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Glass sealants for carbon—carbon composites
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SiC coatings were chemically vapour deposited (CVD) on a carbon—carbon (C/C) composite.
These coatings contain thermal mismatch cracks which require sealing between 600 and
1100 °C. The volatility, wettability and moisture sensitivity of binary and multicomponent
borosilicate glasses were investigated, and these glasses were found to provide sealing over
some or all of this temperature range. The volatilization rate is enhanced by the presence of
water vapour and results in the loss of the B,0; constituent from the glass. The C/C com-
posite surface showed poorer wetting than the CVD SiC surface, and both surfaces showed
improved wetting for glasses of higher B,O, content. The moisture sensitivity of the binary
borosilicate glasses was proportional to the B,O; content. Room-temperature moisture had

little effect on the multicomponent glasses.

1. Introduction
C/C composites possess excellent mechanical proper-
ties at temperatures exceeding 2000 °C. They are, how-
ever, limited to temperatures below 500°C in oxidi-
zing environments unless a protective system is em-
ployed. A system that has received much attention in
recent years consists of a ceramic coating (commonly
SiC) with a B,0O; glass sealant either contained within
the composite matrix or applied as an outer glaze [1].
The ceramic coating tends to crack when subjected to
a temperature change. This normally occurs during
cooling from its processing temperature when a pro-
cess such as CVD is employed [2]. Because of the
thermal expansion mismatch between the coating and
the C/C substrate, tensile stresses develop causing the
cracking. Due to the low melting point of B,O;
(450 °C) this can flow and seal cracks in the coating
preventing significant oxidation of the substrate.

Using B, 0, as a sealant material has several serious
drawbacks, the most important of these being its
sensitivity to moisture at room temperature [3]. B,O,
absorbs moisture in humid environments, and, when
heated, release of this moisture can cause spallation of
the outer coating. Also, when used as an outer glaze its
low viscosity causes uneven spreading which, com-
bined with its high volatility at high temperatures,
limits it use to temperatures below 1000 °C [4].

This study considered a number of glass composi-
tions that may be more suitable for sealing cracks in
the ceramic coating than pure B,0O;. The important

properties of moisture sensitivity, wettability and vol-

atility were investigated as well as their ability to seal
cracks in CVD SiC at temperatures above 500 °C.
The binary system B,0,;-SiO, was selected for
study since Si-based ceramics used as coatings will
form SiO, within the cracks during oxidation, and this
would be expected to flux with an inner B,O; sealant.
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Multicomponent borosilicate glasses were also

investigated as potential sealants.

2. Experimental procedure
2.1. Materials
Using starting materials of SiO, (particle size 0.5-10
pum; Sigma Chemical Co.} and B,O; (GPR; BDH
Chemicals), binary borosilicate glasses were produced
by melting in a Pt crucible. The compositions and
melting temperatures are given in Table I. The glasses
were analysed for SiO, using a Camscan S4 scanning
electron microscope fitted with a Link System energy-
dispersive X-ray analysis (EDX) unit. The SiO, com-
positions were calculated by direct comparison with a
pure SiO, sample using identical beam conditions.
Two multicomponent borosilicate glasses were also
investigated. These were supplied in fine powder form
(Bayer, UK Ltd) and the compositions of these glasses
(analysis provided by BP Research) are shown in
Table II. The melting range of these glasses were given
as 800-850°C for D6130 and 1000-1050 °C for 26 510.
The C/C composite material used in all experiments
(“K-Karb”, type A panel; BP Research, Sunbury)
comprised two-dimensionally woven rayon-based
fibres (fibre diameter 5 pum) within a phenolic resin
matrix. This was cut into 1 cm-sided cubes using a
diamond saw.

2.2. CVD SiC coatings

CVD of SiC coatings was carried out within an SiO,
tube in a horizontal resistance-heated furnace at a
constant pressure of 1700 Pa and temperature of
1100 °C. Methyltrichlorosilane (MTS, 97% purity; Al-
drich Chemical Co. Ltd) was used as the precursor for
SiC, with hydrogen as the carrier gas [2].
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TABLE 1 Compositions and melting temperatures of binary
borosilicate glasses

Nominal Analysed Furnace Holding
SiO, content SiO, content temperature time
{%) (%) o (h)
75 76.3 1200 15
50 519 1100 15
25 222 1000 10

0 0.0 800 5

TABLE 1I Compositions of borosilicate glasses (wt %)

Glass Sio, B,0, Ca0 ALO, Na,0 K,O
D6130 56 34 L5 0 70 0l
26510 68 10 70 90 03 25

2.3. Glass coatings

To apply a surface glaze to the ceramic-coated sam-
ples, the multicomponent glass powders were mixed
with an oil-based binder {63/84; Blythe Colours) and
isopropanol solvent in the respective proportions
5:1:5, and were placed in an ultrasonic bath for 20
min. These mixtures were then sprayed on the surfaces
of the samples using an air brush (model 350; Badger
Air Brush Co.). This technique involved holding the
spray nozzle approximately 10 cm from the sample
and applying the solution in short bursts, allowing the
solvent to evaporate between applications. The
sample was allowed to dry for a few minutes before
turning it over and coating the underside.

Firing involved holding for 1 h at 350 °C to drive off
the oil-based binder, followed by 1 h at 1000°C to
melt the glass on to the surface. This was performed in
an N, environment. Some samples were recoated with
CVD SiC after glass coating to form a glass interlayer
sandwiched between two SiC layers.

2.4. Thermogravimetric analysis

Measurements of the oxidation kinetics of coated C/C
samples were carried out in a vertically mounted
furnace in dry flowing air (21% O, and 79% N,, flow
rate 100 mlmin~1!), at temperatures between 500 and
1100°C. The specimens were supported in an Al,O;
basket on a Pt wire hung from a Stanton—Redcroft
mass balance, and mass changes were measured as a
function of time. The furnace was either held at
a constant temperature for each test run or ramped
at 100°C intervals, holding for 20 min at each
temperature.

For glass volatility testing a piece of the binary glass
was placed in a Pt basket and the multicomponent
glass was sprayed on a Pt plate. Both of these were
hung on a Pt wire from the mass balance. Tests were
carried out either in conditions of dry air or in wet air
that contained 25% water vapour. The wet condition
was created by bubbling the air through water held at
a fixed temperature.

2.5. Wettability testing
For wettability testing individual pieces of each glass
weighing approximately 0.05g were placed on the
upper surface of separate cubical uncoated or SiC-
coated C/C samples. These were then placed in a
furnace purged with N, and ramped at a rate of
10°Cmin~! to temperatures of 600, 800, 1000 and
1100°C. For each temperature the samples were
cooled to room temperature after 1 h and removed
from the furnace before photographing them.

The contact angles (6) were measured from the
photographs, using

tan (8/2) = 2h/d

where h is the height of the drop at the centre of 4 and
d is the diameter of the drop.

2.6. Moisture sensitivity testing

A relative humidity chamber consisting of a fully
enclosed desiccator containing a water—25% glycerol
solution was used following the method of Braun and
Braun [5]. Air was bubbled through the solution and
circulated within the chamber using a low-power
pump. A hydrometer reading of 90% relative humid-
ity was obtained after conditions had stabilized. Pieces
of glass were placed within the chamber and period-
ically weighed to obtain room-temperature moisture
sensitivity data.

3. Results and discussion
3.1. Oxidation kinetics of SiC-coated
C/C composite

The CVD of SiC coatings contained cracks after
cooling from the deposition temperature (Fig. 1). SiC
has a thermal expansion coefficient of 3.9 x 10~ ¢°C~?
(room temperature to 1000 °C), whereas the underly-
ing C/C substrate has expansion coefficients of — 1.3
x 1079°C ! parallel to the fibre direction and 4.7 x
1076°C~1! perpendicular to the fibre direction (room
temperature to 600 °C). Cracking of the SiC perpendi-
cular to the fibre direction did not occur.

Oxidation of the SiC-coated C/C composite when
ramped between 500 and 1100°C commenced above
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Figure | Cracking of the CVD SiC coating on the C/C composite
substrate after cooling from the deposition temperature.
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500 °C. The rate of weight loss reached a maximum of
0.063 mg cm~?min~"! at approximately 800 °C, then
dropped considerably up to 1100°C (Fig. 2).
Oxidation of the C/C substrate will initially be
controlled by chemical reaction. As the temperature is
increased, the cracks present in the SiC coating begin
to close, due to the higher thermal expansion of the
SiC. The closing of the cracks causes a reduction in the
amount of oxygen able to diffuse down the cracks and
gasify the substrate. This is balanced by the increased
reactivity of the carbon at higher temperatures. Above
1100°C the cracks will be closed and formation of
Si0, will enhance the sealing of these cracks [2].

3.2. Effect of sealants on oxidation kinetics

Application of an outer glaze caused sealing of cracks
in the SiC coating, which in turn prevented oxidation
of the substrate. The temperature at which sealing
occurred depended on the glass composition and on
whether an SiC particulate filler was present within
the glass (Fig. 3). As expected, when ramped between
500 and 1100 °C the glass with the lower melting point
(D6130) produced sealing at a lower temperature,
preventing any significant oxidation. It should be
noted that the glaze requires a finite time to melt and
flow. Hence, more-rapid heating may cause oxidation
of the substrate before sealing of the surface has
occurred. With the presence of an SiC filler this glass
will not seal cracks until above 700 °C. The glass with
the higher melting point sealed cracks above 800 °C.

Weight loss (mgq cm™ e mir )
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Figure 2 Effect of CVD SiC on C/C oxidation kinetics.
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Figure 3 Effect of glass sealants on C/C oxidation kinetics: (M)
D6130 and (0J) 26 510.
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The glass interlayer of D6130 applied between two
layers of SiC did not produce sealing until 900 °C, and
hence did not perform as effectively as the outer glaze
of D6130 (Figs 4 and 5). Analysis of the interlayer
revealed that the Na, O component had been lost from
the glass during processing. It is likely that this occur-
red during CVD of the outer SiC layer. The high-
temperature and low-pressure conditions will cause a
loss of the components with higher vapour pressure.
Weight loss measurements carried out during separate
experiments on samples of the glass exposed to similar
conditions indicate that B,O, also vaporizes during
this process. Loss of these components will increase
the melting point of the glass interlayer, and hence
crack sealing will occur at a higher temperature. The
spreading of the glass will also be restricted because it
is sandwiched between two layers of SiC.

3.3. Glass volatility
The volatility of glass D6130 at 1100 °C was found to
be enhanced by the presence of water vapour (Fig. 6).
After approximately 30% loss there is a reduction in
the rate of weight loss of the glass in wet air. The
volatilization rate of glass 26510 was much lower to
that of glass D6130 (Fig. 7).

The volatility of the SiO,-B,O; binary glass in-
creased in the presence of water vapour (Fig. 8) and

100pm ———

Figure 4 D6130 glass interlayer (G) between two layers of CVD
SiC. '
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Figure 5 Influence of layers within CVD SiC: (J) MTS, 1100°C
and (A) glass interlayer.
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Figure 6 D6130 glass volatility in (M) dry and (@) wet air at
1100°C.
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Figure 7 Glass volatility in wet air at 1100°C: (1) D6130 and (4A)
26 510.
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Figure 8§ Binary glass volatility in (1, W) wet and (<, ) dry air at
1100 °C: B,O; content (wt %) : (=1, 4) 100 and (M, <) 75.

for greater proportions of B,O; (Fig. 9). The increase
was most notable between the B,O5 compositions of
50 and 75%.

It is known that the volatilization rate of B,O; 1s
greatly enhanced by the presence of water vapour, due
predominantly to the formation of volatile HBO,
[4, 6]. As the glass D6130 contains approximately
30% B,0,, it seems likely that, in the presence of
moisture, this component had diffused to the surface
and totally volatilized. The lower weight loss of glass
26 510 would seem to be due to its lower B,0O,
content.

The large increase in volatility of the binary boro-
silicate glass above 50 wt% B,0O; indicates non-ideal

thermodynamic behaviour. Deviations from ideality
have been observed elsewhere, with the partial molar
volume of B,0; being found to decrease by 6.5-7.5%
with the addition of 50 wt % SiO, at 1300°C [7]. The
Si** ions are effective at altering and/or cross-linking
the relatively fluid B,O; in the intermediate-to-low
B,O; composition region, leading to departures from
ideality.

3.4. Glass wettability

The contact angle of the various glasses tended to
decrease as the temperature was increased. The binary
Si0,-B,0; glass showed an increase in contact angle
with increasing SiO, content. The multicomponent
glasses D6130 and 26 510 showed large contact angles
at all temperatures (Fig. 10).

Glass on the CVD SiC surface showed superior
wettability, i.e. smaller contact angle, than the surface
of the C/C composite (Figs 11-13). The wetting of the
glasses with the SiC substrate depends on the surface
tension of the glass and whether this is reduced by
being in contact with the SiC. The lowering of the
contact angle with increasing temperature is expected
due to the weakening of the glass structure causing a
decrease in the surface tension [8]. It should be noted
that the glass compositions with higher melting points
will take longer to attain an equilibrium condition [9],
and this may not have been reached during the time-
span of the test. However, it is felt that this is a valid
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Figure 9 Binary glass volatility in wet air at 1100°C: B,O, content
(wt %) : (®) 25, () 50, (M) 75 and (<) 100.
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Figure 10 Wettability of borosilicate glass on CVD SiC: B,0,
content (wt %) : (M) 50, (¢) 75 and {d) 100; glass type : (O) D6130
and (A) 26 510.
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Figure 11 Wettability of (M, A) C/C composite and (1, #) SiC :
B,O, content (wt %) : (M, () 100 and (A, #) 75.
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Figure 12 Wettability of binary glass (75% B,0;) on the CVD SiC
surface (cooled from 1000°C).
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Figure 13 Wettability of binary glass (75% B,Oj;) on the C/C
composite surface {(cooled from 1000°C).

technique to gauge the spread of the glass to spread
over a limited period.

When melted, glasses tend to form ionic groups and
the charges produced on the surface of the glasses
influence their wetting characteristics. Auto-ionization
in SiO, and B,0; produces cationic and aniomnic
groups [10] :

28i0, = SiO%, + SiO3,
B,0, = BO* + BO;
2328

In a multicomponent glass the ions of the various
oxides present will influence the surface tension of the
glass. The value of r/Z (radivs of the ion per unit
charge) influences the surface tension, which increases
with r/Z for network formers and decreases with »/Z
for network modifiers [8]. In the case of network
modifiers, if Na™* is replaced by Ca?*, for example, the
greater ionic field strength of the Ca?” reduces the
negativity of the anionic group, and thus with Ca?*
present poorer wetting occurs [10].

Due to the high value of electronegativity of Si
{1.90), the ionicity of SiC is relatively low [11]. There-
fore, the ionic interaction is not expected to have a
strong influence on the wettability of SiC.

The glass-SiC interface will be thermodynamically
stable up to high temperatures, and therefore inter-
facial chemical reactions will be minimal [12]. At high
temperatures gaseous reaction products may form:

28i0, + SiC = 3SiO(g) + CO(g)
AG°® = 6223 kImol™*(1200 K)
Log[total pressure(Pa)] = — 1.8

This will produce a weak boundary layer with the rate
of reaction being kinetically limited by the transport
of reaction products away from the interface [13]. The
low pressure of the reaction products indicates that
this layer will disrupt the interface and lead to poorer
wetting only at very high temperatures.

The chemical compatibility of the glass with the
substrate may also be significant and will depend on
the surface chemistry. In the case of B,O; this is
known to be highly compatible with carbon surfaces,
and for this reason is used to inhibit the reaction with
oxygen [14]. Above the melting point of B,0,
(450°C) a glassy residue of polymeric oxide is formed
which blocks the active sites on the carbon surface.
Carbon sites on the {1 0 T 1} faces are preferentially
poisoned by the strongly bonded adsorbant (Fig. 14).
In B,0O, liquid the preferred orientation of planar
[BO,] triangles and [B;O¢] boroxyl rings at surfaces
and interfaces is energetically favourable. In this ori-
entation they can more readily wet the carbon surface
[13]. This improved wetting with increasing B,O;
content was observed experimentally. The presence of
Na,O within the glass will create [BO,] tetrahedra
[15] and hence increase the contact angle of the glass
in contact with carbon, i.e. decrease the wetting.
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- 0.246 nm
<1o10>l
0.284 nm
Graphite
crystal
lattice

Figure 14 Bonding of a (BO;) , polymeric residue on the {1 01 1}
face of graphite [14].



The two multicomponent glasses investigated
(D6130 and 26 510) were found to have similar wetting
characteristics. Both showed rather large contact an-
gles over the range of test temperatures. It would seem
that the variation in composition was not sufficient to
cause a significant variation in the wetting character-
istics. Although the D6130 glass has a high B,O,
content, the presence of Na,O will restrict the influ-
ence of this on the wetting behaviour. Glass 26 510
contains significant CaQ, which decreases wetting, but
the low levels of Na,O and K,O mean that the
wetting influence of B,0O; will be less restricted. This
balance of glass components leads to a situation in
which similar wetting behaviour occurs.

The results show that glass will not wet the C/C
composite surface as readily as it will wet the SiC
surface. Wetting is affected both by surface morpho-
logy and by surface chemistry. Although the surface
morphologies were dissimilar, it is known that surface
chemistry is the predominant factor affecting wett-
ability for carbon materials, and superior wettability
can be correlated with a higher coverage of oxygen-
containing surface groups [16].

Reaction of the glass with the carbon substrate will
produce gaseous products (primarily CO), producing
a weak interface and reducing the wetting [13], e.g.

Si0, + 3C = SiC + 2CO(g)
AG® = 1924 kImol~ ' (1200K)
Log[total pressure (Pa)] = 1.2

The pressure of the reaction products is higher than
for the reaction with SiC, indicating that the gaseous
product will have a greater influence on the wetting
behaviour.

3.5. Glass moisture sensitivity

Under conditions of 90% relative humidity all binary
Si0,-B,0; glasses were found to absorb water. The
lower the SiO, content, the greater the amount of
water absorbed (Figs 15 and 16). The glasses rapidly
became frosty in appearance and gradually began to
flake and crumble as the test proceeded. Glasses
D6130 and 26510 showed no significant weight
change after 200 h under conditions of 90% relative
humidity.
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Figure 15 Moisture absorption of borosilicate glass: B,O; content
(Wt %) : (3) 25, (#) 50, (W) 75 and (<) 100.
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Figure 16 Moisture absorption of borosilicate glass after 200 h.

The curves for the moisture absorption of the bin-
ary borosilicate glasses (Fig. 15) suggest that a satura-
tion level is reached at which point no further water is
absorbed. The saturation level is proportional to the
B,0; content. Considering the weight changes in-
volved, it would seem that boric acid (H;BO;) is the
main reaction product, in agreement with other results
[3]. Moisture absorption is initially rapid for all com-
positions, and as the surface of the glass deteriorates
this allows further access of water until the saturation
point is reached.

Adams and Evans [15] also observed a deteri-
oration in the chemical durability of binary borosilic-
ate glass in water. The addition of small quantities of
Na,O was found to improve the durability of the glass
greatly, This was explained in terms of the structural
changes within the glass. Na,O will increase the tetra-
hedral connectivity of the three-dimensional network,
due to the formation of BO, units analogous to the
SO, tetrahedra. The presence of such oxides within
the multicomponent glasses investigated explains their
resistance to moisture. It should be noted that higher
concentrations of Na,O will reduce the water dur-
ability of the glass, due to the introduction of non-
bridging oxygens [15].

4. Conclusions

Although SiC coatings crack due to thermal mismatch
with the C/C substrate, this study has shown that a
surface glaze can provide sealing over the necessary
temperature range to prevent oxidation of the sub-
strate. The glaze is also resistant to room-temperature
moisture, indicating a significant advantage over the
use of pure B,O;. The volatility of the glaze at high
temperatures is a major disadvantage, but may be
improved by using the glass as an interlayer.

The wetting of carbon surfaces by glass is inferior to
that of SiC surfaces. Improvement in the wettability of
these surfaces can be achieved by increasing the B,0;
content of the glass.

The moisture sensitivity of B,O; is not improved by
mixing with SiO,. To produce a moisture-durable
glass, a third component such as Na,O is required to
increase the overall connectivity of the three-dimen-
sional network.
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