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Abstract: AICoCrFeNiZrx (x=0,0.1, 0.2, 0.3, and 0.5) high-entropy alloys (HEAs) were prepared by a
non-consumable vacuum arc melting technology, and the microstructure and corrosion behavior were
investigated by XRD, SEM, immersion tests, and electrochemical measurements. The results indicate
that galvanic corrosion of the AICoCrFeNiZrx alloys occurred in 0.5 M HpSO4 solution, and only
0.1 mol of the added Zr could greatly improve the corrosion resistance of the alloys. The corrosion
properties of the AlICoCrFeNiZrx HEAs had similar change tendencies with the increase in the Zr
content in the immersion tests, potentiodynamic polarization measurements, and electrochemical
impedance analysis, that is, the corrosion resistance of the AICoCrFeNiZrx alloys in a 0.5 M HpSO4
solution first increased and then decreased with the increase in the Zr content. The Zr0.1 alloys
were found to have the best selective corrosion and general corrosion resistance with the smallest
corrosion rate, whereas the Zr0.3 alloys presented the worst selective corrosion and general corrosion
resistance with the highest corrosion rate from both the immersion tests and the potentiodynamic
polarization measurements.

Keywords: high-entropy alloys; zirconium; potentiodynamic polarization; corrosion rate; microstructure

1. Introduction

Due to their excellent functional and mechanical properties as well as being highly
promising candidates for industrial applications [1-4], high-entropy alloys (HEAs) or
multi-principal element alloys (MPEAs) have caused widespread attention in the materials
science and engineering fields. HEAs or MPEAs were first defined as alloys composed of
five or more principal elements in equimolar ratios and with simple average crystal struc-
tures such as face-centered cubic (FCC), body-centered cubic (BCC), and CsCl; then, the
definition was expanded to alloys in which the principal elements each had a concentration
of 5-35 at. %, and the alloys could also contain minor elements in concentrations below
5 at. % [1-4]. Many researchers have contributed their efforts to understanding the fabrica-
tion, composition, microstructure, and properties of more than 400 HEAs to date [5-12],
where the CoCrFeNi system HEAs have been heavily researched, and many studies in the
literature have focused on improving the corrosion resistance of CoCrFeNi system HEAs
through the addition of other alloy elements, such as Al, Mn, Mo, Cu, and Ti [13-29]. Kao
et al. [14] investigated the electrochemical passive properties of AlxCoCrFeNi alloys by
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), and weight
loss tests, indicating that a higher amount of Al in AlxCoCrFeNi alloys was harmful to the
corrosion resistance in a 0.5 M HySO4 solution at temperatures exceeding 27 °C; similar
results for the Al content were obtained by Lee et al. regarding the corrosion behavior
of AlxCrFel.5MnNi0.5 alloys in aqueous environments, where an increased proportion
of Al resulted in a higher general corrosion susceptibility of the alloys in a 0.5 M H,SO4
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solution, and the pitting potentials of Al0.5CrFel.5MnNi0.5 HEAs were significantly lower
than those of Al-free CrFel.5MnNi0.5 HEAs in a 1 M NaCl solution [15]. The corrosion
behavior of the CoCrFeMnNi family HEAs was evaluated in a CO,-containing 3.5 wt %
NaCl solution at pH 4 and 40 °C by electrochemical and immersion methods, revealing
that CoFeMnNi HEAs underwent metal dissolution and exhibited the highest corrosion
rate during immersion experiments, as well as undergoing general corrosion, while the rest
of the HEAs and stainless steel 316 L underwent pitting corrosion after potentiodynamic
polarization measurements [20]. Furthermore, a study of the corrosion behavior of an
equiatomic CoCrFeMnNi high-entropy alloy compared with 304 stainless steel in 0.1 M
H,S0O; solution was conducted by Luo et al., where the low content of Cr and the mixed
Fe, Cr, and Ni hydroxides in the passive film were mainly responsible for the lower anti-
corrosion performance of the HEA than that of the 304 stainless steel [21]. Chou et al. [24]
found that Col.5CrFeNil.5Ti0.5 HEAs had superior resistance to general corrosion in a
0.5 M H,SO4 solution but were more susceptible to pitting corrosion in a deaerated 1 M
NaCl solution than Co1.5CrFeNil.5Ti0.5Mox (x = 0.1, 0.5, 0.8) HEAs. Additionally, the au-
thors concluded that Mo additions decreased the corrosion resistance of the alloysina 1 M
NaOH solution [24]. Cui et al. [25] also confirmed that because they were easily being pas-
sivated, the directionally solidified FeCoNiCrCu HEAs were more corrosion-resistant than
the as-cast FeCoNiCrCu HEAs in a 3.5 at. % NaCl solution. Moreover, the effects of Ti on
the microstructure and properties of CoCrFeNi system HEAs also attracted much attention,
and some researchers confirmed that a certain amount of Ti additions not only changed the
microstructure of Al2-xCoCrFeNiTix, AlxCoCrFeNiTiy HEAs, and FeCoCrAINiTix HEAs
coatings but also enhanced their mechanical properties and corrosion resistance in aqueous
environments [17-19].

Zr and Ti elements have some similar physical characteristics such as the same crystal
structure (HCP), a high melting temperature, and good corrosion resistance, and Zr has
a firm tendency to form its own very stable compounds in either a stainless steel [30]
or a high-entropy alloy [31]. In previous work [32], the microstructure and mechanical
properties of AICoCrFeNiZrx alloys (x =0, 0.1, 0.2, 0.3, and 0.5) were studied, and it was
found that a minor Zr addition was able to significantly change the microstructures and
enhance the mechanical properties of AICoCrFeNiZrx alloys. However, few researchers
have reported the effect of the Zr content on the corrosion properties of CoCrFeNi system
alloys. Therefore, immersion and electrical polarization experiments of AICoCrFeNiZrx
alloys in a 0.5 M H,SOy solution were conducted to comprehensively understand the
influence of the Zr content on the corrosion properties of these alloys.

2. Materials and Methods

The AlCoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloy ingots were prepared by non-
consumable arc melting technology from a mixture of highly pure Al, Co, Cr, Fe, Ni, and Zr
(more than 99.9 wt %). This HEA is a six-component alloy with 1 mol each of Al, Co, Cr, Fe,
and Ni and between 0 and 0.5 mol of the added Zr. The alloys with different Zr contents
are denoted as Zr0, Zr0.1, Zr0.2, Zr0.3, and Zr0.5. The alloy ingots were then remelted at
least five times for homogeneity. Table 1 presents the chemical compositions in weight
percent (wt %), the densities, D (in g/ cm?), and the equivalent weights, EWs, of the alloys.
The EWs are defined by the formula presented in Equation (3).

The samples were taken from the as-cast ingots. After mechanical polishing, the mi-
crostructure was characterized by both an FEI Quanta-400F scanning electron microscope—
SEM (FEI Electron Optics International B.V., Eindhoven, The Netherlands) operating in
the backscatter electron (BSE) mode and a Nikon EPIPHOT 300 optical metalloscope—OM
(Nikon Corp., Tokyo, Japan). The chemical compositions were analyzed by using an Oxford
Inca X-Max—EDS (Oxford Instruments plc, Oxford, UK), and the crystal structure was
characterized by using a LabX XRD-6000 XRD (Shimadzu Corp., Kyoto, Japan), with the 260
ranging from 20° to 100° at a speed of 0.2° /min.
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Table 1. Chemical composition, density (D), and equivalent weight (EW) of as-cast AICoCrFeNiZrx alloys.

Alloy (wt %)
EW
Al (26.96) Fe (55.85) Cr (52.00) Co (58.93) Ni (58.69) Zr (91.22)

Zry 10.688 22.122 20.596 23.344 23.249 0 6.718 21.038
Zry1 10.316 21.353 19.881 22.52 22.441 3.488 6.710 21.094
Zrgo 9.967 20.630 19.207 21.775 21.681 6.740 6.704 21.148
Zrys 9.644 19.961 18.584 21.053 20.978 9.780 6.697 21.198
Zry5 9.051 18.734 17.443 19.780 19.689 15.303 6.685 21.291

After being taken from the as-cast ingots, the specimens for the immersion tests were
machined into 5 mmXx 5 mm X 5 mm bulks by wire electrode cutting, then mechanically
ground following the standard metallographic procedure with a series of 240-1200 SiC
grit papers, and finally cleaned with acetone and distilled water. Immersion tests were
conducted in a 0.5 M H,SO; solution at 25 °C for 192 h, and the specimens were weighed
by an electronic analytic balance with a precision of 0.1 mg at 48 h intervals after being
ultrasonically cleaned in alcohol, acetone, and distilled water in sequence and then dried
in an electric drying chamber for 2 h. The average corrosion rate, Cr (in mm/year), of the
specimen was calculated according to the following equation [33]:

Cr (mm/year) = (K x W)/(t x Ax D) D

where K is the constant with a value of 8.76 x 10%; W (in g) is the total weight loss after the
exposure time; ¢ (in hours) is the immersion duration; A is the surface area of the specimen
in cm?; and D is the density of the test alloy in g/cm3. The measured densities, D, of
the alloys denoted from Zr0 to Zr0.5 are listed in Table 1. The surface morphologies of the
corroded specimens after being ultrasonically cleaned in acetone were investigated by SEM.

The measurements of the electrochemical polarization and electrochemical impedance
spectroscopy (EIS) were conducted in a 0.5 M H,SO;4 solution at room temperature with
a PARSTAT 2273 Electrochemical Workstation (Princeton Applied Research, AMETEK,
Oak Ridge, TN, USA) equipped with a typical three-electrode cell setup consisting of a
specimen as the working electrode, a saturated calomel (SCE) as the reference electrode, and
a platinum sheet as the counter electrode. All the potentials in this work were presented
on the standard hydrogen scale (SHE). Before every measurement, the test solution was
deaerated by bubbling purified nitrogen gas for 1 h to eliminate the effect of the dissolved
oxygen, and then the open current potential (OCP) was recorded for 15 min to yield a
state potential. The potentiodynamic polarization curves and EIS were plotted after the
specimen was freely corroded for about 30 min to reach a quasi-stationary OCP value.
Then, the specimen was cathodically polarized to a potential of —0.2 V for 5 min to reduce
the possible existing surface oxides. The potentiodynamic tests were performed at a scan
rate of 10 mV/s from an initial potential of —1 to a final potential of 1.5 V versus the
OCP. EIS was performed at the OCP with a sinusoidal potential amplitude of 10 mV,
running from 100 kHz to 100 mHz. Calibration was conducted in accordance with ASTM
standards G5 [34] and G59 [35]. The corrosion rates, Kg (in mm/year), obtained from the
electrochemical polarization measurements were calculated by [36]

Kg (mm/year) = (3.27 x 1072 X Ieorr X EW)/D 2)

where Icorr is the corrosion current density in pA/ cm?, D is the density of the test alloy in
g/ cm?® mentioned in Equation (1) (the measured densities, D, of the alloys denoted from
Zr0 to Zr0.5 are listed in Table 1), and EW is the equivalent weight of the alloy that is
defined as follows [36]:

®)
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where f;, n;, and g; are the mass fraction, electrons exchanged, and atomic weight of the iy,
alloying element, respectively. The EWs for the alloys denoted from Zr0 to Zr0.5 are also
listed in Table 1.

In addition, an equivalent circuit was used to fit the experimental Nyquist curves
of the AICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys in a 0.5 M H,50, solution at
room temperature with ZSimpWin commercial software (Version 3.3, Princeton Applied
Research, AMETEK, Oak Ridge, TN, USA).

3. Results and Discussion
3.1. Immersion Measurements

The volume loss and the corrosion rates (Cr) (computed by Equation (1)) of the as-
cast AlICoCrFeNiZrx alloys in 0.5 M H;SO4 solution for the 0-192 h immersion tests at
25 °C are shown in Figure 1. It can be seen from Figure 1 that the volume loss of the
as-cast AlICoCrFeNiZrx alloys increased with the immersion time (Figure 1a), whereas
the corrosion rate of the alloys first quickly increased and then slowly decreased with the
immersion time (Figure 1b). Among the alloys, the Zr0.3 alloys presented the maximum
volume loss and the highest corrosion rate, and the Zr0.1 alloy presented the minimum
volume loss and the lowest corrosion rate, which means the Zr0.3 and Zr0.1 alloys had
the worst and the best corrosion resistances, respectively, at the same immersion time
(Figure 1b). Moreover, the average corrosion rates of the Zr0.1, Zr0.2, and Zr0.5 alloys
(especially the Zr0.1 alloys) were significantly lower than those of the Zr0 alloys. Therefore,
only a certain amount of Zr addition had a positive effect on the corrosion resistance of the
AlCoCrFeNi alloys.
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Figure 1. Volume loss (a) and the average corrosion rates (b) of as-cast AICoCrFeNiZrx alloys in a
0.5 M H,SOy, solution for the 0-192 h immersion tests at 25 °C.
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The corroded surface morphologies and the corresponding EDS spectra of the as-cast
AlCoCrFeNiZrx alloys in 0.5 M H,SO;4 solution for the 0-192 h immersion tests at 25 °C
are shown in Figure 2. It can be seen from Figure 2 that the main corrosion types of the
AlCoCrFeNiZrx alloys were general and intergranular corrosion, which is related to the
microstructure of the AlCoCrFeNiZrx alloys and the different dissolution characteristic in
the corroded surface of the alloys relevant to the different phase structure and its chemical
inhomogeneity [24,28]. Figure 3 shows the XRD patterns and the typical SEM micrographs
of the as-cast AlICoCrFeNiZrx alloys (x =0, 0.1, 0.2, 0.3, and 0.5). From Figure 3a,b, it can be
seen that the Zr0 alloys were a uniform solid solution with a modulated plate structure
composed of an Fe- and Cr-rich BCC phase (the bright phase in the enlarged image in
Figure 3b) and an Al- and Ni-rich ordered (B2) BCC phase (the dark phase in the enlarged
image in Figure 3b), which were formed by a spinodal decomposition mechanism [18,37,38].
Moreover, it is also seen from Figure 3b that the detailed microstructures of the Zr0
alloys can only be identified at a large enough magnification, and the same result was
confirmed by Shi et al., in that the disordered and ordered BCC phases in the FCC matrix
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of AlxCoCrFeNi HEAs cannot be separated via the BSE/EDS observation due to their
fine grain size [16]. However, the near-equiaxed dendritic microstructure of the Zr0
alloys can be observed by OM in Figure 4a, and the black dendritic regions and the
bright interdendritic regions can be seen clearly, which largely results from the elemental
segregation between the dendritic and interdendritic regions [39]. Xiang et al. [16] also
revealed that the most negative mixing enthalpy between Al and Ni was responsible for
the formation of the Al- and Ni-rich ordered B2 matrix in the (Al, Ni)-rich dendritic and (Fe,
Cr)-rich interdendritic regions of the as-cast AICoCrFeNiSi0.1 alloy, and the periodic and
coherent microstructure composed of the (Fe, Cr)-rich A2 phase and (Al, Ni)-rich B2 phase
could be observed in both the (Al, Ni)-rich dendrite and the (Fe, Cr)-rich interdendrite.
TEM was used to investigate the Zr0 alloys, and the bright-field TEM image and the
corresponding selected area electron diffraction pattern along the [11] zone axis are shown
in Figure 3b,c. Figure 3c reveals the superlattice reflections, confirming the existence of an
ordered B2 phase. Therefore, the bright phase in Figure 3b is the Al- and Ni-rich ordered
B2 phase, while the dark phase is the Fe- and Cr-rich disordered BCC phase, which is
in agreement with the results of many previous studies [18,40,41]. Due to the formation
of the ZrX, (X = Co or Ni) Laves phase with the space group Fd3m (no. 227) [32], the
microstructures of the AICoCrFeNiZrx alloys (x = 0.1, 0.2, 0.3, and 0.5) were composed of
an Fe- and Cr-rich BCC phase (the gray phase in the enlarged image in Figure 3d—f), an
Al- and Ni-rich B2 phase (the black phase in the enlarged image in Figure 3d—f), and a Zr-
and Ni-rich Laves phase (the bright phase in the enlarged image in Figure 3c—f). It was
reported by Qiu et al. [18] that an Al0.9CoCrFeNi alloy comprised a combination of FCC,
Fe-Cr-rich BCC, and Al-Ni-rich B2 phases, and an Al0.9CoCrFeNiTi0.5 alloy consisted of
an Fe-Cr-rich BCC phase, an Al-Ni-rich B2 phase, and an Fe—Cr sigma phase. Though
Ti has similar physical features to Zr, i.e., both elements have a hexagonal close-packed
(HCP) crystal structure, a high melting temperature, and good corrosion resistance, the
introduction of the Laves phase in AICoCrFeNiZrx (x = 0.1, 0.2, 0.3, and 0.5) alloys instead
of an Fe-Cr sigma phase is mainly attributed to the difference between the radius of the
Zr atom and the other constituent atoms, as well as the large negative mixing enthalpy
between the constituent atomic pairs [32]. Moazzen et al. [39] calculated the Gibbs free
energy for the formation of all possible binary intermetallic compounds in the FeCoCrNi
and FeCoCrNiZr(.4 systems at 298 K, and they also revealed that the greater negative
Gibbs free energy in the formation of the intermetallic compounds containing zirconium
than that of the other intermetallic compounds was due to the large difference in the
atomic radius and electronegativity of Zr with the other alloying elements. The Laves
phase was preferentially formed along the grain boundary in the Zr0.1 alloy (Figure 3c),
and the volume fraction of the Laves phase located in the interdendritic zone increased
with the Zr content, which became the main phase when the Zr content was over 0.3 mol
(Figure 3e,f). Table 2 shows the EDS results of the dendritic and interdendritic zones of the
AlCoCrFeNiZrx alloys (x =0, 0.1, 0.2, 0.3, and 0.5), and it can be easily seen from Table 2
that the bright interdendritic regions of the Zr0 alloys in Figure 4a were rich in Cr and Fe,
while the dendritic regions were enriched with Al and Ni, and Co was almost uniformly
distributed in these two distinct regions, both of which are composed of an (Fe, Cr)-rich
BCC phase and an (Al, Ni)-rich B2 phase; the same results were also reported by Xiang
et al. [27]. Moreover, it can also be seen from Table 2 that the markedly different metal
concentrations of Cr and Zr were found in the interdendritic and dendritic areas of the
AlCoCrFeNiZrx (x = 0.1, 0.2, 0.3, and 0.5) alloys, and Zr additions were almost segregated
along the grain boundary in the Zr0.1 alloys and enriched in the Laves phase of the Zr0.2,
Zr0.3, and Zr0.5 alloys. Perhaps, due to the formation of the ZrX, (X = Co or Ni) Laves
phase in the interdendritic regions, it is difficult to detect Zr elements in the (Al, Ni)-rich
dendritic regions. It is well known that, due to the formation of protective chromium
oxide-based passive films on the surfaces, Fe-Cr and Fe-Cr-Ni stainless steels have good
general corrosion resistance and pitting corrosion resistance in different corrosion media,
and the role of Cr in protecting HEAs is thought to be similar to its protecting role in
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stainless steels [13]. Kao et al. [14] reported that, due to the poor protective capabilities
of an Al oxide-based film on the surface of Al-containing CoCrFeNi HEAs, Al additions
were detrimental to the corrosion resistance of the AlxCoCrFeNi alloy system in sulfuric
acid solution, and Ni could easily combine with Al to form an Al- and Ni-rich B2 phase,
which might deteriorate the corrosion resistance of Ni-containing AlxCoCrFeNi alloys.
Based on these results, it can be concluded that the selective corrosion of the Al- and
Ni-rich, Cr-depleted B2 phases in the AlICoCrFeNiZrx (x = 0, 0.1, 0.2, 0.3, and 0.5) alloys is
mainly attributed to the large bonding in Al and Ni [16], which tends to readily react with
(OH)~ and (SO4)?~ to form less protective Al and Ni complexes, such as Al,O3, Al(OH)s,
and NiO, and dissolve in 0.5 M H,SO; solution [14]. Accordingly, the seriously corroded
surface in Figure 2(al) was mainly caused by the selective dissolution of Al and Ni in the
Al- and Ni-rich ordered B2 phase in the Zr( alloys, and similar phenomena have been
reported by other researchers [14-18,26,27,29]. It has been mentioned before that both the
(Al, Ni)-rich dendrite and the (Fe, Cr)-rich interdendrite of Zr0 alloys have a periodic and
coherent microstructure composed of an (Fe, Cr)-rich A2 phase and an (Al, Ni)-rich B2
phase, inferring that the Al- and Ni-rich, Cr-depleted B2 phases in both the dendrite and
interdendrite are caused by a severe galvanic corrosion attack, where an Al- and Ni-rich,
Cr-depleted B2 phase is the anode coupled with the Fe-Cr-rich BCC phase, which can
be also confirmed by Table 3. Table 3 shows EDS analyses on the marked regions in the
corroded surfaces of the AICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys, where regions
A and B represent the seriously and slightly corroded surfaces, respectively. From Table 3,
it can be seen that both regions A and B were enriched with Cr, Fe, and O but depleted
of Al and Ni, which means either the dendrite or the interdendrite was greatly attacked
by galvanic corrosion during the immersion tests in 0.5 M H;SO; solution. As seen in
Table 2 and Figure 3¢, almost 0.1 mol of the Zr addition preferentially segregated along
the grain boundary of the Zr0.1 alloys during the period of solidification. Due to the good
corrosion resistance of the Laves phase with more than 85 wt % Zr or nearly pure Zr, the
galvanic corrosion potential difference between the grain boundary and the grain itself
became small, and the corrosion of the grain boundary was almost inhibited, that is, the
addition of 0.1 mol Zr resulted in isolated grains surrounded by a high Zr content of the
Laves phase or pure Zr in the grain boundary, which prevented or retarded the corrosion
process of the Zr0.1 alloys in 0.5 M H,SOy4 solution. In other words, the dissolution of the
Al- and Ni-rich B2 phase coupled with the Fe-Cr-rich BCC phase was restricted within
the grain, and due to the grain refinement caused by the Zr addition compared with the
710 alloys (see Figures 3c and 4a), a lot of grain boundaries with good corrosion resistance
existed in the Zr0.1 alloys, and the corrosion rate of the grain was retarded. Therefore,
the Zr0.1 alloys had the smallest corrosion rate (Figure 1b) and good galvanic corrosion
resistance. Table 3 also shows a seriously corroded surface with higher Cr and lower Al
and Ni contents, a slightly corroded surface with higher Cr and lower Al and Ni contents,
and a slightly corroded surface with a relatively high Cr, Al, and Ni content, revealing the
corrosion process by the dissolution of the (Al, Ni)-rich and Cr-depleted B2 phase; this
can also be confirmed by the small amount of isolated corroded pits and the large area of
the relatively less corroded flat surface in Figure 2(b1), which means that the dissolution
of the B2 phase was inhibited within the isolated grains in the Zr0.1 alloys. Since the
interdendritic and dendritic regions have markedly different chemical compositions, both
selective corrosion and general corrosion were found to appear in the Zr0.2, Zr0.3, and
Zr0.5 alloys with increasing Zr content, as it can be observed in Figure 2(c1-el). From the
enlarged images in Figure 3d-{, it can be seen that with the increase in the Zr content from
0.1 to 0.5 mol, the width of the periodic structure consisting of the (Fe, Cr)-rich BCC phase
and (Al Ni)-rich B2 phase significantly became thicker, especially close to the interfaces
of the Laves phase in the Zr0.2 and Zr(.3 alloys, while the periodic structure was refined
again with the Zr content further increased to 0.5 mol. From Figure 2, it can be clearly seen
that the general corrosion and intergranular corrosion of the Zr0.2 and Zr0.3 alloys were
severe for the “tubular coral reef” morphology and their relatively larger and deeper pits,
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which mostly resulted from the dissolution of the thicker (Al, Ni)-rich and Cr-depleted
B2 phase in these two alloys. Additionally, compared to the corrosion morphology of the
“pine needles” present on the surface of the Zr0.5 alloys, the obvious “tubular coral reef”
morphology indicates that the Zr0.3 alloys with the largest width of the periodic structure
or the maximum volume fraction of the (Al, Ni)-rich and Cr-depleted B2 phase among the
AlCoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys suffered the most severe corrosion in
0.5 M H;,SOy4 solution. It can be easily found that with an increasing Zr content, the Laves
phase dramatically increased in the Zr0.2 alloys and became the main phase in the Zr0.3
and Zr0.5 alloys. For the Zr0.2, Zr0.3, and Zr0.5 alloys, the corroded surfaces seriously
suffered from the galvanic corrosion existing in both the dendritic zone for an Al- and
Ni-rich, Cr-depleted B2 phase as the anode coupled with the Fe-Cr-rich BCC phase and the
interdendritic zone for an Al- and Ni-rich, Cr-depleted B2 phase as the anode coupled with
the Zr-rich Laves phase. Moreover, it can be proposed based on Table 2 that during the
decline in the Zr content in the Laves phase, the resistance to general corrosion of the Zr0.2,
Zr0.3, and Zr0.5 alloys compared to the Zr0.1 alloys slightly decreased, and the surfaces of
the Zr0.2, Zr0.3, and Zr0.5 alloys were roughened by general corrosion. Table 3 also reveals
that both the severely and the slightly corroded surfaces were rich in Cr and lacked Al, Nj,
and Zr compared with the chemical compositions of the Zr0.2, Zr0.3, and Zr0.5 alloys in
Table 2. These results are in accordance with research on the electrochemical behavior of
multi-component amorphous and nanocrystalline Zr-based alloys in NaOH and H,SO4
solutions [42]. Regarding the formation of a Zr-rich Laves phase and the maximum ratio of
the Al- and Ni-rich, Cr-depleted B2 phase in the microstructures, the Zr0.3 alloys presented
the heaviest volume loss and the worst corroded surfaces, as shown in Figures 1 and 2(d1),
respectively. As seen in Figure 3f, the volume fraction of the Zr-rich Laves phase with
relatively better galvanic corrosion resistance dramatically increases to more than 60%
together with a decreased volume fraction of the Al- and Ni-rich, Cr-depleted B2 phase and
the Fe—Cr-rich BCC phase to less than 40% in the Zr0.5 alloys. It is because the decrease of
the Al- and Ni-rich, Cr-depleted B2 phase that the Zr(0.5 alloys show the almost matchable
volume loss and corrosion resistance to the Zr0.2 alloys and the smaller volume loss and
better corrosion resistance than the Zr0.3 alloys.
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Figure 2. Corroded surface morphologies (al, b1,c1,d1,el) and typical EDS spectra in region A
(a2,b2,c2,d2,e2) and region B (a3,b3,c3,d3,e3) of as-cast AICoCrFeNiZrx alloys in a 0.5 M H,SO4
solution for 0-192 h immersion tests at 25 °C: (a) x =0, (b) x = 0.1, (¢) x = 0.2, (d) x = 0.3, and (e) x = 0.5.
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Figure 3. XRD patterns and SEM micrographs of as-cast AICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5)
alloys: (a) XRD patterns, (b) x =0, (c) x =0.1, (d) x=0.2, (e) x = 0.3, and (f) x = 0.5.

Figure 4. Metallograph (a) and TEM bright-field image (b) as well as corresponding selected area electron diffraction
patterns (c) of the Zr0 alloys.
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Table 2. EDS results of the dendritic and interdendritic zones of AICoCrFeNiZrx alloys (wt %).

Alloy Regions Al Fe Cr Co Ni Zr
710 interdendritic 8.71 24.29 23.06 23.08 20.86 -

r dendritic 12.34 21.96 18.52 23.19 23.99 -
7101 interdendritic 1.18 2.6 2.59 3.3 4.02 86.31
e dendritic 10.45 21.03 22.24 23.52 22.76 -
7102 interdendritic 4.77 11.47 6.68 21.09 23.43 32.56
e dendritic 13.05 18.51 21.67 23.63 23.14 -
7103 interdendritic 4.84 12.49 6.83 20.54 22.74 32.56
™ dendritic 15.52 17.69 15.98 23.14 27.67 -
7105 interdendritic 5.16 12.88 7.13 20.26 21.8 32.77
e dendritic 7.47 23.81 3791 18.72 12.09 -

Table 3. EDS analyses for chemical compositions of the marked regions in the corroded surfaces of AlICoCrFeNiZrx (x = 0.1,
0.2,0.3, and 0.5) alloys (wt %).

Elements (wt %)

Alloys Regions
Al Co Cr Fe Ni Zr S (0]
710 A 0.86 18.73 44.33 26.16 3.50 - 0.39 6.03
r B 0.31 20.30 4143 27.86 4.43 - 0.52 5.15
7101 A 0.27 17.74 47.06 25.60 5.11 - 0.34 3.88
™ B 5.93 18.19 38.34 25.31 8.60 - 0.27 3.36
7102 A 1.00 16.17 44.58 29.36 3.71 - 0.36 4.82
™ B 0.84 16.26 43.86 29.03 5.40 - 0.30 4.31
7103 A 0.63 12.79 49.65 27.21 2.22 1.71 0.35 5.44
™ B 0.79 13.94 48.83 25.77 4.51 - 0.29 5.87
7105 A 1.76 15.27 40.52 22.16 8.17 8.80 0.44 2.88
i B 1.77 15.86 37.67 21.89 8.53 10.58 0.31 3.39

3.2. Potentiodynamic Polarization Measurements

The potentiodynamic polarization curves of the AlCoCrFeNiZrx alloys in 0.5 M HySOy4
solution are plotted in Figure 5, and the electrochemical parameters of the AlICoCrFeNiZrx
alloys are listed in Table 4. It can be observed from Figure 5 that the polarization curves
obviously exhibit an active-passive corrosion behavior, and all alloys possessed a well-
defined passive region following a tendency to passivate in the curves. It can be seen
from Table 4 that compared with the Zr0 alloys, the Zr0.1 and Zr0.5 alloys had a very
small change in their corrosion potentials (Ecorr), and the Zr0.2 and Zr0.3 alloys showed
relatively negative corrosion potentials, which indicates the Zr(0.2 and Zr0.3 alloys are more
susceptible to corrosion than the other alloys. The corrosion potentials only reflect the
corrosion resistance tendency (electrochemical corrosion thermodynamics) of the material,
whereas the corrosion current densities are a true reflection of the corrosion behavior
(electrochemical corrosion kinetics) of the material. The corrosion current densities (Icorr)
of the AlICoCrFeNiZrx alloys presented a similar trend to those of the immersion test with
increasing Zr. The Zr(.1 and Zr0.3 alloys exhibited a relatively lower and higher corrosion
current density (Icorr) than that of the other AICoCrFeNiZrx alloys, respectively, which
implies that the Zr0.1 and Zr0.3 alloys are individually less and more susceptible to general
corrosion in 0.5 M H,SOy solution. Furthermore, the critical passive current density (Ip)
and the maintained passive current density (I',) of the Zr0.3 alloys were the highest, thus
indicating that they are also more susceptible to local corrosion in 0.5 M H,SOy solution,
which has a close relationship with the existence of a large amount of the Al- and Ni-rich,
Cr-depleted B2 phase matching with the Fe-Cr-rich BCC phase and the Zr-rich Laves
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phase in the microstructures of the Zr0.3 alloys [16,18,43,44]. Yen et al. [43] discussed the
corrosion mechanism of the annealed equiatomic AICoCrFeNi tri-phase high-entropy alloy
in 0.5 M H,SO4 aerated aqueous solution and pointed out that the lower-Cr content phase
was the least corrosion-resistant, and the B2 phase with plenty of Al and Ni was easily
released from the hydroxide film during the polarization test and preferentially corroded.
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Figure 5. Potentiodynamic polarization curves of AlICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys
in a 0.5 M H2S04 solution.

Table 4. Potentials and current densities of AlCoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys in a 0.5 M H,SO4 solution.

Alloy Ecorr (Vsug) Icorr (A-cm—2) I (A-cm—2) Ep (VsHE) Iy (A-ecm—2) Epit (Vsug)
Zr0 —0.491 230 x 1074 6.00 x 1073 —0.207 1.89 x 1074 0.988
Zr0.1 —0.510 1.02 x 1074 332 x 1073 —0.169 1.84 x 104 1.008
Zr0.2 —0.524 2.81 x 1074 713 x 1073 —0.186 1.93 x 1074 1.001
7r0.3 —0.525 4.06 x 1074 3.58 x 1072 —0.184 3.70 x 1074 1.010
Zr0.5 —0.489 136 x 1074 230 x 1073 —0.195 123 x 1074 1.005

Table 5 shows the corrosion rates, Kg and Cr (in mm/year), obtained from the po-
larization measurements according to Equation (2) and the immersion tests according to
Equation (1), respectively. The change tendencies of both Kr and Cp are consistent with the
maximum for the Zr0.3 alloys and the minimum for the Zr0.1 alloys, and the reason for the
higher value of Ky than that of Cy is that the electrochemical polarization measurements
are more transient than those of the immersion test.

Table 5. The corrosion rates obtained from the polarization measurements and immersion tests.

Alloy Icorr (A-cm—2) EW KRg (mm/year) CRr (mm/year)
Zr0 2.30 x 10~* 21.038 2.3552 1.301
Zr0.1 1.02 x 1074 21.094 1.0485 0.40915
Zr0.2 2.81 x 107* 21.148 2.8986 1.03614
Zr0.3 4.06 x 10~* 21.198 4.2023 1.73494

Zr0.5 1.36 x 1074 21.291 1.4164 0.90121
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3.3. Electrochemical Impedance Spectroscopy Measurements

Electrochemical Impedance Spectroscopy is a powerful tool for studying corrosion
and passivation processes and the electrochemical impedance (Z(w) in Q-cm?) can be
represented as a complex number composed of a real part (Zre in (3-cm?) and an imaginary
part (Zim in Q-cm?). The Nyquist curves (Zim versus Zre) of the AICoCrFeNiZrx alloys
in 0.5 M H,SOy solution are plotted in Figure 6. Figure 6 shows that the Nyquist curves
of the AlICoCrFeNiZrx (x =0, 0.1, 0.3, and 0.5) alloys in 0.5 M H,504 solution include one
capacitive loop at high frequencies and one inductive loop at low frequencies. The Zr0.1
and Zr0.3 alloys have the largest and smallest diameters of the impedance arc, respectively.
The addition of the Zr content to the alloys cannot lead to better corrosion resistance, e.g.,
the corrosion resistance of the Zr0.3 alloys is lower than that of the Zr0 alloys, which is in
good agreement with the results of the immersion tests and potentiodynamic polarization
measurements. The Nyquist curves of the Zr(.2 alloys include one capacitive loop at high
frequencies and one capacitive loop at low frequencies, which are closely related to the
structures in Figure 2(c1). Additionally, it was reported that the arc was related to the metal
dissolution in the corrosion process, and the diameter of the arc was associated with charge
transfer resistance, i.e., corrosion resistance [43].

240
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Zre/Q-cm?

Figure 6. The Nyquist curves (Zim versus Zre) of AlICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys
in a 0.5 M H,SOy solution.

For a better explanation of the corrosion behavior of the AlICoCrFeNiZrx alloys in
0.5 M H50, solution, appropriate models of the impedance were developed to fit the
test data, thus helping to evaluate the parameters and characterize the corrosion process.
An equivalent electrical circuit was designed to best fit the experimental results for the
electrodes, as shown in Figure 7. Figure 7a,b show the equivalent electrical circuit of the
AlCo-CrFeNiZrx (x =0, 0.1, 0.3, and 0.5) and AICoCrFeNiZrx (x = 0.2) alloys, respectively, in
0.5 M H,50; solution, and Table 6 lists the related equivalent circuit parameters, where R
is the resistance of the solution, Cyqj is the double layer capacitance, R; is the charge transfer
resistance, R is the resistance that is associated with the inductive processes [14,45], L is
the pseudoinductance [46], and Qg is the constant phase element that compensates for the
non-homogeneity in the system [47]. In a previous study [48], alloys with Al and Ni readily
reacted with (SO4)?~ in a sulfuric solution, and the reaction products could adsorb on the
surface of the alloys, which increased the amount of ions in the adsorption layer. Therefore,
Qg in Figure 7b increases with x, and the inductance disappears as the x value increases to
0.2, an effect that normally occurs in the case of a severe corrosive condition [49]. The origin
of the inductance is generally influenced by some adsorbed intermediates or attributed to
spaces at the interfaces [50].
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(b) Car

Figure 7. EIS equivalent circuits of AICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys ina 0.5 M
H,SOy solution: (a) x =0, 0.1, 0.3, and 0.5; (b) x = 0.2.

Table 6. EIS equivalent circuit parameters of AlICoCrFeNiZrx (x =0, 0.1, 0.2, 0.3, and 0.5) alloys in a 0.5 M H,SOy4 solution.

Alloy Rs (Q-cm?) Cq (Flcm?) R; (Q-cm?) Ret (Q-cm?) L (H) Qai (F/cm?)
Zr0 0.6796 £+ 0.0097 1.03 +0.09 x 10~ 19.37 + 1.69 47.0 £ 3.01 2093 £ 1.79 -
Zr0.1 0.3751 4 0.0150 5.42 +0.319 x 10~° 41.81 £3.01 25.73 £ 1.96 35.18 £ 3.20 -
Zr0.2 0.5057 4+ 0.0131 2.587 4+ 0.141 x 1073 11.22 +0.44 50.12 + 4.06 - 5467 + 0.0217 x 10~°
7r0.3 0.3933 + 0.0130 1.359 4 0.083 x 10~* 316.2 + 25.04 67.94 + 2.85 13.14 + 1.08 -
Zr0.5 0.1577 4+ 0.0126 3.635 +0.222 x 107° 97.92 £+ 8.91 66.29 +5.17 3242 +£2.77 -

In the AlCoCrFeNiZrx alloys, a microstructure with an Al- and Ni-rich ordered BCC
phase, which is metallographically seen as a reactive phase, not only caused the adsorption
in these BCC phase areas during the corrosion process but also decreased the impedance in
the low-frequency areas due to their continuous dissolution. Thus, the excessive Al- and
Ni-rich BCC phases in the Zr0.3 alloys seriously deteriorated their corrosion resistance
properties, and the dramatic increase in the Laves phases in the Zr0.2 alloys strengthened
their galvanic corrosion with the Al- and Ni-rich BCC phases. In addition, with the
decreases in the thickness of the passivation film, the value of the equivalent inductance L
accordingly decreased, and vice versa. Thus, the Zr0.1 alloys presented good corrosion
resistance due to the higher value of the equivalent inductance L, whereas the equivalent
inductance L disappeared in the Zr(.2 alloys, indicating severe local corrosion.

4. Conclusions

e  During the immersion and electrochemical tests of the AlICoCrFeNiZrx alloys in 0.5 M
H,S0O4 solution, galvanic corrosion occurred both in the dendritic zone for an Al- and
Ni-rich, Cr-depleted B2 phase as the anode coupled with the Fe—Cr-rich BCC phase,
and in the interdendritic zone for an Al- and Ni-rich, Cr-depleted B2 phase as the
anode coupled with the Zr-rich Laves phase.

e  For both the immersion tests and the electrochemical measurements in 0.5 M H,SO,
solution, the corrosion properties of the AICoCrFeNiZrx alloys first increased and
then decreased with the increase in the Zr content.

e Zraddition at 0.1, 0.3, and 0.5 mol can be advantageous for improving the corrosion
resistance of AlCoCrFeNi alloys. The Zr0.3 alloys presented the worst corrosion
resistance to 0.5 M H,SO; solution due to the serious galvanic corrosion attack on
the Al- and Ni-rich, Cr-depleted B2 phases in both the dendrite and interdendrite,
whereas the Zr0.1 alloys had the best corrosion resistance due to the segregation of
the Zr-rich Laves phase along the grain boundary.
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