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Abstract The effect of processing parameters, temperature, gas concentration, gas flow rate and pres-
sure, were studied on the densification of carbon/carbon composites using a Robust design method in iso-
thermal low-pressure chemical vapor infiltration with a gas system of C;Hy-N, After one time of iso-
thermal low-pressure chemical vapor infiltration, the bulk density of carbon/carbon composites in
creased up to 1-9% and apparent porosity of the composites decreased down .to 20-50%.

ANOVA analysis of the experimental data revealed that the important parameters of isothermal low-
pressure chemical vapor infiltration were temperature, gas concentration and gas flow rate. There was
almost no effect on densification by pressure and interaction between each parameters. In the present
experimental conditions, the highest bulk density was obtained at 1100C temperature, 100% C;H, con-

centration, 100 SCCM flow rate and 5 torr pressure.
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Fig. 1. Schemetic diagram of i{sothermal low-pres-

sure chemical vapor infiltration system.
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Table 1. Factors and their levels of the experi-

mental design

Factor }~J Levi]——
1 2
Tem;e:‘ature[ Tl 900 1100
Gas Concentration| % | 100 5
Gas Flow Rate[ SCCM* | 100 10
Pressure{ torr ] 50 5

*SCCM : Standard cubic centimete:per minute

i Column™ | e F[SCCM*] TxF | CxF | Pltorr]
Exp. Set —~
No.1 900 | 100 50
No.2 900 10
No.3 900 100
No.4 900 10 \ 50
No.b 1100 100 ‘ 5
No.6 1100 10 50
No.7 1100 100 50
L NQ.8 1100 N 5 | 10 ) *‘LW%S__
*  SCCM : Standard cubic centimeter per minute
* % T . Temperature, C . Reactant gas concentration F : Gas flow rate, P . Pressure, X . interac-

tion effect
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(ASTM C20-87).
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Table 3. Bulk density and apparent porosity of
carbon/carbon composites obtained from Lsg

experimentation.

T Bulk Bulk Denslty ( Apparent

Exp. Set - lg/em'] | Porosity [ %]

 No.1 ]L 1.39 17.2

No. 2 1.36 19.3

No. 3 135 | 208

No. 4 1.34 21.0

No. 5 1.46 13.4

No.6 | 1.40 17.0

No. 7 1.39 17.2
C Nes | 1 | 92

Table 4. Thickness and amount of surface deposit layer

~ Surface deposit thickness

;AP ‘;ljrqfa’cggeposn amount
Exp. Set - —— e e —
S Bottom[/zmj I Top[,um] mm?* 7 ,,,%
N No. 1 i 2 0.5 86 1
No. 2 1 — 3.4 1
No. 3 - — — : —
No. 4 — — — ( -
No. 5 15 2 ’ 58.5 j 5.8
No. 6 2 1 10.3 2.5
No. 7 2 1 10.3 } 2.8
o Nes | o8 o4 | a1 |15
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Table 5. Analysis of variance of bulk density in carbon/carbon composites obtained from Ls

experimentation

Source | Pool l Df S \Y F S’ rho%

T h‘[N] 1 0.00363 0.00363 592.61436 0.00362

C IN] 1 0.00353 0.00353 576.28890 0.00352 33.33
TxC IN] 1 2.4753E-4 | 2.4753E-4 | 40.41042 | 2.4140E-4 2.29

F [N] 1 0.00243 0.00243 | 396.70879 | 0.00242 22.92
TxF [N] 1 3.2513E-4 | 3.2513E-4 | 53.07898 | 3.1900E—-4 3.02
CxF [N] 1 3.8503E-4 | 3.8503E-4 | 62.85794 | 3.7890E-4 3.59

P Y] 1 6.1254E-6 | 6.1254E-6

e [N] 0 0.00000 0.00000

e, [N] 0 0.00000 0.00000

(e) 1 | 6.1254E-6 J 6.1254E-6 4.2878E-5 0.41

Source : Factors and erros, Pool : Pooling toggle for source, Df : Degree of freedom, S : Sum of

squares of source, V : Variance of source, F ! F value of source, S’ : Pure sum of squares of

source, rho% . Percent contribution of source, e, :

Pooled error
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Fig. 4. Factor level and 2-factor level interaction
effects on the bulk density difference between top
and inner side in carbon/carbon composites ob-
tained from L; experimentation.
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Table 6. Analysis of variance of bulk density difference between surface and inner side in carbon/

carbon composites obtained from L., experimentation

e B = U Ta =T

Source I Pool T Df lr S | vV ' 2 I 7r)h(7)7%7
T W TNT { C 1 1 26834E-4 | 2.6834F 4 T 33.53412 | 2 66’347%4 "T* 3748
C l INL 01 | 15313K4 | 15313E 1 1 1913647 ] 513E-4 | 20.89
T<C 1N 101231 5 | 1.0123K 5 ? 26506 | zazion 6 | 0.

I [ IN) ‘ 1 ‘ L60SE 1| 1.5605E 4 \ 150137 * AB05E 4 ( 21.31
TxF | (N| |1 34724E-5  34724k-H | 4.33942 | 26722E 5 | 3.85
CxF ’ [N | 1 l64224E 5 64224E—~5 8.02599 ‘swzzn—s 800

p Y] ‘ L 800208 j 8.0020F-6 i (

! 9 |
o -
e | [IN] 0 ,: 0.00000 ' 0.00000 ! ? :
e ) [N] ‘ 0 0.00000 0.00000 | ; ‘
(@ 80020k J 8.0020E-6 | | 5.6014E-5 L,S 06

Source : Factors and errors, Pool fo()lmg toggle for source, Df © De grev of freedom, S : Sum of
squares of source, V @ Variance of source, F I F value of source, S’ . Pure sum of squares of

source, rho% . Percent contribution of source, e, : Interaction error, e, . Repetition error, (e) :

Pooled error

2. Bk BB

Fig. 5. Microstructures of the cross-section of as Fig. 6. Scanning electron mlcrographs of the cross
received carbon/carbon composite taken by (a) ~section of the carbon/carbon composite sample
optical microscope and (h) scanning electron mi- (Exp. No. 1:2900°C, 100% CiH,, 100 SCCM, 50
croscope. torr) at (a) the bottom surface and (b) the inner

side.
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