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ABSTRACT

The effects of the Cr content on microstructure, corrosion behavior, and mechanical properties of the
Al 5CrxFeCoNi high-entropy alloys (HEAs) were studied. The Alg 3CrxFeCoNi alloys with x = 0-1.0 exhibited
the single face-centered-cubic (FCC) structure, and the alloys with x = 1.5-2.0 consisted of the FCC and
disordered body-centered-cubic (BCC)/ordered BCC (B2) structure. In the 3.5 mass% NaCl solution, the
Alg3CriFeCoNi alloys are spontaneously passivated, and the pitting resistance of the alloys was improved
with increasing the Cr content in the alloys. It is notable that the Al 3CrxFeCoNi (x = 1.5-2.0) alloys with Cr-
rich FCC and BCC phases demonstrated excellent pitting-corrosion resistance and low corrosion rates of less
than 10" mm/year due to the formation of the protective surface films enriched in Cr,03. Moreover, the
Al 5CryxFeCoNi (x = 0-1.0) alloys with the FCC structure exhibited relatively-low tensile strength and large
elongation. The further increase in the Cr content to x = 1.5-2.0 improved the strengths and hardness of the
alloys due to the increase in BCC/B2 phases. The Al 3CryFeCoNi (x = 1.5-2.0) alloys with high corrosion
resistance presented good mechanical properties, including tensile strengths of 640-1078 MPa and tensile
elongations of 11-44%. It is also demonstrated that increasing the Cr content of Al-Cr-Fe-Co-Ni HEAs is an
effective approach for tailoring corrosion-resistant HEAs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

the crystalline structure could transform from an FCC phase to du-
plex FCC + BCC structure, and then to BCC/B2 phases with increasing

High-entropy alloys (HEAs) are a new class of metallic materials
consisting of five or more elements in equal or near-equal molar
ratios, which favor the formation of simple crystalline structure,
such as face-centered-cubic (FCC), body-centered-cubic (BCC), and
hexagonal-close-packed (HCP) solid solutions [1-5]. Among the
HEAs, the Al-Cr-Fe-Co-Ni alloys have attracted attention due to
their good mechanical properties induced by the microstructural
and compositional diversity [4-6]. For the Al,CrFeCoNi system HEAs,

* Corresponding author at: Key Laboratory of Aerospace Materials and Performance
(Ministry of Education), School of Materials Science and Engineering, Beihang
University, Beijing 100191, China.

= Corresponding author.
E-mail addresses: pangshujie@buaa.edu.cn (SJ. Pang),
zhangtao@buaa.edu.cn (T. Zhang).

https://doi.org/10.1016/j.jallcom.2020.158436
0925-8388/© 2020 Elsevier B.V. All rights reserved.

the Al content [7-10]. This microstructural evolution of Al-Cr-Fe—-
Co-Ni HEAs can also be achieved through changing the mixed ratios
of the transition metals (TMs) [11], as evidenced by the facts that
the addition of Fe, Co, and Ni with a certain amount could lead to the
formation of the FCC solid solution [12-16], while Cr promoted the
formation of the BCC phase [17,18]. Notably, the Al-Cr-Fe-Co-Ni
HEAs with the duplex FCC + BCC structure exhibited a good
strength-ductility combination, and are attractive as promising
structural materials [19-24].

The microstructure and phase compositions of Al-Cr-Fe-Co-Ni
HEAs also influence their corrosion behavior. It has been reported
that for the Al,CrFeCoNi HEAs with duplex FCC + BCC structure, the
Cr content in the BCC phase was lower than that in the FCC phase,
and the nominal Cr contents of the alloys, and the deficiency of Cr in
the BCC phase caused pitting corrosion at the BCC phase in the NaCl



X. Yan, H. Guo, W. Yang et al.

solutions [25-28]. This elemental segregation can be reduced by the
heat treatment or laser surface melting, leading to the improvement
in the corrosion resistance, while the alloys still suffered the pitting
corrosion [29,30]. It has also been found that the minor addition of Ti
into the Al-Cr-Fe-Co-Ni system HEAs increased the corrosion re-
sistance of the alloys, but the addition of Ti with a high content
would negatively impact the pitting-corrosion resistance of the al-
loys once intermetallic compounds formed [31-33]. For the
Al-Cr-Fe-Co-Ni HEAs with the addition of Cu or Si, pitting corrosion
in the NaCl solution also occurred [34,35]. Since high corrosion re-
sistance besides good mechanical properties of the alloys are at-
tractive for the practical long-term applications, it is of great
significance to further improve the corrosion resistance of the
Al-Cr-Fe-Co-Ni HEAs.

Among the Al-Cr-Fe-Co-Ni HEAs, the Alys;CrFeCoNi alloy with
FCC structure possesses a good ductility but a relatively-low strength
[36,37]. Its strength can be improved by the increment of the BCC
phase through increasing the Al content in the alloy [7-10], whereas
the pitting-corrosion resistance in NaCl solutions was deteriorated
[25-27]. On the other hand, it is known that Cr is a passivating
element and a BCC-phase stabilizer [17,18,38]. In the present work,
the effects of the Cr content on microstructure, corrosion behavior,
and mechanical properties of Aly3CryFeCoNi (x = 0-2.0, in molar
ratio) HEAs were systematically studied, and the HEAs with
x = 1.5-2.0 possessing the improved corrosion resistance and good
mechanical properties were successfully developed. The
Al 5CryFeCoNi (x = 1.5-2.0) alloys consisting of the Cr-rich FCC and
BCC phases exhibited excellent pitting-corrosion resistance in the
3.5 mass% NaCl solution. The related mechanisms are also discussed.

2. Experimental procedures

Alloy ingots with nominal compositions of Aly3CryFeCoNi (x = 0,
0.5, 1.0, 1.5, 1.7, and 2.0) were prepared by arc-melting the mixtures
of the pure metals (purity >99.99 mass%) in a Ti-gettered argon at-
mosphere. The ingots were remelted at least five times to ensure the
chemical homogeneity. From the ingots, cylindrical samples with a
dimension of ¢ 3 mm x 60 mm were produced by copper-mold
casting in a high-purity argon atmosphere.

The microstructure of the Aly3CryFeCoNi alloys was examined by
a D/MAX-2500 X-ray diffractometer (XRD), using the Cu-Koa radia-
tion, a JXA-8100 scanning electron microscope (SEM) equipped with
an energy disperse spectroscopy (EDS), and a JEM-2100 transmission
electron microscope (TEM).

Corrosion behavior of the Aly3CryFeCoNi alloys was characterized
by immersion tests and electrochemical measurements in a 3.5 mass
% NaCl solution. Before the immersion, the surfaces of the slice
specimens with a diameter of 3 mm and a thickness of 3 mm cut
from the cast rods were polished with the SiC sandpaper up to 2000
grit, and then ultrasonically cleaned in the acetone and the deio-
nized water, respectively. The ratio of the solution volume to the
surface area was higher than 0.2 mL/mm?, according to American
Society for Testing and Materials (ASTM) standard G31-72 [39]. After
the immersion in the NaCl solution for 30 days, the slice specimens
were ultrasonically cleaned in the acetone and the deionized water,
respectively. The surface and cross-section morphologies of the slice
specimens before and after the immersion tests were observed,
using a JSM 6010 SEM. The corrosion rates of the alloys were esti-
mated according to the mass loss of the alloys, which were measured
by the balance with a minimum digit of 0.01 mg, and the densities of
the alloys measured by the Archimedes principle. Three specimens
of each alloy were adopted to confirm reproducibility. For the elec-
trochemical measurements, the specimens were mounted with
epoxy, and the exposed transverse surfaces were polished with the
SiC sandpaper up to 2000 grit, followed by the ultrasonically
cleaning in the acetone and the deionized water, respectively. Then
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the samples were exposed to air for about 24 h in order to achieve
good reproducibility. The electrochemical measurements were con-
ducted, using an electrochemical workstation (EG&G Princeton Ap-
plied Research VersaSTAT III) and a standard three-electrode cell
system, which consisted of a platinum foil as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode, and a
test specimen as the working electrode. After immersion in the so-
lution for about 1800 s when the open-circuit potential (OCP) be-
came almost steady, the potentiodynamic polarization was
performed from the potential of 50 mV below the OCP at a scan rate
of 50 mV/min. Measurements of the polarization curves were per-
formed at least three times for reproducibility. The corrosion-current
densities of the alloys were determined from the potentiodynamic-
polarization curves, using the Tafel extrapolation method. The sur-
face morphologies of the specimens before and after the potentio-
dynamic polarization were observed, using a JSM 6010 SEM. The
electrochemical impedance spectroscopy (EIS) measurements were
carried out at the OCP, using the applied alternating current (AC)
signal with a voltage amplitude of 10 mV in the frequency range
from 10° Hz to 1072 Hz. The compositions of the surface films on the
alloys were analyzed by ThermoFisher Scientific ESCALAB 250 XI
X-ray photoelectron spectroscopy (XPS) employing the monochro-
matic Al-Ka radiation.

The tensile mechanical properties of the AlgsCryFeCoNi alloys
were characterized by an INSTRON8801 machine with a strain rate of
2.0 x 107 57!, The rod-shaped samples with a gauge dimension of
1.8 mm in the diameter and 15 mm in the length machined from the
cast rods were used for the tensile tests. An YYJ-10/10-L ex-
tensometer was employed to measure the strain of the samples
during the tensile tests. The tensile fracture surfaces of the alloys
were observed by a JSM 6010 SEM. The Vickers microhardness of the
alloys was determined by an FM-800 Vickers microhardness tester
under a constant load of 100 g for 15 s, and the average values of
eleven tests on each alloy were used.

3. Results
3.1. Microstructural characterization

The X-ray diffraction (XRD) patterns of the Aly3;CryFeCoNi alloys
are shown in Fig. 1. The patterns of the alloys with Cr contents at
x = 0-1.0 exhibit crystalline peaks corresponding to the FCC phase,
and those for the alloys with higher Cr contents at x = 1.5-2.0 show
the peaks of FCC and BCC phases, suggesting that a high Cr content
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Fig. 1. X-ray diffraction patterns of the Aly;CrcFeCoNi (x =0-2.0) alloys.
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can facilitate the formation of the BCC phase in the Alg3CryFeCoNi
alloys. The SEM backscattering electron images in Fig. 2 reveal that
the Alg3CryFeCoNi alloys present the dendritic microstructure con-
sisting of the bright dendritic region and the dark inter-dendritic
region. The bright-field TEM images with insets of the selected area
electron diffraction (SAED) patterns of the AlgsCryFeCoNi alloys
shown in Fig. 3 confirm that the alloys with x = 0-1.0 possess the
single FCC structure, and the alloys with x = 1.5-2.0 are composed of
the duplex FCC + BCC structure with the ordered B2 nanoparticles
uniformly distributed in the disordered BCC phase. These results
suggest that the different contrast in the SEM images of the alloys
with x = 0-1.0 is due to the heterogeneity of the elemental dis-
tribution in the FCC phase, and the bright dendritic region and the
dark inter-dendritic region in the alloys with x = 1.5-2.0 correspond
to the FCC phase and the BCC/B2 phases, respectively. With in-
creasing the Cr content in the Aly3CryFeCoNi (x = 1.5-2.0) alloys, the
inter-dendritic region is expanded, and the relative intensities of
peaks for the BCC/B2 phases in the XRD patterns are enhanced,
implying the increase in the amount of the BCC/B2 phases. The EDS-
mapping images displayed in Fig. 4 reveal the distribution of each
element in the Alg3CryFeCoNi alloys. The detailed chemical com-
positions of the dendritic and inter-dendritic regions characterized
by the EDS point analyses are presented in Table 1. For the
Alp 5CryFeCoNi (x = 0-1.0) alloys with the single FCC structure, the Al
and Ni contents in the inter-dendritic region are higher than those in
the dendritic region, while the Fe and Co contents in the inter-
dendritic region are lower than those in the dendritic region. The Cr
contents in the inter-dendritic region of the alloys with x = 0.5 and
1.0 are slightly higher than those in the dendritic region. For the
Al 5CryFeCoNi (x = 1.5-2.0) alloys with the FCC + BCC/B2 structure,
the contents of Fe, Co, and Ni in the BCC/B2 phases are slightly lower
than those in the FCC phases, and the contents of Al and Cr in the
BCC/B2 phases are higher than those in the FCC phase, which are
different from those for the Al-Cr-Fe-Co-Ni HEAs with the defi-
ciency of Cr in the BCC phase [25-28]. It is notable that, for the
Alg3CryFeCoNi alloys at x = 1.5-2.0, both the FCC and the BCC/B2
phases contain high-concentration Cr of over 30 atomic percent
(at%), which is much higher than those of the other constituent
elements. The present Aly3CryFeCoNi (x = 1.5-2.0) alloys consisting
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Fig. 2. SEM backscattering electron images of the Aly5CriFeCoNi alloys: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5; (e) x=1.7; (f) x=2.0.

of these Cr-rich FCC and BCC/B2 phases may present improvement in
the corrosion behavior.

3.2. Corrosion behavior

Surface morphologies of the Alp3CryFeCoNi alloys after the im-
mersion in the 3.5 mass% NaCl solution for 30 days are shown in
Fig. 5. The Cr-free AlpsFeCoNi alloy after the immersion exhibits a
localized-corrosion morphology on the surface, and its corrosion
rate was estimated to be about 7.8 x 10 mm/year by the mass loss.
After the immersion, the Cr-containing alloys demonstrate no
change in the polished appearance, and no mass loss was detected,
which implies their corrosion rates of less than 10~ mm/year. The
cross-section of the Cr-free Alp3FeCoNi alloy also displayed localized
corrosion, whereas the Cr-containing Alg3CryFeCoNi alloys showed
the surfaces without corrosion in their cross-section. These results
indicate that the corrosion resistance of the Cr-containing
AlpsCryFeCoNi alloys is higher than that of the Cr-free AlgsFeCoNi
alloy.

The potentiodynamic-polarization curves of the AlysCryFeCoNi
alloys in the 3.5 mass% NaCl solution are plotted in Fig. 6, and the
derived values of corrosion parameters are presented in Table 2. It
can be seen that the alloys are spontaneously passivated with the
passive current densities around 107! A/m2. The fluctuations of the
current density in the passive regions may correspond to the pro-
cesses of the breakdown and repair of the passive films [40,41]. The
alloys with low Cr contents at x = 0-1.0 suffer pitting corrosion when
the anodic potential ascends to the potential in the range of about
0.104-0.535V, and the pitting potential increases with increasing
the Cr content in the alloys. It is notable that the alloys with higher
Cr contents at x = 1.5-2.0 exhibit no pitting by the anodic polariza-
tion up to 2V. After the potentiodynamic polarization, the
Alg3CriFeCoNi (x=0-1.0) alloys showed the pits on the surfaces,
while the AlgsCryFeCoNi (x =1.5-2.0) alloys exhibited no change in
the surface morphologies. These results indicate that the present
alloys with the Cr-rich FCC and BCC/B2 phases possess excellent
pitting-corrosion resistance in the NaCl solution. Moreover, the in-
crease in the Cr content from x =0 to 2.0 leads to the decrease in the
corrosion-current density from ~ 5.0 x 10 A/m? to ~ 1.4 x 107 A/m?,
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Fig. 3. Bright-field TEM images with insets of the selected area electron diffraction (SAED) patterns of the Al 3CryFeCoNi alloys: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5; (e)

x=17; (f) x=2.0.

and the increase in the corrosion potential from ~ -0.204V to ~
-0.099V, as listed in Table 2. These results indicate that the corro-
sion resistance of the Alg 3CryFeCoNi alloys is effectively enhanced by
increasing the Cr content.

Nyquist and Bode plots of the Alg3CryFeCoNi alloys in the 3.5
mass% NaCl solution at the open circuit potential are shown in Fig. 7.
The radii of the semicircle arcs in the Nyquist plots are enlarged with
increasing the Cr content, suggesting the enhancement of the im-
pedance of the passive films on the alloys. This trend indicates the
improvement in corrosion resistance with the increase in the Cr
content of the Alg3CryFeCoNi alloys, which is in agreement with the
results of the immersion tests and the potentiodynamic polarization.
In the Bode plots, a linear relationship with a slope below -1 be-
tween the logarithms of the impedance modulus and the logarithms
of the frequencies is obtained in the medium-frequency range, and
the phase angle achieves a maximum value of about 75-85°. These
results indicate a capacitive response related to the presence of
barrier passive films. The Ry(R.Q) model [42] displayed in Fig. 7c is

used to fit the impedance spectra of the present alloys, where R
denotes the solution resistance, R represents the charge transfer
resistance, which reflects the corrosion rate of a metal in solutions,
and Q denotes the constant phase element (CPE) instead of the pure
capacity in consideration of inhomogeneous surfaces and adsorption
effects. The CPE impedance (Zcpg) is defined by

Zepg = Yo (o)™ (1)

where Yy is the proportionality factor, j is the imaginary unit, e is the
angular frequency, and n is the dispersion coefficient varying from
-1to 1 [42]. The CPE corresponds to a capacitor for n =1, to a resistor
for n=0, and to an inductance for n=-1 [42]. The values of the
equivalent circuit parameters are summarized in Table 3. It is seen
that the R value increases with increasing the Cr content, and the
high R values of the alloys with Cr contents at x=1.5-2.0 imply
their high corrosion resistance. This result is consistent with the
potentiodynamic-polarization curves, showing the large passive
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Fig. 4. EDS-mapping images of the Aly3CryFeCoNi (x =0-2.0) alloys.

regions and excellent pitting-corrosion resistance of the alloys with
Cr contents at x=1.5-2.0.

The chemical compositions of the air-formed surface films on the
Alg3CryFeCoNi (x =0-2.0) alloys were analyzed by XPS. The spectra
of Al 2p, Cr 2ps32, Fe 2psj2, Co 2psp2, and Ni 2ps), are presented in
Fig. 8a—e. As shown in Fig. 8a, the Al 2p spectra for the alloys are
separated into two peaks corresponding to Al,05 (AI**) in an oxide

state and Al (Al°) in the metallic state, respectively. The de-con-
voluted Cr 2p3, spectra in Fig. 8b reveal the presence of Cr,03 (cr’)
and the metallic Cr (Cr°) in the surface films of the alloys with
x=0.5-2.0. In Fig. 8c, the spectra for the Fe 2ps,, show three peaks
corresponding to Fe,05 (Fe**), FeO (Fe?*), and Fe (Fe®). The peaks of
CoO (Co**) and Co (Co?) are seen in the Co 2ps; spectra in Fig. 8d.
Similarly, the peaks of NiO (Ni?*) and Ni (Ni®) are detected in the Ni
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Table 1
Chemical compositions of the dendritic region (DR) and the inter-dendritic region (ID) in the Aly3CryFeCoNi (x = 0-2.0) alloys determined by EDS.
Alloy Region Al (at%) Cr (at%) Fe (at%) Co (at%) Ni (at%)
x=0 DR 73+03 - 31.5+0.2 31.3+03 28.9+0.2
ID 9.7 £ 0.6 - 292+03 29.0 £ 0.6 321+03
x=0.5 DR 63+0.2 131+01 275+0.2 271 £ 0.1 259 £ 0.1
ID 94 +£0.2 13.5+0.1 243 +0.2 243+ 0.1 285+0.2
x=10 DR 5.6 £0.1 232 +01 242 +0.1 241 +£0.2 23.0+0.1
ID 83+06 24.0+03 212+ 09 21.7 £ 0.8 248 £ 0.8
x=15 DR 48 + 0.1 31102 219 £ 0.1 216 £ 0.3 20.7 £ 0.4
ID 8.0+04 378 £0.8 179 £ 0.2 175 £ 04 189 +0.8
x=17 DR 48 +0.2 33.8+0.2 208 +£0.3 20.5+03 201 +03
ID 69 +0.1 40.8 0.9 182+0.3 175+ 0.3 16.7 £ 04
x=20 DR 5102 339+0.2 19.6 £ 0.2 19.7 £ 0.2 21.7 £0.2
ID 6.0 £0.2 417 £ 04 18.8 £ 0.1 173 £ 0.2 163 £0.2

2p32 spectra in Fig. 8e. The cationic fractions in the surface films and
the nominal contents of the constituent elements for the
Aly3CryFeCoNi (x =0-2.0) alloys are presented in Fig. 8f. For the Cr-
free AlpsFeCoNi alloy, compared with the nominal composition of
the alloy, the surface film contains higher contents of Al, Co, and Ni
and a lower content of Fe. For the Cr-containing Alg3CryFeCoNi
(x=0.5-2.0) alloys, the surface films are enriched in Al and Cr ca-
tions and deficient in Co and Ni cations in comparison with the
nominal compositions of the alloys. The Fe contents in the surface
films of the alloys with x=0.5-2.0 are similar to the nominal Fe
contents in the alloys. The XPS results indicate that the content of
Cr,03 in the surface films increases with the addition of Cr, con-
tributing to the improvement in the corrosion resistance of the
alloys.

3.3. Mechanical properties

The engineering tensile stress—strain curves of the Aly 3CryFeCoNi
alloys are presented in Fig. 9, from which the tensile yield strength

Current Density (A/m”)

Al .Cr FeCoNi

10° : - . . - . . .
-0.5 0.0 0.5 1.0 1.5 2.0
Potential (V) vs. SCE

Fig. 6. Potentiodynamic-polarization curves of the Aly3CryFeCoNi (x = 0-2.0) alloys in
the 3.5 mass% NaCl solution.

Fig. 5. SEM images of the surfaces of the Aly;CryFeCoNi alloys after immersion in the 3.5 mass% NaCl solution for 30 days: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=15; (e) x=1.7;

(f) x=2.0.
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Table 2
Electrochemical parameters of the Alg3CryFeCoNi (x = 0-2.0) alloys in the 3.5 mass%
Nacl solution.

AllOy Ecorr (V) icorr (X 10_3 A/mz) Epit (V)

x=0 -0.204+0.012 5.02+0.55 0.104+0.013
x=05 -0.185+0.010 1.01+0.14 0.350+0.015
x=10 -0.155+0.008 0.77 £0.06 0.535+0.030
x=15 -0.149 £ 0.006 0.57+0.14 -

x=17 -0.129+0.009 0.30+0.05 -

x=2.0 -0.099 £ 0.011 0.14+0.04 -

(oy), tensile strength (oyrs), and elongation to fracture (§) can be
measured, and their values are listed in Table 4. It is seen that the
strengths of the alloys increased with increasing the Cr content. The
alloys at x=0-1.0 exhibit tensile yield strengths of 221-259 MPa,
tensile strengths of 486-559 MPa, and large elongations of over 40%.
The alloy with a higher Cr content of x=1.5 displays an improved
tensile yield strength (294 MPa) and tensile strength (640 MPa), and

(a) ssa0’
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Fig. 7. (a) Nyquist plots, (b) Bode plots, and (c) equivalent electrical circuit for fitting
the EIS data of the Al 3CryFeCoNi (x = 0-2.0) alloys at the open circuit potential in the
3.5 mass% NaCl solution.
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keeps a large tensile elongation of about 40%. The oy and oyrs are
further enhanced to 338 MPa and 742 MPa with increasing the Cr
content to x= 1.7, and then drastically up to 546 MPa and 1078 MPa
at x=2.0, respectively, accompanied by the reduction of the elon-
gation due to the increased amount of the BCC/B2 phases in the
alloys. Moreover, obvious serrations are observed on the stress—-
strain curve of the alloy with x=2.0, which contains a relatively-
large amount of the B2 nanoparticles in comparison with the other
alloys with x=0-1.7. The tensile fracture surfaces of the alloys ex-
hibit abundant dimples (Fig. 10), which are typical of the ductile
fracture. In addition, the Vickers microhardness of the
Al 3CryFeCoNi alloys is increased from ~ 153 Hv to ~ 343 Hv as the Cr
content increases from x = 0-2.0, indicating that the increased BCC/
B2 phases significantly harden the alloys.

4. Discussion

Microstructural characterization indicated that the AlgsCry
FeCoNi alloys with x =0-1.0 exhibited the single FCC structure. The
alloys with x=1.5-2.0 consisted of the FCC + BCC/B2 structure, and
the amount of the BCC/B2 phases increased with increasing the Cr
content in the alloys. It has been proposed that the stability of the
FCC and BCC solid solutions in HEAs can be delineated by the valence
electron concentration (VEC) of HEAs [43]. The VEC was defined as
the weighted average from the VEC of the constituent components,
i.e,

VEC = ¥ ¢(VEC),
i;) (VE (2)

where ¢; is the atomic percentage of the i-th element, and (VEC); is
its valence electron concentration [43]. For a specific HEA system,
the FCC phase is stable at a higher VEC, while the BCC phase is
stable at a lower VEC [43]. The VEC values of Al Cr, Fe, Co, and Ni
are 3,6, 8,9, and 10, respectively [44|. Therefore, the increase in the
Cr content of the Alp3CryFeCoNi alloys resulted in a decrease in
the VEC values of the alloys. The decrease in the VEC values of the
present alloys implies the improvement in the stability of the BCC
phase [10,15,43], which is in agreement with the effect of Cr on
facilitating the formation of the BCC phase in the alloys. Moreover,
the Cr content in the BCC/B2 and the FCC phases in the alloys with
x =1.5-2.0 was increased with increasing the Cr content of the al-
loys. The high Cr contents of the Alg3CryFeCoNi (x =1.5-2.0) alloys
resulted in the formation of the Cr-rich BCC/B2 and FCC phases,
which could be crucial to the improved corrosion resistance of the
alloys.

The results of the immersion, potentiodynamic polarization, and
EIS indicated the enhancement of the corrosion resistance of the
Al 3CryFeCoNi alloys with increasing the Cr content in the 3.5 mass%
NaCl solution. Cr is known as a passivating element that can improve
the protectiveness of surface films of alloys, leading to the en-
hancement of the corrosion resistance [38]. For the Aly3CryFeCoNi
(x=0-1.0) alloys with the single FCC structure, the pitting potential
increased with increasing the Cr content. The improved corrosion
resistance is attributed to the increase of Cr,03 in the surface films
[38]. With the further addition of Cr to x = 1.5-2.0, the alloys with the
FCC+BCC/B2 structure exhibited higher Cr contents in the con-
stituent phases, which is favorable for the enhancement of the cor-
rosion resistance of the alloys. It has been reported that Al,CrFeCoNi
alloys with duplex FCC +BCC structure tended to suffer pitting cor-
rosion at the BCC phase due to the deficiency of Cr in the BCC phase
[25-29]. By contrast, for the present Aly3CrxFeCoNi (x=1.5-2.0) al-
loys, the concentrations of Cr in both the BCC/B2 and the FCC phases
reach over 30at% and are much higher than those of the other
constituent elements, which could lead to the avoidance of pitting
corrosion induced by the deficiency of Cr in the BCC phase. The XPS
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Values of electrical equivalent circuit (EEC) parameters of the Aly3CryFeCoNi (x = 0-2.0) alloys in the 3.5 mass% NaCl solution.

Alloy Rs (Q cm?) Yo (s" Q7' cm™?) n Ret (Q cm?) e

x=0 16.18 139x10°° 0.90 2.55x10° 2.20%x1073
x=05 9.93 1.26x107° 0.89 6.21x10° 3.68x 1073
x=10 11.72 1.22x10°° 0.90 8.19 x 10° 313 x1073
x=15 25.32 111 x10°° 0.94 124 x10* 4261073
x=17 28.66 8.83x1077 0.93 1.74 x 10* 1.87x107
x=2.0 3713 8.81x1077 0.92 2.67x10% 118 x 1073

results further revealed that on the surfaces of the alloys consisting
of these Cr-rich FCC and BCC/B2 phases, the surface films enriched in
Cr,03 were formed (Fig. 8), leading to the high corrosion resistance

in the NaCl solution.

(a)

Intensity (a. u.)

(@

Intensity (a. u.)

Fig. 8. XPS spectra of (a) Al 2p, (b) Cr 2p3)2, (c) Fe 2p3/2, (d) Co 2p32, and (e) Ni 2ps), as well as (f) cationic fractions in the air-formed surface films and the nominal contents of the
constituent elements for the Aly3CryFeCoNi (x =0-2.0) alloys.

Fig. 11 shows the corrosion-current densities and pitting po-
tentials of the present Alp3CryFeCoNi alloys in comparison with
those of the AlyCrFeCoNi [25,28,29,45] in as-cast, hot-isostatic-
pressing (HIP) treated, forged, or homogenized states, CoCrFeMnNi
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1200

1 Aly;Cr FeCoNi

Tensile Stress (MPa)

0- T T v T ¥ T E d
0 10 20 30 40 50

Tensile Strain (%)
Fig. 9. Tensile stress-strain curves of the Aly3CryFeCoNi (x =0-2.0) alloys.
Table 4

Tensile yield strength (oy), tensile strength (ours), elongation to fracture (5), and
Vickers microhardness (Hv) for the Alg3CryFeCoNi (x = 0-2.0) alloys.

Alloy oy (MPa) oyurs (MPa) 5(%) Hv
x=0 221 486 41 153+4
x=05 233 504 45 163+9
x=10 259 559 47 171+2
x=15 294 640 44 1916
x=17 338 742 28 229+9
x=2.0 546 1078 11 343+10

[46], AlCrFeNiMogsTiy [47], CrFeCoNiCuy [48-50], and (CrFeCo-
Ni)ig0-xMox [51] HEAs, and the 304 stainless steel [52] in the 3.5
mass% NaCl solution. For the Alg3CryFeCoNi (x = 1.5-2.0) alloys stu-
died in the present work, the rectangle region with the dashed
border and without the right boundary is adopted in the figure to
delimit the approximate scope of pitting potentials, since no pitting
occurred under the anodic polarization up to 2V vs. SCE. Compared
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1.2x107 (x= 0_5_1.0)x & HIP treated
J / e Forged
s Homogenized

1.0x107

Le Al ;Cr FeCoNi
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Fig. 11. Corrosion-current densities and pitting potentials of the Alg3CriFeCoNi
(x=0-2.0) alloys in comparison with those of the reported HEAs and 304 stainless
steel (SS) in the 3.5 mass% NaCl solution [25,28,29,45-52].

with the 304 stainless steel and the other HEAs, including the
Al,CrFeCoNi HEAs with improved corrosion resistance achieved by
homogenization, the Aly3CryFeCoNi (x=1.5-2.0) alloys exhibit low
corrosion-current densities and higher pitting-corrosion potential,
suggesting that the present alloys possess high corrosion resistance.
It is further demonstrated that increasing the Cr content in
Al-Cr-Fe-Co-Ni alloys is an effective way for tailoring corrosion-
resistant alloys.

The compositional and microstructural variations of the
Aly3CryFeCoNi alloys also induced the changes in the mechanical
properties of the alloys. It was indicated that the Alg3CryFeCoNi
(x=0-1.0) alloys exhibited the relatively-low tensile strength and
hardness and large tensile elongation attributed to the single FCC
structure. With the further increase of the Cr content, the alloys with
x=1.5-2.0 exhibited the improved tensile strength and hardness. It
has been reported that in the Al-Cr-Fe-Co-Ni HEAs, the strength and
hardness of the BCC phase are higher than those of the FCC phase
[718], and the uniformly-distributed B2 nanoparticles in the BCC

Fig. 10. SEM images of the tensile fracture surfaces of the Aly3;CriFeCoNi alloys: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5; (e) x=1.7; (f) x=2.0.
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phase can enhance the strength and hardness of alloys due to the
precipitation-strengthening effect [11,19,22]. The alloy with x=15
containing the small amount of BCC/B2 phases maintained the large
tensile elongation. For the alloys (x=1.7 and 2.0) with the increased
BCC/B2 phases, the tensile elongation was reduced, since the BCC
phases possess less operable slip systems in comparison with the FCC
phases. Additionally, the stress-strain curve of the alloy with x=2.0
exhibited obvious serrations, which could be related to the pinning
and unpinning of dislocations induced by the B2 nanoparticles with a
relatively-large amount during deformation [53,54]. It is notable that
the Alg5CryFeCoNi (x = 1.5-2.0) alloys with high corrosion resistance
exhibited good mechanical properties, including the tensile strengths
of 640-1078 MPa, and tensile elongations of 11-44%.

5. Conclusions

In this study, the effects of the Cr content on the microstructure,
corrosion behavior, and mechanical properties of the Alg3CryFeCoNi
(x=0-2.0) alloys were investigated. The Aly3CryFeCoNi (x =1.5-2.0)
alloys with high corrosion resistance and good mechanical proper-
ties were developed. The following conclusions are drawn.

(1) The Alg3CryFeCoNi alloys with x = 0-1.0 exhibited the single FCC
structure. The alloys with x =1.5-2.0 consisted of FCC + BCC/B2
structure, and the amount of the BCC/B2 phases increased with
increasing the Cr content in the alloys. The addition of Cr also
resulted in the increase of the Cr concentration in both the FCC
and BCC/B2 phases, and the Cr-rich FCC and BCC/B2 phases were
formed in the alloys with Cr contents at x = 1.5-2.0.

The Cr-containing Alg 3CryFeCoNi alloys exhibited corrosion rates
less than 107> mm/year in the 3.5 mass% NaCl solution, lower
than that of the Alg 3FeCoNi alloy. The alloys were spontaneously
passivated in the NaCl solution, and the increase in the Cr con-
tent from x=0 to 2.0 caused the decrease in the corrosion-cur-
rent density and the improvement in the corrosion potential,
pitting-corrosion resistance, and charge-transfer resistance. The
Al 3CryFeCoNi (x=1.5-2.0) alloys consisting of the Cr-rich FCC
and BCC/B2 phases exhibited high corrosion resistance, and no
pitting occurred under the anodic polarization up to 2V vs. SCE
in the NaCl solution, which could be attributed to the formation
of the protective surface films enriched in Cr,0s.

The AlgsCriFeCoNi (x=0-1.0) alloys with the FCC structure ex-
hibited the relatively-low tensile strength (486-559 MPa) and large
tensile elongation (>40%). The further addition of Cr in the alloys
leads to the enhancement of the tensile strength and hardness due
to the increased amount of the BCC/B2 phases. The Alg3CryFeCoNi
(x=15-2.0) alloys with the high corrosion resistance possess
tensile strengths of 640-1078 MPa and tensile elongations of
11-44%, indicating their good mechanical properties.
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