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Fig. 4  (a) Digital photos of the green body with gelcasting and porous Si3N4 ceramics with different solid contents after SHS, 
(b) density and porosity of porous Si3N4 ceramics synthesized by self-propagation, and (c) linear shrinkage of porous Si3N4 
ceramics with various solid contents. 

  

 
 

Fig. 5  Pore size distributions of porous Si3N4 ceramics 
with variable solid contents. 

  
of pore forming agents. Hence the integration of the 
superiority of gelcasting and SHS enables the production 
of porous Si3N4 with high porosity, low density, and 
uniformly interconnected pores. 

The phase composition of the porous Si3N4 ceramics 
with different solid contents was analyzed by XRD, 
and the results are shown in Fig. 6. Figure 6(a) illustrates 
the XRD patterns of cross-sections of porous Si3N4 
ceramics. Almost all the diffraction peaks of the samples 
can be well indexed to the β-phase of Si3N4 (JCPDS 
No. 33-1160) with different solid contents. A sufficiently 
high temperature combustion wave passes through the 
green body, the Si is vaporized and nitrided, while 
simultaneously the α-phase Si3N4 is completely transformed 

into the β-phase through the dissolution precipitation 
process [15]. In another aspect, the high porosity speeds 
up the reaction between Si and N2, which augments the 
phase transition process [9,15]. It is also observed that 
a weak diffraction peak of SiC (JCPDS No. 29-1129) 
appears near the diffraction angle of 36° in the XRD 
pattern. The intensity of the SiC diffraction peak gradually 
decreases with increasing solid phase content, which is 
attributed to the decrease of acrylamide in premix 
solution. The TG curve in Fig. 6(b) corroborates that 
the carbon source for the SiC is mainly from the 
acrylamide in the premix solution, which also retains 
about 4 wt% carbon at 1000 . Nevertheless, the XRD℃  
patterns of the porous Si3N4 ceramics’ surface (in Fig. 7) 
revealed no characteristic peak of SiC phases other 
than β-Si3N4, which may be associated with the fact 
that organics and residual carbon at the surface tend to 
escape at high temperatures. But besides SiC diffraction 
peaks, a broad peak of residual amorphous carbon 
appears in the porous Si3N4 ceramics without binder 
removal treatment, as shown in Fig. S3 in the ESM. 

The morphology of the porous Si3N4 ceramics prepared 
by SHS is presented in Fig. 8. Overall, the long rod-like 
grains are interlaced and interlocked to form micron-sized 
coherent interconnected pores, which is consistent with 
the results of the pore size distribution. The low-temperature 
eutectic phase formed by Y2O3 with SiO2 on the surface 
of Si3N4 accelerates the atomic diffusion rate and boosts  
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Fig. 6  (a) XRD patterns of cross-sections of porous Si3N4 ceramics with different solid contents and (b) TG curve of 
polyacrylamide in Ar. 

  

 
 

Fig. 7  XRD patterns of surface of porous Si3N4 
ceramics with 20 vol% solid content. 

 
 

the development of elongated rod-like grains [15–17]. 
More importantly, the formation mechanism of Si3N4 
obtained by SHS is controlled by vapor–crystal (VC) 
mechanism [24–26]. The rapid increase in temperature 
(far beyond Si melting point) gives rise to a fast 
vaporization rate of Si and further react with N2, 
leading to the formation and growth of Si3N4 on the 
surface of the both Si particles and Si3N4 particles. The 
loose and porous internal space of the gelcasting green 
body facilitates favorable conditions for sufficient N2 
contact and the growth of long rod-like grains of β-Si3N4 
during SHS. The grains’ average length, average width, 
and average aspect ratio are statistically presented in 
Table 3. The obtained porous Si3N4 ceramics are  

 
 

Fig. 8  Fractography of porous Si3N4 ceramics with different solid contents: (a) 10 vol%, (b) 15 vol%, (c) 20 vol%, and (d) 25 vol%. 
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Table 3  Average grain size of porous Si3N4 ceramics 
obtained with different solid contents 

Solid content (vol%) 10 15 20 25 

Average length (μm) 17.4±3.89 13.642±3.13 10.25±2.66 7.75±1.05

Average width (μm) 1.84±0.6 1.624±0.63 1.07±0.27 0.93±0.09

Average aspect ratio 10.07±2.34 9.66±1.39 8.99±1.91 8.34±0.79

  
distinguished by their long grain length and high aspect 
ratio, which are further enhanced by the reduction in 
the solid content. As a consequence, elongated single 
intact grains with high aspect ratio can be easily observed, 
which is completely distinct from the porous Si3N4 

ceramic morphology prepared by dry compress–SHS [17]. 
In addition, a small amount of granular SiC with a 

uniform distribution is observed (circled in white in 
Fig. 8). It is noticeable that the increase in solid content 
assists in reducing the formation of SiC, intuitively 
verifying the XRD results. It is noteworthy that the SiC 
is mainly distributed in the interlaps of the β-Si3N4 
grains (see Fig. S4 in the ESM), which seems to 
contribute to the mechanical strength of the porous 
ceramics. 

To further analyze the elemental composition, chemical 
state, and electronic state of elements for the samples, 
XPS analysis was carried out on the porous Si3N4 
ceramics. The XPS spectra of the porous Si3N4 ceramics 
are shown in Fig. 9. It is demonstrated that both of 
surface and cross-sections of porous Si3N4 ceramics 
only contain C, O, Si, Y, and N, no characteristic peak 
of other elements. High resolution XPS spectra of Si 
2p taking from the surface position, only have one peak 
at binding energy of 102 eV representing Si3N4 [20,27], 
as shown in Fig. 9(b). In comparison, the Si 2p XPS 
spectrum is split into two single-peaks corresponding to 
SiC (103.6 eV) and Si3N4 (102 eV) existed in the 

sample from cross-section [20,27–29]. Meanwhile, 
comparison of cross-section and surface of the EDS 
spectra in Fig. 10, intuitively confirms the presence of 
SiC at the grain intersection. The sample photo in Fig. 
S5 in the ESM observes that there is a color discrepancy 
between the surface and cross-section of the sample 
due to the presence of the SiC. 

Thermal conductivity is one of the most important 
properties for porous ceramics considering the usage as 
thermal insulators. Herein, the heat transfer of porous 
Si3N4 ceramics has been investigated, as shown in Fig. 11. 
Its thermal diffusivity was measured using the laser-flash 
method in Fig. 11(a). The thermal diffusion coefficients 
of porous Si3N4 ceramics with various solid contents 
decrease gradually depending on the temperature. At 
the same time, the reduction in solid content causes a 
diminution in the heat conduction path, which contributes 
to the decrease in the thermal diffusion coefficient. The 
thermal conductivity (λ) was calculated with the following 
equation [30]: 

 pC    
 

(1) 

where Cp is the specific heat capacity of porous Si3N4 

ceramics obtained from physical property measurement 
system,   is the thermal diffusivity, and   is the 
density of the porous Si3N4 ceramics with various solid 
contents. Note that the slight decrease in the density 
due to thermal expansion is neglected, and the results 
are depicted in Fig. 11(b). The thermal conductivity of 
porous Si3N4 ceramics decreases gradually with increasing 
temperature up to 600 , and then increases slowly ℃

with further increasing temperatures. The non-monotonic 
temperature dependence of the thermal conductivity is 
the result of a combination of three mechanisms [30]: 
(a) solid thermal conductivity, (b) gas thermal conductivity,  

  

 
 

Fig. 9  (a) XPS spectra of porous Si3N4 ceramics with 20 vol% solid content and (b) high resolution XPS spectra of Si 2p for 
the porous Si3N4 ceramics with 20 vol% solid content. 


