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Creep studies conducted in four-point flexure of a commercial siliconized silicon carbide
(Si-SiC, designated as Norton NT230) have been carried out at temperatures of 1300, 1370,
and 1410 ◦C in air under selected stress levels. The Si-SiC material investigated contained
∼90% α-SiC, 8% discontinuous free Si, and 2% porosity. In general, the Si-SiC material
exhibited very low creep rates (2 to 10×10−10 s−1) at temperatures ≤1370 ◦C under applied
stress levels of up to 300 MPa. At 1410 ◦C, the melting point of Si, the Si-SiC material still
showed relative low creep rates (∼0.8 to 3×10−9 s−1) at stresses below a threshold value of
∼190 MPa. At stresses >190 MPa the Si-SiC material exhibited high creep rates plus a high
stress exponent (n=17) as a result of slow crack growth assisted process that initiated
within Si-rich regions. The Si-SiC material, tested at temperature ≤1370 ◦C and below the
threshold of 190 MPa at 1410 ◦C, exhibited a stress exponent of one, suggestive of
diffusional creep processes. Scanning electron microscopy observations showed very
limited creep cavitation at free Si pockets, suggesting the discontinuous Si phase played no
or little role in controlling the creep response of the Si-SiC material when it was tested in
the creep-controlled regime. C© 1999 Kluwer Academic Publishers

1. Introduction
Siliconized silicon carbide (Si-SiC) exhibits high ther-
mal conductivity, good thermal shock resistance, and
good retention of mechanical properties at elevated
temperatures. As a result, this material has been con-
sidered as one of the candidates for a ceramic heat
exchanger application in the US Department of En-
ergy, Combustion 2000 and Clean Coal Programs [1, 2].
Therefore, the intended application environments will
involve not only high temperature, but contain coal
ash derived oxides and alkali vapors. It is anticipated
that the application environments would cause severe
degradation in material properties and thus limit its
long-term mechanical reliability. Degradation of mate-
rial components due to the corrosive environments can
be enhanced by the presence of mechanical stresses.
Therefore, an understanding of the material response
subjected to fatigue and/or creep loading conditions is
needed prior to component applications.

A recent dynamic fatigue study was conducted
by Breder [3] on a commercially available Si-SiC
(Norton NT230) at temperatures of 1100 and 1400◦C
in air at stressing rates ranging from 1 to 0.0001 MPa/s.
The results showed that no slow crack growth (SCG)
was detected at 1100◦C, whereas at 1400◦C SCG oc-
curred within Si-rich regions. On the other hand, sev-
eral researchers [4–11] have reported creep studies on
various grades of commercially available Si-SiC ma-
terials. The free Si content in the SiC materials that

were investigated ranged from 10 to 36 vol %. Previous
results showed that the creep rates of Si-SiC materials
increased with increasing Si content, applied stress, and
test temperature [4–9]. For instance, at low Si content
(<15 vol %) the Si-SiC materials exhibited stress expo-
nents of∼1 at elevated temperatures in air. The creep
mechanism was, in general, attributed to diffusional
creep controlled processes [10, 11]. As for the mate-
rials with high Si content (30 to 37 vol %) the creep
deformation and rupture at temperatures between 1100
and 1300◦C in air was dictated by the cavitation oc-
curring at Si/SiC interfaces and within the Si pockets.
Creep cavities grow, coalesce, and eventually form a
dominant macro crack, resulting in final rupture of the
materials. The high creep rates and high stress expo-
nents observed at stresses above the so-called threshold
stress level were found to be associated with the en-
hanced creep cavitation and crack formation [4, 8, 9].
The threshold stress was defined, in previous studies,
as the stress at which a transition in the slope of the
creep rate versus stress curves occurred.

As a part of material property evaluation efforts for
the Combustion 2000 and Clean Coal Programs, this
study was carried out to evaluate the flexural creep be-
havior of a commercial Si-SiC (designated as Norton
NT230) at temperatures of 1300, 1370, and 1410◦C
in air. The creep damage and controlling processes as
a function test temperature and applied flexural stress
level were then determined.
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2. Experimental
The ceramic evaluated in the present study is a com-
mercial Si-SiC (designated as NT230), manufactured
by Saint-Gobain/Norton Industrial Ceramics Corp.,
Northboro, MA. This material, developed from the ear-
lier NC430 Si-SiC, was slip-cast and pre-fired prior
to the final siliconization step. Details of the pro-
cessing procedures of Norton NT230 can be found in
Ref. [12]. The as-received NT230 Si-SiC material con-
tained∼90 vol % α-SiC, 8 vol % free Si, and some
residual porosity (<2 vol %).

Flexural creep tests were conducted in air at tem-
peratures of 1300, 1370, and 1410◦C at outer fiber
stress levels ranging from 125 to 300 MPa. The test bars
(3×4×50 mm) were loaded in a fully dense sintered
α-SiC four-point flexural fixture with sinteredα-SiC
loading pins at inner and outer spans of 20 and 40 mm,
respectively. The desired stresses were applied to the
test specimens through a sinteredα-SiC push rod via
a dead weight loading system. The creep system was
allowed to thermally equilibrate for 30 to 60 min before
applying the load. The outer fiber displacement of the
bend bars was measured by a high-temperature three-
probe extensometer∗ whose output was continuously
recorded. The details of the creep test procedures can
be found in Ref. [13]. The outer fiber stress and cor-
responding deformation strain were calculated based
upon the procedures described by Hollenberget al. [14].
It is recognized that when the creep stress exponent is
>2, which is generally associated with extensive for-
mation of creep cavities, errors are introduced into the
stress calculation. All of the tests were carried out with
test times of at least 300 h to ensure a measurable creep
strain (thus, creep rate) or until fracture of the speci-
mens.

The microstructures of the specimens before and af-
ter creep testing were examined using both optical and
scanning electron microscopy (SEM) to characterize
the accumulated creep damage as a function of test
temperature and applied stress level. Note that all the
test specimens were cooled down to room temperature
at a cooling rate of∼10◦C/s while under load to pre-
serve the damage accumulated during creep. Quanti-
tative image analysis of the size and number density
of pores was performed on polished cross sections of
both as-received and crept specimens using an analyti-
cal software† and the techniques described in Ref. [15].
Twenty micrographs were analyzed for each sample us-
ing a magnification of 500× to obtain statistically sig-
nificant results for the number density of creep cavities
(pores), and average cavity size and size distribution.

3. Results and discussion
Fig. 1 shows the creep rate versus applied stress results
for Norton NT230 Si/SiC material at temperatures of
1300, 1370, and 1410◦C under applied stresses rang-
ing from 125 to 300 MPa in air. The results indicated
that NT230 exhibited very low creep rates, i.e.,∼2 to

∗ Applied Test System, Butler, PA.
† Prism Image Analysis software, Analytical Vision, Inc., Raleigh, NC.

Figure 1 Creep rate versus stress curves of Norton NT230 Si-SiC tested
at temperatures of 1300, 1370, and 1410◦C in air.

10×10−10s−1 at temperatures of 1300 and 1370◦C un-
der the stress range employed in the present study. The
results also showed that there was only a minor increase
(∼ a factor of two) in creep rate from 1300 to 1370◦C
(97% of the Si melting point of∼1410◦C). In addition,
the slope of creep rate versus applied stress curves at
temperatures of 1300 and 1370◦C yielded a stress expo-
nent of one, suggestive of diffusional controlled creep
processes. At 1410◦C, the NT230 Si-SiC still exhib-
ited reasonably low creep rates (∼0.8 to 3×10−9 s−1)
with a stress exponent of one at stress levels<190 MPa
(Fig. 1). However, at stresses>190 MPa the Si-SiC
material exhibited high creep rates plus a very high
stress exponent (n=17) as a result of slow crack growth
(SCG) assisted process that initiated within Si-rich re-
gions. This was evident by the presence of Si beads
on tensile surface regions of fracture surfaces of all
specimens tested at 1410◦C and at>190 MPa. The
threshold stress, 190 MPa, was similar to the mean
flexural strength (176–192 MPa) reported by Breder
at 1400◦C [3] for the same batch of NT230 Si-SiC ma-
terial. Also, note that the creep rates at 1410◦C and
at stress<190 MPa (in creep-controlled regime) were
eight to ten times higher than those tested at 1370◦C.
This substantial increase in creep rates from 1370 to
1410◦C could result form the presence of Si liquid
pockets and films that assist the creep deformation pro-
cesses via diffusion and/or grain boundary sliding.

Another purpose of this study was to compare the
present creep results of NT230 with those reported
previously for other commercial Si-SiC materials, as
shown in Fig. 2. Fig. 2a compares the creep results of
NT230 tested at 1300 and 1370◦C with two earlier
Si-SiC materials evaluated at 1350◦C in air [10, 11].
The comparison with Si-SiC materials indicated that
NT230 tested at 1370◦C still exhibited creep rates that
were three to ten times lower than both Norton NC430
(∼10 vol % free Si) and Coors Si-SiC (∼12 vol % free
Si) materials tested at 1350◦C. The difference in mea-
sured creep rates might result from variations in free
Si content and SiC grain size. Note that the reported
average grain sizes of Coors Si-SiC and Norton NC430
were 5 to 12 and 2 to 10µm, respectively [10, 11]. Ear-
lier reports [10, 11] also showed that both NC430 and
Coors Si-SiC materials exhibited a stress exponent of
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Figure 2 Comparison of creep results between NT230 and (1) earlier
commercially available Si-SiC materials tested at 1350◦C, and (2) de-
velopmental sinteredα-SiC tested at 1300 and 1400◦C.

Figure 3 Scanning electron micrographs showing the pore (creep cavities) features in (a) as-received condition and after (b) 1300◦C, (c) 1370◦C,
and (d) 1410◦C creep test. Light gray phase is the free Si and arrows indicate the pores.

one that was attributed to diffusional creep processes.
In addition, the creep results of a developmental sin-
teredα-SiC material (designated as Hexoloy SXG1,
by Carborundum) tested at 1300◦ and 1400◦C in air
[16, 17] were also included in the comparison, as shown
in Fig. 2b. Note that this developmental Hexoloy SXG1
α-SiC material was sintered with Y2O3 and Al2O3 sin-
tering additives (∼2 wt % in total) [16]. Comparison
with sinteredα-SiC material again showed that the
creep rates of NT230 Si-SiC material were 3–5 times
lower than those obtained from this sinteredα-SiC ma-
terial tested in air at temperatures up to 1400◦C in air
(Fig. 2b). The better creep resistance of NT230 over
the sinteredα-SiC could result from the lack of amor-
phous grain boundary phase(s) and/or the larger SiC
grains (4–6µm for NT230 vs. 1–2µm for Hexoloy
SXG1) [16].

Following creep tests, detailed microstructure char-
acterizations by both optical microscopy and SEM anal-
yses were carried out to understand the creep damage
evolution as a function of test temperature and applied
stress. Fig. 3 shows the SEM micrographs of pores
(creep cavities) for specimens in the as-received con-
dition and after creep testing in air for 300 h at 1300
and 1370◦C under an applied stress of 300 MPa and at
1410◦C/175 MPa. Note that all the SEM micrographs
of crept specimens were taken from the tensile surface
regions. The histogram plots of pore size analyses for
specimens shown in Fig. 3 are shown in Fig. 4. SEM
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Figure 4 Histogram plots of frequency versus pore (cavity) size for specimens in (a) as-received condition, and after (b) 1300◦C, (c) 1370◦C, and
(d) 1410◦C creep test.

observations and pore analyses indicated that there
were very small (1.1 to 1.5 fold) increases in both
the number densities and sizes of pores for specimens
tested at 1300 and 1370◦C at an applied stress of
300 MPa as compared with those of the as-received ma-
terials. The minimal increases in pore number density
and size were consistent with the measured low creep
rates at 1300 and 1370◦C (Fig. 1) under the stress lev-
els employed in the present study. The specimens tested
at 1410◦C/175 MPa, however, exhibited a≥3-fold in-
crease in the number density of pores but with a small
(∼1.7 fold) increase in average pore size (from 1.7 to
2.9µm). The increases in number density and size of
pores contribute to higher creep strains (and thus creep
rates) at 1410◦C.

In general, the dominant creep controlling processes
in Si-SiC materials are governed by the deformation of
free Si phase, grain boundary sliding or diffusional pro-
cesses along the SiC grains. In the present study the free
Si pockets in Norton NT230 material are discontinuous
(Fig. 3a) and the measured creep rates (Fig. 1) are very
low, it is, thus, anticipated that the free Si pockets play
no or little role in governing the creep deformation pro-
cess when tested in creep regime and at temperatures
≤1370◦C. In this case, creep processes would then be
controlled by the deformation of large contact area be-
tween two SiC grains and SiC multigrain junctions via
grain boundary sliding (GBS) and/or diffusional pro-
cesses (as evidenced by the stress exponent of∼1),

similar to the creep behavior of dense polycrystalline
α-SiC materials [18, 19]. However, as temperature in-
creased to 1410◦C the Si present in multigrain junctions
and SiC grain boundaries becomes liquid-like and could
promote the GBS and/or diffusional creep processes,
resulting in an increase in number of creep cavities (as
shown in Figs 3d and 4d) and, thus creep rates (Fig. 1).
The enhanced creep cavitation at 1410◦C is further sup-
ported by SEM observations on fracture surfaces of
specimens tested at 1410◦C/175 MPa for 300 h in air
and regenerated at room temperature (Fig. 5). The frac-
ture surfaces exhibited features of (1) spherical creep
cavities within free Si pockets at multigrain junctions
and (2) residual Si film on SiC grain facets, which were
not observed in specimens tested at≤1370◦C. The
greater tendency of cavity formation in Si at 1410◦C
is due to the low surface tension (γ ∼0.73 N/m) of
liquid Si [20]. Consequently, it only requires an ap-
plied tensile stress (σ =2γ /r )>15 MPa to form a
cavity with 0.1µm diameter in Si. Note the applied
flexural stress levels in present study ranged from 100
to 300 MPa. Therefore, it would be easy to nucleate
creep cavities at 1410◦C, especially in free Si pockets.
However, the large contact area of SiC grain bound-
aries may limit the cavity growth rate via GBS and/or
diffusional processes and, therefore, the size of pores
(creep cavities) still remained relatively small under the
test times employed in the creep regime (≤190 MPa)
at 1410◦C.

4396



P1: FHF/LMQ P2: FDB/FFO P3: FDM 04-KJ007-5608-98 June 28, 1999 14:23

Figure 5 Scanning electron micrographs showing fracture surface features of specimen after testing at 1410◦C/175 MPa in air. (a) Creep cavities
formed at triple-point Si pocket, as indicated by arrow, and (b) Si films on the SiC grain facets, as indicated by arrows.

4. Summary
The creep response of a commercial siliconized sil-
icon carbide (Si-SiC, designated as Norton NT230)
was evaluated in four-point flexure at temperatures be-
tween 1300 and 1410◦C in air. The results indicated
that the Si-SiC material exhibited low creep rates of
2 to 10×10−10 s−1 at temperatures≤1370◦C under
stress levels employed. At 1410◦C, melting point of
Si, the Si-SiC material still exhibited relatively low
creep rates (∼0.8 to 3×10−9 s−1) at stresses below a
threshold value of∼190 MPa, which was about equal
to the average flexural strength at this temperature. At
stress level≤190 MPa the Si-SiC material exhibited
high creep rates plus a high stress exponent (n=17)

as a result of slow crack growth assisted process that
initiated within Si-rich regions as evidenced by the pres-
ence of Si beads on fracture surfaces. The Si-SiC ma-
terial, tested at temperatures≤1370◦C and below the
threshold (∼190 MPa) at 1410◦C, exhibited a stress
exponent of one, indicative of diffusional creep pro-
cesses.

Scanning electron microscopy observations and pore
analyses revealed very limited creep cavitation at free
Si, which suggested that the Si played no or a little
role in controlling the creep response of NT230 mate-
rial when it was tested in the creep-controlled regime
at temperatures<1410◦C. At 1410◦C, the creep pro-
cesses, diffusion and/or GBS, were promoted due to the
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presence of liquid Si film, resulting in higher number
density of creep cavities and thus creep rates. Finally,
comparisons of creep results between NT230 and other
commercial Si-SiC materials indicated that NT230 ex-
hibited superior creep resistance at temperatures up to
1410◦C in air. A follow-up tensile creep study will be
then carried out to generate a database for engineering
design purpose.
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