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Abstract: High strength SiC porous ceramic with reticular pore structure is assembled by cross-lamination of layers 

comprised by aligned SiC nanowire (SiCNWs) struts printed through direct ink writing. SiCNWs networks exhibit a 

structure with highly interconnected porosity and an architecture formed by aligned SiCNWs struts. The effects of 

sintering temperature on the structures, phase evolutions and mechanical properties were studied. The high aspect ratio of 

SiCNWs was kept well at sintering temperature lower than 1900 ℃. The bulk density, porosity and median pore diameter 

of aligned SiCNWs porous ceramics sintered at 1850 ℃ were 1.49 g/cm3, 54.6% and ~1 μm, respectively. Due to the 

effect of orientation and high strength of SiC nanowire struts, compressive strength of (245.5±0.7) MPa is achieved. 
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Porous silicon carbide (SiC) ceramics possess a unique 
combination of desirable properties, such as excellent 
high temperature strength, high chemical stability, high 
thermal shock stability, and outstanding oxidation resis-
tance[1-2]. Light and porous SiC structures are of interest 
for a number of advanced technological applications, 
such as hot-gas or molten-metal filters, catalyst supports 
and others[3-5]. 

Light weight with high strength is always desired 
demands for porous ceramics which depends on pore 
structure and the strength of wall materials. According to 
classifications of cellular topology, stretching-dominated 
structure has a larger load bearing capability through 
overall structure compared to bending-dominated struc-
ture[6-7]. Microarchitecture design enables stretching- 
dominated structure deform failure mode, which is an 
important method to prepare high strength cellular cera-
mics[8-9]. However, it is worth noting that the strength and 
stiffness of porous ceramic also scale with those of their 
wall or strut[10]. The struts without defects are desirable. 
Therefore, a good method to fabricate a strong, light 
porous SiC ceramic is through the assembly of thin, 
monocrystalline SiC nanowires or whiskers. In addition,  

oriented nanowires are better than random nanowires to 
improve the mechanical strength[11]. That design is in line 
with structure of bone, a natural lightweight strong 
material which is comprised of nano-scale oriented 
blocks in principle stress direction[12]. 

Inspired by high strut strength and orientation archi-
tecture, here we presented a novel method for SiC porous 
ceramic fabrication where reticulate structure was directly 
comprised of oriented SiC nanowires. This was realized 
through crossed layer-by-layer direct ink printing. SiC 
nanowires in each filament were aligned in the stream-
wise direction due to shear flow through nozzle tip. The 
structure and morphology were characterized, and the 
mechanical properties of the porous SiC nanowire net-
works were investigated.  

1  Experimental procedure 

β-SiC nanowires with diameter in 0.1–0.6 μm, length in 
50–100 μm, purity higher than 96%, density of 3.21 g/cm3, 
and aspect ratio of 100–200 (Changsha Sinet Advanced 
Materials Co., Ltd. Changsha, China) are used as raw 
materials. SiC nanowires (SiCNWs) were dispersed in  
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deionized water part by part using ultrasonic method to 

ensure homogeneous dispersion. Al2O3 and Y2O3 (m(Al2O3) : 

m(Y2O3)=3 : 2) with 15wt% of the SiC nanowires were 
added to promote sintering. The volume fraction of SiC 
nanowires was 10%. 2.5wt% hydroxypropyl methylcellulose 
solution (25wt% water) and 0.04% polyethyleneimine 
(5wt% water) was added in the dispersed SiC nanowire 
slurry. The ink was mixed for 1 h by mechanical stirring 
(300 r/min). 

A 3D-BioprinterTM System (Regenovo, Shining 3D 
Tech Co., Ltd, China) equipped with a pressurized paste 
extrusion system was used to fabricate the samples. The 
inks were loaded into 100 mL syringe with a plunger. 
Printing nozzles with diameter in 320 μm were used to 
produce SiC nanowire filaments. A constant pressure was 
applied to induce the ink flow through the nozzle. The 
writing speed was set at 25 mm/s. After printing, the 

samples were dried for 24 h and calcined at 550 ℃ for 

1 h in air. The samples were subsequently sintered in Ar 

at a heating rate of 5 ℃/min up to 1800, 1850 and 

1900 ℃ for 1 h.  

The morphologies of the scaffolds before and after 
sintering were investigated using scanning electron mic-
roscope (S4800, Hitachi, Tokyo, Japan). The apparent 
porosity, pore size distributions and bulk density of sin-
tered SiC porous ceramics were examined by a mercury 
porosimetry (Autopore IV9510, USA). The out-of-plane 
compressive strength was measured using a test machine 
(Instron-5592). Five rectanglular samples with size of 
4 mm×6 mm×6 mm for each sample were machined and 
tested. The load was applied on the two parallel surfaces 
at a crosshead speed of 0.5 mm/min. 

2  Results and discussion 

2.1  Microstructure 
The printed scaffold consists of uniform oriented 

β-SiC nanowires along printing direction as shown in 
Fig. 1(a, b), which is aroused by the shear flow of slurry 
through nozzle tip. The Lotgering orientation factor of f(111) 

of printed SiCNWs is about 0.956[13]. SiCNWs possess 
good crystallinity except for a small diffraction peak at 
2θ=33.64°. It is a kind of stack fault[13]. The as-recieved 
SiCNWs have rough surface and heterogeneous mor-
phology. 

About 46.9vol% shrinkages of printed SiCNW networks 
occurred after drying. The printed SiCNW networks were 

sintered at 1800, 1850 and 1900 ℃. Further shrinkages 

are observed after sintering. Compared to the printed 
samples before drying, the volume shrinkage ratios    
of SiCNW networks sintered at 1800, 1850 and 

 
 

Fig. 1  Morphologies of samples with different magnifications 
(a, b) Before sintering, and sintered at (c, d) 1800 , (e, f) 1850 and (g, h) 

1900 ℃ . The insert in (a) is the appearance of printed SiCNWs 

scaffold 

 
1900 ℃  are about 74.0%, 79.8% and 83.6%, respe-

ctively. The typical morphologies after sintering are 
shown in Fig. 1(c-h). Shortening and coarsening of SiC 
nanowires occurred after high temperature sintering. The 
high aspect ratio of SiCNWs was kept well at sintering 

temperature lower than 1900 ℃. The sintered SiCNWs 

networks exhibit a structure with highly interconnected 
pore and an architecture formed by aligned SiCNWs 
struts. The wall thickness is of the order of SiCNWs 
diameter (<500 nm). The adjacent SiC nanowires were 
sintered together and the remaining liquid phase can be 
seen in Fig. 1(d, f). Most of SiCNWs were changed to 

particles after sintered at 1900 ℃. Fig. 2 shows the pore 

distribution of porous SiCNWs networks sintered at  

1800 and 1850 ℃. The pore size distribution of sample 

sintered at 1900 ℃  was not tested due to its low 

strength. Sintered SiCNW networks showed uniform 
pore size distribution. The pore dimensions are distri-
buted between 0.5 and 1 μm, accounting for 86.5vol% 
pores. The density, porosity and median pore diameter 
changed from 1.25 g/cm3, 60.5%, 1121 nm to 1.49 g/cm3, 

54.6%, 994 nm after sintered at 1800 and 1850 ℃ , 

respectively. 
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Fig. 2  Pore size distributions of SiC porous ceramics sintered 

at 1800 and 1850 ℃ 

 

Fig. 3 shows the corresponding XRD patterns of 
SiCNWs networks after sintering. The SiCNWs network 

sintered at 1800 ℃  shows no change in the phase 

composition except for the crystallization of sintering 
additives compared to the as-received 3C-SiC SiCNWs. 

When sintered at 1850 ℃, both α-SiC (Rhombohedral) 

and 3C-SiC are detected. While sintered at 1900 ℃, 

only α-SiC (Rhombohedral) is found, which indicates the 
3C-SiC nanowires all change to α-SiC, corresponding to 
the particle morphology as shown in Fig. 1(g, h). Pure 
SiCNWs without sintering additives show good phase 

stability after heat-treatment from 1800 ℃ to 1950 ℃ 

(Fig. 3(a)). The sintering additives promote the phase 
transformation from β-SiC into α-SiC[14] and morphology 
change from nanowires into particles. 

2.2  Mechanical properties 
Sintered SiCNWs networks displayed cellular rupture 

which commonly occurred in ceramic foams during com-
pressive test as shown in Fig. 4. The wavy platform after 
the highest load value indicates gradual failure of porous 
structure. Samples with nanowire-like struts possess 
much higher strength than those with particle-like struts 
((37.5±6) MPa). The SiCNWs porous ceramic sintered at 

1850 ℃ showed the highest compressive strength ((245.5± 

0.7) MPa). Samples sintered at 1800 ℃ mostly fail at the 

junction between nanowires (Fig. 4(b)) due to the inco-
mpletely sintering, which can be confirmed by the 
residual Al2O3 as shown in Fig. 1(d). When sintered at 

1850 ℃, failure events of SiCNWs are observed which 

indicated by arrows in Fig. 4(c). When SiCNWs struts 

changed to particle struts which sintered at 1900 ℃, 

intergranular fracture dominates the main failure modes 
as shown in Fig. 4(d). 

 

 
 

Fig. 3  XRD patterns of SiC porous ceramics sintered at different temperatures (a) and SiCNWs treated at different temperatures (b) 
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Fig. 4  Compressive strength-strain curves of SiC porous ceramic sintered at different temperatures (a) and fracture  

modes of SiC porous ceramics sintered at 1800 (b), 1850 (c) and 1900 ℃ (d) 
 

The SiCNWs networks show higher strength compared 
to other porous SiC ceramics with comparable porosity[15-20] 
as shown in Fig. 5. The mechanical properties depend on 
its architecture and the strength of the struts[10]. The 
struts in this work are oriented SiCNWs and of the order 
of the nanowire diameter. 3D printing ceramic with 
layered orthotropic construction is considered to behave 
in a bending-dominated manner[8]. The most widely used 
models to predict the mechanical response of cellular 
materials were developed by Gibson and Ashby[21]. Open 
cell model was used to discuss the compressive strength, 
described by equation (1): 

 

3/2*

fs 0

0.2
 
 

 
   

 
 (1) 

Where σ is the compressive strength of the porous com-
posite; σfs is the fracture strength of the wall material 
(struts); ρ* is the density of the porous ceramic and ρ0 is 
the density of struts. 

The bending strength of SiCNWs struts sintered at 

1850 ℃ according to equation (1) reaches ~3.9 GPa, 

which is much larger than those reported for sintered 
ceramics and comparable to those estimated for struts of 
ceramics microlattices[22]. High strength of SiCNWs struts 
contributes to the high compressive strength of SiCNWs 
networks. In addition, aligned structure can take the full 
advantage of load-carrying capacity of nanowires because 
tensile stress present a maximum at the centers of the 
free segments of struts aligned along printed direction[23].  

 
 

Fig. 5  Comparison of the compressive strength of SiCNW 
networks with other porous SiC ceramics 
Numbers in square brackets represent the serial number of refered documents 
 

The experimental results and calculated strength of 
SiCNWs are lower than expectations. This is attributed to 
the facts that degradation of SiCNWs during sintering 
and failure at junctions as it has been observed in the 
XRD and SEM tests. 

3  Conclusions 

Size-dependent effects of struts strength and architecture 
benefits from orientation advantages were designed and 
investigated. The two features are realized by SiC nano-
wires and assembling of aligned SiC nanowires struts with 
cross-lamellar structure by direct ink printing. Although 
stretching-dominated deform mode is not specially desi-
gned here, an orientated structure combined with strong 
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SiC nanowire struts provides higher strength than other 
porous SiC ceramics with comparable porosity. 
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采用定向 SiC 纳米线烧结制备高强多孔 SiC 陶瓷 

祝 泉 1,2,3, 胡建宝 1,2, 杨金山 1,2, 周海军 1,2, 董绍明 1,2 
(1. 中国科学院 高性能陶瓷和超微结构国家重点实验室, 上海 200050; 2. 中国科学院 上海硅酸盐研究所, 结构

陶瓷与复合材料工程研究中心, 上海 200050; 3. 中国科学院大学, 北京 100049) 

摘 要: 利用直接墨水打印方法制备了由定向 SiC 纳米线交错叠层组成的具备网络状孔隙结构的高强 SiC 多孔陶

瓷。制备的碳化硅多孔陶瓷具有高的通孔结构和完全由定向 SiC 纳米线组装而成的结构特征。研究了烧结温度对

定向 SiC纳米线多孔陶瓷的微观结构、相组成演变及力学性能的影响。研究结果表明: 烧结温度低于 1900 ℃时, SiC

纳米线能保持高长径比; 1850 ℃烧结制备的定向 SiCNWs 多孔陶瓷的密度、气孔率和中位孔径分别为 1.49 g/cm3、

54.6%和~1 μm。得益于 SiC 纳米线的高强度以及取向排布, SiC 纳米线多孔陶瓷的压缩强度高达(245.5±0.7) MPa。 

关  键  词: 多孔陶瓷; SiC; 纳米线; 增材制造; 取向 
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