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Abstract

SiC foams with high strength were prepared by polymer replica technique, including coating with SiC slurry (using Al2O3 and Y2O3 as the

sintering additives) and polymer replica removal. The results suggest that the macro porous structure, including the pore size and the strut diameter,

could be controlled by choosing different polymer sponge templates with the different PPI (pores per inch) values and slurry coating times. Liquid

phase sintering plays a significant role in the low temperature densification of the cell struts of SiC foams. The compressive strength increased

significantly with the tendency of cell strut densification. SiC ceramic foams with PPI value of 20, porosity of 77%, highly densified strut

microstructure and maximum compressive strength of 2.48 MPa were obtained at 1700 8C with SiC as the main phase.
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1. Introduction

Silicon carbide (SiC) foam is one of the most promising

candidates for applications in the filtration of molten metals,

industrial hot gas filters, catalyst supports, etc., due to its unique

structures with extremely interconnected cell and high surface

area, and excellent physical properties such as corrosion

resistance, low thermal conductivity and low thermal expansion

coefficient [1–3]. Several processing methods, assisted by pore-

forming agent, polymer template and natural template, have

been developed in order to achieve the enhanced features [2,3].

Among them, polymer replica technique is quite attractive for

the macro cells of 200 mm–3 mm, which supplies a simple

fabrication process for industry production. However, the high

porosity generally results in the low mechanical strength due to

the weakness of the foam struts, which limits their application

in energy and environment fields.

The major reasons responsible for the weakness of the foam

struts derived from polymer replica technique are as follows: (1)
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the natural hollow triangular channel and defects are generated

during the polymer removal process; (2) the densification of SiC

struts is usually difficult [4,5]. Many attempts have been reported

in terms of solving the above two problems. Jun et al. [6]

established the infiltration technique of immersing the pre-

sintered foam green body into a ceramic slurry under a vacuum

environment to smoothen the tips of the triangular holes and

found that the compressive strength of the foams with improved

macrostructure was two times higher than that of the untreated

samples, whose value is 1.55 MPa with the porosity of 91%. Pu

et al. [7] modified the polymer sponge templates with some

chemical solutions in order to increase the solid content loading

on the foam struts during the immersion process. Zhu et al. [8,9]

focused on the slurry rheological behaviors and reported that

SiC–Al2O3 foams presented a bending strength of 2.33 MPa with

the porosity of 79%. Salazar [10] and Acchara [4] selected

polymeric sponge templates with the different PPI (pores per

inch) values separately. But due to its severely low mechanical

strength of less than 1 MPa, no significant dependence of the

macro cell sizes was observed. Therefore, the relationship

between the macro cell sizes and the physical properties still

remained undetermined experimentally.

Nowadays, liquid phase sintering of SiC foams has drawn

worldwide attention [11–13], which can facilitate the
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densification and decrease the sintering temperature if

appropriate sintering additives are chosen. These sintering

additives include boron composites (such as B4C and BN),

aluminum and its composites (such as Al, Al4C3, AlN and

Al2O3) and rare earth oxides (such as Y2O3 and La2O3). Up to

now, the research work concerning SiC ceramic foams with

high density of the cell strut via liquid phase sintering has been

poorly achieved and no convincing densified microstructure

has been reported. This paper will provide our latest

experimental results of a highly densified cell strut with a

systematic investigation of fabrication parameters, along with

the control methods of structure and mechanical strength.

2. Experimental procedures

2.1. Starting materials

For preparation of SiC ceramic foams, the raw materials

were chosen as follows: SiC powder (produced by Jiangyan

Hanzhong Grinding Materials and Grinding Tools Co. Ltd.,

Jiangsu, China), Al2O3 powder (produced by Taimei Chemical

Co. Ltd., Tokyo, Japan), Y2O3 powder (produced by Shanghai

Chemical Reagent Research Institute, China). The average

particle size of SiC powder is 3 mm, and that of other powders is

5 mm. The purity of all powders is 99.9%. Commercial

polyurethane foams made from polyester polyol and methylene

dichloride (produced by Changzhou Daye Tengfei Sponge

Factory Co. Ltd., Jiangsu, China), whose complete pyrolysis

temperature is 600 8C, were used as templates with the different

PPI (pores per inch) values of 10, 15, 20 and 40, and the same

dimensions of 20 mm � 20 mm � 10 mm. The silicone resin

(Tianyuan Group Shanghai Resin Factory Co. Ltd., China) with

the solvent of methylbenzene (C6H5CH3) was selected as the

binder, whose solid content is 55% and the viscosity is 8–

35 mPa s at room temperature.

2.2. Preparation of SiC slurry

The ceramic powders of each composition series were mixed

and blended uniformly with silicone resin to get the SiC slurry.

SiC foams with no sintering additives were labeled as PURE

SiC and those with Al2O3 and Y2O3 as sintering additives were

labeled as SiC-AY. For series of SiC-AY, the oxides were added

in the amount of 5 wt.%, 15 wt.% and 30 wt.%, which are

marked as SiC-5AY, SiC-15AY and SiC-30AY, respectively.

The molar ratio of Al2O3 and Y2O3 was fixed at 5:3 (equivalent

to the weight ratio of 43:57), according to the lowest eutectic

point of Al2O3 and Y2O3 at 1760 8C [14].
Table 1

The macrostructure parameters of SiC ceramic foam preforms with different PPI 

Polymer templates Original diameter of

the polymer templates

10PPI 340 mm 

15PPI 230 mm 

20PPI 200 mm 
2.3. Preparation of SiC ceramic foams

After choosing the polymer sponge templates with the

different PPI (pores per inch) values of 10, 15, 20 and 40, the

experiment was carried out by immersing the polymer sponge

templates into the ceramic slurry and then squeezed out the

additional slurry in case of deteriorating the cell interconnec-

tion. The immersion and coating process was repeated for

determination of coating time effect. Subsequently, the ceramic

foams were dried at the room temperature and debonded at

600 8C at a heating rate of 0.2 8C/min, in order to remove the

polymer and binder. Then the samples were sintered between

1400 and 1700 8C with a heating rate of 10 8C/min and different

holding times, in a SiC powder bed in air and finally cooled

naturally in the furnace to room temperature. A comparative

experiment of sintering under Ar gas environment was also

carried out.

2.4. Characterization

The density r of the foam material was calculated by

weighing the mass and measuring the apparent volume. The

density rs of the ceramic strut solids was examined by

Archimedes’ method. According to the definition [15], the

relative density of ceramic foams was r/rs and the porosity was

correspondingly (1 � r/rs). The phase compositions were

analyzed by X-ray diffraction (XRD) using a Rigaku Ultima III

diffractometer (Japan). Cu radiation was used and operated at

40 kV and 40 mA and the scan rate of 108/min was used to

record the diffraction patterns in 2u range between 108 and 808.
The microstructures of the cell size, cell struts and the fracture

surface were observed by scanning electron microscopy (SEM)

(Hitachi S-3400N, Japan). The compressive strength was

investigated on a universal testing machine (MST 810, USA).

3. Results

3.1. Macrostructure of the SiC ceramic foams

Fig. 1 shows the typical macrostructure of SiC ceramic foam

preforms with different PPI values after the first slurry coating

and polymer removal step, among which the PPI values of (a),

(b) and (c) are 10, 15 and 20, respectively. It is obvious that each

of the SiC ceramic foam has uniform cell size, the identical strut

diameter, good cell conductivity and almost no filled cells.

Table 1 lists the macrostructure parameters, such as cell size

and strut diameter, of SiC ceramic foam preforms with different

PPI values.
values.

Strut diameter of

the ceramic foam preforms

Macro size of

the ceramic foam preforms

380 mm 2.20 mm

300 mm 1.90 mm

260 mm 1.40 mm



Fig. 1. Macrostructure of SiC ceramic foam preforms with different PPI values: (a) 10 PPI; (b) 15 PPI; (c) 20 PPI.
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Fig. 2 shows the SiC ceramic foam strut diameters and

porosity as a function of times of coating process. It can be seen

from Fig. 2(a) that the strut diameters with the different PPI

values exhibit a linear variation with the increase of the times of

coating process. After the fifth coating, the strut diameter is

increased from 340 mm to 690 mm compared with the initial

one with PPI value of 10. As shown in Fig. 2(b), the porosity of

ceramic foams steadily declines according to the increasing of

coating process times, which is still in high range of porosity

(more than 70%).

3.2. XRD analysis of the SiC ceramic foams

XRD is used to investigate the phase compositions of the raw

powder and SiC ceramic foams with different chemical

compositions (PURE SiC, SiC-5AY, SiC-15AY, SiC-30AY

and SiC-30AY under Ar) with the identical sintering

temperature of 1700 8C. It is clearly observed from Fig. 3

that the SiC phase is the dominant phase at every experimental

condition. The intensities of SiC diffraction peak in all the

testing samples remain unchanged before and after sintering at

1700 8C, suggesting the phase remains stable in the SiC

ceramic foams. There is no obvious liquid phase detected in the

samples of SiC-5AY and SiC-15AY. Only in the sample of SiC-

30AY, liquid phase generates during high temperature sintering

as a result of the sintering additives of Al2O3 and Y2O3, in the

presence of Y3Al5O12. However, with the same chemical
composition, no liquid phase is detected in the sample of SiC-

30AY under Ar environment.

Fig. 4 shows the different compositions of PURE SiC

ceramic foams with different sintering temperatures. When the

most noticeable reflections of SiC are kept at the same intensity

with different conditions, the diffraction peak intensity of SiO2

significantly declines with the increase of sintering tempera-

tures, ranging from 1400 8C to 1600 8C. When the sintering

temperature reaches 1600 8C, no SiO2 phase is detected.

3.3. Microstructure of the SiC ceramic foams

Fig. 5 shows the effects of different sintering temperatures

and chemical compositions with different sintering processes

(PURE SiC, SiC-5AY, SiC-15AY and SiC-30AY) on the strut

microstructures of SiC ceramic foams. While the macro-

structure stays the same for all kinds of samples, as the

characteristics of the triangle holes and channels; the close

inspections of each strut fracture surface in Fig. 5(a)–(e)

reveal great differences among them. During the polymer

removal processed at lower debinding temperature of 600 8C,

as is depicted in Fig. 5(a0), SiC powders of ceramic foam

preforms only combine physically under the original binder

adhesion in the SiC slurry. The foam itself undergoes almost

no external forces and is easy to be collapsed under pressure.

While during high temperature sintering, as is depicted in

Fig. 5(b0)–(e0), SiC particles chemically coalesce by liquid

phase sintering. However, different chemical compositions



Fig. 3. XRD patterns of the raw powder and the ceramic foams with different

chemical compositions and the same sintering temperature of 1700 8C.

Fig. 4. XRD patterns of the PURE SiC ceramic foams with different sintering

temperatures.

Fig. 2. Effect of times of coating process on (a) ceramic foam strut diameters

and (b) ceramic foam porosity.
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lead to considerable microstructure changes. In Fig. 5(b0) and

(e0), at the same higher temperature sintering of 1700 8C,

when there is no sintering additives of Al2O3 and Y2O3 as

PURE SiC-1700 8C sample, the strut is full of micro-pores

which degrades the mechanical strength. When the sintering

additives are introduced, as depicted in Fig. 5(c0) and (d0), the

cell strut begins to be compact with the sintered grains instead

of being filled with pores and the densification degree is

improved with the increase of sintering additive content.

When the content of sintering additives reaches 30 wt.% as

SiC-30AY-1700 8C sample, the cell strut densification is

dramatically achieved with pore filling in Fig. 5(e0). The micro

pores of cell struts are probably caused by the remaining

interstices between particles with nothing movable filling in

and may gradually be eliminated if the oxide reaction

transformation from SiC to SiO2 occurs. Only in Fig. 5(e0), the

SiC grains are packed compactly and no micro-defect is

observed. Thus, not all amount of sintering additives is

competent for densification of foam cell struts. By adding

Al2O3 and Y2O3 as the sintering additives and packed within

the sintering powder, SiC foams, with uniform microstructure

and densified struts, are obtained.
3.4. Compressive strength of the SiC ceramic foams

Fig. 6 illustrates the scatter diagram of the compressive

strength as a function of the relative density, while (a) refers to

SiC ceramic foams with the same composition and different PPI

values, and (b) refers to SiC ceramic foams with the same PPI

value and different compositions. In Fig. 6(a), the greater the

PPI values (or the smaller the cell sizes) of polymer templates

are chosen, the higher the compressive strength presents, with

the same relative density. The slight variance between the two

samples of 20PPI-SiC-30AY probably was caused by different

preparation and testing situations. In Fig. 6(b), comparing with

the lowest strength of the sample of 20PPI-PURE-SiC, the

sample of 20PPI-SiC-5AY presents the improvement in a small

quantity of �0.1 MPa. Then from SiC-15AY to SiC-30AY, the



Fig. 5. Strut microstructures of SiC ceramic foams: (a) all samples heated after 600 8C, (b) PURE SiC-1700 8C, (c) SiC-5AY-1700 8C, (d) SiC-15AY-1700 8C and (e)

SiC-30AY-1700 8C. Each magnification of the strut fracture surface is marked as (a0), (b0), (c0), (d0) and (e0).
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scatters of the compressive strength distribute in the much

higher numerical range with the same relative density of �20%,

which is contributed to the corresponding increase in

microstructure densification degree.

4. Discussion

4.1. Low temperature densification investigation of cell

struts of SiC ceramic foams

The SiC oxidation behavior may attribute to the SiO2

intensity change shown in Fig. 4. The high temperature

oxidation mechanism of SiC includes two kinds of oxidation

reactions: the passive oxidation (SiC + 3/2O2 = SiO2 + CO)

and the active oxidation (SiC + O2 = SiO + CO). The different

behaviors of passive oxidation in which a silica protective layer

is formed with a slight mass loss and active oxidation in which

SiO2 decomposes into SiO (g) with continuous weight loss can

be transferred as a function of the partial oxygen pressure and

the sintering temperature [16]. Thus, under low sintering

temperatures, the presence of SiO2 indicates the samples are

still in the domain of passive oxidation. With the increase of the

temperature, the critical transition for the passive to the active

oxidation takes place and the SiO2 phase on the surface of SiC

is no longer stable. The evaporation of element silicon from the

SiC results in the significant weight loss, leading to a

homogenously distributed fine porosity in the microstructure.

That can be proved according to the microscopic inspection of

Fig. 5(b0). High temperature is responsible for the active

oxidation domain, together with the achievement of sintering of

SiC ceramics. Although passive oxidation occurs at relatively
low temperatures with an outside silica layer to prevent the

further oxidation, SiC ceramics cannot be completely sintered.

Liquid phase sintering of the samples packed with a SiC

powder plays a significant role in the densification of the cell

struts of SiC ceramic foams. In Fig. 3, the liquid phase

Y3Al5O12 in the sample SiC-15AY is generated during high

temperature sintering as a result of the sintering additives,

compared with no liquid phase of sample PURE SiC. Fig. 5

shows the effects of different sintering additives on the

microstructure of the cell struts. The typical image of SiC active

oxidation is the damaged surface with grain etching, such as the

bubbles owning to the released gas of SiO or CO and crammed

pits [16]. Those are partially in accordance with Fig. 5(b0)–(d0)
because the damage of active oxidation with the protection of

sintering bed is not as severe as those typical characteristics.

The surrounding packed SiC powder can provide an equivalent

partial pressure of the volatile species thus minimizing the

appearance of the bubbles (SiO or CO), pits and the sharpened

grains [17]. On the other hand, the more the sintering additive

contents in the initial sample, the more the final liquid phase

remains to heal the microscopic defects, as shown in Fig. 5(e0).

4.2. Effects of the macrostructure and microstructure on

the mechanical property of the SiC ceramic foams

The use of polymeric templates with different PPI values can

result in the controllable macrostructure of the SiC ceramic

foams. While the cell shape and morphology are similar based

on the characteristics of the open cell foam material, the

templates with different PPI values can also cause changes in

terms of not only the macrostructure parameters such as cell



Fig. 6. Scatter diagram of compressive strength of SiC ceramic foams as a

function of relative density: (a) SiC ceramic foams with the same composition

and different PPI values; (b) SiC ceramic foams with the same PPI value and

different compositions.

Fig. 7. Comparison of compressive strength of SiC ceramic foams as a function

of relative density.
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size and cell strut diameter, but also the porosity and relative

density of the SiC ceramic foams. These are key factors

determining the properties of cellular solids. It is generally

accepted that the properties of cellular foams are dependent on

their relative density [18]. Meanwhile, the strength of the foam

material also depends on the structure of the individual foam

strut.

It has been widely studied that different oxidation behaviors

have different effects on the strength of SiC [19,20]. The

strength of SiC may be improved in a short term by passive

oxidation because the silica blunts the surface flaws, but may be

reduced by active oxidation. The high weight loss during active

oxidation leads to a decrease of the liquid phase content,

limiting the solution-precipitation process, and finally reduces

the densification process [19]. However, as discussed above, the

microscopic defects can be healed due to the proper sintering

additives and surrounding pack. The densification of SiC foam

cell strut is not hindered when the SiC sintering bed is applied.

Therefore, the densified cell struts of SiC ceramic foams can

definitely improve the strength of the bulk material.
In order to make an intensive investigation of the effects of

the macrostructure and microstructure on the compressive

strength of SiC ceramic foams, the function of log(sc/sb
0)

versus log(r/rs) is plotted in Fig. 7, according to the theoretical

formula sc = Csb
0(r/rs)

3/2 [15] of cellular ceramics. The

relative compressive strength is the ratio between the testing

compressive strength sc of the SiC ceramic foams and the

theoretical bending strength sb
0 of 450 MPa of SiC dense

counterparts [2]. The compressive strength of our data as the

colored spots is expected to increase with the increasing relative

density. The numbers from 1 to 12 refer to those optimal

properties reported in others’ previous work from the year of

2001–2010 [5,6,11–13,21–27]. As can be seen, the value of C

for open cell foams is 0.2 in the theoretical line with the slope of

3/2 [2,18] while the average value of C is only 0.02 in the fit of

our data. It is noticeable that almost all the research results,

including ours, present an obvious gap between the theoretical

strength and the testing strength, owning to the inevitable

macroscopic and microscopic defects (such as flaws, cracks,

pores, bubbles, contamination, and impurities of grains) of the

ceramic foams. The effect of microstructure on the mechanical

property is clear based on our research. The PURE SiC, with an

incomplete densified microstructure of the foam cell strut,

shows the lowest compressive strength with the same PPI value

of 20. And its C value may be less than 0.02. After the

densification behavior of the samples is improved, e.g., in the

samples of SiC-30AY, the strength increases obviously with the

same relative density. Then, it is apparent that the C value

increases close to 0.1 with this tendency of densification. It

seems that the value of C can be one qualitative judgment of the

densification degree in the microstructure of the SiC ceramic

foams.

Consequently, we believe that the comprehensive effects of

the macrostructure (namely the relative density) and micro-

structure (namely the densification of the cell struts) would both

contribute to the enhancement of compressive strength. At the

sintering temperature of 1700 8C, the compressive strength of

SiC ceramic foams reaches the maximum value of 2.48 MPa

with PPI value of 20 and the relative density of 77%.
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5. Conclusions

(1) The macrostructure of SiC ceramic foams can be controlled

by using different polymer sponge templates and altering

the immersion and coating times. With the increase of the

coating times, the ceramic strut diameter presents a linear

increasing variation and the strut porosity is decreased.

(2) The microstructure of SiC ceramic foams can be controlled

by adjusting the chemical compositions and sintering

temperatures. SiC ceramic foams with highly densified

struts are obtained when 30 wt.% Al2O3 and Y2O3 are used as

sintering additives at the sintering temperature of 1700 8C.

(3) The comprehensive effects of the macrostructure and

microstructure would both contribute to the enhancement

of the compressive strength. After sintering at 1700 8C, the

compressive strength of SiC ceramic foams reaches

the maximum value of 2.48 MPa with PPI value of 20

and the relative density of 77%.
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