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Abstract: Herein, the vacuum arc-melting process is applied to incorporate various amounts of Ti
and C into SUS304 austenitic stainless steel based on the high-entropy alloy concept to obtain wear-
and corrosion-resistant alloys with in situ carbide reinforcements. Five compositions containing
the equivalent of 5, 10, 15, 20, and 25 volume percentages of TiC in SUS304 stainless steel, named
A1, A2, A3, A4, and A5, respectively, were designed, melted, and solidified by the arc-melting
method. Microstructural analyses, hardness measurements, immersion tests in four corrosive so-
lutions, electrochemical measurements in a 3.5 wt % NaCl(aq) solution, and tribological tests were
conducted to determine the properties and explain the relevant mechanisms. A1 exhibited a eutectic
structure between FCC dendrites, while A2, A3, A4, and A5 possessed proeutectic dendritic TiC,
FCC dendrites enveloping the TiC dendrites, and a eutectic structure. A5 represents the optimal
composition. Its hardness, wear resistance, and corrosion resistance are 2, 14, and 4 times higher than
those of SUS304, respectively. Additionally, its wear resistance is 2.5 times that of high-chromium
cast iron. Consequently, A5 could have a 2.5-fold longer lifetime in wear operation. Therefore, A5
could be potentially applied in corrosive and abrasive environments, such as rotary shafts, rotors,
bearings, and structural parts in food, chemical, and optoelectronic industries.

Keywords: metal matrix composites; titanium carbide; microstructure; wear testing; pitting corrosion;
surface phenomena

1. Introduction

High-entropy alloys (HEAs) contain five or more major elements, each with a com-
position between 5 and 35 at.%. This compositional concept is entirely different from
traditional alloys based on one or two major elements. HEAs have four core effects, namely,
high entropy, lattice distortion, sluggish diffusion, and cocktail effects, which are more
significant than traditional metals and alloys and strongly affect various properties [1–6].
Medium-entropy alloys (MEAs), which contain three or four major elements, also exhibit a
certain degree of the four effects [7,8]. Therefore, HEAs and MEAs are a new trend in metal
design. In recent years, the concept of HEAs and MEAs has been extended to other fields,
such as functional coatings [9], ceramics [10], and polymers [11], broadening the scope of
material innovation.

For example, composites based on Fe–TiC were recently developed, featuring im-
proved wear resistance owing to the presence of hard carbide particles [12]. However,
these composites were difficult to fabricate, and some bottlenecks were encountered in
their production. Similarly, powder metallurgy was used to fabricate composites with a
high-volume fraction of TiC, but porosity and contaminants were a problem because of
reduced wettability [13]. Fabricating the composites through the conventional melting
method was also difficult due to the strong oxidation tendency of Ti [14–16]. Even with the
strong reducing effect of Al and Mg powder on TiO2 powder in graphite, cast iron, and iron
mixture, the volume fractions of TiC in the cast alloys were usually lower than 10% [15].
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Furthermore, among the Fe–TiC composites, Fe-based matrices, including high-chromium
cast iron, alloy steel, and Hadfield steel, exhibited poor corrosion resistance, accelerating
the wear loss under corrosive and wear environments. In addition, the high content of Mn
in tough Hadfield steel can cause neurological symptoms that can lead to Parkinson’s dis-
ease. The people at risk of this hazard include workers in manganese-based manufacturing
industries, such as welders, steelworkers, and miners [17–20]. Mn is also more susceptible
to corrosion in NaCl(aq) and H2SO4(aq) than Ni [21].

Because SUS304 austenitic stainless steel possesses excellent corrosion resistance,
high toughness, and non-toxicity [22], in this study, various amounts of Ti and C were
incorporated into the base composition of SUS304 stainless steel to form medium-entropy
composites, and arc melting was used to prepare the cast alloys. This was performed
to obtain wear- and corrosion-resistant alloys with in situ carbide reinforcements (or
SUS304 stainless steel-TiC composites), which could be employed under corrosive and
wear environments. In addition, because TiC is chemically stable, extremely hard, and
coherent with the austenite matrix [23–27], it is expected that incorporating TiC could
effectively improve the wear and corrosion resistance of SUS304 stainless steel [28–31].

2. Materials and Methods
2.1. Sample Preparation and Characterization

Ti and C were added into SUS304 stainless steel to create an alloy with excellent
wear resistance in corrosive environments. Five compositions were designed to have the
equivalent of 5, 10, 15, 20, and 25 volume percentages of TiC in SUS304 stainless steel, which
were named as A1, A2, A3, A4, and A5, respectively. Table 1 presents the composition and
configurational entropy of each alloy. All alloys could be categorized as medium-entropy
alloys (1R < configurational entropy < 1.5R).

Table 1. Chemical composition of designed alloys in atomic percent.

Alloys
Elements (at.%)

Fe Cr Ni Ti C Configurational
Entropy

A1 69.13 18.06 7.11 2.85 2.85 0.95 R
A2 65.01 16.98 6.69 5.66 5.66 1.09 R
A3 60.95 15.92 6.27 8.43 8.42 1.19 R
A4 56.95 14.88 5.86 11.16 11.15 1.26 R
A5 53.01 13.85 5.45 13.85 13.84 1.32 R

The alloys were arc-melted in a protective Ar atmosphere and solidified in a water-
cooled Cu mold. The raw materials were granular Fe, Cr, Ni, Ti, and graphite (>99 wt %
purity). The microstructures and chemical compositions were analyzed using SEM and
EDS (Zeiss Gemini S300, ZEISS, Oberkochen, Germany), and EPMA (JXA–iHP200F, JEOL,
Tokyo, Japan). The phases were identified using XRD (D2 PHASER, Bruker, Billerica, MA,
USA) with a 2θ scanning range of 20–100◦ at a scanning speed of 1◦/min. The typical
radiation was produced at 30 kV and 20 mA with a Cu target.

2.2. Tribological and Mechanical Testing

A pin-on-disk wear-testing machine was used to investigate the adhesive wear be-
havior in dry sliding conditions. The testing samples were 8 mm diameter and 3 mm high
cylinders, which were fixed on the holder and slid against a 75 mm diameter SKH–51 steel
plate with a hardness of 890 HV, as shown in Figure 1. Sliding was conducted along a 20 mm
radius circle. The loading weight and rotation speed were 3 kgf and 239 rpm, respectively.
The wear distance was 5400 m. The wear resistance was defined using Equation (1):

wr =
L

∆V
(1)
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where Wr is the wear resistance, L is the wear distance, and ∆V is the volumetric loss,
which can be obtained by dividing the weight loss by the density of the material. The worn
surface was analyzed using SEM and EDX to investigate the effect of the doping carbide.
Moreover, the wear resistance of the designed alloys was compared with that of SUS304
stainless steel and high-chromium cast iron to assess the improvement.
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Figure 1. Schematic diagram of the pin-on-disk test to determine the adhesive wear.

The hardness tests were conducted using a Vickers hardness tester (Mitutoyo
810–420 HV–114, Mitutoyo, Sakado, Japan). The parameters of the diamond pyramid
were a 10 kgf load, 150 m/s indentation speed, and 12-second indentation duration.

2.3. Electrochemical Measurements in 3.5 wt % NaCl Solution

The dimensions of the samples for the electrochemical measurements were 10 × 10 ×
2 mm3. The samples were cold-embedded into epoxy resin and connected with a Cu wire
using solder. The sample surface was ground and polished with a series of SiC sandpaper
up to grit #2000 and subsequently cleaned with distilled water and acetone.

The tests were performed with a 3.5 wt % NaCl(aq) solution. The solution was de-
gassed with purified N2 gas to remove the dissolved O2. The polarization experiment
was composed of a three-electrode cell with a saturated calomel electrode (SCE) as the
reference electrode, a working electrode, and a Pt sheet as the counter electrode. The current
and potential were measured using a potentiostat/galvanostat instrument (Ivium–n–Stat,
Ivium Technologies, Eindhoven, The Netherlands), which could continuously monitor
the potential, time period, and total current. The total current density was divided by
the exposed surface area of the sample. The potential values were expressed on the SCE
scale, which is 0.241 V lower than the standard hydrogen electrode (SHE). The potentio-
dynamic test determined the corrosion potential (Ecorr), corrosion current density (jcorr),
transpassivation potential (Etr), and passive current density (jpass). The potentiodynamic
polarization measurements were measured using an open current potential (OCP) with
a 1 mV/s scan rate. The OCP indicated whether there was stable pitting on the samples.
The OCP was recorded as a steady state for 30 min before testing. Then, the testing sample
was cathodically polarized to −1.2 V (SCE) for 10 min to remove the existing surface film.
The scans were started at a potential of −1 V and automatically ended at a potential of
1 V, which was higher than Etr. To ensure the reproducibility of the results, the tests were
repeated at least three times for each condition.
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2.4. Sinking Corrosion Test in 1.5 M Four Corrosive Solutions

The dimensions of the corrosion testing samples were 10 × 10 × 2 mm3. The sample
surface was ground and polished with a series of SiC sandpaper up to grit #2000 and
subsequently cleaned with distilled water and acetone. The corrosive solutions were 1.5 M
HCl, H2SO4, HNO3, and C6H8O7 acid solutions. The mass of specimens was measured
per week. The mass loss percentage after immersion for different durations was calculated
using Equation (2):

weight loss ratio =
(current mass − original mass)

original mass
× 100% (2)

3. Results
3.1. Microstructure, Phases, and Compositions

Figure 2 shows the as-cast microstructures of A1, A2, A3, A4, and A5, which show
typical cast dendritic and interdendritic structures. Figure 3 shows the crystal structures, as
analyzed using XRD. Table 2 lists the chemical compositions of each phase, as analyzed
using EPMA. All samples contained a TiC phase (black) and austenite matrix (light-gray
region, FCC) in which A1 had a eutectic structure in the finally solidified region between the
FCC dendrites. A2, A3, A4, and A5 contained proeutectic dendritic TiC (black), dendritic
FCC enveloping the TiC dendritic, and a eutectic structure in the finally solidified region
between the FCC dendrites. The volume fraction of TiC dendrites increased and that of
the eutectic phase decreased with an increasing TiC content, whereas A4 and A5 exhibited
M7C3 carbides (gray region) in addition to TiC. As expected, the TiC phase in all the
samples had an approximate stoichiometric ratio of 1:1 because TiC has a considerably
larger heat of formation than the other carbides formed from Fe, Cr, and Ni. Additionally,
some C (2–4 at%) was dissolved in the FCC matrix of A2–A5 but not in A1, which indicates
that some Cr-rich carbide precipitates may have formed in the matrix. XRD analysis
identified a second FCC phase with a slightly smaller lattice constant as the (Fe and Ni)
phase, which is believed to be a eutectic FCC phase with a higher Cr content than that of
the proeutectic FCC.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 4 of 15 
 

 

cathodically polarized to −1.2 V (SCE) for 10 min to remove the existing surface film. The 
scans were started at a potential of −1 V and automatically ended at a potential of 1 V, 
which was higher than Etr. To ensure the reproducibility of the results, the tests were re-
peated at least three times for each condition. 

2.4. Sinking Corrosion Test in 1.5 M Four Corrosive Solutions 
The dimensions of the corrosion testing samples were 10 × 10 × 2 mm3. The sample 

surface was ground and polished with a series of SiC sandpaper up to grit #2000 and sub-
sequently cleaned with distilled water and acetone. The corrosive solutions were 1.5 M 
HCl, H2SO4, HNO3, and C6H8O7 acid solutions. The mass of specimens was measured per 
week. The mass loss percentage after immersion for different durations was calculated 
using Equation (2): 

= ݅ݐܽݎ ݏݏ݈ ݐℎ݃݅݁ݓ
− ݏݏܽ݉ ݐ݊݁ݎݎݑܿ) (ݏݏܽ݉ ݈ܽ݊݅݃݅ݎ 

original mass  ×  100% (2) 

3. Results 
3.1. Microstructure, Phases, and Compositions 

Figure 2 shows the as-cast microstructures of A1, A2, A3, A4, and A5, which show 
typical cast dendritic and interdendritic structures. Figure 3 shows the crystal structures, 
as analyzed using XRD. Table 2 lists the chemical compositions of each phase, as analyzed 
using EPMA. All samples contained a TiC phase (black) and austenite matrix (light-gray 
region, FCC) in which A1 had a eutectic structure in the finally solidified region between 
the FCC dendrites. A2, A3, A4, and A5 contained proeutectic dendritic TiC (black), den-
dritic FCC enveloping the TiC dendritic, and a eutectic structure in the finally solidified 
region between the FCC dendrites. The volume fraction of TiC dendrites increased and 
that of the eutectic phase decreased with an increasing TiC content, whereas A4 and A5 
exhibited M7C3 carbides (gray region) in addition to TiC. As expected, the TiC phase in all 
the samples had an approximate stoichiometric ratio of 1:1 because TiC has a considerably 
larger heat of formation than the other carbides formed from Fe, Cr, and Ni. Additionally, 
some C (2–4 at%) was dissolved in the FCC matrix of A2–A5 but not in A1, which indicates 
that some Cr-rich carbide precipitates may have formed in the matrix. XRD analysis iden-
tified a second FCC phase with a slightly smaller lattice constant as the (Fe and Ni) phase, 
which is believed to be a eutectic FCC phase with a higher Cr content than that of the 
proeutectic FCC. 

  

Figure 2. Cont.



J. Compos. Sci. 2023, 7, 34 5 of 15J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 5 of 15 
 

 

  

 
Figure 2. SEM images of the as-cast microstructures of (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5. 

 
Figure 3. XRD phase analysis of A1, A2, A3, A4, and A5. 

Table 2. EPMA analysis of the chemical composition of each phase in A1, A2, A3, A4, and A5. 

Alloys 
Elements (at.%) 

Fe Cr Ni Ti C 

A1 
Black phase (TiC) 0.6 0.6 0.1 48.4 49.3 

Light-gray phase (FCC) 76.1 16.2 6.0 1.3 0.4 

A2 
Black phase (TiC) 0.4 0.7 0.1 47.9 51.0 

Light-gray phase (FCC) 70.8 16.7 6.8 0.9 4.0 

A3 
Black phase (TiC) 0.5 0.9 0.1 48.1 50.0 

Light-gray phase (FCC) 70.8 16.9 7.5 1.5 3.1 

A4 
Black phase (TiC) 1.0 0.9 0.1 51.3 46.5 
Gray phase (M7C3) 43.3 11.3 4.2 15.9 24.2 

Figure 2. SEM images of the as-cast microstructures of (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 5 of 15 
 

 

  

 
Figure 2. SEM images of the as-cast microstructures of (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5. 

 
Figure 3. XRD phase analysis of A1, A2, A3, A4, and A5. 

Table 2. EPMA analysis of the chemical composition of each phase in A1, A2, A3, A4, and A5. 

Alloys 
Elements (at.%) 

Fe Cr Ni Ti C 

A1 
Black phase (TiC) 0.6 0.6 0.1 48.4 49.3 

Light-gray phase (FCC) 76.1 16.2 6.0 1.3 0.4 

A2 
Black phase (TiC) 0.4 0.7 0.1 47.9 51.0 

Light-gray phase (FCC) 70.8 16.7 6.8 0.9 4.0 

A3 
Black phase (TiC) 0.5 0.9 0.1 48.1 50.0 

Light-gray phase (FCC) 70.8 16.9 7.5 1.5 3.1 

A4 
Black phase (TiC) 1.0 0.9 0.1 51.3 46.5 
Gray phase (M7C3) 43.3 11.3 4.2 15.9 24.2 

Figure 3. XRD phase analysis of A1, A2, A3, A4, and A5.

Table 2. EPMA analysis of the chemical composition of each phase in A1, A2, A3, A4, and A5.

Alloys Elements (at.%)
Fe Cr Ni Ti C

A1
Black phase (TiC) 0.6 0.6 0.1 48.4 49.3

Light-gray phase (FCC) 76.1 16.2 6.0 1.3 0.4

A2
Black phase (TiC) 0.4 0.7 0.1 47.9 51.0

Light-gray phase (FCC) 70.8 16.7 6.8 0.9 4.0

A3
Black phase (TiC) 0.5 0.9 0.1 48.1 50.0

Light-gray phase (FCC) 70.8 16.9 7.5 1.5 3.1

A4
Black phase (TiC) 1.0 0.9 0.1 51.3 46.5

Gray phase (M7C3) 43.3 11.3 4.2 15.9 24.2
Light-gray phase (FCC) 71.7 17.8 7.1 0.9 2.3
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Table 2. Cont.

Alloys Elements (at.%)
Fe Cr Ni Ti C

A5
Black phase (TiC) 0.5 0.8 0.1 47.2 49.6

Gray phase (M7C3) 29.4 48.5 1.5 0.7 19.9
Light-gray phase (FCC) 69.5 20.1 7.0 0.5 2.9

3.2. Tribological and Mechanical Properties

SUS304 and high-chromium cast iron were tested to compare the wear resistance with
that of the designed alloys. This study analyzes and discusses the wear behavior, wear
resistance, friction coefficient, and wear surface of the tested materials.

Figure 4 shows the wear resistances of A1, A2, A3, A4, A5, SUS304 stainless steel,
and high-chromium cast iron. The wear resistance of A1 and A2 was slightly lower than
that of the SUS304 stainless steel. A3 exhibited a slightly higher wear resistance than that
of SUS304, and A4 and A5 displayed a significantly higher wear resistance than that of
SUS304. Notably, A5 possessed the highest wear resistance, which was 14 times higher than
that of SUS304 and 2.5 times higher than that of the considerably harder high-chromium
cast iron. This demonstrates that A5 could have a 2.5-fold longer lifetime than that of
high-chromium cast iron when applied under the same wear conditions.
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Figure 4. Wear resistance of A1, A2, A3, A4, and A5, SUS304 stainless steel, and high-chromium
cast iron.

Figure 5 shows the friction coefficient as a function of wear distance for A1, A2, A3,
A4, A5, SUS304 stainless steel, and high-chromium cast iron. For the first several hundred
meters, the friction coefficient increased to its maximum average level, after which it
remained at that fluctuation level until the end of the test. Moreover, the average friction
coefficient increased with the ratio of carbide.
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(e) A4, (f) A5, and (g) high-chromium cast iron.

Figure 6 shows the worn surfaces of the tested samples. A1, A2, and A3 had fewer
large proeutectic TiC particles and showed obvious scratches on the surface. Moreover,
there was a strong O element signal on the surface (dark phase under the BEI mode),
indicating that the interfacial temperature was sufficiently high to cause oxidation [32].
As A4 and A5 had a higher amount of proeutectic dendritic TiC, the wear debris stacked
beside the apophysis surface and caused strong oxidation in the stacking region.
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Figure 7 shows a plot of the hardness and wear resistance of A1, A2, A3, A4, A5,
SUS304, and high-chromium cast iron. The hardness increased with an increasing TiC
volume fraction mainly because TiC and M7C3 particles are harder than the austenite
matrix [33,34]. As a higher volume fraction of TiC and M7C3 carbides occupies more
volume in an alloy, the overall hardness is expected to increase [16,35]. Notably, although
the hardness of A5 is 70% that of high-chromium cast iron, it exhibits a 2.5-fold higher wear
resistance than that of the latter. This indicates that TiC-reinforced 304 stainless steel can
effectively resist wear damage.
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3.3. Electrochemical Analysis for Corrosion Resistance in 3.5 wt % NaCl Solution

Figure 8 and Table 3 show the polarization curves of the alloys and their electrochemi-
cal characteristics in a 3.5 wt % NaCl solution, respectively. As stainless steel corrodes, it
forms a passive surface layer to protect the inner alloy. Therefore, the transpassive potential
and passive current density are two main factors for assessing the corrosion resistance of
stainless steel [36,37]. The alloy with the largest Etr shows the best corrosion resistance.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 7. Vickers hardness and wear resistance of A1, A2, A3, A4, A5, SUS304, and high-chromium 
cast iron. 

3.3. Electrochemical Analysis for Corrosion Resistance in 3.5 wt % NaCl Solution 
Figure 8 and Table 3 show the polarization curves of the alloys and their electrochem-

ical characteristics in a 3.5 wt % NaCl solution, respectively. As stainless steel corrodes, it 
forms a passive surface layer to protect the inner alloy. Therefore, the transpassive poten-
tial and passive current density are two main factors for assessing the corrosion resistance 
of stainless steel [36,37]. The alloy with the largest Etr shows the best corrosion resistance. 

 
Figure 8. Polarization curves of A1, A2, A3, A4, A5, SUS304, and high-chromium cast iron. 

  

High-
Chromium
Cast ron

− − −

−

− −
−

− −− −

Figure 8. Polarization curves of A1, A2, A3, A4, A5, SUS304, and high-chromium cast iron.



J. Compos. Sci. 2023, 7, 34 10 of 15

Table 3. Electrochemical parameters of A1, A2, A3, A4, A5, SUS304, and high-chromium cast iron in
3.5 wt % NaCl solution at room temperature.

Samples Ecorr (V) jcorr × 10−8 (A/cm2) Etr (V) jpass × 10−6 (A/cm2)

SUS304 −0.134 4325 0.128 2070
A1 −0.152 5333 −0.002 3573
A2 −0.156 2568 0.042 3890
A3 −0.157 2080 0.064 4083
A4 −0.131 4808 0.166 2612
A5 −0.135 1047 0.178 1702

A1, A2, and A3 had a lower Ecorr and Etr and a higher jcorr and jpass than SUS304, but
the interiority improved with an increased TiC content. Following the same trend, A4 and
A5 showed better corrosion resistance in every aspect than SUS304, and A5 showed the
best performance. The jcorr of A5 was only one-quarter of that of SUS304, and the Etr of A5
was higher than that of SUS304 by approximately 50%.

3.4. Mass Loss Analysis for Corrosion Resistance

Figure 9 shows the mass loss of A1, A2, A3, A4, and A5 in 1.5 M HCl, H2SO4, HNO3,
and C6H8O7 solutions. A1 and A2 experienced severe corrosion in the HCl solution. A2
exhibited a better corrosion resistance than A1 because the mass loss curve of A1 and A2
flattened out at 168 and 334 h, respectively. A3 showed a milder reaction than A1 and A2
as its mass loss curve flattened out at 1344 h. The corrosion reaction of A4 and A5 clearly
did not terminate at 1680 h, exhibiting a significantly better corrosion resistance than A1,
A2, and A3. Additionally, A5 had a significantly higher corrosion resistance than A4 and
exhibited only a 3% mass loss ratio.
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Figure 9. Mass loss ratio of A1, A2, A3, A4, and A5 in corrosive solutions: (a) 1.5 M HCl(aq), (b) 1.5 M
H2SO4(aq), (c) 1.5 M HNO3(aq), and (d) 1.5 M C6H8O7(aq).

In the 1.5 M H2SO4 solution, A1, A2, A3, and A4 were severely corroded within
168 h, Additionally, they exhibited poor corrosion resistance in a sulfur-rich environment.
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However, A5 had a negligible mass loss ratio and was the only alloy with corrosion
resistance in a 1.5 M H2SO4 solution.

In the 1.5 M HNO3 solution, all alloys showed a small mass loss of <1%, and all
demonstrated excellent corrosion resistance. Moreover, the mass loss slightly increased
with a higher ratio of carbide.

In the 1.5 M C6H8O7 solution, all alloys demonstrated a negligible mass loss and
showed excellent corrosion resistance.

4. Discussion
4.1. Morphology Analysis for Wear Behavior

Because changes in morphology could be used to explain variations in wear resistance,
the morphology of the prepared materials was analyzed after the pin-on-disk wear tests.
Notably, TiC has a high hardness [14], which makes it brittle under high stress [27,33].
Thus, it was expected that friction stress perpendicular to the needle-like TiC in the eutectic
structure during the wear test would easily bend and break the needles. However, it was
also expected that the resistance to fracture of the block-like TiC particles under friction
stress would be significantly higher than that of the needle-like TiC. As A1 and A2 had
a high proportion of needle-like TiC, they showed an inferior wear resistance to that of
SUS304, even though they exhibited increased hardness with increasing amounts of TiC.
However, as blocky carbide is tougher and more difficult to break than the needle-like
carbide [38], A3, which had a higher proportion of blocky TiC and a higher C content,
strengthened the FCC matrix. Thus, A3 exhibited better wear resistance and hardness than
A1, A2, and SUS304. In previous studies, M7C3 carbides showed better wear resistance
than TiC [39] because they have lower hardness [40] and better toughness [41], which
allows them to avoid cracking. Therefore, A4 and A5, which feature a different morphology
of M7C3 carbides, exhibited a significantly higher wear resistance. Furthermore, their
hardness was enhanced due to the higher proportion of TiC and M7C3. This was especially
evident in A5, which contained the highest amount of TiC and M7C3 and exhibited the
highest hardness and wear resistance.

Furthermore, it was found that the friction coefficient varied with distance. For the
first several hundred meters, the contact of the sample and steel disk had large asperities
in the surfaces, which were broken to create a smooth contact surface. After that, the
friction coefficient fluctuations were caused by bonding and debonding during adhesive
wear. During this process, the fluctuation of the friction coefficient was related to the
formation and rupture of micro-joints and the resulting debris rubbing into the wearing
interface. The contact surface between the testing sample and the steel disk began to weld
and bond to resist the relative motion, thereby increasing the friction coefficient until the
micro-joints ruptured. The friction coefficient decreased as the micro-joints degenerated
and formed wear debris [42–45]. Notably, as the volume fraction of carbides increased,
the surface became rougher, and the friction coefficient increased during the wear test. In
regard to the different fluctuation patterns between different alloys, it should be noted
that the difference is related to the formation of the wear debris. The wear debris affected
the friction coefficient because it increased the surface roughness of the rubbing surfaces,
which caused the fluctuations. Regarding the friction coefficient of the alloys, it is noted
that A1 and A2 exhibited many needle-like TiC protrusions that most likely broke off to
form wear debris. Thus, their friction coefficient curves exhibit a greater fluctuation with
the variation in roughness. However, as the amounts of carbides increased (i.e., in alloys
A3, A4, and A5), A3 started to form block-like TiC particles, which had better resistance to
fracture. As a result, the friction coefficient curve of A3 showed a lower fluctuation than
those of A1 or A2 because its rubbing surface exhibited less roughness variation. Similarly,
A4 and A5 contained more block-like TiC particles, as well as M7C3, which resulted in
better toughness and improved wear resistance while producing less wear debris. Thus,
the friction coefficient curves of A4 and A5 were stable.
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Although the hardness of the alloys increased with the TiC volume fraction, the wear
resistance only increased from A3 to A5. Thus, while hardness typically has a positive
correlation with wear resistance, the morphology of carbides also plays an important role
in resisting fracture, as explained above.

4.2. Composition Analysis for Corrosion Behavior

These results show that A1, A2, and A3 had lower corrosion resistance than SUS304
owing to the localized attack of the composites at the TiC particle–matrix interface [46].
Moreover, A1, A2, and A3 had lower Ni and Cr contents in the FCC dendrite relative to
those in SUS304, which led to less suitable features and the formation of a relatively weak
passive film [47,48]. The improvement observed with an increasing TiC content was also
consistent with the gradually increasing Ni and Cr contents. Following the same Cr and
Ni content trend, A4 and A5 had better corrosion resistance than SUS304. Apart from the
improved corrosion resistance originating from the increased Cr and Ni contents in the
FCC matrix, it is believed that the volume fraction of the chemically stable TiC and M7C3
positively contributed to improving the corrosion resistance [49,50], as the exposed area
fraction of the alloy matrix correspondingly reduces when the carbide content increases.

For the corrosion behavior in the 1.5 M HCl solution, the austenite matrix reacted
with Cl– ions to cause mass loss [51]. However, there were limited Cl– ions in the corrosive
solution; the mass loss of the alloys terminates when the Cl– ions are depleted. Therefore,
the sample with a lower mass loss and a longer time to depletion was considered to have
better corrosion resistance. Because Ni and Cr contents led to better corrosion resistance
than Fe in the austenite matrix [52], the corrosion resistance increased with the higher ratio
of Ni and Cr contents. Additionally, TiC and M7C3 carbides also covered the exposed
austenite matrix to protect it from corroding. Therefore, the corrosion resistance improved
with a greater carbide ratio and higher Ni and Cr contents in the austenite matrix.

Substituting Cl– ions with SO4
2– ions results in a similar concept, as the SO4

2– ions
react with the austenite matrix [53]. The A1–A4 terminated surfaces corroded within 168
h, indicating that they had poor corrosion resistance in a sulfuric environment. However,
the alloy showed better corrosion resistance in sulfuric environments owing to the high
ratio of Ni [54] and Cr [55] contents in the austenite matrix, and even the higher ratio of
carbides. Thus, A5 exhibited the best corrosion resistance because it possessed the greatest
content of Ni, Cr, and carbide.

As for the 1.5 HNO3 solution, because NO3
– ions corrode TiC [56], the corrosion

resistance decreased with the TiC ratio. This is also the reason why a higher carbide content
displayed a higher mass loss at 1680 h (the final test duration).

5. Conclusions

This study applied the HEA concept to incorporate various amounts of Ti and C into
SUS304 stainless steel to create an alloy with good wear and corrosion resistance by in-site
precipitating carbide reinforcements. Five compositions were designed to have equivalent
5, 10, 15, 20, and 25 volume percentages of TiC in SUS304 and were named as A1, A2, A3,
A4, and A5, respectively. The following conclusions were drawn from this study:

1. All alloys contained a TiC phase and an austenite matrix (FCC) in which A1 had a
eutectic structure between the FCC dendrites, and A2, A3, A4, and A5 contained
proeutectic dendritic TiC, dendritic FCC enveloping the TiC dendrite, and a eutectic
structure. The volume fraction of the TiC dendrites increased, but that of the eutectic
phase decreased with an increasing TiC content, and A4 and A5 had M7C3 carbides
in addition to TiC. A second FCC phase with a slightly smaller lattice constant was
identified as a (Fe and Ni) phase, which was the eutectic FCC phase with a higher Cr
content than the proeutectic FCC.

2. The hardness of the alloys increased from 185 HV (A1) to 365 HV (A5). The microstruc-
tural morphology affected the wear resistance during the adhesive wear tests. A1
and A2 had needle-like TiC with poor wear resistance, which was lower than that of
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SUS304. A4 and A5, having more block-like TiC and M7C3 carbides, showed good
wear resistance. Notably, A5 exhibited the best wear resistance, followed by A4. Both
A4 and A5 performed considerably better than high-chromium cast iron.

3. A4 and A5 exhibited better corrosion resistance in every aspect than SUS304, with A5
exhibiting the best performance. Apart from the improved corrosion resistance owing
to the increased Cr and Ni contents of the FCC matrix, the increased volume fraction of
chemically stable TiC and M7C3 also positively contributed to the improved corrosion
resistance, as the exposed area fraction of the alloy matrix correspondingly reduced
when the carbide content increased. A5 showed excellent corrosion resistance in all
the acid solutions. A4 exhibited good corrosion resistance in all the acid solutions,
except in the H2SO4 solution.

4. A5 exhibited the best wear and corrosion resistance, thus, demonstrating great poten-
tial to be applied in wear and corrosive environments, such as rotary shafts, rotors,
bearings, and structural parts in food, as well as in the chemical and optoelectronic
industries. Apart from its poor performance in the sulfuric acid solution, A4 also
exhibited good wear and corrosion resistance. Therefore, this could be used as a
low-cost alternative to A5.

5. Overall, this study provides a conceptual design for improved SUS304 stainless steel
with enhanced mechanical and anti-corrosive properties. In particular, A4 and A5
alloys could be applied for commercial use. Furthermore, this study investigated
the microstructure and properties of alloys and revealed the effect of incorporating
carbides in 304 stainless steel. Thus, similar alloy designs could be applied to improve
other Fe–Cr–Ni stainless steel systems.
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