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bstract

iC ceramics were prepared with porous carbon preforms derived from phenolic resin by a reaction-forming method. The effects of the structure
f the preform pores and the infiltration process on the properties of SiC ceramics were investigated, and components with complex shapes were
abricated by combining this process with stereolithography (SLA). Dense SiC ceramics were obtained from carbon preforms with high apparent
orosities, but SiC ceramics with many macrodefects resulted from a carbon preform with an apparent porosity of 39%. The infiltration of molten
ilicon into the preform pore channel was accelerated under vacuum pressure, resulting in an increase in the depth of the Si infiltration. The growth

f SiC was predominantly controlled by carbon diffusion at the last stage of the reaction. The extended grain growth caused the SiC grains to
oalesce and some free Si was enveloped in the SiC grains. SiC components with complex geometries were fabricated by combining reaction
orming with SLA. The geometry was controlled by SLA.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) is a leading candidate for a wide variety
f applications because of its superior mechanical properties at
ow and high temperatures, wear resistance, thermal properties
nd corrosion resistance.1–11 Compared with other SiC form-
ng processes, such as pressureless sintering, hot pressing and
ot isostatic processing, reaction forming has two fundamental
dvantages4–11: (i) the ability to produce complex and near-net
hapes and (ii) the ability to sinter at low temperatures and for
hort times. This process for producing SiC involves the prepa-
ation of a porous carbon preform and reactive infiltration of
he preform with Si. The resulting SiC ceramic is known as

eaction-formed SiC.

Porous carbon preform is usually fabricated through
olymerization-induced phase separation and pyrolysis.5–12
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his liquid-based system for producing porous carbon preform
as first described by Hucke.6 In this approach, the carbon-
ielding material is first mixed with a pore-forming agent. After
uring, a rigid body is then obtained by polymerization-induced
hase separation, which consists of two interconnected phases:
solid-state carbon-yielding material phase and a liquid-state

ore-forming agent phase. The rigid body is then pyrolyzed to
orm a porous carbon preform while the pore-forming agent is
emoved. The morphology of the preform (e.g. pore size, appar-
nt porosity and carbon wall thickness) can be controlled by
hanging the composition of the starting mixture. Furfuryl resin
nd furfural alcohol are often used as carbon-yielding materials.

During the reactive infiltration of the porous carbon pre-
orm, spontaneous wetting drives the Si melt to penetrate into
he pore channels of the preform. The reaction between the
i melt and the carbon preform occurs at an elevated temper-
ture during the infiltration process which forms the SiC.13 The

ate of infiltration and the reaction kinetics depend on the tem-
erature and morphology of the preform. Many mechanisms
ave been proposed to describe the process of SiC growth
ncluding: the solution–precipitation mechanism,14 a diffusion

mailto:sjxu@yahoo.cn
mailto:gjqiao@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.022
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echanism15–18 and an interface-limited mechanism.19 How-
ver, the dominant mechanism is mostly dependent on the
orphology of the preform. For porous carbon preforms with
all thicknesses less than 10 �m, the solution–precipitation
echanism has been proved to be the dominant mechanism for
iC growth.20,21

The desired shape of a SiC part is derived from the geome-
ry of the preform, which is generally obtained by machining.
owever, the need for machining intrinsically limits the abil-

ty to produce complex shapes. An alternative method, which
ses rapid prototyping (RP), can be applied to obtain the desired
eometry of the preform.22–24 Common RP techniques include:
elective laser curing, selective laser sintering, stereolithography
SLA) and fused deposition modeling.

Phenolic resins have been increasingly used as precursors to
roduce various carbon materials, largely owing to their low cost
nd high carbon-yielding ratio.25–27 In this study, porous carbon
reforms derived from phenolic resin and prepared by means of
olymerization-induced phase separation and pyrolysis, were
sed for the reaction-forming synthesis of SiC ceramics. The
ffects of the pore structure of the preform and the infiltration
rocess on the morphologies and properties of the SiC ceram-
cs were investigated. The complex-shaped components were
abricated by combining this process with SLA.

. Experimental

.1. Preparation of samples

Porous carbon preforms were prepared from a premix of three
omponents: resol-type phenol–formaldehyde resin (industrial
rade, viscosity: 0.975 Pa s), ethylene glycol (analytically pure,
verage molecular weight: 62.07) and benzenesulfonyl chloride
chemically pure, purity: 98.5%). Phenol–formaldehyde resin
as employed as the carbon-yielding material, ethylene gly-

ol as the solvent and pore-forming agent, and benzenesulfonyl
hloride as the curing catalyst. These three materials were first
tirred mechanically for 30 min at room temperature. The mix-
ure was then poured into a glass tube and cured at a given
emperature for 16 h. After curing, the cast was removed from the
lass tube and then pyrolyzed by slowly heating to above 800 ◦C
n a flowing N2 atmosphere to produce a porous carbon preform.
reforms of differing pore structures were obtained by changing

he compositions of the starting mixture and the polymerization
onditions. The fabrication of porous carbon preforms has been
escribed in detail elsewhere.28

Porous carbon preforms were machined into rectangular
locks of 12 mm × 10 mm × 50 mm, and then infiltrated with
iquid Si at 1550 ◦C. The infiltration was conducted under two
ifferent atmospheric conditions: (i) nitrogen at 1 atm and (ii)
acuum atmosphere at 20 Pa. A BN-coated graphite crucible was
eeded for the liquid infiltration. Si powder (industrial grade,

verage particle size: 3–5 mm) was laid on the bottom of the
rucible and the carbon preform was then placed on top of it.
fter the infiltration, the final product was cut and polished for
icrostructural observation.

t
i
p
t

amic Society 29 (2009) 2395–2402

A lost-mold method was applied to fabricate complex-shaped
iC parts. The lost mold was fabricated from a photo-curable
esin by SLA. In this case, machining was not used and the
xcess Si on the sample surface was removed by vaporization at
high temperature.

.2. Characterization

The morphologies of the porous carbon preforms and the syn-
hesized SiC ceramics were characterized by means of optical

icroscopy, scanning electron microscopy (SEM) and energy
ispersive spectroscopy (EDS) (JSM-7000F, Jeol, Japan). The
ore size distributions, average pore size, bulk density and
pparent porosity of the preforms were examined by a mercury
orosimeter (PoreSizer 9320, Micromeritics, USA). The exam-
ned pore size distribution covered the range from 300 �m to
nm. All the samples were degassed under vacuum at 300 ◦C

or 120 min before being measured.
The density of the synthesized SiC ceramics was determined

y Archimedes’ method. Their excess free Si was removed by
hemical etching for 24 h in a 70 wt.%HF–30 wt.%HNO3 solu-
ion at room temperature. The volume fraction of the free Si
as calculated by weighing the samples before and after the

tching. The volume fraction of unreacted carbon in the SiC
roduct was determined by image analysis. X-ray diffraction
XRD) measurements (D/max2400, Rigaku, Japan) were car-
ied out on the powdered SiC ceramics using filtered Cu K�
adiation. The three-point flexural strength of the SiC ceram-
cs was measured by an Instron 1195 universal testing machine
using 3 mm × 4 mm × 30 mm samples) using a loading rate
f 0.5 mm min−1. Five specimens were tested for each sample
ondition.

The weight loss behaviors of the phenolic resin and photo-
urable resin were analyzed by a thermogravimetric analyser
TGA2950, TG, USA). The measurements were conducted by
eating to 800 ◦C at a heating rate of 10 ◦C/min in flowing
2.

. Results and discussion

.1. Preparation of preforms

Fig. 1 shows the effect of the concentration of the curing
atalyst on the apparent porosity of preforms cured at 100, 140
nd 180 ◦C. It indicates that the apparent porosity of the preform
ncreases with the increasing concentration of the catalyst and
s the curing temperature rises. The apparent porosity can be
ontrolled within the range 23–54%.

Singh and Behrendt11 have reported that carbon preform can-
ot be completely infiltrated with liquid Si when the porosity of
he carbon preform is below a critical value of 38%. This phe-
omenon is known as choking-off. Thus, three preforms with
pparent porosities of 45.5, 45.1 and 38.9%, designated respec-

ively, as PC-A, PC-B, and PC-C were selected to conduct Si
nfiltration. SEM micrographs of the selected porous carbon
reforms are shown in Fig. 2. It can be clearly seen that all
hree preforms consist of uniformly distributed and intercon-



S. Xu et al. / Journal of the European Ceramic Society 29 (2009) 2395–2402 2397

F
c

n
p
s
o
T
i
t
p
u
P
d

3
p

a
i
m
t

Fig. 4 shows the microstructures of SC-A10 and SC-A30
ig. 1. Effect of curing catalyst concentration on apparent porosity of porous
arbon preforms prepared at curing temperatures of 100, 140 and 180 ◦C.

ected pores and carbon skeletons. PC-B appears to have smaller
ore sizes and thinner carbon walls than PC-A and PC-C. Fig. 3
hows the pore size distributions of the three preforms. It is
bvious that they all have very narrow pore size distributions.
he physical properties of the three preforms are summarized

n Table 1, which shows that the average pore size varies in
he range 29–40 nm, PC-B being the smallest. The apparent
orosities of PC-B and PC-C differ considerably and the val-

es of their bulk densities are very close. Similarly, PC-A and
C-B are very close in apparent porosities but differ in bulk
ensities.

p
r
s

Fig. 2. SEM micrographs of porous carbon pre
Fig. 3. Pore size distributions of porous carbon preforms.

.2. Reactive infiltration of preforms under vacuum
ressure

All three preforms are completely infiltrated with liquid Si
t 20 Pa infiltration pressure. The corresponding SiC ceram-
cs were labelled as SC-A, SC-B and SC-C, respectively. The

icrostructures of the SiC samples are shown in Figs. 4–6 and
he properties of the samples are listed in Table 2.
repared from PC-A preform at 1550 ◦C for 10 and 30 min,
espectively. Images (a) and (b) are optical micrographs. These
amples are composed of polygonal SiC grains (the gray phase)

forms: (a) PC-A, (b) PC-B and (c) PC-C.
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Fig. 4. Optical micrographs (a and b) and secondary electron SEM images (c and d) of SiC ceramics: (a) and (c) SC-A10, (b) and (d) SC-A30.

Fig. 5. Micrographs of SC-B: (a) optical micrograph, (b) SEM image of SiC grains. Serrated growth fronts of SiC grains in (b) indicate epitaxial growth of SiC.

Fig. 6. Optical micrographs of SC-C showing five kinds of macrodefect: (a) unordered nodules, (b) crack, (c) onion-shaped nodules and silicon vein, (d) vein filled
with coarse SiC.
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Table 1
Physical properties of porous carbon performs.

Sample Apparent porosity (%) Average pore
size (nm)

Bulk density
(g cm−3)

PC-A 45.5 ± 0.3 39.9 ± 0.3 0.72
P
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XRD spectra of SC-A10, SC-A30 and SC-B. Here, �-SiC is

T
P

S

S
S

S
S

C-B 45.1 ± 0.3 28.8 ± 0.2 0.79
C-C 38.9 ± 0.4 38.7 ± 0.3 0.78

nfiltrated with a continuous network of free Si (the white phase).
ompared with the SiC grains in SC-A10 which are elongated

o 5–10 �m in length and are more uniformly distributed, those
n SC-A30 appear to be more irregular and their grain size has
n obvious bimodal distribution, with both large (up to 10 �m)
nd small (about 1 �m) grains. A small amount of unreacted
arbon (the black phase) is also observed in the two samples.
t is embedded in SiC grains and the volume fraction decreases
rom 4.2 to 0.3% when the infiltration time extends from 10
o 30 min, as shown in Table 2. Micrographs (c) and (d) are
econdary electron SEM images of the two samples. There is
considerable contrast within the SiC grains, indicating com-

ositional variations. The contrast is believed to be due to the
onuniform distribution of trace amounts of impurities within
he grains.29 The impurities come from the Si powder which
as been used. It has been observed that the precipitation of SiC
rom Si melts is accompanied by the rejection of impurities to
he liquid.30 Thus, the first SiC formed at the core is purer and
ppears paler than the SiC formed later in the outer shell of the
i grains.

The flexural strength of SC-A30 is more than twice that of
C-A10 (see Table 2). At the same time, both the volume fraction
f free Si and the residual carbon of SC-A10 are higher than that
f SC-A30, implying that less in situ reaction is needed to form
iC for the SC-A10, obviously due to insufficient reaction time.
his is believed to be the reason for the lower flexural strength
f the SC-A10.

Fig. 5 shows the microstructure of SC-B prepared from PC-
at 1550 ◦C for 30 min. The optical micrograph shown in (a)

eveals that SC-B has a similar microstructure to that of SC-A30.
he volume fraction of free Si is lower and that of unreacted
arbon is higher than that of SC-A30. The volume fraction of
nreacted carbon in SC-B is 1.8% and that of free Si is 12.2%.
he flexural strength of SC-B is lower than that of SC-A30. Less

ree Si in SC-B is due to the higher bulk density of the preform

hich was used, and the lower flexural strength may be caused
y the increased amount of unreacted carbon in the sample.
ig. 5b is a SEM image of the sample (after etching for 24 h in
70 wt.%HF–30 wt.%HNO3 solution at room temperature). It

f
t
i

able 2
roperties of SiC ceramic samples.

ample Porous carbon preform Time (min) Silicon content (vol.%) Unr

C-A10 PC-
A

10 20 4.2
C-A30 30 15.4 0.3

C-B PC-B 30 12.2 1.8
C-C PC-C 30 3.1 7.1
amic Society 29 (2009) 2395–2402 2399

eveals serrated growth fronts on the surface of the SiC grains,
s indicated by the arrows, implying that the SiC grains grow by
liquid epitaxial growth mechanism.17

Based on the evidence presented in Figs. 4 and 5, it can be con-
luded that the growth of SiC is predominantly controlled by the
iffusion of carbon in SiC at the final stage of the reaction, since
oth the grain boundary diffusion and the lattice diffusion coef-
cients of carbon in SiC are considerably higher than the lattice
iffusion coefficient of Si. The unreacted carbon embedded in
he SiC grains diffuses through the SiC layer and dissolves in the
i melt, then deposits onto the SiC which has already formed,

hus resulting in the growth of the SiC grains. The extended
rowth causes the SiC grains to coalesce and Si is enveloped in
hem.

Fig. 6 shows the microstructure of SC-C prepared from PC-C
t 1550 ◦C for 30 min. The sample has many surface cracks and
efects. Five kinds of macrodefects can be identified: disordered
odules of unreacted carbon imbedded in SiC (Fig. 6a), cracks
Fig. 6b), Si veins (Fig. 6c), onion-shaped nodules of unreacted
arbon (Fig. 6c) and veins filled with coarse SiC grains (Fig. 6d).
he onion-shaped carbon nodules were also observed in SC-A10

Fig. 4a). These macrodefects in SC-C led to a lower density and
oor mechanical properties.

Disordered nodules, cracks and Si veins have commonly been
bserved in reaction-formed and reaction-bonded SiC.5,11,17,31

hese macrodefects occur as a result of using unsuitable pre-
orms and imperfect technical conditions. Ness and Page17 have
uggested that disordered nodules are caused by heterogeneous
ores in the preform, which may be eliminated by good com-
act mixing. Si veins and cracks occur as a result of thermal
tresses generated during reaction or upon cooling. The short
ime and extreme temperature transients inherent in reactive
nfiltration may easily induce internal stresses. In this work, the
ccurrence of these macrodefects in SC-C may be due to insuf-
cient pore volume in the preform, considering the relatively
niform pores in PC-C as well as the inexistence of Si veins and
racks in SC-A30 prepared from a preform of higher apparent
orosity.

SiC is a covalentally bonded compound with several crys-
alline structures, of which �-SiC and �-SiC are the most
ommon types. �-SiC changes slowly to the �-SiC format above
100 ◦C. It has been reported that the exothermic reaction of
i + C may increase the local temperature to 500 ◦C and some
ewly formed �-SiC may change to �-SiC.21 Fig. 7 shows the
ound in SC-B but not in SC-A10 and SC-A30. This suggests
hat the reactive infiltration of PC-B, which has smaller pores,
nduces a higher localized temperature.

eacted carbon content (vol.%) Density (g cm−3) Flexural strength (MPa)

2.92 204 ± 55
3.07 445 ± 35

3.08 239 ± 41
2.95 60 ± 36
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Fig. 7. XRD patterns of SiC ceramic: (a) SC-A10, (b) SC-A30, and (c) SC-B.
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time t, ρc is the density of the carbonaceous material which dis-
solves, ce is the equilibrium solubility of carbon in liquid Si, and
D is the diffusion coefficient of carbon in liquid Si. Substituting
.3. Reactive infiltration of preforms at ambient pressure

The three porous carbon preforms were not completely infil-
rated with liquid Si when they were infiltrated at 1 atm pressure

2. In other words, the choking-off of the infiltration occurred.
nder this condition, the entire surface of the preform may be
niformly coated even though only one side of the preform is
n contact with the liquid Si. Fig. 8 shows SEM micrographs
f the cross-sections and an elemental concentration profile of
partially infiltrated sample prepared from PC-A. Three lay-

rs can be clearly identified at the microscopic level, as shown
n Fig. 8a: an unreacted carbon layer, a transition layer and a
eacted layer. The transition layer contains some pores mixed
ith SiC grains and Si, as shown in Fig. 8b. These pores are

ormed by the stacking of newly formed SiC grains. The reacted
ayer is dense and consists of SiC grains and Si, as shown in
ig. 8c.

When a porous carbon preform is infiltrated at 1 atm, spon-
aneous wetting is the only driving force, which causes the Si

elt to penetrate into the pore channels of the preform. At the
ame time, the reaction between Si and C occurs to form SiC.

sing the Poiseuille capillary flow equation, the time, t, to attain l

Fig. 8. SEM micrographs of partial infiltration sample: (a) elemental concen
Fig. 9. TG curves for photo-curable resin and phenolic resin.

n infiltration depth x is given by32

= x2

[
γr(r3/r2

0R)cos Θ

2η

]−1

(1)

here γ is the surface tension of liquid Si, η is the viscosity
f liquid Si, Θ is the contact angle, R is the effective capillary
adius, r0 is the mean geometrical capillary radius, and r is the
ffective fluid radius (r < R < r0). In view of the microstructure
f the SiC ceramics, the growth of SiC grains is controlled by a
olution–precipitation mechanism at the early and intermediate
tages of the reaction. Thus, the degree of advancement of the
eaction is followed by determinations of the volume fraction
f carbon after successive periods of infiltration.14 The time
equired for the dissolution of the carbon in molten Si can be
stimated as14

y =
√

(D)ce

2ρc

√
(t) (2)

where �y is the thickness of the dissolved layer of C after
iterature data14,33 into Eqs. (1) and (2), the full infiltration of

trations of the cross-section, (b) transition layer, and (c) reacted layer.
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Fig. 10. SiC parts fabricated by combining reaction fo

0 mm preform thickness requires t = 20–2 s for r = 10–100 nm
assuming r = R = r0), and a carbon wall thickness of 100 nm is
issolved in about 1 s. It is obvious that the infiltration rate is
lower than the reaction rate. The newly formed SiC acts as a
eaction barrier to further rapid infiltration of liquid Si, resulting
n choking-off of the infiltration in preforms with dimensions
f 1 cm. In contrast, when a porous carbon preform was infil-
rated at 20 Pa, the infiltration of molten Si into the preform pore
hannel was accelerated under vacuum pressure, resulting in full
nfiltration in preforms with the same dimensions.

.4. Evaluation of complex shapes

Fig. 9 reveals the weight loss of the photo-curable resin and
henolic resin. It should be noted that the remaining weight
f the photo-curable resin is below 5% after heating to 500 ◦C
hereas the remaining weight of the phenolic resin is ∼66% at
00 ◦C. This result indicates that the lost mold can be almost
ompletely removed at a pyrolysis temperature of 800 ◦C. The
eight losses of the phenolic resin and photo-curable resin are

ssociated with the release of volatiles of unimolecules, such as
2O, CO, CO2, H2 and other gases.34

Fig. 10 shows some SiC parts prepared by combining reaction
orming with SLA. The volume shrinkage of the SiC parts is
bout 8% and there is no distortion.

. Conclusions

Porous carbon preforms derived from phenolic resin have
een prepared by polymerization-induced phase separation and
yrolysis. The properties of these preforms can be controlled
y controlling the composition of the pre-mixture and the poly-
erizing conditions. Three preforms with apparent porosities

rom 38.9 to 45.5% were selected to fabricate SiC ceramics by
eaction forming. The dense SiC ceramic, which was typically
omposed of polygonal SiC grains and a small fraction of free Si
as obtained from carbon preforms with high apparent porosi-

ies. The volume fraction of free Si, flexural strength and density

ere 15.4%, 445 ± 35 MPa and 3.07 g cm−3, respectively. It has

lso been shown that the infiltration of molten Si into the pore
hannels of the preform was accelerated under vacuum pressure,
esulting in an increase in the depth of the Si infiltration. The

1

with SLA. Scale bar is the same for all three images.

rowth of SiC was predominantly controlled by carbon diffusion
hrough SiC at the final stage of the reaction. The extended grain
rowth caused coalescence of SiC grains and the envelopment
f some free Si in the SiC grains.

Complex-shaped SiC parts have been prepared by combining
eaction forming with SLA, and the geometry of SiC parts was
ontrolled by SLA. The volume shrinkage of the SiC parts was
bout 8% and no distortion occurred.
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