I) vacuum-induction melting
(a 127 9 305 9 19 mm3 cast plate), (II) hot isostatic
pressing (HIP) by argon at a pressure of 103 MPa
and a temperature of 1204�C for 4 h, and (III)
cooling to 343�C in 3 h followed by cooling down to
191�C in 1 h and then removal from the vessel. A
polycrystalline cubic boron nitride (PCBN) tool
having a convex, scrolled shoulder and conical pin
with spiral feature on it was used for FSP of the
HEA. The tool rotation rate, tool traverse speed, tool
tilt, and plunge depth were 600 rpm, �1 ipm
(25 mm/min), 2.5�, and 5.0 mm, respectively. FSP
was carried out in the ambient condition, and the
backing plate was made of tool steel. Figure 2
includes the picture of the tool used during FSP.

The FEI Quanta ESEM (FEI Company, Hillsboro,
OR) was used to take the macroscopic image of the
transverse cross-section of the alloy in the friction
stir processed condition. EBSD was employed for the
microstructural examination of the as-received and
friction stir processed alloy. The EBSD (using a TSL

Fig. 1. Plastic deformation-based design tetrahedron showing superior properties of high entropy alloys among conventional alloys (a) Yield
strength limited design (b) Toughness limited design, (c) Creep limited design, and (d) Fatigue limited design. The data were taken from Refs. 1 and
5–7.

Kumar, Komarasamy, Nelaturu, Tang, Liaw, and Mishra1008



EBSD system interfaced with FESEM Nova 200) was
carried out on the transverse cross-section at the
center of the nugget. The following parameters were
used during EBSD data acquisition: volt-
age = 20 kV, current = 2.4 nA, working distance of
�10–11 mm for both as-received and friction stir
processed conditions, scan step of 5 lm for as-re-
ceived and 1 lm for friction stir processed conditions.

Vickers microhardness measurements of the alloy
in as-received and friction stir processed conditions
were carried out using 500-g load with 10-s loading
cycle. For the measurement of tensile properties,
uniaxial tensile testing was done for the alloy in
both conditions using a custom-built tensile tester.
The gage length, width, and thickness of tensile
samples were �2.0 mm, �1.1 mm, and �0.6 mm,
respectively. The gage of the mini-tensile sample
was oriented along the transverse to the friction stir
processing direction. Tensile testing was carried out
at an initial strain rate of 10�3 s�1 and at room
temperature. Final polishing was done using 1-lm
grit size polycrystalline diamond suspension for all
samples before tensile testing. In each condition,
two samples were tested for the repeatability of the
test result.

RESULTS AND DISCUSSIONS

Figure 2a shows a macroscopic view of the top
surface of the friction stir processed region. The
sense of tool rotation and travel directions are also
marked. A very smooth and shiny surface of the
material with little flash should be noted here in the
processed zone. Note that materials like ferrous and
titanium alloys need protective atmosphere, such as
the presence of argon gas during FSP to avoid sur-

face oxidation. In this study, no protective atmo-
sphere was provided and visually it appeared that
no significant oxidation occurred during FSP. As
mentioned, Fig. 2b1, b2 show different perspectives
of the PCBN tool used in FSP of the alloy. In Fig. 2c,
the transverse cross-section of the plate is shown.
The broken line identifies boundaries between the
nugget and the rest of the plate. The region below
the broken line shows very large grains, whereas an
entirely different appearance of the grains (indis-
tinguishable at this magnification) in the nugget
should be noted here.

Figure 3a shows the EBSD map of the alloy in the
as-received condition. It shows grains on the order
of millimeters. The same observations regarding the
grain size were made based on the region lying be-
low the dotted line in Fig. 2c. The grain structure
after FSP is shown in Fig. 3b, which as expected is
significantly finer than that in the as-received con-
dition. The high-angle grain boundaries (HAGBs)
are shown by black lines in Fig. 3b. The yellow lines
represent annealing twins and R3 special bound-
aries. The average grain size was determined to be
�14 ± 10 lm with an HAGB cut-off angle of 15�. An
uncorrelated misorientation distribution analysis
(not shown here) revealed a Mackenzie distribution
indicative of a random distribution of the grains in
the friction stir processed microstructure.16

The microhardness measurement results are
shown in Fig. 4a. The microhardness value of the
as-received material is represented by the dash-
dotted horizontal line in this figure. The hardness of
the as-received material was 132 ± 3 HV0.5. The
hardness values of the nugget region shows a sig-
nificant improvement in hardness after FSP with an
average hardness value of 181 ± 5 HV0.5 in the

Fig. 2. (a) Top surface of the plate showing the friction stir processed zone, (b1 and b2) PCBN tool used for the processing, and (c) transverse
cross-section showing the macroscopic appearance of the nugget with respect to the base material.
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nugget region and an improvement of �50 HV0.5
over the as-received alloy.

The stress–strain curves (engineering and true)
are presented in Fig. 4b. The average yield strength
(YS) of the alloy in the as-received condition was
150 ± 1 MPa. Note that the gage length, width, and
thickness of the tensile samples were �2.0 mm,
�1.1 mm, and �0.6 mm, respectively. Given that the
grains are very coarse in the as-received alloy, the
gage section of the tensile sample is not expected to
contain more than a few grains. In addition to this
trend, based on the processing history of the alloy,
the dislocation density is also expected to be negli-
gible. Hence, the YS of the as-received alloy is mainly
due to the contribution coming from the lattice fric-
tion stress in this single-phase fcc alloy. The average
YS of the friction stir processed alloy was
315 ± 4 MPa. Note that after FSP, the average grain
size was 14 ± 10 lm. Hence, the gage section of the
tensile sample contained a sufficient number of
grains for YS, in this condition, to be representative
of a polycrystalline behavior. Therefore, in the FSP
condition, the YS of the material is composed of the
lattice friction stress and grain boundary strength-
ening. In general, the nugget microstructure shows
very low dislocation density after FSP.12 FSP is a
high-temperature thermomechanical processing
technique. When a given volume of the material is
left on the trailing side of the tool, it remains in the
wake of the thermal field, which causes recovery of
the deformed material volume resulting in low dis-
location density. Hence, it was assumed that the
contribution of dislocation strengthening to the YS of
the alloy in the friction stir processed condition was
limited and can be neglected.

In low-stacking-fault metallic materials, a three-
stage work hardening has been reported in the lit-
erature.17 It is schematically shown in the inset of
Fig. 4c, bounded within gray rectangular regions,
and each stage is labeled with the letters A, B, and C.

Figures 4c, d include the variation of strain-hard-
ening rates as functions of true strain and true
stress, respectively, for the as-received and friction
stir processed alloys. Given the presence of very
limited grains in the gage section of the as-received
alloy, the work-hardening behavior is dependent on
the orientation of each crystal with respect to the
loading axis (tensile axis).18 Hence, although
included in Fig. 4c, d, the work-hardening behavior
of the alloy in the as-received condition will not be
discussed in this study. Before the discussion of the
work-hardening behavior of the friction stir pro-
cessed alloy, a general consideration of the stage B is
important. In the inset, it is shown with a positive
slope to emphasize the discontinuity. In general, this
stage is characterized by a slope lower in magnitude
(if it is a negative slope) than the slopes of the regions
represented by states A and C, or it can show a po-
sitive slope as shown in the inset. Hence, the friction
stir processed alloy exhibited all three stages during
work hardening. Each stage is a manifestation of a
microscopic deformation process operative in the
course of plastic deformation. Stages A and C are
associated with the dislocation-slip-mediated plas-
ticity. The stage B represents twinning-mediated
plasticity, phase-transformation-induced plasticity,
or a combination of both.

Work hardening is necessary for a material to
undergo plastic deformation without the localized
deformation. Stage A in Fig. 4c, d show a continuous
drop in the strain hardening rate until stage B ini-
tiates. In the present case, stage B shows almost
zero slope; therefore, it halts the drop of the strain-
hardening rate. As mentioned, twinning- and
transformation-induced plasticity have been
attributed for such a change in the slope of the
strain-hardening rate curve.17 The twin density has
been observed to increase as deformation progresses
in stage B.19 The balance of the strain-hardening
rate and the rate of recovery determines the slope in

Fig. 3. EBSD map of (a) as-received and (b) friction stir processed samples. The color associated with each grain represents a particular
crystallographic axis perpendicular to the plane of the paper, and its index can be assessed from the inverse pole figure triangle embedded in (a).
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this stage. It is followed by stage C, which is similar
to stage A. A microstructural investigation in each
stage would be necessary to understand the actual
deformation mechanism(s) operative in each stage.

Note that the friction stir processed alloy showed
significant work-hardening ability during plastic
deformation. In the true stress–true strain curves
(Fig. 4b), the flow stress changed from 315 MPa to
in excess of 900 MPa at the end of uniform plastic
deformation, which represents a threefold increase
in the flow stress. The result of such a high work-
hardening rate is 50% uniform engineering strain
(40% true strain). The total elongation shown was
�75% in this condition. Although the YS of the alloy
in this condition is low, such a high level of total
elongation suggests that this alloy can be subjected
to further plastic deformation processes such as cold
rolling to improve the strength of the alloy; this
process will be akin to H temper used for conven-
tional metallic alloys. In another work on the same
alloy, in which a finer average grain size was ob-
tained by FSP, showed yield strength of 544 MPa
with a total elongation of �50%.9 Hence, a great
potential exists for improving the strength of the
alloy by further plastic deformation, grain refine-
ment, or a combination of both while retaining an
acceptable level of ductility.

Most of the mechanical properties reported for
HEAs are based on hardness measurements and
uniaxial compression tests. It is partly due to the

processing path used for HEAs. Conventional cast-
ing and powder metallurgy have been preferred
routes so far in the manufacturing of HEAs. Cast-
ing- and sintering-related porosities render HEAs
with almost no ductility.20 The as-received alloy
used in this study was subjected to the HIP process
after casting, which aids in the elimination of cast-
ing porosities. Therefore, the alloy in the as-received
condition exhibited very good ductility. Although
FSP was applied in the HIP condition, in general,
FSP can be applied to the as-cast condition, and it
would result in a wrought microstructure in the
processed zone. FSP causes a very good combination
of strength and ductility in the processed zone as
observed in this study, the YS of 315 MPa, uniform
elongation of 50%, and total elongation of 75%; and
in the previous study, the YS was 544 MPa, uniform
elongation was �28% and total elongation was
�50%.9 In a recent study, it was shown that an HEA
consisting of eutectic microstructure exhibited a
very good work-hardening behavior that resulted in
a fracture stress of 944 MPa with 23% total elon-
gation. But it exhibited a very low level of YS
(<100 MPa) and sudden fracture of the tensile
sample; i.e., there was no postnecking plastic de-
formation. Note that the current alloy in the FSP
condition underwent �25% postnecking deforma-
tion. Yao et al.21 reported that the single-phase fcc
nonequiatomic FeMnNiCoCr HEA exhibited the YS
of 240 MPa and total elongation �58%. In cold-rol-

Fig. 4. (a) Microhardness distribution in the nugget on the transverse cross-section of the processed plate, (b) stress–strain curves, and (c)
strain-hardening rate versus true strain plot. The schematic in the inset shows three stages of work-hardening rate17 and (d) strain-hardening rate
versus true stress plot.
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led condition, the FeMnNiCoCr HEA demonstrated
YS of 760 MPa and total elongation of �17%. These
examples demonstrate a wide scope in the
microstructural design by developing thermome-
chanical processing steps for HEA to obtain a wide
range of mechanical properties for an array of
structural applications.

Figure 5a plots the change in YS as a function of
the average grain size. Mathematically, the contri-
bution of grain-boundary strengthening is
expressed by the Hall–Petch relationship, which is
given as follows.

DrHP ¼ r0 þ kHPd
�1=2 (1)

where DrHP, r0, kHP, and d are the grain-boundary
strengthening contribution to YS, friction stress,
Hall–Petch coefficient (also known as locking pa-
rameter), and average grain size, respectively.
Equation 1 was fitted through three datum points
present in Fig. 5a. For the as-received HEA, an
average grain size of 2 mm (2000 lm) was chosen
for the current analysis. Note that Figs. 2c and 3a
indicate the presence of very large grains—in excess
of 500 lm. Hence, at such a large grain size, the
grain-boundary contribution is almost negligible for
fcc metals and alloys, and the contribution to the YS
is mostly due to the friction stress in absence of
other strengthening mechanisms.15 The second da-
tum point corresponds to the average grain size and
yield strength combination of the friction stir pro-
cessed microstructure in the current study. The
third datum point was taken from a recent work
published by the current authors elsewhere.9 Note
that for third datum point, the YS and average
grain size were 544 ± 27 MPa and 0.95 ± 0.31 lm,
respectively.9

Based on the linear regression analysis, r0 and
kHP were found to be 174 MPa and 371 MPa (lm)1/2,
respectively. At this point, the friction stress r0 and
Hall–Petch coefficients kHP merit further discus-
sion. The parameter kHP from the current study is
plotted in Fig. 5b along with many other fcc, body-
centered cubic (bcc), and hexagonal close-packed

(hcp) metals and alloys.15,22–25 Figure 5b suggests
that bcc and hcp metals and alloys have relatively
higher kHP than that of fcc materials. Based on the
data related to fcc materials, kHP values are less
than 400 MPa (lm)1/2. As per this observation, the
kHP value determined for the Al0.1CoCrFeNi HEA
investigated currently is impressive. Note that this
value of kHP is on the lower end of the kHP values
shown by bcc materials and at the higher end of fcc
materials.

The normal stress (r) and resolved shear stress (s)
are related by the following expression,

r ¼ Ms (2)

where M is the Taylor factor, which is taken as 3.1
for a randomly oriented cubic polycrystalline mate-
rial.26 Hence, dividing r0 by 3.1 gives the critical
resolved shear stress (CRSS) of �56 MPa. Most of
the pure fcc materials show CRSS values much
smaller than the value observed for Al0.1CrCoFeNi
alloy. With respect to hcp materials, the value of
CRSS for the HEA is much higher, and it is at the
lower end of the spectrum of CRSS values for bcc
metallic materials.22

Such a high value of the Hall–Petch coefficient
has been noted by Liu et al.27 in a recent study on a
single-phase fcc FeCrNiCoMn alloy. In that study,
Vickers microhardness values were plotted as a
function of the inverse of the squared root of d. The
slope was found to be equal to 677 MPa (lm)1/2

through the linear regression analysis. Such high
values of the Hall–Petch coefficient for HEAs have
been rationalized based on the complex dislocation
core structure and its interaction with a very com-
plex atomic potential well associated with lattice
planes in HEAs.

SUMMARY AND CONCLUSION

A single-phase fcc Al0.1CrCoFeNi HEA consisted
of considerably large grains in the as-received con-
dition. FSP was used to refine the grain size of the
alloy. The average grain size in the friction stir

Fig. 5. (a) The variation of yield strength as a function of average grain size. (b) A comparison of the Hall–Petch coefficient (kHP) of the
Al0.1CrCoFeNi HEA with that published in literature for alloys with different crystal structures.15,22–24.

Kumar, Komarasamy, Nelaturu, Tang, Liaw, and Mishra1012



processed condition was 14 ± 10 lm. In the FSP
condition, the HEA showed an excellent combina-
tion of strength and ductility; the total elongation of
�75% for the minitensile sample used and YS of
315 MPa. The Hall–Petch strengthening analysis
showed the friction stress and the Hall–Petch coef-
ficient to be 174 MPa and 371 MPa(lm)1/2, respec-
tively. Such high values of friction stress and Hall–
Petch coefficient indicate that grain refinement can
be a very effective strengthening mechanism for
this alloy.
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