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Abstract

Slurry erosion—corrosion is a severe issue for many engineering components used in marine, petrochemical, and agricultural
sectors. The deleterious effects of the slurry erosion—corrosion significantly lower the service life and enhance the main-
tenance cost. For limiting the slurry erosion—corrosion effects, there is a need for high-performance advanced materials.
In the present work, equimolar MoNbTaTiZr high-entropy alloy (HEA) was developed, and its slurry erosion—corrosion
behavior was investigated. For comparison, conventionally used stainless steel SS316L was also investigated. The detailed
microstructural characterization showed the presence of a two-phase bcc crystal structure in the HEA. The major bce phase
was predominantly composed of Ta, Mo, and Nb with the interdendritic region being rich in Ti and Zr. The MoNbTaTiZr
HEA showed 2 times higher hardness than the SS316L steel. Under slurry erosion—corrosion condition, the HEA showed
3.5 times higher resistance while under erosive conditions, two times better performance than the reference material. The
analysis of the eroded surface morphology showed the presence of a mixed ductile-brittle erosion response for the HEA. The
improved performance of the HEA is predominantly related to the high hardness and extremely high corrosion resistance.
Electrochemical corrosion testing revealed that the HEA has 80 times lower current density than SS316L and high pitting
resistance, resulting in low corrosion rates. The electrochemical impedance spectroscopy (EIS) findings showed a denser
and highly stable passive layer. The results indicated that MoNbTaTiZr HEA could be effectively used for countering the
slurry erosion—corrosion and corrosive conditions.
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1 Introduction

Slurry erosion is a detrimental phenomenon leading to sur-
face degradation in hydraulic machinery. Slurry erosion
when combined with corrosion creates a synergistic effect
leading to a substantial loss of material and thus in turn
reducing its reliability. It is a serious concern in many indus-
tries including oil and gas, mining, sewage treatment facility,
paper recycling facilities, and hydroelectric power owing to
their harsh operating conditions [1, 2]. Slurry erosion and
corrosion can cause significant damage to components such
as propellers, pumps, valves, and pipelines resulting in a
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significant decrease in components life and thereby creat-
ing serious economic impact. Slurry erosion—corrosion has
concerned many researchers in recent years and encouraged
them to tackle this barrier by utilizing different advanced
materials and engineering them based on required work-
ing conditions [3, 4]. In this context, the recently developed
high-entropy alloys (HEAs) with exceptional properties have
shown promising results.

High entropy alloys (HEAs) consist of five or more ele-
ments in equivalent or almost equal amounts, with atomic
fractions ranging from 5 to 35% [5]. The pioneering work
by Brian Cantor and Jien—Wei—Yeh in 2004 ignited research
on this untouched field, and since then, many alloy systems
have been studied to identify HEA systems with an enhanced
combination of properties, leading to the extraordinary
growth of this field [6, 7]. HEA may contain minor ele-
ments with an atomic fraction of less than 5%. The princi-
ple of HEA is based on the fact that high entropy of mix-
ing can lead to the formation of a stable single-phase solid
solution rather than an intermetallic formation. The most

@ Springer


http://orcid.org/0000-0001-9265-4674
http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-021-00530-7&domain=pdf

94 Page2of 10

Journal of Bio- and Tribo-Corrosion (2021) 7:94

commonly formed single-phase solid solution is face-cen-
tered cubic (fcc), body-centered cubic (bec), and hexagonal
close-packed (hcp) structure. Four core effects: high con-
figurational entropy, sluggish diffusion, lattice distortion,
and cocktail, effect account for their promising mechanical
properties including high strength, excellent resistance to
high-temperature softening and creep, high fatigue strength,
and good tribological properties [5, 6]. Due to the aforemen-
tioned mechanical properties, HEA has placed itself as a
potential leader in the alloy segment for marine applications
[8], high-temperature application [9], energy conversion and
storage [10], nuclear application [11] as well as bioimplant
material for the healthcare industry [12].

The first single-phase HEA CrMnFeCoNi has become
the benchmark material as it exhibits exceptional low-tem-
perature mechanical properties and high fracture toughness
[13]. Similarly, VNbMoTaW shows high compression yield
strength of 600 MPa even at a temperature of 1400 °C, which
exceeds that of conventional superalloys such as Inconel-718
[14, 15]. Though a limited amount of literature is available
regarding the tribological behavior of HEA, there are few
focused studies on slurry erosion and corrosion behavior
of bulk HEA and coatings. Nair et al. [8, 16] reported a
superior slurry erosion resistance of Al ;;CoCrFeNi HEA
when compared to that of mild steel at a normal angle
despite having lower hardness (2/3rd of mild steel). The bulk
HEA showed significantly higher corrosion resistance than
SS316L. Further, in the later investigation, the microwave-
derived coatings of Al,CoCrFeNi (x=0.1, 1, 3) on SS316L
substrate showed nearly three times lower erosion rate at
an oblique angle, while under normal impingement, equi-
molar composition showed better performance than their
non-equimolar counterparts [17]. The equimolar composi-
tion showed better erosion resistance than the non-equimolar
composition under both impingement angles, which could be
attributed to the combined role of both hardness and fracture
toughness. Huang et al. studied the wear behavior of laser
synthesized TiVCrAlSi HEA cladding on Ti6Al4V substrate
[18]. The hardness of the cladding was found to be higher
than substrate, which in turn lead to a huge improvement in
wear resistance, and the primary reason behind this could
be credited to the existence of hard silicide phase dissolved
in a relatively ductile bcc matrix. Juan et al. [19] varied the
Mo contribution in laser-coated FeCrCoNiAlMo, HEA on
steel substrate and investigated its impact on the wear behav-
ior. It was observed that 1% Mo contribution demonstrated
higher wear resistance which was attributed to its superior
mechanical properties. Similarly, CoCrFeNiTi, (x=0, 0.5, 1)
HEA coatings on SS-904L proved to have better wear resist-
ance than the substrate [20]. Wu et al. reveal the increase
in wear resistance by addition of Al in Al, CoCrCuFeNi
HEA and at the same time changing its wear mechanism
from oxidation controlled to primarily delamination wear
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[21]. Various findings demonstrated the ability of HEA to
surpass conventionally preferred counterparts or the parent
substrate material in the case of coating and claddings [22].
The corrosion behavior of HEAs has also been documented
in various aqueous solutions [12, 23]. Research trends have
shifted recently from equiatomic to non-equiatomic HEAs
to explore ways to further enhance the corrosion resistance
[24]. Furthermore, an effort is being made to realize the
effect of element addition on the microstructural evolution
and corrosion performance. HEA has shown quite high cor-
rosion resistance based on the study performed by Huang
et al. in which all three CoCr,Ni,AlTi, Co,Cr,Ni,AlTi, and
CoCr,Ni;AlTi alloys prepared using vacuum arc melting
furnace proved to be better than that of 304 stainless steel
and other corrosion-resistant HEAs under 3.5 wt% NaCl
solution or 0.5 M H,SO, solution [25].

Refractory-based HEAs have attracted significant atten-
tion owing to their high strength and superior high-temper-
ature properties. Particularly, the equimolar MoNbTaTiZr
HEA composition has been recently investigated owing to
its excellent hardness and corrosion resistance. MoNbTa-
TiZr HEA among other refractory alloys could be a feasible
choice for enabling next-generation nuclear reactors, power
generation, marine components, and material development
and processing. Hua et al. performed a systematic investi-
gation to find out microstructures, mechanical, corrosion,
and wear behaviors of the MoNbTaTi Zr alloys. MoNbTa-
TiZr HEA exhibited a fine dendritic structure composed of
two bcce solid solution phases, which lead to high hardness
around 500 HV and yield strength of 1500 MPa [26]. It out-
performed Ti6Al4V in the dry and wet wear test and dem-
onstrated to have corrosion resistance nobler than that of the
Ti6Al4V alloy, which indicates the relatively higher stability
of the passivation film of the HEA. Furthermore, Perumal
et al. performed stationary friction processing (SFP) a novel
severe plastic deformation on MoNbTaTiZr, which led to
significant elemental homogenization across dendritic and
interdendritic regions in few minutes, similar to a week-long
annealing treatment at 1275 K [12]. The processed alloy
showed superior corrosion behavior due to the formation of
a stable passive layer with zirconium oxide as the primary
constituent and higher hydrophobicity. It also showed higher
biocompatibility compared to its as-cast counterpart as well
as conventional metallic biomaterials, including stainless
steel (SS-316L) and titanium alloy (Ti6Al4V).

In the current work, slurry erosion and corrosion behav-
ior of MoNbTaTiZr high-entropy alloy was investigated.
For comparison, conventionally used structural materials
SS316L stainless steel was tested under identical conditions.
The HEA exhibited higher erosion—corrosion resistance as
compared to stainless steel, which is primarily attributed
to the higher hardness and superior corrosion resistance of
the alloy.
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2 Experimental Details
2.1 Materials and Characterization

An equimolar MoNbTaTiZr HEA was synthesized in vac-
uum arc melting from pure metal lumps (99.99% pure).
The alloy was melted at least five times to ensure a uni-
form distribution of the constituent elements, and each
melting was retained in a liquid state for at least 300 s.
A wire electric discharge machine was used to cut HEA
samples into 15 mm X 10 mm X 3 mm. All the samples
were polished and grounded using abrasive papers down
to 3000 grit size. Microstructural characterization of the
samples was performed using scanning electron micros-
copy (SEM) images and X-ray diffraction (XRD). Both
SS316L and HEA were subjected to hardness tests on a
macro and microscale using Vickers indenter. Sand parti-
cles in size range of 75-150 um were used for the slurry
erosion studies (Fig. 1).

2.2 Slurry Erosion Test Rig

The re-circulation style test rig was used to carry out
slurry erosion testing (Fig. 2). The test rig was made of a
compressed air-driven diaphragm pump. The diaphragm
pump is used to propel the premixed slurry in a container
and forced to impinge on a sample via a 2-mm-diameter
tungsten carbide nozzle. By adjusting the pressure of the
compressed air, the velocity of the slurry jet is controlled.
The test rig offers the flexibility to conduct experiments
at a variety of different parameters, such as the angle of
impingement, particle size, distance of stand-off, working

Fig. 1 Scanning electron microscopy (SEM) image of sand used
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Fig.2 Schematic illustrating the slurry erosion test rig used for
experimentation [8]

media, and velocity of impact. The sedimentation of sand
particles was prevented by continuous stirring.

2.3 Slurry Erosion Testing

In conjunction with the ASTM G-73 standard protocol,
slurry erosion testing was performed. The slurry was pre-
pared using river sand (75-150 pm), mixed with tap water,
at a concentration of 5 kg m™> (5000 ppm) (pH 7.72). A
fresh batch of the slurry was prepared for each tested sample.
Slurry erosion experiments were performed at a constant
velocity of 20 m s™! for 2 h with samples positioned at dif-
ferent impingement angles, i.e., 30° and 90°. Gravimetric
analysis was performed using a high precision weighing the
balance of 0.01 mg resolution. Before weight measurement,
samples were cleaned with acetone and dried using an air
stream. The eroded surfaces were analyzed using a scan-
ning electron microscope (SEM) to investigate the erosion
mechanism.

2.4 Electrochemical Characterization

Electrochemical characterization of both SS316L and HEA
was investigated using anodic polarization and electrochemi-
cal impedance spectroscopy (EIS) using the Gamry Interface
1000-E electrochemical setup. There is a three-electrode
Gamry flat cell setup with saturated calomel electrode as ref-
erence electrode, pure graphite rod as counter electrode, and
metal specimen as the working electrode in 3.5% NaCl solu-
tion. The anodic polarization was done at— 0.3 V vs Eyp to
1.0 vs Egcg with the maximum allowed current density of
5 mA cm™2. EIS curves were obtained at OCP from 0.01 Hz
to 100 kHz frequency with an amplitude of 10 mV AC volt-
age. Experiments were performed in an open environment
after 2 h of OCP stabilization. Gamry E-chem analyst 7.05
was used to model the equivalent electric circuit (EEC), and
the simplex algorithm was used to fit the curve. SEM and 3D
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profilometer images after corrosion analysis were captured
and compared to distinguish the intensity of the pits.

3 Results and Discussion

3.1 Microstructural and Mechanical
Characterization

The stainless steel used in this study is SS316L comprises of
Fe, Cr, Ni, and few trace elements, whereas the HEA com-
prises equimolar composition of MoNbTaTiZr. The optical
image of SS316L revealing its grain structure is shown in
Fig. 3a. The average grain size of the SS316L was calculated
to be approximately 22 pm. In contrast, microstructure of
HEA is shown in Fig. 3b indicating the presence of two
phases: major and minor bce phases. In addition, no sec-
ondary phase has been found in MoNbTaTiZr HEA. Thin
dendrites illustrate major bce phase with darker contrast, and
the interdendritic region with brighter contrast depicts the
minor bce phase. XRD analysis of both the alloys is shown
in Fig. 4. SS316 primarily shows the presence of austen-
ite with fcc structure, while HEA shows the presence of a
dual-phase structure, comprising of major and minor bcc
phases. The major bee phase was found to be approximately
~30% using phase-contrast images. The lattice parameters
for both the phases were determined using the Braggs equa-
tion and miller indices (321 plane) [27]. It is reported to be
0.3310 nm for the major bcc phase and 0.3379 nm for the
minor bce phase. The severe segregation of the MoNbTa-
TiZr can be described due to the difference in the melting
temperatures of the individual elements (Fig. 5). Zr and Ti
tend to stay together which is of lower melting point (7',
and form a minor bce phase (inter-dendritic region), whereas
higher melting elements (7,,) such as Ta, Mo, and Nb tend
to form a major bcc phase (dendritic region). Further, the
phase separation of Zr—Ta happens generally at 2020 K to
individually rich phases of Zr and Ta [27]. It might add on
to the reason of severe segregation in this alloy. In addition,
a very high affinity between Ti and Zr due to approximately
zero mixing enthalpy between them favors the minor bcc
phase formation. The chemical composition of the dendritic
and interdendritic phases was approximated using EDS anal-
ysis as Moy,Nb,,Tas,Ti;sZr, and Mo 3Nb,,TagTi, Zrys,
respectively. Thus, the dendritic region in the as-cast HEA
is primarily composed of Ta, Nb, and Mo, while the inter-
dendritic region contains Ti and Zr as the major elements.
The relatively high melting temperature elements, including
Ta, Nb, and Mo, solidify first during cooling down and grew
into the dendritic structure, while lower melting tempera-
ture elements, i.e., Ti and Zr, are pushed into interdendritic
regions. In terms of hardness, SS-316L is reported to be 3.3
GPa on Vickers hardness scale, whereas MoNbTaTiZr HEA
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is reported to be 4.9 GPa (macroscale). The individual hard-
ness of the dendritic and interdendritic region was reported
to be 6.4 GPa and 5.7 GPa (microscale), respectively. Thus,
in comparison with SS316L, HEA has the advantages of
being significantly harder and has the potential to sustain
detrimental erosion—corrosion during marine applications.

3.2 Slurry Erosion-Corrosion Behavior

Slurry erosion and erosion—corrosion results of the
SS316L and MoNbTaTiZr HEA are shown in Fig. 6.
Results indicate lower erosion rates for the HEA com-
pared to the conventionally used SS316L steel under
oblique conditions. Under erosive conditions, the HEA
showed two times higher erosion resistance than the stain-
less steel during the oblique impact condition. However,
the erosion rates slightly increased under the normal
impact condition with values slightly higher than the
stainless steel. A similar trend was also observed under
erosion—corrosion conditions with significantly high ero-
sion—corrosion resistance exhibited by the HEA, which
was more than 3.5 times higher than the stainless steel.
These results indicate a brittle erosion mode for the HEA,
whereas a ductile response for the SS316L. For both mate-
rials, the material removal rate increased with the intro-
duction of the corrosive media into the slurry. However,
it is interesting to note that, irrespective of the impact
angle, the HEA showed minimal positive synergy com-
pared to the stainless steel highlighting high corrosion
resistance. In the case of stainless steel, the erosion rates
at the oblique angle increased by two times during ero-
sion—corrosion conditions when compared with the ero-
sion under similar conditions. However, the HEA showed
less than 10% rise in the erosion rates when tested under
the erosion—corrosion conditions. The higher erosion and
erosion—corrosion resistance of the HEA than stainless
steel at the oblique conditions is dominantly related to
the higher hardness. On a macroscale, the HEA showed
50% higher hardness, whereas at the microscale, the hard-
ness was two times higher than that of the stainless steel.
Due to higher hardness, the resistance to the shearing
and plastic deformation of the material by the abrasive
particles is increased. The abrasive particle impacting at
the oblique angle tends to indent the target material as
a result of the normal velocity component. Thereafter,
shearing of the target material is initiated aided by the
tangential velocity component. The high target material
hardness limits the indentation and shearing phenomena
lowering the removal of the material. Further, the pres-
ence of a dendritic structure of higher hardness also low-
ers the removal of the material by limiting the motion of
the abrasive particles during the shearing action. Such
composite structures provide higher protection against
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Fig.3 The optical microscopy
images showing the microstruc-
ture of a SS316L stainless steel
and b MoNbTaTiZr high-
entropy alloy

erosion at the oblique angles [28]. On the contrary, dur-
ing the normal impingement of the abrasive particles, the
materials removal process is dominantly controlled by the
toughness and the resistance to the plastic deformation. In
the case of the ductile material, the impact of particles at
A(220) the normal impact results in the formation of the extruded

A platelets, which finally detach due to subsequent impact

A Austenite [29, 30]. However, for the brittle materials, impacts fol-
A A Major bee phase low an extensive cracking and spalling of the material.
O Minor bee phase This explains the higher resistance of the stainless steel

during the erosion and erosion—corrosion phenomena.
o A A A Compared to the HEA, the stainless steel possessed higher

A A\ A toughness as measured using the indentation technique.

' : ’ ’ ' : The presence of cracks was observed in case of the HEA,
20 30 40 50 60 70 80 20 while no such cracking was visible in the case of the
20 (Degrees) stainless steel. The SEM images of the eroded surfaces

shown in Fig. 7 also highlight similar behavior. For both

Fig.4 X-ray diffraction (XRD) patterns of developed MoNbTaTiZr  stainless steel and the HEA, the eroded surface showed
Alloy and SS-316L

(— S§S-316L
A(111) —HEA

A(200)

Intensity (a.u.)

Fig.5 Energy-dispersive spec-
troscopy (EDS) mapping of the
elements in the as-cast MoN-
bTaTiZr high-entropy alloy for
the phase-specific composition
analysis at dendritic and inter-
dendritic regions

Composition of Dendritic Region Composition of Interdendritic Region

Mo,sNbygTas TijsZryg Mo,3Nb);TagTizeZrss
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Fig.6 a Hardness of the speci- (a) (b)1 .0
men and b slurry erosion (SE) 500 4 SS316L .53315 ) |
and slurry erosion—corrosion MoNbTaTizZr 0.6 MoNbTaTiZr
(SEC) results for the SS316L 400 E ’
steel and MoNbTaTiZr high- = E
entropy alloy tested at impinge- by S0 £0.64
ment angles of 30° and 90° 2 g
c
© 200+ § 04
] 0
= o
w
100 4 0.24
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Specimen SE SEC
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Fig.7 SEM image of surface
after slurry erosion of a SS-
316L at 30°, b MoNbTaTiZr at
30°, ¢ SS-316L at 90°, and d—f
MoNbTaTiZr at 90° impinge-
ment angles

=t o
2 Platelets ——=—
vl .

Y

?

the presence of micro-cutting and ploughing with higher  extruded platelets. In the case of the HEA, in addition to
severity in the case of the former. This illustrates the bet-  the platelets, the eroded surface also showed the pres-
ter performance of the HEA under oblique conditions.  ence of cracks, especially in the interdendritic region
However, for the normal impact conditions, the eroded  (Fig. 7d—f). The hardness of these interdendritic regions
surface of the stainless steel was composed of extensively ~ was higher side than the dendritic counterpart indicating
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Fig.8 a Potentiodynamic curves, b Bode magnitude plot, ¢ Bode
phase angle plot, d Nyquist curves of the as-cast MoNbTaTiZr alloy
and SS-316L obtained from electrochemical impedance spectros-

Table 1 Corrosion current density (I.,,), corrosion potential (E_,),
and corrosion per year (mpy) obtained from the potentiodynamic
curve

Sample Lo (HA cm™?) E,,,, (mV) Corrosion rate E; (mV)
(mpy)

SS316L 7.710 —-359 3.47600 320

HEA 0.096 -222 0.02985 NA

the presence of high brittleness. Thus, the HEA showed
a mixed response with ductile-brittle erosion behavior
being modulated by the presence of dual-phase micro-
structure. Further, in addition to hardness, the minimal
positive synergy exhibited by the HEA also contributed in
enhancing the resistance to erosion—corrosion. The elec-
trochemical behavior of both SS316L and MoNbTaTiZr
HEA is shown in Fig. 8. The potentiodynamic behavior
of these alloys was investigated in 3.5% NaCl at 37 °C.
The obtained corrosion parameters are shown in Table 1.
E.,,, (corrosion potential, the equilibrium potential dur-
ing the potential sweep where the current changes its sign
from cathodic to anodic) is higher for HEA, indicating
superior passive behavior and nobler nature. Similarly,

Z real (ohm.cm?) x 10°

copy (EIS) in 1 mol NaCl solution, and e electrical equivalent circuits
(EECs) used to fit the obtained results. Inset images in panel d show
the zoomed-in region

I, (corrosion current density, obtained after Tafel fitting
of the curves at E_,,..) of HEA was reported to 80 times
lower compared to stainless steel. It shows the superior-
ity of the HEA compared to stainless steel in an aqueous
corrosion environment. In general, most of the metals in
marine or aqueous environments fail due to pitting cor-
rosion [31, 32]. Thus, the pitting potential (at which the
current density sharply increases) of the specimens was
calculated using a potentiodynamic polarization study.
SS-316L started pitting at around 320 mV (vs SCE) and
the SEM and 3D profilometer image of the pitted sample
is shown in Fig. 9a—d. The profilometer images illustrate
wide and deep pits of around 800 um and 200 um formed
on SS after potentiodynamic polarization tests, whereas
no sign of pit was observed on HEA (Fig. 9e, f). In con-
trast, the HEA did not show any pitting behavior, unlike
the stainless steel as observed during the potentiodynamic
plots (Fig. 8a). This is due to the fact that HEA spontane-
ously forms the thick passive layer as soon as it comes
in contact with the aqueous medium. This is due to the
presence of Zr, Nb, and Ta as an alloying element which
tends to form highly corrosion-resistant TiO,, ZrO,,
Nb,Os rapidly upon being in contact with electrolyte as
has been observed in XPS results [12]. The Nyquist plot
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Table 2 Electrochemical parameters obtained from the electrochemical impedance spectroscopy (EIS) study

Total CPE (uS s" Rg (kohm cm?)  Goodness of fit

cm‘z)

n

CPE, (uS s"

cm‘z)

ny

cm‘z)

R, (kohm cm?) R, (kohm cm?) R, (kohm cm?) CPE,; (uS s"

Sample

0.810x 1073

6.230
8.01

1223.80

0.589

943.400

0.718

280.400
42.08

1.510 3.985 5.495

382.1

SS316L
HEA

0.567%x1073

42.08

0.903

382.1

obtained using the EIS study is shown in Fig. 8d with the
values of different parameters obtained after circuit fitting
shown in Table 2. The circuits used to fit theexperimen-
tal values are shown in Fig. 8e. The bigger impedance
spectra obtained in the case of HEA are an indication of
superior passive layer response by the specimen. In con-
trast, stainless steel showed very low impedance spectra
of polarization resistance of 5 kohm cm?. Also, the higher
impedance obtained for HEA is clearly evident from the
frequency-Bode plot. The phase angle Bode plot indicates
there is only a one time step for HEA, whereas SS showed
multiple time steps. Thus, this explains the rationale of
using two RC circuits used to fit the obtained values for
SS. Further, the n factor used during the fitting of the
obtained curves in CPE element denotes the surface inho-
mogeneities on the passive layer. Thus, the higher value
of 0.9 for HEA compared to 0.71 of SS suggests a dense
and stable passive layer formed for the HEA. Overall, in
the aspect of erosion—corrosion, the MoNbTaTiZr HEA
under marine environment showed superior performance
to that of the stainless steel.

4 Conclusion

In the present work, the slurry erosion—corrosion behavior
of the developed MoNbTaTiZr high-entropy alloy (HEA)
was investigated at different impingement conditions. For
comparison, the performance of the conventionally used
SS316L steel was also investigated. The microstructural
analysis of HEA reported both major bcc and minor bee
phases, whereas SS316L was found to be fcc austenite
with a grain size of 22 um. In terms of hardness, HEA
reported approximately 1.5 times higher value on the Vick-
ers scale compared to SS316L. Under slurry erosion—cor-
rosion conditions, the HEA showed more than 3.5 times
higher erosion resistance than the stainless steel at the
oblique impact conditions. The performance of the HEA
was nevertheless similar to that of the stainless steel under
normal impingement conditions. Overall, the HEA showed
a mixed ductile-brittle response compared to the ductile
mode of erosion observed for the stainless steel. The better
performance of the HEA is related to high hardness and
exceptionally high corrosion resistance. The HEA showed
80 times lower current density than the stainless steel in
3.5% NaCl solution. This resulted in a mild positive syn-
ergy and high erosion—corrosion resistance. The developed
HEA is a potential candidate for use in engineering com-
ponents being subjected to severe slurry erosion—corrosion
conditions.
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Fig.9 a-d Surface profilometer
and scanning electron micros- (a)
copy images showing the pitting
of SS-316L after corrosion and
e and f surface profilometer

of the corroded MoNbTaTiZr
surface
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