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Abstract 

A so lge l  silica derived from TEOS is used to heal 
microcracks in a SiC film. where the film is used as a 
shielding Jbr the oxidation resistance o[' C/C. The 
e[l'ect o/'the sol-gel healing is positive in elevating the 
oxidation resistance q/C/C. The oxidation rate o f  the 
impregnated sample is in/tuenced by the time o/  
gelation he/bre the sol gel is applied to the SiC filnt. 
An analysis ~?/ the activation energy .[or oxidation 
reveah, d the mechanis'm o/'the healing, and a variation 
0[" the size q f  microcrack is" Jbund. A model is 
developed to describe the oxidation o f  the sol-gel- 
#npregnated SiC-coated C/C. 

Aus TEOS und mittels SoI-GeI-Verfahren herge- 
stelltes Siliziumdioxid wurde verwendet, um Mikro- 
risse in einem Schutglihn gegen Oxidation aus SiC auf 
C/C auszuheilen. Das Sol-GeLAusheilen wirkt sich 
positiv auf die OxMationsbestiindigkeit yon C/C aus. 
Die Oxidationsgeschwindigkeit einer hnpriignierten 
Probe hOngt yon der Gelierzeit vor dem Auftragen 
des Sol-Gels aul  den Film ab. Die Analyse der 
Aktivierungsenergie der Oxidation gibt Au/'schlufi 
iiber den Mechanismus des A usheilprozesses. Es 
wurde eine Veranderung der Mikroriflgr6fle fest- 
gestellt. Zur Beschreibung der Oxidation des mit So~  
Gel-imprOgnierten SiC-heschichteten C/C wurde ein 
Modell enlwickelt. 

On a utilise; de let silice sol-gel issue du TEOS dans le 
hut de remddier h la microfissuration d'une couche 
mince de SiC, utilisOe comme protection contre 
l'oxvdation de C/C. L'effet du traitement sol-gel 
permet d'augmenter la r&istance gt l'oxydation de 
C/C. La vitesse d'oxydation de l'Ochantillon impr@nO 
est d@endante du temps de g~lation ant~rieur h 
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I'application du sol-gel sur le SiC. Une analyse de 
l'e;nergie d'activation de la re;action d'oxydation 
permet de, mettre en dvidence h, m&'anisme de 
traitement des microfissures et une variation de, let 
tailh, des microli'ssures est trouw;e. On a dOveloppe; un 
mocle;le d&'rivant I'oxydation du C/C recouvert de SiC 
et impr~SgnO de sol-gel. 

1 Introduction 

The sol-gel process is attractive because of the 
excellent homogeneity of the products and the lower 
processing temperature required. Although the gels 
crack easily during drying, careful control of the 
solution content and the drying atmosphere is 
successful in producing a crack-free monolithic 
body) '2 The sol-gel silica is well studied in its 
processing characteristics 3- ~' and applications] and 
multicomponent materials have also been developed 
recently. 89 Fabes & Uhlmann TM report an effective 
elevation in the strength of the silica bulk by crack 
healing. The oxidation resistance of SiC-coated 
carbon/carbon composites (C/C) suffer from micro- 
cracking of the SiC film when the coated sample is 
cooled down from the processing temperature 
(1600<~C). The present study uses the sol-gel silica 
derived from tetraethylorthosilicate (TEOS) as a 
microcrack sealant in the SiC film, which in turn acts 
as an anti-oxidation coating for carbon/carbon 
composites. The use of sol-gel-derived silica as a 
sealing material for SiC coating is based on its 
thermal stability, to as high as 1500°C, t~ and better 
comparison of its mechanical properties with those 
of SiC. 12"13 The sol-gel silica impregnation in the 
SiC film is appropriate in sealing a microcrack at 
room temperature when the microcrack is open. 

1992 Elsevier Science Publishers Ltd, England. Printed in 
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2 Experimental Procedure 

The matrix C/C is manufactured by the Chung-Sun 
Institute of Science and Technology (CSIST, 
Taiwan, People's Republic of China) with a density 
of 1.85 g/cm 3. The SiC coating was made by reaction 
sintering of silicon powder with a minor amount  of 
boron added as sintering aid, as previously 
reported, x4 

The sol-gel solution was prepared by partially 
hydrolyzing TEOS to derive silica after polymeri- 
zation. TEOS is mixed with ethanol and water in a 
volume ratio of 5: 3:2, where the water is pre-titrated 
to a pH value of 1"3 by adding 0.5y HC1. As the water 
and ethanol are added to the TEOS the solution 
separates into two layers, due to the limited 
solubility of TEOS in water. However, it develops 
homogeneous transparency after 0"5-1"0 h holding, 
depending on the temperature of the water bath. 
The acidic solution forms linear polymeric-type 
oligomers. 1°.15 

In order to obtain a coatable solution to heal the 
microcrack of the SiC film, the solution is held in an 
isothermal water bath not exceeding 75°C, in order 
for it to have a suitable degree of polymerization 
before application to the samples. 5 The SiC-coated 
C/C sample is immersed into the solution for 3 min, 
while the solution wetted the microcrack and 
provided a healing effect to eliminate the exposed 
surface of the C/C matrix. Different gelation times of 
the solution are employed to examine the effect of 
gelation in healing the microcrack of SiC film. 

After impregnation in the sol-gel solution, the 
sample is placed in a tube furnace to be dried at 
200°C for 2h  and then sintered at 1000°C for 
another 2 h in Ar atmosphere. Thermal gravimetric 
analysis (TGA) is used to evaluate the effect of the 
sol-gel healing in elevating the oxidation resistance 
of SiC-coated C/C. The oxidation rate of the treated 
sample is measured in a fixed air flow rate, 8 cm/min 
in linear velocity. The data of weight loss from the 
TGA recorder are then converted to oxidation rate 
data in dimensions of mg/h/cm z. An Arrhenius plot 
of the oxidation rate is used to find the activation 
energy for oxidation, and to derive the mechanism of 
sol-gel healing in elevating the oxidation resistance 
of SiC-coated C/C. 

BET with a special sample holder, a cell 2 cm in 
diameter and 3 cm in height, was used to measure the 
surface area of  the dried gel. A Philips 515 SEM 
operating at 25kV was used for morphological 
observation on the coated sample. The micro- 
hardness of the gel after drying was detected using 
an Akashi hardness tester with a loading of 200 gf, 

and is expressed in units of HV, which are equivalent 
to kg force per square millimeter. 

3 Results and Discussion 

3.1 Characteristics of the sol-gel 
The gelation behavior of the solution is character- 
ized by measuring its time-to-gel, at which time the 
viscosity of the solution increases rapidly until it 
becomes rigid. The solution is kept in an isothermal 
water bath and monitored every 15 min. The time- 
to-gel is greatly dependent on the temperature 
provided. A higher temperature results in a faster 
rate ofgelation. An Arrhenius plot of the time-to-gel 
is shown in Fig. 1. All of the data lie in a straight line 
and correspond to an activation energy of -13.2 
kcal/mol. It means that the gelation of TEOS 
between 30 and 75°C in this study has the same 
mechanism. The selection of an opt imum processing 
temperature is then determined mainly by the ease of 
processing sample coating. Low gelation tempera- 
ture will delay gelation for as long as six days, and a 
high processing temperature will cause the coating 
operation to become messy. A processing tempera- 
ture of 65°C is selected, corresponding to a time- 
to-gel of 18h, which is suitable for studying the 
relationship between the gelation and the effect in 
healing the microcrack of SiC film. 

The drying of the gel bulk is also monitored by a 
TGA in a controlled atmosphere, with a fixed flow 
rate of 100 cm3/min compressed air. The drying rate 
with respect to time is well fitted to the parabolic law, 
as shown in Fig. 2. The evaporation rate of the 
unreacted solvent in the gel is inversely proportional 
to time squared. It is due to the increase in diffusion 
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Fig. 1. The Arrhenius plot of the time-to-gel of acidic silica 
solution. 
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Fig. 2. The drying rate of the 65°C aging gel. 

distance in the gel body. 1 The drying rate can be 
divided into two segments, implying that the 
evaporation mechanism of solvent from the gel is 
not a unique process. It is explained by the fact that 
the different mechanism is due to the higher vapor 
pressure of ethanol than that of the water. In the 
beginning of evaporation the ethanol evaporates 
faster than the water does. But the evaporation rate 
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Fig. 3. The microhardness of the gels at various aging 
temperatures. 
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Fig. 4. Surface area of 65°C aging silica gel after heat treatment 
for 2 h at various temperature. 

is slowed down when the ethanol in the gel is in 
equilibrium with water at the azeotropic point, 
where the composition of solvent has no difference 
between the liquid phase inside the gel body and the 
evaporated vapor phase. 

For quantitative comparison of the gel strength 
the dried gel is measured by Vickers indentation. At 
least 10 samples are indented for each processing 
temperature. It shows that the strength of the gel is 
not heavily influenced by the processing tempera- 
ture, with maximum deviation less than 20%, as 
shown in Fig. 3. 

The gel is then sintered at various temperatures in 
Ar atmosphere and the surface area is measured by 
BET. A maximum sintering temperature of 1050°C 
is used in this study, as referred to by Scherer) The 
variation of specific surface area with respect to the 
sintering temperature is illustrated in Fig. 4. A small 
surface area is desired in order to prohibit the 
penetration of air/oxygen when applied to heal the 
microcrack of SiC film. 

3.2 Oxidation resistance 
The SiC coating on the surface of C/C shields almost 
all of the C/C surface, but it leaves the microcrack as 
a diffusion path for air/oxygen. If the sol-gel 
impregnation is suitable for sealing the microcrack 
of the SiC film, the oxidation resistance will be 
elevated. The cross-section of SiC-coated C/C is 
shown in Fig. 5. The coating layer is identified by 
XRD as a composite of fl-phase SiC and unreacted 
residual Si. Leaving some residual Si in the coating 
layer is useful in sealing the microcrack after the 
temperature exceeds the melting point. The mea- 
surement of oxidation rate is made in order to 
explore the effectiveness of the sol-gel in healing the 
microcrack of SiC film. Figure 6 shows the elevation 
of oxidation resistance by sol gel impregnation. The 
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Fig. 5. Micrograph of the cross-section of SiC-coated C/C. 

figure indicates two points: firstly, the usefulness of 
the sol-gel in the enhancing of oxidation resistance 
is confirmed; secondly, the influence of gelation time 
in elevating the oxidation resistance is apparent. 
This is stated in the Fabes' model about the 
strengthening of monolithic silica rods by micro- 
crack healing. The oligomer size of the sol-gel is 
increased in the polymerization, and the optimum 
size of the oligomer in healing the microcrack has the 
same order of width as the microcrack. The sol-gel is 
used to heal the microcrack of SiC coating in the 
present study, and it is reasonable to suggest that the 
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Fig. 7. Scheme of the effect of aging in healing the microcrack of 
SiC film. 

size of the oligomer influences the effectiveness of 
SiC coating in healing the microcrack. The measure- 
ment on the oxidation resistance in Fig. 6 reveals 
that a longer gelation results in a weaker effect in 
elevating the oxidation resistance of C/C. It also 
reveals an unusual variation in the oxidation rate 
around the range of 750 to 1050°C. The oxidation 
rate of uhcoated C/C matrix is monotonically 
increased as the temperature is elevated in spite of 
the fact that the oxidation mechanism has been 
shifted from reaction control to oxygen diffusion 
control as temperature is raised. 16'1v The abnormal 
decreasing of the oxidation rate around 750 to 
1050°C will be discussed further. 

The longer gelation of the solution does not help 
in improving the oxidation resistance of SiC-coated 
C/C. It is a result showing the difficulty of a larger 
oligomer in penetrating the microcracks of SiC film, 
and the coarse size of oligomer also results in a loose 
packing after the solvent has evaporated, 18 as 
described in Fig. 7. 

3.3 Activation energy analysis 
The oxidation rate below 750°C shows a straight line 
in the Arrhenius plot and corresponds to an 
activation energy for oxidation of about 14kcal/ 
mol, for both samples with or without sol-gel 
impregnation, whereas an activation energy of 
about 1.3 kcal/mol is found for those above 1050°C, 
as shown in Table 1 and Fig. 6. That the discrepancy 
of oxidation rate decreases around 750 to 1050°C is 
believed to be the result of microcrack closing due to 
the different coefficient of thermal expansion 
between C/C and SiC film. In examining the 
oxidation activation energy the authors find the 
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Table 1. Activation energy for the oxidation of SiC-coated 
carbon/carbon composites after silica sol gel impregnation 

Samph' Gelation time 
(t l l  

Activation energy (kcal/mol) 

< 750~C > 1050:C 

1 No impregnation 14.3 1.38 
2 12 15.0 1-33 
3 14 14.6 1.35 
4 18 14.0 1.31 

value does not correspond to that of  the oxidation of 
carbon as reported by McKee, 17 with values of 42, 
20"8 and 5 kcal/mol, corresponding to an oxidation 
controlling regime of  chemical reaction, matrix 
diffusion and boundary layer diffusion, respectively. 
The lowering of the oxidation rate in a coated 
sample is a result of  the reduction in the surface area 
for oxidation, in which the surface of C/C is covered 
by SiC coating except at the site of  microcrack. 
Whenever the oxidation happens in the C/C matrix 
the activation energy for oxidation should be similar 
to that of  the reported data. In addition, the value of 
the activation energy in the present case does not 
correspond to that of  the oxygen diffusion through 
the silica, which has an activation energy of 28"0 
kcal/mol as reported by Costello & Tressler. 19 The 
oxidation behavior in the present experiments 
corresponds to neither the case of  carbon oxidation 
in an uncoated surface (the site of  microcrack) nor 
an oxygen diffusion through silica (microcracks 
healed by sol gel). The oxidation should be a 
combined process, different from the simple control- 
ling mechanism of oxygen diffusion through micro- 
cracks or SiC coating. 

The existence of  microcracks in the SiC coating 
can also be deduced from the fact that the sol-gel is 
effective in decreasing the oxidation rate. The 
occurrence of microcracks is due to the thermal 
mismatch between the SiC and the C/C matrix when 
it cools down from the 1600C sintering tempera- 
ture. Theoretically, the microcrack should be re- 
healed when the sample is heated to the sintering 
temperature. The fact that oxidation above 1050°C 
shows an activation energy of  about 1'3 kcal/mol 
can also be explained as a combined effect of  oxygen 
boundary diffusion, with an activation energy of 
5kcal/mol,  17 and the reduction of the size of  
microcrack from thermal expansion. 

The oxidation rate at 750-1050~C is suggested to 
be a result of  microcrack closing as temperature is 
elevated. The overall oxidation rate is determined by 
two factors: firstly, the microcrack closing decreases 
the flux of  oxygen diffusion to the surface of  C/C as 
temperature rises; secondly, the diffusion rate of  

oxygen in the matrix is increased as temperature is 
elevated. The dominant  step will determine whether 
the oxidation rate is elevated or lowered when the 
temperature rises. The reduction of the oxidation 
rate in the range 750-1050 with respect to tempera- 
ture is a result of  microcrack closing, whereas the 
activation energy is positive in the other two regions 
(<750 and >1050°C), which is believed to be the 
result of  the dominance of  the oxidation controlling 
mechanism. 

3.4 Modeling 
The variation of the oxidation rate is explained as a 
combined process of the sol-gel sealing and the 
microcrack closing due to thermal expansion. From 
the kinetics point of  view, the factors which influence 
the oxidation resistance can be taken as elements of 
'resistor'. The higher the resistance of the elements, 
the lower the overall oxidation rate. The present case 
is described in Fig. 8. The overall oxidation 
resistance R(overall)is expressed in eqn (1): 

R(overall) = R 1 + 1/((!/R2) + (R3)) + R4 + R5 (1) 

The overall resistance of the whole combination is 
determined by the largest step, by taking R2 and R3 
as a block. At the lower temperature the chemical 
reaction is the slowest step, with a largest resistance 
for oxidation, and the overall oxidation rate in this 
region is determined by R5. In contrast,  the 
boundary layer diffusion controls the overall process 
in the elevated temperature region, resulting in a 
maximum R 1. In the medium temperature region the 
overall oxidation resistance is controlled by the 
diffusion of oxygen through the matrix, an R3 
maximum. But the aforementioned criteria are 
affected by the closing to the microcrack in the 
present case, represented by a variation of R4. As R4 
is a weak function with respect to R(overall), the 
controlling mechanism of oxidation is easily identi- 
fied by inspecting the activation energy in each 
temperature interval. In other words, a dominant  
R4, greatly dependent on the working temperature, 
will influence the R(overall) and the resulting 
controlling mechanism does not correspond to a 
single step. The SiC-coated sample without sol-gel 
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d i ffusion m icrocrack 
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Fig. 8. Modeling of the oxidation resistance of SiC/silica- 
protected C/C. 
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impregnation exhibits oxidation resistance to some 
extent. It is consistent with the fact that R4 is a 
strong function in the present study, and so greatly 
alters the behavior of the oxidation resistance of 
c/c. 

4 Conclusion 

The effectiveness of sol-gel impregnation in elevat- 
ing the oxidation resistance of SiC-coated C/C is 
confirmed in this study. The enhancement of the 
oxidation resistance is explained as the result of 
crack healing by silica gel, resulting in the reduction 
of the exposed surface of the C/C matrix. The degree 
of gelation also influences the effect of shielding on 
the microcrack. The analysis of the activation energy 
for oxidation reveals that the size of the microcrack 
on SiC film is changed as temperature rises. A model 
is established to identify the dominant controlling 
mechanism in the overall oxidation process. 
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