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Borosilicate, B;0; and BN derived from liquid precursars have been tested as shielding materials for the long
period of oxidation resistance of C/BN composites at 650°C. Borosilicate coating displayed excellent oxidation resis-
tance and low moisture absorbance, while B0, and BN were less effective in elevating the oxidation resistance.
The enhancement of the oxidation resistance was explained as self-healing effect by viscous flow of the borosilicate
glass over T, resulting in the reduction of the exposed carbon fibers in a BN matrix.
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I. Introduction

arbon fiber/carbon matrix (C/C) composites are at-
C tractive materials for use in high temperature ap-
plications requiring strength, light weight, and tough-
ness.” However, their high temperature use in air is Hm-
ited to about 425°C. Great interest has therefore focused
on the improvement of oxidation resistance, primarily by
chemical vapor depogition {CVD) methods. However, the
cost and diffieulties in controlling the CVD process limit
the potential applications.”

In recent work, we reported the first successful pre-
paration of carbon fiber/boron nitride matrix (C/BN) us-
ing low viscosity oligomers of borazine that facilitated im-
pregnation of the carban fiber lay-up.® Very high yields
of up to 90% BN from these oligomers reduced pro-
cessing time for such composite fabrication from months
to days with concomitant cost savings. Another im-
portant advantage of these composites is to improve resis-
tance to oxidation up to 850°C, possibly replacing the
uses of C/C composites. But microcracks may develape
with volume shrinkage due te conversion of the po-
lymeric precursor inte dense BN on pyrolysis, as well as
the surface damaged with machining the composites,
These defects can lead to critical failure for long period
of use since penetration of oxygen through the surface de-
fects will result in rapid oxidation of the carbon fiber to
CO, and the BN matrix to B,Q,, NO,.*

One might be expected that the use of liquid pre-
cursors, which in turn acts as an anti-cxidation shielding,
is appropriate in coating and sealing such surface defects.
In this paper we report the BN, B,0:-5i0,(borosilicate)
and B.0, glass coatings improve oxidation resistance of
the C/BN composite which was cut to expose the carbon
fibers.
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II. Experimental Procedure

The C/BN composites used in this study were prepared
as reported in a previous paper.” The composite of 60%
fibers and 40% matrix by weight was cut with a diamond
saw into small pieces of 5 mm x5 mm 1.5 mm, result-
ing in the severly damaged surface. Carbon fibers in a
BN matrix were exposed to air at the four out of six
faces of the composite pieces.

Sol-gel B,0,.-53i0, (borosilicate) coatable solution was
prepared with a little modification compared to the
methed in literature.” Tetraethoxysilane {(Si(OEt),, TEOS)
was mizxed with ethancl (EtOH), the mole ratio EtOH/
TEOS being 5. Then H;O containing 6.1 wt% HNO; was
added to the solution, the mole ratio H:O/TEOS being 6.
The solution obtained was refluxed at 70°C for 4 h for
partiai hydrolysis of TEOS. An appropriate amount of
boron tributexide (B(OBu),) was then poured into the
solution and the reflux was continued at the same tem-
perature for an additional 4 h The clear sclution ob-
tained was diluted with FEtOH and served as a coating
solution.

To coat B,0; and BN on the composite, two kinds of li-
quid precursors were also used; 25% solution of boric
acid {B(OH)y) in H,O and viscous barazine polymer. Reac-
tion of borazine (BN H, with itself was carried out as
described in the literatures.® In a typical reaction, 10 g
of borazine was heated with stirring under N, at-
mosphere at 70°C in a 3-ounce pressure reaction vessel.
The reaction was continued for 40 h, at which peint the
barazine became viscous.

The C/BN samples were immersed into three kinds of
liquid precursors for 30 min. The coated pieces were kept
for one day in a desiceatar to let the solvents slowly eva-
porate and then heat-treated in air or N, atmosphere. In
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the sol-gel coated samples, they were slowly heat-treated
to 600PC under flowing air in rate of 3-20°C/min, and
some samples were further anmealed at 800°C, 1100°C
under Ar. The other two types of coated samples were
also dried, then heated in different processes: for B,0,
coated sample up to 500°C in flowing air and for BN coat-
ed sample up to 1200°C after crosslinking step at 40-
100°C for 10 k under N, atmosphere.

On the other hand, some of the green C/BN composites
were slightly oxidized at 350-400°C in air to form a thin
B.0; layer, prior to pyrolysis. The oxidized composites
were treated with silylating agents such as SiCl; (at
reom. temperature), Si(CHCly (at 57°C) and TEOS {at
60°C) at the indicated temperatures. After vacuum dry-
ing the samples were heated in oxygen at 400°C and
then in Ar at B00°C.

The thickness of the coatings was measured by a Hi-
tachi S-800 scanning electron microscopy (SEM), de-
pending on the viscosity of the precursors in a range of a-
bout 1-10 pum. Differential thermal analysis (DTA) and
thermal gravimetric analysis (T'GA) were done on du
Pont thermal analysis systems at a heating rate of 20°C/
min, The effect of the ceatings was evaluated in two con-
ditions; one is isothermal oxidation for 10 h at various
temperatures, the other is heat scanning of 20°C/min up
1o 1000°C in flowing air. The struectural development of
the precursors was characterized by X-ray diffraction
(Rigalu I/Max2) and infrared spectroscopy (Perkin Elm-
er Model 1605).

III. Results and Discussion

1. Characterization of the precursors

In Fig. 1, thermal properties of borosilicate gel, ob-
tained hy keeping the solution at 50°C, were charac-
terized using DTA and TGA. The bulk gel shows an en-
dothermic peak at 100°C, due to removal of residual sol-
vents, and an exothermic peak at around 350°C, due to
burning of unreacted organics. The glass transition tem-
perature (T, is observable at 700°C, which is ap-
proximately equal to T, of a melt quenched 20B,0;-
80810, glass.®”

Figure 2 shows the IR absorption speetra of boro-
silicate as a function of heat-treatment temperatures.
The peaks at 1380 and 670 cm’ originate from B-Q
bonds and Si-O-B bonds, respectively.” As the tem-
perature of heat treatment is increased, the absorption
peak due to Si-OH bonds (960 em™) becomes weak and fi-
nally disappears at 600°C, indicating that residual Si-
OH bonds polymerize above this temperature. In con-
trast to this, a new peak becomes appreciable at around
920 cm!® over 600°C, which is also ascribed to Si-0-B
bonds. In addition, the thin borosilicate layer could be
formed by reaction of silylating agents and B.O, layer
produced by oxidation of green C/BN composite. IR spec-
tra show the most significant peaks of 920 and 870 cm?

Vol.l, Ne 3

—
@ 0
W
g
2
20
év 20 TGA
g
= DTA
I _
S T
s
5 "

00 W00 300 400 500 BOO 700 BOO
TemperatureC

Fig. 1. Thermal properties of a horosilicate gel.
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Fig. 2. Infrared spectra of borosilicaie gel treated at vari-
ous temperatures,

for the borosilicate formed from SiCl,. It might involve
strong adhesion of the borosilicate on the surface®

Figures 3 and 4 show the changes in structure in con-
verting borazine polymer to BN. In Fig. 3, the ab-
sorptions assigned to N-H and B-H groups, 3440 and
2490 cm* respectively, decrease in intensity with in-
creasing heal treatment temperature because of dehy-
drogenation accompanying polymerization and con-
densation of the rings. As a result of these reactions the
sharp B-N absorption of borazine at 1430 cm” changes to
a broad absorption. The spectrum of the product formed
at 1200°C is similar to that of crysialline BN ¥

Figure 4 shows the powder X.ray diffraction patterns
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for the conversion of horazine polymer to stable BN. In-
terestingly, the solid borazine polymer already displays
the diffuse diffractions corresponding to the (002) and
(10) lines, but with high interlayer spacing of 3.7A. As
the structure is heated to higher temperatures, the (002)
peak shifts to a higher diffraction angle with narrower
width, indicating & smaller interlayer spacing and larger
crystallites. The samples annealed at 1200°C display a
turbostratic BN structure with (100}, {101) doublet or
the less intemse (004) peak compared to those of the
commercial hexagonal BN .®

2. Oxidation resistance
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Fig. 3. Infrared spectra of BN precursor treated at various
temperatures.

16 (bkl)  d-spacing,A
N 26.8 (@1 33
41.6  [100) 2.17
43.9 (10D 2.06
50.2 (102 Li2
55.2 (004 1.66
: M o
; g i
:: kuwﬁwﬁukm g M"““«M\m-«-)\_...
B
> j\‘ 1500°C
+2
s
LT N RN—— TR P ‘HMMMWA\WM
" e 1200C
““'-'*"‘“"’““-”"“"f;“w;llg'h!l'xfﬂrl “"’-’MWW(WM -m""ﬂl““v'ﬁr.hﬁ‘lﬂ’-ﬁm%w&huy
e % ﬁ“ #
AT

%‘H ity POLYMER
g DRI T e
| s M‘ '#'M*‘”‘-“M‘d‘em. A

1@ 28 ag 658

Diffracted Angle, 28

Fig. 4. Xray powder diffraction patterns for BN samples
treated at various temperatures.
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It is well known that BN shows outstanding resistance
to oxidation compared to graphite. As shown in Fig. 5, C/
{C composites begin to oxidize at 425°C while the C/BN
composite begins to oxidize at 850°C. It indicates that
BN provides oxidative protection for the carbon fibers.
However, when surface of the composite is damaged hy
machining as shown in Fig. 8, the exposed carbon fibers
begin to readily burn away, and an weight increase a-
bove 900°C is concistent with rapid conversion of BN to
B,0,.

Figure 7 shows the isothermal oxidation behavior of
the composites exposed at 500°C, 650°C for 10 hours to
flowing air. The as-cut composite shows significant
weighl loss on oxidizing at 650°C due to oxidation of the
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Fig. 5. Comparison of oxidation resistance among (a) C/BN
camposite, (b) as-cut C/BN composite, (¢c) C/C composite, at a
heating rate of 20°C/min.

Fig. 6. As-cut surface of a C/BN composite.



158

fLLE a
. 80
&
)
-
=
214
p=
=
<! 50
o b
B <

d
40+ v v r . T —1
o 1aq 2ao oo 400 500 600 raa
Time (min)

Fig. 7. Long period of oxidation resistance for BN and B,0O,
coated composites; (a) as-cut, measured at 500°C, (b} B:0,
coating, at 650°C, (¢} BN coating, at 650°C, (d) as-cut, at
650°C.,
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Fig. 8. Cracks of BN coating on C/BN composite.
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exposed carbon fibers. But only little weight loss at
500°C may indicate that the protecting role of BN matrix
is still effective even to the exposed carbon fiber, In case
of BN coating, inhomogeneity of coating thickness usu-
ally develops the cracks due to volume shrinkage on py-
rolysis (Fig. 8). Particularly coatings over 5 pm thick lim-
it the significant improvement of oxidation resistance he-
cause the cracks play the role as a diffusion path for air/
oxygen. In this context, crack-free coating process re-
quires further study especially to optimize the various
parameters such as viscosity, curing and pyrolytic con-
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Fig. 9. Long period of oxidation resistance for borosilicale

coated composites, measured at 650°C; {a) annealed at
B00°C, (b) at 1100°C, {c) at 600°C, (d) as-cut.
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Fig. 10. Surface of borosilicate coated composite annealed
at 1100°C.

ditions.

In a comparison of By, and BN coatings at 650°C, the
earlier weight loss of B:0Q; coated specimen presumably
is caused by the dehydration of hydrolyzed glass.” It is
reasonable that oxidation resistance may be rather im-
proved by the gealing effect of low melt B,O, glass, com-
pared to BN coating. However, thin B,0, coating derived
from B(OH); solution is not so effective in retarding ox-
idation.

Figure 9 presents the various oxidation behavior of
borosilicate coated specimens, a significantly different



September, 1995

resistance to oxidation depends on annealing tem-
peratures. Annealing process over T, of borosilicate preat-
ly enhances the oxidation resistance of the composites
while annealing below T, little improves, because the
melt glass must be flow to cure the cracks formed on
coating over 1 pm thick, that is, a healing effect. Howev-
er, on annealing at 1100°C, the oxidation protection of
horosilicate coating becomes less effective because ox-
ygen may permeate through the pinholes produced by vo-
latilization of the glass (See Fig. 10).

In addition, borosilicate coated composite showed low
moigture absorbance. Tt resulted in only less than 1.0%
increase of weight on exposure the composites to air for
one week while the B0, coated composites absorbed
maore than 5% of meisture in the same conditions. Tt is
known that high moisture absorbance of B0, due to gra-
dual hydrolysis results in swelling and crumbling of the
composites.”

IV. Conclusion

In this study, the effectiveness of BN, B,0; and boro-
silicate coatings on C/BN composites is evaluated by
long period of oxidation resistance. Borosilicate coating
displays only 5% weight logs for 10 hours at 650°C while
both of B,(; and BN coatings lose about 50 weight % at
650°C. Sol-gel borosilicate acts as the best anti-oxidative
coating due to self-healing effect over T, and also sig-
nificantly reduces the ambient moisture sensitivity while
B:0; and BN coatings are less effective to protect ox-
idation. Tt suggests that the borosilicate coating on the
compogites might provide a fail-safe mechanism against
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catastrophic failure in high temperature use.
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