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Abstract 

Silicon carbide is one of the most widely used ceramics due to its high compressive strength, low cost and easy access. 

However, high brittleness is one of the most important problems of these ceramics, which can be decreased by adding 

additives. In this article, the effect of adding graphene quantum dots nanoparticles has been determined. This article steps 

include; design of experiment, determining the best state of pressure, humidity and grinding time, and finally manufacturing 

samples with different percentages of graphene quantum dots up to 1% and determining the mechanical properties of the 

samples. The results show that in humidity of 7%, grinding time of 1 hour and pressure of 120 bar, raw compressive strength 

as well as raw flexural strength has its maximum value. Also adding graphene quantum dots to silicon carbide improves the 

mechanical properties of sintered samples to some critical limit due to the locking of grain boundaries and through 

mechanisms such as crack bridging and after that, it leads to a decrease in the properties. Besides, the best properties (hardness 

27.90 GPa, Young’s modulus 450.64 GPa and flexural strength 421 MPa) are obtained when 0.6% of GQDs is added. 
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1- Introduction    

SiC2 has been paid attention by researchers in recent years due to its low density, high hardness, high melting 

temperature, high Young’s modulus, low coefficient of thermal expansion, excellent thermal stability, high corrosion 

resistance in harsh environments, adequate thermal conductivity, outstanding creep resistance, excellent wear and oxidation 

resistance, and high-temperature strength [1-10]. SiC ceramics are used in many industries including wear-resistant 

components, refractories, semiconductor components, electronic equipment, high-temperature applications such as engines 

and heat exchangers, and the military and nuclear industries due to their desirable and acceptable properties [11-17]. 

Despite the good properties that SiC has, high brittleness and high sintering temperature are disadvantages that make 

its use difficult. One of the ways to overcome these problems is adding additives to SiC. One of these additives is different 

combinations of graphene. Graphene is a two-dimensional structure of a single layer of carbon honeycomb network. 

Graphene has become a unique material due to its extraordinary properties in electrical and thermal conductivity, high density 

and mobility of charge carriers, optical conductivity and mechanical properties [18]. Graphene is in various forms such as 

GPLs3, GNPs4, MGN5, GNS6, GO7 and rGO8 are used as an additive [19-29]. The effect of adding graphene is usually 

evaluated more on the electrical properties and little research has been done on the effect of graphene on the mechanical 

properties. However, studies show that in most ceramics, adding graphene improves mechanical properties and fracture 

toughness. For example, by adding a certain amount of graphene to SiC, its fracture resistance, hardness and strength can be 

increased, in this case, GO has been used as an additive [30]. Also, by adding GPLs to Al2O3-SiC ceramics, its mechanical 

properties, including bending strength, can be improved [31]. Graphene in the form of whiskers can also increase the fracture 

toughness of SiC. Thus, by increasing the size of graphene layers and reducing the number of layers, it is possible to achieve 

greater toughness [32]. In fact, graphene increases the toughness by activating the sintering field in spark plasma [33]. During 

the plasma arc sintering process, graphene sheets are placed in preferred  

 

                                                           
2 Silicon carbide 
3 Graphene layers 

4 Graphene nanoplatelets 

5 Multilayer graphene nanosheets 
6 Graphene nanosheets 

7 Graphene oxide 

8 Reduced graphene oxide 



3 
 

3 Journal of Mechanical Research and Application (JMRA), Vol. 15 No.3, 1404(2025),1-30 

 

directions and will cause anisotropy in thermal conductivity [34]. Other researches have been done on improving the 

properties of SiC by adding graphene. Among other things, reduced graphene oxide increases the fracture toughness 

compared to graphene sheets [35]. The results of the experiments show that by using rGO instead of GPLs in SiC, the fracture 

toughness increases up to 97% [36]. Researches also show that in low weight percentages, increasing the amount of graphene 

increases the fracture toughness, but if the weight percentage of graphene is high (more than a critical limit), it will lead to a 

decrease in fracture toughness [37-38]. SiC/graphene composites can be created with one or more graphene layers, and this 

number of layers can affect the mechanical properties. The presence of a single layer of graphene can increase the strength 

and fracture strain compared to the multi-layer state. Also, with the increase in the volume fraction of graphene, the elastic 

modulus increases [39]. The presence of graphene nanofillers (in the form of graphene sheets or reduced graphene oxide) in 

the SiC field can also increase the fracture strength. Thus, by adding 20% by weight of graphene sheets (GPLs) or 5% of 

reduced graphene oxide (rGO), the stress distribution in the crack tip can be changed, which leads to the conicity of the crack 

tip and the development and it makes the crack growth in the composite problematic [40]. Another form of graphene is 

GQDs9 which are very small particles of graphene that usually have dimensions below 20 nm in diameter [41]. GQDs are 

nanoparticles with high potential in medical and industrial applications because of their remarkable and unique properties 

[42].  

Graphene is a single-layer material of carbon atoms and has attracted the attention of researchers due to its cross-

sectional area and high load transfer capability, high flexibility and mechanical and thermal stability. On the other hand, 

quantum dots of semi-conducting materials are zero-dimensional and their physical properties change with particle size. 

These materials have suitable applications in various fields. GQDs, single or multi-layered graphene with small size is another 

type of quantum dots with unique properties that bring the properties of graphene and quantum dots [43-48]. 

As it is known, there has been no published researches on the effect of adding GQDs on the mechanical properties of SiC-

based ceramics. Therefore, in this paper, firstly, the determination of the best condition of the variables like humidity, 

pressure, and milling time, to manufacture SiC samples with the highest compressive strength and density before sintering is 

discussed. Then, according to the best value of the mentioned variables, the pressureless manufacturing of SiC samples will  
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be done by adding specific amounts of GQDs and finally the mechanical properties of samples with different percentages of 

GQDs will be discussed in order to determine its appropriate amount as an additive. 

 

2- Experimental 

2-1- Design of experiment 

The most important goal of design of experiment is to achieve the best properties, by variation of the effective factors. 

Here are some factors to change the mechanical properties: humidity, grinding time in the mill and pressure. Each of these 

factors has different levels according to Table 1. 

 

Table 1: Effective factors and their levels. 

Humidity (%) Pressure(bar) Milling time (hr) factors 

4 30 1 

Level of 

factors 

7 60 2 

10 90 3 

 120  

 

The level of each factor are considered within its common experimentally range. Therefore, in each case, it is necessary 

to make three samples and evaluate their properties. The evaluated properties include; density, flextural strength and 

compressive strength are in the raw state before sintering. 

Finally, after adding different amounts of GQDs, the samples (which are manufactured by the best condition of effective 

factors) are sintered at about 2200 ͦ C for two hours. 

 

2-2- Preparing samples 

The SiC mesh used in this article is 2 to 3 microns. First, SiC weighted in two packages of 120 gr according to Fig 1 

and put each of these two packages into special cups along with alcohol according to Fig 1 and put 6 tungsten carbide balls 

weighing 20 grams in each cup. It can help to grind. Then two cups are placed in the mixer and they are mixed for 1 hour at 

a speed of 190 rpm. 

 



5 
 

5 Journal of Mechanical Research and Application (JMRA), Vol. 15 No.3, 1404(2025),1-30 

 

 

 
Fig1 Placing the tungsten ball inside the cup. 

 

After finishing this step, each of 120 gr of silicon carbide is spread on aluminum foil according to Fig 2 and placed 

inside the oven to remove the alcohol. 

 

 
Fig 2 Grinding lumped silicon carbide on aluminum foil. 

 

During the heating process, every 20 minutes, the lumps created in the oven are crushed to finally obtain the ground 

powder. Finally, the remaining lumps can be removed by sieving. In the same way, SiC powder is also prepared with 2 hours 

and 3 hours grinding time. 

After that, by mixing powder with defined amounts of humidity (4, 7 and 10), tablet-shaped samples are created through a 

press in a special mold (pressure: 30, 60, 90 and 120 bar). Three samples are produced for each working condition (pressure, 

grinding time and pressure).Finally, tablets with different grinding time, humidity and pressure are obtained. Then the 

samples are coded (according to Fig 3), their dimensions are measured and their raw density is determined. 
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Fig 3 Part of the pressed samples and their coding. 

It is worth mentioning that with 11% humidity, the possibility of pressing was not provided in any of the working 

pressures, which shows that at this percentage of humidity and more, the possibility of pressing the sample will not be 

provided and the sample cannot be produced. Therefore, the total number of samples is 99. 

2-3- Determination of mechanical properties and raw density 

After manufacturing the samples, their dimensions (diameter and thickness) and weight are measured and their raw 

density is calculated. Also, for each unique state of pressure, grinding time and humidity percentage, one of the samples is 

subjected to a three-point bending test and another one is subjected to a compression test, and the software is adjusted in such 

a way that the force is recorded in terms of displacement for the samples. 

Fig 4 shows the diagram of force in terms of displacement for the state of milling time of 1 hour, humidity of 4% and 

pressure of 30 bars.  

 
Fig 4 Force-displacement diagram for the three-point bending test of the sample with 1 hour grinding time, 4% 

humidity and 30 bar press pressure. 
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In all three-point bending tests, while entering the dimensional specifications of the samples in the software, the loading 

rate is set at 0.08 mm/min. 

Also, in each working mode, one of the samples is also used in uniaxial pressure test. In this test, the loading rate is 

defined as 0.5 mm/min. 

In Fig 5, the graph obtained from the pressure test, the effect of barreling (increasing the slope of the graph) is quite 

evident.  

 

 
Fig 5 Force-displacement diagram for uniaxial pressure test of the sample with 1 hour milling time, 4% humidity 

and 30 bar press pressure. 

 

 

According to the very high compressive strength of ceramics, the amount of force required to reduce the thickness of 

the samples to half of the initial state is considered as the end point. 

 

2-4- Addition of GQDs 

According to the fact that in the working conditions determined in the previous paragraph, the density and mechanical 

properties have been improved, therefore, a sample with these conditions and with the dimensions of 50x20x5 mm was 

manufactured and sintered for two hours in the temperature is set at 2200 ͦ C. Fig 6 shows this sample. 
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Fig 6 Sintered SiC sample. 

 

Also, more samples similar to the above sample are produced with the addition of GQDs according to the percentages 

listed in Table 2. 

 

Table 2: Percentage of GQDs which are used an an additive. 

0.2 

GQDs % 
0.4 
0.6 
0.8 
1 

 

The synthesis of GQDs is as follows: first, citric acid was weighed and transferred into the beaker. The beaker was 

heated at the temperature of 200 ͦ C for about five minutes, and the color of the solution changed from a colorless liquid to a 

colored one. It turned yellow. The yellow solution was neutralized with 0.21 molar sodium hydroxide solution and under 

intense stirring for 30 minutes, orange colored GQDs were obtained and the obtained product was dried in an oven at 110 ͦ C 

for 6 hours. Then, for further purification, it was washed using 100 mg of distilled water. The color of the solution indicates 

the incomplete carbonization and the formation of GQDs. 

Then, the resulting GQDs is added to SiC, according to the flowchart in Fig 7. Now, the sintered samples are prepared 

as standard samples to determine the mechanical properties. 
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Fig 7 Fabrication method of SiC samples sintered with graphene quantum dot additive. 

 

3- Results and discussion 

Table 3 shows the density, flexural strength and compressive strength for the samples with 4% humidity, pressure of 

30, 60, 90 and 120 bar, as well as grinding time of 1, 2 and 3 hours. 

β SiC 
Graphene quantum 

dots 

Weighting 

Ethanol 

Tungsten 

carbide balls 

 

Planetary mill with a speed of 190 rpm for 1 hour 

Dry the slurry at a temperature of 100 ℃ for 2 hours 

Granulation with 45 mesh sieve and adding 7% moisture 

 

Single axis press with 120 bar pressure 

 

Sinter the samples at a temperature of 1800 to 2000 degrees Celsius for 2 hours 

 

Polishing and surface preparation 
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Table 3: Results for samples with 4% humidity. 

Press 

pressure  

(bar) 

Milling time 
(hr) 

Sample 

No. 
Weight 

(gr) 
Density 

)3gr/cm( 
Bending 

fracture force 
(N) 

Compressive 

resistance(N) 

30 

1 

A1 2.99 1.65 -- -- 
A2 3.02 1.64 95 -- 
A3 2.97 1.67 -- 8671 

60 

A4 3.00 1.75   167 -- 
A5 2.99 1.75 -- 8437 
A6 3.02 1.76 -- -- 

90 

A7 2.97 1.84 209 -- 
A8 3.05 1.85 -- 9404 
A9 3.11 1.85 -- -- 

120 

A10 2.99 1.85 194 -- 
A11 3.06 1.89 -- 10396 
A12 3.06 1.89 -- -- 

30 

2 

B1 3.01 1.69 174 -- 
B2 2.92 1.74 -- 11165 
B3 3.01 1.73 -- -- 

60 
B4 2.91 1.80   175 -- 
B5 2.94 1.82 -- 10412 
B6 2.88 1.82 -- -- 

90 
B7 2.98 1.81 177 -- 
B8 2.91 1.84 -- 10555 
B9 3.02 1.83 -- -- 

120 
B10 3.05 1.81 95 -- 
B11 3.03 1.80 -- 9916 
B12 2.98 1.81 -- -- 

30 

3 

C1 2.99 1.57 63 -- 
C2 3.02 1.64 -- 9851 
C3 2.97 1.67 -- -- 

60 
C4 3.00 1.82 -- -- 
C5 2.99 1.75 138 -- 
C6 3.02 1.83 -- 10180 

90 
C7 2.97 1.91 153 -- 
C8 3.05 1.92 -- 13436 
C9 3.11 2.00 -- -- 

120 
C10 2.99 1.96 178 -- 
C11 3.06 2.01 -- 9363 
C12 3.06 2.05 -- -- 

 

 

Table 4 shows the density, flexural strength and compressive strength for the samples with 7% humidity, pressure of 

30, 60, 90 and 120 bar and grinding time of 1, 2 and 3 hours. 
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Table 4: Results for samples with 7% humidity. 
 

Press 

pressure  

(bar) 

Milling time 
(hr) 

Sample 

No. 
Weight 

(gr) 
Density 

)3gr/cm( 
Bending 

fracture force 
(N) 

Compressive 

resistance(N) 

30 

1 

D1 3.01 1.94 170 -- 
D2 2.77 1.94 -- 11122 
D3 2.76 1.98 -- -- 

60 

D4 2.43 1.96 -- 8481 
D5 2.88 2.02 219 -- 
D6 2.80 1.84 -- -- 

90 

D7 2.85 2.09 215 -- 
D8 2.68 2.06 -- 10104 
D9 2.71 2.03 -- -- 

120 
D10 2.87 2.06 225 -- 
D11 2.79 2.05 -- 13467 
D12 2.84 2.04 -- -- 

30 

2 

E1 2.92 1.88 200 -- 
E2 2.91 1.84 -- 11780 
E3 2.88 1.89 -- -- 

60 
E4 2.81 2.01 179 -- 
E5 2.82 2.02 -- 10569 
E6 2.92 2.09 -- -- 

90 
E7 2.74 2.06 210 -- 
E8 2.73 2.10 -- 10029 
E9 2.68 2.06 -- -- 

120 
E10 2.29 2.01 114 -- 
E11 2.12 2.09 -- 8731 
E12 2.14 2.04 -- -- 

30 

3 

F1 2.91 1.91 102 -- 
F2 2.84 1.87 -- 8268 
F3 3.00 1.93 -- -- 

60 
F4 2.90 1.99 119 -- 
F5 2.83 1.98 -- 11083 
F6 2.76 1.93 -- -- 

90 
F7 2.95 2.02 135 -- 
F8 2.80 2.01 -- 12207 
F9 2.91 2.04 -- -- 

120 
F10 2.94 2.11 143 -- 
F11 2.94 2.11 -- 11095 
F12 2.92 2.05 -- -- 

 

Table 5 shows the density, flexural strength and compressive strength for the samples with 10% humidity, pressure of 

30, 60, 90 and 120 bar, as well as grinding time of 1, 2 and 3 hours. 
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Table 5: Results for samples with 10% humidity. 

Press 

pressure  

(bar) 

Milling time 
(hr) 

Sample 

No. 
Weight 

(gr) 
Density 

)3gr/cm( 
Bending 

fracture force 
(N) 

Compressive 

resistance(N) 

30 

1 

G1 2.62 1.97 104 -- 
G2 2.57 1.93 -- 9738 
G3 2.67 1.91 -- -- 

60 

G4 2.49 2.01 90 -- 
G5 2.48 1.91 -- -- 
G6 2.28 2.05 -- 10015 

90 

G7 1.45 2.08 129 -- 
G8 1.31 2.07 -- -- 
G9 1.78 1.87 -- 13080 

30 

2 

H1  2.69 1.97 67 -- 
H2 2.64 1.89 -- 9150 
H3 2.74 2.01 -- -- 

60 
H4 2.47 2.05 105 -- 
H5 2.25 1.92 -- 10765 
H6 2.42 2.06 -- -- 

90 
H7 2.09 2.00 64 -- 
H8 2.10 1.95 -- 9970 
H9 1.99 2.09 -- -- 

30 

3 

I1 2.87 1.89 40 -- 
I2 2.83 1.94 -- 10100 
I3 2.77 1.86 -- -- 

60 
I4 2.44 1.97 81 -- 
I5 2.52 1.99 -- 8320 
I6 2.52 1.99 -- -- 

90 
I7 2.38 2.03 91 -- 
I8 2.41 2.05 -- 10600 
I9 2.44 2.08 -- -- 

 
 

As shown in the table 5, at 120 bar pressure and 10% humidity, the samples could not be produced. Now, by examining 

the effect of the three variables of grinding time, humidity percentage and pressure on the response variable, it is possible to 

determine the state that creates the best properties before sintering. 

Fig 8 shows the simultaneous effect of the mentioned variables on the force required for the bending failure of the 

samples. 
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Fig 8 The effect of grinding time, humidity percentage and press pressure on the flexural strength of the silicon 

carbide sample. 
 

According to fig 8, the flexural strength is higher than other conditions at 1 hour milling time, 7% humidity and 120 bar 

pressure. In this case, even at the pressure of 60 bar and 90 bar, the bending resistance has its maximum value, and therefore 

at 7% humidity and 1 hour grinding time, the best pressure should be chosen from 60 to 120 bar. Also, increasing humidity 

to more than 7% causes a sharp drop in flexural strength. 

Fig 9 shows the simultaneous effect of the mentioned variables on the compressive force required to change the 

thickness of the samples to half of the initial state. 

 
Fig 9 The effect of grinding time, humidity percentage and press pressure on the compressive strength of the 

silicon carbide sample. 
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In this case, even though in different states and conditions, the amount of changes compared to the flexural strength is 

less, but still, similar to the flexural strength, the compressive strength has its maximum value at 7% humidity, 1 hour grinding 

time, and 120 bar pressure. Fig 10 also shows the effect of mentioned variables on raw density. 

 

 
Fig 10 The effect of grinding time, moisture percentage and press pressure on the raw density of silicon carbide 

sample. 

 

Fig 10 shows that the maximum raw density is obtained at 7% humidity and pressure above 60 bar. 

In order to more accurately evaluation of the effect of humidity, grinding time and press pressure on the response 

variables including raw density, compressive strength and bending strength, factorial design is used. 

Using Minitab software and based on the principle of randomization of sample production with the method of factorial 

test design, the effect of the main factors on the flexural strength variable has been shown in Fig 11. 
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Fig 11 The effect of the main factors on the flexural strength variable. 

 

As shown in Fig 11, pressure and humidity both increase the flexural strength to some critical limit and then have a 

decreasing effect. But increasing the grinding time the flexural strength decreases. 

Considering the compressive strength as the response variable in the factorial test plan, the effect of the main factors 

on it has been shown in Fig 12. 

 
Fig 12 The effect of the main factors on the compressive strength variable. 

 

As shown in Fig 12, pressure and humidity both increase the compressive strength to some extent and then have a 

decreasing effect. But increasing the grinding time does not have a significant effect on the compressive strength. 

Fig 13 shows the effect of the main factors on the raw density variable. 
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Fig 13 The effect of the main factors on the raw density variable. 

 

As shown in Fig 13, pressure and humidity both increase the compressive strength to some extent and then have a 

decreasing effect. But increasing the grinding time does not have a significant effect on the compressive strength. 

In fact, it has been indicated from Figs 11, 12 and 13 that with the increase of the pressure, the mechanical properties 

become better due to the denser powder. But from a certain point onwards, the creation of microcracks caused by the 

excessive increase in pressure can cause a drop in mechanical properties. An increase in humidity to a certain extent improves 

the mechanical properties and pressability, but after a certain point, along with the drying of the samples, the humidity appears 

in the interior of the sample in the form of prosity and voids and so causes a decrease in properties. Regarding the milling 

time, it also appears that its effect is less than the humidity and pressure. However, an excessive increase in milling time can 

also lead to a loss of properties by disrupting the granulation and morphology of the particles (according to Fig 11). 

Therefore, the obtained results shown that the sample with the best density and mechanical properties is obtained with 

the working conditions of 120 bar pressure, 1 hour grinding time and 7% humidity. Therefore, a sample with these conditions 

and dimensions of 50x20x5 mm has been manufactured and sintered at about 2200 ͦ C for 2 hours. 

 Then, these sintered samples with different percentages of GQDs has been prepared as standard samples of hardness, 

flexural strength, etc., and the corresponding properties have been determined. The properties of sintered samples are as 

described in Table 6. It is worth mentioning that density has been determined by Archimedes method and hardness obtained 

based on ASTM C1327 standard. Also, Young's modulus has been calculated and determined based on the ASTM C769 

standard and based on the speed of sound obtained by the TC600 thickness gauge. 
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Table 6 Final properties of SiC sintered with working conditions of 7% humidity, grinding time of one hour and 

pressure of 120 bar, sintered at a temperature of 2200  ͦC with different percentage of GQDs. 

1 0.8 0.6 0.4 0.2 0 GQD% 
3.04 3.05 3.09 3.07 3.06 3.04 Density (gr/cm3  (  

428.61 434.76 450.64 442.81 435.14 423.86 Young’s modulus (GPa) 

25.93 26.39 27.90 26.85 26.41 25.68 Hardness (GPa) 

11874 11939 12074 12010 11925 11808 Sound speed (m/s) 

383 390 421 395 381 356 Flexural Strength (MPa) 

As shown in above table, in the sample without GQDs, a density of about 97% of the theoretical value was obtained 

and other mechanical properties are also very suitable and in accordance with the nominal values. Also, increasing the 

percentage of GQDs leads to the improvement of properties, and after some critical amount, it leads to a decrease in 

properties. Besides, the best properties were obtained when about 0.6% of GQDs has been added. 

Fig 14 shows the effect of adding deferent percent of GQDs to SiC properties. 

  

a) b) 

  
c) d) 

Fig 14 effect of adding deferent percent of GQDs to SiC a) density b) Young’s modules c) Vickers hardness and d) 

flexural strength. 
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Table 7, shows the average and also standard deviation for each parameters 

. 

Table 7: average and standard deviation of density, hardness, Young’s modules and Flexural strength. 

Standard deviation Average Parameters 

0.019408 3.058333 Density (gr/cm3) 

9.643331 435.97 Young’s modulus (GPa) 

0.786859 26.52667 Hardness (GPa) 

21.16286 387.6667 Flexural Strength (MPa) 

In Fig 15, the X-ray diffraction (XRD) pattern of samples containing 0% and 1% by weight of GQDs additive is 

presented. As can be seen, in the sample without graphene, the structure only includes the dominant phase of SiC. While in 

the sample containing 1% by weight of GQDs, in addition to the dominant phase of SiC, the peak corresponding to graphene 

is also observed at the angle of 2θ=27. Also, this fig shows that no new phase is formed by adding graphene to the SiC 

background. It is not found that this is due to the good compatibility of graphene and SiC at temperatures higher than 2130 

°C. In other words, at high temperatures, graphene and SiC have no reaction with each other. 
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Fig 15 XRD patterns of sintered samples a) 0% b) 1% GQDs. 

 

 

 

 

Fig 16 shows the SEM image of the sample containing 0.2 wt% GQDs. Fig 17 also shows the EDS analysis of SiC 

samples containing 0.2% GQDs. 
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Fig 16 SEM image of the distribution of 0.2% GQDs on the SiC substrate 

 

According to Fig 17, the matrix phase (A) shows the presence of a large amount of Si, so it can be said that part A is 

related to the SiC phase. Also, the darker parts (B) that have been created as a mass have a higher amount of carbon. Therefore, 

according to the presence of carbon in this part, it can be said that part B is related to the graphene phase. 
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                                       a)                                                                  b) 

Fig 17 EDS diagram of a) matrix phase b) reinforcing phase 

The dot map analysis of the composition containing 1% by weight of GQDs is shown in Fig 18. As can be seen, the 

graphene phase is relatively homogeneously distributed in the SiC phase. 

 
Fig 18 Carbon distribution in SiC containing 1% GQDs a) SEM image b) Si point map analysis c) C dot map 

analysis d) Si and C dot map analysis. 
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In Fig 19, Line analysis of the sample containing 1 weight percent of graphene additive is shown. As it can be seen, in 

this picture, he checked 20 points of the graph. At the beginning and end points of the diagram, Si and C elements are present 

in the same amount, which indicates SiC in this part. And in the middle points, the carbon element has reached its highest 

level and Si has decreased sharply, which indicates the presence of GQDs in this part. 

 
Fig 19 Line analysis of the sample containing 1% by weight of GQDs additive. 

 

Fig 20 shows how the graphene phase is distributed in the SiC phase. 
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Fig 20 Graphene phase distribution in sintered samples containing a) 0.2% b) 4% c) 0.6% d) 0.8% GQDs. 

 

According to Fig 20, by adding GQDs up to about 0.6% by weight, the reinforcing phase is uniformly distributed in the 

field and the amount of graphene is low, but with an increase of up to 1% by weight, the reinforcing phase (GQDs) is 

agglomerated in the grain boundaries.  

Fig 21 shows the effect of different amounts of GQDs on the size of SiC grains.6 
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Fig 21 SEM images of the microstructure of sintered samples containing a) 0.2% b) 0.4% c) 06% d) 0.8% GQDs. 
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As can be seen, with the addition of GQDs up to about 0.6% by weight, a slight increase in the size of SiC grains has 

occurred, while with the addition of GQDs up to 1% by weight, growth of SiC grains has increased and also the porosity has 

increased. Among the reasons for grain growth in this research, high sintering temperature and pressureless method, which 

can achieve higher mechanical properties by using other sintering methods such as SPS and hot press. 

With the increase in the amount of graphene in the SiC field, the graphene particles prevent the mass transfer and this 

has led to a decrease in the density and an increase in the porosity of the samples from a critical point onwards, thus causing 

the growth of SiC grains. Therefore, it can be concluded that the addition of GQDs up to about 0.6% due to the locking of 

the grain boundaries and preventing its excessive growth, as well as the activation of mechanisms such as crack bridging and 

crack branching, leads to the improvement of strength, hardness and Young’s modulus. But with the increase of GQDs more 

than 0.6%, firstly, due to the creation of porosity, the density decreases and the speed of sound decreases. According to the 

relationship between sound speed and Young's modulus, a decrease in the amount of elastic modulus of the samples is also 

observed. Secondly, due to the increase in the amount of graphene, the phenomenon of agglomeration occurs and causes the 

growth of grains, which results in a decrease in mechanical properties. 

 

4- Conclusion  

The following result has been obtain from experimental tests: 

 At humidity levels above 10%, the sample lacks manufacturability or cracked samples are created. 

 At 7% humidity and pressure above 60 bar, the maximum raw density was obtained. 

 In humidity of 7%, grinding time of 1 hour and press pressure of 120 bar, compressive strength as well as bending 

strength has been reached its maximum value. 

 By increasing the pressure, the mechanical properties become better due to the denser powder. But from a certain 

point onwards, the creation of microcracks caused by the excessive increase in pressure has been caused a drop in 

mechanical properties. 

 Increasing the humidity to a certain extent has been improved the mechanical properties and pressability, but after 

a certain point, along with the drying of the samples, the humidity has been appeared  in the interior of the sample 

in the form of mucus and holes and caused a decrease in properties. 
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 Regarding the milling time, it also has been determined that its effect was less than the humidity and press pressure. 

However, an excessive increase in milling time could also lead to a loss of properties by disrupting the granulation 

and morphology of the particles 

 According to the best manufacturing conditions mentioned before, it is possible to manufacture samples with 

different dimensions, and then the samples are transferred to the hot sintering stage for final processing. After 

sintering at 2200 degrees Celsius, such a sample will have suitable mechanical properties (hardness 25.68 GPa, 

modulus 423.86 GPa, and flexural strength 356 GPa) and a density of about 97% of the nominal value. . 

 Increasing the percentage of GQDs has been resulted to the improvement of the properties, and after some critical 

value (about 0.6 wt%) , a decrease in the properties has been observed. Besides, the best properties (hardness 27.90 

GPa, modulus 450.64 GPa and flexural strength 421 GPa) were obtained when 0.6% of GQDs was added. 
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