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In this study, the mechanical properties, microstructure, and fracture behavior of SiC-

NanoB4C composites have been investigated with different weight percentages of 

secondary phase including 0, 0.25, 0.5, 0.75, 1, 2, and 3 wt.% nanoB4C produced by 

pressureless sintering. At least 1 wt.% of phenolic resin was added to all samples as a 

carbon source (both as a binder and as a carbon additive). Samples were then sintered for 

2h at 2150˚C under an argon atmosphere. The results showed that the composite 

containing SiC-0.5wt% nanoB4C, sintered at 2150˚C, had the best mechanical properties. 

In this sample, the relative density was 98.32%, the micro-hardness was 28.6 GPa, Young's 

modulus was 471.8 GPa and the fracture toughness was 3.7 MPa.√m. Also, the 

transgranular fracture was observed in the related SEM images. Larger amounts of 

additives reduced the properties. In order to compare the results better, the temperature 

and duration of the sintering, the micron-scale size of the B4C additive, the amount of 

phenolic resin, and the amount of initial sample press were considered as variables. 

 

1. Introduction 

Silicon carbide (SiC) is difficult to be sintered 
without proper additives due to low permeability 
and the problem of sintering [1-4]. However, it is 
highly considered due to its excellent properties 
such as low density, high thermal conductivity, 
low thermal expansion coefficient, toughness, 
and high young’s modulus. [1-5]. SiC is attended 
to due to its high covalent bond volume and 
suitable mechanical properties used in difficult 
mechanical conditions [1-3]. It has a 88% 
covalent bond [2-4], which is the reason for being 
used as the best option in high temperatures [5]. 
This high volume of covalent bonding is also a 
reason for SiC sinter unacceptability or hard 
acceptability [1-4]. SiC has various applications in 
different industries such as diesel engine 
components [6], heat exchangers, high-
temperature energy exchange systems [7], hot 
gas filters [8], car ceramic brakes, fraction discs 
[9], medical implants [10], optical mirrors [11], 
and heater and gas turbines [12]. SiC has more 
than 200 different polytypes. The most famous of 

these are 3C, 6H, 2H, and 15R [1, 13-18]. Non-
cube transformations are known as α-SiC, and 
cubic ones are called β-SiC [1]. β-SiC is stable at 
temperatures below 1800˚C [1, 18] while α-SiC 
gets stable at higher temperatures. The 
transformation of β to α happens through a 
reaction at a temperature of 1920˚C, and this 
reaction is reversible in the nitrogen atmosphere 
[1]. 

Carbon and boron additives can be used for 
SiC sintering [1-5, 19-21]. Carbon reduces 
interplanetary energy at the grain boundary, 
which improves the quality of SiC diffusion in the 
Argon atmosphere [22]. Boron also increases the 
diffusion coefficient of C and Si, and this increases 
the mechanism of sintering [21, 22]. Boron also 
reduces interface energy by deposing in the grain 
boundaries which leads to improvement in 
sintering [21]. In addition, boron reduces the 
porosity percentage due to the proper growth of 
SiC grains [22]. One of the compounds in boron 
and carbon is Boron carbide (B4C). Due to its 
unique properties, B4C has a wide range of 
applications in mechanical, chemical, and 

http://macs.journals.semnan.ac.ir/
mailto:alireza.moradkhani@sru.ac.ir
https://macs.semnan.ac.ir/article_7067.html
https://orcid.org/0000-0002-5410-3748
https://orcid.org/0000-0003-0418-7522


Kozekanan et al./ Mechanics of Advanced Composite Structures 10 (2023) 29-42 

30 

electrical industries such as abrasive 
manufacturing in polishing equipment, 
construction of chemical chambers for working 
with acids and alkalis, and application in various 
types of thermocouples, and as an additive to 
other types of nanocomposites [23-28]. The 
limitation of the use of B4C is its high chemical 
stability, which is mostly due to the difficulty of 
its sintering because of the strong covalent bond 
within its crystal lattice [27]. 

Datta et al. [22] showed that adding B4C to SiC 
improved the SiC sintering process and increased 
the sample density. Stobierski et al. [20] found 
that adding too much B4C caused the growth of 
stretched silicon 4H carbide grains, which 
reduced the sample density.  

When thermal energy is applied to 
compressed powder, bonds between the 
particles are established through the process of 
diffusion mass transport. The driving force of the 
sinter is the reduction of surface energy by 
removing the solid-gas joint to increase the solid-
solid interface. This free energy causes a 
significant density because it is associated with 
the disappearance of small porous [28, 29]. 

The first investigators who reported SiC 
powder sintering were Alliegro and his 
colleagues. They used a hot press to show that 
additives are required for SiC sintering and that 
the addition of metals such as iron, aluminum, 
chromium, calcium, lithium, nickel, boron, 
aluminum-iron, and zirconium-boron was 
effective in sintering. Then, in 1975, Prochazka 
[30] discovered a pressureless sintering method 
in which small amounts of B and C were added. 

In order to perform the pressureless SiC 
sintering, atomic diffusion must be sufficiently 
high, and the boundary energy of the 
recrystallized grains must be low enough to 
reduce the free energy of the system [28]. Tanaka 
[28] found that the SiC sintering was successful 
only in the case that the ratio of surface energy 
(ysv) to the interface energy (yss) was less than 0.7. 
Uemura et al. [31] found that in pure SiC, the ratio 

of 
𝛾𝑠𝑣

𝛾𝑠𝑠
 was 0.99 due to the covalent bond. The 

addition of B4C with preferential deposition at 
the SiC grain boundary results in a reduction in 

the energy limit of the grain boundary relative to 
the grain surface energy [32], which ends in 
providing the energy required for sintering in the 
solid phase [28]. The possible practical areas for 
the application of the fabricated materials are car 
ceramic brakes, fraction discs, medical implants, 
optical mirrors, heaters and gas turbines, etc. [1-
6]. 

In this study, the mechanical properties, 
microstructure behavior of formed 
microstructures, and the fracture behavior of SiC-
NanoB4C composites with different weight 
percentages including 0, 0.25, 0.5, 0.75, 1, 2, and 
3 wt% nanoB4C produced by pressureless 
sintering were investigated. All samples 
contained 1wt.% phenolic resin as a source of 
carbon and binder. In order to compare the 
results better, sintering duration and 
temperature, the amount of phenolic resin, the 
amount of initial press force, and the micron-
scale of the B4C additive were also considered as 
variables. The aim of this investigation is 
allocated to find the best mechanical properties 
and microstructure of SiC composites by 
optimizing crucial parameters mentioned in the 
previous section. In addition, all achieved data is 
at the highest level such as Relative density in 
comparison with other articles [28-32], meaning 
that by optimizing parameters affecting final 
quality concerned with mechanical and physical 
properties samples with outstanding 
applications and properties were achieved. 

2. Materials and Methods 

SiC powder was manufactured by Shandong 
Qingzhou Micropowder Co. in China and has a 
purity of 99% with granulated spherical particles 
with an average size of d50 = 0.8 µm. Table 1 
shows the ingredients and impurities of the 
original SiC and nanoB4C powder. 

NanoB4C powder is made by Chengdu Rong 
Feng Co. in China with a particle size of 80nm. 
Figure 1 shows a scanning electron microscopy 
(SEM) image of nanoB4C grains. The MicroB4C 
powder used is also made by the same company 
with an average particle size of d50 = 1µm. 

Table 1. Ingredients of primary powders 

Particle size %B %B2O3 %B4C %C %SiO2 SiC% Materials 

≤0.1 µm - - - ≤0.02 ≤0.08 99 .9≥ SiC 

≤100nm ≤0.01 ≤0.09 99 .9≥ - - - Nano-B4C 

≤0.8 µm ≤0.01 ≤0.1 99 .8≥ - - - Micro-B4C 

≤0.1 µm - - - ≤0.02 ≤0.08 99 .9≥ α-SiC 

≤0.1 µm - - - ≤0.02 ≤0.08 99 .9≥ β-SiC 
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Fig. 1. SEM image of nanoB4C primary powder 

The phenolic resin powder used has a 
molecular weight of 134.13 gr

mol
and a carbon 

efficiency of 46%. To measure the materials, a 
precise powder digital scale made by Sartorius 
AG, model LA230S, was used. This scale has a 
weighing accuracy of up to 0.0001 gr and was 
used to weigh the samples in dry, water-floated, 
and water-saturated conditions. Table 2 shows 
the sample code, sintering temperature and 
duration, press pressure amount, and 
nano/microB4C percentages in the composite. 

In order to prepare the samples, the raw 
materials of each compound were milled in 
ethanol solution by a planetary ball mill with 
tanks with tungsten carbide coating and with 
tungsten carbide pellets with powder to pellets 
ratio of 1:10 for 3h at 180 rpm. The resulting 
slurries were then dried at 100˚C for 4h. In order 
to uniform the size of agglomerates, the 

compounds are ground in a mortar and passed 
through a mesh 45 to be prepared for pressing. 
Sampling was performed by a single-axis 
hydraulic device. Finally, the samples were 
prepared in the form of cylindrical pieces with a 
diameter of 1.2 cm and a height of 0.5 cm. In order 
to remove glue and volatile materials, all samples 
were pyrolyzed to a temperature of 600˚C at a 
heating rate of 2˚C /min. The sample was then 
placed in a resistance furnace in an argon 
atmosphere and heated to a temperature of 
2150˚C. The heating time was 1.5h and the 
heating speed was 10˚C / min, except for the A8, 
which was heated to 2200˚C for 2h. The samples 
were cooled naturally in an oven to reach room 
temperature. The Huser micro-hardness tester 
was used to apply the Vickers effect on the 
samples and calculate the hardness level by 
applying a force of 100-500 gF. The size of the 
indenter used for measuring the hardness was 1 
µm. The Vickers indentation method has been 
used to investigate the length of cracks and assess 
fracture toughness. Figure 2 illustrates the effect 
of indenter on SiC composite used for calculating 
hardness and fracture toughness according to 
ASTM standards. Tescan electron microscopy 
with an operating voltage of 15-20 KV was used 
to study the microstructure and crack growth 
path in the samples. XRD manufactured by Philips 
company was used for phase analysis of raw and 
sintered materials. XRD pattern of the 
components was obtained in the range of 80-10˚ 
with the Cu-Kα beam, the nickel filter, and the 40 
KV accelerator voltage. 

Table 2. Sample codes according to the nano/miroB4C add-on value and different conditions 

Sample nano B4C (%wt) 
State of 
addition B4C 

Resin 
phenolic 
(%wt) 

Dwell time 
(h) 

Static Press 
pressure (MPa) 

Temperature (0C) 
at Argon 
atmosphere 

A1 0 - 1 2 50 2150 

A2 0. 25 nano 1 2 50 2150 

A3 0. 5 nano 1 2 50 2150 

A4 0. 75 nano 1 2 50 2150 

A5 1 nano 1 2 50 2150 

A6 2 nano 1 2 50 2150 

A7 3 nano 1 2 50 2150 

A8 0. 5 nano 1 3 50 2200 

A9 0. 5 nano 2 2 50 2150 

A10 0. 5 micron 1 2 50 2150 

A11 0.5 nano 1 2 80 2150 
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Fig. 2. OM image of SiC composites tested according to ASTM for Hardness and Fracture toughness 

The density and porosity of the sintered 
samples were measured using the Archimedes 
method and based on the ASTM C373-88 
standard [33]. 

Also, the density of the composite sample 
theory was measured from equations (1) and (2) 
according to the Pycnometers method [2], and 
according to SiC (ρSiC) density equal to 3.21 
gr/cm3  [1-4], B4C (ρB4C) density equal to 2.52 gr 
/cm3 [24,27] and phenolic resin (ρR) density 
equal to 1.32 gr/cm3 [34]. 

Where %𝑉𝑆𝑖𝐶  is SiC volume fraction, %𝑉𝐵4𝐶  is 
B4C volume fraction, and %𝑉𝐶is Carbon volume 
fraction. The hardness of the samples was 
calculated using the Vickers method based on the 
standard of ASTM C1327 [35]. For this purpose, 
the surface of the samples was prepared with a 
polishing machine and polished with diamond up 
to 1µm. Each sample was subjected to Kg F1 
charge for 10s. Five works by Vickers were 
applied to each sample, and the average was 
reported as hardness. The modulus of elasticity of 
the samples was determined based on the ASTM 
C769 standard [36] and based on changes in the 
speed of sound in matter with an average of five 
times measurement. The device used to measure 
the speed of sound was the TC600 thickness 
gauge made in Korea (TESTECH). By measuring 
the velocity with a frequency of 5MHz and the 
relationship between (1) and (2), Young's 
modulus was calculated for each sample. 

E=Yv𝜌v2 (1) 

𝑌𝑣 =
(1+𝑣)(1−2𝑣)

1−𝑣
   (2) 

E is the modulus of elasticity in Pa, ρ is the 
density of the sample in gr⁄cm3, v is the speed of 
sound in the sample in m/s, Yv is the factor of 

Poisson and υ is the Poisson coefficient. The 
Poisson coefficient of the samples can also be 
calculated using the law of mixtures and 
according to Equation (3). 

𝑣 = (𝑣𝑆𝑖𝐶 × %𝑉𝑆𝑖𝐶) + 

         (𝑣𝐵4𝐶 × %𝑉𝐵4𝐶) + (𝑣𝐶 × %𝑉𝐶) 
(3) 

Fracture toughness was obtained based on 
equation (4) determined by Anstis et al. [37]. 

𝐾𝐼𝐶 = 𝑎 (
𝐸

𝐻
)

0.5

× (
𝑃

𝑐3 2⁄ )                                          (4) 

a is a fixed number independent of matter which 
was obtained by Anstis that equals 0.016± 0.004. 
E is the modulus of elasticity based on GPa, H is 
the hardness of the Vickers based on GPa, P is the 
force exerted to set the effect of the Vickers based 
on N, and c is the average radial crack length in 
these evaluations. The mean of the five 
measurements for each relationship was 
reported as the fractured index of the samples. 

3. Results and Discussion 

3.1. Microstructure 

Figure 3 shows A3 and A8 sample SEM 
images, respectively. As can be seen, the 
increasing temperature of the sinter is associated 
with grain stretching and extreme growth. 
Increasing the soaking time at 2150 ̊ C also causes 
the grains to overgrow, increase in porosity, and 
eventually the reduction of density, meaning that 
by increasing thermal energy, extra forces are 
prepared to make grains grow in unwanted 
directions leading to a reduction in density. 
Stobierski et al. [21] also obtained these results 
by increasing the percentage of B4C in the 
samples. 
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Fig. 3. SEM image for samples containing 0.5wt% -nanoB4C a) sintered at 2150˚C for 2h and 

b) sintered at 2200˚C for 3h 

Figure 4-a shows the SEM image of the change 
in structure from 6H to 4H. As can be seen in Fig. 
4-a, increasing the temperature and soaking time 
increases the grain size in the sample and 
increases the open and closed porosity of the 
sample. Increasing the temperature and soaking 
time creates the energy needed to convert the 6H 
reaction to 4H [22]. The  

The grain structure at 6H is equiaxial and 
more spherical than 4H. In the 4H structure, the 
grains are rough and more stretched; Therefore, 
it causes small cracks and pores around the 
grains and ultimately reduces the relative density 
[19]. Figure 4-b shows the XRD pattern of A8 
sample. According to it, the results has been 
approved. Furthermore, Figure 4-c shows the 
XRD pattern of A3 sample. 

  

 
Fig. 4. a) SEM image related to the sintered A8 sample at 2200˚C and for 3h, the structure of which has changed from 6H to 4H. b) 

XRD pattern of A8 sample. c) XRD pattern of A3 sample 
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In the first step of the sintering, a uniform 
layer including B and O is formed on the SiC. At 
higher temperatures, C and SiO2 react and SiC is 
formed. B disappears from the layers as well as 
the grain boundaries. As the temperature rises to 
2150˚C, the thickness of the C layer on the SiC 
surface decreases, and if the following revival 
reaction does not take place, carbon remains on 
the surface of SiC [38]. 

      C+SiO2 → SiC + CO(g)           ∆G < 0; T > 1550 

B penetrates the SiC network. B solution in SiC at 
2200˚C is about 0.3wt% [38]. As the temperature 
rises, B from nanoB4C begins to comfbine with C 
and Si to become SiB4 and B4C, which triggers the 
release of C and free Si at the grain level. C and Si 
react together at high temperatures, and 
sintering occurs. So, in samples that have no 
nanoB4C or less than 0.25% wt, no sintering 
occurs. 

The following important and determining 
reactions are considered in the SiC sinter for 
thermal analysis [3, 39]. 

SiO2 + SiC                     SiO + CO(g) (5) 

B4C + 8SiO2                2B2O3(g) + CO2(g) +8SiO (6) 

SiO2 + 3C                       SiC + 2 CO(g) (7) 

SiC + 2O2                     SiO2 + CO2(g) (8) 

B4C + 4O2                     2B2O3 (g)+ CO2 (g) (9) 

CO (g) and O2 (g) are harmful to the system 
[39]. Because in addition to increasing the 
entropy of the system and producing many moles 
of the gas phase [3], they oxidize SiC and B4C and 
destroy furnace elements at high temperatures 
[39]. B2O3 as a gas reduces the activity of SiC 
granules and density by sitting on the surface [3]. 

When B2O3 (g) exits, On the other hand, it 
causes closed and open porosity throughout the 
sample and the percentage of porosity increases 
[39]. Reactions that are beneficial to the system 
should be performed at a low rate of heating. 

According to equation (10), nanoB4C reduces 
the amount of activation energy for grain growth, 
therefore, makes the grain smaller and increases 
the strength of the composite. In equation (10), D 
is the grain size after heat treatment, D0 is the 
grain size of the primary grain and QG is the 
activation energy for growth [21]. 

Dn – D0n= k t exp (-QG/RT)                                    (10) 

The use of nanoB4C creates stronger chemical 
bonds between the basic material and the 
secondary phase, due to the increase in the 
surface area followed by the increase in activity, 
which eventually increases the strength of the 
composite [38]. In addition to increasing the 
particle level, it reduces the surface pressure and 
results in a change in the distance between the 
particles or the distance between the atoms of the 
particles. On the other hand, according to 
equation 11, which is known as the hall-petch 
relationship, it can be argued that as the grain 
size decreases, the initial phase is amplified and 
becomes stronger [39]. 

 𝜎𝑌 = 𝜎0 +
𝑘

√𝑑
                                                                              (11) 

σY is the material yield strength, σ0 is the 
frictional stress of the network, K is the constant 
and coefficient value that depends on the 
accumulation of misalignments in the grain 
boundary and d is the size of the crystal grains. 

In fig 5-c it has been shown that As the 
dwelling time increases, the grain size rises, and 
the grains are likely to grow intensively, change 
the 6H to 4H allotropy, and the grain structure 
changes from the equiaxial shape to the 
elongated shape [22]. 

3.2. Relative Density and Porosity 

Table 3 shows the raw density and relative 
density of the samples. As you can see, as the 
percentage of carbon and the plasticity of the 
powder increases, the raw density goes up. 
However, with increasing nanoB4C percentage, 
ceramic as a hard phase causes residual stress as 
well as open and closed porosity due to the 
application of pressure and reduction of the raw 
density of the samples. The 2.6% reduction in the 
A1 and A7 models is due to the pressure applied 
around the nanoB4C particle. Increased B4C in the 
form of nanoparticles can cause agglomeration if 
not fully mixed and properly milled. It also 
prevents proper pressing and creates very large 
pores in the sample, which leads to a decrease in 
mechanical properties and relative density [39]. 
Boron increases C and Si diffusion rates, which 
results in a better SiC density [38]. In SiC, the εb/εs 
ratio (surface energy to grain boundary energy 
ratio) should be less than 0.7. Density needs to 
reduce εb with the help of sintering. The role of 
the sinter as help is to reduce the energy in the 
grain border. Adding B reduces the energy in the 
grain boundary, i.e., it reduces bε, and grain 
boundary energy by depositing in the grain 
boundary [38, 21]. 
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Fig. 5. a) SEM image related to A3 b) SEM image related to A10 c) SEM image related to the A8 sintered at 2200˚C and for 3h, the 
structure of which has changed from 6H to 4H 

In sintering operations, the soaking time at 
maximum temperature is one of the most 
important parameters affecting the relative 
density [1-5, 28]. As the soaking time increases, 
the grain size increases and the grains are likely 
to grow intensively, causing porosity and 
reduced relative density. In addition, as the 
soaking time increases, the energy required to 
change the 6H to 4H allotropy is provided, the 
grain structure changes from the equiaxial shape 
to the elongated shape with porosity, and the 
relative density decreases [22]. 

Table 3. Raw and relative density values of SiC-nano / 
microB4C composite samples 

samples 
Raw 
density 
(%) 

Relative 
density  
(%) 

theoretical 
density 
(gr/cm3) 

A1 60. 7 80. 98 3.20 

A2 59. 9 95. 36 3.20 

A3 59. 8 98. 32 3.19 

A4 59. 6 96. 06 3.19 

A5 59. 3 93. 81 3.18 

A6 58. 5 91. 11 3.17 

A7 58. 1 89. 12 3.16 

A8 59.8 95.  47 3.19 

A9 60.3 94. 89 3.19 

A10 59.7 98.23 3.19 

A11 61.1 94.03 3.19 

Due to the lack of nanoB4C additives, in 
sample A1, sintering has not or has rarely been 
performed. The density is 80.98 %, which is very 
low compared to the optimal value of 98.32 %. In 
the A2 sample, as the percentage of additive 
increases, nanoB4C acts as a germinator and 
increases the density and operation of sintering. 
In the A3 model, which has the highest relative 
density of 98.32% and the lowest porosity, the 
full sintering operation is performed. 

From sample A4 to sample A7, an increase in 
the percentage of secondary nanoB4C phase in 
the composite microstructure of elongated grains 
and more porosity is observed. This also reduces 
the relative density and increases the porosity at 
the sample level. In addition to these factors, with 
increasing nanoB4C percentage, B2O3 production 
increases [28], which leads to gas leakage from 
the samples and porosity. Although the A8 model 
has 0.5 wt.% nanoB4C, it causes the gains to grow 
excessively, converts 6H to 4H, makes the grains 
more stretched, and creates porosity, it causes 
the grains to grow excessively, converting 6H to 
4H, making the grains more elongated, and 
creating porosity due to the increase in the time 
and temperature of the sinter. 

In the A9 sample, as the percentage of 
phenolic resin increased to 2% by weight, carbon 
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deposited in the grain boundaries, prevented 
mass transfer, sintering was not fully done, and 
the density dropped sharply [29]. Comparing the 
values obtained in sample A10 where B4C is 
added as a micron, it is observed that the addition 
of NanoB4C increases the surface ratio and 
reactivity. As a result, stronger chemical bonds 
are formed between SiC and other particles. In 
addition, as the B4C particles become smaller, the 
nucleation site grows and the base becomes finer. 
In the A11 sample, taken into account that the 
press pressure is higher than the other samples, 
the raw density increases significantly by 1.3% 
compared to the A3 sample. However, after the 
sintering operation, due to the creation of small 
pores throughout the sample, a relatively proper 
density has not been obtained. Also, compared to 
the results of Li et al [40], in which SiC sintering 
was performed using the SPS method, the 
obtained results are better, which could be due to 
the use of nanoB4C. 

Pyrolysis causes the volatile substances in the 
primary powder to slowly evaporate and also 
prevents porosity during the sintering operation 
[41]. In addition, the stress caused by static and 
even isostatic pressure is largely removed from 
the sample [1-4, 39]. Without the pyrolysis 
process, residual stresses around the nanoB4C 
particles cause cracks and porosity, which reduce 
the relative density [1-4]. 

3.3. Hardness 

Figure 6 shows the hardness values of the 
samples. As can be seen, increasing the nanoB4C 
percentage from 0 to 0.5% wt increases the 
hardness rate to 28.6 GPa, and increasing the 
nanoB4C percentage by increasing the porosity, 
reduces the hardness by 18%. By comparing the 
hardness and relative density, it can be seen that 
by reducing the relative density and increasing 
the porosity, the hardness decreases. Also, 
increasing the duration of sintering with a similar 
mechanism reduces the hardness of the samples 
[21]. The higher the hardness of the constituent 
phase, the more the hardness increases, provided 
that it does not cause porosity in the grains and 
around the grain boundaries [21, 1-2]. On the 
other hand, during cooling after sintering in the 
furnace and due to the difference in volumetric 
expansion coefficients of nanoB4C and SiC, 
residual stresses and micro-cracks are created 
around the reinforcements, which reduces the 
hardness [42]. In addition, based on equation 
(10), decreasing particle size leads to its strength, 
and hardness [39]. 

Since the A1 model is without nanoB4C, it has 
a lot of porosity, which indicates improper 
sintering. In the A2 sample, with an increase in 
the percentage of nanoB4C, we see an increase in 
hardness of 0.25 GPa in the sample, which is 

probably due to the presence of nanoB4C in the 
sample, which helps reduce porosity through 
increasing sintering. A4 has the lowest 
percentage of porosity and the highest relative 
density. Also, it has the highest amount of 
hardness due to the finer grain size of the 
composite, the increase in the amount of grain 
boundary phase in the sample, the increase in the 
percentage of nanoB4C secondary phase 
compared to the previous samples, and also the 
elimination of porosity. From the A4 to the A7, 
which is featured by an increase in the 
percentage of hard phase, the grains change from 
equiaxial shape to become stretched. This 
reduces the grain boundary phase and also 
creates pores around the grain and grain 
boundary [19, 22]. In these samples, the 
mechanism of increasing the hardness is the 
result of increasing the hard phase due to a rise in 
the percentage of nanoB4C that enhances the 
porosity and stretching of the grains and 
practically causes a decrease in mechanical 
properties. In addition, by increasing the 
percentage of nanoB4C, the hardness rate is 
reduced as the result of the residual stress added 
to the raw samples due to the pressure of the 
hydraulic press and the reduction of powder 
plasticity and pressability. In the A8 sample, as 
the temperature of the sinter and the soaking 
time increases, hardness decreases probably due 
to the overgrowth of the grains and the formation 
of porosity and reduction of the grain boundary 
phase. In the A9 sample, as the percentage of 
phenolic resin increased, carbon precipitated in 
the grain boundaries, preventing mass transfer 
and causing porosity throughout the sample and 
a severe drop in hardness. In the A10 model, by 
adding a B4C on a micron scale, the level of 
additive contact is lower than in the Nano mode, 
which leads to a reduction in hardness. 
Comparing the results of the hardness level in the 
A3 sample and Li et al [40] research on the SiC-
B4C composite sintering, we find an achieved 
hardness of 28.5 GPa; The A3 sample had 0.3% 
better results. 

 
Fig. 6. Vickers hardness of SiC-B4C samples based on 

increasing B4C weight percentage and other parameters 
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Fig. 7. OM image containing 0.5%wt B4C a) nanoB4C b) microB4C 

Figure 7 shows the difference in homogeneity 
due to the use of mill in micron and nano samples 
containing 0.5% wt B4C. As can be seen, the 
smaller the grain size, the hard phase of the grain 
boundary increases [39]. Moreover, due to the 
presence of nanoB4C in the grain boundaries, 
grain size decreases, and hardness increases [38]. 
Also, the smaller the particles, the amount of 
nanoB4C as germinant increases which leads to 
finer primary phase grains and an increase in 
grain boundaries and hardness. [40]. 

3.4. Young’s Modulus 

In Fig. 8, the values of the young’s modulus of 
the samples can be seen. Sample A1 has the 
lowest amount of Young's modulus because the 
sintering process has not been completed and the 
%wt-B4C is zero in this sample. Also, due to the 
same reason and lack of %wt-B4C in the A2 
sample, there is a big difference of about 10% 
with the optimal A3 sample. It is obvious that the 
A3 model has the best percentage of porosity and 
relative density, the spherical state of the grain, 
with the best sound speed, and Young's modulus. 
Increasing the percentage of nanoB4C in the A4 to 
A7 samples reduces the speed of sound and 
young’s modulus due to the relative decrease in 
density and porosity, as well as the excessive 
deposition of nanoB4C in the grain boundary and 
thickening of the grain boundary. As the 
percentage of porosity in the specimens 
increases, the speed of sound, and thus the 
modulus of young decreases. [39] In general, any 
factor that reduces the number of grain 
boundaries or makes them thinner and increases 
the speed of sound [39]. The speed of sound in 
nanoB4C is higher than the speed of sound in SiC 
[1]. Therefore, with increasing nanoB4C 
percentage, the speed of sound increases. On the 
other hand, with a further increase of nanoB4C, 
the porosity also increases, which has a greater 
effect on the speed of sound [21]. In the A9 model, 
the porosity increases, and the speed of sound 

decreases due to carbon deposition in the grain 
boundary and no mass transfer, and as a result, 
the amount of Young's modulus decreases. 

 

Fig. 8. Young’s modulus of SiC-B4C samples by increasing B4C 
weight percentage and other parameters 

Moreover, according to equation (12), any 
factor that increases the porosity percentage 
causes a reduction in Young's modulus. 

E = E0 (1 – 1.9P + 0.9P2)                                          (12) 

E is equal to the final Young's modulus, E0 
shows the value of the theory Young's modulus 
for the ideal sample, and P represents the 
percentage of porosity in the sample [39]. 

By increasing the percentage of carbon and 
due to the deposition of carbon in the grain 
boundary and preventing the transfer of mass, 
the porosity in the sample increases, and Young's 
modulus decreases. According to the law of 
mixtures and based on the relation (13), EB4C is 
more than ESiC and EC, and with increasing carbon 
content, Young's modulus also increases. Because 
the presence of the nanoB4C phase in the grain 
boundaries makes them thinner, which leads to 
an increase in the speed of sound in the grain 
boundaries. Therefore, nanoB4C improves the 
sound speed and young’s modulus compared to 
microB4C. On the other hand, increasing the 
percentage of nanoB4C (more than 0.5% wt) also 
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increases the porosity and reduces the speed of 
sound. 

𝐸 = (𝐸𝑆𝑖𝐶 × %𝑉𝑆𝑖𝐶) 

     +(𝐸𝐵4𝐶 × %𝑉𝐵4𝐶) + (𝐸𝐶 × %𝑉𝐶) 
(13) 

3.5.  Fracture Toughness 

Figure 9 shows the fracture toughness values 
in samples calculated for relation (4). From 
samples A1 to A3, fracture toughness has 
increased because of an increase in nanoB4C due 
to enhanced relative density and reduced 
porosity in the samples. Also, there is a decrease 
in fracture toughness from samples A4 to A7 due 
to increased porosity. A more homogeneous 
presence of nanoB4C, due to the prevention of 
cracking and dealing with it, reduces the crack 
length and increases the fracture toughness. 
Mechanisms for this increase include bypassing 
crack, stopping crack, branching crack, bridging 
crack, and deflection crack [43-54]. 

 
Fig. 9. The fracture toughness index of SiC-B4C samples by 

weight gain of B4C and other parameters obtained from 
equation 4. 

Figure 10 shows the various mechanisms for 
increasing the fracture toughness index in sample 
A3 with 0.5% wt-nanoB4C, which has improved 
fracture toughness values in this sample. As 
shown, the red arrows are deflection cracks and 
the blue indicates bridging cracks. 

  

  

Fig. 10. SEM image of sample A3 additive 0.5 wt%-nanoB4C a) deflection cracks b) Bridging and deflection cracks c) deflection 
cracks d) Bridging and deflection cracks (Red arrows are deflection cracks and blue indicates bridging cracks) 
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Figure11 of the SEM image shows a sample 
with an operating pressure of 80 MPa in sample 
A11. As can be seen, at the sample level, some 
micro-cracks are probably caused by increased 
pressure in the press. As the pressure increases, 
there appears a difference in the SiC and nanoB4C 
volume expansion coefficients, and the residual 
stress and micro-cracks are formed around the 
secondary phase. They vary in size depending on 
the length of the microcracks and have different 
effects as shown in Fig. 11. 

 
Fig. 11. SEM image of sample A11 with 80 MPa static 

pressure. Microcracks are created by increasing 
the amount of static pressure 

3.6. Fracture Mode 

Because grain boundaries are often the 
gathering place for faults and irregularities, the 
probability of inter-grain fracture is higher [1-4, 
46]. Figures 12 and 13 show the types of fractures 
in sample composites A1 and A3, respectively. As 
can be seen in Fig. 12, due to the incompleteness 
of the sintering process, the bond between the 
particles is weaker than other samples, and this 
is the reason for the intergranular fracture in this 
sample [55, 56]. 

 
Fig. 12. SEM image of sample A1 without the addition of 

nanoB4C, the fracture of which is intergranular. 

As nanoB4C increases and the intergranular 
bond in this composite becomes stronger, the 
fracture mode changes from intergranular to 
transgranular, as shown in Fig. 13. This indicates 
that the bond between the particles formed in the 
sintering stage is stronger [57- 60]. 

 

Fig. 13. SEM image of sample A3 with the addition of 0.5% 
wt-nanoB4C, which is a transgranular fracture. 

4. Conclusions 

In this study, the mechanical properties and 
microstructure of SiC-NanoB4C composites with 
different weight percentages of NanoB4C made by 
the pressureless sintering method have been 
investigated. The following results have been 
obtained: 

• With the increase in nanoB4C additives 
from 0% wt to 0.5% wt, the relative 
density has increased from 81.32% to 
98.77%. A further increase in nanoB4C 
additives to 3% wt leads to a relative 
density of 89.47%. 

• With the addition of nanoB4C additives 
from 0% wt to 0.5% wt, the hardness rate 
has risen from 22 GPa to 28.6 Gpa. A 
further increase in nanoB4C additives to 
3% wt reduces the hardness by 18%. 

• The Young’s modulus amount in the SiC-
0.5% wt-nanoB4C model has reached 
471.822 GPa, an increase of 54% over the 
non-additive sample. A further increase in 
nanoB4C additives to 3% wt reduced 
young’s module by 25%. 

• With the addition of nanoB4C additives 
from 0% wt to 0.5% wt, the fracture 
toughness value increases from 2.93 
MPa.√m to 3.71 MPa.√m (26%). A further 
rise in the nanoB4C additive to 3%wt 
reduces the fracture toughness index by 
18%. 

• Nano-sized B4C additive particles have a 
higher surface-to-volume ratio than 
micronized particles; This causes a higher 
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level of reaction with the base, which 
leads to increased sinterability and 
mechanical properties of the composite. 

• With increasing nanoB4C additives from 
0% wt to 0.5% wt, the fracture in the 
sample has changed from intergranular to 
transgranular, which indicates an 
improvement in mechanical properties. 

• By increasing the percentage of nanoB4C 
and converting 6H to 4H, making the 
grains more stretched, and creating 
porosity due to the increase in the time 
and temperature of the sinter. 
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