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Preparation of SiC-based cellular substrate
by pressure-pulsed chemical vapor infiltration
into honeycomb-shaped paper preforms
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Using a pressure-pulsed chemical vapor infiltration technique, SiC was infiltrated from a
SiCl, (4%)-CH, (4%)-H, gas phase into carbonized paper preforms at 1100°C. SiC-based
cellular substrates with cell wall thicknesses of 25, 50 and 100 «m were obtained by using
honeycomb-shaped paper preforms as the templates. The reduction of both wall thickness
t and cell pitch d of SiC-based honeycomb substrate successfully led to an increase in
geometric surface area per unit volume S, keeping pressure drop AP at constant, besides;
AP decreased without lowering S by the reduction of t and the increase in d. The pressure
drop in the prepared honeycomb substrates depended on S?a 2 value, where « was open

frontal area fraction. The compressive strength of the honeycomb substrates with t of
25 um was about 7 MPa. The strength increased in proportion with 1 — «, which
corresponded to the volume fraction of the cell wall in the honeycomb substrate.
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1. Introduction

Lightweight cellular ceramic substrates, so-called
ceramic honeycomb substrates, are popular worldwide
as the catalyst supports in, for example, automotive ex-
haust gas converters. In the honeycomb substrate de-
sign, reductions in the wall thickness increase the geo-
metric surface area and decrease the heat capacity and
pressure drop, leading to improved catalytic perfor-
mance [1]. However, it is difficult to lower the thickness
below 70—100 pm in the conventional ceramic substrate
manufacturing processes, which involves extrusion of
a slurry of the raw materials and sintering.

Recently, converting biological structures into syn-
thetic materials has been of particular interest [2].
Sieber et al. reported a novel process for preparing
cellular ceramics, which consisted of impregnation of
low viscosity preceramic polymer suspensions into cor-
rugated cardboard template preforms, and subsequent
conversion to ceramic composites by pyrolysis [3]. This
process offers another possibility for near net-shape
manufacturing of lightweight ceramic honeycomb
substrates.

In the last decade, the chemical vapor infiltration
(CVI) technique has been developed for matrix fill-
ing of fiber preforms to produce fiber-reinforced ce-
ramics [4, 5]. Amongst the CVI processes, three main
methods have been developed; isothermal and isobaric
CVI (ICV]) [6, 7], forced-flow CVI (FCVI) [8, 9] and
pressure-pulsed CVI (PCVI). The PCVI method con-
sists of repetition of the following steps of evacuation
of the reaction vessel; instantaneous introduction of the
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source gas; and holding to allow deposition [10-13].
This process characteristically yields near net-shape
products in relatively short operation times. Using the
PCVI technique, it is expected that lightweight cellu-
lar ceramic substrates can be obtained by infiltrating a
thin-walled corrugated paper preform. The matrix fill-
ing initiates from the half-thickness of the porous pre-
form, then, propagates to the surface under suitable con-
ditions [14, 15]. This indicates that the PCVI process
is preferred for obtaining dense thin-wall structures, as
the ceramic matrix can be deposited into the pores of the
paper preforms before films are formed on the external
surface of the preforms, stopping further densification.

As mentioned above, wall thickness reduction is ef-
fective in improving gas-permeability, however it may
result in a decrease in mechanical strength. It is im-
portant to evaluate quantitatively the relationship be-
tween structural parameters and the properties of the
catalyst support. In this study, novel SiC-based cellular
substrates were synthesized by PCVI using carbonized
papers as template preforms, and their properties as
catalyst supports were investigated.

2. Experimental procedure

Board-shaped and honeycomb-shaped papers (Fig. 1)
were used as the porous preforms. Board-shaped car-
bon preforms were prepared as follows. Three sorts
of commercial paper having the different thicknesses
were put between carbon plates, carbonized at 1000°C
in Ar for 4 h, and cut to 10 x 15 mm?. Honeycomb-
shaped preforms were prepared as follows. Each paper
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TABLE 1 Specific properties of preforms after carbonization

Board-shaped preform

Honeycomb-shaped preform

Type Volume fraction of fiber Porosity ‘Wall thickness, ¢ (m) Cell pitch, d (mm) Dimension (mm)
A 0.18 0.82 90-110 1.3 12 ¢ x 30 long
B 0.15 0.85 45-55 1.2 10 ¢ x 30 long
C-1 0.30 0.70 20-35 1.1 12 ¢ x 30 long
C-2 0.30 0.70 20-35 1.5 13 ¢ x 30 long

"

d Eh

Figure 1 Schematic diagram of the cross-section of the honeycomb-
shaped preform: d, cell pitch; ¢, wall thickness; /p, circumference of
pore; Al, cross-section of unit cell; A2, cross-section of pore in unit
cell.

CHa

Figure 2 Apparatus for pressure pulsed chemical vapor infiltration of
SiC: 1, SiCly saturator; 2, reservoir; 3, pressure gauge; 4, electromagnetic
valve; 5, vacuum tank; 6, furnace; 7, performs; 8, vacuum pump.

mentioned above was corrugated and rolled up using
polyvinyl alcohol as the binder, carbonized under the
same conditions as the board-shaped preforms, and cut
to be 30 mm long. Fig. 1 shows a schematic diagram
of the cross-section of the honeycomb-shaped preform
and defines the structural parameters. Table I shows
the initial porosity data of the board-shaped preforms,
and the structural parameters of the honeycomb-shaped
preforms.

The apparatus for PCVI of SiCis shown in Fig. 2. The
source gas mixture of SiCly (4%)—-CH, (4%)-H, was
allowed to flow into a reservoir. It was instantaneously
introduced (within 0.1 s ) into the reaction vessel up
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to a pressure of 0.1 MPa, and the pressure was held
for 0.4 s to allow matrix deposition. Then, the gas was
evacuated to below 0.7 kPa within 1.5 s. This cycle is
one pulse, and it was repeated the desired number of
times. The CVI temperature was kept at 1100°C.

The filling ratio was defined as the fraction of infil-
trated SiC matrix (Vi) per initial pore volume in the
preform (Vpore), where Vi and Ve were estimated
from the weight increase and the bulk density of the pre-
form, respectively. Residual porosity (¢) of the sample
was calculated from the following equation;

&= 80[1 - (Vsic/vpore)] (1)

where ¢ is initial porosity of preform. In the cal-
culation, the densities of the SiC deposits and pre-
form carbon were assumed to be 3.1 and 1.8 g cm™3,
respectively.

Pressure drop was determined by measuring the air
pressure for various air flow rates through a columnar
sample in an axial direction at room temperature. Com-
pressive strength along the axis was measured at room
temperature using a Marusho 9004 mechanical test-
ing machine. JSM-820 and JED-2000 (JEOL) micro-
scopes were used for the scanning electron microscopy
(SEM) and the electron probe microanalysis (EPMA),

respectively.

3. Results and discussion
3.1. PCVI of SiC into board-shaped

porous preforms
Using the board-shaped carbonized paper preforms
with thicknesses of 100 um (A-type), 50 um (B-type)
and 25 pum (C-type), SiC matrix infiltration was ex-
amined. The crystalline phase of the deposited matrix
was identified as B8-SiC from X-ray diffraction. Fig. 3
shows the SEM images of the ruptured cross-section of
each preform after SiC infiltration. From Fig. 3a, ¢ and
e, it can be observed that SiC films with thicknesses of
0.5-1 pum are deposited around the carbonized fibers in
the early stages of PCVI. Dense filling by the SiC matrix
is achieved after 30000 pulses for A-type and B-type
prefoms and 20000 pulses for the C-type preform, as
shown in Fig. 3b, d and f, respectively. In Fig. 3f films
have formed on the external surfaces of the preform.
This prevents the penetration of the source gases into
the preform, and stops further densification.

Fig. 4 shows the change in SiC filling ratio of the
board-shaped preforms with number of pulses. For
A-type and B-type preforms, the filling ratio increase
up to 30000 pulses, after which it saturates at about
80%. Saturation of the filling ratio results from film



Figure 3 SEM images of ruptured cross-section of each preform after SiC infiltration; (a) and (b) A-type, (c) and (d) B-type, (e) and (f) C-type.

Number of pulses; (a) and (c) 10000, (b) and (d) 30000, (e) 5000 (f) 20000.
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Figure 4 Change of SiC filling ratio of the board-shaped paper preforms
with number of pulses; (l) A-type, (@) B-type, (A) C-type.

formation on the external surfaces of the porous pre-
forms. The saturation values of the filling ratio for the
preforms are similar, however, C-type preform requires
less pulses to reach this value because of the fiber vol-
ume fraction of this preform. As the area of fiber surface
on which SiC film can be deposited increases with fiber

TABLE II Volume fraction of carbonized fiber, SiC matrix and resid-
ual porosity in the samples obtaind from the board-shaped paper preforms

Type Carbonized fiber SiC matrix Pore
A 0.18 0.67 0.15
B 0.15 0.70 0.15
C 0.30 0.54 0.16

Number of pulses: A, 30000; B, 30000; C, 15000.

volume fraction, a higher rate infiltration is achieved for
the preform having the larger fiber volume fraction, as-
suming that the growth rate of SiC is constant. Table II
shows the volume fractions of carbonized fiber, SiC
matrix and residual porosity within A-type, B-type and
C-type preforms after 30000, 30000 and 15000 pulses
of PCVI, respectively. Residual porosity is constant at
about 15%.

3.2. PCVI of SiC into honeycomb-shaped
preforms

Fig. 5 shows the change in the deposited SiC
weight with number of pulses for A-type, B-type and
Cl-type preforms. The increases in weight reach
plateaus above 30000 pulses for A-type and B-type pre-
forms, and above 15000 pulses for the C1-type preform.
Fig. 6 shows SEM images and Si electron probe micro-
analysis (EPMA) maps of polished cross-sections of
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Figure 5 Change of SiC weight infiltrated into the honeycomb-shaped
preforms with number of pulses; (ll) A-type, (@) B-type, (A) Cl1-type.

the honeycomb-shaped preforms after SiC infiltration.
From low magnification images (a and b), it can be seen
that the original shapes and sizes of the corrugated cell
structures of the template preforms are retained after
SiC infiltration. It appears that the cell walls adhere to
each other in the both samples, and that the SiC has
infiltrated uniformly.

3.3. Structural parameters and pressure
drop in SiC-based honeycomb
substrate

SiC-based honeycomb substrates were prepared by ap-
plying of 30000 pulses to A-type and B-type preforms,
or 15000 pulses to C1 and C2-type preforms. Open
frontal area fraction o and geometric surface area per
unit volume S of the honeycomb substrates were ob-
tained from the wall thickness ¢ and the cell pitch d by
using the following equations;

A d+(1—m/t
oo A

= = 2
Ay d+ 2t 2)
and
l,-L T+2
=2 =—" (3)
AL d+ 2t

where Ay, A, [, and L are cross-sectional area of
the unit cell, cross-sectional area of a pore in the unit
cell, circumference of a pore and length of honeycomb
substrate, respectively. Table III shows the structural
parameters of SiC-based honeycomb substrates along
with the pressure drop (A P) data measured at a linear
velocity of 5 ms™! for a 30 mm long sample. Although
AP values of A-type, B-type and Cl-type substrates
are similar, S is in the order Cl-type > B-type >
A-type substrate. Although S for the C2-type substrate

Figure 6 SEM images and EPMA Si maps of polished cross-sections of SiC honeycomb substrates: (a), (c) and (e) A-type preform; (b), (d) and (f)
C1-type preform. (e) and (f) show EPMA Si maps of (c) and (d), respectively. Number of pulses: (a), (¢) and (e) 30000; (b), (d) and (f) 20000.
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TABLE III Structural parameters and pressure drop data of SiC honeycomb substrates

Cell pitch, Wall thickness, Open frontal Geometric surface Pressure drop,
Type d (mm) t (um) area fraction, o area, S (m*m~3) $273 (m™2) AP?
A 1.3 90-110 0.83 3400 2100 110-120
B 1.2 45-55 0.90 4000 2200 120-130
C-1 1.1 20-35 0.94 4500 2300 100-120
C-2 1.5 20-35 0.96 3300 1300 60-80
aMeasured at a linear velocity of 5 ms~! for a 30 mm long sample.
is close to that of the A-type substrate, AP is about 500 V1T
40% lower. To relate A P to the structural parameters, C ]
Hagen-Poiseuille and Fanning’s equation can be ap- r 1.0.0.3 Wall thickness 1
plied, which describes A P in a straight pipe for viscous 400 - Gell pitch XY L (mm) -
flow; - d, (mm) ]
32MLI/_t —_— B 7
AP = ——, 4 300 |- |
D2 @& C ]
where p, it and D are viscosity of the fluid, average a C ]
velocity in the pipe and diameter of the circular pipe, < 200 - 0.057
respectively. For the present honeycomb structure, ex- F 15 .
pressing D in Equation 4 as a hydraulic diameter D, of _1 6 ]
a pore surrounded by the cell wall, which is defined as 100 7
four times the cross-sectional area of the pore divided - -
by the circumference of the cross-section of the pore, i ]
then Equation 5 is Obtained; 0 I 1 1 1 l b . I L1 1 & l I_1 1 1 l 11 1 X I Ll L L
20 25 30 35 40 45 50
4A 4A,/A 4o -1 -3
Dy=—2= 2/ A1 _ 4o (5) $ (m” x107)
I, Ih/ A S

Next, applying the measurable velocity us in front of
the honeycomb substrate instead of iz, Equation 6 is
obtained;

i = ug/a. (6)
Combining Equations 4-6, the following relationship
is derived;

2uu,LS? s?
= SHUs TS or APoa—

AP e el

)

Equation 7 indicates that A P is proportional to S?/a?
when u; and L are constant. A-type, B-type and Cl1-
type substrates have close S?/a> values, so A P values
are similar as shown in Table III. On the other hand,
the decrease in S?/a* value for C2-type substrate cor-
responds with a decreased AP.

A P can be related to cell pitch d and wall thickness ¢
by substituting Equations 2 and 3 in Equation 7 to give:

AP — 2 4+ 2)?nugL(d + 2t)
{d+ 1 —m/2nP

®)

Fig. 7 shows S and A P calculated from the several r and
d values for the honeycomb substrate. The calculated
AP of each substrate is close to the measured value
shown in Table III. It is found that the reduction of both
wall thickness ¢ and cell pitch d leads to an increase
in geometric area S, whilst keeping AP at constant.
Alternatively, AP can be decreased without lowering
S by a reduction in ¢ and an increase in d.

Figure 7 Pressure drop (A P)and geometric surface area per unit volume

(S) calculated from wall thickness (¢) and cell pitch (d) for the honey-

comb substrate: sample length, 30 mm; linear velocity of air, 5 m s~!.

Preform; (l) A-type, (@) B-type, (A) Cl-type, (¢) C2-type.

3.4. Mechanical strength of SiC-based
honeycomb substrate

Fig. 8 shows the change in compressive strength for

A-type and C1-type preforms as a function of number

of pulses. There is an increase in the strength with num-

ber of pulses until 30000 pulses for A-type and 15000

pulses for Cl-type preforms. At these pulse numbers,
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Figure 8 Change of compressive strength with number of pulses for
(M) A-type and (A) Cl-type honeycomb-shaped preform.
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Figure 9 Relationship between the compressive strength and cross-
sectional area fraction of cell wall in the honeycomb substrate (1 — o).
Preform: (H) A-type, (®) B-type, (A) Cl-type, (¢) C2-type; number of
pulses: (H) and (@) 30000, (A) and (4) 15000.
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Figure 10 Cell pitch (d), cross-sectional area fraction of cell wall
(1 — ), pressure drop (A P) and geometric surface area per unit vol-
ume (S) normalized with respect to the A-type sample as a function
of wall thickness (7). Data plotted in (a) and (b) were calculated under
constant A P and 1 — « conditions, respectively.
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the SiC filling ratio saturates as shown in Fig. 4. This
suggests that the strength is effectively increased by the
densification of the cell wall rather than the formation of
films on external surfaces. The strength of the A-type
sample after saturation of the filling ratio is higher than
that of the C1-type sample, commensurate with the dif-
ference in the volume fractions of cell walls in the
honeycomb substrates. Fig. 9 shows the relationship
between the compressive strength and the fraction of
the cross-sectional area of the wall (1 — &), which cor-
responds to the volume fraction of the wall in the honey-
comb structure. It is found that the strength increases
linearly with 1 — o under the present conditions.

Using Equations 2, 3 and 8, 1 — « can be calculated
from the wall thickness ¢ and the cell pitch d along with
the pressure drop A P and the geometric surface area S.
Fig. 10 shows the calculated values of 1 —«, AP and
S as a function of d, where each value is normalized
with respect to the values for the A-type substrate. From
Fig. 10a, it is found that reducing the wall thickness ¢
leads to an increase in S keeping A P constant. How-
ever, 1 — « decreases with ¢, which results in a decrease
in strength. For the C1-type honeycomb substrate (nor-
malized ¢ of 0.25), the compressive strength is about
7 MPa. This value is somewhat lower than the reported
value of 10 MPa for cordierite ceramic honeycomb sub-
strates with a wall thickness of 150 pm in practical use
[16]. It seems that further reduction of the wall thickness
is undesirable with respect to the mechanical strength.
On the other hand, to keep 1 — « constant (Fig. 10b),
it is necessary to reduce the cell pitch d and ¢ together.
This produces a considerable increase in S, but, AP
increases significantly.

4. Conclusions

Thin walled cellular ceramic substrates was prepared
using PCVI of SiC from a SiCly (4%)-CHy (4%)-
H; gas phase into carbonized paper preform templates
at 1100°C. Board-shaped and honeycomb-shaped tem-
plate preforms were prepared from three sorts of papers
having different thicknesses. The following conclu-
sions were drawn from the present study.

1. SiC densely infiltrated the pores within the board-
shaped preforms. Residual porosity decreased from
70-85% to 15% independent of the paper source.

2. SiC-based cellular substrates with the cell wall
thicknesses of 25, 50 and 100 um were obtained from
the honeycomb-shaped preforms. The cell structures
of the template preforms were retained in their original
shape and size after SiC infiltration.

3. The reduction of both wall thickness ¢ and cell
pitch d of SiC-based honeycomb substrates led to an
increase in the geometric surface area per unit volume
S, whilst the pressure drop A P was constant, A P could
be decreased without lowering S by reducing ¢ and
increasing d.

4. The pressure drop in the present honeycomb sub-
strates appeared to follow the relationship derived from
Hagen-Poiseuille and Fanning’s equation, i.e., it de-
pended on S?a3, where S and open frontal area
fraction o were given as a function of # and d.



5. For the honeycomb substrate with ¢ of 25 pum and
d of 1.1 mm, the compressive strength was about 7 MPa.
The strength increased linearly with 1 — «, in accor-
dance with increases in the volume fraction of the cell
wall in the honeycomb substrate.
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