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The synthesis and characterization of porous silicon nitride/ silicon 

carbide nanocomposites have been studied. Porous Si3N4/SiC 

nanocomposites with 30 and 60 vol.% SiC were fabricated by two 

sintering steps of the mixture powder of Si3N4, carbon, and yttria Y2O3. 

The powder mixtures were uniaxially pressed using 25 MPa and sintered 

in nitrogen gas at 1650, 1750, and 1850
o
C for 1, 2, and 3 h respectively. 

The characteristics of porous Si3N4/SiC nanocomposites were investigated 

by using X-ray diffraction and SEM. Also the compressive strength and 

microstructure of the Si3N4/SiC nanocomposites were investigated. The 

strength of Si3N4/SiC nanocomposites depends mainly on the sintering 

temperature, and the holding time of the sintering. The best holding time 

for sintering at 1650
o
C, 1750

o
C, and 1850

o
C are 1, 2, and 3 h 

respectively. 
 

KEYWORDS: Silicon nitride/ silicon carbide; Nanocomposites; 

Porous; Sintering; Chemical reaction 

 

1. INTRODUCTION 

There has been interest in the creation of porous materials for many 

applications such as molten metal filters, lightweight cores for sandwich panels, 

sensors, heat exchanger, and dust or soot collectors [1, 2]. The advantages of 

pores are the reducing the weight of structures and Young’s modulus and 
increasing the surface area. Control the porosity and pore geometry and 

enhancement of the mechanical properties of the porous structure are critically 

important to improve the performance and the reliability of these structures [3, 

4].  
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Silicon nitride (Si3N4) ceramics and its composite, dense or porous are 

important structural materials for high temperature applications, due to 

excellent thermal and mechanical properties [5–7]. The second phase addition, 

such as whiskers, platelets or fibers, to the silicon nitride matrix aim to improve 

some specific mechanical properties [8]. Silicon carbide (SiC) whiskers has 

been widely used as reinforcing agent for covalent [9] or oxides ceramics due to 

its high strength, elastic modulus and chemical inertness at elevated 

temperature, causing substantial improvements in fracture toughness and slow-

crack-growth resistance [10] 

Many processing techniques have been developed to manufacture porous 

Si3N4 ceramics and its composite materials for functional or structural 

applications [11–13]. Porous Si3N4 ceramics can be fabricated by either using 

the fugitive substance [14], or by controlled sintering of Si3N4 powder with low 

content of sintering aid [15], or partial hot-pressing [16]. Si3N4 possesses two 

crystalline phases, -Si3N4 (stable at room temperature) and -Si3N4 (stable at 

high temperature), both of which are hexagonal, differing only in the lattice 

parameter ‘‘c’’. Porous Si3N4 ceramics with a microstructure of -Si3N4 grains 

shows superior mechanical properties, such as high strength, good thermal 

shock resistance, and high strain and damage tolerance [17, 18]. 

By using the fugitive substance, such as starch, it is possible to adjust the 

porosity by changing the starch content. However, the large sized fugitive 

substance degrades the shaping property of the powder mixture. Alternatively, 

it is difficult to produce porous Si3N4 ceramics with fine pores [19], due to the 

restriction of the particle size of fugitive substance. Increasing the porosity with 

keeping the fine pore size as well as good shaping behavior and sinterability is 

still a unresolved problem in the fabrication of porous ceramics. 

The work of J-F Yang et al. [12, 15] have demonstrated a successful 

means to fabricate porous Si3N4 ceramics with high porosity through sintering 

powder mixture of Si3N4, 0.7– 3.4 wt% carbon and some sintering aid. 

Reactions between SiO2 or Si3N4 and the added carbon powder occur in the 

ceramic green body [20]: 

2C + SiO2→SiC + 2CO  (1) 

                                     3C + Si3N4→3SiC + 2N2               (2) 

The boundary temperature for the conversion from Si3N4 to SiC has been 

estimated as approximately 1435°C, and the formation of SiC starts between 

1400 and 1450°C [21]. Reaction (1) occurs more easily than does reaction (2) in 

the Si3N4–SiO2–C system [22]. After SiO2 on the Si3N4 surface is consumed, 

the remained carbon reacts with Si3N4, according to reaction (2). The Si3N4 

grains would be bonded together by the reaction-formed SiC particles located at 

the grain boundaries, and the shrinkage of Si3N4 ceramics was decreased. 
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The aim of this work is to study the fabrication process of synthesis of porous 

Si3N4/SiC nanocomposites based on the reaction between Si3N4 and carbon. 

Also the formation of SiC nanoparticles, density, mechanical properties and 

microstructure of porous Si3N4/SiC are investigated.  
 

2. EXPERIMENTAL PROCEDURE 

Silicon nitride powder (Si3N4) with high purity (SN-E10,  ratio: >95%, mean 

particle size: 500 nm, main impurities by weight: O=1.6% C<0.2%, Cl, Fe, Ca, 

and Al2O3 < 50 ppm) was supplied by UBE Industrial Ltd, Tokyo, Japan. 

Carbon powder with mean particles size is 13 nm was supplied by Mitsubishi 

Chemical Corp., Tokyo, Japan. Yttrium oxide (Y2O3) with mean particles size 

is 15 nm, which used as sintering additive was supplied by Shin-etsu Chemical 

Co, Ltd, Tokyo, Japan. To fabricate the porous Si3N4/SiC nanocomposites with 

30% and 60 vol% SiC which are volume fractions of solid parts of Si3N4 and 

SiC in the composites, the following compositions of the powder mixture were 

used: 87.13 and 81.30 wt% Si3N4, 7.87, and 13.7 wt% carbon, respectively. 5 

wt% Y2O3 as the sintering additive was added in. The values of each powder 

weight were calculated according to the reactions 1, and 2 [20]. The mixtures 

were firstly wet milled in ethanol for 24 hr. using alumina balls in nylon jars. 

After milling, the slurry was dried at temperature 80
o
C under vacuum for 24hr. 

Then, the mixtures were sieved. The powder mixtures were uniaxially pressed 

using press machine (Hydraulic unit Model 3912, Carver, INC USA). The 

compaction pressure was constant at 25 MPa. Two molds were used to fabricate 

the samples with diameter 12 mm and height 6 mm.  

The green samples were put on graphite crucible coated by a layer of 

boron nitride and placed in the furnace to be sintered. The temperature of pre-

sintering was 1600
o
C with heating rate 20

o
C/min for one hour to obtain SiC 

particles through the reaction. The temperatures of sintering include three levels 

which carried out under nitrogen atmosphere were 1650
o
C, 1750

o
C, and 1850

o
C 

with heating rate 10
o
C/min. The holding times for each sintering temperature 

were 1 hr, 2 hr, and 3 hr. The density and porosity of the sintered parts were 

measured by Archimedes displacement method. Figure 1 shows the schematic 

of sintering process. The porosity was calculated from the relative density and 

theoretical density, which was calculated by the rule of the mixtures. Crystalline 

phases of sintered samples were identified by X-ray diffraction (XRD, Model 

D/MAX 2500, Rigaku Co. Ltd, Tokyo, Japan). The analysis was achieved at 40 

kV and 100mA sing CuK radiation, a step width of 0.02
o
, and counting time of 

0.4 s. Compressive tests were carried out using specimens subjected to uniaxial 

compressive loading at a cross head speed of 0.5 mm/min using universal test 

machine (Instron 4206, USA). The microstructures were examined using 



M. K. Hassaa M. M. Dewida, and S. Z. El-Abeden 

 

446 

scanning electronic microscopy (SEM, Model JSM-640, Jeol Co. Ltd, Tokyo, 

Japan).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of sintering process 

 

3. RESULTS AND DISCUSSIONS 

3.1 Weight Loss and Porosity 

The measured weight loss was shown in Figure 2. In general, the weight loss of 

the samples increased with increasing sintering temperature and sintering time. 

The weight loss was due to the release of nitrogen and carbon monoxide from 

the samples during the sintering according to the equations 1 and 2. According 

to reaction 1 and 2, weight loss after sintering are 12.28 and 21.12% 

theoretically for the composites with 30 and 60 vol% SiC, respectively [12]. 

Weight loss of samples sintered at 1650
o
C for 1.0 and 2.0 hr was lower than the 

theoretical value, while that of samples sintered at 1750 and 1850
o
C were 

almost higher. The low weight loss at low sintering temperature was come from 

a fact that the reaction was not completed indicating that it needs a high 

temperature to transfer all carbon to SiC. On the other hand, the higher loss at 

higher temperature, 1750 and 1850
o
C was come from a fact that a mass of 

carbon was depleted during the sintering and the reaction was completed, which 

some of Si3N4 was decomposed to Si and N2 according the following reaction 

[20]: 

    Si3N4 3Si+ 2N2             (3) 

The densification of Si3N4 ceramic using Y2O3 oxide as sintering 

additives begin at temperature above 1400
o
C [23] at which the glass-phase 

formed and particle arrangement was the main densification mechanism. The 

reaction between carbon and Si3N4 also begin at this temperature, and prior to 

it, reaction between carbon and surface SiO2 begins according to the reaction 1, 

and 2. 
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The glass phase plays an important role in the Si3N4 particles arrangement 

and the densification of Si3N4 ceramics by liquid phase sintering dependent on 

the characteristics of glass phase such as amount of viscosity [24]. At relatively 

low temperature, less than 1600
o
C, the viscosity of glass phase is high, so the 

densification is limited [24]. As the reactions begin almost simultaneously with 

the glass formation, the bonding of the Si3N4 particles by the reaction formed 

SiC particles is very likely to obstacle the movement of Si3N4 particles and 

restrains their arrangement. With increase the temperature of sintering, the 

increased viscosity of glass phase indicated the densification tendency as the 

bonding among Si3N4 grains was strong; hardly did the grain rearrangement 

take place. Low sintering shrinkage (within 2%) and high porosity after 

sintering were resulted in. Due to the low shrinkage and high weight loss during 

the reactions the relative densities after sintering were lower than the relative 

densities of the green parts as can be seen from Figure 3. In addition, the higher 

content of the SiC reaction formed, the lower the relative density and the higher 

the porosity. The relative densities were found to be ranged from 35 to 50%, 

i.e., the porosity were adjustable from 50 to 65% 
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Figure 2. Weight loss as a function of sintering time of Si3N4/SiC at different 

sintering temperature a) 30 vol% SiC, and b) 60 vol% SiC. 

(a) 

(b) 
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Figure 3. Porosity of Si3N4/SiC as a function of different sintering temperature 

a) 30 vol% SiC, and b) 60 vol% SiC 
    

3.2 XRD 

The XRD patterns for samples sintered at 1650, 1750, and 1850
o
C are shown 

from Figure 4. For the samples which sintered at 1650
o
C, the formation of SiC 

could be detected. However, the peaks of SiC are not so much, it can be seen 

that the reaction between -Si3N4 and carbon took place when sintered at 

1650
o
C. The graphs of XRD patterns for samples sintered for 1.0, 2.0, and 3.0 h 

are almost have the same peaks, and it is only different in intensity. This means 

that the sintering temperature play more important role in the transformation of 

phases than the sintering time. At the temperature of 1750
o
C, the reaction took 

place more much than that of at 1650
o
C. In addition, at the temperature of 

1750
o
C the  Si3N4 was detected. At sintering temperature 1850

o
C, the reaction 

took place completely, so the  Si3N4 and SiC were detected. In addition, some 

other traces phases such as Y2Si3O3N4 and YNSiO2 formed from the sintering 

additive Y2O3 were also detected. The resultant liquid phase solidify, during 

cooling, forming a partially crystalline intergranular phase. Baldacim et. al [25] 

reported that, for the 2.5 wt.% Y2O3 compositions, crystalline intergranular 

phases related to sintering aids were not detected by XRD, due to its small 

amount, the additive probably remained in amorphous conditions as grain-

boundary phase. 

(a) 

(b) 
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3.3 Compressive Strength 

Figure 5 shows the compressive strength of the samples with 30 and 60 vol% 

SiC as a function of sintering temperature. As can be seen, the compressive 

strength of the samples with 30 vol% is higher than that of the samples with 60 

vol% SiC. It means that the more distribution of SiC formed due to the reaction 

between Si3N4 and C in the porous nanocomposites leads to decrease the 

compressive strength. The maximum compressive strength is reached to 87 

MPa at sintering temperature of 1750
o
C and holding time 2 h for 30 vol% SiC 

samples. Comparing with sintering temperature to obtain the high strength of 

porous nanocomposites, the best temperature is 1750
o
C.   

 

   

                     

 

 

 

 

         

 

 

 

 

                    

 

 

 

 

 

 

     

         

          

 

 

 

 

 

    

 

Figure 4 XRD pattern a) sintering temperature 1650
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C 30%, b) sintering 
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3.4 Microstructure 

Figure 6, and 7 shows the microstructure of green and sintered parts at 1650
o
C 

for 1, 2, and 3 h with 30, and 60 vol% SiC respectively. The micrograph of 

green part exhibited very fine particles composed of fine -Si3N4 particles and 

ultra-fine carbon particles. The SiC particles which were taken formed through 

the reaction should be very fine due to the use of carbon particle with the size 

13nm. Equiaxial -Si3N4 and carbon particles still remained due to the 

incomplete reaction, which also was indicated by XRD pattern. With increasing 

the sintering time, the -Si3N4 phase developed and the pores in the porous 

nanocomposites increase simultaneous. When the sintering temperature 

increased to 1750
o
C, grain growth of -Si3N4 was shown, the -Si3N4 phase 

resulted from the transformation of → Si3N4 during sintering time and no 

carbon particles have be seen in Figure 8, and 9. But the SiC particles still 

inhibited the growth of Si3N4. Similar to the dense Si3N4/SiC nanocompoaites, 

the high SiC content resulted in the restrained -Si3N4 grain growth, as can be 

seen in Figures 9 and 11 for 60 vol% SiC samples. With increasing temperature 

to 1850
o
C, grain growth of -Si3N4 increased and it look as larger than that with 

1750
o
C (see Figure 10 and 11). The SiC particles were still so fine. It can be 

seen that the SiC particles obtained from reaction between carbon and Si3N4 has 

a very fine size of about 100-200 nm, which was almost independent on 

sintering temperature. The SiC particles located around the -Si3N4 grains and 

are suggested to prohibit the densification of the Si3N4 matrix. The 

microstructure contains a large fraction of pores as can be seen in Figure 10 and 

11. The pore size distribution in the sample with 50% SiC is shown in Figure 11 

indicating the very fine pore size. The needle like shape is typical for the -

Si3N4 phase and the irregular shape of grains is recognized as the -Si3N4 phase 

(see Figure 11) 
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Figure 5. Effect of sintering temperature on the compressive strength for 

different amount of SiC and different sintering time. 
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Figure 6. SEM micrograph of 30 vol% SiC samples: a) green part, b) sintered at 

1650
o
C for 1 h, c) sintered at 1650

o
C for 2 h, and d) sintered at 1650

o
C for 3 h. 

 

 

 

 

 

 

 

  
 

 
 

 

 
 

  

Figure 7. SEM micrograph of 60 vol% SiC samples: a) green part, b) sintered at 

1650
o
C for 1 h, c) sintered at 1650

o
C for 2 h, and d) sintered at 1650

o
C for 3 h. 
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Figure 8. SEM micrograph of 30 vol% SiC samples: a) green part, b) sintered at 

1750
o
C for 1 h, c) sintered at 1750

o
C for 2 h, and d) sintered at 1750

o
C for 3 h. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 9. SEM micrograph of 60 vol% SiC samples: a) green part, b) sintered at 

1750
o
C for 1 h, c) sintered at 1750

o
C for 2 h, and d) sintered at 1750

o
C for 3 h. 
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Figure 10. SEM micrograph of 30 vol% SiC samples: a) green part, b) sintered at 

1850
o
C for 1 h, c) sintered at 1850

o
C for 2 h, and d) sintered at 1850

o
C for 3 h. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

                                             
Figure 11. SEM micrograph of 60 vol% SiC samples: a) green part, b) sintered at 

1850
o
C for 1 h, c) sintered at 1850

o
C for 2 h, and d) sintered at 1850

o
C for 3 h. 
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4. CONCLUSIONS 

Porous Si3N4/SiC nanocomposites ceramics were successfully fabricated using 

reaction between Si3N4 and C powder under N2 atmosphere. The SiC 

nanoparticles were formed due to the use of nano-sized carbon powder. 

However, the Si3N4 would decompose at the high temperature (1850
o
C) and 

some Si could be seen in the porous nanocomposites. The porosity of the 

Si3N4/SiC nanocomposites can be controlled by altering the content of carbon 

and by the green density. The total porosity of Si3N4/SiC nanocomposites 

obtained by this technique was ranged from 50 to 65%. The strength of 

Si3N4/SiC nanocomposites depends mainly on the sintering temperature, and 

the holding time of the sintering. The best holding time for sintering at 1650
o
C, 

1750
o
C, and 1850

o
C are 2, 1, and 0.5h respectively. The formation of elongated 

- Si3N4 grains and reinforced nano-SiC particles was the main reason for good 

mechanical properties  
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ريد حبيبات متناهية اƃصغر مؤƃفة من نيت طريقة محسنة ƃصناعة أجزاء مسامية من

 اƃسيليƂون وƂربيد اƃسيليƂون
في هذƋ اƅبحث تمت دراسة خصائص وƄيفية تخليق عيƊات ذو مسامية عاƅية من 

خليط ƊيتريداƅسيليƄون/ƄربيداƅسيليƄون وذƅك من حبيبات متƊاهية اƅصغر, و قد تم تصƊيع هذƋ اƅعيƊات من 
 Ɗ03يتريد اƅسليƄون واƄƅربون واƅيتريا ƅلحصول علي اجزاء مؤƅفة من حبيبات متƊاهية اƅصغر وبƊسب %

 ميجا 52من Ƅربيد اƅسليƄون في اƅمƊتج اƊƅهائي, وقد تم Ƅبس اƅخليط علي اƅبارد عƊد ضغط  03و%

 0523و  0523 و0023  بسƄال وتم تلبيد اƅعيƊات  في محيط من غاز اƊƅيتروجين عƊد درجات حراة 
مئوية وƅمدة ساعة وساعتين وثاث ساعات علي اƅترتيب وذƅك ƅدراسة تأثير درجة حرارة اƅتلبيد وƄذƅك 
زمن اƅتلبيد علي خصائص اƅمƊتج اƊƅهائي, وقد تم دراسة خصائص اƅعيƊات وذƅك بإستخدام أشعة اƄس 

ص اƅميƄاƊيƄية ƅلعيƊات عن طريق وƄذƅك بإستخدام اƅميƄرسƄوب ااƄƅتروƊي اƅماسح. Ƅما تم دراسة اƅخوا
اجراء اختبار اƅضغط اƅميƄاƊيƄي عƊد درجة حرارة اƅغرفة, وقد خلص اƅبحث اƅي ان مقاومة اƅعيƊات 

 تعتمد وبصفة رئيسية علي درجة حرارة اƅتلبيد وƄذƅك علي زمن اƅتلبيد.
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