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The purpose of this research is to fabricate and investigate the properties of SiC-5TiB2 nano 
composites reinforced with graphene quantum dot nanoparticles by a pressureless sintering 
method. In this way, SiC, TiB2, and graphene quantum dots were used in nanometer 
dimensions. First, before performing any laboratory operation, the thermodynamic behavior of 
the system was checked using HSC software. The graphene quantum dots reinforcement 
amount was 0.6 wt%, and the sinter temperature was defined as 2000, 2050, 2100, 2150, and 
2200 °C. After weighing the initial powders, the grinding process was carried out in an ethanol-
based wet environmental and a polymer chamber, using zirconia balls, for two hours at a speed 
of 200 rpm. The sintering process was also carried out at certain temperatures in an argon 
atmosphere for two hours. Then, XRD, FESEM, and Raman analyses were performed, and 
density, microhardness, and fracture toughness tests were used for further investigations. The 
microstructure of the samples was also investigated to investigate the fracture toughness 
mechanisms. The results show that the sample sintered at 2150 °C with a relative density of 
96.26%, and a hardness of 28.65 GPa and a fracture toughness of 4.1 MPa.m1/2 is the best case. 
© 2025 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Ultra-high temperature ceramics (UHTCs) are a group of materials 
known for their exceptional mechanical and physical properties, 
including a high melting point, good wear resistance, high elastic 
modulus, notable hardness, excellent thermal and electrical 
conductivity, outstanding chemical stability, and good oxidation 
resistance. These materials are utilized in various fields, such as 
thermal protection structures for space vehicles, refractory crucibles, 
plasma arc electrodes, and rocket engines. UHTCs can be divided into 
three main groups: oxides, carbides, and borides [1–6]. 
Among these, silicon carbide (SiC) exhibits excellent mechanical and 
physical properties, remarkable wear resistance, and good thermal 
stability at elevated temperatures (up to 1500 °C) [4–8]. Due to these 
attributes, silicon carbide is widely used in thermal equipment, 
refractory    applications,    thermocouple    protectors,   substitutes   for 

 
superalloys, and advanced military industries [4, 9–11]. However, the 
poor fracture toughness and variability in the mechanical properties of 
SiC limit its wider application [3–5]. 
Titanium diboride (TiB2), another member of UHTCs, possesses 
interesting characteristics and is extensively used in cutting tools, seals, 
aerospace applications, armor, and crucibles due to its high melting 
point, high hardness, and good thermal and electrical conductivity [11–
15]. Nevertheless, due to intrinsic properties such as poor self-diffusion 
coefficients, strong covalent bonds, and a very high melting point, 
manufacturing porosity-free TiB2 compounds through conventional 
methods like powder metallurgy remains challenging. Furthermore, the 
inherent brittleness of purely sintered titanium diboride, combined with 
low sinterability, poses obstacles to its application in certain areas [16–
23]. In contrast, the primary TiB2 powder particles are naturally 
covered by oxide compounds, which negatively impact the aggregation 
process [24–27]. These oxide compounds, primarily TiB2 and B2O3, 
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lead to excessive grain growth during sintering [2, 28, 29]. 
Additionally, oxide layers covering the surface of TiB2 can cause 
significant grain growth during high-temperature sintering, resulting in 
reduced fracture toughness [30–32]. 
To date, numerous additives have been explored to enhance the 
properties of SiC ceramics. However, the creation of SiC-TiB2 
composites presents a suitable solution, combining the advantageous 
properties of both materials while addressing their respective 
weaknesses. This ceramic matrix composite, characterized by advanced 
composition and durability, has been investigated by Bucevac and his 
colleagues and is recommended for use in mechanical systems under 
high load, high speed, and high temperature conditions [33]. The 
inclusion of TiB2 particles, which have a higher thermal expansion 
coefficient compared to the SiC matrix, can improve the fracture 
toughness of the system. Specifically, the presence of these particles 
results in greater contraction of the second-phase particles during 
cooling from the manufacturing temperature, compared to the SiC 
matrix. This discrepancy creates compressive residual stress around the 
particles, which reduces the tensile stress at the crack tip, ultimately 
leading to enhanced strength, thermal shock resistance, and fracture 
toughness [34–36]. Another significant benefit of incorporating TiB2 
particles in SiC matrices is the improvement of sintering capability, 
achieved by removing the oxide impurity during the sintering process 
[37]. 
In recent years, the properties of SiC-TiB2 composites made using 
pressureless sintering, plasma spark sintering, and hot-pressing 
methods have been investigated [38–39]. But the need for high 
temperatures and modification of properties has not disappeared. In this 
regard, reinforced particles are used to improve properties. When 
examining methods for modifying the properties of ceramic composites 
or using reinforcing materials, one can divide them into two categories: 
single component and multi-component additives. Including 
reinforcing materials such as carbides, nitrides, and oxides [37]. The 
influence of carbon family members, such as graphite, graphene, 
graphene oxide, carbon fibers, and carbon nanotubes, on the 
mechanical properties of SiC and TiB2 composites has been extensively 
studied. The promising results of these studies have been 
comprehensively discussed in the literature [38–41]. 
Chen et al. [42] investigated the effect of graphene nanoplatelets 
(GNPs) on dense SiC ceramics. The samples were fabricated using a 
liquid phase hot pressing (HP) process. The effect of GNPs content in 
the range of 0–3 wt% on the phase composition, microstructural 
evolution, and mechanical and thermal properties of SiC ceramics was 
analyzed in detail. With the increase of GNPs content from 0 to 3 wt%, 
the density and hardness of SiC/GNPs composites decreased uniformly, 
while the flexural strength, fracture toughness, and thermal 
conductivity increased initially and then decreased. The decrease in 
density and hardness is due to the low density and low hardness of 
GNPs themselves. The sample containing 1 wt% GNP has the highest 
relative density of 99.5% and a hardness of 26.3 GPa. The main 
strengthening and toughness mechanisms include fine-grain 
strengthening, dislocation strengthening, crack bridging, crack 
deflection, and crack termination. Razmjoo et al. [43] investigated the 
effect of graphene content on the mechanical properties of β-SiC in the 
presence of SiC nanoparticles, and sintering of composites at 2200 °C 
was investigated by pressureless sintering. Based on the results, the 
highest relative density of 99.04%, Young's modulus of 537.76 GPa, 
and fracture toughness of 5.73 MPa.m1/2 were obtained in the sample 

containing 5 wt% nano-β-SiC and 1 wt% graphene. Also, the highest 
hardness was 29.97 GPa in the sample containing 5 wt% nano-β-SiC 
with 1 wt% additive. One of the mechanisms for improving the fracture 
toughness of α-SiC ceramics is the formation of cracks/bridging. Also, 
the difference in thermal expansion of the α-SiC mass and the 
reinforcements, which leads to the creation of material stresses between 
the matrix and reinforcement grains, results in improved mechanical 
properties (such as strength and fracture toughness). 
Kovalčíková and colleagues [3] have investigated silicon 
carbide/graphene platelet (SiC/GPLs) composites with different weight 
percentages of GPLs fillers using hot pressing (HP) technology at   
2100 °C. The effect of GPLs addition on fracture toughness and its 
mechanisms has been investigated. The highest fracture toughness was 
obtained in the sample containing 1 wt% GPLs with a fracture 
toughness of 4.4 MPa.m1/2, a relative density of 99.7%, and a hardness 
of 20.98 GPa. The main sources of fracture were strength-reducing 
defects, pores at low platelet content, and the combination of pores and 
GPLs or clusters of GPLs particles in systems with higher platelet 
content. The fracture toughness increased due to activated hardening 
mechanisms, mainly in the form of crack bridging and crack branching, 
while crack deflection was limited. 
Research shows [27] that using the plasma spark sintering method and 
reinforcing graphene nanosheets, the fracture toughness of a silicon 
carbide matrix composite is improved by 40% in a sample containing 
2% by weight of graphene nanosheets. 
Studies have shown that as a source of carbon, graphene provides the 
driving force for diffusional mass transport during sintering by 
reducing the ratio of grain boundary energy to surface energy [44–46]. 
Another role of graphene as a carbon source is that it reacts with the 
SiO2 layer on the surface of SiC powder to form secondary SiC [46]: 

SiO2 + 3C → SiC + 2CO(g)      (1) 

Chen et al. [42] used carbon as a sintering additive to enhance the 
density of SiC and improve its purity. In their study, various carbon 
sources (graphitic carbon microsphere, carbon black, and flake 
graphite) were combined with B4C through spark plasma sintering 
(SPS) at temperatures ranging from 1800 °C to 1900 °C. Their results 
showed that the SiC specimens prepared with graphitic carbon 
microspheres had a smaller crystallite size than those prepared with 
other types of carbon and exhibited high relative density, hardness, 
fracture toughness, and remarkable oxidation resistance. This was 
attributed to the lower oxygen content, better dispersion, and higher 
chemical reactivity of graphitic carbon spheres. In general, the use of 
carbon sources with high reactivity and good dispersion is an effective 
method in preparing SiC ceramics. 
The discovery of graphene quantum dots in 2008 by Ponomarenko      
et al. [47] opened a new window in the world of materials. Graphene 
quantum dots, as a new member of the carbon family, are chemically 
and physically different from other carbon materials. Emerging 
materials graphene quantum dots, as the newest member of the large 
carbon family with dimensions smaller than 100 nm [48], have a high 
potential to participate in reactions and, by increasing reactivity, are 
effective in curing kinetics, sintering ability, and improving mechanical 
properties such as density and toughness. It is predicted that graphene 
quantum dot nanoparticles (GQDs) can act as very effective barriers to 
crack propagation (crack bridging and crack deflection) due to their 
very small size and high surface-to-volume ratio. This can lead to 
improved fracture toughness. 
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In the author’s previous research [49], the amount of graphene quantum 
dots below 1 wt% was investigated. According to the obtained results, 
0.6 wt% GQD provided the optimal results. Therefore, in this study, the 
authors investigated the sintering behavior and the effect of different 
temperatures (2000, 2050, 2100, 2150, 2200 °C) on the microstructure, 
density, hardness, fracture toughness, etc. of pressure-sintered SiC-
5TiB2-0.6GQD composites. To further investigate the sintering process 
and analyze the results, the stability of the phases and possible 
reactions were evaluated thermodynamically.  

 Experimental procedure  2.

2.1. Materials and methods 

The required raw materials for this research include the α-silicon 
carbide (99%, China), titanium diboride (Chengdu Rong Feng, China), 
and graphene quantum dot powders. α-SiC has an average particle size 
of 0.8 µm For a better performance, 5% β-SiC was added to the raw 
material batch, as noticed in the X-ray patterns (Fig. 1).  
XRD results of the grey-colored titanium diboride with an average 
particle size less than 8 µm is shown in Fig. 2. The applied graphene 

quantum dot was synthesized by a carbonization method, previously 
reported by Wu et al. [22] from L-glutamic acid (Merck, Germany), 
particles size of GQD is below 10 nm, and the HRTEM results are 
shown in Fig. 3. 
Fig. 3 illustrates the particle size distribution, which confirms the 
uniform distribution of the graphene quantum dot particles and their 
spherical morphology. The particle distribution is also nearly uniform 
in terms of dimensions, and a detailed examination of the particle-size 
distribution curve reveals that the highest frequency of particle sizes 
occurs in the 3–6 nm range.  
This research aims to investigate the effect of sintering temperature on 
the properties and the microstructure of SiC-5TiB2-0.6GQD 
nanocomposite, obtained by the pressureless sintering method. 
Therefore, after scaling the powders, the milling process was conducted 
in a Teflon cup with zirconia balls and a ball-to-powder ratio of 10:1 at 
a rate of 200 rpm for 2 h. Then, the mixture was placed in an oven at 
100 °C to remove the ethanol. Then, it was screened through a mesh of 
500. The obtained powders were pressed under a uniaxial pressure of 
80 MPa. The samples were sintered at 2000, 2050, 2100, 2150, and 
2200 °C under an argon atmosphere for 2 h. The samples were 
subjected to various tests to investigate their mechanical and 

Fig. 2. a) XRD pattern of TiB2 and b) FESEM image of the morphology of the TiB2 powder. 

Fig. 1. a) XRD pattern of SiC and b) FESEM image of the morphology of the α-SiC powder. 
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microstructural properties. We will examine each one below. The 
density of the samples was checked by the Archimedes method and 
based on the ASTM B311 standard. Microhardness was also calculated 
based on the ASTM 1327 standard. Also, to check the microstructure 
of the samples, they are polished and then etched with Murakami 
solution, and then imaging is done using the FESEM MIRA3 
TESCAN-XMU model. The image was analyzed using the Material 
plus ver 4.1 software. It was also used for phase analysis of raw and 
sintered materials, an X-ray diffraction machine made in Italy with the 
2000APD-GNR model. The X-ray diffraction pattern of the samples 
was obtained with a Cu-Kα beam, nickel filter, and a 40 kV 
accelerating voltage. To investigate the morphology of the surface of 
graphene quantum dots, high-resolution transmission electron 
microscopy was employed to examine the lattice structure and the 
lattice parameter. The measurements were conducted using an HRTEM 
with a 200 kV Schottky field-emission gun. Raman spectroscopy was 
performed to probe graphene quantum dots in the samples using an 
Ocean Optics system, with a laser wavelength of 532 nm.  

 Results and discussion 3.

3.1. Phase analysis 

Fig. 4 shows the XRD patterns of the SiC-5TiB2-0.6GQD sample, 
sintered at 2100 and 2200 °C. As seen, SiC exists in the form of two 
allotropes, 6H and 4H, in the structure. The allotropes of 6H and 4H 
have also been reported in the article on the properties of SiC 
composites by Razmjoo [27]. From a comparison of graphs a and b, it 
can be seen that the peaks in graph b have shifted to the left compared 
to graph a, which is due to the higher sintering temperature and the 
resulting stresses. The thermodynamic results indicate some TiB2, TiC, 
and B4C in the final product, but not detected by the XRD due to the 
low amounts. Increasing the temperature enhanced the peak intensity, 
showing the complement of the sintering reaction.  
The presence of graphene quantum dots in the composite sample 
sintered at 2000 °C was examined by Raman analysis (Fig. 5).        
Two characteristic peaks of SiC about 785 and 965 cm-1 were detected 

Fig. 4. XRD analysis of the samples sintered at a) 2100 and b) 2200 °C. 

Fig. 3. a) HRTEM and b) particle size of GQD. 
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and the Raman peaks of GQD were also detected, the characteristic 
peaks of GQD about 1355 and 1580 cm-1 were directly detected. The 
specifications of the couriers have already been reported by some 
researchers [22, 38]. In this way, the presence of graphene quantum dot 
nanoparticles in the final structure of the sample was confirmed.  
3.2. Microstructure studies 

In the following, the microstructure of the sintered sample at 2000 °C 
and the effect of sintering temperature on grain size are investigated. 
As can be seen in the image of Fig. 6, the SiC background (dark gray), 
along with the distribution of TiB2 particles (light gray) areas in the 
field, as well as the porosity of the black areas in the microstructure, 
can be seen with EDS analysis, and GQD particles smaller than 10 nm 
are also not visible in the structure.  
In Fig. 7, the linear analysis of the sample sintered at 2050 °C is 
shown. As can be seen in the figure, carbon and silicon elements        
are observed in almost all points, which indicates the SiC field.         
The presence of TiB2 enhancer is also confirmed by the presence of Ti 
and B elements in the analysis chart, and the presence of carbon 
element in amounts of more than 35 wt% in the beginning and end 
points, and its lack of significant reduction in the field confirms the 
homogeneous distribution of GQD and carbon in the field SiC 
composition. 
The effect of different sintering temperatures on the microstructure of 
the samples is shown in Fig. 8. Almost all grains are elongated with 

increasing the amount of temperatures from 2000 to 2150 °C, the 
average length grain size of SiC increased from 6.81 to 8.42 µm and 
then decrease at 2200 °C to 7.67 µm. Elongated grains are mainly 
created by 6H–4H transformations. Changes in the grain morphology 
are factors that have grate influence on the mechanical properties [50]. 
Elongated of grains can trigger mechanisms such as deflection and 
bridging of cracks and fracture toughness is improved. Increasing the 
sinter temperature usually leads to increased thermal energy and atomic 
motion, which in turn leads to an increase in the grain growth rate. This 
phenomenon can be explained by the role of temperature is very 
effective in homogenization and dissolution processes. As the 
temperature is further increased and approaches 2200 °C, the grain size 
decreases. This phenomenon can be attributed to Zener pinning: the 
presence of graphene quantum dot reinforcing particles and their 
uniform distribution in the matrix hinder grain-boundary movement 
and can further limit or halt grain growth. The pinning force exerted by 
the secondary-phase particles counteracts surface and boundary 
diffusion, effectively suppressing abnormal grain growth at high 
temperatures [27]. Table 1 shows the results of investigating the effect 
of sintering temperature on SiC grains size. As the results of Table 1 
show, increasing the sintering temperature increases atomic diffusion 
and causes grain growth by moving the grain boundaries. As a result, 
the average length and thickness of the grains increase. The growth in 
grain thickness is faster and as a result, the average aspect ratio 
decreases. 

Fig. 5. Raman spectroscopies of the sample sintered at 2000 °C. 

Fig. 6. a) FESEM micrograph of specimen sintered at 2050 °C, with b & c) the EDS analysis. 
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3.3. Relative density 

Fig. 9 shows the density variations of the SiC-5TiB2-0.6GQD 
composite according to the sintering temperature. As seen, the density 

variations are ascending with an increase in temperature, and the 
maximum relative density of 96.26% is obtained by reaching the 
temperature of 2150 °C.  
Based  on the  diagram, we  can conclude  that  the  sintering process  is 

Fig. 7. Line scan analysis of the sample sintered at 2050 °C. 

Fig. 8. FESEM images of samples sintered at a) 2050, b) 2150, and c) 2200 °C. 
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Table 1. Effect of temperature on morphology of elongated SiC grains 
in SiC-5TiB2-0.6GQD composite. 

Temperature 
(°C) 

Average 
length (μm) 

Average 
thickness (μm) 

Average 
aspect ratio 

2000 6.81±1.2 1.70±0.5 4.00 

2050 7.48±3.1 1.83±0.4 4.15 

2100 7.63±2.6 2.45±0.3 3.17 

2150 8.42±2.1 2.81±0.5 3.00 

2200 7.67±3.3 2.64±0.7 2.95 

 
completed at 2150 °C and the maximum density is obtained at this 
temperature. On the other hand, the presence of a SiO2 layer on the 
surface of silicon carbide particles is inevitable. This oxide layer can 
participate in the formation of the liquid phase. According to the 
research [44], if the amount of SiO2 on the surface of SiC particles is 
optimized, the liquid phase is distributed more homogeneously between 
the SiC grains, which results in improved densification of samples. The 
decrease of pore size and their volume fraction are affective to the 
density level. The increase in temperature and the SiO2 layer removal 
from the surface of the particles enhanced the surface energy of the 
powder, facilitating the mass transfer. An excessive increase in 
temperature up to 2200 °C would result in uncontrolled grain growth, a 
decreased density, the appearance of porosity, and the agglomeration of 
graphene quantum dot particles, and finally, the amount of density 
decreases. 

3.4. Weight loss  

Fig. 10 indicates the mass loss plot of the SiC-5TiB2-0.6GQD 
composite versus the variations of sintering temperature. The plot 
follows a uniform slope with the increase in temperature. Increasing the 
temperature to values greater than 2150 °C shows a negative slope in 
the graph.  
In Fig. 11a, composition changes based on sinter temperature are 
shown. In the diagram, it can be seen that the raw materials for making 
the final composite with the combination of SiC-5TiB2-0.6GQD, which 

are used in construction in the form of phases SiC, TiB2, and C, exist at 
zero-degree temperature. At the end of the sintering process, there are 
phases TiC, TiB2, B, B4C, C, and CO in the system, which do not 
appear in the XRD results due to their small amount. Due to the low 
amounts of Co and TiC present in the final product, it is not visible in 
the XRD analysis results. It also seems that the presence of CO in 
gaseous form in the microstructure is observed as porosity in the 
samples. 
A noteworthy point is that the results of theoretical calculations will 
significantly enhance the understanding of the system's behavior at 
high temperatures. However, it is essential to keep in mind that these 
calculations are based on the thermodynamic behavior of materials, and 
other processes may occur in reality. Because in the calculations the 
system is considered closed, but in practice the furnace is under an 
argon atmosphere, and there is a possibility of any change in the test 
conditions.  
The thermodynamic behavior of the two reactions in Table 2 predicts 
for the system. Based on the information from the Gibbs free energy 
diagram, it can be concluded that reaction 1 is dominant in the system 
in the temperature range of 2000 to 2100 °C, and CO gas is the only 
output of this system. However, with further increase in temperature 
and approaching 2200 °C, reaction 2 becomes dominant in the system, 
and based on that, in addition to CO gas, SiO is also formed and 
removed from the system. As a result, the system experiences a higher 
mass loss percentage.  
 

Table 2. Comparison of the Gibbs energy values at different 
temperatures in SiC-5TiB2-0.6GQD composite. 

Temperature (°C) ∆G (kJ) Reactions 

2000 -154.2 
SiO2 + 3C = SiC + 2CO(g) 

2500 -310 

2000 -78.27 
SiC + 2SiO2 = 3SiO(g) + CO(g) 

2500 -391.7 

Fig. 10. Effect of temperature on the mass loss of SiC-5TiB2-0.6GQD 
composite. 

Fig. 9. Effect of temperature on the density of SiC-5TiB2-0.6GQD 
composite. 
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3.5. Hardness 

In Fig. 12, the effect of different sintering temperatures on the hardness 
of samples is presented. As seen, hardness increases with increasing 
sintering temperature. The temperature is continuously enhanced up to 
2150 °C, reaching a maximum point. The hardness is 28.65 GPa at this 
temperature. After that, the hardness plot experiences a descending 
trend with the increase in temperature and reaches 27.85 GPa. The 
highest hardness is related to the sample having the highest relative 
density. 
The high surface-to-volume ratio of graphene quantum dots particles 
increases the contact between particles and accelerates the mass 
transfer and sintering process in the sample, reducing the porosity. 
Therefore, reducing the volume fraction of porosity in the sample leads 

to increased densification and, consequently, higher hardness. At 
values greater than 2150 °C, the increase in temperature acts as a 
driving force to remove oxide particles from the system, which is 
accompanied by the release of CO and SiO gas phases, leading to 
increased porosity, reduced density, and ultimately reduced hardness of 
the sample.  

3.6. Elastic modulus 

In Elastic modulus investigations, some parameters such as the type of 
material, the constituent phases, density, and porosity are important. 
Eq. 2 shows the relationship between porosity (P) and sound velocity 
(E).  

E = 460×(1–P)/(1+2.999P)      (2) 

A review of the data recorded in Table 3 shows that due to the high 
porosity in the 2000 °C sample, it was not possible to measure the 
modulus and speed of sound in this sample. As the firing temperature 
increases further due to grain growth, porosity and defects in the 
system decrease (Fig. 13 also shows this), the sample becomes denser, 
resulting in a higher modulus. As the temperature increases further and 
reach 2200 °C, the elastic modulus decreases due to the appearance of 
more porosities and a decrease in density. With further increase in 
temperature and reaching 2200 °C, the elastic modulus decreases due to 
the appearance of more porosities and a decrease in density.  

Table 3. Comparison of porosity, speed of sound, and elastic modulus 
at different temperatures. 

Temperature 
(°C) 

Elastic modulus 
(GPa) 

Speed sound 
(m/s) 

Porosity 
(%) 

2000 - - 17.1 

2050 200.43 8357 10.6 

2100 486.31 12586 7.96 

2150 513.30 12398 2.37 

2200 483.20 12156 2.70 

Fig. 11. Gibbs free energy changes of reactions in the SiC-TiB2-GQD system in according to the temperature at 0.001 MPa pressure. 

Fig. 12. Effect of temperature on hardness of SiC-5TiB2-0.6GQD 
composite. 
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3.7. Fracture toughness  

Fig. 14 shows the variations of fracture toughness as a function            
of the sintering temperature. As can be seen, increasing the          
sintering temperature resulted in the maximum fracture toughness,       
the maximum data being 4.1 MPa.m1/2 (at 2150 °C) with a            
relative improvement of 29%, compared to the initial temperature 
(2000  °C)  3.18 MPa.m1/2.  Further  increase  in  sintering   temperature 
to 2200 °C resulted in a fracture toughness of 3.82 MPa.m1/2 with           
a decrease of 7%. Strength, grain size, porosity, and microstructure 
affect fracture toughness. The improvement in fracture toughness          
is also consistent with the results of density measurements. When        
the sintering temperature increases, the sintering process is        
complete, so that at 2150 °C, the sintering process is complete, and      
the pore volume in the system reaches its minimum value.         
Therefore, considering the coincidence of grain growth with      
increasing temperature and improving microstructure,                   
fracture toughness is expected to have a maximum value at 2150 °C. 
Further increase in temperature with increasing porosity             
increases potential sites for crack formation. Therefore, the reason       

for the lower resistance to indentation fracture of the sample sintered    
at 2200 °C compared to 2150 °C is the higher porosity. It is                
also possible that their size reaches the critical size required for    
fracture initiation. Of course, researchers report grain size and 
elongation as other parameters affecting fracture toughness. Due            
to the weak bonding between SiC grains and the boundary phase,         
the crack propagation path is mainly along grain boundaries. When      
the crack tip reaches a grain during crack propagation and growth,       
the grain acts as an elastic bridge and breaks during crack     
propagation, leading to intergranular fracture [27].   

3.8. Toughening mechanisms 

The mechanisms of increasing toughness mainly include crack 
deflection, crack bridging, and crack branching [27]. Fig. 15 shows the 
FESEM images of the crack growth mechanism in sintered samples 
that were sintered at 2150 °C.  
The gaseous products of the reactions occurring in the system cause the 
formation of porosity in the composite structure. As can be seen in the 
images (Fig. 15a), crack nucleation in the leads to intergranular fracture 
and provides suitable conditions for longer paths by forming open and 
torn areas. This reduces the fracture energy and relatively increases the 
fracture toughness.  
The presence of TiB2 and graphene quantum dots particles in the field 
of SiC causes the crack to deviate from these particles, and the 
toughness improves with the energy consumption of the crack          
(Fig. 15b).  
The images of the fracture surfaces of the samples sintered at 2000 °C 
and 2150 °C are shown in Fig. 16.  
As seen, increasing the temperature has resulted in grain 
growth, a porosity reduction, and improved fracture toughness 
through an accomplished sintering process. When the strength 
of the grain boundary increases, an intergranular fracture occurs 
by eliminating a portion of the grains, sliding, and layering, 
called the cleavage steps. The Cleavage stepping improves the 
fracture toughness of the composite by prolonging the 
propagation path of the cracks and consuming more energy for 
the fracture [51]. An example of this mechanism is shown in 
Fig. 16.   
  

Fig. 14. Effect of temperature sintering on fracture toughness of       
SiC-5TiB2-0.6GQD composite. 

Fig. 13. FESEM images of the distribution of porosity in the matrix of samples sintered at a) 2050 and b) 2150 °C. 
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Fig. 15. FESEM images of crack propagation path and the relevant toughening mechanisms of sample sintered at 2150 °C. 

Fig. 16. FESEM images of the fracture surface of samples sintered at a) 2000, b & c) 2150 °C. 
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 Conclusions 4.

• The investigation of phase analysis using X-rays shows that        
with increasing temperature, the allotropy of α-SiC changes        
from 6H to 4H allotropy and the structure is subjected to lattice 
strain. 

• The study of thermodynamic reactions shows that the presence of 
SiO and CO gas phases is the cause of porosity formation in the 
microstructure.  

• The appearance of D and G bands in Raman analysis confirms the 
presence of graphene quantum dot particles in the structure. 

• The results showed that the sample sintered at 2150 °C has the 
highest relative density, elastic modulus, hardness, and fracture 
toughness of 96.26%, 513.3 GPa, 28.65 GPa, and 4.1 MPa.m1/2, 
respectively. 
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