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Abstract: CoCrFeMnNiAl, (x = 0, 0.07, 0.3, 0.6, 1.0, 1.3) high-entropy alloy films (HEAFs) were
processed by co-sputtering of CoCrFeMnNi alloy and Al targets. The effects of Al content on the
microstructures and mechanical properties of HEAFs were studied. The XRD results indicated that
the crystalline structure changed from the single face-centered cubic (FCC) phase for x = 0 and 0.07
to duplex FCC + body-centered cubic (BCC) phases for x = 0.3 and 0.6, and eventually, to a single
BCC phase for x = 1.0 and 1.3, which agreed with the corresponding selected-area electron diffraction
patterns. Also, nanotwins were observed in the FCC phase. Mechanical properties of films were
studied using nanoindentation and micropillar compression tests. The hardness increased from 5.71
GPa at x = 0 to 8.74 GPa at x = 1.3. The compressive yield strength increased from 1.59 GPa to 3.73
GPa; however, the fracture strain decreased from 20.91% (no fracture) to 13.78% with the increasing Al
content. Both nanotwins and BCC phase contributed to the strengthening effects for CoCrFeMnNiAl,
HEAFs. Also, compared to the bulk CoCrFeMnNiAl, counterpart, the film exhibited much higher
hardness and strength because of the much smaller grain size and the presence of nanotwins.

Keywords: high-entropy alloy films; Al addition; microstructure; mechanical properties; phase
transition; nanotwins

1. Introduction

High-entropy alloys (HEAs) are the mixture of five or more elements with nearly equiatomic
compositions and possess a single solid solution phase rather than intermetallic compounds due to
a high entropy effect [1-3]. HEAs have many promising properties such as good thermal stability,
distinct electrical properties as well as excellent corrosion and wear resistances [4-9], and a recent
review of HEAs was performed by Zhang et al. [10]. Taking the equiatomic CoCrFeMnNi alloy as
an example, it is an FCC crystalline structure [3,11] and has been proven to be an ultra-ductile but
low-strength alloy [12-14]. Also, it demonstrates exceptional mechanical properties and fracture
toughness at cryogenic temperatures; however, its strength is low at room temperature [12,14,15].

To improve the strength and hardness of CoCrFeMnNi HEA, researchers have added a moderate
amount of Al to modify these properties [16-18]. The crystalline structure changes from a single FCC
phase to the duplex FCC + BCC phases, and eventually, to the single BCC phase. In this case, Alis a
BCC inducer and there is a phase transition from FCC to BCC with the increasing Al content. The atomic
radius of Al is relatively large (o] = 0.143 nm) compared to other constituent elements (rc, = 0.125, rc,
=0.128, rge = 0.126, r\in = 0.127 and ry; = 0.124 nm). The atomic radii of these constituent elements
(Co, Cr, Fe, Mn and Ni) are very similar, and the effect of the atomic size difference in CoCrFeMnNi
is small (~1.18%) [19]. However, the atomic size difference becomes larger with the addition of Al
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into the CoCrFeMnNi alloy system. Because the lattice distortion is determined by the atomic size
difference, the lattice distortion can be observed and leads to the formation of a new BCC phase with
the increasing Al content [17]. CoCrFeNiAl, [20-23], CrCuFeNiAly [24], CoCrCuFeNiAl, [25-27],
CoCrFeNiTiAly [28], CoCrFeMnNiAl, [16-18] and (TiVCrMnFeCoNiCu)igg_xAly [29] systems have
been studied previously, and the phase transformation and microstructural evolution with various Al
contents have been shown. Specifically, the AINi spherical particles were observed to precipitate in the
matrix because the mixing enthalpy of AINi was minimum and Al could be easily bonded with other
constituent elements to form the binary compound.

Xian et al. [17] studied the effects of Al addition on the mechanical properties of CoCrFeMnNiAly
(x in molar ratio) HEAs in compression. The yield strength and hardness of CoCrFeMnNi HEA were
188.04 MPa and HV 163.55 (1.604 GPa), respectively. Both values increased dramatically with the
addition of Al and had a maximum yield strength of 1.194 GPa for CoCrFeMnNiAly 75 and hardness
of HV 497.1 (4.875 GPa) for CoCrFeMnNiAl. Kim et al. [30] studied the effects of Al addition on the
high-temperature deformation mechanisms of CoCrFeMnNiAlys HEA and found that the hard BCC
phase provided nucleation sites for dynamically recrystallized grains in the soft FCC matrix through
particle-stimulated nucleation. Liu et al. [31] studied the effects of Al addition on microstructures and
properties of CoCrCuFeNiAl, HEAs and found not only the enhanced friction and wear resistance
but also the improved corrosion behavior because of the formation of a passivation layer in the
presence of Al. Serrated deformation of HEAs has also been studied [32-34]. While the serrated plastic
flow is attributed to shear-banding dynamics in amorphous bulk metallic glasses [35-37], serrations
are typically caused by the locking of dislocations by solute atoms in crystalline materials [32-34].
Combining the high entropy effect with the amorphous structure, the high-entropy bulk metallic
glasses have been developed which possess characteristics of metallic glasses with small sample sizes,
characteristics of HEAs for atomic composition, and unique properties from both HEAs and bulk
metallic glasses [38].

In this study, a series of CoCrFeMnNiAl, (x = 0-1.3) high-entropy alloy films (HEAFs) were
deposited by radio frequency (RF) magnetron co-sputtering. The effects of Al addition on the
microstructures and mechanical properties of CoCrFeMnNiAl, HEAFs were systematically studied.
The correlation between the phase transition and mechanical properties at various Al contents was
investigated, and the differences between CoCrFeMnNiAl, HEAs and HEAFs were compared.

2. Materials and Methods

CoCrFeMnNiAl, HEAFs were prepared by co-sputtering of CoCrFeMnNi alloy and Al targets
with the purity of each element higher than 99.9 wt.%. Sputtering is effective in depositing alloy films
from a single target even though the individual elements have different sputter yields, because the
surface composition of the target equilibrates after a pre-sputter step. The Si wafer was chosen as
the substrate and cleaned sequentially in acetone, ethanol and deionized water for 15 min in each
step before the film deposition. The CoCrFeMnNi alloy and Al targets were pre-sputtered for 15 min
each to remove the contaminated surface and to equilibrate the surface composition of the alloy
target. CoCrFeMnNiAl, films were deposited by the RF magnetron sputtering system with a fixed
power of 400 W on a CoCrFeMnNi target. The power on Al target was varied from 0 to 80 W to
control the content of Al in the film. The base pressure was better than 2.8 x 10 Pa. The working
distance, working pressure and Ar flow were maintained at 10 cm, 0.4 Pa and 20 sccm, respectively.
The deposition time was 1.5 h and the film thickness increased from 2.47 to 3.41 um when the power
applied to the Al target increased from 0 to 80 W. The substrate was rotated at 14 rpm to ensure the
homogeneity of the as-deposited CoCrFeMnNiAl, films during the film deposition.

The compositions of the films were determined by the electron probe X-ray microanalyzer (EPMA,
JEOL JXA-8200). The crystalline structures were examined by X-ray diffraction (XRD, Rigaku TTRAX 3)
with Cu Ky (A = 0.15406 nm) radiation. The scanning angle, 20, ranged from 20° to 100°. The surface
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morphology and film thickness were analyzed using a field-emission scanning electron microscope
(SEM, NOVA NANO SEM 450) with 10 kV of accelerate voltage.

The hardness was measured by Hysitron TI 950 TriboIndenter (Bruker, Minneapolis, MN, USA)
using a Berkovich indenter with a tip radius of 150 nm. Calibration of this instrument was routinely
performed with a standard fused quartz specimen (H = 9.25% + 10% GPa, E, = 69.6% =+ 5% GPa).
For each film, nine indentations were performed with the space between indentation sites greater
than 10 pm, and the average of the data without the minimum and the maximum was used as the
hardness of the film. A dual-beam focused ion beam (FIB, FEI Quanta 3D FEG) was used to prepare the
micropillars and TEM samples. Measurements of mechanical properties were performed using in-situ
SEM micropillar compression tests (Hysitron PI 85 SEM Picolndenter) with a flat punch diameter of
5 um. All compression experiments were conducted at room temperature and the strain rate was
1073 s7L. The aspect ratios of pillars ranged from 2.6 to 3.2 and the taper angles were 2° to 5°. Finally,
the transmission electron microscope (TEM, FEI Tecnai G2 F20) was used to observe the detailed
microstructure and reconfirm the phase structure.

3. Results and Discussion

The elemental compositions (at.%) of the CoCrFeMnNi alloy target were 20.14% =+ 1.07% of Co,
19.64% + 0.90% of Cr, 19.88% + 1.43% of Fe, 21.95% + 0.65% of Mn, and 18.39% =+ 0.78% of Ni. The contents
of Co, Cr, Fe, Mn and Ni were approximately equal to the nominal equiatomic percentage of 20 at.%.

3.1. Compositions and Crystalline Structure of CoCrFeMnNiAl, HEAFs

CoCrFeMnNiAl, (x =0, 0.07,0.3, 0.6, 1.0, 1.3, denoted as Al, hereafter) HEAFs were deposited by
RF sputtering. The powers applied on the Al target, molar ratios and the chemical compositions of the
films, measured by EPMA and averaged from seven measurements for each film, are summarized
in Table 1. The content of each element in Aly was slightly different from that of the CoCrFeMnNi
alloy target and the near-equiatomic CoCrFeMnNi HEAF was achieved. The content of Al in the film
increased with the increasing power applied on the Al target.

Table 1. The molar ratios and chemical compositions of CoCrFeMnNiAl, HEAFs with different powers

applied on the Al target.
Power x Co Cr Fe Mn Ni Al
0 0 19.77 18.39 19.97 22.80 19.07 0
10 0.07 19.34 18.20 19.86 22.61 18.65 1.34
20 0.3 19.48 18.24 19.76 17.69 18.79 6.04
40 0.6 18.18 17.94 17.83 18.37 16.78 10.90
60 1.0 16.55 15.49 16.68 17.90 15.75 17.63
80 1.3 15.92 14.89 16.39 17.42 15.45 19.93

With the scan rate of 4°/min, the XRD patterns of CoCrFeMnNiAl, films with different Al contents
are shown in Figure 1. To obtain a better resolution for Aly 3 and Aly ¢ samples, the slower scan rate
of 1°/min was used from 40° to 50° and the corresponding XRD patterns are shown in Figure 2a. In
addition, the deconvoluted pattern of Aly¢ is shown in Figure 2b. The diffraction peaks located at
around 43.6°, 74.5° and 90.5° in 20 were identified as the (111), (220) and (311) planes of the FCC
structure, and the diffraction peaks at around 44.3°, 64.7°, 81.6° and 97.7° were assigned to the (110),
(200), (211) and (220) planes of the BCC crystal. As observed, all the diffraction peaks for Aly and Alg oy
films were identified to be a single FCC structure, indicating that only a single FCC solid solution was
formed. The (110)pcc diffraction peak appeared at around 44.3° in Figure 2a when the Al content was
increased to 6.04 at.% (Alp3), suggesting the formation of a new crystalline structure of BCC by adding
amoderate amount of Al. Then, the relative intensity of the (110)pcc diffraction peak increased and that
of (111)pcc peak decreased with the increasing Al content, as shown in Figure 1. With further addition
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of Al, all FCC diffraction peaks disappeared and only the BCC peaks could be identified in Al; g and
Al 3. Therefore, it could be concluded from Figures 1 and 2 that the phase transformation from FCC to
BCC occurred with the increasing Al content, and the higher Al contents tended to stabilize the BCC
structure. Compared to the published results of CoCrFeNiAlj 3 HEAF exhibiting only a single FCC
phase [39,40], the present work of CoCrFeMnNiAlj 3 HEAF showed the duplex FCC + BCC phases.
This suggested that the presence of Mn could reduce the stability of FCC and favor the formation of
BCC, and it agreed with other published research [41].
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Figure 1. XRD patterns of CoCrFeMnNiAl, HEAFs with a scan rate of 4°/min.
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Figure 2. (a) XRD patterns of Aly 3 and Al ¢ using a slower scan rate of 1°/min and (b) the deconvoluted
pattern for Aly ¢ from (a).

The lattice constants of FCC and BCC structures as functions of the Al content are shown in
Figure 3a, and both increased with the increasing Al content because of the larger atomic radius of Al
compared to other constituent elements. The atomic size difference (0) is a parameter to describe the
lattice distortion and structural instability, and it is defined by [42,43]

5 = 100- J Zci (1-71i/7)% 1)

i=1

where 7 is the number of constituent elements in the system, ¢; is the atomic percentage of the ith
element, r; is the atomic radius of the ith element and 7 = Z?:l c; r; is the average atomic radius.

The dependence of 6 on the Al content is presented in Figure 3b. In the absence of Al, 6 is
~1.1%. With the addition of Al, the value of 6 increases from 1.1% to 5.33%. Apparently, the large size
mismatch among these atoms would lead to the lattice distortion and the structural instability; i.e., the
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formation of BCC structure could be attributed to the larger atomic size difference between Al and
other constituent elements. As a result, the crystalline structure changes from a closely packed FCC to
a loosely packed BCC structure.
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Figure 3. (a) Lattice constants of FCC and BCC structures and (b) the atomic size difference () of
CoCrFeMnNiAl, HEAFs as functions of Al content.

3.2. Surface Morphology and Microstructure

The microstructures of CoCrFeMnNiAl, HEAFs with various Al contents are presented in Figure 4.
All films showed grain-like structures. The grain size of the film became larger with the increasing
sputtering power. The higher sputtering power in the film deposition could offer higher translational
kinetic energy to the adatoms and it could lead to an increase in the grain size [44,45]. In the duplex
FCC + BCC phases region, however, there were many interphase boundaries which could result in
the grain size refinement [46]. As a result, the grain size decreased when the Al content increased to
Alj 3. With the further addition of Al to Al, g, the structure transformed to a single BCC phase and the
grain size of the film increased with the reduction in interphase boundaries [40]. In addition, some
cracks could be observed along the grain boundaries and it might result from the internal stress during
the film deposition [47]. Compared to CoCrFeMnNiAl, HEAs, CoCrFeMnNiAl, HEAF formed via
rapid solidification due to the faster cooling rate [48]. A rapid cooling rate can limit the diffusion of the
target elements; therefore, CoCrFeMnNiAl, HEAFs tend to inhibit the phase separation such as B2
AlNi-rich phase that usually formed in HEAs [17].

A dual-beam focused ion beam was used to prepare the TEM samples, and the cross-section TEM
images and the corresponding selected-area electron diffraction (SAED) patterns of CoCrFeMnNiAl,
films with different Al contents are shown in Figure 5. All cross-section TEM images exhibit a columnar
structure normal to the substrate. The TEM images of columnar grains with nanotwins are shown in
Figure 5a,b, respectively, for Aly and Alg ;. In order to reduce the strain energy, which might result
from the release of residual stresses or thermal expansion difference between Si substrate and the film,
twinning often appeared in films [49,50]. However, the stacking fault energy of Alis much higher than
that of CoCrFeMnNi HEAs (~166 vs. ~25 mJ/m?) [51,52]. With the addition of Al, the stacking fault
energy of the alloy would increase and twinning would not occur easily in BCC metals [40,53]. As a
result, Al; o and Al 3 showed only a single BCC structure and no twinning was observed. Also, while
a small amount of nanotwins still could be observed in Al 3, nanotwins could not be found in Alyg,
which was dominated by the BCC structure. The corresponding SAED patterns showed that the films
had a phase transition from FCC for Aly and Al g7 to duplex phases (FCC + BCC) in Al 3 and Aly ¢ and
to BCC phase in Al; g and Al 3, which was consistent with the XRD results shown in Figures 1 and 2.
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Figure 4. SEM micrographs of the CoCrFeMnNiAl, films with various Al contents: (a) Aly, (b) Al oy,
(c) Algs, (d) Alps, (e) Aly g and (f) Aly 3.

Zone axis

Figure 5. The cross-section TEM images and the corresponding SAED patterns of CoCrFeMnNiAl,
films with different Al contents: (a) Aly, (b) Alg gy, (c) Alys, (d) Alyg, (e) Aly g and (f) Al 3.

The TEM—EDS mapping was used to analyze the elemental distribution of Aly3 (with the duplex
phases of FCC + BCC), as shown in Figure 6. There was a uniform distribution of the constituent
elements (Co, Cr, Fe, Mn, Ni and Al) and no precipitates were found in the films. Therefore, it could
be concluded from Figure 6 that the elemental distributions of Aly 3 films were homogeneous. The
homogeneity of the elemental distribution was also observed in other CoCrFeMnNiAl, HEAFs.
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Figure 6. The cross-section TEM image and EDS mapping of the Al 3 film.

3.3. Mechanical Properties

The hardness values of CoCrFeMnNiAl, films measured by nanoindentation are shown in Figure 7.
The as-deposited CoCrFeMnNi film (Alp) exhibited a single FCC structure with a lower hardness
of around 5.71 GPa, and the addition of a small amount of Al atoms resulted in an increase to 5.91
GPa in the FCC structure of Alygy. With the further addition of Al, the hardness increased drastically
to 8.36 GPa in the duplex FCC + BCC phases region. When the phase transformed to a single BCC
structure, the Al 3 film reached a maximum hardness of 8.74 GPa. As a result, the structural transition
from FCC to BCC led to the hardness enhancements with the increasing Al content. It is worth noting
that Al-doped CoCrFeMnNi HEAs have been processed and their mechanical properties have been
characterized by Xian et al. [17] and the measured hardness values are also included in Figure 7 for
comparison. Compared to Al-doped CoCrFeMnNi HEAs, Al-doped CoCrFeMnNi HEAFs processed
in the present work had a much higher hardness, which could be attributed to the much smaller grain
size of HEAFs (nm vs. um).

L FCC FCC+BCC ' BCC

I—I—Present work, HEAF's
—— Xian et al., 2018, HEAs
" 1 " 1 " 1 " 1 " 1 "
0.0 0.2 04 0.6 0.8 1.0 1.2

Al content, x

Hardness (GPa)
—_ [\ [USTREEN W (@)} J oo O

Figure 7. The hardnesses of CoCrFeMnNiAl, HEAFs and HEAs as functions of the Al content. The
phase transformation from FCC to BCC is also indicated.

Using micropillar compression tests, the compressive stress—strain curves of CoCrFeMnNiAl,
HEAFs are shown in Figure 8. A load drop was observed in Aly g7, Alps and Alyg in the presence
of the FCC phase and Al but not in Al; 5 and Al 3, which had a single BCC phase. Because no
precipitates were found in our films, we believed that the load drop could result from the pinning effect
due to dislocation slip blocked by the solute atoms, and a higher stress was needed for dislocations
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to overcome the activation energy barrier. When the dislocations started to move away from the
solute atoms, the loading stress dropped to a lower value and the pinning energy was released. The
compressive yield strength, fracture strength and fracture strain are summarized in Table 2. The yield
strengths of the Aly and Al oy films were 1.59 and 3.32 GPa, respectively, and the values of the fracture
strain were more than 19%. When the Al content increased to Aly¢, the yield strength and fracture
strength increased to 3.91 and 4.16 GPa, respectively, while the fracture strain decreased to 13.86%.
This was due to the formation of the BCC structure and a similar phenomenon was also observed in
CoCrFeMnNiAl, HEAs [17]. When the phase transformed to a single BCC phase, the yield strength
of the Al; 3 HEAF decreased to 3.73 GPa and the fracture strength reached a maximum value of 5.83
GPa. At the same time, the fracture strain decreased to 13.78%. As a result, it could be concluded from
Figure 8 that both values of the yield strength and fracture strength increased, while the fracture strain
decreased with the increasing Al content. These indicated that the addition of Al had a positive effect
on enhancing the mechanical properties of the CoCrFeMnNi HEAFs.

6000- Al
g:; | —Al,
S 5000f —Alyg
N i e\
en 3000
i I
5]

.g 2000

5 I

S 1000
0 " " 1 1 " 1
0 5 10 15 20

Engineering Strain (%)
Figure 8. The compressive engineering stress—strain curves of the CoCrFeMnNiAl, HEAFs.

Table 2. The compressive yield strength (oy), fracture strength (0f) and fracture strain (&) of

CoCrFeMnNiAl, HEAFs.

x oy (GPa) of (GPa) &t (%)

0 1.59 Not fractured >20.91
0.07 3.32 Not fractured >19.31
0.3 3.57 4.04 15.37
0.6 3.91 416 13.86
1.0 3.61 5.47 13.80
1.3 3.73 5.83 13.78

4. Conclusions

CoCrFeMnNiAl, (x =0, 0.07,0.3, 0.6, 1.0, 1.3) HEAFs were successfully deposited by RF magnetron
co-sputtering. The crystalline structure was verified by both XRD and TEM. The XRD results indicated
the phase transformation from FCC to BCC with the increasing Al content. Also, the corresponding
SAED patterns proved the phase transition from FCC to duplex phases (FCC + BCC) in Al ¢ and to BCC
phase in Alj 9. The EDS element mapping showed that the elemental distributions in CoCrFeMnNiAl,
HEAFs were homogeneous. Nanoindentation tests showed that the hardness increased from 5.71 GPa
in Alj to 8.74 GPa in Al 3. The structural transition from FCC to BCC led to an increase in the hardness
with the increasing Al content. Moreover, the mechanical properties of the films were measured using
micropillar compression tests. The yield strength increased from 1.59 GPa in Alj to 3.91 GPa in Alyg,
while the fracture strength reached a maximum value of 5.83 GPa in Al; 3. Meanwhile, the fracture



Entropy 2020, 22, 2 9of 11

strain decreased to 13.78% due to the formation of a harder BCC phase. Therefore, the nanoindentation
measurements and the micropillar compression tests indicated that the addition of Al could strengthen
the CoCrFeMnNi HEAFs.
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