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Abstract

The oxidation behavior of 3-D C/SiC composites coated with SiC/a-BC,/SiC coatings was investigated in
wet oxygen environments. The effects of water on oxidation behaviors of the coated composites at different
temperatures were discussed based on weight change, morphology change and strength change. After oxida-
tion at 700, 1000, and 1200°C in two kinds of water atmosphere for 100 h, the high strength retained ratios
of the composites with modified coatings are demonstrated, which prove the good oxidation protection of
the modified coatings for 3-D C/SiC composites.

© Koninklijke Brill NV, Leiden, 2010
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1. Introduction

The oxidation of carbon fiber and pyrolytic carbon (PyC) interface in C/SiC and
C/C composite limits their long-term applications in high-temperature oxidizing
environments, for example, rocket nozzles and aeronautic jet engines [1, 2]. To
improve oxidation resistance of C/SiC and C/C composites, boron-bearing species
[3] are widely used, which include boron oxide (B»03), boron carbide (B4C) and
ternary boron-bearing compound (Si-B-C).

Various boron-bearing inhibitors, coatings, and sealants have been used to pro-
tect C/SiC and C/C composites [4-7]. McKee er al. [4, 5] studied the oxidation
behavior of graphite impregnated with aqueous solutions of boric oxide and organo-
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borates, and reported a marked reduction in oxidation rate of the graphite in dry or
moist air between 600°C and 1000°C. A proposed mechanism for inhibition was
the formation of a glassy boron-oxide residue that blocked active sites on the carbon
surface.

Non-oxide boron-bearing ceramics, such as boron [8], B—C [9] and Si-B-C [10],
were considered important candidates for oxidation protection of C/SiC compos-
ites, since glassy boron oxide would be formed due to the oxidation reaction. Mul-
tilayer SiC/B/SiC [8, 11], SiC/B4C/SiC [11] or SiC/SiBC/SiC [10] coatings can be
fabricated expediently by CVD process. Labruquere et al. [12—14] reported oxida-
tion protection of B—C, Si-B—C and SiC for C/C composites. Their results showed
that B—C deposits could oxidize rapidly and lead to the formation of B,O3 film that
protects carbon from oxidation at interfacial zones. The multilayer SiC/C(B)/SiC
interphase was prepared by Jacques et al. [15]. The crack in the interphase could
self-seal at 600°C in oxidation environment. The fatigue life of the composites was
higher than that of composite with PyC interphase. The oxidation protection of B4C
for carbon fiber and carbon/carbon composites were also researched by Piquero et
al. [16] and Tsou and Kowbel [17], which demonstrated the good oxidation protec-
tion of B4C for carbon fiber and C/C composites below 900°C. B—C and Si-B-C
were also used as partial matrix in C/SiC and SiC/SiC composites for improving
oxidation resistance by Lamouroux et al. [18] and Viricelle et al. [19].

Boron carbide was frequently introduced into C/SiC and C/C composites by
CVD methods based on the above researches. Crystal boron carbide was synthe-
sized in almost all investigations used with the CVD method. The amorphous boron
carbide was only fabricated by Berjonneau ef al. [20]. No report about oxidation
protection of amorphous boron carbide for C/SiC or C/C composites was found.

In previous studies [21], an amorphous boron carbide (a-BC, ) coating was syn-
thesized by low pressure chemical vapor deposition. The oxidation behaviors of 3-D
C/SiC composites coated with SiC/a-BC,/SiC coatings and SiC/SiC/SiC coatings
were compared. The better oxidation protection of the SiC/a-BC, /SiC coatings for
C/SiC composite than that of SiC/SiC/SiC coatings was also demonstrated.

In the present work, the effect of water partial pressure on oxidation behavior
of 3-D C/SiC composites coated with SiC/a-BC,./SiC coatings was discussed. The
weights, microstructure, and strengths of 3-D C/SiC composites before and after
oxidation were compared. The oxidation protection mechanism of SiC/a-BC,/SiC
coatings for 3-D C/SiC composites at different water partial pressure was also dis-
cussed.

2. Experimental Procedure
2.1. Fabrication of Specimens [2]

Firstly, the preforms were fabricated in the Nanjing Institute of Glass Fibre, China,
from carbon fibre (T-300, Japan Toray), which has a volume fraction in the range
of 4045 vol% and a braiding angle of 20° using a four-step three-dimensional
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(4-step 3-D) braiding method. Secondly, PyC interface and the silicon carbide ma-
trix were deposited by low pressure chemical vapor infiltration (LPCVI) process.
The PyC was deposited on the carbon fibre using C3Hg precursor at 870°C for
1 h at a reduced pressure of 500 Pa, yielding a thickness of 200 nm. The SiC
matrix was achieved at 1100°C for 120 h at reduced pressure of 2 kPa by us-
ing methyltrichlorosilane (MTS, CH3SiCl3) with a H>:MTS molar ratio of 10.
This was achieved by bubbling hydrogen in gas phase through the MTS. An ar-
gon dilution was used to slow down the chemical reaction rate during deposition.
Then the test specimens were machined from the C/SiC composite to a size of
3.0 x 4.0 x 40.0 mm, followed by polishing. Finally, the specimens were coated
with the hybrid CVD SiC/CVD a-BC,/CVD SiC multilayer coatings. The CVD
SiC were the same fabrication conditions as the SiC matrix except for the depo-
sition time of 30 h. The deposition conditions for CVD a-BC, coating were as
follows: temperature 900°C, pressure 1.0 kPa, time 20 h, BCl3 flow 50 ml/min, H»
flow 60 ml/min, CH4 flow 20 ml/min, Ar flow 60 ml/min.

2.2. Oxidation Tests

Oxidation tests were conducted in an alumina tube furnace with a purity of 99.99%
in wet oxygen environments with volume ratio of 14 vol% H»>O/8 vol% O,/78 vol%
Ar (named as 14H,O atmosphere) and 21 vol% H,>O/8 vol% O3/78 vol% Ar (named
as 21H,0O atmosphere) at 700, 1000 and 1200°C for 100 h. Five specimens were
used for each experimental condition. The H>O gas flowing rates were 14.0 ml/min
and 21.0 ml/min, respectively. The weights of the specimens were recorded after
they were oxidized for 0, 0.5, 1, 2, 5 and 10 h at the desired temperature. Then the
recorded time sequence was 20 h, 30 h, 40 h, 50 h, 60 h, 70 h, 80 h, 90 h and 100 h.
They were measured using an electronic balance (sensitivity = 0.01 mg).

2.3. Measurements of the Composites

The phase was identified by an X-ray diffraction device (XRD, Rigaku D/MAX-
2400 with Cu K, radiation). Surface and cross-section morphologies of the coat-
ing were observed using a scanning electron microscope (SEM, S-2700, Hitachi,
Japan).

Flexural strengths of the composite specimens with size of 3.0 mm x 4.0 mm x
40.0 mm before and after oxidation were measured by a three-point bending method
at the room temperature. The span dimension was 30.0 mm and the loading rate was
0.5 mm/min.

3. Results and Discussion

Figure 1 shows the weight change curves of C/SiC composites coated with
SiC/a-BC,/SiC coatings after oxidation within 14H>O and 21H;O atmospheres
for 100 h at 700, 1000 and 1200°C. It is apparent that the weight change curves
of the coated composites depend on oxidation temperature and water partial pres-
sure. At 700°C, the weight loss for the coated composites increased continually
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Figure 1. The weight change curves of C/SiC coated with SiC/a-BC,/SiC coating after oxidation
within 14H,O and 21H,O atmospheres for 100 h at 700, 1000 and 1200°C.

within 14H,0O and 21H,O atmosphere. At 1000°C, the weight loss for the coated
composites increased continually within 14H,O atmosphere; however, the weight
gain for the coated composites occurred within 21H,0O. At 1200°C, the weight
gain for the coated composites increased continually within 14H,O and 21H,0
atmosphere. Figure 2 shows weight change of 3-D C/SiC composites coated with
SiC/a-BC,/SiC coatings after oxidation within 14H>O and 21H,O atmospheres for
100 h at different temperatures. The weight changes within 14H,O are markedly
larger than that within 21H,O, when the oxidation temperature is below 1000°C.
At 1200°C, the weight change within 14H;O is almost same as that within 21H,0O.
On the other hand, the discrepancies of weight changes between within-14H,O and
within-21H;0O decreased with increasing oxidation temperature. For example, the
discrepancies are 0.7% at 700°C, 0.4% at 1000°C and less than 0.1% at 1200°C, re-
spectively. This behavior is related to oxidation reactions between modified coating
and O,/H»O atmosphere. This feature will be discussed combined with morphology
changes and strength changes in the next part of the discussion.

Figures 3-5 show the surface and cross-sectional morphologies of 3-D C/SiC
composites coated with SiC/a-BC,/SiC coatings after oxidation within 14H,O and
21H,0 atmospheres for 100 h at different temperature.



Downloaded by [Siauliu University Library] at 06:51 17 February 2013

Y. Liu et al. / Advanced Composite Materials 19 (2010) 185-196

0.4

0.2 B 8
g [ AT
S 02f
g
= -04 A o
@ -0.6
o L
=z 08 A 21H,0

-1 r o o 14H,0

_1.2 Il Il Il Il Il Il

600 700 800 900 1000 1100 1200 1300

Temperature (°C)

189

Figure 2. The weight changes of C/SiC coated with SiC/a-BC,/SiC coating after oxidation within
14H, 0 and 21H, O atmospheres for 100 h at 700, 1000 and 1200°C, respectively.
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Figure 3. SEM photos of the SiC/a-BC,/SiC coating after oxidation at 700°C within 14H,O and
21H;0O atmospheres for 100 h: (a) and (b) 14H5O; (c) and (d) 21H,O.
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Figure 4. SEM photos of the SiC/a-BC,/SiC coating after oxidation at 1000°C within 14H,O and
21H;0O atmosphere for 100 h: (a) and (b) 14H>O; (¢) and (d) 21H,O.

At 700°C, the surface of CVD SiC coating was not oxidized within 14H,O and
21H;0 atmospheres for 100 h. No glass phase or oxidation layer was found. The
cracks remained open and were not filled by glass phase. The oxidation of CVD SiC
cross-sectional area of the coating was also not found from fracture morphologies.
However, the oxidation of CVD a-BC, layer and carbon fiber of the composite were
found from the fracture morphologies within 14H,0O and 21H,O atmospheres for
100 h. The oxidation within 14H,O atmosphere was more serious than that within
21H,0 atmosphere from the fracture morphologies. The obvious glass phase was
found after it had been oxidized within 14H,>O atmosphere.

At 1000°C, the oxidation of CVD SiC was found within both 14H,O and 21H,O
atmospheres for 100 h. The cracks were filled by the glass. Within 14H,0O at-
mosphere, the oxidation of CVD SiC coating was not obvious; however, the oxi-
dation of CVD a-BC, coating was very obvious and a large amount of glass phase
existed, as shown in Fig. 4(b). Within 21H50O atmosphere, the oxidation of coating
was more serious than that within 14H,O atmosphere, which resulted in the thick
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Figure 5. SEM photos shows the surface morphologies of the SiC/a-BC,/SiC coating after oxidation
at 1200°C within 14H,O and 21H, O atmospheres for 100 h: (a) and (b) 14H,O; (c) and (d) 21H,O.

oxide glass layer shown in Fig. 4(d). The glass phase was found in the coating sur-
face, and the thickness of the glass layer reached 1.0 um, as shown in Fig. 4(d),
which demonstrated that the CVD SiC coating was oxidized within 21H,O at-
mosphere. The crack in glass occurred due to the different thermo-expansion co-
efficient between glass and CVD SiC coating, as shown in Fig. 4(c). Few carbon
fiber were oxidized within different atmospheres.

At 1200°C, the oxidation of CVD SiC was more serious within both 14H,O and
21H,0 atmospheres for 100 h. There were a large number of cracks in glass due
to the thermo-expansion coefficient mismatch between glass and CVD SiC coating,
as shown in Fig. 5. Within 14H,0O atmosphere, pores were found that had resulted
from the glass volatilization and the crystallization of the surface glass. This phe-
nomenon has been discussed in previous studies [21]. Within 21H;O atmosphere,
no pores and glass crystallization were found. However, there were more cracks in
the surface glass layer, which had also resulted from thermo-expansion coefficient
mismatch between the glass layer and CVD SiC coating.
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Figure 6. The residual flexural strength of C/SiC coated with SiC/a-BC,/SiC coating after oxidation
within 14H5O and 21H;O atmospheres for 100 h, respectively.

Figure 6 shows the residual flexural strength of 3-D C/SiC composites after ox-
idation within 14H>O and 21H,O atmosphere for 100 h. The average strength of
as-received composite was 833 MPa. After oxidation within 14H,O and 21H,0O
atmospheres for 100 h at different temperatures, the flexural strengths all de-
creased. The residual strengths within 21H>O atmosphere were higher than that
within 14H,O atmosphere. Within 21H,O atmosphere, the residual strengths were
693 MPa, 803 MPa and 688 MPa, respectively, and strength retained ratios were
residual 83.2%, 96.4%, 82.6% after oxidation at 700°C, 1000°C and 1200°C,
respectively. Within 14H,O atmosphere, the residual strengths were 631 MPa,
734 MPa and 620 MPa, respectively, and strength retained ratios were residual
75.8%, 88.1%, 74.4% after oxidation at 700°C, 1000°C and 1200°C, respectively.

4. Discussion

Based on the above results, the oxidation behavior and protection mechanisms can
be discussed as follows. In 3-D C/SiC composites coated with SiC/a-BC,/SiC coat-
ings, the carbon fiber, PyC interphase, SiC matrix and coating and BC, coating
were all oxidized within water—oxygen atmosphere from 700 to 1000°C. The melt-
ing point of BpO3 is 450°C and the volatilization point is 900°C [22]. Furthermore,
the volatilization temperature would decrease when H>O was present [3, 22]. Due
to the H,O effect, the volatilization of SiO, was also more easily achieved. In wet
oxygen atmosphere, the oxidation behavior of composite was controlled by the fol-
lowing oxidation reactions:

(e}

a-BCy (s) + 02 (g) 2 B03 (1) + CO2 (2) + CO (g) ()
B203 () + H20 (g) — 2HBO2 (g) 2)
a-BCy (s) + H20 (g) — B20;3 (1) + COz () + CO (g) + Ha (g) 3)
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B»03 (1) + 3H,0 (g) — 2H3BO;3 (g) 4)
C(s)+ 02 (g) — CO2 (2) &)

2SiC (s) + 307 (g) —> 25103 (s) +2CO (g) (6)
SiC (s) + 3H;0 (g) — SiO» (s) + CO (g) + 3H3 (g) (7)
SiOz (s) +2H20 (g) —> SiO(OH),4 (2) ()

Reactions (1)—(5) would occur below 700°C, and these led to the weight loss of the
composites. Reaction (8) also led to the weight loss. Reactions (6)—(7) would occur
above 700°C, and led to the weight gain of the composites.

From the above results of weight change, morphology changes and strength
changes, it is apparent that the H,O partial pressure and temperature were the main
controlling factors for oxidation behaviors of 3-D C/SiC composites. Therefore, the
oxidation mechanism should be discussed according to different temperature and
H»O partial pressure.

At 700°C, the reactions (6) and (7) were very slow, which led to the oxidation
of CVD SiC layer that was very weak in wet oxygen atmospheres [23]. Therefore,
the oxidations of SiC layer were not found within 14H,O and 21H,O atmospheres.
However, the CVD a-BC, layer was seriously oxidized in 14H,0O and 21H»O at-
mospheres, as shown in Fig. 7. Due to the thermo-expansion coefficient mismatch
between multilayer coating and 3-D C/SiC composites, unavoidable cracks exist
in the multilayer coatings. The oxygen and water would intrude into composites,
which led to some PyC and carbon fibers being oxidized. The oxidation of PyC
interface and carbon fiber made the strength of composite decrease. On the other
hand, CVD a-BC, would react with oxygen and water as shown in reactions (1)
and (3), and led to coating cracks that were partially sealed, as shown in Fig. 3(b).
Therefore, the composites showed weight loss, un-oxidized CVD SiC surface, par-
tial sealing of crack and strength decrease. The difference in the results between

OkV 11.1mm x500 SE(M)

(a) 21TL,0 (b) 14150

Figure 7. Surface morphologies and EDS of CVD a-BCy layer after oxidation for 10 h at 700°C
within different water partial pressure.
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14H,0 and 21H,0O atmospheres should be attributed to the different reaction degree
of reactions (1) and (3) within different water partial pressure atmosphere. Within
14H, 0, reactions (1) and (3) are weaker than that within 21H,O atmosphere. Less
B;03 glass was formed within 14H>O atmosphere than that within 21H;0O: so
fewer cracks were sealed after oxidation within 14H>O atmosphere than 21H,0O
atmosphere, which resulted in more PyC and carbon fiber being oxidized within
14H,0 than 21H,O atmospheres. Therefore, the weight change within 14H,O at-
mosphere is larger than that within 21H,O atmosphere, as shown as the weight
change curves in Figs 1 and 2.

At 1000°C, the oxidations of CVD SiC and CVD a-BC, were more severe than
that at 700°C, because all oxidation reactions would be more vigorous. Reactions
(6) and (7) become stronger. Especially the B,O3 glass could promote the solution
of SiC and the formation of SiO; as shown in following reaction [24, 25].

7SiC (s) + 6B203 (1) — 75102 (s) + 3B4C (s) + 4CO (g) ©)]

After oxidation for 10 h, the cracks were sealed rapidly, as shown by the weight
changes in Fig. 1; therefore, the weight change of the composites was smaller than
that at 700°C. The oxidations of SiC layer and a-BC, layer were found within
14H,0 and 21H;0 atmospheres. The cracks were fully sealed and a large amount
of glass exists between CVD SiC layers, as shown in Fig. 4(b). The effect of wa-
ter partial pressure on the oxidation behavior of the coated composites was very
obvious. Within 21H,O atmosphere, reactions (3) and (7) were more vigorous than
that within 14H;O atmosphere, which led to a large amount of glass formation. The
speed with which cracks were sealed in coatings was faster in 21H,O atmosphere
than that in 14H»O atmosphere, which lead to smaller weight change within 14H,0O
atmosphere than 21H>O atmosphere, as shown by the weight change curves in
Figs 1 and 2. Therefore, the composites showed lower weight change, thicker ox-
ide layer, and higher residual strength within 21H,O atmosphere than that within
14H, 0O atmosphere.

At 1200°C, the oxidations of CVD SiC and CVD a-BC, were more severe than
that at 1000°C. The more severe reaction led to the fewer weight changes, and
extensive oxidation in the surface. The cracks were all sealed rapidly within 14H,O
and 21H,0O, which led to the similar weight changes within 14H>O and 21H»O,
as shown by the weight change curves in Figs 1 and 2. Therefore, there was no
obvious difference on the oxidation behaviors of the coated composites in 14H,O
and 21H,O atmospheres.

5. Conclusions

We have demonstrated the oxidation behavior of 3-D C/SiC composites coated
with SiC/a-BC,/SiC coatings in different water partial pressure. The weight change
curves were controlled by oxidation temperature and water partial pressure. The
weight changes decreased with increasing oxidation temperature within 14H,O and
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21H,0 atmospheres. The weight changes within 14H,O atmosphere were larger
than those in 21H,O atmosphere. The oxide glass occurred within 14H,O and
21H,0 atmospheres at all oxidation temperatures. With increasing oxidation tem-
perature, the oxidation of coating and composites became more pronounced, and
the amount of glass increased. Above 1000°C, the cracks in the coating were full
sealed. The high strength retained ratios of the composites with modified coatings
are demonstrated, which proves the good oxidation protection of modified coatings
for 3-D C/SiC composites.
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