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ABSTRACT ARTICLE HISTORY
An Alg 1 CoCrFeNi high-entropy alloy (HEA) with a face-centered cubic structure in the as-cast and the Received 29 August 2016
recrystallized states is investigated. The mean grain size of the as-cast HEA is 14 times larger than that —

of the recrystallized HEA. The tension tests reveal that deformation twinning is the main mechanism
dominating the plastic deformation of two HEAs. With a decrease in the grain size, twin spacing
increases, and twin thickness decreases, which results in a low twinning activity. The twinning activity
of the recrystallized HEA is strongly inhibited by grain refinement, which degrades the promotion of
twinning on the strain-hardening ability and the tensile ductility.
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IMPACT STATEMENT
Grain refinement on strain hardening and twinning in a high-entropy alloy (HEA) is investigated,
which is associated with the nanotwin substructure. Grain refinement decreases the twin thickness,

High-entropy alloys;
mechanical properties;
deformation twinning; strain
hardening; grain refinement

and increases the twin spacing.

Simultaneously alloying many principal elements (usu-
ally > 5) in an equimolar or near-equimolar compo-
sition is accepted as a radical alloy-design paradigm
to form alloys [1-12]. These multicomponent alloys
are termed as high-entropy alloys (HEAs) due to their
high configurational entropy of random solid solution
states [1,3,6]. What fascinate us is that HEAs have many
superior mechanical and physical properties, such as
ultrahigh fracture toughness comparable to the cryo-
genic steels [13], excellent high strength [3-5,14,15],
significant resistance to fatigue, corrosion, and oxida-
tion [7-9,16-19], outstanding high-temperature strength
[18-21], superconductivity [22], etc. Such remarkable
performances of HEAs are explained in general by
four core effects, called high-entropy, sluggish diffusion,
severe lattice distortion and cocktail effect [3-5,14].

Inspired by the good properties, there is an increas-
ing interest to understand the correlation between
the deformation behavior and the microstructures of
HEAs [1-13,23-29]. Deformation twins, as a part of a
deformed substructure, were observed in some HEAs
[13,23-30]. As twinning depends strongly on the stack-
ing fault energy (SFE), temperature, and strain rate
[31], the twin-HEAs were regarded to have a low
SEE range [32,33]. Moreover, these HEAs showed very
active twinning at cryogenic temperatures, high strain
rates, or cycle loading, but very low even no twinning
activity at ambient temperature or quasi-static loading
[8,13,23-29]. Not only SFE and temperature but also
grain size have a strong influence on deformation twin-
ning [24,25,29,30,34-37]. Although a previous study has
found that coarse-grained HEAs rather than fine-grained
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Figure 1. (a) XRD patterns of the Alp.1CoCrFeNi HEA in as-cast and recrystallized states; EBSD-phase map of (b) the as-cast HEA, (c) the
recrystallized HEA; and the statistical result of the grain-boundary misorientation distribution of (d) the as-cast, and (e) the recrystallized

HEAs.

one contain nano-twinning [29], the correlation between
the grain size, the deformation twinning behavior, and
the strain-hardening behavior has not been well eluci-
dated.

In the present study, an Alp;CoCrFeNi HEA with
two different mean grain sizes is chosen. The effect of
grain refinement on the strain-hardening behavior of the
HEA, in particular its role on the twinning and twin
substructure, is discussed.

Ingots (85 x 10 x 2 mm?) of the Aly; CoCrFeNi alloy
were prepared by arc melting a mixture of pure ele-
ments (purity > 99.99%) under argon atmosphere and,
then, suction casting into a water-cooled Cu mold.
Cold rolling along the length direction was performed
to reduce the thickness (2mm) to be 0.75mm. The
rolled sheets subsequently were annealed for 1h at
1073 K to obtain fully recrystallized and homogenized
microstructures. The X-ray diffraction (XRD) measure-
ments were conducted in a Gigaku D\max-2550 diftrac-
tometer with Cu-Ko radiation. Backscattered-electron

imaging of the microstructure was conducted in a 7500F
JEOL scanning-electron microscope (SEM). Electron-
backscattering-diffraction (EBSD) tests were performed
in a CamScan Apollo 300 SEM equipped with a HKL-
Technology EBSD system. Tension tests at a strain rate
of 1 x 1073 s™! were performed at an MTS CMT 5205
machine. The dog bone-shaped specimens with gauge
geometry of 38 x 2 x 1.9 mm for the as-cast HEA, and
x0.45 mm for the recrystallized HEA, respectively, were
fabricated. After fracture, the HEA were observed in
a JEM-2010F transmission electron microscope (TEM)
operated at 200kV. The TEM samples were cut from
the area close to the fracture surface, and then ground
down to 30 um in thickness, then, twin-jet polishing in
a 5% (vol%) perchloric acid alcohol solution at a tem-
perature of 243 K was performed to generate an electron-
transparent region on the TEM samples.

The XRD patterns (Figure 1(a)) show only single-
phase face-centered cubic (fcc) peaks, revealing a single-
phase fcc solid solution in both as-cast and recrystallized
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Figure 2. (a) Tensile true stress—strain curves of the as-cast and recrystallized HEAs at room temperature, (b) corresponding plots of
strain-hardening rate versus true strain, and the inset illustrates the instantaneous strain-hardening exponent versus true strain of two
HEAs; the lateral surface morphology image of fractured samples of (c) the as-cast, and (d) the recrystallized HEAs.

HEAs. The single-phase fcc structure is further con-
firmed by the EBSD images (Figure 1(b,c)), and both
EBSD-phase images exhibit the equiaxed grain struc-
tures in the as-cast and the recrystallized HEAs. Many
grains contain the annealing twins in the recrystallized
HEA. The average grain sizes, d, measured from the
EBSD images (Figure 1(b,c)), are 114.9 4 26.2 um for the
as-cast HEA, and 7.9 £ 0.2 um for the recrystallized HEA
(annealing twin boundaries (TBs) were not counted),
indicating that the grain refinement was achieved by
cold rolling followed by homogenization annealing. The
statistical result of the grain-boundary misorientation
distribution from the EBSD image of the as-cast HEA
illustrates that the high-angle grain boundaries, that is,
the grain-boundary angle > 15°, have the maximum
percentage (~ 78%) (Figure 1(d)). For the recrystallized
HEA, a half of recrystallized grain boundaries are the
annealing TBs, that is, the grain-boundary angle being
>3 = 60° (111) (Figure 1(e)).

From the tension stress-strain curves (Figure 2(a)),
the yield strengths of the as-cast and recrystallized HEAs
are noted to be 199 and 366 MPa, respectively. A strong
increase (up to 84%) in the yield strength of the recrystal-
lized HEA upon refining the grain size from 114.9 £ 26.2
(coarse-grained) to 7.9 0.2 um (fine-grained) is found.
The ultimate strength and the global elongation of the
as-cast and the recrystallized HEAs are 531, 715 MPa
and 60%, 46%, respectively, which indicates significant
strain-hardening behaviors in both curves.

According to stress—strain curves, the strain-hardening
rates (do/de) versus true strain curves are plotted in
Figure 2(b), which can be classified into three regions.
In region I, the strain-hardening rates of the as-cast and
the recrystallized HEAs decrease lineally from 2.4 to
1.75GPa, and from 3.5 to 2.2 GPa, respectively. With
an increase in the strain, the strain-hardening rate of
the as-cast HEA gradually increases to the peak value
of 1.85GPa at the strain of 0.14, while the decreasing
rate (the slope) of the strain-hardening rate is reduced
in the range from 0.09 to 0.19 for the recrystallized
HEA in region II. The increase in the strain-hardening
rate in region II is unique and rarely reported among
HEAs [25,29,30], but is very popular in TWIP steels
[34,38]. In region III, the strain-hardening rate progres-
sively decreases with further increasing strain for both
two HEAs. To further characterize the strain-hardening
behavior, the instantaneous strain-hardening exponent, n
(n = dlno/dln€) as a function of strain, is calculated in
the inset of Figure 2(b). It is obvious that the n value varies
with the strain for both HEAs. At early stages of deforma-
tion (below the strain of 0.06), the n value of the as-cast
HEA is almost the same as that of the recrystallized HEA.
After the strain of 0.06, the n value of the as-cast HEA is
always larger than that of the recrystallized HEA.

Figure 2(c,d) shows the SEM images of the lateral sur-
face of the as-cast and recrystallized HEAs after tension
fracture, respectively, exhibiting strong plastic distortions
of the grains and numerous slip bands inside the grains.
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Figure 3. Representative TEM micrographs of the microstructure evolution of the as-cast and the recrystallized Al.1 CoCrFeNi HEA sub-
jected to tension deformation: (a) BF image, inset of selected-area diffraction pattern of the microstructure without tension deformation,
(b) dark-field image, inset of selected-area diffraction pattern of the tension-fractured substructure of the as-cast HEA, (c) BF image, inset
of selected-area diffraction pattern of the microstructure without tension deformation, and (d) dark-field image, inset of selected-area
diffraction pattern of the tension-fractured substructure of the recrystallized HEA.

Compared to those in the recrystallized HEA, more slip
bands are presented inside the grains, and a higher height
of the slipping ledge is observed in the as-cast HEA. Some
slip bands intersected intensively with each other in the
as-cast HEA (Figure 2(c)).

The deformation-induced microstructural evolution
of the as-cast HEAs is characterized by TEM in
Figure 3. A bright-field (BF) image of the as-cast HEA
(Figure 3(a)), and a corresponding selected area diffrac-
tion (SAED) pattern (i.e. the image along Z = [011])
(the inset of Figure 3(a)), confirm the single-phase fcc
structure of the as-cast HEA. Figure 3(b) shows the DF
image of the fractured microstructure of the as-cast HEA,
in which some narrow deformation twins (marked by
the yellow rings in Figure 3(b)) with a width of tens of
nanometer are observed. The twin substructure is fur-
ther characterized by the corresponding SAED pattern
(i.e. the image along Z = [110]), (the inset of Figure
3(b)). Figure 3(c,d) reveals the single-phase fcc structure
of the recrystallized HEA. Some large and wide anneal-
ing twins with a width of nearly 500 nm can be found in
the grains (Figure 3(c)). After tension, some nanotwins
bundles (marked by the yellow rings in Figure 3(d)) with
one side near the grain boundary can be observed, which
can be directly evidenced by the corresponding SAED
pattern (the inset of Figure 3(d)).

Figure 4 shows the statistical measurements of twins in
the as-cast and the recrystallized HEAs. Twin thickness
and twin spacing are two important values that charac-
terize the twinning behavior in HEAs. Figure 4(a) rep-
resentatively shows the DF image of the twin structures
in the fractured as-cast HEA. Twin thickness is the spac-
ing between two deformation TBs, and twin spacing is
the spacing between two neighboring deformation twins
[39,40], which are shown in Figure 4(a). For multiple twin
lamellae adjoined with each other, the twin thickness
means the spacing between the two boundaries of one
lamellae, as shown in Figure 4(a). The statistical measure-
ments of twin thicknesses in the as-cast and the recrys-
tallized HEAs are 21 and 13 nm, respectively (Figure
4(b)). The average spacing between adjacent twins are 15
and 23 nm for the as-cast and the recrystallized HEAs,
respectively (Figure 4(c)). The statistical results suggest
that the thickness of deformation twins decreases, and the
spacing remarkably increases with reducing in the grain
size (Figure 4(d)).

The results of the present study demonstrate that the
Alp1CoCrFeNi HEA presents a stable single fcc solid
solution and high tensile ductility at room tempera-
ture. A strong grain refinement strengthening is achieved
when the grain size is decreased from 114.9 +26.2 um
of the as-cast state to 7.9+ 0.2 um of the recrystallized



280 S.W.WU ET AL.

- 1
® B & ®
T T T

Frequency (%)
S N

60 80
Twin spacing (nm)

o

20 40

A

)&
~
-

Average twin thickness (nm

Frequency (%)

Recrystallized

—
®w N o &
T

o &

0 20 40 60 80
Twin thickness (nm)

100

—_—

{14
{12

—-
N A
T
—O0—

+ AOLA\'ex!age twliu thicl‘;ness ' 24 ~
—O— Average twin spacing :

22} 122 =
20} 120 £
g

18+ 118 &
£

16+ 116 =
@

&0

5

p

4

>

<

10 v . . - . +—10
0 20 40 60 80 100 120 140
Mean grain size (um)

Figure 4. (a) Substructures of the fractured as-cast HEA. The rectangle highlights the untwined portions inside TBs; (b) the twin thickness,
(c) twin spacing distributions of tension-fractured samples of the as-cast and recrystallized HEAs measured from numerous TEM images,
and (d) the calculated average values of twin thickness and twin spacing versus mean grain size of the current Al ; CoCrFeNi HEA.

state. Both the as-cast and the recrystallized HEAs show
the high strain-hardening ability and ductility, which
is microscopically and intrinsically attributed to the
twinning mechanism. The deformation twins in HEAs,
including CoCrFeMnNi and CrFeMnNi;g alloys, have
been observed at 77K or high strain-rate deforma-
tion [13,23-25,27]. Moreover, CoCrFeMnNi-0.5C [28],
and FeqoMny4Co;¢Crjo [30] alloys undergo twinning by
alloying elements to reduce SFE. Our results indicate
that mechanically twinning in the Aly;CoCrFeNi HEA
is more active than the above CoCrFeMnNi alloys during
tension deformation.

Both the as-cast and recrystallized Aly;CoCrFeNi
HEA exhibit a remarkably high strain hardening. The
strain-hardening behavior in region I (Figure 2(b)) is
characterized by a decreasing strain-hardening rate that
is similar to the behavior of fcc metals with high SFE
[29,38,41], and also agrees with that of low SFE HEAs
[25,29,30]. Therefore, the strain-hardening mechanism
in region I (Figure 2(b)) is attributed to the dislocation-
control plasticity, including the prevalence of dynamic
recovery processes, such as cross-slip and annihilation
of screw dislocations of opposite signs [29,36,38,41]. For
the recrystallized HEA, the grain refinement reduces
the dislocation mean free path, and a larger value of
the strain-hardening rate than that of the as-cast HEA
during the whole plastic regime is observed in Figure
2(b) [34,37,41]. In region II, the strain-hardening rate

of the as-cast HEA increases, and the decreasing rate
of the strain-hardening rate of the recrystallized HEA
decreases, which is believed to be associated with the
effect of deformation twinning [25,29,37,38,41]. The twin
boundary acts as a strong obstacle to prohibit the dis-
location motion, which serves as an efficient site for
the dislocation accumulation similar to grain boundaries
[25,29,30,35,38,41]. With further straining, in region III,
the strain-hardening rate decreases, which is possibly
attributed to a slip-dominated plasticity, indicating the
reduced capability for trapping more dislocations into the
refined microstructure [29,38,41].

The as-cast HEA exhibits a higher instantaneous n
value than that of the recrystallized HEA when the strain
value is above 0.06 (the inset of Figure 2(b)). A high n
value means a strong strain-hardening ability to post-
pone necking, which causes the as-cast HEA behave with
better ductility [25,41]. Furthermore, in region II of the
plastic deformation, the strain-hardening rate of the as-
cast HEA increases approximately by 0.15GPa, while
the value of the recrystallized HEA decreases. Such an
increase of the strain-hardening rate in region II surely
contributes to the more rapid growth of the n value of the
as-cast HEA, then, leading to better ductility [38,41].

The opposite trends of the strain-hardening rates in
region II for the as-cast and the recrystallized HEAs
are inherently induced by the nanotwin substructure.
According to the dislocation theory of strain hardening,



the strain-hardening rate, 6, can formally be written as
[41]

9_0{ 1

w2 AYp
where « is a constant related to thermal activation, u is
the shear modulus, p is the statistical stored dislocation
density, and A is the dislocation-free path. The TBs, as
well as the grain boundaries, are the main microstruc-
tural obstacles for the gliding dislocations, which can be
possibly written as [41-44]

(1)

1 1
— = — = = Z k- o, 2
d+t+ Jp (2)

where d is the mean grain size, ¢ is the average twin
spacing, k is a constant, and the third term on the right-
hand side is proportional to the forest dislocation spac-
ing. As compared with the case in the as-cast HEA, the
larger twin spacing of the recrystallized HEA means the
coarser refinement of the dislocation-free path, and the
weaker promotion of the strain-hardening rate caused
by deformation twins [34,41-44]. When glide disloca-
tions encounter nanoTBs, pile-up, and stress concentrate,
then the dislocations can propagate through the twins if
dislocation dissociation reactions occur [45-48]. Such a
dissociation can improve the dislocation accumulation
capability and, thus, enhance the strain-hardening abil-
ity. In the present study, the larger the twin thickness of
the as-cast HEA, the lower external stress for the glide
dislocations is needed to cross the nanotwins boundaries.
Hence, it is easy for glide dislocations of the as-cast HEA
to dissociate to transmit across the nanotwin bundles,
which significantly increases the dislocation accumula-
tion capability [47,48]. Therefore, a weak effect of twin-
ning on the improvement of strain hardening occurs in
the fine-grained structure of the recrystallized HEA.
The smaller twin spacing and larger twin thickness
illustrates that twinning in the as-cast HEA is more
activated than in the recrystallized HEA [31,34,36,38].
The grain size is well known as the sensitively intrinsic
variable of mechanically twinning [31]. For polycrys-
talline materials, the yield strength, o, and grain size,
d, always follow the Hall-Petch behavior, 0 = op +
k- d=% (where o and k are size-independent constants,
a is an exponent typically between 0.5 and 1). k is the
Hall-Petch slope, whose value for the twinning-mediated
plasticity is much larger (up to 10 times) than that for
dislocation-glide plasticity [35,36], no matter dislocation
glide or twinning is regarded as the major deforma-
tion mechanism [29,31,35,36,38,48]. According to the
Hall-Petch behavior, a decrease in the average grain size
results in a higher twin nucleation stress, which could
hardly be achieved by strain hardening. Thus, it is hard to
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deform by twinning in the recrystallized HEA. Therefore,
the relatively low twinning activity of the recrystallized
HEA in the current study is due to the grain refinement,
as reported in TWIP steels, brasses, stainless steels, etc.
[29,31,34,37,49].

A strong effect of grain refinement on the strain-
hardening and twinning behavior in the Aly; CoCrFeNi
HEA is investigated, which is ascribed to the nanotwin
substructure formed upon straining. Grain refinement
of the recrystallized HEA results in a higher strength
than the as-cast HEA, decreases the twin thickness and
increases the twin spacing. This trend causes the strain-
hardening rate of the recrystallized HEA to be decreased
and that of the as-cast increased with increasing strain
in the strain ranged from 0.09 to 0.19 and 0.06 to 0.14,
respectively, which leads to the lower tensile ductility of
the recrystallized HEA.
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