J Mater Sci (2008) 43:933-941
DOI 10.1007/s10853-007-2207-4

Reaction—formation mechanisms and microstructure evolution

of biomorphic SiC

Francisco M. Varela-Feria - Joaquin Ramirez-Rico *

Antonio R. de Arellano-Loépez - Julian Martinez-Fernandez -

Mrityunjay Singh

Received: 13 June 2007/ Accepted: 4 October 2007 / Published online: 9 November 2007

© Springer Science+Business Media, LLC 2007

Abstract Biomorphic SiC is fabricated by liquid Si
infiltration of a carbon preform obtained from pyrolized
wood that can be selected for tailored properties. The
microstructure and reaction kinetics of biomorphic SiC
have been investigated by means of TEM, SEM, EBSD,
and partial infiltration experiments. The microstructure of
the material consists of SiC and Si and a small fraction of
unreacted C. The SiC follows a bimodal size distribution of
grains in the micrometer and the nanometer range with no
preferential orientation. The infiltration-reaction constant
has been determined as 18 x 107> s™'. These observations
suggest that the main mechanism for SiC formation is
solution—precipitation in the first stage of growth. If the
pores in the wood are small enough they can be choked by
SiC grains that act as a diffusion barrier between Si and C.
If that is the case, Si will diffuse through SiC forming SiC
grains in the nanometer range.

Introduction

Silicon carbide-based ceramics are important materials
for key engineering applications demanding good
thermo-mechanical performance and density/properties
relationships. However, fabricating bulk SiC-based
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materials with complex shapes require expensive extrusion,
molding, and cutting techniques that are difficult to
amortize and prevent the use of these excellent materials
for a wider range of applications.

Biomorphic silicon carbide (bioSiC) is a SiC-based
material fabricated by reactive melt infiltration of molten
silicon into carbonaceous preforms obtained from wood
pyrolysis [1-6]. The resulting material has a microstructure
that resembles that of the original wood precursor, with
open porosity often filled by residual Si [7]. BioSiC
materials exhibit good thermo-mechanical properties [8].
Its properties are highly anisotropic and depend on the
microstructure, which in turn depends on the structure of
the wood precursor. Therefore, by careful selection of the
precursor properties (mainly density and pore size distri-
bution), a whole range of bioSiC ceramics can be easily
fabricated with properties tailored to each particular
application [9, 10].

BioSiC ceramics also have other advantages. The car-
bonaceous precursor can be machined to near net-shape
prior to infiltration, thus reducing manufacturing cost by
avoiding expensive cutting and machining processes on the
SiC. Numerous applications have already been suggested
for these materials, such as heating elements, high-tem-
perature absorbers [11], and medical implants for bone
substitution [12].

However, for the implementation of these materials to
be feasible, a wider understanding of the processes
involved during the fabrication stage is needed. In partic-
ular, knowledge of the infiltration and reaction—formation
mechanisms in terms of the microstructure and pore size
distribution of the carbon precursors is essential. Previous
attempts to elaborate a model for the fabrication processes,
although successful, do not explain completely the micro-
structural features found in bioSiC [13].
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This work represents an attempt at explaining the infil-
tration and reaction—formation of SiC mechanisms that
dominate the fabrication process of bioSiC. The infiltration
kinetics will be explained in terms of the microstructure of
the carbonaceous preforms, and an estimation of the time
needed for complete infiltration will be presented. The
microstructure of bioSiC will be described and its origin
explained in terms of the possible SiC formation mecha-
nisms. Finally, a model for the microstructural evolution
will be presented.

Experimental

BioSiC samples made from Beech (Fagus sp.) precursors
were fabricated by reactive infiltration of molten Si using a
technique, described elsewhere [7]. In brief, wood speci-
mens were cut to near net-shape and pyrolyzed at 1,000 °C
(0.5 °C/min heating rate) in flowing Ar. The resulting
carbon perform was then infiltrated with liquid Si in excess
at 1,450 °C (10 °C/min heating rate) in vacuum. The
resulting bioSiC material was then cut using a diamond
saw and samples were prepared for SEM and TEM
observation using conventional metallographic techniques.

EBSD measurements

BioSiC SEM samples were observed using electron back-
scattering diffraction (EBSD). Sections longitudinal and
transverse to the wood’s channels were prepared using
conventional metallographic techniques that involved sec-
tioning, grinding, and polishing using diamond paste. The
observations were carried out using a TSL-Digiview
(EDAX) camera in a Philips XL-30 SEM, and the analysis
was performed using OIM Analysis 3.5 Software.

The EBSD technique has been described elsewhere
[14-20]. In brief, the electron beam of a SEM is diffracted
by the sample surface when tilted adequately. The resulting
diffraction pattern is called a Kikuchi pattern and can be
recorded in a phosphor screen using a digital camera and
indexed using a computer program to calculate the orien-
tation of the sample volume that is interacting with the
beam. By using the scanning capabilities of a SEM, thou-
sands of equidistant points in the sample surface can be
measured automatically, generating orientation maps in
which crystallographic data is spatially resolved.

Infiltration-reaction kinetics
The infiltration-reaction kinetics was studied by measuring

the SiC, Si, and residual C contents as a function of
infiltration time. Eight pyrolyzed samples of similar shape
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and weight were infiltrated with excess liquid Si in a Si/C
molar ratio of 1.82, at a temperature of 1,450 °C in vacuum for
different times ranging from 1 min to 16 h. After the infil-
tration, a transverse slab was cut from the center of each
sample for composition measurements. The slabs were ground
to a powder and weighted. Later unreacted Si was etched with
a HF and HNOj solution according to the reaction:

3Si + 12HF + 4HNO; — 3SiF; + 4NO + 8H,0

In the last step residual C was removed from the
powders by heating the powders up to 500 °C in
atmospheric air. The final powder was found to be
composed of only f-SiC by X-ray diffraction, although
the presence of a small amount of «-SiC has been reported
in similar materials where the processing parameters
differed from ours [21]. After each step, the powder was
weighted to determine each phase contents.

Results and discussion
Infiltration mechanisms

Figure 1 shows SEM micrographs of carbon precursors
from beech. The pores follow a bimodal distribution, with
small pores with diameters ranging from 4 to 9 um and
large pores ranging from 30 to 100 pm, depending on the
precursor [22]. Molten Si infiltrates into the porous preform
by effect of the capillary pressure [23-26]. Jurin’s law
establishes that the maximum height a liquid can penetrate
inside a capillary is:

e = 20 cos 0 (1)

rgp

where ¢ is the surface tension of the liquid, r is the
capillary radius, 6 the contact angle, g is gravity’s
acceleration, p the liquid’s density and hy, is the
maximum height of the liquid inside the capillary. In
order to describe the dynamical aspects of the liquid’s
infiltration in the tubular capillary a laminar flow is
assumed, so Poiseuille’s law can be applied, giving:

P [hmaxln [hhmh} —h] 2)

B rng max

where 5 is the liquid’s viscosity, ¢ is the time and % the
height of the liquid inside the capillary. With these results
an estimation of the maximum infiltration height can be
done using the physical properties of molten Si [24, 27,
28]. A carbon preform with a mean pore diameter of 5 pm
can be infiltrated with liquid Si up to approximately 25 m
high, using a contact angle in the range of 8 = 0—22° for
liquid Si versus carbon. Clearly the infiltration process is
very fast. For instance, a carbon preform with pore
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Fig. 1 Low magnification SEM
micrographs of bioSiC
precursors obtained from Beech.
(a) Transverse section. (b)
Longitudinal section

diameters ranging from 5 to 100 um will be infiltrated in
less than 2 s. Although the large channels are infiltrated
faster than small ones (due to viscosity effects), the cap-
illary pressure is much larger in the small channels, so
because a large channel is connected to some small chan-
nels (see Fig. 1b), these will extract liquid Si from the large
one until a pressure equilibrium is reached. This explains
why the majority of small channels are filled with residual
Si, while some of the largest may be not (Fig 2a).

BioSiC microstructure

Figure 2 shows the main microstructural features in bio-
SiC, as well as the phases observed, which are: residual
crystalline Si with bright contrast in SEM micrographs

Fig. 2 (a) Low magnification
SEM micrograph of a bioSiC
ceramic obtained using Beech
as a precursor. (b) High
magnification detail of a zone of
large channels. (¢) High
magnification detail of a zone of
small channels. (d) TEM
micrograph showing a
micrometric SiC grain
surrounded by nanosized grains

(a—c), polycrystalline SiC and amorphous C, which is
normally found in very small quantities. The microstruc-
ture of bioSiC presents a bimodal grain size distribution
consisting on both micron-sized grains and nanometer-
sized grains. SiC grains in the micron range are only found
inside channels where Si is majority (large channels with
diameter over 5 um). In small channels where Si is usually
depleted in the reaction, SiC grains in the nanometer scale
can be observed between the large SiC grains and the
unreacted carbon. In general, micron-sized SiC is majority.
Normally a layer of micron-sized SiC is formed, where
carbon walls previously existed surrounding the large
channels. In this case, no nanosized SiC is found. Occa-
sionally this layer is discontinuous and even some isolated
SiC grains are observed (Fig. 2b, marked with arrows).
Inside small channels micron-sized SiC grains are found
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closing the pores. Surrounding these and towards the
unreacted C nanosized grains can be found forming
rosettes in certain places, which is typical of diffusion-
controlled growth [29], while micron-sized SiC grains are
faceted. Both unreacted Si and C areas can be found,
normally separated by a SiC layer that prevents further
reaction.

Previous observations suggest two cases, depending on
the diameter of the channels in the carbon preform. In both
cases molten Si penetrates through the carbon preform by
capillary effects and reacts with the solid C spontaneously
and exothermically, with an enthalpy of AH’=
—117.77 kJ/mol [30]. If the channel is large and Si abun-
dant Si—C groups are formed in Si solution until it saturates
and micrometric SiC grains precipitate. In the small
channels the process is similar, but the large, micron-sized
SiC grains that precipitate close the pores. In these con-
ditions for Si to react with the carbon preform it must
diffuse through the SiC layer already formed, thus nano-
meter-sized SiC grains are formed in a process controlled
by diffusion.

EBSD

It is well known that the EBSD technique has a good
angular sensitivity, but the measurements of d-spacing are
of poor precision. This precludes the use of this technique to
distinguish phases that have similar crystal structures. In
particular, it is not possible for the indexing software to
distinguish cubic phases that only differ in their lattice
parameters, as is the case with Si and f-SiC. Although
during the EBSD data acquisition it was possible to man-
ually attribute each diffraction pattern to one of the two
phases, this is not a reasonable option when more than 10°
diffraction patterns are to be acquired and indexed. The
Image Quality (IQ) of an EBSD pattern is defined as the
average intensity of the diffracted bands in the pattern that
were used for the orientation calculation, and depends on a
variety of factors including sample preparation and etching,
beam conditions, lattice orientation and crystal structure.
Therefore, its absolute value cannot be used for comparison
between different materials or even between different
samples of the same material. It can, however, give valuable
information when relative values are compared within the
same dataset. In particular, EBSD patterns from Si yield a
higher 1Q value than those from SiC in the same dataset due
to the differences in density, in very much the same way Si
and SiC can be distinguished in SEM using backscattered
electron imaging, as in Fig. 2. With these considerations, a
generic fcc lattice was selected for the indexing routine,
which automatically calculated the orientation of every
analyzed point, and then a phase was assigned to every
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point using an IQ criterion. Figure 3 shows one of the
acquired IQ maps for a longitudinal section of bioSiC,
where the different phases can be visually distinguished:
dark gray corresponds to f-SiC, which has a smaller
electron backscattering cross-section, while light gray cor-
responds to Si. The black areas in the figure correspond to
unreacted amorphous C, which could not be indexed by the
software and was therefore assigned a zero IQ value. With
this criterion, the -SiC volume fraction could be calculated
from the IQ maps, yielding a value of 55% f-SiC which is
comparable to the value of 51% calculated using the data
from weight analysis (see below). The determination of
phase fractions from IQ maps obtained using EBSD is
inherently non-precise, but the reasonable agreement
between EBSD and composition data validates our
approach to separate both crystallographic phases in our
analysis. EBSD maps of transverse sections gave similar
information, although they are not shown here.

Several interesting features can be observed in Fig. 3:
the residual Si that fills the wood channels is in single
crystal form, with constant orientation along a channel,
although the orientation of Si in every channel was found
to be random. Some twins could be observed, both in Si
and f-SiC. In Fig. 4a the {100} pole projections of all
f-SiC grains present in the map of Fig. 3 are plotted, and
the orientation of the residual Si is presented in Fig. 4b. It
is clear that the orientation of the f-SiC grains is random
and that there is no orientation relation between the
residual Si and the f-SiC grains.

24.00 ym = 60 steps

IQ 25.424...114.93, IPF [001]

Fig. 3 Image Quality map acquired using EBSD. The C, Si and SiC
phases can be clearly distinguished
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Fig. 4 {100} pole figures of: (a) the SiC grains and (b) the residual
Si calculated using the data from the map shown in Fig. 3

Greil et al. [21] measured the orientation of eight dis-
tinct SiC grains surrounding a tracheidal pore in a bioSiC
sample (the wood precursor was unreported) and found a
preferential orientation of the SiC grains with respect to the
axial direction of the wood channels, which was explained
by heteroepitaxial growth of SiC at the pore walls. In their
view, the pyrolyzed carbon has a graphite-like sheet
structure oriented in such a way that the cell walls are
hexagonally faceted and approximately coincide with
(0001) graphite planes. The existence of this preferential
orientation was claimed to be consistent with a diffusion
controlled mechanism.

Our EBSD data, on the other hand, show no preferential
orientation of the SiC grains, in agreement with TEM
observations by Zollfrank and Sieber [13]. This is consis-
tent with a solution—precipitation mechanism in which SiC
grains precipitate from a C-rich Si melt after solution of the
C layer.
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Fig. 5 BioSiC composition as a function of infiltration time

SiC formation mechanisms

Most authors agree in the existence of an initial stage
where the surface carbon is dissolved in the liquid Si and
then is nucleated as SiC in the carbon surface. The latter
growth of SiC can then be controlled by two different
mechanisms. One of them is the diffusion of C and/or Si
through the previously formed SiC, as described by Hon
et al. [29, 31], Fitzer et al. [32, 33] and Zhou and Singh
[34]. The other possible process is the solution—precipita-
tion of all the carbon present in the silicon, as described by
Pampuch et al [35, 36]. Whether one mechanism or the
other dominates will depend on the morphology of the
carbon preform. On bulk, pore-less carbon once the initial
SiC layer is formed Si and/or C will have to diffuse through
the SiC in a slow process, due to the low C and Si diffusion
coefficients in SiC [29, 31, 37-39]. Typically, the forma-
tion of a 10 pm thick SiC layer takes about 1 h at 1500 °C.

The B-SiC formation reaction follows first order kinet-
ics, so the concentration of each phase can be modeled
using:

(€] = (€] + (C7] — [C]]) exp(k) (3)

where k is the reaction constant of the SiC formation
reaction and C; is the concentration of phase i. C’; is the
concentration of each phase for an infinite reaction time,
which has to be introduced since Si is in excess in the
process, and C? is the initial concentration of phase i.
Figure 5 shows the measured weight percent of all three
phases as a function of time, along with the fits using Eq. 3.
The results of the fit are included in Table 1.

Pampuch et al. studied the SiC formation process by
reaction of bundles of C fibers 4-6 pm in diameter with
liquid Si at 1,422 °C and 1,439 °C [35, 36], and deter-
mined the reaction constant k using DTA analysis. They
also estimated the reaction constant using diffusion data
from Hon et al. [29, 31] and assuming the reaction was
controlled by diffusion through the SiC layer, concluding
that the reaction had to be controlled by solution—precipi-
tation of the C in the molten Si, as diffusion estimations
gave much lower reaction rates than observed. Their results
and estimations are presented in Table 2 and compared
with the value of the reaction constant as measured in this
work.

For porous carbon preforms with wall thickness smaller
than 10 pum the diffusion mechanisms play no significant
role. Instead the carbon is dissolved in the molten silicon
and precipitated as silicon carbide near the carbon walls
when the solution supersaturates. In the wood based carbon
precursors used for bioSiC the carbon wall thickness is
about 2 &+ 1 pm, so the SiC formation should be controlled
by solution—precipitation exclusively. However, as some of
the channels in the preform have a diameter of the same
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Table 1 Fit parameters for the data shown in Fig. 5

Phase [CO] —[C] (Wt.%) CL (Wt.%) k(1073 s7h
Si 37 +£3 44 + 1 18 £3
C 16 £1 3.0 £ 04 18 £3
SiC —532 44 532 4+ 4 18 £3

Table 2 Reaction constants as measured by Pampuch et al. [35, 36]
and comparison with this work

Temperature (°C) Reaction constant k (s’l)

Diffusion Solution— This work
controlled precipitation
process controlled process

1,422 1.0-2.7 x 107'° 0.9 x 1072 -

1,439 12-3.3 x 107'° 1.7 x 1072 -

1,450 - - 1.8 x 1072

range as the wall thickness, they can be closed as the SiC
precipitates and thus coalesce with surrounding small
channels, yielding an effective SiC layer that is signifi-
cantly thicker, forcing a scenario where the SiC growth
only can happen by a diffusion mechanism. This is also
suggested by the presence of unreacted C in bioSiC
(Fig. 2c).

Mechanism of carbon solution in liquid silicon

In this scheme, the liquid Si must dissolve the cell walls of
the carbon preform to form a solution which will then
precipitate as micron-sized SiC grains. An estimation of the
time required for the solution of the preform into the
molten Si can be made using the Nerst—Noves—Whitney
equation:

dm.  DA(cs — co) 4
- ? - T ( )

In Eq. 4 —dm_/dt is the carbon mass dissolved into the
molten Si per unit time, D is the diffusion coefficient of
carbon in liquid Si for a given temperature, A is the
C-Si(L) contact surface, {(¢) is the thickness of the solution
layer, c, is the carbon concentration and c is the initial
carbon concentration, which is zero as initially the molten
Si contains no C. For our considerations and based on
microstructural evidence, we will assume an initial wall
thickness of 1 pm and will suppose that the temperature is
constant through the C/Si interface and its surroundings,
due to the high thermal conductivity of molten Si [40]. We
will also suppose that the carbon concentration at the
interface is that of equilibrium at the reaction’s
temperature, that is, ¢, = c. for all # > 0, being c. the
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equilibrium concentration. Also, we will approximate
{(r) ~ 4(Dr)” [41]. Substituting into Eq. 4, one obtains:
—dm. D(T)Ac. +/D(T)Ac. 5

d 4Dt 4Vt )

Equation 5 allows us to estimate the time needed to
dissolve a with 1-pm-thick carbon wall as a function of
temperature 7. For our calculations c,. has been taken from
the works of Scace and Slack [42] and D has been taken
from Gnesin and Raichenko [43]. It has been shown that
the heat generated by the reaction can raise the temperature
in the reaction zone by about 500 °C. This has been
observed by Pampuch et al. [35, 36] by Differential
Thermal Analysis of the infiltration and reaction process
of molten Si in a preform made of carbon fibers, and by
Sangsuwan et al. [26]. Therefore, if the molten Si
temperature is 1,550 °C, then the process can reach
2,000 °C inside the C preform. For this temperature, and
considering a wall thickness of 1 pm all the carbon of the
wall is dissolved in about a minute.

Reaction—formation mechanism and microstructural
evolution

We propose a model for the formation of bioSiC based in
the C-Si phase diagram, as shown in Fig. 6. If Si is
majority then a liquid solution of Si/SiC is formed and
micrometric SiC is precipitated upon cooling or saturation
of the solution. Wherever C is majority, there is no Si/C
liquid interface and the SiC is formed by a diffusion pro-
cess that yields nanosized SiC grains. Whatever one or the
scenario happens depends mainly on the channel diameter.

In Fig. 7 schematics of the SiC formation inside the
large channels are shown, where liquid Si is majority.
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Fig. 6 Si—C phase diagram [44]
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Liquid Si penetrates the carbon preform by capillary forces
and because in the preforms the porosity is connected, the
molten Si reaches all pores and channels. This process
takes place in a few seconds, as has been previously shown.
Silicon then reacts with the carbon preform forming Si—C
groups dissolved in the liquid by corrosion of the carbon
walls that surround the channels. As the walls are 1-2 pum
thick, the amount of available C is small compared to the Si
volume and C is quickly depleted. This process takes about
a minute as has been previously shown.

The solution process is aided by the heat generated
during the reaction which in turn raises the liquid Si tem-
perature and enhances the C solubility (left side of the
phase diagram, Fig. 6). The phase diagram shows that the
SiC/Si supersaturates for small C concentrations, produc-
ing the precipitation of SiC near the C walls, yielding SiC
grains in the micron range. This is supported by the faceted
morphology of the large SiC grains. The process ends when
all the carbon is depleted and all SiC has precipitated.

If the channel diameter is comparable to the C wall
thickness then the pores can become choked by the pre-
cipitation of SiC. In that case the SiC barrier prevents the
complete reaction of the C preform in that zone, and so
some unreacted C remains in the sample. The process in this
scenario is schematized in Fig. 8. As happens when the
channels are large, the Si infiltration occurs by means of
capillary pressure. The liquid Si then reacts with the C in the
preform forming Si—C groups dissolved in the melt. Since
there is more carbon than silicon, the solution is supersat-
urated earlier than in the previous case, and so micron-sized
grains precipitate inside the channel and end up choking it.

Fig. 7 Infiltration—reaction
model in the large channels of
the preform

Carbon Precursor

Up to now, the process is similar to the previous scenario
and happens in the left part of the phase diagram in Fig. 6.
The Si is less and less available as the reaction takes place
and so the system is displaced to the right side of the phase
diagram (Fig. 6), which is carbon rich. In this zone there is
no solubility of Si into C so it is impossible for a solution—
precipitation mechanism to occur. The only possibility
available to the system is the formation of SiC by diffusion
through the already formed SiC layer. At the SiC/C inter-
face the grains have a size in the nanometer range, because
the kinetic of the reaction is extremely slow. For practical
effects and considering the time the system is allowed to
react in typical fabrication conditions, the microstructure is
frozen in the first growth stage.

Nanosized SiC was only found at the interfaces between
coarse grained SiC and unreacted carbon, for small enough
channels. This clearly agrees with our microstructural
observations, as can be seen in Figs. 7 and 8. Although
other authors have reported different findings regarding this
issue, we believe that this can be explained attending to
differences in processing parameters. For example, Zoll-
frank and Sieber [13] find that coarse SiC is always
accompanied with nano-SiC until the carbon is depleted, in
disagreement with our observations. It is worth noting,
however, that their samples were infiltrated at 1,550 °C
instead of 1,450 °C as in our case. According to Hon et al.
[31], activation energy for self-diffusion of Si in poly-
crystalline f-SiC is 911 kJ/mol, so the self-diffusion
constant is increased by a factor of about 30 when the
temperature is increase from 1,450 to 1,550 °C, without
even taking into account the temperature increase that
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Fig. 8 Infiltration—reaction
model in the narrow channels of
the preform

accompanies the SiC formation reaction. As previously
stated, the two available mechanisms for SiC formation are
precipitation and diffusion, the importance of the later
being greatly increased at 1,550 °C. This can explain why
other authors find nano-SiC in places where we do not. In
our case, nano-SiC is only found in places, where precip-
itation cannot occur, i.e., narrow channels that have been
choked by coarse grained SiC.

Conclusions

Biomorphic silicon carbide is fabricated by reactive infil-
tration of liquid silicon in carbon preforms obtained from
wood pyrolysis. The liquid Si infiltrates in the preform by
capillary forces, and the time required for this process to be
complete has been estimated. The formation mechanisms
of SiC have been identified.

The molten silicon reacts with the carbon preform by a
spontaneous and exothermic reaction that dissolves the
carbon, forming Si—-C groups that precipitate as micron-
sized SiC. If there is not enough silicon to dissolve the
carbon, then the SiC layer formed prevents further reaction
and SiC must grow by diffusion processes. These results
explain the microstructural features observed and are in
good agreement with the works found in literature.
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