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Influence of surface oxidation on thermal shock
resistance and flexural strength of SiC/Al,O;
composites

CHIN-CHEN CHIU
Van Zion Company, Taoyuan, Taiwan, Republic of China

It is known that SiC whisker/Al,O; matrix. composites can oxidize in air at high temperature and
then form oxidation layers on their surfaces. Oxidation treatment has been experimentally

performed in air at 1450 °C for a pre-determined time. The results show that the surface layer is in
a state of compressive residual stress. The oxidized specimens have better resistance to thermal
shock damage than the non-oxidized specimens. However, the surface oxidation can degrade the

room-temperature flexural strength.

1. Introduction

The SiC whisker reinforcement of alumina can im-
prove the mechanical properties, such as toughness,
[1, 2], erosive wear resistance [3], high-temperature
flexural strength [4], creep resistance [5, 6], and ther-
mal shock resistance [7]. As a result, SiC whisker/
Al,0; matrix composites are promising candidates in
structural high-temperature applications. However,
SiC/Al,0; composites can oxidize in air at high tem-
perature and produce aluminosilicate glass—mullite
layers, accompanied by carbon monoxide-induced
bubbles, on their surfaces [6, 8]. Thus, the effect of the
surface oxidation on mechanical properties should be
studied.

As a result of the change in composition and micro-
structure [6, 8], the surface layer behaves as an extra
ceramic coating on the specimens. Consequently, the
integrated mechanical properties of the specimens
could obviously be influenced. For example, the sur-
face compressive residual stress, caused by the thermal
expansion mismatch between the surface layer and the
unreacted core, could strengthen the specimens. The
layer may change surface heat-transfer conditions and
thus affect the resistance to thermal shock damage [9].
The oxidation-induced bubbles may degrade the frac-
ture strength, because the fracture strength of brittle
materials is sensitive to the variation of surface flaw size.

In the present paper, hot isostatic pressing
SiC/Al1,05 composite specimens were exposed to air
at 1450 °C for the desired time. The residual stress in
the surface oxidation layer was measured using
a strain gauge technique [10, 11]. The resistance to
thermal shock damage was evaluated by means of

thermal quench testing and elastic modulus measure-.

ment [12-14]. Flexural strength was measured using
three-point bending.

2. Experimental procedure

2.1. Materials and oxidation treatment

Hot isostatic pressing SiC whisker/Al,O, composites
(provided by Andre Ezis, Cercom Incorporated, Vista,
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CA) were used in this study. The composites contained
27% by weight of SiC whisker and had a density of
3.73 gcm 3. Using a diamond saw, as-received com-
posite tiles were cut into specimens 3 cm x 0.2 cm x
0.2cm, 7.6 cm x 0.7 cm x 0.2 ¢cm, and 7.6 cm x 0.7 cm x
0.1 cm in size. Specimen surfaces were polished using
diamond paste (1 um).

Oxidation reaction treatment was carried out in air
in an MoSi, heating element furnace. Specimens were
supported at two ends using alumina rods to ensure
the air exposure of all surfaces. The furnace temper-
ature was increased to 1450°C at a heating rate of
about 40 °C min ~! and was maintained for the desired
time. Specimens were then furnace cooled at a rate of
about 30 °C min~'. The maximum time of the oxida-
tion treatment was 85 h.

2.2. Surface residual stress

Using a strain gauge technique [10, 11], the residual
stress in the surface oxidation layer was measured on
the specimens (7.6 cm x 0.7 cm x 0.2 cm and 7.6 cm x
0.7 cm x 0.1 cm) oxidized at 1450°C for 85 h. Five
surfaces of a specimen, except one 7.6cmx
0.7 cm surface, were first polished to remove oxidation
products. A curvature then developed in the polished
specimen. A strain gauge (EA-06-125BZ-350,
Measurements Group Inc., Raleigh, NC) was attached
to the polished 7.6 cm x 0.7 cm surface, parallel to
specimen’s long axis (see Fig. 1). When the oxidation
products on the unpolished 7.6 cm x 0.7 cm surface
were finally removed, the strain gauge detected
a strain g.. The strain was associated with the curva-
ture. The residual stress in the surface layer, o*, was
calculated from &, using following equation [11]

Eg R(ER? + E))

*
° JER’ 1 3ERE — E. 1

where

R = & (1b)
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Figure 1 Schematic drawing of the strain gauge apparatus for
measuring surface strain.

The subscripts, ¢ and s, refer to properties of the
surface oxidation layer and the unreacted core, respect-
ively. E and [ are the elastic modulus and the thick-
ness, respectively. The oxidation layer thickness was
measured from the fracture surface of the oxidized
specimen using an optical microscope. Previous work
[8] showed that E, and E, were 159 and 403 GPa,
respectively.

2.3. Thermal shock testing

The as-polished specimens (7.6 cm x 0.7 cm x 0.2 cm)
and the specimens oxidized at 1450 °C for 85 h were
heated from room temperature in an electrical fur-
nace. When the furnace temperature was stable for at
least half an hour, the specimens were quenched into
a distilled water bath of 20°C. The shock-induced
damage was evaluated by means of the dynamic elas-
tic modulus measurement [ 12-14]. The measurement
technique was described elsewhere [15]. To observe
crack healing, the shocked specimens were oxidized in
a furnace at 1450 °C for 2 h. The specimens were then
examined using an optical microscope and a scanning
electron microscope (SEM) with an energy dispersive
X-ray analysis unit.

Commercial alumina substrate specimens were also
tested to compare with SiC/Al,O; composites. Speci-
mens 10.0cm x0.9 cm x0.2cm were cut from as-
received substrates (supplied by Frank Fandetti,
Hoechst CeramTec North America Incorporated,
Mansfield, MA) and then annealed at 1100 °C for 10 h.
The annealed alumina specimens were thermally
shocked as described as above.

2.4. Flexural strength

Room-temperature flexural strength was tested on
3 cm x 0.2 cm x 0.2 cm specimens in three-point bend-
ing at a crosshead speed of 0.1 cmmin~! with a
span of 2.2 cm. The flexural strength data were ana-
lysed on the basis of two parameter Weibull distri-
bution function [16], namely,

F(y) = 1 — exp[ — (y/B)"] (2)

where F(y) is cumulative density function. B and m are
a scale parameter and the Weibull modulus, respect-
ively, which are calculated according to the max-
imum likelihood estimating function [17]. The

expected value E(y) and the variance V(y) are [16]
E(y) BI(1 + 1/m) (3a)
Wy) = B[l + 2/m) — T*(1 + 1/m]  (3b)

where I is the gamma function.

Il

3. Results

When SiC whisker/Al,05 composite specimens were
exposed to air at 1450°C, the SiC whisker was oxi-
dized and then reacted with alumina to produce a
reaction layer on the surface of the specimens. Fig. 2
is an optical micrograph of the fracture surface of an
oxidized specimen, showing that the surface layer
exhibits a darker colour than the unreacted core.
Oxidation-induced bubbles appear near the surface
layer/unreacted core interface, rather than the overall
layer. Because the layer behaves as a ceramic coating,
the thermal expansion mismatch between the surface
layer and the unreacted core results in thermal resid-
ual stress. The curvature developed in an oxidized
specimen, with five surface oxidation layers being
polished off, is an index from which the residual stress
can be determined. A strain-gauge technique reveals
that all specimens exhibit convex curvature on the
unpolished side. Thus, the surface oxidation layer is in
compressive stress. Each point in Fig. 3 corresponds
to one specimen. The solid curve is a regression curve,
which is plotted according to the experimental data
and the equation (B-5) given in [10]. The compressive
residual stress increases with increase of R, the ratio of
the unreacted core thickness to the surface layer thick-
ness. The experimental result agrees with theoretical
prediction [10, 11].

Thermal shock damage is typically evaluated via
the fracture strength measurement. However, elastic
modulus can also be a useful indicator of thermal
shock damage, because the decrease in observed elas-
tic modulus, AE, reflects the total accumulation of
shock-induced cracks [12-14]. The moduli of un-
shocked specimens of monolithic alumina, as-polished
composites, and oxidized composites are 303, 403 and

Figure 2 An optical micrograph of the fracture surface of the speci-
men oxidized at 1450°C for 37 h.
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Figure 3 A plot of surface residual stress versus the ratio of unreac-
ted core thickness to surface layer thickness. The specimens were
oxidized at 1450 °C for 85 h and had surface layers of about 78 um.

300 GPa, respectively. A plot of AE versus quenching
temperature difference, AT, shows that monolithic
alumina, as-polished composites, and oxidized com-
posites are not subjected to thermal shock damage
until AT =~ 250, 300 and 500 °C, respectively (Fig. 4).
The degree of shock damage gradually deteriorates
with further increase in AT. Thus, inspection of
Fig. 4 indicates that the SiC/Al,O; composites have
better thermal shock resistance in comparison with
the monolithic alumina, which agrees with the result
given by Tiegs and Becher [7]. In addition, surface
oxidation reaction enhances the thermal shock resist-
ance of SiC/Al,0; composites. The improvement in
shock resistance is apparently associated with the sur-
face oxidation layer, which will be further analysed in
Section 4.

To observe the crack-healing phenomenon, a speci-
men with shock-induced cracks (Fig. 5a) was exposed
to air at 1450 °C for 2 h. Because the surface oxidation
layer obscured the underlying microstructural fea-
tures, the surface layer was polished off. Fig. 5b shows
a scanning electron micrograph of the polished speci-
men, indicating that the shock-induced cracks heal up
and oxidation-induced bubbles arise on both sides of
the crack trace. Energy dispersive X-ray analysis indi-
cates that silicon and aluminium element concentra-
tion gradients exist from the crack trace toward the
specimen’s interior (see Fig. 5b and Fig. 6). The ele-
ment concentration profiles are attributed to the
oxidation of SiC whisker and the reaction SiC-oxy-
gen-alumina. (The oxidation kinetics and mechanism
was presented in a previous paper [8]). Thus, it is
evident that surface oxidation reaction can enhance
crack healing for those cracks which are open out-
wards towards the free surface. A crack groove
provides a short cut for oxygen diffusion. Oxidation
reaction extends from the crack surface towards the
specimen’s interior. Reaction products then fill in and
blunt the crack groove.

Fig. 7 illustrates flexural strength distributions of
the SiC/A1,O, composite specimens under various
surface treatments, in which each data point corres-
ponds to one specimen. The strength data are ana-
lysed according to Weibull statistics. The cumulative
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Figure 4 Decrease in elastic modulus as a function of quenching
temperature difference. Each point corresponds to one specimen.
(O) Monolithic alumina, (M) as-polished SiC/Al,O; specimens,
(4&) composite specimens with 85 h oxidation treatment.

Figure 5 (a) Scanning electron micrograph of the specimen with
shock-induced cracks. (b) Crack healing after the specimen was
oxidized at 1450 °C for 2 h.

density distribution curves are plotted on the basis of
the Weibull parameters listed in Table I. A compari-
son indicates that the strength distributions shift to
lower strength after 2 and 85 h exposure to air. Oxida-
tion treatment causes an increase of the variance V{y).
The composite specimens under three different surface
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Figure 6 Element concentration profiles of a cracked specimen after
exposure to air at 1450°C for 2 h (see Fig. 5b). The profiles are
plotted according to the ratio of the peak intensity of energy
dispersive X-ray analysis [8]. Al% + Si% = 100%.
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Figure 7 Fracture strength distributions of SiC/Al,Q specimens
after oxidation treatment. (M) As-polished specimens, (V) speci-
mens with 2 h oxidation treatment, (O) specimens with 85 h oxida-
tion treatment.

treatments present somewhat different E(y). The ex-
pected value, E(y), of flexural strength of as-polished
specimens is 687 MPa, while the specimens exposed
at 1450°C for 2 and 85h correspond to 633 and
525 MPa, respectively. Therefore, analysis (the
Mann—Whitney U test [187) was carried out to deter-
mine whether or not the differences in E(y) were stat-
istically significant. The null hypothesis was that the
oxidation treatment did not cause a change in E(y). At
a significance level of o = 0.03, the analysis indicated
that the oxidation treatment at 1450 °C for 2 h did not

result in statistically significant change in E(y). How-
ever, the oxidation treatment at 1450 °C for 85h pro-
duced a decrease in E(y). Thus, long periods of surface
oxidation treatment tend to decrease flexural strength.

4. Discussion

Thermal quenching of hot specimens into a water bath
causes transient thermal stresses, by which the speci-
mens may encounter thermal shock damage. The
critical quenching temperature difference for shock
damage, AT,, can be evaluated according to the
heat-transfer conditions in which the maximum of the
transient thermal stress at the specimen’s surface is
just equal to the fracture strength, .. That is [19]

AT oEF(B)

- (4a)

3.25 16
~ 1 — — 0. - 4b
1.5 + B 056Xp< B> {4b)

B = — (4c)

where o, E, and v are the thermal expansion coeffic-
ient, elastic modulus, and Poisson’s ratio, respectively.
B, a, h, and K are the Biot’s modulus, characteristic
length, surface heat-transfer coefficient, and thermal
conductivity of specimen, respectively [19]. Fig. 4
illustrates that the specimens oxidized at 1450°C for
85 h have an increasing resistance to thermal shock
damage as compared with the non-oxidized speci-
mens. The critical quenching temperature difference
increases from AT, ~ 300°C to AT, =~ 500°C. How-
ever, Table T shows that the oxidation treatment
decreases the flexural strength from 687 MPa to
525 MPa. Inspection of Equation 4a reveals that the
increasing resistance to thermal shock damage is due
to the decrease in F(B), because o, E, v, a, and k are
material constants. Thus, it is concluded that the sur-
face heat-transfer coefficient of oxidized specimens
is smaller than that of non-oxidized specimens (see
Equations 4b and 4c). The surface oxidation layer
behaves as an extra coating on composite specimens
and decreases the surface heat-transfer rate. In addi-
tion to the present work, Lewis also presented a study
of the effect of surface treatment on the thermal shock
behaviour [9]. He indicated that a chemically leached
porous surface could decline the heat-transfer rate and
improve the thermal shock resistance of glass—ceramic
specimens [9].

TABLE I Weibull parameters for flexural strength data of the SiC/Al,O; specimens under various surface treatments

Specimen No. of Scale Weibull Expected Variance Maximum
specimens parameter modulus value (MPa)? deviation®
(MPa) (MPa) of K-S test
As-polished 16 731 7.8 687 10955 0.164
2 h oxidation 16 677 7.0 633 11282 0.170
85 h oxidation 18 569 55 525 12205 0.159

® This paper uses the Kolmogorov-Smirnov test (a goodness-of-fit test) to measure the discrepancy between the flexural strength data and the
Weibull distribution function. At a significance level of o = 0.05, a good fit requires that the maximum deviation does not exceed 0.3094 [18].
It is clear that the Weibull distribution function fits the strength data well.
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The fracture strength of brittle materials is sensitive
to surface flaw size so that surface oxidation treatment
may obviously change the flexural strength. As in-
dicated, the oxidation treatment of SiC/Al,O; com-
posite specimens can cause crack healing, surface
compressive stress layers, and oxidation-induced bub-
bles. The cracking healing may blunt the crack tip and
then strengthen the oxidized specimens. The surface
compressive stress layer can increase the flexural
strength, since the compressive stress must be over-
come in addition to the original fracture strength in
order to cause failure [20]. In contrast, the oxidation-
induced bubbles tend to create new, large, surface
flaws and weaken the specimens. In the oxidation
treatment, these mechanisms may occur simultan:
eously and be in competition to control the overall
strength behaviour. Table I shows that the flexural
strength of composite specimens decreases from
687 MPa to 525 MPa after exposure to air at 1450°C
for 85 h. The strength degradation is attributed to the
predominant effect of oxidation-induced bubbles.

The flexural strengths of as-polished specimens and
the specimens oxidized at 1450 °C for 2 h correspond
to E(y) = 687 and 633 MPa, respectively. Statistical
analysis reveals that there is insufficient evidence to
indicate a difference in the two flexural strength distri-
butions. No obvious change in the flexural strength
seemingly results from the offset between the strength-
ening mechanism and the weakening mechanism. In
monolithic SiC specimens, some researchers [21-23]
reported that the surface oxidation could either in-
crease or decrease the flexural strength. The final res-
ults are affected by the partial pressure of oxygen,
exposure time, and specimen composition. In the pre-
sent work, the phenomenon of the flexural strength
increase was not observed. Thus, further study is
needed on the oxidation-induced strength change of
SiC whisker/Al, O3 composites.

5. Conclusions
The effects of surface oxidation on the mechanical
properties of SiC whisker/Al,O; composites have
been studied.

1. SiC whisker—oxygen—alumina reaction produces
a surface layer on tested composite specimens. The
layer reveals the presence of oxidation-induced bub-
bles and is in a state of compressive residual stress.

2. Thermal quenching into a water bath shows that
the specimens oxidized at 1450 °C for 85 h have better
thermal shock resistance than the non-oxidized speci-
mens. The improvement is due to the fact that the
surface oxidation layer significantly decreases the sur-
face heat-transfer coefficient.

3. The specimens with oxidation treatment at
1450°C for 85h exhibit a strength degradation, as
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compared with the as-polished specimens. The oxida-
tion-induced bubbles mainly account for the weaken-
ing mechanism. However, statistical analysis indicates
that there is insufficient evidence to indicate a strength
degradation occurring in the specimens oxidized at
1450°C for 2 h. This is attributed to the fact that the
strengthening mechanism, induced from surface-crack
healing and surface compressive residual stress, offsets
the weakening mechanism.
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