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bstract

n Part A of this study, the details of 3D-stitched carbon–carbon (C–C) preform development and characterization of the internal pore structure
ave been described. A model based on pore radii of two sizes has been proposed for capillary infiltration of solvents in the C–C preforms. In the
art B, kinetics of silicon infiltration has been studied. Ten C–C preform bars of size 150 mm × 17 mm × 50 mm were siliconized at 1650 ◦C for
ifferent durations ranging from 6 to 180 s. Infiltration heights were measured by X-ray images of the siliconized bars. Formation of silicon carbide

as incorporated in the model developed in Part A. Infiltration heights were estimated. These were in close agreement with the experimentally
bserved values.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

3D-carbon–silicon carbide (3D-C–SiC) composites exhibit
etter thermal and mechanical properties under severe erosion
nd complex mechanical loading. 3D-stitched C–SiC compos-
tes are easy to fabricate by liquid silicon infiltration (LSI)

ethod and can be used for applications like jet-vanes, lead-
ng edges of hypersonic vehicles, etc. The pore structure of the
omposites depends upon the formation of silicon carbide due to
nfiltration of silicon. Understanding the kinetics of silicon infil-
ration in the preforms is the key to fabricate these composites.
xperimental kinetic data available in literature for silicon infil-

ration are limited and are not applicable for the present system.
essner and Chiang1 formulated an analytical model, based on
arcy’s law2. The model considered varying permeability; it
as used to predict the infiltration behavior of silicon through

raphite preforms. In another study, an attempt was made to
easure the silicon infiltration front velocity as a function of

emperature3. Thin carbon tapes, fabricated by two different
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echniques were exposed to a silicon melt. Some studies on
inetics of silicon infiltration into porous carbon and 2D C–C
reforms have also been reported in the literature4–8.

In most cases mathematical analysis was carried out consider-
ng single mean effective pore radius. However, 3D-stitched C–C
reforms have a wide distribution of pore sizes; this is because of
he third direction reinforcement and non-uniform shrinkage of
he carbon matrix during carbonization. The present work was
ndertaken to understand the capillary infiltration of liquids in
uch preforms.

In Part A of the present study, a model based on pore radii
f two sizes has been proposed for capillary infiltration. In this
art, kinetic studies for silicon infiltration are being presented.

The objectives are:

. to carry out silicon infiltration into 3D-stitched C–C preform
bars of 150 mm height for different durations;
. to carry out microstructure analysis of the infiltrated speci-
mens to understand the reaction mechanism between carbon
and silicon;

. to employ the model developed for solvent infiltration (in
Part A of this study) for silicon infiltration kinetics.

mailto:sureshtanwar@rediffmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.006
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Fig. 1. Schematic of siliconization experimental set-up.

. Experimental

Experimental details pertaining to fabrication and character-
zation of 3D-stitched C–C preform are already presented in
he Part A. In this part, details pertaining to kinetics of silicon
nfiltration are given.

.1. Silicon infiltration

Ten C–C preform bars each of length =150 mm,
idth = 17 mm, and thickness = 50 mm were siliconized at
650 ◦C under vacuum (absolute pressure = 1 × 10−3 mmHg)
or different time intervals; heating rate was maintained to
chieve the temperature rise in the range of 10–15 ◦C/min. Sili-
onization was carried out in a top loading type vacuum furnace.
here is a platform in the furnace located near the bottom. It can
e raised or lowered by hydraulic means.

Procedure. A high density graphite crucible containing ade-
uate quantity of silicon lumps was kept on the platform. One
–C bar was suspended inside the furnace (Fig. 1). The furnace
as closed and vacuum was applied. The temperature in the

urnace was raised at a pre-decided rate. Melting point of sili-
on is 1420 ◦C. After the furnace temperature reaches 1650 ◦C,
he platform was raised to establish a contact between the C–C
reform bar and molten silicon in the crucible. Liquid silicon
ises in the C–C preform bar by capillary action. After a pre-
ecided infiltration time, the platform was lowered so that the

reform bar and liquid silicon are no longer in contact and the
urnace was switched off and allowed to cool. The furnace was
pened and the siliconized bar was removed from the furnace at
oom-temperature.

t
p

s

able 1
ilicon infiltration height and silicon uptake by C–C preform bars: kinetic study.

ar no. Initial weight of the bar (Wtstart), g Infiltration time, s Final

ar-1 195.0 6 205.5
ar-2 200.0 18 226.0
ar-3 201.5 24 228.5
ar-4 198.0 30 226.0
ar-5 204.5 36 234.0
ar-6 206.5 48 244.5
ar-7 200.5 90 247.5
ar-8 201.0 108 252.0
ar-9 199.0 138 255.0
ar-10 199.5 180 267.0
ig. 2. Non uniform silicon infiltration front into 3D-stitched C–C preform bar.

.2. Experimental observations

Silicon infiltrated in all the bars was determined by change
n weight of the bars (Table 1). X-ray images of the bars were
lso taken (Figs. 2–4).

.3. Measurements of silicon infiltration height

The images were taken at 160 kV with current density of
0 mA using Andrex Constant Potential X-ray set (model CP
90, 160 kV, focal spot 0.4 and 1.5). The distance between X-
ay source and siliconized bars was maintained at 1 m to get
ontrast in the images. The silicon infiltrated portion is grey
hile the un-infiltrated part is dark black. The infiltrated part
f the bars became hard. In some images it was observed that

he infiltration front was not uniform across the thickness. It is
erhaps due to the non-uniform local pore structure.

Infiltration height was calculated by taking five equally
paced points on the infiltration front. Height of each point was

weight of the bar (Wtfinal), g Silicon uptake, g Infiltration height, m

10.5 0.032
26.0 0.066
27.0 0.070
28.0 0.072
29.5 0.074
38.0 0.088
47.0 0.118
51.0 0.121
56.0 0.126
67.5 0.148
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Fig. 3. X-ray images of C–SiC composi

easured from the base. The arithmetic mean of the five values
as taken as the effective infiltration height for that particular
ar (Table 1).

It is interesting to note that silicon rose through a height of
bout 148 mm in only 180 s whereas it took almost 10,000 s
or cyclohexanone (Part A). Higher rate of silicon infiltration
s mainly due to its very high surface tension (0.72 N/m); for
yclohexanone it is 0.034 N/m.

. Mathematical analysis

.1. Reactive infiltration kinetics
Liquid silicon reacts with solid carbon matrix to form solid
ilicon carbide.

i(l) + C(s) → SiC(s) p

Fig. 4. X-ray images of C–SiC composite bars, silicon
s, siliconization time 6, 18, 24 and 30 s.

It is envisaged that liquid silicon rises into the pores of the
arbon matrix, where it reacts with the pore walls to form silicon
arbide; the diameter of the pores thus reduces.

Microstructure analysis of C–SiC composite bars was car-
ied out to understand the reaction mechanism. Parts of the
iliconized bars (bar-4 and bar-10, respectively) were cut and
olished. Their microstructure was seen under an optical micro-
cope (Figs. 5 and 6).

. Continuous and non-uniform thick SiC layer could be
observed over the carbon phase.

. Some SiC particles embedded in the silicon pool and located

away from the carbon phase were also visible.

The following mechanisms of SiC formation have been pro-
osed in the literature4,9–11.

ization time 36 and 48, 90, 108, 138 and 180 s.
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Fig. 5. Optical micrograph-1 of C–SiC bar (4) siliconized for (30 s).

(i) Heterogeneous nucleation and growth of SiC leads to the
formation of a continuous polycrystalline SiC layer; its fur-
ther growth is attributed to diffusion of the reactive species
through SiC layer4.

(ii) Carbon dissolves in liquid silicon instantaneously, leading
to the formation of SiC clusters which are preferentially
adsorbed on the liquid/solid interface9. After saturation of
this adsorption layer by the SiC clusters, a two-dimensional
continuous SiC film is formed.

iii) A continuous layer of SiC precipitates in the silicon phase.
It is proposed that diffusion of carbon through the SiC layer
is the rate limiting step.

iv) Solution precipitation mechanism has been proposed by
Pampuch et al.11. Carbon dissolves in liquid silicon and
silicon carbide is formed which subsequently precipi-
tates. Both dissolution of carbon and formation of SiC are
exothermic; the heat of the dissolution is −247 kJ/mol, and
the heat of reaction is−115 kJ/mol. Thus, temperature at the
reaction site is likely to be higher than the local surrounding
temperature.
It was inferred from the literature that the initial formation of
iC layer is very fast it precipitates, and its subsequent growth is
ontrolled by diffusion of silicon through it. It may also be noted
hat there is a volume misfit between carbon and the product SiC

Fig. 6. Optical micrograph-2 of C–SiC bar (10) siliconized for (180 s).
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. Therefore, some of the SiC formed may break into small parti-
les and move to liquid silicon pool. If so, molten silicon would
e in contact with fresh carbon to react. Thus SiC formation
ay also be an interface-limited reaction between carbon and

ilicon.

.2. Mathematical analysis

As mentioned earlier, liquid silicon rises into pores of the
reform. Also, the pore size would decrease with time as solid
iC formed and gets deposited on the walls of the pores. The SiC

ayer inside the pores would be thickest at the mouth of the pore
t the bottom and would be negligible at the top of the infiltrated
eight. It may be noted that capillary infiltration depends upon
ore radius.

(a) Thickness of SiC layer on flat horizontal carbon surface:
he rate of reaction between carbon and silicon melt is extremely

ast as compared to the rate of diffusion of liquid silicon in the
olid SiC, the diffusion of silicon would be the rate controlling
tep. This concept has been applied to analyze silicon infiltration
inetic data.

If a flat carbon surface is in contact with molten silicon, it
an be shown that, thickness of SiC layer would be given by

=
√(

2D

ρ
CSi,l

)√
t (1)

here δ = thickness of silicon carbide layer, m, ρ = density of
ilicon carbide, kg/m3, D = diffusion coefficient of Si through
iC layer, m2/s, CSi,l = density of silicon in the liquid phase,
g/m3, t = reaction time, s

The derivation is given in the Appendix A.
Physical properties of carbon–silicon system are given in

able 2.6 Substituting for the values, we get

= 2.843 × 10−7√t (1a)

The thickness of SiC layer would grow in the two opposite
irections away from the SiC–silicon interface: (i) in the pool of
olten silicon, (ii) into the thickness of carbon matrix (Fig. A.1).

t is also shown in Appendix A that, the thickness created in the
iquid silicon pool is 0.561δ.

.2.1. Diffusion-limited capillary rise
As mentioned earlier, radius of the pore decreases due to the

ormation of SiC inside the capillary. The thickness of SiC layer
grows outward in the carbon matrix and on the other hand, it
rows towards the centre of the pore in the liquid silicon pool. It
an be shown that the capillary radius for carbon–silicon reactive
ystem at any time would be given by

(t) = r0 − 0.561δ (2)
here, r0 is the radius at t = 0.
Thus Eq. (2) can be rewritten as

(t) = r0 − 0.561 × 2.843 × 10−7√t (3)
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Table 2
Physical properties of silicon used in this study.

Properties Units Literature Values used in the present study

Density kg/m3 2330–2340 (20◦C) 2500
2530–2550 (1420◦C)

Viscosity kg/m s 5.10 × 10−4 to 7.65 × 10−4 (1440 ◦C) 7.65 × 10−4

4.59 × 10−4 to 6.38 × 10−4 (1560 ◦C)
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urface tension N/m 0.72–0.75

r,

(t) = r0 − 1.594 × 10−7√t (3a)

In general, r(t) may be represented as

(t) = r0 − M
√

t (4)

Eq. (4) has also been reported in the literature8 with the value
f M to lie in the range of 0.4 × 10−7 to 2 × 10−7m s−1/2. Larger
alue of M implies quicker reduction in pore radius.

(b) Capillary infiltration height: In Part A, the model devel-
ped for solvent infiltration into the C–C preform was based on
wo pore radii.

8μ

r2
2

hdh

dt
− 2σ cos θ

r1
+ ρgh = 0 (equation 15 of Part A) (5)

It may be recalled that for solvent infiltration, r1,0 and r2,0
ere found to be 34.2 and 4.3 �m, respectively.For reactive

nfiltration of silicon, as discussed above

1(t) = r1,0 − M
√

t (6)

2(t) = r2,0 − M
√

t (7)

hus r1(t) and r2(t) can be determined. The effect of M
√

t

ecomes pronounced with reduction in pore size and with time.

his also indicates smaller pores would be susceptible to chok-

ng soon after silicon infiltration has started, and with passage
f time, less and less pores would be available for silicon infil-
ration.

ig. 7. Comparison of experimental and estimated silicon infiltration heights by
odified Washburn equation (contact angle 22◦).
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◦C) 0.72

Eq. (5) was solved numerically (by Runge Kutta method)
o estimate silicon infiltration height as a function of time. The
ngle of contact θ was assumed to be 22◦6,8,12. Calculations were
erformed for different values of M.

a) M = 2 × 10−7 m s−1/2;
b) M = 1.75 × 10−7 m s−1/2;
c) M = 1.594 × 10−7 m s−1/2;
d) M = 0.4 × 10−7 m s−1/2;
e) M = 0.

he results are shown in Fig. 7.
It can be seen that M = 0 overestimates the infiltration

eight while M = 2.0 × 10−7 m s−1/2 underestimates the same;
= 1.594 × 10−7 m s−1/2 estimates the heights reasonably close

o the experimental data; however the best correlation is obtained
or M = 1.75 × 10−7 m/s1/2. For M = 1.75 × 10−7 m/s1/2, the
alues of r1(t) and r2(t) at 180 s are 31.85 and 1.95 �m, respec-
ively. It means that capillary pressure (2σ cos θ/r1) increases

arginally with time, and at the same time, viscous drag
(8μ/r2

2)(hdh/dt)) increases significantly.
As mentioned earlier, the SiC layer inside the pores at any

nstant would not be uniformly thick: the maximum thickness
ould be at the mouth of pores at the bottom, and the thickness
ould be negligible at the top of the infiltrated height. However,
q. (5) assumes uniform thickness throughout the infiltrated
eight in the pores, and is equal to that at the pore mouth.

.2.2. Variable angle of contact
As mentioned earlier, the C–C preform bar was just touch-

ng the molten silicon. The silicon rises in the pores and reacts
ith carbon matrix. The carbon–silicon reaction is very fast;

herefore, at the bottom of the bar, SiC layer forms almost instan-
aneously. From Eq. (5), it is evident that the angle of contact
etween SiC layer and silicon plays an important role for sili-
on infiltration. The angle of contact varies from 0 to 22◦ under
acuum and also varies with reaction time8,12,13.

(t) = θ∞ + θ∞(exp(B − At)) (8)

here θ(t) is the angle of contact between molten silicon and pore
all at any time ‘t’; θ∞ is the angle of contact at equilibrium
4.2◦); B is the material constant (1.68); A is the material constant
0.00543 s−1).

The values of θ at t = 0 and t = 180 s are 26.73◦ and 6.22◦,
espectively; the corresponding values of cos θ are 0.893 and
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Fig. 8. Comparison of estimated heights obtained from variable angle of contact
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or √
2D √
nd contact angle = 22◦ for M = 1.75 × 10−7 m s−1/2.

.994, respectively. Thus computations were performed taking
nto account the change in contact angle θ with time t (Fig. 8). It
s evident that with θ = 22◦ and with θ(t) = θ∞ + θ∞(exp(B −
t)) the estimated infiltration heights are almost the

ame.

. Concluding remarks

Combining the findings of both the parts, A and B of this
tudy, following conclusions may be drawn

(i) The capillary infiltration of a solvent in the C–C
preform may be correlated by modified Washburn equa-
tion. It is based on pores of two radii r1,0 and r2,0:
r1,0=2σ cos θ/ρght→∞, and r2,0 may be obtained by ana-
lyzing the experimental data with the help of modified
Washburn equation.

ii) The infiltration height of molten silicon in the C–C preform
may be estimated using the same equation and substituting
r1(t) = r1,0 − 1.75 × 10−7√t m and r2(t) = r2,0 − 1.75 ×
10−7√t m.

ppendix A. Determination of M for flat geometry

(a) Physical picture envisaged

. A pool of molten silicon is brought into contact with a hor-
izontal flat slab of carbon. Reaction takes place between
silicon and carbon to form a layer of silicon carbide. Thick-
ness of silicon carbide layers grows with time. A schematic
of SiC layer formation is shown in Fig. A.1.

Si(l) + C(s) → SiC(s)
. After the formation of initial layer of silicon carbide, liquid
silicon must diffuse through silicon carbide layer to reach
carbon surface to form fresh silicon carbide, immediately. If

δ

D

Fig. A.1. Schematic of SiC layer formation at flat graphite plate.

we assume SiC formation reaction as instantaneous, molten
silicon cannot exist at the interface of the carbon and silicon
carbide layer.

(b) Mathematical analysis: Assumption: quasi steady state

= δρA (1A)

here m = mass of SiC layer formed during time t, kg,
= thickness of silicon carbide layer, m, ρ = density of silicon
arbide, kg/m3, A = interfacial area between molten silicon and
arbon, m2

dm

dt
= ρA

dδ

dt
(2A)

m/dt = mass of silicon carbide formed per unit time, kg/s
Expressing rate of formation of SiC in terms of diffusion flux

dm

dt
= A

D

δ
(CSi,l − CSi,i) (3A)

D = diffusion coefficient of Si through SiC layer, m2/s,
Si,l = concentration of silicon in the liquid phase, kg/m3,
Si,i = concentration of silicon at silicon carbide–carbon inter-

ace (=0), kg/m3

Equation (3A) reduces to

dm

dt
= A

D

δ
CSi,l (4A)

From (2A) and (4A) above

dδ

dt
= D

ρ
CSi,l (5A)

Integrating (5A)

2 = 2D

ρ
CSi,lt + constant (6A)

t t = 0, δ = 0, i.e., constant = 0; Eq. (6A) would reduce to

δ2 = 2D
CSi,lt (7A)
=
ρ

CSi,l t

= D◦ e−E/RT4
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here E is the activation energy = 132 kJ/mol;
◦ = 2.0 × 10−6 cm2/s.
At siliconization temperature of 1650 ◦C, D comes out to be

.194 × 10−10 cm2/s.
Substituting for CSi,l, D and ρ in equation (7A)
CSi,l = 2500 kg/m3, ρ = 3217 kg/m3, D = 5.194 × 10−14 m2/s,

= 2.841 × 10−7√t

(c) Determination of M (thickness of new SiC layer created):
n the formation of SiC, one mole of solid carbon produces one
ole of SiC

C + Si → SiC
olecular weight 12 28 40
ensity, g cm−3 2.2 2.5 3.217
olume, cm3 5.45 11.2 12.43

New volume created = 12.43 − 5.43

= 6.98 cm3

New volume formed

Total volume of SiC produced
= 6.98

12.43
= 0.561

Thus a flat vertical wall of carbon in contact with a pool of
iquid silicon will produce new thickness as shown by above
alculations.

= M
√

t (A.8)

M = new solid volume created ×
√

2D
CSi,l
volume of SiC thickness layer ρ

= 0.561 × 2.843 × 10−7

= 1.594 × 10−7 m s−1/2

(A.9)
1
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