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CORROSION OF SiC AND OXIDE-COMt_SITE CERAMICS
BY A SIMULATED STEAM-REFORMER ATMOSPHERE*

t

J. I. Federer, H. E. Kim, and A. J. Moorhead

' ABSTRACT

To achieve higher process efficiency by using pressurized reactants
and/or heat transfer fluids, the U.S. Department of Energy is promoting
development of high-pressure heat exchanger systems under cost-sharing
agreements with industrial contractors. Toward this end, Stone and Webster
Engineering Corporation (Boston, MA) proposes to use a pressurized heat
exchanger/reactor for steam-reforming of natural gas. The proposed steam
reformer would contain more than 600 tubes. Because the combination of

high temperature and pressure differential of 12.7 kg/cm 2 (180 psig) across
the tube wall is too severe for metallic tubes, ceramic materials are being .,
considered for reformer tubes. Their use is expected to increase the efficiency
of steam reformers by about 19%.

At Oak Ridge National Laboratory, four SiC ceramics, a SiC-TiB2
composite, a Si3N4-bonded SiC ceramic, and two alumina-matrix composites
were selected as candidate materials for heat exchanger/steam-reformer tubes.
These commercially available materials were exposed to a simulated steam-
reformer atmosphere for up to 2000 h at 1260°C to assess their corrosion
behavior and the effect of the exposure on their flexure strength (in air) at

" 20 and 1260°C. The approximate partial pressures (in atmosphere) of the
constituents of the gas mixture at 1 atm total pressure were 0.54 H2, 0.13
CO, 0.03 CO2, 0.004 CH4, and 0.30 H20. Ali but one material had net

. weight gains during the exposure test. One composite material initially lost
weight, then gained weight with increasing time, and probably would have
exhibited a net weight gain for longer exposure times. The flexure strengths
of the SiC and Si3N4 ceramics and the SiC-TiB2 composite at 20 and 1260°C
were not changed significantly by corrosion. In fact, the strengths at 1260°C
of the SiC ceramics exposed for 2000 h were slightly higher after exposure.
The strengths of the alumina-matrix composites were decreased by corrosion;
however, the strength of one of these (reinforced with SiC whiskers) was
still higher than that of any other material after 500 h. The other alumina
composite (containing SiC particles) exhibited the largest strength decrease of
any material. The strength retention of the SiC ceramics and the SiC-TiB2
composite and the strength loss of the composites were associated with
surface layers caused by corrosion. The SiC ceramics formed silica layers
with smooth exterior surfaces that caused retention or increase of strength.
The "alumina composites, however, fomaed rough crystalline layers containing
numerous stress concentration points that apparently decreased the strength of
the material.

i

*Research sponsored by the U.S. Department of Energy, Assistant Secretary for
• Conservation and Renewable Energy, Office of Industrial Technologies, Industrial Energy

Efficiency Division, under contract DE-AC05-84OR214(X) with Martin Marietta Energy
Systems, Inc.



1. INTRODUCTION
b

Development of high-pressure heat exchanger systems (HiPHES) is being promoted by

the U.S. Department of Energy under cost-sharing agreements with industrial contractors. 13
e

The goal of these systems is to achieve higher process efficiency by using pressurized reactants

and/or heat transfer fluids. 1-5 For example, Stone and Webster Engineering Corporation

(SWEC), Boston, MA, proposes to use a pressurized heat exchanger/reactor for steam-

reforming of natural gas. 1,2 In this process (see Fig. 1), steam and natural gas are reacted at

elevated temperatures and pressures in catalyst-filled ceramic tubes of the reformer to form

synthesis gas composed mainly of H2, CO, and residual H20 that, subsequently, can be

converted to methanol. An integral gas turbine, driven by the methanol plant-generated fuel gas

and methane, supplies pressurized air to the external combustor of the reformer, which

produces a flue gas temperature of 1260°C. The resulting pressure of the combustion products

of about 8.4 kg/cm 2 (120 psia) increases the efficiency of heat transfer to the reformer tubes.

Efficiency of conversion of methane to synthesis gas inside the tubes is favored by higher

reaction temperature and lower pressure; however, because the synthesis gas must be

compressed in the subsequent methanol conversion process, the reaction pressure in the i

reformer tubes is selected to optimize the overall process. Thus, the reforming conditions in

SWEC's design involve a reaction temperature of about 1040°C and a pressure of 21.1 kg/cm 2
i

(300 psia). The reaction temperature is supplied as the aforementioned pressurized flue gases

(at 1260°C) pass counter-current to the refomaer/rea "tor tubes. The combination of high

temperature and pressure differential of 12.7 kg/cm 2 (180 psia) across the tube wall is too

severe for metallic tubes, which are typically limited to a lower temperature. Ceramic materials,

therefore, _ue being considered for refonner reaction tubes in order to sustain the higher flue

gas temperature of 126()°C and a higher process operating temperature inside the tubes. Their

use is expected to increase the efficiency of steam reformers by about 19%. 1,2

Silicon cre-bide-based ceramics have physical and mechanical properties that recommend

their use for reformer tubes. These properties include high strength and thermal conductivity,

le,w coefficient of thernml expansion, and high resistance to oxidation (in air) and themaal

'.d:ock. Toughened-alumina ceramics are also candidate materials. Monolithic alumina is
I,

strong and resistant to oxidation and corrosion, but unless toughened with whiskers, particles,

or filaments, is too susceptible to damage by creep or thermal shock for this type of application.

The proposed steam reformer will contain more than 6(X)tubes measuring about 8.9 cm

(3.5 in.) OD by about 12.1 na (40 ti) in length. Because reformer tubes will be subjected to

high-pressure, steam-containing atmospheres at high temperatures, a co_osion study of
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Fig. 1. Schematic design of HiPHES tube within a tube steam reformer.



candidate materials was conducted. Previous studies have indicated that oxidation of SiC is

accelerated by steam in the atmosphere. The results of some of these investigations will be

discussed in the following sections. In this study, the high-temperature corrosion behavior of

several candidate materials in a simulated steam-reformer atmosphere was determined.

Changes in weight, flexural strength, and microstructure were the main indicators of the effects

of corrosion. To represent a worst-case sitv.ation in case of loss of temperature control, the

conditions of the corrosion test were deliberately chosen to be more severe with respect to

temperature than the actual application. The anticipated flue gas temperature of 1260°C was

used even though the anticipated inner wall temperature is 1040°C. The pressure, however,

was only 1.03 kg/cm 2 (14.7 psia) instead of the anticipated value of 21.1 kg/cm 2 (300 psia).

2. MATERIALS AND SPECIMENS

Initially, eight materials selected by SWEC were corrosion tested (Table 1). These

included four SiC ceramics, a toughened SiC-TiB2 ceramic composite, a Si3N4-bonded SiC,

and two alumina-matrix composites. Hexoloy SA* is pressureless, sintered, alpha SiC that

is approximately 99% pure and has a density of about 3.10 g/cm 3 (theoretical density of

Table 1. Materials ill corrosion test

Designation
Name this study Manufacturer

Hexoloy SA SA The Carborundum Company

Hexoloy ST ST The Carborundum Company

Crystar high-purity SiC ClIP Norton Company

Crystar standard-purity SiC CSP Norton Company

Reaction-bonded SiC RBSC Coors Ceramics Company

Nitride-bonded SiC S NSC Fen'o Corporation

SiC whisker-toughened
aluminum Oxide CAS Coors Ceramics Company

SiC/al unaina-matri x
composite LAS DuPont/Lanxide Corporation

*The Carborundum Company, Niagara Falls, New York.



3.210 g/cm3). Hexoloy ST* is a composite consisting of an alpha SiC matrix containing
I

20 wt % TiB2 particles that, compared with Hexoloy SA, improve the machinability and

room-temperature fracture toughness. The two Crystar materialst ( i.e., CSP and CHP) are

' similar in that both consist of interpenetrating matrices of SiC and approximately 15 vol % Si.

The CHP material contained a lower Fe content than CSP; otherwise, their compositions were

similar. RBSC210 S is a reaction-bonded material containing 10 to 15 vol % Si in a SiC matrix.

NiBond** (designated SNSC in this work) consists of SiC grains bonded by a SiaN4 matrix.

The two composites (designated CAS tt and LAS S:l:in this work) are both toughened ceramics

having aluminum oxide matrices. CAS is reinforced with approximately 25 vol % SiC

whiskers, while LAS is toughened with approximately 55 vol % SiC particles. LAS also

contains Al metal, a residue from the manufacturing process.

Flexure bars measuring approximately 2.5 x 3.5 x 25 mm were prepared by Oak Ridge

National Laboratory (ORNL) from sheet material supplied by SWEC. Specimens were ground

to thickness with diamond-impregnated wheels and sawed to width and length with diamond-

impregnated circular blades. One major surface was polished scratch-free with 3-i.tm grit

diamond paste on a polishing wheel. The long edges of the polished surface were slightly

• beveled to remove chips and other flaws visible at 1Ox magnification. These small,

nonstandard flexure bars were dictated by the size of the starting stock and by the desire to

" expose a large number of specimens simultaneously to the corrosive atmosphere in a small

laboratory furnace.

3. CORROSION CONDITIONS

Initially, 16 specimens of each material except SNSC (i.e., 11 specimens) were exposed to

a simulated steam-reformer atmosphere (synthesis gas) at 1260°C and 14.7 psia pressure. The

atmosphere consisted of H2, CO, CO2, CH4, and H20. The composition of the gas mixture

corresponded to the equilibrium mixture that would be obtained at 1040°C and 3(X)psia, while

the temperature of 1260°C represented the anticipated maximum flue gas temperature at the

bottom of the reformer tubes. The four gases were metered at room temperature with

*The Carborundum Company, Niagara Falls, New York.
+Norton Company, Worcestshire, Massachusetts.

' _,++Coors Ceramics Company, Golden, Colorado.
**Ferro Corporation, Buffalo, New York.
SSDuPont/Lanxide Corporation, Newark, Delaware.



conventional tube and float flow meters into a common line leading to a heated stainless steel

chamber in which water (metered with a peristaltic pump) was vaporized at about 250°C. The

mixture of gases and H20 vapor with the partial pressures (calculated from flow rates) shown

in Table 2 then passed over the specimens located in a 60-mm-ID by 1.5-m-long mullite tube in

a resistance-heated furnace. The specimens rested on A1203 rails on an A1203 setter at the

midpoint of the furnace where the temperature was 1255 to 1260°C.

Table 2. Composition of corrosion atmosphere

Flow rate
Partial

cc/min pressure
Component at 20°C g/min mole % (atm)

H 2 1280 0.106 53.9 0.539
CO 305 0.354 13.2 0.132
CO 2 75 0.137 3.0 0.030
CH 4 10 0.007 0.4 0.004 .
H20 0.53* 29.5 0.295

*Metered as a liquid into a vaporizer.

The nmnber of specimens corrosion tested and flexure tested is summarized in Table 3.

Specimens of the original eight materials were exposed for 100 h; weight cb'rages were

detennined and half of the specimens were subjected to flexure testing. The remaining

specimens were exposed for a total of 500 h then treated in the same manner. Based upon

these results and further discussions with the manufacturers concerning the fabricability of

materials in the required tubular shapes and sizes, four materials (ST, eHP, SNSC, and CAS)

were eliminated by SWEC from further consideration for this part of their HiPHES project.

Subsequently, 20 new specimens of the remaining four materials were exposed for 2000 h and

then weighed and tested in flexure. In addition, polished cross sections of typical specimens

were examined by optical microscopy, and both exposed and fracture surfaces were examined

by scanning electron microscopy* and X-ray diffraction.
p

*S-800, Hitachi, Ltd., Tokyo, Japan.



Table 3. Summary of specimens used for corrosion exposure and flexure testing
i

Number of specimens exposed/flexure tested for the exposure times (h)
Material

100 500 2000

SA 16/8 8/8 20/16
CSP 16/8 8/8 20/16

RBSC 16/8 8/8 20/16
LAS 16/8 8/8 20/16
ClIP 16/8 8/8 0

sr 16/8 8/8 0
SNSC !1/6 5/5 0
CAS 16/8 8/8 0

4. RESULTS

4.1 WEIGHT CHANGE

Figure 2 shows specimens of the original eight materials still resting on the A1203 rails

• after an exposure of 100 h. A glassy, transparent, or white film had formed on the Si-based

specimens, while the original polished surfaces of the two alumina-based composite materials

had become dull. A white material, identified as A1203 by X-ray diffraction, had formed on

surfaces of the LAS specimens and some particles had migrated to other specimens (Fig. 2).

Evidently, residual A1 had exuded to the surface and oxidized. Most of this material was easily

removed with a wire brush before weighing. The appearance of the four materials exposed for

2000 h was similar to that after exposure for 100 h.

Ali materials had net weight gains during exposure except the LAS (Fig. 3). The bars for

each material exposed for 100 h represent an average weight of 16 specimens (except only 11

for SNSC); those exposed for 500 h, an average weight of 8 specimens (except only 5 for

SNSC); and those exposed for 2000 h, an average weight of 20 specimens. Two of the SiC

. ceramics (SA and RBSC) gained weight between 500 and 2000 h, while the other (CSP) did

not change significantly between 100 and 2000 h. In the case of the SiC ceramics, each

incremental weight gain of 0.1% is approximately equivalent to a calculated uniform surface

recession (by oxidation) of only about 1 }.tm. Each material had an oxide layer on the surface.

In contrast, the LAS material lost weight, but the magnitude of the net loss decreased during
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Fig. 2. Flexure bars after an exposure of 100 h to a simulated steam-reformer atmospbere
at 1260°C.
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successive exposure periods. The initial high weight loss associated with loss of A1 was

followed by oxidation, which eventually would have probably caused a net weight gain.

During the 500-h exposure, CAS gained more weight than most of the SiC ceramics. This

behavior was attributed to the oxidation of the SiC whiskers in the A1203 matrix and the

formation of new phases (discussed in Subsection 4.2).

Cumulative weight changes per unit area are plotted versus the square root of exposure

time in Fig. 4 to determine if the data conform to the parabolic expression x2 = kt, where x is

the weight of oxidation product, k is a constant, and t is oxidation time. 6 The plot for CHP is

linear, and the plots for SNSC and RBSC are approximately linear; this indicates that oxidation

of these materials was controlled by diffusion of (probably) H20 through the oxide layer to the

SiC. The corrosion of the CSP was linear during the first 500 h, but oxidation occurred more

slowly in the interval of 500 to 2000 h. SA, ST, and CAS each exhibited "slow" kinetics

during the first 100 h, but the plot for SA is approximately linear for the period of 100 to

2000 h. The LAS plot exhibits the results of weight loss caused by loss of A1 and

simultaneous oxidation. A linear weight change might eventually occur during a longer

exposure than 2000 h.
I

4.2 MICROSTRUCTURE AND IDENTIFICATION OF SURFACE LAYERS

Optical photomicrographs of polished cross sections of specimens before and after the

500-h exposure to the simulated steam-reformer atmosphere at 1260°C are shown in Figs. 5

through 8. Each material exhibits a reaction layer on the surface that varied in thickness from

about 10 I-tmfor tile SiC ceramics to about 50 l.tm for SNSC, CAS, and LAS. The reaction

layer on the SiC ceramics (Figs. 5 and 6) appears to be a simple oxide. The Si phase in these

materials was not attacked significantly faster than the SiC phase. Figure 7 indicates that the

TiB2 particles in ST were attacked preferentially to the SiC matrix and that the Si3N4 matrix

was attacked preferentially to the SiC particles in SNSC. The reaction layers on both ST and

SNSC appear to contain new phases that might have precipitated during cooling. The two

oxide composites (i.e., CAS and LAS) in Fig. 8 exhibit relatively thick reaction layers

containing apparent voids and new phases. The CAS material, as previously mentioned,

consists of SiC whiskers in an A1203 matrix, while LAS consists of SiC particles and residual

Al in an A1203 matrix. Aluminum, the phase having the lightest shading in the LAS material,

is still present after 2000 h. Pores in the Al indicate shrinkage on cooling from the molten state

or loss of material by evaporation.
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After 2000-h exposure, the three SiC ceramics (i.e., SA, CSP, and RBSC) had corrosion-

produced layers with thicknesses in the range of 20 to 25 I.tm, while the layer on the LAS was

about 80-I.tm thick. Using layer thicknesses after 500 h to aid in projection, the estimated layer

thickness on SA, CSP, and RBSC would be 2.3 mm (0.09 in.) after 10,000 h. Similarly, the

estimated layer thickness on LAS would be 8.4 mm (0.33 in.). The layer thickness is

substantiaily larger than the thickness of original material consumed. For example, the

calculated thickness of SiC consumed and thickness of the SiO2 layer on SA are about 1.8 and

3.6 tj,m,respectively, based on a weight change of 2.5 mg and the theoretical densities of SiC

and SiO2, but the actual layer thickness was about 25 ktm. Evolution of CO during reaction

and formation of bubbles of this gas in the layer might be the reason for this discrepancy.

Additional insight into the nature of the surface layers can be obtained from the scanning

electron microscope photographs in Figs. 9 through 11. Fracture surfaces of SA and RBSC

after an exposure of 2000 h in Fig. 9 reveal an irregular interface between the layer and the

parent material. Porosity is evident at the interface and isolated porosity occurs within the

layers. Otherwise, the layers appear to be quite dense. The appearance of CSP was similar to

that of SA and RBSC. X-ray diffraction revealed only one new compound, tridymite, in the

layers on SA, CSP, and RBSC. Tridymite is a high-temperature, crystalline form of silica

(SIO2). The presence of SiC in the diffraction patterns for the three materials was attributed to

penetration of the X-ray beam through the surface layer to the underlying parent material.

Fracture surfaces of the LAS in Fig. 10 show gradual growth of the surface layer with

increasing time of exposure. Porosity is evident both wit' in the layer and the adjacent parent

material. Thickening of the layer would minimize release of residual Al. The weight change

data for LAS in Figs. 3 and 4 show that weight loss, presumably caused by loss of Al,

occurred during the first 100 h of exposure; thereafter, the material gained weight because of

thickening of the surface layer.

The morphology of the surface layer on the LAS is shown in Fig. 11. The original

surface, which consisted of a mixture of phases, appears to consist of a rough glass containing

needle-like crystals after an exposure of 100 h. Substantial crystal growth, which is evident

after 500 and 2000 h, produced very irregular surfaces. The layer contained A1203, mullite

(3A1203o2SiO2), and cordierite (2MgOo2AI203o5SiO2). Formation of cordierite was possible

because the LAS contained a small amount of MgO as an impurity or fabrication aid.

Comparison of the composition of the layer after 2000 h with that of the layer after 500 h

indicated that the amount of mullite had decreased and that the amount of cordierite had
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increased. Although the composition of the layer on the CAS was not investigated, Fig. 8

clearly shows that the layer was similar to that on the LAS (i.e., crystalline and rough on the

outer surface)•

Thus, as a result of corrosion for 2000 h, the materials SA, CSP, and RBSC formed

simple silica layers• These layers were smooth on the exterior surface but were irregular at the

interface and contained porosity. The LAS material, however, formed a crystalline layer that

was quite rough on the exterior surface and contained considerable porosity. The nature of

these surface layers probably influenced the flexure strengths of these materials.

4.3 FLEXURE STRENGTH

The results of flexure testing are summarized in Table 4 and in Fig. 12. Corrosion testing

of CHP, SNSC, ST, and CAS was stopped after only 500 h because the manufacturers

indicated that these materials probably would not be available in the form of tubes of the

required size within the time frame of this project. In addition, CHP and SNSC had relatively

low flexure strengths (Fig. 12). The other four materials (i.e., SA, CSP, RBSC, and LAS)

Table 4. Flexure strengths and standard deviations of materials

Average flexure strength, MPa (standard deviation)*

As polished Exposed 100 h Exposed 500 h Exposed 2000 h
Material

20°C 1260°C 20°C 1260°C 20°C 1260°C 20°C 1260°C

SA 342 (36) 391 (32) 267 (39) ND** 334 (33) ND 313 (31) 423 (45)

ST 389 (39) ND 397 (47) ND 362 (27) ND ND ND

CSP 201 (14) 191 (24) 173 (44) ND 227 (36) ND 187 (23) 213 (22)

CHP 106 (14) ND 123 (11) ND 140 (14) ND ND ND

RBSC 193 (57) 280 (19) 238 (23) ND 240(23) ND 257 (33) 351 (19)

SNSC 75 (5) ND 74 (5) ND 67 (8) ND ND ND

CAS 554 (70) ND 627 (69) ND 495 (92) ND ND ND

LAS 463 (51) 218 (37) 197 (20) ND 215 (37) ND 177 (39) 186 (23)

q

*Average of eight or ten specimens except fewer for SNSC.

**ND - Not determined.



21



22

were tested for 2000 h. In most cases, eight specimens of each material were broken in flexure

to assess the effects of corrosion. A four-point loading fixture having 6.4- and 19.1-mm inner

and outer spans, respectively, was used at a loading rate of about 4.6 kg/s. Specimens were

broken at 20 and 1260°C in both the as-polished and corroded conditions. Specimens tested at

1260°C were heated to temperature in about 60 rain, held at temperature for about 30 min, and

then broken. Figure 12 shows that the strengths of exposed materials (except LAS) at either

20 or 1260°C were not greatly different from that of the unexposed, as-polished materials. The

increases and decreases of exposed materials relative to the as-polished condition may be

explained by the standard deviations associated with the average values in Table 4. The

strength of the LAS, however, was substantially less after corrosion. In addition, the LAS

was substantially weaker in the as-polished condition at 1260°C compared with that at 20°C.

5. DISCUSSION

Among the four materials con'oded for 2000 h, the behavior of the SiC ceramics differed

from that of the LAS in terms of changes in weight and flexure strength and in the nature of the

surface layer. The SiC ceramics gained weight by oxidizing to form a silica (i.e., tridymite) "

layer. The atmosphere (see Table 2) contained two oxidants, H20 and CO9, along with H2,

CO, and CH4. Another possible source of oxygen is the equilibrium concentration associated

with H2-H20 and CO-CO2 reactions. However, our calculations showed that the partial

pressure of oxygen derived from these reactions at 1260°C is only about 10-1° atm or less. We

conclude, therefore, that the SiC materials oxidized by reaction with H20 and CO2. Several

possible reactions can be written to show fomaation of silica such as:

SiC + 3H20 = SiO2 + CO + 3H2, (1)

SiC + 3CO2 = SiO2 + 4CO, (2)

and

SiC + C02 + 21-120= SiO2 + 2CO + 2H2. (3)

Although thermodynamically possible, these reactions require diffusion of H20 or C02

through the growing silica layer to the interface with SiC and might involve fomaation of

intermediate compounds such as SiO, CH2, CH4, etc. The fact that the weight increases did

not always follow the parabolic relationship x2 = kt (Fig. 4) suggests that diffusion of several

species is involved. These reactions also produce compounds already present in the
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atmosphere, particularly H2 and CO. However, the exposure test was conducted in flowing

• gases; thus, newly formed H2, CH4, and CO would be swept from the reaction site and their

partial pressures would remain approximately constant. The formation of silica layers on SiC

• exposed to steam and to air containing H20 vapor has been previously studied. 7-9 Jorgensen

et al.7 studied the oxidation of SiC powder in Ar-HzO at 1 atm where the concentration ratio of

H20 to Ar ranged from 0 to 0.0024. At temperatures of 1218 to 1514°C, they found that the

oxidation rate depended on the H20 partial pressure, the oxidation product was either tridymite

or cristobalite, and the diffusing species (although not determined) were probably the same in

either the Ar-H20 atmospheres or an Ar-O2 atmosphere. Suzuki 8 and Yoshimura et al.9

oxidized SiC powder at 400 to 800°C in steam at 10 and 100 MPa (about 100 and 1000 atm).

At the higher pressure, oxidation increased with temperature from 0 at 400°C. Amorphous

silica formed at 500°C, but cristobalite and tridymite crystallized above 700°C after only a few

hours. Reactions at the lower pressure were similar but slower. These authors postulated

several possible reactions to explain their results:

SiC + 4H20 = SiO2 + C02 + 4H2, (4)

4H2 + 202 = 4H20, (5)

or

SiC + 2H20 = SiO2 + CH4, (6)

CH4 + 202 = CO2 + 2H20. (7)

The first two reactions are thennodynamically favored at higher temperatures. They further

postulated that since H20 diffuses faster than 02 in silica, the combined reactions are

responsible for faster oxidation in steam than in air, although the final products are the same.

Although the exact reaction mechanism responsible for the results described in this report

cannot be specified, we are confident that the atmosphere was oxidizing to SiC and that silica

was the condensed product.

The specific volumes of tridymite and SiC are about 0.44 and 0.31 cm3/g, respectively;

thus, some disruption of the silica layer during growth could be expected. Figure 9 shows that

• the interface between the silica layer and the SiC ceramics is irregular and contains considerable

porosity, an indication of the misfit that occurred when silica formed from the parent SiC. The

temperature of 1260°C, however, apparently was high enough for surface diffusion to produce

a relatively smooth outer surface, also evident in Fig. 9.
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Reaction of the atmosphere with the LAS was more complex. Initially, the SiC particles

probably oxidized (at least partially) to SiO2 in a manner similar to the oxidation behavior of

SiC ceramics. The SiO2 then reacted with the A1203 matrix and with MgO, a minor constituent

of the matrix, to form mullite (3A1203o2SiO2) and cordierite (2MgO°2A1203o5SiO2). The

crystalline nature and associated porosity of the layer (Fig. 11) probably provided numerous

paths for the oxidants to reach the SiC; this resulted in a thicker layer than occurred on the
SiC ceramics.

The retention of flexure strength of the SiC ceramics is attributed to the nature of the silica

layer on the surface. The relatively smooth outer surface of the silica layer apparently did not

contain significantly more or larger flaws than the as-polished surface; thus, no loss in strength

occurred. Conversely, the crystalline, highly flawed surface of the LAS provided numerous

stress concentrations during flexure testing. Results obtained by Kim and Moorhead 1° support

these interpretations. They showed that weight change, flexural strength, and morphology of

SA after exposure to H2-H20 mixtures at 1300 and 1400°C are strongly dependent on the

partial pressure of water (PH20) in the range 5 x !0 -6 to 5 × 10-3 atm. The strength was not

affected at the lower value and was actually higher than that of as-received material at the higher

value; however, at intermediate values of PHaO, the strength was substantially decreased. The

strength decrease was attributed to defects in the corrosion layer, and the strength increase was

attributed to crack he',fling or blunting by formation of a silica layer, both morphologies being

readily discernible by scanning electron microscopy. Kim and Moorhead 11.12 also obtained

results for Nicalon* SiC fibers and Si3N4 showing that flexure strengths were highly

dependent on the nature of the corroded surface.

Figure 12 shows that the strength of the LAS in the as-polished condition was lower at

1260°C than at 20°C. Although the flexure test at 1260°C involved only about 1 h at

temperature, we assume that migration of A1 to the surface, followed by oxidation and reaction

with silica, formed strength-limiting defects, but this phenomenon has not been thoroughly

investigated.

Figure 12 also shows that the strength of the CAS increased after exposure for 100 h but

decreased after 500 h. This behavior was probably caused by the initial growth of a beneficial

silica layer (which increased strength) followed by the formation of crystals within the

thickening layer (which decreased strength).

*Nippon Carbon Company, Tokyo, Japan.
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6. CONCLUSIONS

The most important conclusions to be derived from these corrosion studies at 1260°C and

' 1 atm pressure are as follows:

1. The simulated steam-reformer atmosphere was oxidizing to SiC ceramics that gained weight

by forming a silica layer.

2. The silica layer, being adherent and continuous, protected the SiC ceramics from

catastrophic oxidation.

3. The silica layer did net significantly affect the flexure strength (in air) of SiC ceramics at

20 or 1260°C.

4. Oxide composites containing SiC as a strengthening and toughening agent were susceptible

to oxidation in the steam-reformer atmosphere.

5. Oxidation of EiC in the composites was followed by reaction with the oxide matrix to form

new crystalline phases.

6. The new crystalline phases and associated porosity that formed during oxidation decreased

• the strength of the composites.
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