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Abstract

Biomorphic SiC composites were fabricated by infiltration of liquid Si into a preform fabricated from medium-density fiberboard
(MDF). The phase compositions, microstructures, oxidation behaviors, and ablation properties of the composites were investigated. The
composites were oxidized at elevated temperatures (up to 1450 °C) in air to study their oxidation behavior. Pores and cracks initially
formed from the oxidation of residual carbon, followed by melting of residual Si. The ablation resistance of a composite was gauged
using an oxy-acetylene torch. The formation of a SiO, layer by the oxy-acetylene flame improved the ablation resistance because molten
SiO, spread over the ablated surface and partially sealed the pores, thus acting as an effective barrier against the inward diffusion of

oxygen.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

SiC composites are promising candidate materials for
thermal protection systems for jet-vanes, leading-edges, and
nose-tips of reusable space vehicles, advanced aero-engines,
and hypersonic transport because of their high specific
strengths, thermal shock resistances, ablation resistances, and
oxidation resistances at high temperatures [1,2]. These compo-
sites are mainly made by hot pressing, polymer pyrolysis,
reaction bonding, reaction forming (liquid-Si infiltration), and
chemical vapor infiltration [3-8]. The reaction bonding process
involves pressureless infiltration of molten Si into compacted
mixtures of SiC and carbon. Free carbon reacts with molten Si
to form secondary SiC grains that precipitate on the original
SiC particles [5]. Compared with the reaction bonding process,
reaction forming has the advantage of being capable of
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fabricating complex and near-net shapes. This process for
producing SiC requires the preparation of a porous carbon
preform followed by reactive infiltration of the preform
with molten Si or silicon—refractory metal (i.e., molybdenum,
niobium) alloys. The resulting SiC ceramic is called a reaction-
formed SiC [6,7].

Natural wood-derived biomorphic SiC composites are of
interest for environmental and economic reasons [9,10].
These composites are made by pyrolysis of natural wood
precursors, followed by infiltration of molten Si to form
SiC phases. This process retains the initial wood structure.
Biomorphic SiC composites have several advantages over
traditional SiC composites. They require less energy to
manufacture because of their low fabrication temperatures.
A wide variety of microstructures can be obtained, which
are determined by the morphology of the template bio-
materials [11]. Because of their ease of formation and
environmental, economic, and performance advantages,
biomorphic SiC composites should be ideal candidates for
high-temperature materials. To date, a number of natural
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plants have been used as carbon preforms, including
maple, bamboo, oak, and pine [12,13]. However, the
properties of biomorphic SiC composites strongly depend
on their pore structures, i.e., their pore sizes, pore size
distributions, pore interconnectivities, and pore orienta-
tions. The properties of these composites are quite variable
because of the highly anisotropic cellular structure of
wood. Recently, biomorphic SiC composites having iso-
tropic pore structures have been prepared using cellulose
fiber preforms (artificial fiberboard, fiber felts, and paper)
[14-16]. Cellulose fiber preforms can be used to fabricate
homogeneous high-density preforms.

Research on the oxidation behavior and ablation prop-
erties of biomorphic composites has recently attracted
considerable attention [17-21]. However, the oxidation
behavior and ablation mechanisms warrant further study.
Herein, biomorphic SiC composites were prepared by the
infiltration of molten Si into carbon preforms made from
medium-density fiberboard (MDF). During the process,
the microstructures of the starting woods, the carbon
preforms, and the composites were analyzed. Additionally,
the effect of residual Si on the oxidation behavior of the
MDF-based biomorphic SiC composites was investigated.
The ablation properties of these composites were also
studied.

2. Experimental procedure
2.1. Materials and fabrication process

Commercial MDF was used to prepare the biomorphic
SiC composites. MDF is an artificial wood product created
by mixing powdered wood with binders and then forming
the board at high pressure and temperature. The MDF
used as the precursor had a density of 0.6-0.8 g/cm®. MDF
specimens (100 mm x 100 mm x 10 mm) were dried at
100 °C for 24h in a vacuum oven. The dried wood
specimens were converted into carbon preforms by pyr-
olysis at 1000 °C in an atmosphere of flowing nitrogen. A
carbon preform prepared by pyrolysis of MDF had a more
homogeneous structure than one obtained by pyrolysis of
natural wood, which has open-channel pores along the
tree-growth direction.

Molten Si was infiltrated into the carbon preforms in a
graphite furnace under vacuum at 1560 °C over 40 min. To
produce full-density biomorphic SiC composites, an excess of
the stoichiometric amount of Si was necessary (234 wt% is the
quantity of Si needed to totally transform a carbon preform
into SiC according to the equation Si (28.085 g/mol)+
C (12.011 g/mol) - SiC). Therefore, the weight ratio of the
starting silicon to the carbon preform (Wg;/ W) was set at
4:1. After the Si infiltration process, the specimens were
machined so that their oxidation behaviors and ablation
properties could be studied. Details of the fabrication
procedures were described previously [22].

2.2. Characterization

The microstructures of the carbon preforms and the
composites were examined by optical microscopy (OM,
Leica DC-200), scanning electron microscopy (SEM,
Philips XL30SFEG), and transmission electron micro-
scopy (TEM, JEOL JEM-ARM200F). The pore size
distribution and porosity of carbon preform were esti-
mated using a porosimeter (Micromeritic-s, Autopore-1V
9520). The phases of the composites were characterized by
X-ray diffraction (XRD, Rigaku D/Max-IIIC). The rela-
tive amounts of the different phases were estimated using
the reference intensity ratio (RIR) method using RIGAKU
Jade 9 program. The bulk densities of the preforms and
composites were measured by the Archimedes method
(ASTM 373-88). The composition of the composites was
analyzed using an image analysis program (Matrox Inspec-
tor 2.1). The oxidation behaviors of the composites
were determined in dry air up to 1450 °C with a thermo-
gravimetric—differential thermal analysis (TG-DTA)
instrument (Setaram 92-18) at a flow rate of 50 mL/min
and a heating rate of 10 °C/min. Pulverized samples were
used. Ablation tests were carried out with an oxy-acetylene
torch. The diameter of the nozzle tip was 2 mm, and the
distance from the nozzle tip to the specimen was 20 mm.
The flow rates of the oxygen and acetylene gases were
12 L/min and 10 L/min, with pressures of 5bar and
1.5 bar, respectively. A 10-mm-diameter specimen was
exposed to the flame for 60 s. The mass and linear ablation
rates were calculated from the changes in weight and
thickness. The temperature of the ablated surface was
measured with an infrared thermometer.

3. Results and discussion
3.1. Fabrication of the SiC composites

Wood specimens were pyrolyzed at 1000 °C under
flowing nitrogen gas. Although shrinkage occurred during
the pyrolysis process, the MDF carbon preforms retained
their original shapes. The characteristics of the MDF
samples and the carbon preforms are summarized in
Table 1. Despite the high weight loss and shrinkage of
the wood during the high-temperature pyrolysis process,
the microstructural details of the initial wood structure
were transformed with high precision into the carbon
preform (Fig. 1(a) and (b)). The pore size of the MDF
was generally smaller than 10 um, and the open porosity of
the carbon preforms was utilized for the Si infiltration after
pyrolysis (Fig. 1(c)).

After the Si infiltration, the carbon preforms were
converted into SiC. The preforms retained their original
random structures. Fig. 1(d) shows the surface of the
biomorphic SiC composites made from the MDF carbon
preform, where the gray area is SiC, the white area is
residual Si, the dark gray area is residual carbon, and the
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Table 1
Microstructural characteristics of the wood, the carbon preforms, and the biomorphic composites.

Woods Preform Composites

Density Density Porosity  Pyrolysis shrinkage (%) SiC (vol%) Si (vol%) C (vol%) Bulk density Theoretical Relative

(g/em®)  (glem®) (%) (Wt%) (Wt%) (Wt%) (g/em®) density (g/cm®)  Density (%)

Axial Radial Tangential
0.80 0.71 42.65 24.8 24.0 458 80.7 (87.8) 13.2 (10.4) 25(1.8) 2.94 2.98 98.5

- -
N a
T

Porosity (vol.%)
o
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Fig. 1. SEM micrographs showing a carbon preform made from MDF (a) parallel to the pressing direction and (b) perpendicular to the pressing
direction. (c) Pore size distribution of carbon preform. (d) Microstructures of the biomorphic SiC composites.

black area indicates pores. Table 1 shows the composi-
tions, porosities, and densities of the composites.

3.2. Oxidation behavior

The oxidation behavior of the MDF-based biomorphic
SiC composites was investigated with a TG-DTA instru-
ment in flowing air. Fig. 2 shows that weight loss and an
exothermic reaction started at around 500 °C and were
completed at around 800 °C. A weight loss of 2.5 wt% was
measured. These events occurred due to oxidation of the
residual carbon into carbon monoxide and carbon dioxide:

C+0,-CO, (1)

2C+0,—-CO, 2)

Above 900 °C, the TG curve showed a gradual weight
gain up to about 1400 °C because of the formation of a
silica layer during the oxidation of the SiC structure

according to the following equations [22,23]:

SiC420,-Si0,4CO, 3)

SiC+(3/2)0, - Si0,+CO 4

The exothermic melting of the residual Si phase occurred
at 1418 °C.

To observe the surface morphology and phase changes
during oxidation at elevated temperatures, the MDF-based
biomorphic composite samples were oxidized by heat
treatment at 500-1500 °C in air for 1 h. Fig. 3(a) shows
the XRD results. At 1500 °C, the Si peaks almost dis-
appeared because the residual Si phases had nearly
completely melted. No silica peaks were seen in the XRD
results because only a small amount of silica was present.
The RIR method and image analysis were applied to the
XRD peaks to quantitatively estimate the SiC and residual
Si contents. The amounts of these phases were comparable
before oxidation (Table 1 and Fig. 3(b)). The amount of
the residual Si of the biomorphic SiC samples gradually
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Fig. 2. (a) TGA (black solid lines) and DTA curves (red dashed lines) of
the MDF-based biomorphic SiC composites. (For interpretation of the

references to color in this figure legend, the reader is referred to the web
version of this article.)

a
¢ SiC
P'S ® Si
- ® L b 4 ° ° fL
= 1500°C,1h
: J
g A A A ~ M
~— 0
> 1000°C,1h
§ A \ A
£ 500°C,1 h
A l A aA
as prepared
i 1 i 1 i 1 i 1
20 30 40 50 60
20 (degree)
b
100 |- 77 sic
| O si
80 |-
<
-
2 el
>
=
£ =]
s
S 40
(¢
20 |-
0 \

500°C 1000°C
Oxidation Temperature (°C)

Fig. 3. (a) XRD spectra of MDF-based biomorphic SiC composites
oxidized for 1 h at various temperatures. (b) Quantitative estimation of
phase contents.

decreased with increasing oxidation temperature; the SiC
phase dominated above the Si melting temperature (Fig. 3(b)).

Fig. 4 shows the microstructures of the MDF-based
biomorphic SiC composites after oxidation. Pores and
cracks formed by oxidation of the residual carbon during
the 500 °C heat treatment (Fig. 4(a)). At 1500 °C, the
surface morphology changed drastically. An SEM image
(Fig. 4(b)) shows numerous wire-like nanostructures
(straight, curved, and randomly-oriented) with lengths of
tens of microns; pores and cracks are also clearly visible.

TEM was used to further investigate the wire-like
nanostructures. The low-magnification TEM micrographs
of Fig. 4(c) and (d) show the general morphology of the
nanostructures after oxidation of the MDF-based bio-
morphic SiC composites. The nanostructures shown are
several tens to over 100 micrometers long and have straight
or curved morphologies. The nanostructures were mostly
about 50 nm in diameter. The inset of Fig. 4(d) shows the
chemical composition of the nanostructures as determined
by energy dispersion spectroscopy (EDS). The nanostruc-
tures were mainly composed of Si and C. Further details of
the SiC nanostructures were provided by the selected area
electron diffraction (SAED) pattern, as shown in the inset
of Fig. 4(d). The SAED pattern recorded along the [011]
zone axis indicated a single-crystal structure. The nano-
structures had a single-crystalline B-phase SiC core struc-
ture and a thin amorphous oxide shell. The interconnected
and continuous SiC network nanostructures originated
from the three-dimensional structures of the wood. The
SiC network developed through the infiltration of liquid Si
along the internal channels of the carbon preform during
the fabrication process, and this network was buried in
carbon and residual Si before oxidation. These SiC net-
work nanostructures were exposed by oxidation of the
residual carbon and migration of liquid Si at high tem-
peratures. Well-interconnected and continuous SiC network
nanostructures play an important role in high-temperature
mechanical properties by supporting loads [24]. The thin
amorphous oxide shell on the SiC nanostructures was
formed by oxidation of the SiC network.

3.3. Ablation behavior

The ablation behaviors of the MDF-based biomorphic
SiC composites are summarized in Table 2. After ablation
for 60 s, the mass and linear ablation rates were 5.7 x 10°#
g/em®s and 1.2 x 10> mmy/s, respectively. Ablation results
from a combination of oxidation and erosion due to the
high temperature, pressure, and velocity of the oxy-
acetylene flame [25,26]. After 60 s of ablation, the surface
temperature reached 2100-2200 °C, which is higher than
the melting point of SiO, (1723 °C). The liquid SiO, at the
ablation center was swept out by the gas flow of the high-
temperature and high-speed oxy-acetylene flame, and thus
the thickness of the composite decreased. As the SiO,
melted, molten SiO, spread over the ablated surface,
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Fig. 4. SEM images of MDF-based biomorphic SiC composites oxidized for 1 h at (a) 500 °C and (b) 1500 °C. (c) Low-magnification TEM micrographs
of wire-like nanostructures after oxidation at 1500 °C for 1 h. (d) EDS results and SAED pattern along the [011] zone axis, revealing an SiC single-crystal

nanostructure.

Table 2

Ablation properties of the MDF-based biomorphic SiC composites.
Ablation time 60s

Surface temperature 2100-2200 °C

Mass change 1.546 g—1.519¢
Thickness change 3.014 mm — 2.942 mm

57x10" % gjem*s
1.2x 107> mm/s

Mass ablation rate
Linear ablation rate

partially sealed the pores, and acted as an effective barrier
against inward diffusion of oxygen [27].

Fig. 5 shows SEM and OM micrographs of the as-ablated
MDF-based biomorphic SiC composites. After ablation for
60 s, a white and dense scale was observed on the surface by
OM examination (Fig. 5(a)); it was oxidized SiO,. Fig. 5(b)
and (d) are cross-sectional OM and SEM images of the
center region. The thickness of the oxidized region was
about 300 pm. Another SEM image (Fig. 5(c)) shows that
some microholes and bubble-shaped pits were present in the
SiO, layer. Oxidation of the SiC coating resulted in the
escape of CO and CO, gases, which formed these defects
[28]. The formation of the SiO, layer helped to improve the
ablation resistance because it acted as a thermal barrier as
well as reduced the diffusion of oxygen.

XRD was also used to study the ablated MDF-based
biomorphic SiC composites (Fig. 6). Si, B-SiC, and a-SiC
were identified. The surface XRD pattern of a sample after

the ablation test showed a less intense Si peak than before
the test. This indicated that the residual Si and SiC phases
of the composites were oxidized during the ablation test to
form a smooth outer SiO, glass layer. SiO» phases were not
detected by XRD because the oxidized SiO, layer was a
glassy phase and not crystalline. Peaks for the a-SiC phase
were detected after ablation because the phase transition
from B-SiC to o-SiC occurred when the oxy-acetylene
flame temperature exceeded 1700 °C [29].

4. Conclusions

MDF-based biomorphic SiC composites were fabricated
by infiltration of liquid Si into pyrolyzed carbon MDF
preforms. These composites were oxidized at elevated
temperatures. Pores and cracks were formed from the
oxidation of residual carbon. In oxy-acetylene torch test-
ing, the mass and linear ablation rates of the composite
were 5.7 x 10% g/em®s and 1.2 x 10 mm/s respectively.
Liquid SiO, formed by the oxy-acetylene flame was swept
away by the flushing action of the high-temperature and
high-speed gas flow and spread over the ablation surface,
partially sealing the pores. The formation of an SiO, layer
helped to improve the ablation resistance because it acted
as a thermal barrier as well as reduced the diffusion of
oxygen.
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Fig. 5. OM and SEM images of the MDF-based biomorphic SiC composites after the oxy-acetylene torch test: (a) and (c) surface, (b) and (d) cross-

section. The inset is a higher-magnification SEM image.
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Fig. 6. XRD patterns of specimen surfaces before and after the oxy-
acetylene torch testing of the MDF-based biomorphic SiC composites.
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