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The purpose of this study is to examine the effect of different temperatures and sintering times on the micro-
structure, density, hardness, bending strength, coefficient of friction (COF), fracture toughness, and abrasion rate
of C¢/Si3Ny fabricated via the spark plasma sintering (SPS) technique. For this target, the « phase of Si3N4 powder
was prepared alongside sintering aids and carbon fiber. Next, five samples were sintered via SPS method at
temperatures 1750 °C, 1800 °C, and 1850 °C, under the pressure of 70 MPa, and times of 10, 15, and 20 min. The
obtained data illustrated that with an elevation of the sintering temperature from 1750 °C to 1850 °C, the density
of the sintered body increased from 91.11 % to 93.03 %, and the hardness rose from 536 to 916 Vickers.
Furthermore, upon prolonging the holding time from 10 min to 20 min, the density was enhanced from 93.03 %
to 96.53 %, and hardness improved from 916 to 1433 Vickers. The results showed that with an elevation of
temperature and time of sintering, the abrasion rate dropped from 14.4 x 1077 to 4.4 x 10~/ g/N.m due to
reducing the porosity of the sample. Finally, with a temperature rise from 1750 °C to 1850 °C, the bending

strength of the samples decreased.

1. Introduction

Si3Ny is a novel kind of high-temperature structural ceramic material
with privileged chemical attributes, a decent heat shock resistor, high
resistance against high-temperature creep, high hardness (8.5 Mohs
close to 1900 Vickers), and auto-lubricating properties. It is widely used
in cutting materials, metallurgy, aeronautics, the chemical industry, and
the rail industry. Meanwhile, thanks to high thermal conductivity, low
density, and excellent special mechanical properties, carbon fiber is also
used in the composites utilized in brake discs of race cars, an aeroplane
brake disc (C¢/C), and new generate of the high-speed train brake disc
(C¢/SiC and Cg/Si3gNy4) (Desplanques et al., 2007; Abbasi et al., 2012;
Maros and Németh, 2017). Composite materials are divided into MMC
(metallic matrix composite), PMC (polymeric matrix composite), and
CMC (ceramic matrix composite) categories. Among them, CMC rein-
forced with carbon fiber was used in many industrial applications (Zhao
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et al., 2021; Yang et al., 2019; Zakiyyah et al., 2022; Singh et al., 2022;
Bat-Ulzii et al., 2023; Jia et al., 2023; Chen et al., 2023; Sun et al., 2023;
Zhao et al., 2023).

Grey iron is one of the most attractive materials, which has changed
into a popular material for manufacturing train brake discs because of its
good resistance to corrosion, easy machining and low melting point, as
well as low cost and high capacity. Grey iron is mostly used in train sets
and rail buses as well as TGV (high-speed trains). High conductivity
coefficient and low vibration are their main advantages. In comparison
to typical cast-iron brake discs, the pieces fabricated from carbon/silicon
nitride composite offer about 50 % weight reduction. This means they
are 20 kg lighter compared to other disc brakes. Other considerable
advantages include improving the brake system, high thermal stability,
no need for welding, excellent sensation in the brake pedal, great
abrasion or wear resistance, and hence longer lifespan (up to 300,000
km, which is four times larger than the lifespan of steel discs utilized in
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high-speed trains with speed greater than 240 km/h). Cast iron discs
have low friction are efficient and unstable, and are not suitable for
high-speed trains (Zhang et al., 2023a; Zeuner et al., 1998; Gadow,
2001; Holme, 2002; Nasr and Mohammadi, 2010). Accordingly, the
approach of this research is manufacturing a novel descendant of high-
speed train brake discs made of C¢/SigNy.

The mechanical properties of silica nitride are heavily dependent on
its type of phase. a phase has a spherical structure, while p-phase has a
rod-shaped structure, causing better mechanical properties of the o
phase over the B-phase. Also, considering the properties of these two
phrases, it is known that a-phase has better sintering potential compared
to p-phase. The B phase, with its needle-shaped and stretched micro-
structure, can also improve the mechanical properties including the
strength and toughness scattering the crack and bridging over the crack
(Wang et al., 2013). As such, in this research, the alpha phase of silicon
nitride was used.

Complete densification of silicon nitride without using sintering aid
additives is very difficult. Thus, the necessary condition for obtaining
dense silica nitride ceramics is the use of sintering aid additives. The
type and amount of sintering aid additives determine the liquid phase
formation temperature, initiation of the densification process, and its
rate along the sintering. Furthermore, sintering aid additives influence
the morphology of the beta-phase grains as well as the grain boundary
phase properties (Matovic, 2003).

Magnant et al. (2014) investigated ceramic-substrate composites
using the spark plasma sintering method. They mixed 66.5 wt% Si3N4,
20 wt% TiBy, 4.5 wt% alumina powder, and 9 wt% yttria powder. Next,
using a spark plasma sintering device at 1750 °C, pressure of 75 MPa,
time of 20 min, and heating rate of 200 °C/min, they sintered the
sample. Nitrogen or argon gas would be blown into the device chamber.
They showed that the sample that had been sintered under nitrogen gas
had greater density compared to the other sample, and was closer to the
theoretical density.

In research by Borodianska et al. (2009), the properties of the hot
press method (HP) and SPS were examined for SisN4/TiN nanostructure
composite with additives of Y203 and Al;03. Alumina powders were
prepared at 2 wt%, yttria 6 %, TiN 40 %, and the rest SigN4. The density
obtained from the HP and SPS methods was 98.4 and 98.9 % respec-
tively. Vickers hardness was also obtained at 31.2 and 13.7 GPa,
respectively. The grain size of the composite for the HP method was
obtained at 2 ym and for SPS, 0.1 um. The results showed that the SPS
method would offer a more homogeneous sample with greater density
and hardness as well as a smaller grain size compared to the HP method
(Borodianska et al., 2009).

Rak (2000) fabricated a train brake disc made of C¢/SisN4 with
different percentages of carbon fiber (10, 20, and 30 %) via the chemical
vapour infiltration (CVI) method. This group indicated that 20 wt%
carbon fiber offered the best tribological properties for the brake disc of
high-speed trains. The C¢/SigN4 composites fabricated via CVI would
change into Cg¢/SigN4 using melted silicon in a nitrogen atmosphere
followed by a sintering process. To enhance the product density in this
method, a large number of infiltration stages and heat-induced degra-
dation are required for fabricating a relatively dense material. All these
would cause the final product’s fabrication to be expensive and time-
consuming.

In this research, for the first time, a high-speed train disc made of C¢/
SigNy is fabricated via the SPS method. It is expected that due to the
shorter time and lower temperature as well as the fine-grained nature of
the final product resulting from the SPS method, the train brake disc
would have superior mechanical properties over train discs manufac-
tured via molten phase inoculation or gas phase methods. In this
research, the effect of various temperatures and times of sintering have
been studied on the density, hardness, bending strength, coefficient of
friction, fracture toughness, and microstructure of the specimens.

The COF for the train brake disc would be 0.3-0.4, and the bending
strength, hardness, and fracture toughness of the train brake disc would
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be above 200 MPa, 4-6 MPa.m%®°, and 800-950 Vickers, respectively
(Rak, 2000; Pak, 2001; Agarwal et al., 2016).

2. Experimental section
2.1. Raw materials

o phase SigNy4, aluminum oxide (purity: 99.9 %) and yttrium oxide
(purity: 99.5 %) nanoparticles with a particle size of 35 nm, 150 nm and
50 nm respectively were prepared from USnano company (Fig. 1).
Further, Carbon continuous fiber was procured from Toray Advanced
Materials (Seoul, Korea). The length of the carbon fibers used in this
research was 5 mm and employed in silicon nitride/carbon fiber com-
posite. Ethyl methyl ketone (EMK) was used as a SizN4/Al303/Y203
solvent and isopropyl (IPA) was used as a dispersant agent of carbon
fiber in this research. Both solvents were purchased from Merck
company.

2.2. Preparation of the C;/SizN4/Al,03/Y203 nanocomposite powder

First, a- SisN4 nanopowder with 4 % alumina and 8% yttria nano-
particles as a sintering aid were dispersed in EMK solvent. Thereafter,
the carbon fibers were dispersed in IPA solvent for 72 h on a magnetic
stirrer. Subsequently, a- SigN4 nanopowder and alumina/yttria nano-
powders were added to a carbon fiber solution. Finally, the solution
were dried at 70 °C. Fig. 2 displays the chart of the C;/Si3N4/AlxO3/
Y,03 nanocomposite powder preparation.

2.3. Sintering of the C¢/SizN4/Al203/Y203 nanocomposite powders

The C;/Si3N4/Alz03/Y203 powders were consolidated by the 10
ton-1000A SPS machine. In this method, 1.3227 g of a- SigN4 /carbon
fiber powder alongside the sintering aids (Table 1) in the SPS apparatus
was exposed to a vacuum atmosphere (around 0.1 Tor) at 1750, 1800,
and 1850 °C with 200 °C/min heating rate, as well as times of 10, 15,
and 20 min at 70 MPa. Then, the polished sample was investigated for
structural, density, hardness, COF, abrasion test, plus XRD and FE-SEM
characterizations.

2.4. Characterization

2.4.1. X-ray diffraction (XRD) patterns

X-ray diffraction test (ASENWARE, AW-DX300) was used with a
CuKa (1.5406 }o\) aanode at the 20 range of 10-80° To detect the phases.
The phase detection of the XRD patterns was done by X Pert HighScore
software.

The crystallite size was determined by Relation (1)(Nath et al., 2020;
Wang et al., 2020; Kuang et al., 2018).

pCos® = (0.94/d) + 2AeSing 6]

where, p is FWHM, € is the strain value, A is a constant number equal
to 1, A equalls to A = 0.15406 nm, d is the crystallite size, and 0 is the
reflection angle.

The lattice constant (a) can be measeared by Eq. 2:

d=a/H++82)" 2)

2.4.2. Scanning electron microscopy

FE-SEM micrographs was taken on MIRA3 LMU model made in
TESCAN comany (Czech Republic). To detect the elemental analysis
energy dispersive spectroscopy (EDS) was used.

2.4.3. Determining the density through the Archimedes principle

For measuring the density of the samples, the Archimedes principle
was used according to the ASTM C373 standard. First, the dry weight of
the samples (D) was measured using a balance with four decimal digits.
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Fig. 1. (a) scanning electron microscopic images of a- Si3N4 powder (b) EDS analysis of a- SisN4 powder powder.

Next, the samples were placed inside 100 °C water for 2 h, and once
cooled and kept in water for 12 h, the suspended weight of the samples
(S) in water was measured. Eventually, the extra water from the samples
was removed using a moist cloth, and immediately their saturated
weight (M) was measured. The bulk density (B) was calculated by
Relation (3) (A.J. Standard, 2002).

D

B=—
M-S

3

The apparent porosity also known as open porosity (A.P) and the true
porosity with closed and open porosity (T.P) were calculated by Re-
lations (4) and (5).

W —-D

TAP. = (G

) x 100 4

%TP. = (1— E) x 100 (5)

t

here, p, represents the theoretical density.

2.4.4. Vickers microhardness measurement

EMCO Vickers test (M4U-250 model) was performed on surface of
samples. The surface of each sample was tested eight times (ASTM
C1327-15, 2019; Cao et al., 2023; Xie et al., 2021).

2.4.5. Fracture toughness

Fracture toughness was calculated by measuring the (mean) length
of the radial cracks resulting from the Vickers indentation edges by using
Egs. (2)-(6) (Anstis et al., 1981; Zhu et al., 2017).

E 0.5
Kic = 0.016(ﬁ) (P/C?) (6)

where E denotes the Young modulus (GPa), H is the Vickers hardness
(GPa), P indicates the force applied by the indenter, and C represents the
crack length (um).

2.4.6. Determining coefficient of friction

In determining the coefficient of friction, an alumina pin applies an
accurate force on the sample. The abrasion coefficient of the material
and the pin is obtained by evaluating the extent of loss of the material
along the experiment (ASTM, 2017; Shi et al., 2023).

The abrasion investigation was done without any lubricator within
the temperature range of 20-25 °C, humidity of 25-35 %, and stable
linear speed at a 500 m interval. The applied load (P) was 5 N (500 g).
The abrasion rate (Wr) was computed via formula (7).

Am

PL )

W, =
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Solution B

Si3N4/Y03/AL;03/C

Fig. 2. Schematic of the C¢/SizN4/Al203/Y203 nanocomposite powder preparation.

Table 1
Sintering conditions of the samples.

Sample Sintering time Sintering temperature Sintering pressure
code (min) Q) (MPa)

1 10 1750 70

2 10 1800 70

3 10 1850 70

4 15 1850 70

5 20 1850 70

where Am illustrates the weight commutation, and L is the abrasion
interval.

2.4.7. Determining the bending strength of the three-point bending test

There are many methods for evaluating the mechanical properties of
materials and composites (Gao et al., 2023; Zhang et al., 2022; Chen
et al., 2020; Xie et al., 2021; Samadi et al., 2021; Ndiwe et al., 2023). To
reduce the costs and executive problems of the tensile test for the ce-
ramics, their strength is often measured using a bending test. This
investigation was done based on the ASTM D790 standard. The major
advantage of the bending test, in addition to lower cost, is the simple
geometry of the sample. The samples have a rectangular or cylindrical
geometry, and the maximum tensile stress across the rod or beam occurs
when the sample is broken, which is called the rupture modulus. For the
ceramics, this test can be executed when the distance between the inner
rollers is far larger than the height of the sample. Other terms are also
used in addition to rupture modulus such as bending strength, fracture
strength, and bend strength. The weakness of the bending test is stress
distribution, which is very complex and nonuniform especially when the
major defect of the sample has occurred inside the sample. A three-point
bending test was used to calculate flexural strenth of samples. (Hassfield
model, England). The bending strength (or) for each sintered body was
measeared by Eq. (8) (MPa) (ASTM D790, 1997).

6, = 1.5PD/BW* (8)

where P is loading force, D indicates the distance of two supports, B is a

diameter of disc, and W is the disc thickness.
3. Results and discussion
3.1. Representation of precursors

Fig. 3 displays the XRD results of the a —SisN4 powder; Fig. S1 (see
supporting information file) indicates the carbon fiber, Fig. S2 shows the
Aly03, and Fig. S3 reveals the Y203. According to the XRD test, a- SisN4
nanopowder has a hexagonal crystalline structure. In the silicon nitride
alpha powder, 10 % beta phase was observed (the beta phase percentage
was confirmed by MAUD software). Base on the XRD results, the Al;03
nanoparticle is a blend of alumina a phases with a rhombohedral and
monoclinic crystalline system. Based on the halo observed in Fig. S1 as
well as the lack of diffraction of the graphite crystalline phase, The
carbon fiber phase is amorphous.

Fig. 4 indicates the XRD results of powder sample 2 (20%Cf/Si3N4)
before the sintering. The main detected phases included silicon nitride
alpha and beta, plus alumina, yttria, and carbon sintering aids as
boosters. Fig. 5 indicates the results of the XRD of samples 1, 2, and 3
after the sintering. By comparing Figs. 4 and 5, it was seen that after the
sintering step, the SiO; phase has created. Fig. 6 also shows the results of
the XRD of samples 4 and 5 after the sintering. In these samples, again
after the sintering, the SiO phase has been formed.

According to Fig. 6, sample 5 has the dominant alpha and beta silicon
nitride hexagonal phase. The diffraction at 26 of 23, 27 and 36° corre-
sponds to the (110), (200) and (210) planes of the a-SigN4 phase,
respectively. The reflections located at 7.3, 7.6 and 66.1 ° is belonged to
the facets of (003), (215) and (831) in the B-SisN4 phase.

3.2. SEM images

The obtained data of SEM Imaging images corresponding to sintered
samples are displayed in Fig. 7. According to SEM images, Carbon fiber
with a length of 144-24 pm is well distributed in the silicon nitride
powder. In sample 2, some agglomeration of nanoparticles and carbon
fiber is detected. The better the carbon fiber is dispersed across the SigN4
substrate and the less agglomeration, the more suitable heat transfer and
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Fig. 4. XRD results of C¢/a-SisN4 powder before sintering step.

conductivity will be during the sintering process (Ghasemi et al., 2023).

Fig. 8 demonstrates the results of the EDS test of the sintered spec-
imen 5. The results show that the elements related to each of the phases
of carbon and silicon nitride as well as sintering aids have been
distributed inside the sample. Fig. S6 (see supporting information file)
illustrate the SEM pictures and EDS mapping of the elements distributed
in the silicon nitride-carbon fiber composite with different sintering
aids.

3.3. Results of density

The density of the specimens at various times and temperatures was

computed via the Archimedes principle. The density of the alpha silicon
nitride sintered samples at a time of 10 min, pressure of 70 MPa, as well
as temperatures of 1750, 1800, and 1850 °C was obtained at 91.11 %,
92.73 %, and 93.03 % respectively. The obtained data from Archimedes’
principle exhibited that the density would grow with an elevation of the
sintering temperature due to major diffusion and elimination of the
pores of the sample. The relict porosity for the sample sintered at 1750,
1800, and 1850 °C was obtained at 8.89 %, 7.27 %, and 6.97 %
respectively.

The density of the alpha silicon nitride specimens under the pressure
of 70 MPa, temperature of 1850 °C, as well as times of 15 and 20 min
were 95.31 and 96.53 % respectively. The obtained result displayed that
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Fig. 6. XRD results of sintered samples 4 and 5.

the density rises with the prolongation of the sintering time due to the
diffusion of particles and removal of porosity. The relict porosity for the
sintered samples at times of 15 and 20 min was 4.69 and 3.47 %
respectively.

3.4. Hardness of the sintered samples

The hardness of sintered samples was calculated by the Vickers
hardness test. The hardness measurement results indicated that the
alpha silicon nitride samples sintered at 1750, 1800, and 1850 °C had
hardness values of 536, 607, and 916 Vickers respectively. The results
show that the composite hardness increases with an elevation of the

sintering temperature. The results are in line with the density of the
fabricated composite, whereby the specimen sintered at 1850 °C and
time of 10 min had the maximum density and hardness. The presence of
numerous pores in the structure can be the reason for the low hardness
of the sample sintered at 1750 °C. The hardness of the alpha silicon
nitride samples sintered at 1850 °C, as well as times of 15 and 20 min,
was obtained at 1234 and 1433 Vickers respectively. The obtained result
also concurs with the density of the fabricated composite, whereby the
specimen within 20 min and at 1850 °C found the greatest density and
hardness. The high hardness of C¢/SisN4 sintered at 1850 °C for 20 min is
due to the high density and low porosity of this sample.
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Fig. 7. FESEM images of sintered samples, a) sample 1, b) sample 2, c) sample 3, d) sample 4, e) sample 5.

3.5. Surface roughness 3.6. COF of the sintered samples
To check the surface roughness of the sintered samples, a roughness The wear rate (according to Formula (7)) of the sintered specimen
test was performed. The average surface roughness of the specimen (R,) was obtained at 144 x 107,11.6 x 1077,10.4 x 1077,8 x 1077,

before the abrasion investigation was obtained as 0.58, 0.62, 0.69, 0.59 and 4.4 x 1077 g/N.m, respectively. The results showed that the spec-
and 0.76, respectively (Fig. S7). According to the obtained results, all imen with the maximum density had the lowest abrasion rate. The COF
samples with grade N6 had a very smooth surface. of the consolidated disc was 0.72, 0.6, 0.5, 0.49, and 0.46 respectively

(Fig. 9). Among consolidated disc, sample 5 exhibited a stable COF along
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Fig. 8. EDS analysis results of sample 5.

500 m. Also, sample 5 has shown the closest coefficient of friction to the
one required for the train brake disc (COF = 0.3-0.4) (Ghasemi et al.,
2023; Naslain et al., 1999).

3.7. Bending strength of the sintered specimen

To check the bending strength of the specimen, a three-point bending
test was performed. Based on the curves in Fig. S8, the bending strength
of samples 1, 2, and 3 was obtained at 252, 205, and 247 MPa respec-
tively. The results show that with temperature elevation, the bending
strength diminishes.

The bending strength of specimens 4 and 5 were obtained at 248 and
256 MPa respectively. The greater bending strength of sample 5 is due to
the fact that it has numerous stretched grains (Wang et al., 2013) of
beta-SigNy plus a few numbers alpha phase grains (20 % a- SigN4, 79 %
beta SigN4 obtained using Rietveld method) (Fig. S4, see the appendix
file).

Fig. 10 indicates the SEM pictures of the fracture surface of the
specimen. The images show that carbon fibers have contributed to
improving the strength of samples through fiber pull-out mechanism.

3.8. Inspecting the fracture toughness of sintered specimen

The fracture toughness of the sintered specimen was obtained at
1.33, 2.68, 3.25, 3.97, and 5.87 MPa.m®> respectively (Fig. S9). The
results showed that as density increased, so did the fracture toughness of
the specimen.

The comparison of flexural strength, COF, and density of Cg/SizsN4
with other brake discs (Fan et al., 2007; Krenkel et al., 2004; Zahabi
et al., 2023; Agarwal et al., 2016; Lange, 1975; Zhang et al., 2005;
Krenkel, 2004; Zhao, 2023) made from carbon fiber reinforced ceramic
matrix is shown in Table 2. As can be seen in Table 2, the toupghness of
C¢/SigNy is close to the C¢/SiC disc and the flextural strength of C¢/SigNy4
is higher than C¢/SiC produced by CVI and LSI methods (Krenkel et al.,
2004; Krenkel, 2004). The flexural strength of C¢/SigNy is lower than C¢/
SiC produced by Zahabi and coworkers (Zahabi et al., 2023) due to
different sintering aids and the density of their work. Other works was
also investigate their properties of each component with experimental
analysis and simulation method (Zhao, 2023; Zhang et al., 2023d; Zhang
et al., 2023b; Zhang et al., 2023c; Gao et al., 2022; Zhang et al., 2022;
Luo et al., 2023; Wang et al., 2022; Zhu et al., 2021; Yang et al., 2022;
Tangal et al., 2022; Ogunjiofor and Ayodele, 2023; Wang et al., 2022,
Ghasemi, M. et al., 2023, Mich et al., 2023).

4. Conclusion

1- The results showed that with the increase of temperature and sin-
tering time, the density of the samples increased from 91.11 % to
96.53 % and the hardness of the specimen improved from 536 Hv to
1433 Hv due to lower porosity (higher density of a sample with
increasing sintering temperature) in the samples.
Since the COF for air brake disc would be around 0.3-0.4, and the
porosity of the specimen would be within 5-8 %, the specimen sin-
tered within 20 min and at 1850 °C (sample 5) had the closest value
to train brake disc features.
Since the fracture toughness values of the train brake disc would be
about 4-6 MPa.m®>, thus the sintered sample 5 with a fracture
toughness of 5.87 MPa.m%® fell within the train brake disc range.
4- The results revealed that the specimen with the maximum density
(sample 5) had a minor abrasion rate (4.4 x 107 g/N.m).

N
)

w
d

Availability of data and materials
The obtained data are available upon reasonable request.
CRediT authorship contribution statement

Saeed Hoseinzadeh: Conceptualization, Data curation, Investiga-
tion, Methodology, Project administration, Writing - original draft.
Gholamreza Gordani: Conceptualization, Data curation, Funding
acquisition, Investigation, Methodology, Project administration, Super-
vision, Validation. Majid Tavoosi: Data curation, Funding acquisition,
Methodology, Software, Validation. Mohammed Ridha H. Alhakeem:
Conceptualization, Funding acquisition, Methodology, Resources, Vali-
dation. Mohammed Al-Bahrani: Conceptualization, Funding acquisi-
tion,  Visualization. = Mohammad Reza Loghman-Estarki:
Conceptualization, Data curation, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision, Valida-
tion, Writing - review & editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



S. Hoseinzadeh et al.

11

Arabian Journal of Chemistry 17 (2024) 105378

a7 +

s+

05 4

24 4+

03+

Friction Coefficient

ik}

300
Distance

&00

a7 3
05 3
05 3
[E-
[EE:
a2 3

Friction Coefficient

A

fuls}

30
Distance

Friction Coefficient

100 200

300
Distance

00 50

Friction Coefficient

L

050

045

0.5

0.3

0.3

Friction Coefficient

025

100 20

m
Distance

20
Distance

Fig. 9. Friction coefficient curves in terms of the sliding distance of the sintered samples: a) sample 1, b) sample 2, ¢) sample 3, d) sample 4, and e) sample 5.



S. Hoseinzadeh et al. Arabian Journal of Chemistry 17 (2024) 105378

AccV SpotMagn Det WD |—— - 50 um Agc.V  SpotMagn " Det WD P—l 50;1m
170kvV50 650x BSE76 PartoElectron ARD 17.0kvV 50 650x.  BSEB.8\ Parto'Electron ARD

AceV Spnﬂ{légn Det WD b———=————— 50 um AccY SpotMagn  Det WD }————————1 50um
17.0.kV. 5.0- 650% BSE 10.1 Parto Electron ARD 17.0kvV 50 650x  BSE 105 Parto Electron ARD

AccV SpotMagn Det WD —— 1 50 um
170kV 50 650x BSE7.8 Parto Electron ARD

Fig. 10. FESEM images of the fracture surface of the sintered samples: a) sample 1, b) sample 2, ¢) sample 3, d) sample 4, and e) sample 5.

Table 2
Comparison of physical and mechanical properties of C¢/SizN4 sample with C¢/SiC disc.
Composite Method Bending Strength Hv Toupghness (MPa. COF Wear rate (g/N. Density Ref.
(MPa) m*®) m) (%)
Cy/SiC SPS - 1500-2400 5.72 0.42 - 89.5-92 (Agarwal et al.,
2016)
C¢/SiC SPS 1650-2850 3.66-4.50 0.25-0.50 - 85-96 (Lange, 1975)
C/SiC SPS 200-479 1450-3211 - 0.41-0.53 5.2 x 107° 85-96 (Zahabi et al., 2023)
C/SiC CVI&LSI - 0.41 95 (Zhang et al., 2005)
Cg/SiC LSI 165 0.41 96.5 (Fan et al., 2007)
C¢/SiC (Krenkel CVI 160 0.34 95.5 (Krenkel et al.,
company) 2004)
DLR C¢/SiC LSI 300 - 95 (Krenkel, 2004)
(C¢/a-Si3Ny) SPS 256 1433 5.87 0.46 4.4x1077 96.53 % - Current work
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.arabjc.2023.105378.
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