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bstract

athematical modeling of silicon infiltration in porous carbon–carbon (C–C) preforms is the key to fabricate liquid silicon infiltration based
arbon–silicon carbide (C–SiC) composite components. Existing models for silicon infiltration are based on straight capillaries. For interconnected
apillary systems, e.g. as in 3D-stitched C–C preforms these show large deviations when compared with experimental observations. The aim of
he present study is to develop a mathematical model suitable for silicon infiltration in 3D-stitched C–C preforms. The work is being presented in
wo parts: A and B. This part (Part A) describes the experimental details pertaining to the fabrication of the C–C preforms and their pore structure

haracterization by mercury porosimetry, infiltration of solvents by capillary rise, and by permeability studies. A two-pore capillary infiltration
odel termed as modified Washburn equation has been proposed. It has been validated by experimental data of solvent infiltration. The same model

orrelates silicon infiltration observations as well (Part B).
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic–matrix composites are promising materials for
ypersonic aircrafts and for hot structures of re-entry vehicles.1,2

iquid-silicon-infiltration (LSI) based carbon–silicon carbide
C–SiC) composites have short manufacturing cycles.3,4 How-
ver most of the work has been carried out on monolithic
reaction bonded) silicon carbide and 2D C–SiC com-
osites. Experimental observations of silicon infiltration in
arbon–carbon (C–C) preforms are limited, and the mathemati-
al models for infiltration are based on straight capillaries.5–8

3D composites exhibit better thermal and mechanical prop-
rties under severe erosion and complex mechanical loading
onditions, e.g. thrust vectoring jet-vanes, leading edges of
ypersonic vehicles, etc.2,3 3D-stitched composites are easy to
abricate and can be used for such applications. Understanding

f infiltration dynamics of molten silicon in C–C preforms is
ssential for the development of LSI based C–SiC composites.
irect observation of silicon infiltration in C–C components is

∗ Corresponding author. Tel.: +91 40 24306498; fax: +91 40 24306498.
E-mail address: sureshtanwar@rediffmail.com (S. Kumar).
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ot possible because of high temperature 1450–1650 ◦C and vac-
um conditions. To make use of the existing capillary infiltration
odels, effective mean pore radius of C–C preform is required.
n experimental method based on capillary rise is widely used

or porous-medium characterization. Measurement of the pen-
tration height of wetting liquid with time is most commonly
mployed.7,9–12 Darcy’s law has also been employed to char-
cterize a porous medium by measuring downward liquid flow
nder static and dynamic liquid heads.13

It is desirable to study the pore structure of the 3D-
titched C–C preforms before modeling of silicon infiltration is
ttempted. To characterize such preforms, mercury porosimetry,
apillary infiltration of solvents, and permeability studies have
een proposed. Information thus obtained would give a deep
nsight into their pore structure. Thus, the objectives of this part
f the study are: (1) to fabricate 3D-stitched-C–C preforms of
ensity range 1.55–1.60 g/cm3, and (2) to understand their pore
tructure. To achieve (2), the following were decided:
. to determine pore-size distribution;

. to carry out solvent infiltration studies with four different
organic solvents;

mailto:sureshtanwar@rediffmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.007
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. to determine permeability;

. to arrive at an appropriate mathematical model for solvent
infiltration and to analyze the experimental data.

. Experimental

.1. Raw materials

T300 carbon-fiber reinforcement in the form of 8H satin
k woven fabric and 6k tows were used to make 3-D-stitched
brous performs. Low quinoline-soluble coal-tar pitch was
sed for densification of the fibrous preforms. Laboratory
rade solvents were used; these were procured from Merck
India).

.2. C–C preform development

Many 3D-stitched fibrous preforms (150 mm × 150 mm, and
0 mm thick) were prepared by stitching several layers of
arbon fabric with carbon-fiber tows. These preforms were
nfiltrated with coal-tar pitch by vacuum infiltration (abso-
ute pressure = 1 × 10−3 mmHg, i.e. 0.13 Pa) at 200–300 ◦C
ollowed by carbonization at 900–1000 ◦C and graphitization
t 2500–2600 ◦C in nitrogen atmosphere. These were further
ensified by hot-iso-static-pitch impregnation and carboniza-
ion at 750–800 ◦C and 100 MPa. The densified preforms were
urther heat-treated at 1650 ◦C under vacuum (absolute pres-
ure = 1 × 10−3 mmHg). The C–C preforms thus obtained had a
ensity range 1.55–1.60 g/cm3. The heating rate was controlled
o maintain the temperature increase at 50–100 ◦C/h in all the
bove steps.

.3. Internal pore structure characterization

.3.1. Pore-size distribution using mercury porosimetry
Specimens of size 25 mm × 5 mm × 5 mm were cut from the

bove C–C preforms for determination of pore-size distribu-
ion and porosity. Measurements were carried out as per ASTM

-2873 up-to 30,000 psi (∼200 MPa) using Quantachrome

nstruments. Volume of mercury intruded as a function of the
pplied pressure was recorded (Figs. 1 and 2). A typical pore-size
istribution is shown in Fig. 3.

Fig. 1. Percentage mercury volume intruded vs. applied pressure.

a
a
h
l

Fig. 2. Percentage mercury volume intruded vs. pore diameter.

Observations for one specimen are given below:

olume of specimen 0.5472 cm3

olume of mercury intruded 0.1162 cm3

ore diameter range 0.007–400 �m
orosity 21.23%
edian pore diameter (on the basis of volume) 8.6 �m

.3.2. Capillary infiltration of solvents
Four blocks of size 150 mm × 50 mm × 50 mm were cut from

ifferent C–C preforms. These were used for preliminary infil-
ration studies with acetone. Outer surface of the blocks was
raduated at the intervals of 5 mm in the direction parallel to
he fabric. The graduated blocks were just dipped up to a depth
f 1–2 mm in acetone contained in a Petri-dish. It was observed
hat acetone rose upwards quickly. Acetone was added to the
etri-dish to maintain its level. The height of acetone front was
oted with time. A schematic of the capillary rise is shown in
ig. 4.

Experiments were also attempted with water for capillary
nfiltration, but without any success.

Detailed studies were carried out with four different solvents,
iz. acetone, ethyl alcohol, cyclohexanone, and cyclohexane,
ith the same C–C preform block. The infiltration behavior of
ll the four solvents was similar (Fig. 5). Observations for ethyl
lcohol are given in Table 1. Initially solvents rose very fast;
owever infiltration front was not uniform; perhaps, due to the
ocal pore structure. As time progressed infiltration front became

Fig. 3. Pore-size distribution of a C–C preform sample.
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Fig. 4. Schematic of capillary rise into C–C preform block.
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2.3.3.1. Experimental set-up (Fig. 7). It consisted of a flanged
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Fig. 5. Capillary infiltration heights for solvents.

niform, and also the rate of infiltration became slow. Mea-
urements were discontinued after a sufficiently long time when
urther rise was not observed. For acetone infiltration height
ould not be measured beyond 115 mm; it was very difficult to
ifferentiate the infiltration front from the shade of C–C preform
lock. Perhaps it was due to high rate of evaporation and very
low infiltration rate.

Solvents rise in the C–C preform by capillary action. The rate
f rise depends upon the pore radius, properties of the solvents
iz. density, viscosity, surface tension, and its angle of contact
ith the pore walls. Densities of these solvents are not much dif-

erent. Since all the studies were carried out with the same C–C
reform block, viscosity, surface tension, and angle of contact
ould control the rate of rise. It may be noted that viscosity of

cetone is the least among the four solvents; its rate of rise is
lso the highest.

9,12,14
It has been reported in literature that during the initial
eriods

2 ∝ t (1)

h
t
1
i

able 1
thyl alcohol capillary heights in C–C preform block.

ime, s 0 60 120 420
nfiltration height, m 0 0.015 0.02 0.034
ime, s 1716 2136 2526 3000
nfiltration height, m 0.065 0.07 0.075 0.08
ime, s 7680 8940 10500 12060
nfiltration height, m 0.11 0.115 0.120 0.125
ig. 6. Variation of square of capillary infiltrated heights of solvents with time
or C–C preform block.

here h is the infiltration height in the capillary, t is the infil-
ration time and h2 was plotted for all the solvents against time
Fig. 6).

It can be observed that during initial periods, h2 varies linearly
ith time.

.3.3. Permeability measurements
To characterize the C–C preforms further permeability was

easured in the direction parallel to fabric layers. The observa-
ions would give cumulative effect of all pores under downward
ow.
ollow tube of square cross section, 44 mm × 44 mm. Height of
he tube above the flange was 1 m and below the flange, it was
5 mm. A C–C preform of thickness 5–10 mm could be mounted
nside the lower tube.

600 738 960 1200 1476
0.04 0.045 0.05 0.055 0.06
3600 4080 4680 5520 6360
0.085 0.09 0.095 0.10 0.105
– – – – –
– – – – –
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ig. 7. Experimental set-up for permeability measurement of C–C preform
ample.

.3.3.2. Procedure. A C–C preform specimen of thickness

.1 mm was flush-mounted in the lower tube. The edges of
he specimen were sealed to the inner walls of the tubes with
poxy resin to prevent any leakage from the sides. Both the tubes
ere assembled by tightening nuts and bolts. The assembly was
ounted on an angle-frame. Water was filled in the tube from

he top. The water head above the C–C preform specimen was
aintained 1 m throughout the experiment. The water coming

ut from the lower end was measured at intervals of two min-
tes. This was continued till constant volumetric flow rate was
chieved (Table 2).

.3.3.3. Determination of permeability. Steady state volumet-
ic flow rate data were used to determine the value of
ermeability.

= κ

μ

dP

dx
= κ

μ

�P

l
(2)
here ϑ is the average superficial velocity of water, ‘κ’ is the
ermeability, �P is the pressure drop across the thickness of the
reform specimen l, and μ is the viscosity of water.

l
e

able 2
bservations of a permeability experiment.

ime interval, min 0–2 2–4 4–6 6–
olume of water collected, ml 1000 950 895 85
ime interval, min 18–20 20–22 22–24 24
olume of water collected, ml 739 729 720 70
eramic Society 29 (2009) 2643–2650

Volumetric flow of water at steady state = 655 × 10−6 m3/s.
aking μ = 1.0 × 10−3 kg/m s, the value of the permeability (κ)
as calculated to be 2.04 × 10−12 m2.
Studies were carried out for specimens of different thick-

esses as well; the permeability values were found to be in
he range 1.98 × 10−12 to 2.2 × 10−12 m2. In the present cal-
ulations permeability has been taken to be 2.04 × 10−12 m2.
ubsequently this value of κ was used to estimate solvent infil-

ration height.

.3.3.4. Effective mean pore diameter under down ward flow.
C–C preform may be considered equivalent to a bundle of

traight, unconnected, parallel capillaries of uniform pore radius.
agen Poiseuille equation relates pressure drop for laminar flow

n a cylindrical capillary of length (l) and mean effective capil-
ary diameter (d)

�P

l
= 32uμ

d2 (3)

here μ is the average velocity of liquid in the capillary.
If ε is the porosity of the specimen, (ϑ) may be defined as

= u × ε (4)

Porosity (ε) was determined by immersing the C–C preform
pecimen in water for a long time. Weight of the preform was
aken before and after immersing it into water.

orosity = volume of the water penetrated

volume of the preform

It was found to be 0.15.
It may be noted that the porosity as measured by mercury

orosimetry was 0.2133. It indicates that fine pores were not
lled completely by water. From Eqs. (2)–(4), the diameter (d)
ay be expressed as

=
√(

32κ

ε

)
(5)

ubstituting for κ = 2.04 × 10−12 m2 and ε = 0.15, d was found
o be 20.8 × 10−6 m. Thus, effective mean pore radius (rd) under
ownward flow is 10.4 × 10−6 m.

.4. Analysis of solvent infiltration observations
As mentioned earlier, there are two approaches to ana-
yze capillary infiltration data, viz. Darcy’s law and Washburn
quation.8,12–14

8 8–10 10–12 12–14 14–16 16–18
0 810 780 765 751 739
–26 26–28 28–30 30–32 32–34 34–36
9 694 680 660 655 655
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.4.1. Darcy’s law applied to upward capillary infiltration
Darcy’s law for one-dimensional capillary infiltration may be

ritten as

= κ

μ
(∇P − ρg) (6)

here �P is the pressure gradient due to capillary pressure,
is acceleration due to gravity and ρ is the density of the

iquid.
Eq. (6) may be re-written as

= κ

μ

(
�P

h
− ρg

)
(7)

r

= κ

μh
(�P − ρgh) (8)

r

ϑ = κ

μ
(�P − ρgh) (9)

here h = infiltration height at any time t.
Substituting for upward velocity, ϑ = dh/dt in Eq. (9), we

et

dh

dt
= κ

μ
(�P − ρgh) (10)

The capillary pressure �P can be determined independently.
q. (10) was solved to estimate capillary height for all the four
olvents (Figs. 11–14). There is a good agreement between the
stimated and experimental values.

.4.2. Washburn equation
Momentum balance for liquid rising through a single capil-

ary can be written as

Rate of change of momentum

=
∑

the driving forces = capillary force

−gravitational force − viscous force.
r

d

dt

(
πr2hρ

dh

dt

)
=

(
2σ cosθ

r
− ρgh − 8μh

r2

dh

dt

)
πr2 (11)

here dh/dt is the upward velocity of the liquid in the
apillary.

a
o

r
a
p

able 3
hysical properties of solvents and slopes of h2 vs. t plot.

olvents Density (kg/m3) Viscosity (kg/m s) Surface tension (

cetone 770 0.30 × 10−3 23.70 × 10−3

thyl alcohol 780 1.07 × 10−3 22.60 × 10−3

yclohexane 780 0.92 × 10−3 24.65 × 10−3

yclohexanone 948 1.99 × 10−3 34.00 × 10−3

ote: Since solvent infiltration studies were carried out with the same C–C preform
ontact for different solvents was adjusted to obtain the same value for radius in all th
eramic Society 29 (2009) 2643–2650 2647

Simplifications:

(i) For capillaries of small radii creeping flow assumption may
be applied; it implies that (d/dt)(h(dh/dt)) is very small and
approaches zero.

Thus the above equation may be re-written as

8μh

r2

dh

dt
= 2σ cosθ

r
− ρgh (12)

ii) Also during initial periods, ρgh � (8μh/r2)(dh/dt).

Eq. (12) can be re-written as

8μh

r2

dh

dt
= 2σ cosθ

r
(13)

he above equation implies that, during initial period capillary
ressure is balanced by viscous drag.

Integrating Eq. (13) and simplifying

2 = rσ cosθ

2μ
t (13a)

.4.2.1. Determination of effective mean pore radius for C–C
reform. Substituting for slopes of the plots of h2 vs. t (Fig. 6)
nd physical properties of solvents15 into Eq. (13a), effective
ean radius was determined (Table 3). It was found to be

.274 �m.
It may be noted that effective mean pore radius as 0.274 �m

s much smaller than 10.4 �m determined from permeabil-
ty experiments and than 4.3 �m determined from mercury
orosimetry. It should also be noted that there is a wide pore-size
istribution in the C–C preform.

.4.2.2. Estimation of capillary height. Infiltration heights for
ll the four solvents were estimated for capillaries of differ-
nt radii arrived at by different approaches (i) 0.274 �m (Eq.
13a)), (ii) 10.4 �m (from permeability observations), and (iii)
ll the solvents showed large deviations from the experimental
bservations (Fig. 8).

It is evident that larger the pore radius, higher would be the
ate of rise during the initial period, infiltration would stop after
ttaining a height h∞ where gravity force balances capillary
ressure.

N/m) Slope r cos(θ) θ (◦) Effective radius (�m)

9.0 × 10−6 2.28 × 10−7 33 0.274
2.2 × 10−6 2.08 × 10−7 40 0.274
2.0 × 10−6 1.49 × 10−7 57 0.274
2.2 × 10−6 2.57 × 10−7 20 0.274

block; there would be a unique value for radius for all the solvents. Angle of
e cases.
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Fig. 8. Effect of pore radii on infiltration height for ethyl alcohol calculated
using Eq. (13a).

Table 4
Theoretical capillary infiltration heights of ethyl alcohol for different pore radii.
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adius ‘r’, �m 0.274 10.4 4.3 34.2

∞, m 17.0 0.447 1.08 0.135

Maximum capillary height h∞ which may be attained by a
olvent by capillary rise can be determined.16,17

∞ = 2σ cosθ

ρgr
(14)

∞ for ethyl alcohol for different pore radii are listed in Table 4.
It is evident that heights (17.0, 0.447, and 1.08 m) estimated

or radii 0.274, 10.4 and 4.3 �m respectively are much higher
han the experimental value (0.135 m). The effective pore radius
esponsible for capillary pressure would be about 34 �m. Also,
nfiltration height is a function of time cannot be determined
sing Eq. (12) based on a single value of capillary radius. This
bservation necessitated looking at the mechanism of capillary
nfiltration being controlled by pores of more than one size. This
s discussed in the next section.

. Physical picture envisaged for 3D-stitched C–C
reforms

3D stitched C–C preform is a layered porous structure; typi-
al thickness of carbon fabric and carbon matrix in the preform
s about 0.25 mm each. The preforms have a wide range of pore
izes (Fig. 3). The schematic of the thickness of a C–C preform
nd the interconnected capillaries is shown in Fig. 9. There are
wo types of pores: (i) those in the carbon matrix between dif-
erent fabric layers and (ii) in the carbon matrix entrapped in the
abric itself. These have been termed as (i) coarse pores ‘m’ (for
atrix) and fine pores ‘f’ (for fabric). The pores ‘m’ are coarse

ecause of non-uniform shrinkage characteristic of the carbon
atrix. In the 3D stitched C–C preforms, the third direction

arbon-fibers hold different fabric layers and do not allow the

ntire preform to shrink uniformly during carbonization; thus
arger pores ‘m’ get generated in the matrix whereas ‘f’ pores
re created in the matrix trapped in the fabrics. The coarse and
he fine pores are inter-connected. As the liquid rises up through

b

0

ig. 9. (a) Schematic of side view of C–C preform, and (b) interconnected
apillary infiltration scheme.

he C–C preform block, a complex interflow of infiltrating liquid
akes in the pores.

.1. Capillary infiltration into interconnected complex pore
tructure

It is very likely that effective pore size responsible for viscous
rag is different from the effective pore size responsible for cap-
llary pressure. Assuming this hypothesis and considering pores
f two different radii (a) one responsible for capillary pressure
nd (b) the other for viscous drag following phenomenon is
roposed.

During initial stages of infiltration, height of liquid in the
oarse pores would be higher than that in the fine pores because
f difference in viscous drag. The pores are interconnected;
ence some of the liquid from the coarse pores would flow
nto fine pores to maintain equal level in the preform. Later,
tatic head and capillary pressure in the coarse pores would
end to become equal resulting in no further rise of the liquid
n the coarse pores. For fine pores, however, capillary pres-
ure is higher than the static head, therefore liquid rise through
hese would continue and then it flows to coarse pores. But,
eight of the liquid in the coarse pores cannot exceed beyond
he value where the capillary force and static head are in equilib-
ium. Therefore maximum infiltration height (h∞) by capillary
ction in such cases would be controlled mainly by the coarse
ores.

During the initial periods, the viscous drag in the fine pores is
uch higher than that in the coarse pores; therefore, fine pores

ontrol the infiltration velocity. Hence for analysis of capillary
nfiltration, both types of pores (coarse and fine) should be taken
nto consideration.

.2. Modified Washburn equation

Denoting effective radius of coarse pores as r1, effective
adius of pores for viscous drag as r2 and substituting r = r1
or capillary pressure and r = r2 for viscous flow, Eq. (12) can

e re-written as

=
(

2σ cosθ

r1
− ρgh − 8μh

r2
2

dh

dt

)
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Fig. 10. Comparison of estimated and experimental infiltration heights of ethyl
alcohol.
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From Figs. 10–14, it is inferred that infiltration height esti-
mated by Eqs. (10) and (15) agree very well with the experimen-
tal values. Although each equation represents a different physical
S. Kumar et al. / Journal of the Europ

r

ρgh + 8μh

r2
2

dh

dt

)
= 2σ cosθ

r1
(15)

his is termed as modified Washburn equation.
Eq. (15) can be used to determine solvent infiltration height

s a function of time if the values of radii r1 and r2 are known.

(i) As t → ∞, h → h∞ and dh/dt → 0
Therefore Eq. (15) reduces to

ρgh∞ = 2σ cosθ

r1
(16)

Solving Eq. (16) for r1

r1 = 2σ cosθ

ρgh∞
(17)

r1 can be determined by measuring maximum capillary
height (h∞) and substituting for physical properties of the
solvent.

Note: h∞ measured for cyclohexane was 0.1 m. r1 was
determined from Eq. (17), it was found to be 34.2 �m. Since
solvent infiltration studies were carried out with the same
C–C preform block, there would be a unique value of r1 for
other solvents also.

h∞ was calculated for other solvents as well. The value
for acetone, ethyl alcohol, and cyclohexanone was 0.159,
0.136, and 0.2 m respectively.

(ii) r2 must represent pores of all sizes for combined viscous
drag; hence it may be assumed to be equal to the median
pore radius obtained from mercury porosimetry. Its value
was 4.3 �m.

iii) Thus at any time ‘t’, the Eq. (15) may be re-written as

8μ

r2
2

hdh

dt
− 2σ cosθ

r1
+ ρgh = 0 (15a)

iv) Special case, t → 0, h → 0

Eq. (15) reduces to

8μh

r2
2

dh

dt
= 2σ cosθ

r1

hich on integration and simplifying, becomes

2 = r2
2

r1

σ cosθ

2μ
t (13b)

r,
h2

t
= r2

2

r1

σ cosθ

2μ

For acetone, ethyl alcohol, cyclohexane, and cyclohex-
none the value of the R.H.S. is 17.88 × 10−6, 4.37 × 10−6,

.94 × 10−6, and 4.33 × 10−6 respectively. The values of the
lope reported in Table 3 are 9.0 × 10−6, 2.2 × 10−6, 2.0 × 10−6,
nd 2.2 × 10−6 respectively, which are almost one half of the
alues of h2/t at t → 0.

F
e

ig. 11. Comparison of estimated and experimental capillary heights of ethyl
lcohol.

Eq. (15) was solved for ‘h’ as a function of ‘t’. The estimated
nd experimental values of infiltration height for all the four
olvents have been shown in Figs. 10, 12–14. There is a good
greement.

.3. Comparison between the two approaches: modified
ashburn equation and Darcy’s law
ig. 12. Comparison of infiltration heights estimated by modified Washburn
quation and Darcy’s law with experimental values (acetone).
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Fig. 13. Comparison of infiltration heights estimated by modified Washburn
equation and Darcy’s law with experimental values (cyclohexanone).
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ig. 14. Comparison of infiltration heights estimated by modified Washburn
quation and Darcy’s law with experimental values (cyclohexane).

icture, mathematically both are similar: �P and κ in Eq. (10)
espectively correspond to (2σ cos θ)/r1 and r2

2/8 in Eq. (15).

. Concluding remarks

1) Porosimetry studies: There is a wide pore-size distribution in
the C–C preforms: 0.007–400 �m. The median pore diam-
eter is 8.6 �m.

2) Permeability studies: The permeability of the C–C preforms
was found to be about 2.0 × 10−12 m2. The solvent infiltra-
tion could be correlated by Darcy’s law for upward flow
using this value of permeability.

3) Solvent infiltration studies:
(1) The pores in the C–C preforms may be classified as
(i) Coarse pores existing mainly in the carbon matrix
in-between the fabric layers;

(ii) Fine pores existing mainly in the carbon matrix
entrapped in the fabric layers.

1
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(2) Capillary pressure for solvent infiltration is governed
by coarse pores (effective mean radius, r1 = 34.2 �m).

(3) The rate of infiltration is controlled by all the pores;
these may be represented by the median pore size (effec-
tive mean radius, r2 = 4.3 �m).

(4) The kinetics of solvent infiltration can be analyzed by
modified Washburn equation based on the above two
radii r1 and r2.

In the Part B, studies on kinetics of silicon infiltration have
een presented.
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