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Abstract

FeCoCrNiMoSix (x = 0.5, 1.0, 1.5) high-entropy alloys (HEAs) were successfully
fabricated by spark plasma sintering (SPS). The microstructure, tribological properties,
oxidation behaviors and corrosion resistance of the HEAs were systematically
investigated. The experimental results showed that the microstructure mainly consisted
of Fe-rich face-centered-cubic (FCC) phase, Mo-rich FCC phase solid solution and
various of Si-rich intermetallics, where the elevated Si content coarsened the primary
Mo-rich phase into dendritic eventually. These Mo-rich dendrites possessed strong
covalent-dominant atomic bonds that enhanced the microhardness (from 725 to 1186
HV) and wear resistance. The FeCoCrNiMoSios HEA exhibited an outstanding
combination of relatively high wear resistance, the strongest oxidation resistance under
800<C at among the three alloy compositions. The corrosion resistance of HEAS
showed an increasing trend with the elevated Si content, andFeCoCrNiMoSiss

presented the best performance.
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1. Introduction

High entropy alloys (HEAS) are a new family of alloys commonly consisting of 5
or more principal alloying elements [1-3]. Comparing with traditional alloys which
usually have single principal element, HEAs tend to form disordered solid solutions
rather than intermetallic compounds owing to their high mixing entropy [4, 5]. The
nearly same proportion of all metal elements leads to significant disordering of the
structure in the liquid status [6, 7]. Each element in the HEA system can be seen as a
solute atom because there is no dominating matrix element in HEAs. This contributes
to the uniform distribution of various elements in alloy structure [8]. In addition to the
increased entropy, a large number of phases can also be obtained through altering the
alloy combinations, leading to enormous possibilities and magnificent potentials in
achieving superior material properties and performances.

Over the past few decades, HEAs have been widely studied due to the combination
of exceptional properties, such as prominent mechanical properties, low thermal
conductivity and excellent catalytic activity, which can not be obtained in conventional
materials [9-11]. FeCoCrNi HEA, which presents good corrosion resistance, could be
equipped with further enhanced mechanical properties through phase-controlling
methods. In the study carried out by Tang et al. [12], nano-twinning has been observed
due to the existence of two-phase FCC in AlosCoCrCuFeNi HEA, which resulted in a
high tensile strength. Also, high strengths (916-1517 MPa) were obtained by Li and

Liang et al. [13, 14] with the addition of Mo in FeCoCrNiMn HEA due to the increased



amount of amorphous phase using selective laser melting. A face-centered-cubic
(FCC)/body-centered-cubic (BCC) dual-phase structure was reported in FexCoCrNiMn,
which achieves both high strength and elongation rate (600 MPa and 67%) with 67 at.%
Fe [15]. A 786 MPa ultimate tensile strength and over 50% elongation FeCoCrNiMoo .23
HEA was fabricated by powder metallurgy featuring a single FCC structure resulted
from Mo addition [16, 17]. In addition to mechanical properties, the corrosion
resistance could also be improved by controlling the alloying elements. For example,
Mo can enhance the corrosion resistance of FeCoCrNi HEA by changing the
microstructure [4]. A unique structure consisted of Cr-Fe rich equiaxed grains with Al-
Ni rich grain boundaries and Al-rich particles in homogenized AlosCoCrFeNi HEA can
also improve the corrosion resistance [18]. Additionally, wear behavior and hardness
of FeCoCrNi HEA system have been studied in depth by researchers to widen the
applications. FeCoNiCuAl HEAs with high hardness (about 8.4 GPa) and good
topological behaviors were successfully fabricated using laser powder bed fusion [19].
As reported by Liu et al. [20], FeCoCrNi HEA acquired adjustable hardness increase
achieved with the addition of WC. AlzsCri4sMgsTizsV1io HEA possessed one hexagonal
close-packed (HCP) phase and two BCC phases microstructure was fabricated using
SPS with minor contamination of WC and acquired a hardness of 460 HV, which is
superior to light-weight conventional alloy [21, 22]. In another study carried out by
Fourmont et al. [23], a hard (670 HV) and dense AlCoCrFeNi HEA was synthesized
by SPS owing to the formation of a nano-lamellar microstructure with the coexistence

of the FCC and BCC phases. According to Yurkova et al [24], three-phase AICuNiFeCr
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HEA consisting mainly of one B2-ordered solid solution, one FCC and the (Cr, Fe)12Cs
phase, was produced after annealing and SPS, which manifested ultra-high hardness of
8.35 GPa.

Silicon, as the second most abundant element in the Earth crust and a strengthening
component to improve alloy properties, has a great potential to replace many high-cost
alloying elements in FeCoCrNi HEA system [25]. The microstructure can be optimized
through various Si content, which leads to different properties and functions. The high
melt point of Si also provides good anti-oxidation ability at elevated temperatures [26].
According to Tsai et al. [27], a CU/HEA(AIMOoNDbSITaTiVZr)/Si sandwich structure
was designed to prevent inter-diffusion of Cu and Si, which presented high mechanical
properties. As declared by Kumar et al. [28], the increase of Si from 0 to 0.9 wt%
promoted the formation of BCC phase to a dominant extent, compared with the amount
of FCC phase. According to Babilas et al. [29], Si gives a negative enthalpy owing to
the precipitation of an intermetallic CrsSi phase and segregation of iron in AICoCrFeNi.
The addition of Si can also improve the oxidation resistance in the
NbCrMoTiVAlgsSios and equal atomic NobMoCrTiAl systems [30]. Moreover, it has
been proved that the addition of Si resulted in the formation of the MoSi-rich phase in
AlCoCrNiMoFeSi claddings, which offered an improvement of tribological behaviors
[31]. Therefore, it has been demonstrated that Si could be a potential strengthening
element to improve the properties and performance of a number of HEAs. It is still of
great significance to investigate the fundamentals of how Si affects the microstructure

evolution and mechanical properties of HEAs and explore further possibilities of



adding Si into the new alloys for achieving exceptional properties and performances.
Spark plasma sintering (SPS) has been widely employed in materials process
research for its characteristics of making the samples denser [32]. In this study, silicon
was added to FeCoCrNiMo HEA system aiming to improve the corrosion and
tribological behaviors in a cost-effective fashion. FeCoCrNiMoSix (x=0.5, 1.0, 1.5)
HEAs were fabricated by SPS to obtain fully dense samples. Microstructure, hardness,
tribological property and corrosion resistance (including both high temperature
oxidation and aqueous corrosion) were systematically investigated. Prominent
corrosion resistance, hardness, tribological behavior and stable anti-oxidation ability in

high temperature were obtained with the addition content of Si.

2. Materials and Methods

2.1 Alloy production

The experimental materials were prepared using the mixture of pure Fe, Co, Cr,
Ni, Mo and Si with the atomic ratio of 1: 1: 1: 1: 1: x. Here x is 0.5 (FeCoCrNiMoSioss,
i.e. Fe1s.18C018.18Cr18.18Ni18.18M018.18Sl9.1), 1 (FeCoCrNiMoSiy.o, le.
Fe16.67C016.67Cr16.67Ni16.67M016.67Si16.67) and 1.5 (FeCoCrNiMoSiy s, i.e.
Fe15.33C01538Cr15.38Ni1538M01538Si23.1). Gas atomization was used to ensure that the
particle size of mixed powder is uniform. The specific mass percentage is shown in
Table 1. FeCoCrNiMoSios HEA atomized powders were sintered using SPS under

1150 <C with a heating rate of 100 <C/min.



Table 1. The specific mass percentages (wt%) of elements in powders

Fe Co Cr Ni Mo Si
FeCoCrNiMoSios 16.20 17.30 15.50 18.00 28.40 4.50
FeCoCrNiMoSiio 15.60 16.50 14.80 17.10 27.40 8.50
FeCoCrNiMoSii s 15.30 15.60 14.70 16.80 25.10 11.80

2.2 Phase composition

X-ray diffractometer (XRD) was performed to examine the phases constitution of
the specimens. The data were collected by a PIGAKV D/Max 2550 X-ray
diffractometer with Cu Ka ray radiation operated at 40 KV and 200 mA. Measurements

were performed by step scanning 26 from 30 to 90 “with a step of 0.02 7s.

2.3 Microstructural characterization

The surface of each sample was polished with 80 #, 320 #, 600 #, 100 #, 1500 #
and 2000 # grit sand paper respectively followed by a 1 pum diamond paste polishing
and a 0.04 um alumina suspension finishing. A Quanta 250 FEG (FEI company)
scanning electron microscopy (SEM) was used to observe the morphology and

microstructure of the block specimens.

2.4 Microhardness and tribological behavior

The Vicker microhardness of the HEAs were measured using a HVS-5 digital
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Vickers hardness tester at a load of 30 N. A HT-1000 pin disk high temperature friction
and wear testing machine (Lanzhou KaiHua Central technology) was utilized to
measure the friction and wear performance of SPS HEAS using SisN4 ceramic ball as
the grinding material with a load of 20 N. The relative friction velocity and distance are
0.5 m/s and 1050 m, respectively. Grinding scratch and adhesive debris were observed

using SEM.

2.5 High temperature stability

TG-DSC experiment was performed on a Q2000 differential scanning calorimeter
(DSC) conducted by Stream Company. The protective atmosphere was nitrogen and
the heating rate was 30 <C/min. The high temperature antioxidant experiment adopted
the cyclic high temperature oxidation method. Samples and experimental crucible were
put into the annealing furnace at 800<C for 10 h of high temperature oxidation. Then
the specimens were air-cooled to room temperature and their mass was measured. The
specimens were put into the furnace again for high temperature oxidation for 10 h, and
the above steps were repeated. This cycle was repeated ten times for a total oxidation

of 100 h. The morphology of oxidation film was observed using SEM.

2.6 Electrochemical characterization

Electrochemical corrosion test was conducted in 1 mol/L of sulfuric acid. Anodic
polarization curves were measured using a CHIG60E electrochemical workstation

(employing a saturated calomel electrode (SCE) and a platinum electrode as the



reference electrode and auxiliary electrode, respectively). The voltage was sweeping
from -0.5 V t0 0.1 V at a 0.005 V/s scanning speed. The morphologies of the resultant

corroded surfaces were examined using SEM.

3. Results and discussion
3.1 Phase composition

The phase compositions are shown in Fig. 1. The FeCoCrNiMoSix (x = 0.5, 1.0,
1.5) HEAs fabricated by SPS were mainly composed of Fe-rich FCC phase and Mo-
rich FCC phase. Moreover, the diffraction peaks show that the intensities of Mo-rich
FCC phase peaks improve significantly with the Si ratio changing from 1.0 to 1.5
atomic ratio.

In order to better explain the effect of Si element, three equations are employed as
follows. Through the calculation of equation (1)

e=|da/ao| (1),
where 4a. = |a — ao|, a0 and a is the lattice constant of actual alloy crystal and
theoretical crystal, respectively [33]. The high ¢ value of HEASs indicates an inferior
tendency of FCC phase formation with increasing Si content. This demonstrates an
enhancement of solid solution strengthening effect with the addition of silicon content

[34]. Moreover, valence electron concentration (VEC) is calculated through equation
(),

VEC = Zn: G(VEC);
@)



where (VEC); is VEC for the individual element [35]. Here in, the parameter ¢ is also
used to describe the iy comprehensive effect of the atomic-size difference in each

element alloy [36], which can be expressed as the following equation:

5 =100 /ici(l_i)z
= N )

_ n
r = Cili
(4)
where c; is the atomic percentage of the i component, r presents the average atomic
radius and r; is atomic radius [37]. Through calculation, the VEC decreases and o

increases with the increasing silicon content. This compresses the formation of FCC

phase [20]. It can be concluded that Si addition is beneficial to the formation of two

FCC phases.
FeCoCrNiMoSi, 5
FeCoCrNiMoSi,
1 FeCoCrNiMoSi,
| e
A e — Fe-rich FCC
= ¢ — Mo-rich FCC
E + a — Si-rich intermetallics
£
|
2
k= 3

30 40 50 60 70 80
2Theta (degree)

Fig. 1. XRD analysis of SPS HEAs bulk samples
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3.2 Microstructure analysis

The microstructure of SPS FeCoCrNiMoSix (x = 0.5, 1.0, 1.5) HEASs are shown in
Fig. 2. It is clear that the dark phase of FeCoCrNiMoSix (x = 0.5, 1.0) SPS HEAs was
annular with similar dimensions with the disordered and evenly spaced distribution. In
contrast, the white phase of FeCoCrNiMoSii1s HEAs was observed to be dendritic.
According to EDS analysis, the white phase was mainly composed of Mo-rich FCC
phase while the dark phase consisting of Fe-rich FCC phase, which has a similar result
with Chen et al [31]. Figure 3 presents the area percentage of Fe-rich and Mo-rich
phases in Fig. 2. Continuous increment of Mo-rich phase area fraction was found with

increasing silicon content, which shares the same conclusion with XRD analysis.

Fe-rich FCC s i
S Fe rlc\h FCC Fe r@C

2 O

Mo-rich FCC richl ’
Sum Mo-rich FCC Syim Mo-rich FCC Spm

Element Wt.% At.% Element Wt.% At.%

SiK 07.87 16.91 SiK 05.44 10.56
MoL 3543 22.30 MoL 05.16 02.93
CrK 10.89 12.64 CrK 16.05 16.81
FeK 20.95 22.64 FeK 36.19 | 35.29
CoK 13.96 14.30 CoK 16.56 15.30
NiK 10.90 11.21 NiK 20.60 A 19.11

Fig. 2. The microstructure morphology and EDS analysis (red and orange box in c) of
SPS HEA:s.
(a) FeCoCrNiMoSios, (b) FeCoCrNiMoSis o, (c) FeCoCrNiMoSiy s
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Fig. 3. The volume fraction of Fe-rich and Mo-rich phases.

3.3 Microhardness and tribological behaviors

Figure 4 presents the hardness and wear rate in tribological tests of the HEAS
prepared by SPS. Wear rate was calculated using the equation [38]:

R=ViessINS (5)
where R presents the wear rate (mm® N m™), Viess (mm?) presents the volumetric loss
and obtains from Miess/p (Where Miqss is the mass loss after wear test and p presents the
density of three samples), N (N) is the applied load and S (m) is the total sliding distance.
Specific values compared with others HEA were listed in Table 2. The hardness of the
HEAs increased obviously from 725 HV to 1186 HV with the reduction of the Fe-rich
phase which was induced by the increase of Si content. This can be attributed to the
appearance of strong interaction between silicon and other elements in the Mo-rich
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phase dendritic region [39]. The radius of Si atom is smaller than other alloying
elements, resulting in lattice distortion certain solid solution strengthening [40]. Also,
the Si-rich hard intermetallics, has a complex hexagonal crystalline structure known for
the characteristic of high hardness. The wear rate presents a reduction tendency with
the addition of Si content. FeCoCrNiMoSios presents the best wear resistance because
of the lower wear rate. It should be noted that wear rate shown in Fig. 4 has an abnormal

increase compared with the enhancement of hardness.

Table 2. A comparison on microhardness and wear rate of several FeCoCrNi-based

HEAs.

. Microhardness Wear rate (<10
Material Process (HV) mm? N-LmD
FeCoCrNi [41] As-cast 150 \

FeCoCrNi [42] As-annealed 200 \
FeCoCrNiMog3[41] As-cast 200 \
FeCoCrNiMoo3[42] As-annealed 270 \
FeCoCrNiMoo s [43] As-SPS 450 3.250
FeCoCrNi(WC)o.1[44] As-plasma cladding 300 0.303
FeCoCrNiMoSigs (this work)  As-SPS 725 0.292
FeCoCrNiMoSiy o (this work)  As-SPS 790 0.764

FeCoCrNiMoSiy s (this work) ~ As-SPS 1186 0.892

13



1300 1.0

1200__ 0.764 '1?-;892\ | 0.8 :.;
o INNEZ [ S
< 1 \[%
- 1 ¥
f; 900_' 0.292 k % _04\3
el | B
600- /\\ \\\ / -0.0
5 1

1.5
Si ratio

Fig. 4. The hardness and wear rate in friction and wear process of the SPS HEAS

The coefficient of friction (COF) of the SPS HEAs are shown in Fig. 5. The
average values of the COF are 0.369, 0.415 and 0.403, respectively.

To clearly explain the results of Fig. 4 and 5, further exploration needs to be
investigated. Figure 6 presents the results of the debris size and EDS analysis. Figures
7(a)-(c) are the morphologies of the worn surface of SPS HEAs. The total area and
average debris size of three samples were calculated by Image J (Table 3). The debris
of FeCoCrNiMoSi10 and FeCoCrNiMoSiis HEAS has a higher concentration of oxygen.
In contrast, debris of FeCoCrNiMoSio.s presents a much small size. As shown in Fig. 6,
Fig. 7 and Table 3, the size of wear debris is small and many scratches appear in the
wear interface in FeCoCrNiMoSios. Moreover, the outer ring of the worn surface in
FeCoCrNiMoSios HEAs was squeezed by the friction pair, revealing typical
characteristics of abrasive and adhesive wear [45, 46]. The combination of grooves

14



(shown in Fig. 7 (a)) and the much smaller size of debris (shown in Fig. 6), indicates
that the abrasive wear predominates during the wear process [47, 48]. A major
proportion of abrasive and adhesive wear results in a relatively low wear rate. On the
contrary, many peeling-off of larger sized wear debris are shown in Fig. 6 (b) and (c)
and these two component samples were mainly peeled and abraded (shown in Fig. 7)
during the wear process, which demonstrates a typical delamination wear [49]. High
proportion of delamination wear induces a larger value of wear rate in
FeCoCrNiMoSiio and FeCoCrNiMoSiys [50]. In a word, the value of wear rate and
COF of FeCoCrNiMoSix HEAs was determined by the wear mechanism. The wear
resistance of FeCoCrNiMoSi1o and FeCoCrNiMoSiy1s HEAs are significantly reduced
compared with that of FeCoCrNiMoSios. This is because the proportion of
delamination wear and adhesive wear gradually increases with the addition of Si, which

leads to more wear rate.
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Fig. 5. The COF of the SPS HEAs

Table 3. The analysis of debris size calculated by Image J

Percentage of large size

Total 2
area (W) s m?) debris(%)

FeCoCrNiMoSios 558.20 0.06
FeCoCrNiMoSiyo 680.17 18.00
FeCoCrNiMoSiys 1015.92 41.86
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[ FcCoCrNiMoSi,
[ FeCoCrNiMoSi, ,
[ FeCoCrNiMoSi,

Element

Fig. 6. The morphology of wear debris produced during friction and wear of the three
HEAs:
(a) FeCoCrNiMoSios, (b) FeCoCrNiMoSiz.o, (c) FeCoCrNiMoSiys; (d) the EDS
analyses of the debris

Fig. 7. The morphology of the wear interface of the SPS HEAs
(a) FeCoCrNiMoSios, (b) FeCoCrNiMoSiz.o, (c) FeCoCrNiMoSi1s
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3.4 High temperature oxidation property

As shown in Fig. 8, during the heating process from room temperature to 1150 C,
the TG curves of the three HEA samples are relatively stable and no significant thermal
effect peak could be observed. No phase changes happened in this temperature range,
showing a relatively strong high-temperature stability of FeCoCrNiMoSix HEAS.

The weight gain of FeCoCrNiMoSix was tested every ten hours as a function of
the exposure time at 800<C, over a period of 100 h. Before the as-sintered
FeCoCrNiMoSix HEAs were oxidized for the high-temperature cyclic test at 800<C, the
crucible used in the experiment was annealed at high temperature to make its quality
stable. Data about weight gain obtained from oxidation tests were expressed in equation
(6):

AG = (Mx-mo)/So  (6),
where my presents the final mass of HEAs, mo presents the original mass of HEAs and
So presents the total area exposed for oxidation. However, because the value of 4G was
very small, the weight gain will be squared so that the change in mass can be observed
more intuitively. It is evident in Fig. 9 (d) that the quality of the three samples presents
no obvious fluctuation during the heating process under 50 hours, showing a relatively
high resistance to high temperature oxidation below 800 <C. Besides, FeCoCrNiMoSi1 s
presents a larger value of weight gain comparing to that of FeCoCrNiMoSigs and
FeCoCrNiMoSiyo. The parabolic rate constant (kp) thus can be calculated by the

following equation:
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AmY’

where Am, A, k, and ¢ present mass change, surface area of samples, parabolic rate
constant and oxidation time, respectively. Values compared with others research about
k, were shown in Table 4. Obviously, the FeCoCrNiMoSios HEA presents a dominant
oxidation resistance compared with that of FeCoCrNiMn systems.

Figure 9 (a)-(c) demonstrate the surface morphology of the oxidation tests of
FeCoCrNiMoSix HEAs after high temperature oxidation. The formation of oxide
particles on the surface is the most significant characteristic of the FeCoCrNiMoSix
HEAs. With increasing Si content, the surface oxides exhibits a growing trend with the
average pariticle size increased from several hunder nanometers to several micrometers.
It indicates the growth of surface oxides and enhanced oxidation, which is in consistent
with the weight gain trend in Fig. 9(d). Also, the high temperature oxidation film on
FeCoCrNiMoSi1 s is much thicker than that of FeCoCrNiMoSios and FeCoCrNiMoSiyo.
In this case, the high Cr contents and a sluggish diffusion effect might be responsible
for the significant oxidation resistance properties [51]. Moreover, oxidation tends to
form at initial defects like cracks, which occurred abundantly in FeCoCrNiMoSiis
during the solidification process [52]. Si has the highest oxytropism in FeCoCrNiMoSi
HEA system [53]. While an appropriate amount of Si could help to form an interlayer
between the outer oxide and the metal as a diffusion barrier, excess Si will lead to the
opposite effect [54]. As shown in previous XRD analysis (Figure 1), increasing Si

content enhances the formation of Si-rich intermetallic. It is postulated that too much
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intermetallic in FeCoCrNiMoSiis may hinder the formation of a continuous surface
chromium oxide layer or provide extra diffusion paths for the outward diffusion of
metallic ions and the inward ingression of oxygen, leading to enhanced oxidation. A
previous study also found that in Ta-Mo-Cr-Ti-Al HEA system, the addition of Si
slightly deteriorates the oxidation resistance due to the enhanced formation of laves

phase and the resulting internal oxidation [55].

Table 4. The kp values among several FeCoCrNi system HEAs.

Parabolic rate constant

Material
ko (mg? €m* 1) at 800 T
FeCoCrNiMoSig s (this work) 0.0002
FeCoCrNiMoSiy o (this work) 0.0004
FeCoCrNiMoSiy s (this work) 0.0021
FeCoCrNiMn [56] 0.0997
FeCoNiCrMn [57] 0.0600
FeCoNiCrMn [58] 0.0540
CoFeCrMnNi [59] 0.0432
FeCoCrNiMoSi,,
= FeCoCrNiMoSi, ,
FeCoCrNiMoSi, s
1.0 4
0.5
o
—
0.0 4=
-0.5
-1.0

1 v I ' 1 v 1 v 1
200 400 600 800 1000
Temperature (C)
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Fig. 8. The TG curves of the HEAS prepared by SPS
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Fig. 9. The surface morphology of the HEAs after high temperature oxidation.
(a) FeCoCrNiMoSios, (b) FeCoCrNiMoSiyo, (c) FeCoCrNiMoSiys; (d) the oxidation
kinetic curves of the three HEAs for 100 h at 800<C.

3.5 Corrosion resistance

Both immersion and electrochemical tests were conducted to evaluate the
corrosion resistance of HEAs. During the immersion tests, HEAs were immersed in
1 mol/L H2SOs4 solution at room temperature for 30 days and the microscopic
morphologies of three kinds of HEAs after immersion tests are shown in Fig. 10.
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From Fig. 10 (a)-(c), the corrosion pits can be seen on the surface and tend to be
smaller and shallower with increasing Si content. The related corrosion parameters
are shown in Table 5. Note that the corrosion rate was calculated through the
following equation [60]:
CRimn=(KxW)/(AxTxD) (8)

where CRim is the immersion corrosion rate (mm/y), K is a constant, which is
8.7610% A is the exposed area (cm?), T is the time of exposure (h), W is the mass
loss (g) and D is the density (g/cm?®). Moreover, Table 5 presents no significant mass
change after the corrosion. The reduced mass change ratio and corrosion rate with
increasing Si show a consistent tendency with the SEM morphology observations.
The CRim of this HEA (1.31x10 mm/y) is much lower than that of 304L alloys
(1.9039 mmly) [61], representing a relatively high corrosion resistance of HEAs and
their potential application in engineering field. Through the corrosion rate in Table 5
and the morphology of corrosion surface in Fig. 10, it is obvious that the corrosion
resistance of the alloy is enhanced with the increasing atomic Si content owing to the
high corrosion potential of Si [62]. In summary, FeCoCrNiMoSi1s HEA showed the
strongest corrosion resistance immersed in 1 mol/L H2SO4 solution for 31 days, while
the other two HEAs were similar in corrosion resistance, both inferior to
FeCoCrNiMoSiyis HEA. This is in accordance with the results reported by Babilas et

al. [29].
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Table 5. Results of the HEAs before and after immersion in 1 mol/L H2SO4 solution
FeCoCrNiMoSios FeCoCrNiMoSiio FeCoCrNiMoSiys
Mass change ratio (mg/cm?) 0.9273 0.6737 0.4446
CRim (mm/y) 1.31x1072 9.95x1073 6.78x1073

Fig. 10. The corrosion surface morphology of the SPS HEAs immersed in 1 mol/L
H>SO4 solution for 31 days, respectively.
(@) FeCoCrNiMoSios, (b) FeCoCrNiMoSiz.o, (c) FeCoCrNiMoSi1s

The polarization curves of HEAs in 1 mol/L H2SQOg4 solution are shown in Fig. 11.
Corrosion current density was calculated through equation (9) [63]:
. ICOI’
lcor = — 9
o= 9)
where icoris corrosion current density (LA/cm?), Ieor is the total anodic current (pA) and
A is the exposed specimen area (cm?). With the help of corrosion current density, the
corrosion rate could be calculated as metal consumption rate in mm per year through
the following equation [64, 65]:
CRor =K EW  (10)
Yo,
where CR..r represents the penetration rate (mm/yr), K is a constant (3.27x10), p

represents the alloy density (g/cm®) and EW represents the alloy equivalent weight

calculated in following equation [63]:

EW=_* (11)
nf;

Wi
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where f; represents the mass fraction of the i element in the HEAs, W; is the atomic
weight of the ith element in HEAs and »; is the valence of the ith element of HEAs. The
detailed values above are presented in Table 6. According to Table 6, the icor and CRor
value of FeCoCrNiMoSiys are the lowest, which demonstrates a better corrosion
resistance. The calculated Ecor and icor are lower than that of the Fe-17.5Cr alloys, Fe-
18Ni and mild steel, whose Ecors and icors are -0.5, -0.8 and -0.518 V and 112, 6.3 and
176 pA/cm?, respectively [66-68]. In addition, CReor Of this three HEAs are also
presented low value compared with that of other alloys, such as pure aluminum alloy
(CReor 0f 2.07 mm/yr) [69]. Adding Si content not only leads to an enhancement in the
formation of intermetallics [70], but also reduces the amount of metal cation, both
leading to a lower self-etching current density. It seems that the former is more
detrimental during high temperature oxidation, while the latter plays a dominant role in
aqueous corrosion. Note that the values of CRim are lower than that of CRcor as a result
of the oxidation of metals induced by applied current, which can not occur in 1 mol/L
H2SO4 because of the relatively weak oxidability. Presented in Fig. 11, the passivation
regions of the two lower Si content HEAs were large owing to the formation of dense
Cr0sfilm [71]. Additionally, a moderate Mo content in HEASs could also promote the
transformation from hydroxides to oxides as a passive film and enhance the proportion
of Cr20zfilm [72]. However, the polarization curve of FeCoCrNiMoSiis HEA presents
a narrow passivation range. The FeCoCrNiMoSiys exhibits the narrowest passive
region mainly attributed to the large amount of intermetallic particles as galvanic
couples. The abundant intermetallic particles such as FeMoSi and CosSi can damage
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the compositional uniformity and the covering integrity of the passive film, inducing a

weaker corrosion passivation [72-75].

6 - FeCoCrNiMoSi, 5
FeCoCrNiMoSi,
-8 - FeCoCrNiMoSi,
—~ ' o/ AE; > 1000 mV
g -10-
L
< 2-
N
=14] ! 1
L _14- AE, ;=200 mV'
Passive region
-16 -
218 -
1 1 v 1

-0.5 -04 -03 -02 -0.1 00 01 02 03
Potential (V)
Fig. 11. The polarization curves of HEAs in 1 mol/L H2SO4 solution

Table 6. Specific corrosion values of HEAs in 1 mol/L H2SO4 solution derived from
electrochemical tests
FeCoCrNiMoSigs FeCoCrNiMoSi1o FeCoCrNiMoSiy s

p (g/cm?®) 8.36 7.98 7.72
Ecor (V) -0.293 -0.284 -0.224
icor (WA/cm?) 38.15 32.57 6.23
EW 5.80x1072 5.53x1072 5.32x107
CRcor (mm/y) 8.65x10 7.39x104 1.40x10*
Passivation region (mV) >1100 >1100 200
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4. Conclusion

1) The three HEAS prepared by SPS at 1150 <C are similar in microstructure and
mainly consisting of Fe-rich FCC and Mo-rich FCC phases. With the increase of
Si addition, the diffraction peak of Mo-rich FCC phase migrates to a higher angle,
the lattice parameter of the phase decreases, and the intensity of the diffraction
peak increases owing to the decrease of VEC and the increase of 6.

2) The hardness of HEAS increases with the enhancement of Si content, from 725
HV to 1186 HV. The wear resistance of FeCoCrNiMoSios is the best owing to the
high proportion of abrasive wear. The wear resistance of FeCoCrNiMoSiy o and
FeCoCrNiMoSiys are inferior to that of FeCoCrNiMoSios because of the high
proportion of delamination wear.

3) The three SPS FeCoCrNiMoSix show no phase change in the temperature
range between 25<C and 1150<C, indicating strong high-temperature stability.
FeCoCrNiMoSio s presents the best anti-oxidation property.

4) The HEAs prepared by SPS show high corrosion resistance in 1 mol/L H2SO4
solution, while the increase of Si content could improve the corrosion resistance
of the alloys. Among the three variants, FeCoCrNiMoSi1s HEA has the strongest
corrosion resistance. However, the passive region of FeCoCrNiMoSiis HEA is
more narrow compared with those of FeCoCrNiMoSios and FeCoCrNiMoSiz.o

HEAs.
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