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Influence of Initial Surface Area/Volume Ratio of the

Fiber Preform on Kinetics of Chemical Vapor Infiltration
and Texture of Infiltrated Carbon
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Abstract Isothermal, isobaric chemical vapor infiltration of carbon fiber felts with fiber volume fractions of 7. 1% and
14. 2% were investigated to analyze the influence of initial surface area / volume ratio, [ A/V ], of the fiber preform on
infiltration kinetics and texture of infiltrated carbon. Experiments were performed at a temperature of 1 095 °C , a methane
pressure of 22. 5 kPa, a residence time of 0. 1 s and infiltration times being stepwise increased from 20 to 120 h. Global
bulk density and bulk density, porosity as well as density of matrix carbon as a function of infiltration depth were deter-
mined. Carbon texture was analyzed with polarized-light microscopy. The results show that infiltration kinetics in the initial
stage of infiltration are dominated by the nucleation mechanism and afterwards by the growth mechanism of carbon forma-
tion. These changes of deposition chemistry and kinetics lead to changes of carbon texture from low / medium to medium /
high. All changes are caused by an increase of [ A/V| ratio. They occur in a significantly earlier stage in the case of the
felt with the higher initial [ A/ V] ratio, as to be expected. These results are a perfect confirmation of conclusions from ear-
lier studies.

Key words: pyrolytic carbon; chemical vapor infiltration; mercury porosimetry; optical microscopy; texture

CLC number: TB323 Document code: A Article ID: 1674 —3962(2013)11 - 0646 —09

T HEMEERE A/V EXLFESE
BENNFMME RS E I

ARR Huettinger K J'
(1. RARWEEHE T 20t (bR S5m0 FIeFm s i, EE R/RUEE 76131)
(2. PEBERE SRR TR ZHERASGEFRESLEZ, Jba 100190)

WO RAVABIE LA B0 7. 1% A0 14, 2% 1 PR EF 48 4% 10 (Rl VT 3006 TR, B9 T T90 4 1A 356 20 0 Bk 2F 4 % T A
5 A B (A/V D) % 3% Bk 59 45300 55 TR AL 2 SUMB 1B 3 0 2 DA B P B SUS B R AL B S e . SERR ST 22,5 kPa 4
b iR, LRI 1095 °C, SUMCFI St E 0. 1 s, FLARETE A 20 h 3] 120 h R4, HARHRITBUR N # T C/C
EAPRRI L | JFAALR . PR B Y BU B S AR A o R IE 38 O D't S OB I T B B O U S5 A . DI TEAOR
W], BAERR B ) 0A DIRRD TR 2 252 M - RIE AL, B SR L ity , B o R m A KHLH . X R A%
FIFRMARPLRI FAL, BT PR SUES S AN RS U 1) vh B0 | 5 B SUR e (. L DORRBIL ) A 45 44 1Y
Ak, R i TR A R IR A/ V AELAY AN TR LA S o T P i A B URR S 30 A/ VAR ASWTHE RS IR B0 o 18 KB 2T 4 2 il
RGP A/V A, FTASBOX S ATEBOR il BT R AT R 2L . LRSS R AR S AR A M TE B AR AH DG ST i 4598

R AR, L SHBE OROGLBRZRI; b BT, S0

1 Introduction
Wi BEHI: 2013 -07 -01
E—1EBERBEESE. KEN, B, 1968 4E4:, WFFH Significant progress has been made in understanding ki-
DOI. 10.7502/j. issn. 1674 -3962. 2013. 11. 02 netics and texture formation in chemical vapor deposition
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(CVD) of carbon from methane being the privileged carbon
)!'7*' Both,
kinetics and texture of carbon are controlled not only by the
classical parameters of temperature, pressure or partial pres-
sure and residence time, because carbon is formed from the

precursor for chemical vapor infiltration ( CVI

precursor gas not in a direct reaction, but in complex consec-
utive and parallel reactions occurring as homogeneous reac-
tions in the gas phase as well as heterogeneous reactions at
the surface of the substrate’’ "2, As (Eq. 1)

CH,— ¢, — ¢, = ¢, 3—c,—c,
| I Y
C. C C C
With C, = CH,; C, = G, Hg -+ C,H,; C, = C,Hg -+
C,H,; Cg =monocyclic aromatic hydrocarbons; C ¢ = poly-

cyclic aromatic hydrocarbons; C_ = carbon

With this knowledge it was necessary to introduce the
surface area / volume ratio, [ A/V ], of the deposition space
as an additional parameter describing the interaction or com-
petition between homogeneous and heterogeneous reac-

tions'"!

. In fact, the [ A/V] ratio corresponds to a volume
related concentration of active sites the latter value resulting
from the product of volume related surface area and surface
related concentration of active sites. At a low or very low
[ A/V] ratio surface reactions are unimportant and the over-
all reaction is dominated by gas phase reactions leading to ar-
omatic hydrocarbons and finally to soot. Surface or heteroge-
neous reactions are prevailing at high ratios favoring reactions
of reactive species from the gas phase with active sites at the
substrate surface, which simultaneously limits the formation
of larger species in the gas phase. This case is typical for the
CVI of carbon fiber preforms.

The influence of [ A/V] ratio on the deposition chemis-
try has direct consequences on the kinetics of deposition as
well as the texture of carbon. High ratios lead to low surface
related deposition rates because carbon is preferentially
formed from small species. Decreasing ratios cause a shift of
deposition chemistry from small, mainly C2-species, to lar-
ger, aromatic hydrocarbon species and thus to increasing sur-
face related deposition rates >’ .

A change of deposition chemistry by varying [ A/V] ra-
tios also effects changes of texture formation of carbon. Ac-
cording to the particle-filler model, derived for the so-called

24181 high-textured

growth mechanism of carbon formation
carbon is only formed at a special ratio of small linear, main-
ly C2-species and small aromatic hydrocarbon species, pref-
erentially one-and two-membered ring species. This implies
that less textured, medium-to low-textured carbon has to be
expected at increasing as well as decreasing ratios corre-
sponding to increasing or decreasing [ A/V ] ratios.

These conclusions have already been confirmed in ex-
perimental studies and numerical simulations of the CVI
process' 7' "* 7] " CVI studies of a carbon fiber felt with a
fiber volume fraction of 7. 1% at 1 095 °C and various meth-
ane pressures showed a high-textured matrix carbon at a pres-
sure of about 10 kPa'™’; corresponding studies with a 2D
carbon fiber preform with a fiber volume fraction of 22. 5%
yield a similar or equal high-textured carbon at a higher

[19]

methane pressure of about 22.5 kPa An inside-outside

densification was observed with both preforms. The results
demonstrate that a higher initial [ A/V] ratio of the 2D car-
bon fiber preform can be compensated using a higher methane
pressure which obviously produces the optimum ratio between
C2-and small aromatic hydrocarbon species.

Inside-outside densification was also confirmed in model
studies with capillaries 1 mm in diameter and 16 and 32 mm
in depth. Ratios of deposition rates in the depth and at the
mouth of the capillaries up to 10 (16 mm) and 20 (32 mm)
were determined'"*’. Numerical simulations of CVI of capil-
laries considering the complex gas phase chemistry with sim-
plified chemical models showed that the above ratio of deposi-
tion rate is increasing with increasing depth and the diameter
of the capillary, increasing complexity of consecutive reac-

tions in the gas phase, and increasing methane pres-

sure'"'*" . The beneficial effect of increasing capillary depth
and increasing pressure is limited up to optimum values. Tex-
ture analyses of the deposited carbon in the above experimen-
tal studies with capillaries revealed formation of high-textured
carbon at low methane pressures in the range from 5 to
6 kPa. This result on texture is in perfect agreement with the
results obtained with the felt and 2D preform, because the in-
itial [ A/V] ratio of the capillary of 4 mm ™" is much smaller.
The present study is concerned with CVI of carbon fiber
preforms based on the same fiber architecture, a felt with
nearly random orientation of the fibers, but exhibiting differ-
ent fiber volume fractions of 7.1 and 14.2% , and corre-
spondingly different [ A/V ] ratios of 33 and 71 mm™'.
These preforms were infiltrated at identical conditions, a tem-
perature of 1 095 °C, a methane pressure of 22. 5 kPa and a
residence time of 0. 1 s. Infiltration times were stepwise in-
creased from 20 to 120 h, not studied in the earlier investiga-
tions with various pressures. For analysis of kinetics, bulk
density and pore size distribution were determined in all steps
of infiltration. The texture of the infiltrated carbon was char-
acterized by determination of the matrix density and the ex-
tinction angle, A_, using polarized-light microscopy ( PLM).

2 Experimental

2.1 infiltration conditions

Reactor and sample holder used in the study are the
same as used in earlier CVI studies " ™"’
shaped felt sample, 42 mm in length, 16 mm in width and

40 mm in height, is fitted in a cylindrically shaped sample

. The rectangularly

holder, 45 mm in diameter and made from high-purity graph-
ite. With the aid of the sample holder the gas flow is limited
to a narrow annulus, about 2 mm in width. According to the
length of the felt of 42 mm the infiltration depth amounts to
21 mm because infiltration is carried out from both sides, as
shown in Fig. 1. The gas flows from the bottom to the top.

The residence time of the gas, corresponding to the height of
the felt of 40 mm, amounts to 0.1 s without considering a
volume increase caused by partial decomposition of methane.

Infiltration conditions are 1 095 C and 22. 5 kPa.

The felt used is identical to that used in the earlier

study'"®'. The fiber is based on viscose and exhibits a density
of 1.72 g/ecm’. The as-procured felt exhibits a fiber volume
fraction of 7.1% ( = Felt I). A fiber volume fraction of
14.2% ( =Felt II) was achieved by compressing the original
Felt I.
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Fig. 1  Scheme showing the infiltration and preparation of samples

from an infiltrated bloc

2.2 Preparation of samples and analytical methods

After each infiltration run the average bulk density was
determined from mass and volume. The bloc was then cut in-
to 16 samples, as shown in Fig. 1, to determine bulk density
and pore size distribution of the individual samples. For mer-
cury porosimetry studies a set of two samples had to be used,
samples 2A and 3A for the outer region ( “surface”) and
samples 2B and 3B for the inner region ( “center” ). Mercu-
ry porosimetry yields some further parameters such as bulk
density, skeletal density, cumulative pore volume and sur-
face area. With these data the density of the infiltrated car-
bon including closed porosity ( “matrix density” ) can be de-
termined with Eq. (2) .

_ Pk =65 " Prie . (2)

Pmatrix = 5 P skeleton
F

Pruk ~OF * Pskeleton
Poain s Prutke A0 P oon are matrix, bulk and skeletal density,

respectively. pp,.. and §; are the density of carbon fiber and
its volume fraction, 1.72 g/cm’, 7.1% and 14.2% , re-
spectively.

The texture of infiltrated carbon was studied with polar-
ized-light microscopy (PLM) at cross-sections 1A and 4B as
shown in Fig. 1. For a quantitative description of carbon tex-
ture the extinction angle, A_, was determined ™ ', In the
case of a completely circular fiber cross-section the error is a-
bout +1°. Because the fibers in the felt are not really circu-
lar (see later) the error is in the range of about +1.5°.

3 Results

3.1 Densification

Average bulk densities of Felt I and II as a function of
infiltration time are shown in Fig. 2. A fast densification of
the felts occurs within the first 60 h leading to a bulk density
of about 1. 6 g/cm,. Maximum densities of 1. 818 g/cm; are
obtained after 120 h. This maximum density is lower than
1.92 g/cm, obtained with Felt I using the same temperature
and residence time, but a methane pressure of 10 kPa'"*.
Reasons will be discussed later.

Increasing bulk density corresponds to an increasing
mass. This means that the deposition rate of carbon is con-
stant up to about 40 h and, even more remarkable, nearly
the same for both felts. This underlines that the deposition
rate is not controlled by the surface area.

Bulk densities as a function of infiltration depth were de-
termined in various heights of the infiltrated felts (layer 1 to
4; see Fig. 1) after infiltration times of 30, 64 (Felt T) (60,
Felt IT) and 90 h. The results are presented in Fig. 3a, b, ¢
(Feli T) and Fig. 4a, b, c (Felt IT). Higher densities in the
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center ( maximum infiltration depth) are a consequence of
higher deposition rates and thus an inside-outside densifica-
tion as already reported in earlier studies'® "', This type of
densification occurs up to 64 (60) h in all heights of both
felts (Fig. 3a, b and Fig. 4a, b). After 90 h this can only be
observed in the case of Felt I (Fig. 4¢) indicating a signifi-
cant influence of the initial [ A/V ] ratio on the densification
behavior.
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Fig. 4 Profiles of bulk density at various infiltration times and
heights versus depth of Felt II; (a) 30 h, (c) 64 h,
and (¢) 90 h

Densities at the surface ( £ 15 mm) increase with in-
creasing height of the felt which can clearly be attributed to
higher relative residence times and thus progressive decompo-
sition reactions of methane flowing from the bottom to top of
the reactor. These decomposition reactions outside the felt
are also responsible for decreasing density gradients between
center and surface from the lower to the upper part of the felt
(layer 1 to 4). The gradients reflect the ratio of methane de-
composition outside and inside of the felt caused by different
residence time ratios. It is evident that this ratio is the high-
est in the first layer and the lowest in the fourth layer. These
results demonstrate that high or very high flow rates of meth-

ane are a decisive criterion for an inside-outside densification
of the fiber preform.

Mercury porosimetry studies were mainly performed to
calculate the density of the deposited carbon (Eq. (2)),
because density is an important measure for the crystallinity
or texture of carbon. Pore size distributions resulting from the
studies are presented in Fig. 5a and 5b. It shows the average
cumulative pore volume in the “center” and at the “surface”
of layers 2 and 3 (see Fig. 1) as a function of pore entrance
diameter down to 0.1 pm after infiltration times of 45, 64
(60) and 90 h. Results for the “center” and “surface” were
produced using combined samples 2B and 3B or 2A and 3A,
respectively. Pores smaller than 0. 1 pum are not considered
because an infiltration at longer times seems to be relatively
improbable.
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Fig. 5 Cumulative pore volume of Felt I (a) and Felt IT (b)
after various infiltration times. open symbols: center
region and closed symbols; surface region
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Results with both felts show that porosity is mainly
formed from pores with entrance diameters from about 40 pm
to about 5 wm. Additional porosity with smaller pores is only
generated in the final stage of infiltration (90 h). Pore vol-
umes are generally higher at the “surface” , the difference in
pore volume between “surface” and “center” being decrea-
sing with progressive infiltration. This tendency is in agree-
ment with the differences in bulk densities. It is also remark-
able that Felt II shows significant smaller differences com-
pared to Felt I.

The density of deposited carbon ( matrix density) was
estimated using Eq. (2) and necessary data from mercury
porosimetry. Resulting density values represent a lower limit
because closed pores and open pores smaller than 3 nm (lim-
its of mercury porosimetry at a maximum pressure of 200
MPa) can not be considered. Results based on Samples 2B
and 3B (“center” ) and 2A and 3A ( “surface” ) are presen-
ted in Fig. 6a and 6b. It shows the corresponding average
matrix densities as a function of infiltration time up to 120 h.
It is obvious that densities obtained in the infiltration of Felt II
are significantly higher than those of Felt I, and additionally
nearly independent of infiltration time. This result indicates a
deposition of carbon with the same, more or less high texture
degree from the beginning of infiltration up to complete densi-
fication. Densities in the center are slightly higher.

Completely different results were obtained with Felt 1.
Carbon with relatively low density is deposited in the initial
stages of infiltration followed by a substantial density in-
crease. It is even more interesting that carbon deposited at
the “surface” exhibits a higher density than carbon deposited
in the “center”.

An interpretation of these results with Felt I and II is on-
ly possible with the aid of texture analyses presented in the
following. Nevertheless, it can be concluded that the [ A/V]
ratio has an even more tremendous effect on the kind of de-
posited carbon than on kinetics of densification.

3.2 Texture of infiltrated carbon

The texture of matrix carbon was investigated in cross-
sections of sample 1A to 4A ( “surface” ; bottom to top) and
sample 1B to 4B ( “center” ; bottom to top) using polarized-
light microscopy. The micrographs shown in Fig. 7 (Felt I)
and Fig. 8 (Felt IT) correspond to cross-sections in 1A and
4B which usually show the most pronounced differences of the
matrix carbon. Samples after infiltration times of 30, 45, 64

(60), 90 and 120 h (Felt IT) were investigated.

Two carbon layers are generally formed around the fi-
bers in both felts, a low-to medium-textured first layer and a
medium-to high-textured second layer. Texture changes are
occurring relatively abruptly as already known from earlier

studies %7,
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Fig. 6 Density of matrix carbon as a function of infiltration

time; (a) Felt I and (b) Felt II

The extinction angle, A_, is used for a quantitative

e

characterization of texture. Layer thicknesses and corre-
sponding A, are presented in Fig. 9 (Felt 1) and Fig. 10
(Felt IT) . The results of Fig. 9 reflect a relatively homoge-

neous infiltration of Felt I. The first layer is growing to a

maximum thickness of 14 pm in both positions, 1A and
4B, the A, is varying between 13° and 15°. A texture
change takes place between 30 and 45 h (4B) and between
45 and 60 h (1A). Extinction angles of the second layer
vary between 18° and 20° indicating an improved texture
compared to the first layer.

Fig. 7 Polarized-light micrographs of samples 1 A ( corresponds to a shortest residence time) and 4B ( corresponds to a longest residence time )

in Felt I infiltrated at various times showing formation and change of textures from low- to high-textured carbon: (a, b) 30 h, (c,

d) 45 h, (e, f) 64 h, and(g, h) 90 h
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Fig. 8 Polarized-light micrographs of the sample 1 A (corresponds to a shortest residence time) and 4B ( corresponds to a longest residence time )

in Felt II infiltrated at various times showing formation and change of textures from low-to high-textured carbon: (a, b) 30 h, (¢, d)

45 h, (e, ) 60 h, (g, h) 90 h, and (i, j) 120 h
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Fig. 9 Layer thickness and extinction angle, A
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Results with Felt IT are different ( Fig. 10). The first
layer formed in the initial stage of infiltration reaches a
thickness of about 2 pwm, only. This value as well as an in-
dication on its texture degree ( low/medium ) are derived
from scanning electron micrographs presented in Fig. 11.
Texture is changed already within the first 30 h, but it is
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of carbon deposited in Felt I; (a) sample 1A and (b) sample 4B

noteworthy that extinction angles in position 1 A reach values
of about 18°, only, where as a value of about 23° was de-
termined in position 4B. Comparing the results with both
felts reveals that the influence of initial [ A/V ] ratio on the
texture of deposited carbon is even stronger than on the ki-
netics of infiltration.

20 |l

Layer Thickness/um
o

%
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Fig. 10  Layer thickness and extinction angle, A, , of carbon deposited in Felt II; (a) sample 1A and (b) sample 4B

4 Discussion

4.1 infiltration kinetics

Results of Fig. 2 suggest that the infiltration rates with-
in the first 30 to 40 h are nearly constant and, even more
remarkable, independent of the initial surface area or initial
[ A/V] ratio which differ by a factor of 2 and even 2. 5, re-
spectively. To envisualize this result the mass increase per
volume, Ap , of both felts was calculated using Eq. (3):

Apyai = P — Po (3)
with p, is the initial bulk density of the felt, 0.122 g/cm’

(Felt 1) and 0. 244 g/cm’ (Felt II).

Results obtained with the data of Fig. 2 are plotted in
Fig. 12. They confirm constant deposition rates up to about
40h (Felt T) and about 20 —30 h (Felt IT) , although the
surface area and still more the [ A/V ] ratio of both felts have
significant been increased in this stage of infiltration. This
implies that correlations between surface area or [ A/V ] ratio
and deposition rate do not exist, a conclusion which is addi-
tionally confirmed by nearly constant deposition rates in Felt I
and II.

Mechanisms of carbon deposition have to be discussed for
explaining the observation. Results of earlier studies indicated
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Fig. 11  Scanning electron microscopy images of a fracture sur-
face of Felt T and Felt II after 90 h infiltration time indi-
cating texture changes from low ( LT) -, medium( MT) -
to high-textured (HT) carbon
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Fig. 12 Mass gain per volume of Felt I and Felt I as a function of
infiltration time

that carbon may be deposited in a growth or a nucleation

.23
mechanism' >’

. The growth mechanism is based on heteroge-
neous reactions between active sites at the growing carbon
surface and reactive species from the gas phase. In this
mechanism the surface area or, more precisely, the [ A/V ]
ratio play a dominant role. The surface area correlates with
the concentration of active sites, and the volume is responsi-
ble for the formation of reactive species.

In the present study, fiber preforms with a low fiber
volume fraction, in other words, a low surface area and a
high volume ( porosity) or a low [ A/V] ratio were used.
Under these conditions gas phase reactions are favored, be-
cause the extent of reactive species removed from the gas
phase is limited by the low surface area or low concentration
of active sites. Favored gas phase reactions lead to aromatic
hydrocarbon species of increasing size being able to condense
on the surface. As new carbon layers are nucleated on the
surface this mechanism was introduced as a nucleation mech-
anism. It is obvious that the surface or the [ A/V ] ratio do
not play a role in the deposition mechanism as long as they

are sufficiently small. With progressive infiltration the surface
area is increasing and the free volume is decreasing simulta-
neously. Both processes result in a strong increase of [ A/V ]
ratio.

It is obvious that decreasing deposition rates do not cor-
relate with increasing surface area. An increasing [ A/V ] ra-
tio causes a change of deposition chemistry; the extent of gas
phase reactions is limited by the shrinking volume and sur-
face reactions are intensified by the growing surface area.
Consequences can be derived from the resulting carbon tex-
ture which reacts much stronger on a changing deposition
chemistry than the deposition kinetics, as discussed later.

At a sufficiently high [ A/V ] ratio the mechanism of
carbon deposition will change. Aromatic hydrocarbon species
large enough to be condensed on the surface are not formed
furthermore. Kinetics are controlled by the reaction of reac-
tive species from the gas phase with active sites. This implies
that carbon formation is based on the growth mechanism. The
change from nucleation to the growth mechanism with Felt 1
and II will be discussed on the basis of carbon texture in the
following.

An inside-outside densification was obtained with both
felts as shown in Fig. 3 and 4. This phenomenon was dis-
cussed in earlier papers in great detail™ . Concerning the
present study it is noteworthy that inside-outside densification
of Felt II occurred up to the final stage of densification
(Fig. 4, 90 h), whereas it was apparently limited to about
64 h in the case of Felt I. Results of Fig. 5 showing the po-
rosity of both felts after 45, 60(64) and 90 h infiltration time
do not confirm this conclusion. The porosity in the “center”
of Felt I is lower than that of Felt II in all stages of infiltration
at and above 45 h, although the initial porosity is higher ac-
cording to the lower fiber volume fraction. Additionally, it is
remarkable that the porosity differences between surface and
center of Felt I are higher than those of Felt II. This result
suggests that inside-outside densification is even more pro-
nounced in Felt I than in Felt IL

A possible explanation of this discrepancy between bulk
density (Fig. 3, 4) and porosity data (Fig. 5) in relation to
an inside-outside densification results from Fig. 6 showing the
density of the matrix carbon of “center” and “surface” of
both felts. Carbon densities in the “center” of Felt T are not
only significantly lower than those of Felt II, but also lower

¢

than the carbon densities at the “surface” , whereas Felt II
exhibits higher carbon densities in the center.

The results envisualize that inside-outside densification
is well defined on the basis of both, bulk density as well as
porosity provided that the density of the matrix carbon is con-
stant along the infiltration path. In the case of a density
change, porosity but not the bulk density can be used to dis-
tinguish between an inside-outside or a reversed densifica-
tion.

4.2 Texture of infiltrated carbon

It was already stated before that (1) deposition chemis-
try changes with progressive infiltration indicating a change in
the deposition mechanism, and (2) texture formation reacts
more sensitive or changes of deposition chemistry than kinet-
ics. Results on texture are presented in Fig. 9 (Felt 1) and

Fig. 10 ( Felt I1).
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Infiltration of Felt I (Fig. 9) is determined over broad
ranges of times by formation of a medium-textured carbon
(12° <A, <18°) followed by a weakly high-textured carbon
(A, > 18°). Differences between “surface” (sample 1A)
and “center” (sample 4B) are small. The change of texture
with progressive densification should result from a change of
deposition, initially being dominated by nucleation and after-
wards controlled by growth. Texture gradients within a layer
are not resolved by PLM.

Felt II also shows a first layer with lower texture degree.
This layer, however, is thin and the majority of infiltrated
carbon is high-textured, especially in the “center” corre-
sponding to an A_ of about 23°. In this case, it has also to be
concluded that the texture alteration is caused by a change of
the deposition mechanism. The very early alteration of tex-
ture, compared to Felt I, is a direct consequence of the high-
er initial [ A/V ] ratio.

Some earlier results may be helpful to understand above
conclusions. Infiltration of Felt I at various pressures yields a
pure high-textured matrix carbon at a methane pressure of
10 kPa'™®! |

higher pressures. The latter result is confirmed in the present

and lower texture degrees at lower as well as

study. At very low pressures the optimum condition for forma-
tion of a high-textured carbon is not achieved; this condition
is a special ratio of C2 — species and small aromatic hydrocar-
bon species as postulated by the particle-filler model ™"

The results with Felt I are similar to those obtained with
a 2D fiber preform with a fiber volume fraction of 22. 5% "’
With this preform a pure high-textured carbon was obtained at
a pressure of 22. 5 kPa. This implies that the thin first layer
of lower textured carbon formed in Felt II is excluded by the
higher [ A/V ] ratio of that preform. Infiltration occurred ex-
clusively under conditions of the growth mechanism at an op-
timum ratio between C2 — species and small aromatic hydro-
carbon species.

Changes of the deposition mechanism and the texture of
the resulting carbon caused by various methane pressures
have perfectly been demonstrated in studies concerned with
an infiltration of capillaries, 1 mm in diameter and two differ-
ent lengths. In these studies it was shown that a high-textured
carbon can be deposited not only under conditions of the
growth mechanism, but also under conditions of the nuclea-
tion mechanism, provided that the pressure is sufficiently
high. Theoretically, this could be possible with Felt I at a
pressure higher than 22. 5 kPa being not relevant for a CVI
process.

5 Conclusions

The [ A/V] ratio of a fiber preform represents a decisive
parameter of CVI controlling both, kinetics of infiltration as
well as texture of infiltrated carbon. An inside-outside densi-
fication of a fiber preform is possible not only under condi-
tions of the growth mechanism, but also under conditions of
the nucleation mechanism, provided that the fiber preform
exhibits a sufficiently low [ A/V ] ratio.

This possibility, however, is less interesting from a
technical point of view; (i) Methane pressures needed to
produce a desired high-textured carbon will be non-realisti-
cally high. (ii) In addition, formation of such a carbon is

limited with progressive densification because the increasing
[ A/V] ratio has the same effect like a decreasing pressure
leading to medium-and low-textured carbon.

An optimum CVI process combining an inside-outside
densification with the formation of a desired high-textured ma-
trix carbon should be based on the growth mechanism of car-
bon deposition. Therefore, the methane pressure has to be
adjusted to the [ A/V ] ratio of the fiber preform, preferen-
tially in such a way, that a high-textured carbon is formed,
according to the particle-filler model from an optimum ratio of
small linear, mainly C2-species, and small aromatic hydro-
carbon species. Low [ A/V] ratios require low pressures,
high ratios high pressures. A temperature of about 1100 °C is
needed to generate the species in the gas phase.
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