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ARTICLE INFO ABSTRACT

Cavitation erosion and corrosion of structural materials are serious concerns for marine and offshore industries.
Durability and performance of marine components are severely impaired due to degradation from erosion and
corrosion. Utilization of advanced structural materials can play a vital role in limiting such degradation. High
entropy alloys (HEAs) are a relatively new class of advanced structural materials with exceptional properties. In
the present work, we report on the cavitation erosion behavior of Aly;CoCrFeNi HEA in two different media:
distilled water with and without 3.5 wt% NaCl. For comparison, conventionally used stainless steel SS316L was
also evaluated in identical test conditions. Despite lower hardness and yield strength, the HEA showed sig-
nificantly longer incubation period and lower erosion-corrosion rate (nearly 1/4th) compared to SS316L steel.
Enhanced erosion resistance of HEA was attributed to its high work-hardening behavior and stable passivation
film on the surface. The Alj ; CoCrFeNi HEA showed lower corrosion current density, high pitting resistance and
protection potential compared to SS316L steel. Further, HEA showed no evidence of intergranular corrosion
likely due to the absence of secondary precipitates. Although, the degradation mechanisms (formation of pits
and fatigue cracks) were similar for both the materials, the damage severity was found to be much higher for
SS316L steel compared to HEA.
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1. Introduction

Cavitation erosion is a common mode of material deterioration in
hydrodynamic environment. Erosion and corrosion synergy leads to
rapid degradation of marine and offshore components such as im-
pellers, ship propellers and valves. During cavitation erosion, material
removal takes place due to repetitive impact of micro-jets and shock-
waves generated by the implosion of vapour bubbles formed as a result
of pressure fluctuations in liquids [1,2]. This leads to severe localized
plastic deformation and pitting which eventually causes material
failure. Cavitation erosion in corrosive media may further aggravate the
degradation process. Different coatings and surface modification tech-
niques have been utilized for improving the cavitation erosion and
corrosion resistance of marine components [3-7]. Stainless steels are
normally preferred for use in hydraulic systems due to their good cor-
rosion resistance. However, the poor cavitation erosion resistance of
stainless steels lowers the working life of the components [8,9]. Ad-
vanced materials with superior erosion-corrosion resistance are re-
quired to counter such degrading environments.

Recently developed high entropy alloys (HEAs) based on multiple
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principal elements in equi-molar or nearly equi-molar fractions re-
present a new paradigm in structural materials [10-13]. Unlike con-
ventional alloys, HEAs are comprised of five or more principle elements
with atomic fraction in 5-35% range. HEA may also contain minor
elements with atomic fraction typically less than 5%. HEA typically
tends to form single-phase solid solution with face centered cubic
(FCQ), body centered cubic (BCC) and/or hexagonal closed packed
(HCP) structure due to their high mixing entropy. According to Gibbs
free energy relation, high mixing entropy enhances the phase stability
by reducing free energy of the system. Further, the lattice distortions
due to increased mixing entropy also results in sluggish diffusion
wherein atoms are trapped in low potential energies (LPE) sites. Besides
sluggish diffusion, interaction of each constituent elements results in
phase transformation due to cocktail effect. It is reported that the
sluggish diffusion, severe lattice distortion and cock tail effect results in
high corrosion resistance, wear and oxidation resistance and excellent
mechanical properties at elevated temperatures [11,14-18]. Although
HEAs exhibits high corrosion resistance, however their performance
under synergistic cavitation erosion and corrosion has not been ex-
plicitly explored. The material’s performance under combined erosion
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Table 1
Nominal composition of Al ;CoCrFeNi HEA, and SS316L steel used in the current study.
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Composition (wt%) Al Fe Cr C Mn Ni Mo Co S Si P
Aly1CrCoFeNi HEA 1.2 24.5 22.8 - - 25.7 - 25.8 - - -
SS 316L steel - bal. 18 0.035 2 14 3 - 0.03 1 0.045
and corrosion conditions is a function of mechanical properties of —
material and characteristics of the passive layer. Further the adherence
of the passive layer with the substrate also plays an important role in
determining the performance of the material under erosion-corrosion =
" i1 - . . Ultrasonic
conditions. In case of HEAs, stability of passive layer is expectedly high generator
with thickness being limited by sluggish diffusion [19]. However, sus-
tainability and performance of passive layer formed on HEAs under
hydrodynamic conditions is not well understood and require detailed Piezoelectric
investigation. oscillator
Among the different compositions, Al,CoCrFeNi HEA is one of the
most widely studied alloy system [20-23]. Wang et al. [21] reported Tip
increase in hardness for Al,CrCoFeNi HEA with an increase in Al con-
tent due to the formation of nano scale B, and A, structure. Tang et al.
[24] reported evolution of different phases during annealing of ‘ lc;1 - — Chilled
Aly 3CrCoFeNi HEA. The formation of L1, and B, phases were related to F00up  — zv‘:;z:
the reduction in lattice distortion and sluggish diffusion. Laser surface S~ | N Beaker
alloyed AlCoCrFeNiTi, showed excellent cavitation erosion resistance Sample// v s :
owing to the presence of ordered B, structure [25]. Compared to SS304 « — h:;:l‘:re
steel, AlICrCoFeNi HEA exhibited better cavitation erosion with higher \\
pitting resistance [26]. Further, an increase in Al content in Chilled ] Test media
Al,CrCoFeNi HEA system has been reported to decrease the pitting waterinlet ~—

resistance due to formation of Cr depleted BCC structure [27].

We report on the cavitation erosion and corrosion behavior of
Aly 1CoCrFeNi high entropy alloy (HEA) and compare with con-
ventionally utilized SS316L stainless steel. Aly;CrCoFeNi HEA showed
excellent cavitation erosion-corrosion resistance, which was explained
based on its high work-hardening and better pitting resistance com-
pared to SS316L steel.

2. Experimental procedure

For the present study, Aly ;CrCoFeNi HEA was selected owing to its
high ductility and work-hardening behavior. The alloy was made by
vacuum arc melting followed by hot isostatic pressing (HIP) at a pres-
sure of 100 MPa and temperature of 1273 K for 4 h. For comparison,
commercially available SS316L steel was used. The nominal composi-
tion of Aly,CrCoFeNi HEA and SS316L are shown in Table 1. The mi-
crostructure of the HEA and SS316L steel was obtained using electron
back-scatter diffraction (EBSD) and X-ray diffraction (XRD). Mechanical
properties of both the materials were investigated using micro and nano
indentation.

The cavitation erosion tests were conducted using ultrasonic vi-
bratory apparatus (make: Sonics; model VCX 750) in accordance with
ASTM G-32 standard. The cavitation erosion testing was performed
using indirect method by keeping the sample stationary (Fig. 1). The
samples were placed at a distance of 500 um from the vibrating tip and
immersed 10 mm below the free surface. The vibrating tip was operated
at a frequency of 20 + 0.5 kHz with peak-to-peak amplitude of 50 um.

Table 2

Fig. 1. Schematic illustrating ultrasonication set-up used for cavitation erosion testing.

Test samples were submerged in a 1 litre beaker containing distilled
water with (for erosion-corrosion) and without (for pure erosion) 3.5%
NaCl solution. The temperature was kept constant at 24 = 2 °C using
cooling coil connected to chiller. Prior to the test, all samples were
grounded and polished down to 2000 grit using abrasive paper. Each
sample was tested for 20 h with subsequent mass change (0.01 mg)
measurements after every one-hour cycle. To ensure repeatability, two
samples were tested under each condition. The mass change was con-
verted to corresponding volume loss using the density values shown in
Table 2. The results were analysed to determine cumulative volume loss
(CVL) and cumulative erosion rate (CER). The morphology of degraded
surfaces was analysed using scanning electron microscope (SEM) for
evaluation of damage mechanism. The electrochemical corrosion stu-
dies comprising tafel and cyclic polarization were performed using
potentiostat (make: Gamry, model: 1000E) to determine the corrosion
behavior and stability of the passive layer. Tafel tests were performed
by varying the potential + 0.25V from the open-circuit potential
(E.orr). Cyclic polarization studies were conducted with maximum
current density limited to 10 mA/cm? Further the intergranular cor-
rosion testing was also performed using single loop electro-chemical
potentio-kinetic reactivation (SL-EPR) test to determine the influence of
precipitates on the corrosion behavior.

Mechanical and physical properties of Aly;CrCoFeNi high entropy alloy and stainless steel SS316L.

Yield strength g, (Mpa) Ultimate strength, o, (Mpa) Critical fracture strain, &

Materials Density (g/cc) Hardness H (H,) Elastic modulus E (Gpa)
Aly 1CrCoFeNi HEA 7.45 150 186
SS316L steel 7.87 226 210

160
290

389
580

0.58
0.35
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Fig. 2. Electron backscatter diffraction maps for (a) Aly1CrCoFeNi high entropy alloy [27] and (b) SS316L stainless steel.

3. Result and discussion
3.1. Microstructural characterization

The electron backscatter diffraction (EBSD) results of Aly ;CrCoFeNi
HEA and stainless steel (SS316L) are shown in Fig. 2. HEA has an
average grain size of several millimetres without any twins [28] while
SS316L has an average grain size of about 22 pm along with few twin
boundaries. Unusually large grain size for HEA is attributed to the ab-
normal grain growth during the HIP treatment which was done to re-
duce porosity in addition to enhancement in ductility. The X-ray dif-
fraction results for Aly ;CrCoFeNi HEA and SS316L steel are shown in
Fig. 3. XRD indicates single-phase face cantered cubic (FCC) structure
for the HEA. The lattice parameter calculated for the HEA was around
0.358 nm. There was no indication of secondary phase formation,
which has been primarily explained by high mixing entropy [12,13].
The increase in the configurational entropy lowers the Gibbs free en-
ergy [29], enhancing the stability of solid solution. The configurational
entropy (AS) is given as [13]:

n
ASconf = —R Z x;lnx; = Rlnn

=1
where R is universal gas constant, n is number of elements, and x; is
molar fraction of elements. For Aly ;CoCrFeNi HEA, the configurational
entropy was calculated to be around 1.47R, which is higher than that of
SS316L steel.

Table 2 shows different mechanical and physical properties of HEA
and SS316L steel. Elastic modulus was evaluated from load-displace-
ment curves obtained using nano indentation as shown in Fig. 4. Yield
strength and failure strain were obtained from engineering stress-strain
curves [30]. Evidently, hardness and elastic modulus of HEA were
comparatively lower than SS316L steel. Low hardness of the HEA
compared to SS316L steel is due to large grain size of the former.
However, significantly large grain size and mild lattice strain of HEA
due to low Al fraction, resulted in high ductility (65% higher) as in-
dicated by the fracture strain values.

3.2. Cavitation erosion behaviour

Fig. 5(a) shows the cumulative volume loss as a function of time for
Aly 1CrCoFeNi HEA and SS316L under cavitation erosion condition (in
distilled water). The HEA showed significantly high cavitation erosion
resistance compared to SS316L. After 20 h of testing, cumulative
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Fig. 3. X ray diffraction (XRD) plots of Aly;CrCoFeNi high entropy alloy (HEA) and
SS316L stainless steel.
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Fig. 4. Load-Displacement plots of Aly ;CrCoFeNi high entropy alloy (HEA) and SS316L
stainless steel.
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Fig. 5. (a) Cumulative volume loss, (b) cumulative erosion rate as a function of exposure
time and (¢) mean erosion rate and incubation period for Aly;CrCoFeNi high entropy
alloy (HEA) and SS316L stainless steel subjected to cavitation erosion testing in distilled
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volume loss for HEA was almost one-tenth of that of the SS316L steel.
After a small incubation period of 2.7 h a steep rise in volume loss was
observed for SS316L steel. In contrast, the cumulative volume loss for
the HEA showed a gradual increase with time. The incubation period
for HEA was 2.3 times higher to that of the SS316L steel indicating high
damage tolerance of the former. Fig. 5(b) and (c) shows the cumulative
erosion rates and mean erosion rates for both the test materials. The
mean erosion rates for HEA and SS316L were observed to be around
0.0166 mm®/h and 0.1464 mm®/h, respectively. The results indicate
remarkably high cavitation erosion resistance of the HEA (around 9
times) compared to SS316L steel. It is interesting to observe that al-
though the hardness and strength (yield and ultimate) for HEA are
comparatively low (Table 2), it still showed better cavitation erosion
resistance compared to stainless steel.
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Fig. 6. (a) True stress-strain curves and (b) work-hardening rates for Al ;CrCoFeNi high
entropy alloy [27] (HEA) and SS316L stainless steel.

Generally, high hardness and strength are deemed to enhance the
resistance to cavitation erosion [31,32]. Few previous studies showed
the dependence of cavitation erosion behavior on the work-hardening
and stacking fault energy of the material [33,34]. The work-hardening
behavior for both the materials was analysed from the true stress-strain
plots shown in Fig. 6(a). The work-hardening exponent (n) was calcu-
lated using the Hollomon's equation (0 = Ke") where o'is the true stress,
K is the strength coefficient and ¢ is the true strain. The n value for HEA
(n = 0.77) is significantly high compared to that of SS316L steel
(n = 0.3). High n value for HEA indicates higher rate of increase in flow
stresses as compared to SS316L steel which enhances the resistance to
plastic deformation and thereby lowers the material removal rate.

Work-hardening behavior is related with the stacking fault energy
(SFE) of the material. Zaddach et al. [35] reported that increasing the
number of elements in equiatomic fraction alloys reduces the SFE. The
decrease in SFE hinders the dissociation of partial dislocations and
cross-slipping of dislocations leading to higher work hardening [36].
The SFE for the investigated HEA is not available, however, SFE for a
similar composition HEA (CoCrFeNi) has been calculated to be around
17 mJ/m? [35]. Comparatively, SS316L steel has SFE of around 25 mJ/m?
which contributed to its lower strain hardening exponent compared to that
of the HEA. Work hardening rates for the two alloys are shown in Fig. 6(b).
SS316 steel showed higher work-hardening rate in stage-I compared to
HEA. This is followed by a continuous decrease in work-hardening rate as
a function of flow stress for SS316L steel. Comparatively, the work-hard-
ening rate of the HEA showed a significant increase in stage-II which
continued over a significant range of flow stress. The enhanced work-
hardening rate in stage-II for the HEA is believed to be due to formation of
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Fig. 7. (a) Cumulative volume loss, (b) cumulative erosion rate as a function of exposure
time and (¢) mean erosion rate and incubation period for Aly;CrCoFeNi high entropy
alloy (HEA) and SS316L stainless steel subjected to cavitation erosion-corrosion testing in
distilled water containing 3.5 wt% NaCl.
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nano-twins [30]. Further, cavitation erosion is a high strain rate de-
formation process involving impacts of high velocity micro-jets and shock
waves. In general, flow stress increases with an increase in strain rate. The
Al 1CoCrFeNi HEA has been reported to demonstrate high value of strain
rate sensitivity (m) compared to conventional FCC materials [37]. The
increase in flow stress at high strain rates also contributes towards en-
hancing the cavitation erosion resistance. Thus, unusually high cavitation
erosion resistance of the HEA may be partly attributed to its peculiar work-
hardening behavior.

3.3. Cavitation erosion-corrosion behaviour

The Fig. 7(a) shows the cumulative volume loss of HEA and SS316L
under cavitation erosion-corrosion condition. The cumulative volume
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loss under erosion-corrosion was higher for both the materials com-
pared to pure erosion condition (Fig. 7a). Compared to SS316L steel,
the HEA showed significant resistance to synergistic erosion-corrosion
degradation. The mean erosion rate for HEA and SS316L was
0.046 mm®/h and 0.2 mm?3/h, respectively (Fig. 7c). The cumulative
volume loss for HEA after 20 h of testing was only 25% of that observed
for SS316 steel resulting in four-fold higher resistance. Compared to
higher incubation period for the HEA (6.5 h) under pure erosion con-
dition, the incubation period in 3.5% NaCl solution was slightly low-
ered (4.3 h). The incubation period for SS316L steel under erosion-
corrosion condition was also lowered. The decrease in incubation
period may be the result of early removal of work-hardened layer due to
corrosion.

Further, the CER in erosion-corrosion for SS316 steel was observed
to increase continuously since the beginning of the test. Comparatively,
a low and steady CER was observed for the HEA preceded by slightly
high CER in the early stage. Near the completion of the test, the HEA
showed significantly low and steady CER compared to high and un-
stable value of CER for the SS316L steel (Fig. 7b). It is further inter-
esting to observe that HEA showed no appreciable difference in the
shape of the CER curve with the change in test condition (pure erosion
and erosion-corrosion) (Figs. 5b and 7b). In contrast, significant dif-
ference in the shape of CER curve was observed for SS316L steel with
the change in test condition. HEA showed a deceleration stage in both
erosion as well as in erosion-corrosion whereas, SS316L steel showed
deceleration only for pure erosion condition but not for erosion-corro-
sion condition. This difference in the behavior for the two alloys may be
attributed to difference in formation and removal of the work-hardened
layer during erosion-corrosion. In pure erosion condition, both test
materials showed deceleration stage due to work-hardening effect
which effectively increases the flow stress. This behavior is consistent
with the observed trend for other materials [32]. However, the work-
hardened layer is likely to get removed by corrosion under erosion-
corrosion condition. Therefore, the absence of deceleration stage for
SS316L steel in erosion-corrosion condition may be related with con-
tinuous removal of the work-hardened layer through corrosion. In
contrast, HEA with its high corrosion resistance limits the removal of
work-hardened layer and showed higher erosion-corrosion resistance.
HEAs are known to exhibit better corrosion resistance due to sluggish
diffusion and cocktail effects [13]. Our recent study showed
Aly 1CoCrFeNi HEA exhibits high activation energy and low mean jump
rate compared to conventional materials contributing to its high

Brassalloy (Y B:CJ) [42)
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$S304 [40]
SS316L [Present work]

Al, CrCoFeNi HEA [Present work]
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Al CrCoFeNi HEA [Present work]
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Fig. 8. Comparison of the mean depth erosion rates of the Aly;CoCrFeNi high entropy
alloy (HEA) with those of other structural materials [38-42] subjected to cavitation
erosion and erosion-corrosion.
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Table 3
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oxidation resistance and formation of stable oxide layer [19]. Further, a
comparative analysis (Fig. 8) shows that Aly;CoCrFeNi HEA exhibited
significantly high degradation resistance under both erosion and ero-
sion-corrosion conditions compared to different materials [38-42]
highlighting its prominence as a potential structural materials under
such conditions.

To further understand the effect of corrosion behavior on degrada-
tion of the test materials, standalone electrochemical corrosion studies
were performed. The tafel and cyclic polarisation tests were conducted
in 3.5 wt% NaCl solution for the both samples. The cathodic and anodic
polarization curves obtained for HEA and SS316L are illustrated in
Fig. 9. The corrosion current density (i), corrosion potential (E.),
pitting potential (E,;) and protection potential (Ep,) calculated from
tafel and cyclic polarization curves are summarized in Table 3. The
corrosion rates for SS316L steel and the HEA calculated using Faraday’s
expression were around 4.65 mpy and 0.28 mpy, respectively. Sig-
nificantly low corrosion rates for the HEA compared to SS316L steel
highlights the superior corrosion resistance of the former. Further,
compared to mean erosion rates in distilled water, the corrosion rates
for the respective materials were significantly low indicating erosion-
corrosion process to be erosion dominated. The HEA also showed
higher pitting potential (Ey;) compared to SS316L steel (Fig. 9b). High
values of pit initiation potential (Ep; — Ecorr) and protection potential
(Epp — Ecorr) indicates higher resistance to pit formation and propaga-
tion resulting in increase in passive layer stability. The HEA showed
remarkable resistance to pit initiation and propagation compared to
steel (Table 3). Furthermore, the loop area above E,, representing the
pitting severity was observed to be smaller for HEA (Table 3). The
above results highlights the presence of stable passive film for HEA
compared to SS316L steel. High stability of the passive layer for the
HEA is attributed to the combined effect of high mixing entropy,
sluggish diffusion and presence of passive layer forming elements such
as Cr. The high mixing entropy decreases the free energy enhancing the
system stability. Further, high mixing entropy impairs the diffusion
process due to presence of low energy potential (LPE) lattice sites [43].
The LPE sites trap the atoms limiting the diffusion process. Ad-
ditionally, Aly;CrCoFeNi HEA forms single phase solid solution elim-
inating the chances for inter-granular corrosion due to the absence of
secondary particles (Fig. 9c). Stainless steel shows a reactivation peak,
signifying grain boundary sensitization, while there is no reactivation
peak for the HEA. In stainless steel, the precipitation of carbides, par-
ticularly chromium carbides, along the grain boundaries makes the
grain boundaries sensitized to localized attack. This is primarily at-
tributed to the depletion of chromium along the grain boundaries,
which is the principal element forming a stable passive layer in auste-
nitic stainless steels. Thus, the combined effect of work-hardenability
and high corrosion resistance resulted in enhanced cavitation erosion-
corrosion resistance for the Aly CoCrFeNi HEA.

3.4. Material removal mechanism

Fig. 10 shows the surface morphology of degraded samples sub-
jected to pure erosion and erosion-corrosion testing. Significant differ-
ence in the damage levels of both the samples on a macroscale can be
observed (Fig. 10a and b). The surface of SS316L steel after 20 h of
erosion-corrosion testing was covered with large macroscale pits.

Comparative summary of electrochemical corrosion results for Aly ;CoCrFeNi high entropy alloy and stainless steel SS316L.

Material Teorr Ecorr Epi¢ Epp Epit — Ecorr Epp — Ecorr Area under the loop
(nA) (mv) (mv) (mV) (mv) (mv) (VA/em?)

Alp,CoCrFeNi HEA 0.638 —225 490.3 184 715.3 409 5.38

SS316L 11.60 —289 359.8 —10.58 648.8 278.42 6.48
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Comparatively, the surface of HEA subjected to similar test conditions
was free of such macroscale pits. Both HEA and SS316L show ductile
material removal mode with signs of plastic deformations and fatigue
(Fig. 10). No significant difference was observed in surface morpholo-
gies of the samples subjected to pure erosion and erosion-corrosion for
both the materials. Under both the test conditions, degraded surfaces
were composed of deep pits and cracks. However, difference in severity
of deformation is evident for the two test materials. The surface of
SS316L steel was covered with large craters and large number of deep
pits (Fig. 10c and d). In case of the HEA, pits and cracks were sig-
nificantly small in size (Fig. 10e and f). Further, large craters as ob-
served for SS316L steel were not detected for the HEA. Comparison of
the SEM images clearly indicates significant deterioration of SS316L
steel compared to the HEA. These results are in agreement with the
trend observed in CER for these materials. The small sized pits and
cracks for HEA are related with its high work hardening behavior.
Microhardness measured along the depth of the cross-sectioned eroded
samples is shown in Fig. 11. Results showed an increase in hardness for
both the test materials, however, the HEA showed more than two-fold
increase compared to 1.27 times for SS316L steel. The XRD analysis of
the post-eroded samples (Fig. 12) showed presence of strain-induced
martensite for the SS316L steel and FCC to BCC transition for the HEA.
These microstructural changes during the erosion process can con-
tribute towards increased hardness. Further, the significant increase in
sub-surface hardness for the HEA also relates to its high work-hard-
enability as also observed from the stress-strain plots (Fig. 6). Work-
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Fig. 10. Macrographs showing the (a) SS316L steel and (b)
Al 1CrCoFeNi high entropy alloy (HEA) samples subjected
to cavitation erosion-corrosion testing for 20 h. The scan-
ning electron microscope (SEM) images showing surface
morphology of SS316L steel tested under (c) cavitation
erosion and (d) cavitation erosion-corrosion after 20 h. The
SEM images showing surface morphology of Al ;CrCoFeNi
HEA tested under (e) cavitation erosion and (f) cavitation
erosion-corrosion after 20 h.

hardening increases the flow stress required for plastic deformation and
initiation of pits. The optical micrographs of the eroded samples (inset
Fig. 11) show severely deformed microstructure beneath the eroded
surface for the SS316L steel while no such deformation is visible for the
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Fig. 11. Variation in sub-surface microhardness of the SS316L stainless steel and
Alp.1CoCrFeNi high entropy alloy (HEA) subjected to cavitation erosion testing. Insets
show the optical microscopy images of the sub-surface microstructure.
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Fig. 12. X-ray diffraction results of the (a) Al ;CoCrFeNi high entropy alloy (HEA) and (b) SS316L stainless steel after cavitation erosion and erosion-corrosion.

HEA. Insignificant change in the microstructure (at the observed length
scale) for the HEA post testing could be explained on the basis of its
work-hardening through nanoscale twining [28]. Furthermore, the
Alp 1CrCoFeNi HEA also showed high strain rate sensitivity [37] which
also enhances the flow stress due to increased dislocation intersections.
Increased flow stress for the HEA due to work hardening hinders plastic
deformation due to impact of high velocity micro jets. As a results, the
size of pits observed for HEA were significantly small compared to
SS316L steel.

Further, the XRD analysis of the samples subjected to erosion-cor-
rosion testing showed presence of different oxides which may have
contributed to the corrosion process. Both materials showed presence of
chromium (III) oxide along with that of Fe304. In addition, the pre-
sence of a-Al203 was also observed for the HEA. Both Cr203 and
Al203 are known to be highly protective in nature, limiting the cor-
rosion of the underlying material. Compared to the SS316L steel, pre-
sence of Al203 might also have restricted the corrosion and passive
layer thickness by limiting iron diffusion. Al1203 is known to possess
lower free energy compared to Cr203 and Fe304 which will likely
facilitate rapid formation of the passive layer on the HEA. Owing to
high passivation kinetics of the HEA, the diffusion of ions would be
limited lowering the corrosion rates. Further, the evolution of strain-
induced martensite in SS316L steel, enhances its susceptibility to in-
tergranular corrosion through formation of micro galvanic-cells.
Additionally, density of the grain-boundaries is significantly lower in
HEA compared to SS316L steel due to large sized grains. The grain
boundaries can act as a passage for diffusion of ion. Thus, low grain
boundary density for the HEA might have also restricted the ion dif-
fusion lowering the corrosion rates. Thus, the combined effect of
toughness and work-hardening along with tendency to form stable
passive film helped enhance the cavitation erosion-corrosion resistance
of the Aly;CrCoFeNi HEA compared to SS316L steel.

4. Conclusion

We investigated the cavitation erosion and corrosion behavior of the
Alp1CoCrFeNi high entropy alloy (HEA) using ultrasonication tech-
nique. For comparison, conventionally used SS316L stainless steel was
also evaluated in identical experimental conditions. Compared to
SS316L steel, the HEA showed significantly higher resistance to pure
erosion (around nine times) as well as erosion-corrosion (around four
times) in terms of mean erosion rate. The HEA also showed longer in-
cubation period compared to SS316L steel. The superior performance of
HEA compared to SS316L steel was attributed to the increased work-
hardening of the former. Both the work-hardening exponent and strain
rate sensitivity were higher for the HEA. Further, the HEA also showed
significant work-hardening rate over a large range of flow stress in
second stage. Electrochemical corrosion testing showed high pitting

resistance and protection potential leading to much lower corrosion
rates with formation of stable passive film. The SS316L steel showed
substantial intergranular corrosion compared to the HEA. Thus, the
combined effect of high work-hardening and better corrosion resistance
resulted in improved cavitation erosion-corrosion resistance. Therefore,
Al 1CoCrFeNi HEA is a promising structural material for protection
against cavitation erosion and corrosion.
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