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Abstract: A near-equiatomic multi-principal element alloy of CugoNbs3(TiB;)20C19 with both nano-
particle size (14 nm) and micron-particle sizes (—44 um) of Nb was designed and made via the spark
plasma sintering technique at two different sintered temperatures of 650 °C and 700 °C with other
SPS parameters being constant. The sintering mode, microstructures, microhardness, density, relative
density, wear behavior, and corrosion properties of the alloys were investigated and compared to
ascertain the best for aerospace applications. The SPS technique was applied to produce the tested
samples in this study. The results showed that the alloys with nano-particles of Nb sintered faster,
with the lowest wear rate, and their microstructure shows a dendritic configuration with the existence
of graphite-rich and niobium-rich nano-segregations in the inter-dendritic areas with the lowest
coefficient of friction, Cu-NbTiB,C with nano-particles of Nb sintered at 650 °C recorded the highest
microhardness value (786.03 HV;), and CuNbTiB,C with micro-particles of Nb sintered at 700 °C
exhibited the best anti-corrosion characteristics in a sulphuric acid environment. The results obtained
in this study correspond to the requirements for high-performance engineering materials, which will
make the novel materials relevant in the aerospace industry.

Keywords: spark plasma sintering; Cu-Nb-TiB,-C; sintering mechanisms; microstructure; wear
and corrosion

1. Introduction

There is an intense search to design structural materials that can live through the
extensive harsh and severe conditions of performance, and this will be of great importance
to the upcoming generation of energy and aerospace technologies. The recent emphasis
has been on multi-principal element alloys that are recently enjoying fast progress with
a high level of effort regarding the design of novel alloy structures for possible uses in
several industries, including die and mold materials for high temperatures, thermal bond
coating spray, turbine blades, radiation-resistant materials, and renewable energy fabri-
cation [1-8]. Conventional alloys will not meet the expected basic structural properties
that are required in draconian conditions of applications at all times. The families of
conventional alloys emphasize exploiting one principal element with minor amounts of
other elements to improve the properties of the material. However, well-selected and
designed multi-principal element alloys, which are solid-solution phases with four or more
other major elements on simple core lattices, are anticipated to meet the more rudimentary
structural requirements in draconian conditions than conventional alloys. The exceptional
microstructures of multi-principal element alloys and their outstanding chemical and phys-
ical properties have attracted the attention of advanced material researchers all over the
world [3]. The earliest and most intensely investigated alloy systems are the 3d block
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transition metal multi-principal element alloys that are built on the following elements:
Copper, titanium, chromium, iron, zinc, nickel, cobalt, manganese, and vanadium [3]. An-
other important multi-principal element alloy system is a refractory metal multi-principal
element alloy system with high strength and melting temperatures greater than 1800 °C
containing the elements niobium, chromium, vanadium, molybdenum, hafnium, tungsten,
and tantalum [3]. The combination of refractory metals with elements known for enhancing
oxidation resistance, high-temperature strength, and thermal stability makes them ideal
candidates for high-temperature applications. Niobium and titanium are among the prime
candidates as structural materials for advanced aerospace vehicles and flight propulsion
systems. Unlike conventional alloys, multi-principle element alloys employ the approach
of using multiple elements in equiatomic or near-equiatomic proportions [9]. This con-
ception was first recommended by two different groups of researchers, Yeh et al. (2004)
and Cantor et al. (2004) [10,11]. These multi-principal element alloys formed steady solid
solutions, which were credited to their high compositional entropies of mixing [9]. The
two studies established the nonexistence of multipart phases and microstructures, which
inspired the further expansion of new multi-principal element alloys [9]. The concept of
joining refractory metals within such alloys was later proven practical in molybdenum-
niobium-tantalum-nickel and molybdenum-niobium-tantalum-vanadium-tungsten multi-
principal element alloys [12]. The aim was to construct alloys appropriate for use in areas
that needed high strength at high-temperatures operation, including those in the aerospace
industries and energy industries. The amalgamation of high melting temperature, creep
resistance, and oxidation resistance, particularly in the temperature range above 8300 °C,
brand the refractory metals noble nominee materials for high-temperature utilization [13].
Recently, many research works have called attention to the excellent corrosion resistance
exhibited by the synthetic multi-principal element alloy [14-16]. The integration of titanium
into multi-principal element alloy is also imperative owing to their low-density advantages,
high specific strength, and outstanding corrosion resistance, as well as biocompatibility
nature. Titanium alloys are extensively used in several areas including the aviation industry,
navigation, and biomedicine industries [17]. However, the reason for having weak oxida-
tion resistance at temperatures higher than 600 °C in addition to the inadequate anti-wear
capacity, the wider usage of titanium alloys is narrowed [17].

The fabrication of multi-principal element alloys with preferred microstructures and
properties using conventional manufacturing techniques similar to casting is still chal-
lenging [3]. Another fabrication technique that has been used to produce multi-principal
element alloys is additive manufacturing [3], but the strength of additive manufactured
material is still inferior and has a poor surface finish compared to that of other fabrica-
tion techniques [18]. The fabrication of multi-principal element alloys with tailorable
microstructures and excellent mechanical properties has become possible through the use
of SPS techniques, which were applied in this study. This was made possible through
the sintering of the alloys in a short period at temperatures below the respective melting
temperatures of the constituent elements of the alloys. The advantage of the SPS means
of production in this study is that it helps and prohibits the immiscibility difficulties met
when casting melted multi-principal element alloys.

In this study, a multi-principal alloy with a near-equiatomic composition of elements
of copper, niobium, titanium, di-boride, and graphite (40% weight of Cu, 30% weight of Nb,
20% weight of Ti B,, and 10% weight of C) was produced via the powder metallurgy route
with the help of the spark plasma sintering technique. Their sintering mechanisms, mi-
crostructures, microhardness, wear, and corrosion properties were investigated. Moreover,
there is no literature work found on multi-principal element alloys except in this study, and
this is a first-hand study of the alloy.
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2. Materials and Methods
2.1. Materials
The powders of copper, niobium (nano and micron particle sizes), titanium-diboride,

and graphite were selected for the investigation. All the materials were supplied by Alfa
Aesar. Table 1 contained the chemical composition of the selected materials.

Table 1. Chemical composition of the multi-principal alloy and Spark Plasma Sintering parameters
with sintering dies.

Constituent Element Weight Percent (wt.%) Purity (%) Particle Size
Copper, Cu 40 99 44 ym
Niobium, Nb 30 99.9 14 nm—44 um
Titanium diboride, TiB, 20 99 75 um
Graphite, C 10 99.8 14.43 nm
Spark plasma sintering parameters
. . o Heating rate Holding time
Alloys Sintering temperature (°C) Pressure (MPa) ©Clmin) (mir)
Cu-Nb(nano)-TiB,-G 650 700 60 50 5
Cu-Nb(micron)-TiB,-G 650 700 60 50 5
Sintering dies Diameter (mm) Height (mm) Volume (§"r2h)
(mm?)
Graphite dies 30 5 3534.29
2.2. Methods

2.2.1. Powder Mixing and Sintering Process

The starting materials were used to design multi-principal alloys of Cugp-Nb(nano)sp-
(TiB2)20-C10 and Cugp-Nb(micron)sg-(TiB3)20-C19. The powders of each of these alloys were
separately inserted in the plastic bottle with steel balls with a diameter of 0.4 mm at a
ball-to-powder ratio of 1:1 to help reduce the rate of powder agglomeration and were
further mixed using a tubular mixer machine for six hours at a speed of 72 rev./min. After
mixing the powders, the steel balls were removed from the admixed powders, before being
sintered, using the FCT system GmbH- FCT group spark plasma sintering machine with
an ON/OFF pulse direct electrical current. The sintering of each sample was performed
at two different sintering temperatures of 650 °C and 700 °C in an argon atmosphere at a
heating rate of 50 °C/min, applied pressure of 50 MPa, dwelling time of 5 min, input power
supply of 456.5 VAC, and cycling of 50 H. The mold used to obtain the differently sintered
spacemen was graphite dies with a diameter of 30 mm and a height of 5 mm. Detailed
information for the spark plasma sintering process of the alloys is contained in Table 1.

2.2.2. Micro-Hardness Test

The microhardness was measured using the Vickers indentation method, at an applied
load of 100 Kg force, with a holding time of 5 s, and the test result for each sample was the
arithmetic mean of six (6) successive indentations with standard deviations.

2.2.3. Microstructure Test

A JSM 7600F Joel ultra-high-resolution field emission scanning electron microscope
incorporated with energy-dispersive X-ray spectroscopy was used for the microscopy
studies of the sintered alloys.

2.2.4. Wear Test

The wear behavior of the sintered multi-principal element alloy was tested using
Anton-Paartribometer TRB3 version 8.1.8, which was provided with a computer-controlled
pin-on-disc arrangement operated at room temperature. During the test, a normal load of
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20 N was applied at a frequency of 15 Hz, and the coefficient of friction as a function of
sliding time was investigated.

2.2.5. Corrosion Test

The corrosion study of the sintered multi-principal element alloys was carried out
in a container that enclosed a mole of sulphuric (H,SOy) acid solution that acted as an
environment, with each tested sample as the working electrode and the graphite rod as a
counter electrode and reference electrode (saturated silver/silver chloride). It was further
carried out with VersaSTAT 4 with versa studio version 4.9 software. The potentiodynamic
polarization procedure was used to review the general electrochemical behavior of the
sintered multi-principal element alloys. However, before scanning, each one of the tested
samples was immersed in the electrolyte for approximately 6 min to permit them to become
stable before the open circuit potential measurement, which was performed for 2 h. Every
one of the samples tested was scanned at a scan rate of 0.002 Volts per second with a
potential variety from —1.5 to + 1.5 volts.

3. Results and Discussions
3.1. Sintering Mode of CuNbTiB,C Multi-Principal Element Alloys

Figure 1 summarizes the sintering mode that occurred during the sintering of the
CuNDbTiB,C multi-principal element alloys. It shows the shrinkage of the particles versus
the sintering temperatures during the SPS of the alloys. These revealed how the shrinkage
of the punch exerted a uniaxial force on the sintering powder with the increase in the
sintering temperatures during the sintering of the multi-principal alloys. The shrinkage
of the axial punch on the sintering powders decreases as the temperature increases from
250 °C to the final sintering temperatures of 650 °C and 700 °C. The CuNDbTiB,C alloy
with micro-particle of Nb sintered at final temperatures of 650 °C and 700 °C was seen to
have the most dramatic increase in the shrinkage of their particles beyond the sintering
temperature of 400 °C and declined after a temperature of approximately 550 °C. What
happened in the curves of Figure 1 between temperatures of 400 °C and 500 °C may be
where there are local deformations of the particles, while the region between 500 °C and
600 °C is where there are bulk deformations of the particles. The observation above is in line
with the work of Diouf and Molinari (2012) [19]. The researchers studied the deformation
mechanism of copper powders in spark plasma sintering where they demonstrated that
the local deformation of copper occurred at a temperature between 200 °C and 500 °C and
changed to bulk deformation at temperatures above 500 °C [19].

—— CuNDbTIB,C with nano Nb sintered at 650°C
0,25 —— CuNbTiB,C with nano Nb sintered at 700°C
— CuNbTiB,C with micron Nb sintered at 650°C
— CuNbTiB,C with micron Nb sintered at 700°C
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Figure 1. Shrinkage rate of the particles versus sintering temperatures during the SPS of the alloys.

The CuNbTiB,C alloy with nano-particles of Nb sintered at 650 °C recorded the largest
particle shrinkage, which decreased as the final sintering temperatures were approaching.
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It was followed by the CuNbTiB,C alloy with nano-particles of Nb sintered at 700 °C. The
pattern of sintering mode that took place in the CulNbTiB,C with nano-particles of Nb
was alike in both sintered temperatures of 650 °C and 700 °C. The CuNbTiB,C alloy with
micro-particles of Nb, on the other hand, maintained the same pattern of the sintering
mode in both 650 °C and 700 °C sintered temperatures. The alloys with nano-particles of
Nb showed a different pattern in their sintering mode when compared with CuNbTiB,C
alloys with micro-particles of Nb. The dichotomy observed is a result of differences in
the particle sizes of their constituent elements. The nano-particle sizes of Niobium and
Graphite in the alloys could not restrict the uniaxial pressure of the pressing tool, and the
absorption of more heat was improved, which softens the particles as the temperature
increased. The incidence is the attribute of the powdered materials becoming softer as the
temperatures increases.

However, mechanical, thermal, and electrical effects are the three impacts that made
up the sintering mode during SPS of these CuNbTiB,C multi-principal element alloys.
The exertion of pressure on the powders during the SPS helped the particles of the sin-
tering powders to rearrange and improve their consolidation at low temperatures and
enhanced their microstructures as well as mechanical properties. When the temperature
became higher, further densification would be boosted via the control creep law (i.e., the
samples turn out to be softer at higher sintering temperatures, which were more on the
nano-particles). During the sintering, the thermal effect plays a vital role and the speedy
heating rates increase densification and improved the microstructures. The EDS graph
results in Figures 2 and 3 showed no contaminations after sintering. This resulted in the
fine microstructures that were obtained as can be seen in Figures 4 and 5. These are the
attributes of the fast heating rate and short sintering time properties of the spark plasma
sintering technique, which do not allow contamination between the spacemen and the
sintering dies. The ON and OFF direct current (DC) pulse engenders the electrical influence
that can be distinguished in the field and current influences [20]. Therefore, the resulting
microstructures shown in Figures 4 and 5 were expected to be influenced by the intercon-
nection between the samples’ particles and electrical current. The particles of the admixed
samples could be electrically isolating or conducting, which might have resulted in diverse
electrical influences. For the conducting particles, current flows through the admixed pow-
ders of the multi-principal element alloys, and heat is created through Joule heating and
transferred to the admixed powders via conduction [21]. Thus, the sintering mechanism
determined the nature of the microstructure the alloy would have after being sintered.

To0pm, Electron Image 1 To0Bm, Electron Image 1
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(a) EDS of CuNbTiB.C alloy with nano Nb sintered in 650°C (b) EDS of CuNbTiB,C alloy with micron Nb sintered in 650°C

Figure 2. (a,b) compare the EDS graph,of CuNbTiB,C alloys with nano and micron both sintered at
650 °C.
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(a) EDS of CuNbTiB,C alloy with nano Nb sintered in 700°C

(b) EDS of CuNbTiB,C alloy with micron Nb sintered in 700°C

Figure 3. (a,b) compare the EDS graph of CuNbTiB,C alloys with nano and micron both sintered at

700 °C.
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(a) SEM of CuNbTiB,C alloy with nano Nb sintered in 650°C
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(b) SEM of CuNbTiB,C alloy with micron Nb sintered in 650°C

Figure 4. (a,b) compare the SEM of CuNbTiB,C alloys with nano and micron both sintered at 650 °C.
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(a) SEM of CuNbTiB,C alloy with nano Nb sintered in 700°C
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(b) SEM of CuNbTiB,C alloy with micron Nb sintered in 700°C

Figure 5. (a,b) compare the SEM of CuNbTiB,C alloys with nano and micron both sintered at 700 °C.
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3.2. EDS Analysis, SEM, and Micro-Hardness, Density, and Relative Density of the Sintered
Multi-Principal Element Alloys

Figures 2-5 display the EDS analysis and SEM images of the sintered CuNbTiB,C
multi-principal element alloys sintered at 650 °C and 700 °C. Figure 2a,b compare the
EDS graphs of CuNbTiB,C alloys with nano-particles and micro-particles of Nb sintered at
650 °C, while Figure 3a,b compare the EDS graphs of CuNbTiB,C alloys with nano-particles
and micro-particles of Nb sintered at 700 °C. Figure 4a,b compare the SEM of CuNbTiB,C
alloys with nano and micro-particles of Nb sintered at 650 °C, while Figure 5a,b compare the
SEM of CuNbTiB,C alloys with nano-particles and micro-particles of Nb sintered at 700 °C.
At these sintered temperatures (650 °C and 700 °C), the resulting EDS graphs showed that
the multi-principal element alloys still retained their purities after their admixed powders
were sintered. It was only in the alloy of CuNbTiB,C with nano-particles of Nb sintered
at 700 °C that a trace of oxygen was found (Figure 3a). The presence of oxygen in the
alloy (Figure 3a) indicated the presence of pores in the microstructure of that particular
alloy (Figure 5a). However, the microstructures of other alloys showed no pores as no
oxygen was found in their EDS graphs. The microstructure of the CuNbTiB,C alloy with
nano-particles of Nb sintered at 700 °C (Figure 5a) shows the agglomeration of particles.
This could be attributed to the nano-particles that were not evenly dispersed during the
mixing of the powders, which might be the cause of the pores that evolved after sintering.
In Figure 5a, the microstructure also shows a dendritic arrangement with the existence
of graphite-rich and niobium-rich nano-segregations in the inter-dendritic areas. The
microstructure of CuNbTiB,C with nano-particles of Nb sintered at 650 °C is seen to be
more homogenous and denser as compared to others. The whitish pigments found in each
of the microstructures are the concentrations of niobium (Nb) particles, while the black
pigments are mostly the presence of titanium di-boride (TiB;) particles and graphite (C)
particles and the brownish pigments of copper (Cu) could not have reflected but their
particles were evenly dispersed in the microstructures of the alloys. The powder mixing
and SPS mode in Figure 1 have a great influence on the nature of the microstructures
that were obtained. The nature of microstructures in each of the alloys also determines
their properties.

Table 2 contains the values of microhardness, density, and relative density for the
sintered spacemen. In Table 2, the alloy of CuNbTiB,C with nano-particles of Nb sintered
at 650 °C recorded the highest microhardness value of 786.03 HV, followed by an alloy of
CuNDbTiB,C with micro-particles of Nb sintered at 650 °C, which recorded a microhardness
value of 754.16 HV. The alloy of CuNbTiB,C with micro-particles of Nb sintered at 700 °C
recorded a microhardness value of 745.06 HV, and the alloy of CuNbTiB,C with nano-
particles of Nb sintered at 700 °C recorded the lowest microhardness value of 734.50 HV.
The high microhardness value recorded by an alloy of CuNbTiB,C with nano-particles of
Nb sintered at 650 °C may be due to the strong interfacial bonding among the constituent
elements of the alloy. An alloy of CuNbTiB,C with micro-particles of Nb sintered at 650 °C
recorded the highest density value of 7.806 g/cm? and a relative density of 96%, which
was followed by an alloy of CuNbTiB,C with micro-particles of Nb sintered at 700 °C
that recorded a density value of 7.758 g/cm? and a relative density of 95%. An alloy of
CuNbTiB,C with nano-particles of Nb sintered at 700 °C recorded a density of 7.390 g/cm?
and a relative density of 91%, and lastly, an alloy of CuNbTiB,C with nano-particles of Nb
sintered at 650 °C recorded the lowest density of 7.309 g/cm3 with a relative density of
90%. The high-density value recorded by an alloy of CuNbTiB,C with micro-particles of
Nb sintered at 650 °C may be a result of the acceleration of copper and niobium, which
have high density.



Crystals 2022, 12, 1754 80of 13
Table 2. Summary of the micro-hardness, density, and relative density of the sintered alloys.
Pt . Density . © (o
Multi-Principal Element Alloys Micro-Hardness (HV,) (g/em®) Relative Density (%)
CuNbTiB,C with nano-particles of Nb sintered at 650 °C 786.03 7.309 90
CuNDbTiB,C with nano-particles of Nb sintered at 700 °C 734.50 7.390 91
CuNbTiB,C with micro-particles of Nb sintered at 650 °C 754.16 7.806 96
CuNbTiB,C with micro-particles of Nb sintered at 700 °C 745.06 7.758 95

3.3. Wear Behavior of the Sintered Multi-Principal Element Alloys

The coefficient of friction, y, against sliding time and t for all the multi-principal alloys
under the same applied load of 20 N are reported in Figures 6 and 7, respectively, and was
summarized in Table 3. Figure 6a,b show the graphs of the coefficient of friction versus
time of CuNbTiB,C alloys with nano-particles and micro-particles of Nb both sintered at
650 °C. Figure 7a,b show the graphs of the coefficient of friction versus time of CuNbTiB,C
alloys with nano-particle and micro-particles of Nb both sintered at 700 °C. The alloy of
CuNbTiB,C with micro-particles of Nb sintered at 650 °C recorded the lowest coefficient
of friction with a maximum value of 0.201 compared to other alloys. This might be due
to the presence of the micron-particle sizes, which might not have permitted much flow
of heat into the alloy and the low sintering temperature that could not have supported
many triggers of Ti particles. The frictional behavior of CuNbTiB,C with nano-particles
of Nb sintered at 700 °C is seen to be steady compared to other alloys, while that of the
CulNDbTiB,C alloy with micro-particle of Nb sintered at 700 °C (Figure 7b) exhibited high
fluctuation compared to other alloys. This could mean that there was a modification that
took place on the surface of the alloy during the sliding. However, the dissimilarity in
the definite wear rate and the coefficient of frictional behavior of these alloys could also
be attributed to the interchange between the surfaces in the sequence of the sliding. The
observed fluctuation could be mostly due to the modifications that took place throughout
the sliding. In particular, some of the harshness is transferred from the specimen surface to
the counter-face surface or the conflicts are controlled by the set-off parameters, contract
positions, and the hardness of the material [22]. Once there are materials transferred
from one surface to another surface and detachments have occurred, these would lead to
fluctuations in the coefficient of friction. However, some researchers have tried to correlate
the wear and friction behavior of materials altogether [23]. There is a small number of
authors who have accepted that there is a correlation between the wear and frictional
conduct of materials, specifically high frictional coefficients constitute high resistance in
the interface, which results in superior wear behavior [24]. At present, a greater number
of researchers have accepted that wear is a response to the rubbing system, which is
independent of the frictional performance [24]. Therefore, following the idea that the
high frictional coefficients constitute high resistance in the interface, it then means that
CuNDbTiB,C with nano-particles of Nb sintered at 650 °C (Figure 6a) has a superior wear
behavior over the rest of the multi-principal element alloys in this study.

Table 3. Summary of the wear behavior of the produced multi-principal element alloys.

. . . . . . . Standard
Multi-Principal Element Alloys Mlmmun‘\ C'oefﬁc1ent of Max1mun‘1 C.oefﬁment of Mean Value of u Deviation Value
Friction, u Friction, n of 1
CuNbTiB,C with nano-particle of Nb
sintered at 650 °C —0.024 0.719 0.484 0.084
CuNbTiB,C with nano-particles of Nb
sintered at 700 °C —0.044 0.416 0.286 0.065
CuNDbTiB,C with micro-particles of Nb
sintered at 650 °C —0.020 0.201 0.107 0.043
CuNDbTiB,C with micro-particles of Nb 0171 0425 0177 0.097

sintered at 700 °C
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Start: 0.000 min:-0.024 max:0.719 mean:0484 std.dev.:0.084

' I ' I
[s] 1.0E+03 2.0E+03

(a) CuNDbTiB,C alloy with nano Nb sintered in 650°C

Start: 0.000 min:-0.020 max:0.201 mean:0.107 std. dev.:0.043

' | ' |
[s] 1.0E+03 2.0E+03

(b) CuNbTiB,C alloy with micron Nb sintered in 650°C

Figure 6. (a,b) compare the graph of the coefficient of friction versus time of CuNbTiB,C alloys with
nano and micron both sintered at 650 °C.
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(a) CuNbTiB,C alloy with nano Nb sintered in 700°C
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max : 0425 mean:0.177 std. dev.: 0.097
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1.0E+03 2.0E+03

(b) CuNbTIiB,C alloy with micron Nb sintered in 700°C

Figure 7. (a,b) compare the graph of the coefficient of friction versus time of CuNbTiB,C alloys with
nano and micron both sintered at 700 °C.

3.4. Corrosion Performance of the Multi-Principal Element Alloys of CuNbTiB,C

Figure 8 shows the comparison of potentiodynamic polarization curves of the novel
multi-principal element alloys of CuNbTiB,C in 1-mole HySOy acid. The potentiody-
namic polarization methodology was applied to ascertain any likelihood of the produced
CuNbTiB,C multi-principal element alloys to passivity. The passivation potentiality is the
electrochemical possibility through which the passivation of the alloy occurs. Hence, it is
observable that the lower the amount of this potential, the greater the corrosion protection
(resistance) of the produced multi-principal alloy. The passivation capacity is reliant not
only on the electrochemical potential but also on the analytical passivation current den-
sity [25]. The lower the current density exists, the simple the unconstrained passivation due
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to oxygen arises. However, in Figure 8, the potentiodynamic polarization curve revealed
that the multi-principal element alloy of CuNbTiB,C with micro-particles of Nb sintered
at 700 °C shows the preeminent corrosion resistance out of all the alloys. It was triggered
by the lowest measured values of Icorr and Ecorr, and the graph in Figure 8 seemingly
shows its resistance in a 1-mole solution of sulphuric acid (H,SO4). Multi-principal element
alloys of CuNbTiB,C with nano-particles of Nb sintered at 650 °C and CuNbTiB,C with
micro-particles of Nb sintered at 650 °C showed similar behavior in this acidic environment,
and they showed good anti-corrosion properties in the environment of sulphuric acid.
The third highest corrosion resistance in this acidic environment is the multi-principal
element alloy of CuNbTiB,C with nano-particles of Nb sintered at 700 °C. It shows the
worst results and considerably degraded the sulphuric acid environment. The scenario
could be attributed to the nature of its microstructure (Figure 5a), which indicated the
presence of pores on the alloy and could serve as the corrosion site. It was confirmed in the
EDS graph of the alloy, which shows the presence of oxygen (Figure 3a). The corrosion site
(pores) on the alloy could be attributed to the formation of weak interfacial bonds among
the constituent elements of the alloy. Furthermore, the pores might be initiated at the area
of the matrix interface and could be the site for corrosion. However, most metal matrix
composites always initiate a chemical or physical heterogeneity such as the reinforcement
interface, defect, inter-metallic, mechanically damaged region, grain boundary, inclusion,
or dislocation [26,27].

&
£ —— CuNbTiB,C with nano'Nb sintered at 650°C
10 = CuNbTiB,C with nano Nb sintered at 700°C
—— CuNDbTiB,C with micron Nb sintered at 650°C
05 CuNbTiB,C with micron Nb sintered at 700°C

0,0

Potential (V)
(=}
()]

-1,0
-1,5
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1E-5 1E-4 1E-3 0,01 0,1
Current density (A/Cm?)

Figure 8. Shows the comparison of the potentiodynamic polarization curve of the novel multi-
principal alloys of CuNbTiB,C in 1 mole H,SOj acid.

The good anti-corrosion properties exhibited by the multi-principal element alloys
of CulNbTiB,C with micro-particles of Nb sintered at both 650 °C and 700 °C and the
CuNDbTiB,C with nano-particles of Nb sintered at 650 °C were attributed to their sufficient
microstructures, which showed that there were no pores in them (Figure 2b, Figure 4b,
Figure 3b , Figures 5b, 2a and 4a, respectively).

4. Conclusions

This study demonstrated the production of a novelty near-equiatomic multi-principal
element alloy of CuygNbs(TiB3)20C19 with both nano-particle- (14 nm) and micron-particle-
sized (—44um) of Nb through the powder metallurgy route by using the spark plasma
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sintering technique at two different sintered temperatures of 650 °C and 700 °C. After the
fabrication of the alloys, an investigation was focused mainly on the following: Sintering
mode, microstructures, microhardness, density, relative density, wear behavior, and corro-
sion properties in the H,SOy acid environment. Based on the findings and discussion of
the current study, it was discovered that the alloys with nano-particles of Nb sintered faster
than any other alloys that were sintered. The microstructure of the alloy shows a dendritic
configuration with the existence of graphite-rich and niobium-rich nano-segregations in the
inter-dendritic areas. Furthermore, it was observed that the alloy of CuNbTiB, with nano-
particles of Nb sintered at 650 °C recorded the highest microhardness value of 786.03 HV,
while an alloy of CulNbTiB, with micro-particles of Nb sintered at 650 °C recorded the
highest density and relative density of 7.806 g/cm® and 96%, respectively. The alloy of
CuNDbTiB, with micro-particles of Nb sintered at 650 °C recorded the lowest coefficient
of friction of 0.201. However, considering the wearing stability, the alloy that possesses
the best wear stability as time progresses is an alloy of CuNbTiB, with nano-particles of
Nb sintered at 700 °C. A safer wear behavior was disclosed by the alloy that maintained a
stable friction coefficient as time goes on. The alloy of CuNbTiB, with micro-particles of Nb
sintered at 700 °C shows the best anti-corrosion behavior in an H,SOy4 acid environment.
However, the obtained results in this study showed that the produced novelty alloy is
a promising high-performance engineering material that can be more important in the
aerospace industry.
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