JOURNAL OF MATERIALS SCIENCE33(1998)5259—- 5264

Preparation of high-temperature filter by
pressure-pulsed chemical vapour infiltration of
SiC into carbonized paper-fibre preforms
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SiC was partially infiltrated into three types of carbonized paper-fibre preforms using
pressure-pulsed chemical vapour infiltration from SiCl;(4%)-CH4(4%)-H, at 1100 °C (A-type
preforms, source fibres of filter paper; By- and B -type preforms, source fibres of recycled
paper). The porosity of the preforms decreased linearly with the number of pulses. After
10000 pulses, the porosity of A-, By- and B -type samples was 77, 78 and 85%, respectively.
Average pore sizes of A-, By- and B, -type samples after 10 000 pulses were about 5.0, 2.7
and 7.0 um, respectively. On an A-type sample of 10 mm ¢ and 5 mm long after 10 000
pulses, pressure drop along the direction of axial air flow was 10 kPa at a face velocity of
0.8 m s~'. The order of pressure drop was By > A >B,. Flexural strength of A-type sample
reached 10 MPa after 15000 pulses. © 1998 Kluwer Academic Publishers

1. Introduction fibres or Nextel fibres, using the CVI method [10, 11].
Gas-permeable SiC is a promising material for use afibrous SiC has the advantage of high thermal shock
a high-temperature filter for diesel exhaust gas or foresistance because of the structural flexibility caused
coal combustion processes; it can also be used as a céily point-to-point bonding of fibres. However, such
alyst carrier for high-temperature applications. In orderceramic-fibre preforms are expensive. Itis expected that
to obtain a highly gas-permeable SiC shape, a thin wallibrous SiC can be prepared from carbon-fibre preforms
structure is ideal: the chemical vapour infiltration (CVI) by the successive steps of oxidation of the preform car-
process is a suitable method to obtain such a structurdon after PCVI of SiC, and use of carbonized paper-
because the SiC films can be deposited on the wall ofibres as a source of preforms may lead to low cost
the micropores in the porous preforms. Among the CVlIpreparation of fibrous SiC. In this study, the partial den-
processes, three methods have been developed; isothsification process of carbonized paper-fibre preforms
mal and isobaric CVI (ICVI), forced CVI (FCVI) and with SiC was investigated using PCVI from Sjcl
pressure-pulsed CVI (PCVI). ICVI has the characteris-CHa—H>.
tic of producing a near-net-shape product [1, 2]. How-
ever, it needs a long operation time because of slow
gas diffusion, and it is difficult to infiltrate the matrix 2. Experimental procedure
uniformly. FCVI uses steep gradients of pressure andCarbonized paper-fibre preforms were prepared as fol-
temperature along the preform thickness, and has thews. Commercial cellulose fibres from filter paper or
advantage of a short operation time [3, 4]. This processhe fibres of recycled paper were disentangled and sus-
however, requires the use of one holder per preform, andended in water at 10, twisted, putinto a glass tube,
the shape of the preform is limited to a cube or cylinderpressed, dried, carbonized at 10@in Ar for 4 h, and
for homogeneous gas flow. The PCVI process consistsut to 8-9 mmg and 5-15 mm long. Three types of
of three sequential steps: evacuation of the reactiogolumnar preforms were prepared, specific properties
vessel, instantaneous introduction of source gas, anaf which are shown in Table I. The initial porosity of the
holding to allow deposition (holding time). The PCVI preformswas controlled by changing the pressureinthe
process permits one to prepare many products witlpressing step, where the pressures for A- apeiype
complex shapes in a run and in a relatively short timepreforms were about 0.7 MPa, and-B/pe preforms
e.g. 5-40 h [5-9]. This process also allows homogewere shaped without pressure.
neous infiltration of the matrix through the thickness of  Fig. 1 shows the apparatus for the PCVI of SiC. The
the preforms under suitable conditions, because of rapidource gas mixture of Sig{4%)—-CH(4%)—H, flowed
penetration of the source gas throughout the preform.into a reservoir, introduced instantaneously (within
It has been reported that a fibrous SiC shape wa6.1 s) to a reaction vessel up to 0.1 MPa, held here
obtained from ceramic-fibre preforms, such as carboifior 0.4 s to allow SiC deposition (holding time), and
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TABLE | Size, porosity and average pore size of preforms 100

Source paper for Average pore 95 O : Atype preform ]
Type preform fibres Size (mm)  Porosity (%) sizenf) A : By-type preform 1
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Figure 2 Dependence of porosity on number of pulses. Sample size:
A- and By-type, 9 mmyp and 15 mm long; B-type, 8 mmg and 15 mm
CHa H2 long.

Figure 1 Apparatus for pressure-pulsed CVI of SiC: 1, Si€hturator;
2, reservoir; 3, pressure gauge; 4, electromagnetic valve; 5, vacuum tank;

6, furnace; 7, preform; 8, vacuum pump. 3. Results and discussion
3.1. Effect of number of pulses on porosity
and pore size distribution

. Fig. 2 shows the dependence of the residual porosity

perature was kept at 110Q. The oxidation step of the  foyms on the number of pulses. The porosity of the
as-infiltrated samples was carried out in an air flow atA-type sample decreases linearly when the number of

10000@ for 5 h. . pulses increases up to 15000, as SiC is infiltrated into
Residual porosityR(%), of the sample was calcu- the preform. After 10 000 and 15 000 pulses, the poros-
lated from the following equation ity becomes 77 and 73%, respectively. The porosity of
By-type reaches about 78% after 10 000 pulses, which

R = Ro[1 — (Vsic/ Vo)] is close to that of the A-type. The porosity of the-B/pe

after 10 000 pulses is about 85%, which is higher than
L i that of By-type, reflecting the high initial porosity of the
where Ro, Vsic and Vo are the initial porosity of the g _vne preform. The rate of decrease of the porosity
preform, and the volume of SiC deposits and the initialg similar in every sample. In Fig. 3, X-ray diffraction
volume of pores in the preform, respectively; and theypp) patterns from the cross-sections of the origi-
densities of SiC deposits and carbon were assumed {9 a’type preform and the sample after infiltration of

be 3.1and 1.8 g_crﬁ,’ respectively. 15000 pulses are shown. Only broad peaks assigned
Pore size distribution was determined by the bubbley, 5_gic are observed on the infiltrated sample. Fig. 4
point method according to ASTM F316. In this method,

the air pressures and the flow rates are measured for

both a dry and a fluid-wet sample (undecane was used

as the fluid in the present measurement). The air flows

through the wet sample when the applied air pressure | original preform 0 :B-SiC

exceeds the capillary attraction of the fluid into the pore, ™

where the pressure is inversely proportional to the pore=
. . . =

size. By comparing the air flow rates of both the wet &

and the dry samples at the same pressure, the volum?

percentage of the pores that air passes through can t"§ o

calculated, and the average pore size is also determineg | ., iated

by the pressure at which the wet sample flow is half of =~

the dry sample flow. *\\\

Pressure drop was determined by measuring the R MMJ\\\_A
air pressures under varying air flow rates through the :
dry columnar sample in an axial direction at room
temperature.

Flexural strength was measured by the three-poini
bending test at room temperature, using specimens
3x 10x 2mn? in size, which were cut from the Figure 3 XRD patterns of the cross-sections of the original A-type pre-
columnar sample. form and the infiltrated sample after 15000 pulses.
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Figure 4 SEM and EPMA Si images of the cross-section of the sample after 15000 pulses: (a) and (b) show the images at the centre of the sample,
and (c) shows that near the surface; (d) shows the EPMA Si image of (c).

shows the images observed by scanning electron mi 10 ; r r 24
croscopy (SEM) and the Si electron probe microanal-
ysis (EPMA) image of the cross-section of the A-type
sample after 15000 pulses. Fig. 4a, b shows the image g
at the centre of the sample, Fig. 4c shows the sampl~
near the surface, and Fig. 4d shows the EPMA Si im-§
age of Fig. 4c. Fig. 4a shows that the present sampl®?
consists of fibres about 5-10m in diameter. From
Fig. 4b—d, itis found that SiC thin films were deposited &
on the carbonized fibres, and the thickness of SiC films
is about 1um in Fig. 4b and c.

Fig. 5 shows the effect of the number of pulses on
the average and maximum pore sizes of A-type sam < L
ple. Both the average and maximum pore sizes decreas ol . . . | o
Wlth the number of_pulsgs, reflecting thickening of SiC 0 5000 10000 15000 20000
films on the carbonized fibres. The average pore size al Number of Pulses
ter 5000 and 15 000 pulses is about 6 andw, respec-
tively. In Fig. 6, pore size distributions of three types Figure 5 Dependence of average and maximum pore size of A-type
of samples after 10000 pulses are shown. The pOfE@mple on the number of pulses (sample size: 9¢rand 15 mm long).
of the A-type sample are below 22 (average pore
size, 5um). Maximum pore size and average pore size
of By-type are 10 and 2.m, respectively, which are cycled paper, includes shorter fibres, which may pack
lower than those of A-type in agreement with the initial large clearance, and therefore, lower the pore size. On
pore sizes of these preforms. The length of the sourcthe other hand, the pore size distribution of thetBpe
fibres of the A-type preform (fibres for filter paper) is sample shifts to larger range (average pore sizany,
between 70-15@.m. However, it is supposed that the because the pressure in the-8pe preform prepara-
Bu-type preform, the source of which is fibres of re- tion step is lower than that for the Btype preform.

ore

41 y {18

Average
N
o
Maximum Pore Size (um)

5261



50 T T T T T T 60 T 1 1 Ll T
— 40 |\ By-type preform i = By-type preform .
= %
. = A-type preform
s o
2 30 ¢ A-type preform 7 o
8 I
g ° i
's 20| ] 5
5 2 _
9 a
B, -type preform
> 10 /B,_-type preform L-type p ]
0 1 1 1 1

15
Pore Size (um)

20 25 30 35

0.2

0.4 0.6 0.8
Face Velocity ( m/s)

1.0 1.2

Figure 6 Pore size distributions of three types of samples after 10 000Figure 8 Pressure drops of three types of samples after 5000 pulses

pulses (sample size: A- angBype, 9 mmyp and 15 mm long; B-type,
8 mm¢ and 15 mm long).

(sample size: A- and B-type, 9 mmp and 15 mm long; B-type, 8 mmp
and 15 mm long).

70 ' T ' is considered to be below 15 000 pulses for an A-type

60 L | sample below 5 mm in Iepgth. _
samole lenath - 15 mm 0 Fig. 8 shows the relation between the face velocity

50 | P gin - 1 and pressure drops of three types of samples after 5000

pulses. The pressure drop is almost proportional to the
face velocity for every sample. At the same face veloc-
ity, pressure drops of the three samples are in the order
of BL < A < By, reflecting the respective pore sizes.

40

Pressure Drop ( kPa)

3.3. Effect of number of pulses on flexural
strength
Fig. 9 shows the dependence of flexural strength on
the number of pulses. Flexural strength increases lin-
early with the number of pulses, reflecting the decrease
of porosity as shown in Fig. 2. After 15000 pulses, a
strength of about 10 MPa is obtained for the A-type
8ample having a porosity of 73%. Kowbet al. [10]
have reported that a strength of 45 MPa was obtained
for fibrous SiC having a porosity of 55%, which was

5000 10000 15000 20000

Number of Pulses

Figure 7 Relation between number of pulses and pressure drop along th
direction of axial air-flow (preform, type A; sample diameter, 9 mdm
face velocity, 0.8 msl).

Thus, the pore size of the sample can be controlled by

changing the kind of source fibre or the preparation 14 ' ' '
condition of the preform. _ 12

&

Z 10} ;
3.2. Effect of number of pulses on pressure <

drop o gl ]

Fig. 7 shows the relation between number of pulses anc
pressure drops of A-type samples with various axial ? 6} .
lengths, where air passes along the axis of the samphg
at a face velocity of 0.8 ms. Pressure drop increases 5 4} T
with the number of pulses, and with increasing sample i
length. For instance, pressure drops after 5000 pulse 2r i
are about 28 kPa for a sample 15 mm long and 7 kPa fol . . .
a sample 5 mm long. On 5 mm long sample, pressure 0 15000 20000

5000 10000
Number of Pulses

drops after 10000 and 15 000 pulses are about 10 ani
12 kPa, which are in a range similar to the reported
values for porOUS'SIC f||_ters [10, 11]. Asuitable _numberFigure 9 Dependence of flexural strength of A-type sample on number
of pulses to obtain a highly gas-permeable SiC shapeéf pulses.
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Figure 10 Relation between number of pulses and gross density of as- : 4
infiltrated A-type samples and after air-oxidation at 10Gdor 5 h (the 3
broken line shows the gross density of SiC deposits only).

prepared by chemical vapour reaction (i.e. the conver:
sion process of carbon-fibre preform to SiC), followed |
by CVI with SiC. However, the strength decreased to
about 11-18 MPa upon increasing porosity to 68—73%#
[10]. The strength of the present sample after 15 00(
pulses is somewhat weaker than that of Kowddell's.
Figure 11 SEM images of the cross-section of the A-type sample after
oxidation; number of pulses, 15000: (b) shows a high-magnification
3.4. Changes of gross density and flexural image of (a).
strength during air-oxidation
The oxidation test was carried out in an air flow at
1000°C for 5 h using A-type samples. Fig. 10 shows shown. The porosity increases after oxidation due to the
the change of gross density with the number of pulsedoss of preform-carbon, and flexural strength decreases
In the figure, the broken line shows the gross density ofo 3.0-3.5 MPa, which is about one-third of the value
the SiC deposits only, which is calculated by subtract-before oxidation. It has been reported in a previous pa-
ing the gross density of the preform from that of the asper on partial PCVI of SiC into porous carbon plates
infiltrated sample. The gross density of the as-infiltratedhat strength recovery is possible by second PCVI after
sample increases linearly with the number of pulses, reexidation [9]. On the present sample, it is expected that
flecting infiltration of SiC. The density curve after oxi- the strength after oxidation may be improved by second
dationis nearly close to the broken line, which indicatesPCV!I into the SiC skeleton.
that carbonized fibres are almost totally lost by oxida-
tion. It is suggested that preform carbon is oxidized by
air diffusion through microcracks in SiC films formed .
%. Conclusions
I

during the cooling process. However, the free-standin ) e .
shape retained the pre-oxidation size and dimension. If"€ Partial densification process of SiC by pressure-
pulsed chemical vapour infiltration of SiC from SiCl

Fig. 11, SEM images of the cross-section after oxida ; oo
tion are shown. Fig. 11b is a high-magnification image("'%)_cH‘("'O/O)_H2 at 1100°C with a holding time of

of Fig. 11a. From Fig. 11a, it is found that the sample0'4 s was investigated using three types of carbonized

after oxidation retains the fibrous structure. In Fig. 11b Paper-fibre preforms (A-type preform: source fibres of

SiC fibres are seen to have a hollow structure, whicHiIte" Paper, porosity 88%; & and B -type preforms:
results from loss of the carbon-fibre core. source fibres of recycled paper, porosities of 87
In Table I, the porosity and flexural strength of and 95%, respectively). The following results were

the as-infiltrated sample before and after oxidation ar&Ptained.

1. Porosity decreased linearly with the number of
pulses. After 10000 pulses, the porosities of Ag-B
and B -type sampleswere 77, 78 and 85%, respectively.
Porosity (%) Flexural strength (MPa) 2. Maximum and average pore sizes of an A-type
sample of 10 mmp and 15 mm long after 10 000

TABLE Il Porosity and flexural strength of as-infiltrated sample be-
fore and after oxidation

As-infiltrated? 3 9.7-10.5 pulses were about 22 and&n, respectively. Increase
After oxidation 82 3.0-3.5 . . .

of number of pulses resulted in a shift of the pore size
aNumber of pulses, 15000; preform, type A. distribution towards lower values. Average pore sizes
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of By- and By-type samples were about 2.7 angm,
respectively.
3. On an A-type sample of 10 mgand 5 mm long

4.

after 10 000 pulses, pressure drop along the direction of

axial air flow was 10 kPa at a face velocity of 0.8 it s
The order of pressure drop wag B A > B_.

4. Flexural strength increased linearly with the

number of pulses, reflecting decrease of the porosityS' . LANGLAIS b DUPEL andR. BAILLER. in Proceed
and the pore size. After 15000 pulses, the strength of " ° - ancr. 1 Troceed

the A-type sample reached 10 MPa.

5. Preform carbon in the sample after 15000

pulses was lost during air-oxidation at 10@ for

pre-oxidation dimension and fibrous structure.
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