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Abstract

Solid carbon was coated with silicon dioxide (SiO;) to improve the oxidation resistance at elevated temperatures. SiO, was
deposited on the surface of carbon via gas phase transport. Coating was carried out by exposing the carbon next to a bed of SiC
powder in a flowing H,—H,0 gas at 1400°C for 1 h. The formation of SiO, layer was strongly dependent on the water vapor pres-
sure (Pp,0) in the gas stream. When the Py,o was around 1.3x 1072 atm, a dense and uniform SiO, layer was formed on the carbon
surface. The layer was crystalline (cristobalite) and slightly cracked apparently due to the thermal expansion mismatch. The oxi-
dation resistance of the carbon was improved markedly by the coating layer. When oxidized in air under the same conditions, the
weight loss of the coated specimen was reduced by more than a factor of 5 compared to the uncoated specimen. This improvement
in oxidation resistance was attributed to the retardation of oxygen transport through the coating layer. © 2001 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Carbon is a well-known engineering material for high-
temperature applications, such as heaters, rocket noz-
zles, and electrical contacts, because of its unique physi-
cal, mechanical and electrical properties.! Carbon-based
materials are also widely used as refractory materials in
the iron and steel making industry because of its high
thermal conductivity, non-wetting behavior and high
resistance to slag.?

However, the application of carbon-based materials
has been severely restricted because of its poor oxida-
tion resistance at elevated temperatures in oxidizing
environments. In order to improve the oxidation resis-
tance of the carbon-based refractory materials, anti-
oxidant additives such as Al, Si, Mg, and SiC are often
employed.>= For instance, when Al is added to a MgO-C
refractory, the Al reacts with CO (g) to form Al,O;3 (s)
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and C (s) resulting in filling open pores and conse-
quently improving the oxidation resistance. However,
the most common approach to improve the oxidation
resistance of carbon is to coat the material with refrac-
tory materials such as SiC, Al,O;, TiO, and various
oxide glasses.®~'% In this case, thermal expansion coeffi-
cient, adhesion, and capability as an oxygen barrier are
important parameters to consider. It was reported that a
SiC coating using a CVD process was effective in pro-
tecting the carbon from oxidation at high temperatures
up to 1700°C.° However, a more economical and effec-
tive coating method needs to be developed for wider
engineering applications.

Previously we developed a coating procedure utilizing
SiO gas generated by a reaction between SiC and H,O
gas in a H, gas stream.!! When the partial pressure of
SiO gas is high enough, SiO, smoke is formed in the gas
stream. If a material is placed in the SiO, smoke region,
part of SiO, is deposited and subsequently becomes a
dense and uniform layer. The SiO, layer was very effec-
tive in retarding the oxygen transport to the sample sur-
face. Remarkable improvements in oxidation resistance
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were observed in non-oxide ceramic materials such as
AIN and TiB, utilizing this coating procedure.!?!3 In the
present research, we formed a protective SiO, layer on
the surface of solid carbons by exposing them to a high
Psio atmosphere, achieved by exposing SiC powder to a
flowing wet H, atmosphere at 1400°C. The micro-
structural and the compositional evolution of the coating
layer were observed to determine the optimum coating
conditions. The effect of the coating layer on the oxida-
tion resistance of the carbon specimen was estimated by
monitoring the weight loss of specimens during the oxi-
dation processes.

2. Experimental procedure

The specimens were prepared by machining the com-
mercially available graphite blocks (Grade IG-15,
Takuma, Tokyo, Japan) into a bar shape with dimensions
of 3x4x25 mm. The samples were ground with a 200-grit
diamond abrasive wheel and subsequently polished with
diamond pastes down to 1 um. Then the specimens were
ultrasonically cleaned in acetone and isopropyl alcohol.

The polished bars were placed next to a bed of SiC
powder (HCST GmbH & Co., Goslar, Germany) in a
resistance-heated alumina tube furnace with a H,~H,O
gas flowing system. Hydrogen gas was purified by pas-
sing columns of CaSO, and activated alumina. The
water vapor pressure (Pp,0) was controlled by bubbling
H, through distilled water at various flow rates and mea-
sured with a hygrometer (MMS-35, Panametrics, Inc.,
Waltham, MA, USA). Total gas pressure was slightly
greater than 1 atm. Dry H, gas (Py,0 <5x10~*atm) was
used during heating and cooling stages to minimize the
oxidation, and the actual coating was performed at
1400°C for 1 h with the wet H, gas at a flow rate of 1.2
cm/s. Additional processing details are described else-
where. 1713

Specimens with and without the coating layer were oxi-
dized in air at temperatures between 600 and 800°C for up
to 20 h. The heating rate was 10°C/min and, after the
coating process, the specimens were cooled slowly in the
furnace. The oxidation resistance was estimated by mea-
suring the weight loss during the exposure. X-ray diffrac-
tion (XRD) patterns and energy dispersive spectroscopy
(EDS) were employed to determine the phase and compo-
sition of the coating layer. A scanning electron microscope
(SEM) was used to observe the morphology of the layer.

3. Results and discussion

3.1. Formation of SiO; coating layer

When the solid carbon was exposed to a flowing Hy—
H,O gas in the presence of SiC powder, a SiO, layer was

formed on the surface of the specimen. The property of
the layer was strongly influenced by the water vapor
pressure (Pu,0) in the gas. The surface morphologies of
specimens before and after the coating are shown in
Fig. 1(A)—(D). Before the coating, even though the spe-
cimen was polished down to 1 um, there were several
voids on the surface of the specimen, as shown in
Fig. 1(A). After coating in an atmosphere with low Ppy,0
level (<7x1073 atm), no significant change in the sur-
face morphology was observed [Fig. 1(B)]. When the
Py,o was increased to 1.3x1072 atm, the surface was
completely covered with a continuous layer as shown in
Fig. 1(C). SEM observation with higher magnification
revealed that the layer was slightly cracked, apparently
due to the thermal expansion mismatch between the
newly formed layer and the carbon substrate (coeffi-
cients of thermal expansion of graphite and SiO, are
6x107% and 10x107%/°C, respectively).'* However,
when the Py,o increased further to 2% 1072 atm, the
surface was not completely covered with the coating
material, Fig. 1(D).

The coating layer was characterized by XRD patterns
presented in Fig. 2. Before the coating, there are only
carbon peaks as shown in Fig. 2(A). The XRD pattern
was not changed when the specimen was coated with
Pu,0 < 7x107% atm, which is consistent with the SEM
observations. When the Py,o was increased to 1.3x 1072
atm, strong SiO, (cristobalite) peaks along with a weak
SiC peak were detected, as illustrated in Fig. 2(B). These
results indicate that SiO, was deposited on the surface
of specimen and subsequently crystallized into cristoba-
lite. It is believed that the SiC was formed by a reaction
between the SiO, and the carbon substrate. When the
Py,0 was higher than 2x 1072 atm, less SiO, was formed
on the surface as expected from the SEM micrograph
shown in Fig. 1(D).

The composition of the coating layer was confirmed
by EDS analyses. Before coating, only carbon peaks
were detected as shown in Fig. 3(A). After coating with
Pu,o =7 x 103 atm, small Si and O peaks were observed
along with a strong C peak [Fig. 3(B)]. These results indi-
cated that the surface of the specimen was covered with a
thin and presumably amorphous SiO, layer. With increas-
ing the Py,o to 1.3x 1072 atm, strong Si and O peaks were
detected while the C peaks were completely disappeared,
Fig. 3(C), which supports that the surface was completely
covered with a relatively thick SiO, layer.

When the fracture surface of the specimen coated at
1400°C for 1 h with Pp,0 = 1.3 x 1072 atm was observed
with SEM, the thickness of the coating layer was about
0.7 pm, as shown in Fig. 4. These results indicate that
there is an optimum range of Py,o at which the dense
and continuous SiO, layer is formed on the surface of
carbon at 1400°C.

When a SiC powder is exposed to H,—H,O atmo-
sphere at elevated temperatures, different reactions
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Fig. 1. Surface morphologies of the specimens (A) before coating; and after coating at 1400°C for 1 h in H,-H,O atmosphere with (B) Py,0 =

7x1073 atm, (C) Pu,0 = 1.3x1072 atm, and (D) Py,0 = 2x1072 atm.
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Fig. 2. X-ray diffraction patterns of the specimens (A) before coating
and (B) after coating in flowing H,—H,O atmosphere with Py,0 =
1.3x1072 atm.
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Fig. 3. EDS analyses of the sample surface (A) before coating; and
after coating in flowing H,~H,O atmosphere with (B) Py,0 = 7x1073
atm and (C) Py,0 = 1.3x1072 atm.
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Fig. 4. SEM micrograph of fracture surface of the coated specimen in
flowing H,—H,O atmosphere with Py,0 = 1.3x1072 atm.

occur depending on the Py,o level in the gas.!>16 If the
Pu,0 is low, the following reaction is known to occur at
temperatures above 1300°C.

SiC(s) + 2H,0(g) = SiO(g) + CO(g) + 2H»(g) 1)

In this case, the partial pressure of SiO or CO (Psio or
Pco) is proportional to the Py,0. However, when the
Psio 1s too high, SiO, (s) becomes stable and conse-
quently the following reaction occurs.

SiC(s) + 3H,O(g) = SiOa(s) + 3Ha(g) 2

Once SiO, is formed on the surface of SiC by reaction
(2), the Psjo decreases very rapidly. This variation in Psjo
explains the different coating behavior depending on the
Pu,o level. In other words, when the Py, o is low, the Psijo
is not high enough for the deposition of SiO, (s) on the
carbon surface. The highest Pgijo in this experiment is
believed to have been achieved when the Pp,0 was
1.3x1072 atm. When the Py,o was higher than 2x 1072
atm, reaction (2) occurs, so that the Pg;o became too low
again.

3.2. Effect of coating layer on the oxidation resistance
of carbon

The effect of the coating layer on the oxidation resis-
tance of carbon was analyzed by monitoring the weight
loss of the specimens exposed to air. When the carbon
specimen without the coating layer was exposed to air at
600°C, weight loss occurred significantly, as presented
in Fig. 5(A), as a result of oxidation reactions to form
CO and CO, gases. After exposure to air at 600°C for
20 h, the weight loss reached up to 70%. Interestingly,
the weight loss was not linear but increased with oxida-
tion time. Increased surface area with proceeding oxida-
tion was attributed to this weight loss behavior. When
the carbon was coated with the SiO, layer by exposing to
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Fig. 5. Weight changes of the specimen (A) without and (B) with the
coating layer exposed to air at 600°C for up to 20 h.

a H,~H>O atmosphere at 1400°C for 1 h, the oxidation
resistance was enhanced markedly as shown in Fig. 5(B).
The weight loss was reduced by more than a factor of 5.
In addition, the weight loss was linearly proportional to
the time, implying the surface was not so severely
destroyed by the oxidation reactions. This improvement
in oxidation resistance was apparently due to the retar-
dation of oxygen transport through the coating layer.
The diffusion coefficient of oxygen through the SiO,
layer is known to be very low.!” As a matter of fact, the
excellent oxidation resistance of Si-based ceramics (SiC
and Si;Ny) at elevated temperatures is due to the slow
diffusion of oxygen through the SiO, layer.!®

The effect of the coating layer on the oxidation resis-
tance is well illustrated by SEM micrographs after the
oxidation. The surface of the specimen without the
coating layer was severely destroyed by oxidation in air
at 600°C for 20 h as shown in Fig. 6(A). The increase in
weight loss rate with oxidation time is well explained by
this micrograph. The micrograph of the coated speci-
men after oxidation under the same conditions is shown
in Fig. 6(B). The surface was well preserved compared
to the specimen without the coating layer.

The improvement in oxidation resistance was observed
also at different temperatures. Fig. 7 shows the weight
loss of specimens oxidized in air at temperatures
between 600 and 800°C for 1 h. This figure indicates
that the weight loss was reduced by a factor of 5 by
coating the solid carbon with the SiO, layer.

The effect of the coating layer on the oxidation resis-
tance is most clearly illustrated in Fig. 8. When the
uncoated specimen with a bar shape [Fig. 8(A)] was
oxidized in air at 800°C for 1 h, the specimen was
severely destroyed as shown in Fig. 8(B). In contrast,
the coated specimen maintained its original dimensions
after oxidation under the same conditions, Fig. §(C).
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Fig. 6. Surface morphologies of the specimen (A) without and (B)
with the coating layer after oxidation at 600°C for 20 h.
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Fig. 7. Weight changes of the specimens (A) without and (B) with the
coating layer exposed to air at various temperatures for 1 h.

Fig. 8. Shape of specimens (A) before oxidation; (B) uncoated and (C)
coated with SiO,, after oxidation in air at 800°C for 1 h.

4. Summary and conclusions

When solid bar shaped carbon was exposed to a flow-
ing H,—H,O atmosphere with the presence of SiC powder
at 1400°C, a dense and continuous silica (SiO,) layer was
formed on the surface. The SiO gas, generated by the
reaction between the SiC and H,0, was deposited on the
sample surface to form the SiO; layer. The coating pro-
cess was strongly influenced by the Py, level in the gas
stream. When the Py,0 was < 7x 1072 atm, the Pgsio was
too low for SiO, deposition on the specimen. When the
Py,0 in the H; was too high, the Psjp became low again
because of the SiO, formation on the surface of SiC
powder. The dense SiO; layer was formed when the Py,0
was around 1.3x1072 atm. The oxidation resistance of
carbon was improved by more than a factor of 5 by the
coating layer. The improvement was clearly due to the
retardation of oxygen transport through the coating layer.
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