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High-temperature creep response of a
commercial grade siliconized silicon carbide
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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% «-SiC, 8% discontinuous free Si, and 2% porosity. In general, the Si-SiC material
exhibited very low creep rates (2 to 10 x 10-'% s~7) 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 x 10~° s~ ') 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. © 1999 Kluwer Academic Publishers

1. Introduction were investigated ranged from 10 to 36 vol %. Previous
Siliconized silicon carbide (Si-SiC) exhibits high ther- results showed that the creep rates of Si-SiC materials
mal conductivity, good thermal shock resistance, andncreased with increasing Si content, applied stress, and
good retention of mechanical properties at elevatedest temperature [4-9]. For instance, at low Si content
temperatures. As a result, this material has been coni<15 vol %) the Si-SiC materials exhibited stress expo-
sidered as one of the candidates for a ceramic heattents of~1 at elevated temperatures in air. The creep
exchanger application in the US Department of En-mechanism was, in general, attributed to diffusional
ergy, Combustion 2000 and Clean Coal Programs [1, 2]creep controlled processes [10,11]. As for the mate-
Therefore, the intended application environments willrials with high Si content (30 to 37 vol %) the creep
involve not only high temperature, but contain coaldeformation and rupture at temperatures between 1100
ash derived oxides and alkali vapors. It is anticipatecand 1300C in air was dictated by the cavitation oc-
that the application environments would cause severeurring at Si/SiC interfaces and within the Si pockets.
degradation in material properties and thus limit itsCreep cavities grow, coalesce, and eventually form a
long-term mechanical reliability. Degradation of mate-dominant macro crack, resulting in final rupture of the
rial components due to the corrosive environments camaterials. The high creep rates and high stress expo-
be enhanced by the presence of mechanical stressa®nts observed at stresses above the so-called threshold
Therefore, an understanding of the material responsstress level were found to be associated with the en-
subjected to fatigue and/or creep loading conditions id1anced creep cavitation and crack formation [4, 8, 9].
needed prior to component applications. The threshold stress was defined, in previous studies,
A recent dynamic fatigue study was conductedas the stress at which a transition in the slope of the
by Breder [3] on a commercially available Si-SiC creep rate versus stress curves occurred.
(Norton NT230) at temperatures of 1100 and 1400 As a part of material property evaluation efforts for
in air at stressing rates ranging from 1 to 0.0001 MPa/sthe Combustion 2000 and Clean Coal Programs, this
The results showed that no slow crack growth (SCG)study was carried out to evaluate the flexural creep be-
was detected at 110C, whereas at 1400 SCG oc- havior of a commercial Si-SiC (designated as Norton
curred within Si-rich regions. On the other hand, sev-NT230) at temperatures of 1300, 1370, and 1430
eral researchers [4-11] have reported creep studies dn air. The creep damage and controlling processes as
various grades of commercially available Si-SiC ma-a function test temperature and applied flexural stress
terials. The free Si content in the SiC materials thatevel were then determined.
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2. Experimental 107

The ceramic evaluated in the present study is a com Forton 230 e ® 1300°C i
mercial Si-SiC (designated as NT230), manufacture¢-~ [ in air B 1370°C 4
by Saint-Gobain/Norton Industrial Ceramics Corp., '» ¢ 1410°C

Northboro, MA. This material, developed from the ear- :,’ 10°

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 ir & 10°k >

Ref. [12]. The as-received NT230 Si-SiC material con-g _Z ‘././

tained ~90 vol % «-SiC, 8 vol % free Si, and some C h- 13 ./'/. 1

residual porosity €2 vol %). 0 ) )
Flexural creep tests were conducted in air at tem 10700 200 300 400

peratures of 1300, 1370, and 141D at outer fiber Stress (MPa)

stress levels ranging from 125 to 300 MPa. The test bars

(3 x 4 x 50 mm) were loaded in a fully dense sinteredFigure 1 Creep rate versus stress curves of Norton NT230 Si-SiC tested

a-SiC four-point flexural fixture with sintered-SiC  attemperatures of 1300, 1370, and 14C0n air.

loading pins at inner and outer spans of 20 and 40 mm,

respectively. The desired stresses were applied to the 101

test specimens through a sintere®iC push rod via 10x 1077s"attemperatures of 1300 and 13T0un-

a dead weight loading system. The creep system wader the stress range employed in the present st'udy. The

allowed to thermally equilibrate for 30 to 60 min before results also showe(_j that there was only a minor increase

applying the load. The outer fiber displacement of thel™ @ factor of two) in creep rate from 1300 to 1370

bend bars was measured by a high-temperature thre€27% of the Simelting point 0+-1410°C). In addition,

probe extensometemwhose output was continuously the slope of creep rate versus gpplled stress curves at

recorded. The details of the creep test procedures cdfmperatures of 1300 and 1370yielded a stress expo-

be found in Ref. [13]. The outer fiber stress and cor-"€Nt of one, suggestive of diffusional controlled creep

responding deformation strain were calculated basefrocesses. At 141, the NT230 Si-SiC St”lgeXhl'b'

upon the procedures described by Hollenleag, [14].  iteéd reasonably low creep ratesq.8 to 3x 10~ s ™)

It is recognized that when the creep stress exponent {dith @ stress exponent of one at stress levelS0 MPa

~2, which is generally associated with extensive for-(Fig. 1). However, at stresses190 MPa the Si-SiC

mation of creep cavities, errors are introduced into thénaterial exhibited high creep rates plus a very high

stress calculation. All of the tests were carried out withSIréSs exponem= 17) as aresult of slow crack growth

test times of at least 300 h to ensure a measurable creépCC) assisted process that initiated within Si-rich re-

strain (thus, creep rate) or until fracture of the speci-dions. This was evident by the presence of Si beads

mens. on tensile surface regions of fracture surfaces of all
The microstructures of the specimens before and afSPecimens tested at 1410 and at>190 MPa. The

ter creep testing were examined using both optical an{fréshold stress, 190 MPa, was similar to the mean

scanning electron microscopy (SEM) to characterizdl€xural strength (176-192 MPa) reported by Breder

the accumulated creep damage as a function of te&tt 1400°C [3] for the same batch of NT230 Si-SiC ma-

temperature and applied stress level. Note that all thé€rial- Also, note that the creep rates at 14@Cand

test specimens were cooled down to room temperatur@t Stress<190 MPa (in creep-controlled regime) were

at a cooling rate 0f~10°C/s while under load to pre- €ight to ten times higher than those tested at 170

serve the damage accumulated during creep. Quant-i[h's substantial increase in creep rates from_137(_3 to

tative image analysis of the size and number density-410°C could result form the presence of Si liquid

of pores was performed on polished cross sections dfockets and films that assist the creep deformation pro-

both as-received and crept specimens using an analyf€Sses via diffusion and/or grain boundary sliding.

cal softwaré and the techniques described in Ref. [15]. Another purpose of this study was to compare the

Twenty micrographs were analyzed for each sample ug2résent creep results of NT230 with those reported

ing a magnification of 509 to obtain statistically sig- Previously for other commercial Si-SiC materials, as

nificant results for the number density of creep cavitiesSNoWn in Fig. 2. Fig. 2a compares the creep resullts of

(pores), and average cavity size and size distribution. NT230 tested at 1300 and 1370 with two earlier
Si-SiC materials evaluated at 138D in air [10, 11].

The comparison with Si-SiC materials indicated that

NT230 tested at 137 still exhibited creep rates that
ere three to ten times lower than both Norton NC430
~10 vol % free Si) and Coors Si-SiG-(.2 vol % free

Si) materials tested at 135Q. 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 5to 12 and 2 to 10m, respectively [10, 11]. Ear-

* Applied Test System, Butler, PA. lier reports [10, 11] also showed that both NC430 and

T Prism Image Analysis software, Analytical Vision, Inc., Raleigh, NC. Coors Si-SiC materials exhibited a stress exponent of

3. Results and discussion

Fig. 1 shows the creep rate versus applied stress resu
for Norton NT230 Si/SiC material at temperatures of
1300, 1370, and 141@ under applied stresses rang-
ing from 125 to 300 MPa in air. The results indicated
that NT230 exhibited very low creep rates, i-€2 to
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Figure 2 Comparison of creep results between NT230 and (1) earlier
commercially available Si-SiC materials tested at 1350and (2) de-
velopmental sintered-SiC tested at 1300 and 1400.

300

400

one that was attributed to diffusional creep processes.
In addition, the creep results of a developmental sin-
tered @-SiC material (designated as Hexoloy SXG1,
by Carborundum) tested at 1308nd 1400C in air

[16, 17] were also included in the comparison, as shown
in Fig. 2b. Note that this developmental Hexoloy SXG1
«-SiC material was sintered with,©3 and ALOs sin-
tering additives £2 wt% in total) [16]. Comparison
with sintereda-SiC material again showed that the
creep rates of NT230 Si-SiC material were 3-5 times
lower than those obtained from this sintese®iC ma-
terial tested in air at temperatures up to 14G0n air
(Fig. 2b). The better creep resistance of NT230 over
the sinteredr-SiC could result from the lack of amor-
phous grain boundary phase(s) and/or the larger SiC
grains (4—-6um for NT230 vs. 1-2um 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 1370C 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

Figure 3 Scanning electron micrographs showing the pore (creep cavities) features in (a) as-received condition and after@h)d3D870C,
and (d) 1410C creep test. Light gray phase is the free Si and arrows indicate the pores.
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Figure 4 Histogram plots of frequency versus pore (cavity) size for specimens in (a) as-received condition, and after9®) (aB70°C, and
(d) 1410°C creep test.

observations and pore analyses indicated that ther@milar to the creep behavior of dense polycrystalline
were very small (1.1 to 1.5 fold) increases in both«-SiC materials [18, 19]. However, as temperature in-
the number densities and sizes of pores for specimergeased to 1410C the Si presentin multigrain junctions
tested at 1300 and 1370 at an applied stress of and SiC grain boundaries becomes liquid-like and could
300 MPa as compared with those of the as-received mgromote the GBS and/or diffusional creep processes,
terials. The minimal increases in pore number densityesulting in an increase in number of creep cavities (as
and size were consistent with the measured low creephown in Figs 3d and 4d) and, thus creep rates (Fig. 1).
rates at 1300 and 137C (Fig. 1) under the stress lev- The enhanced creep cavitation at 14C0s further sup-
els employed in the present study. The specimens testgmbrted by SEM observations on fracture surfaces of
at 1410°C/175 MPa, however, exhibited>a3-fold in-  specimens tested at 1420/175 MPa for 300 h in air
crease in the number density of pores but with a smal&nd regenerated at room temperature (Fig. 5). The frac-
(~1.7 fold) increase in average pore size (from 1.7 tature surfaces exhibited features of (1) spherical creep
2.9 um). The increases in number density and size otavities within free Si pockets at multigrain junctions
pores contribute to higher creep strains (and thus creegnd (2) residual Si film on SiC grain facets, which were
rates) at 1410C. not observed in specimens tested=at370°C. The

In general, the dominant creep controlling processegreater tendency of cavity formation in Si at 1410
in Si-SiC materials are governed by the deformation ofis due to the low surface tensiop ¢ 0.73 N/m) of
free Siphase, grain boundary sliding or diffusional pro-liquid Si [20]. Consequently, it only requires an ap-
cesses along the SiC grains. Inthe present study the frgiied tensile stresso(=2y/r)>15 MPa to form a
Si pockets in Norton NT230 material are discontinuouscavity with 0.1 um diameter in Si. Note the applied
(Fig. 3a) and the measured creep rates (Fig. 1) are vefexural stress levels in present study ranged from 100
low, it is, thus, anticipated that the free Si pockets playto 300 MPa. Therefore, it would be easy to nucleate
no or little role in governing the creep deformation pro- creep cavities at 141, especially in free Si pockets.
cess when tested in creep regime and at temperaturéfowever, the large contact area of SiC grain bound-
<1370°C. In this case, creep processes would then baries may limit the cavity growth rate via GBS and/or
controlled by the deformation of large contact area bediffusional processes and, therefore, the size of pores
tween two SiC grains and SiC multigrain junctions via (creep cavities) still remained relatively small under the
grain boundary sliding (GBS) and/or diffusional pro- test times employed in the creep regimel@0 MPa)
cesses (as evidenced by the stress exponentldf at 1410°C.
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Figure 5 Scanning electron micrographs showing fracture surface features of specimen after testing®@143MPa 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 as a result of slow crack growth assisted process that
The creep response of a commercial siliconized silinitiated within Si-rich regions as evidenced by the pres-
icon carbide (Si-SiC, designated as Norton NT230)ence of Si beads on fracture surfaces. The Si-SiC ma-
was evaluated in four-point flexure at temperatures beterial, tested at temperatures370°C and below the
tween 1300 and 141 in air. The results indicated threshold ¢190 MPa) at 1410C, exhibited a stress
that the Si-SiC material exhibited low creep rates ofexponent of one, indicative of diffusional creep pro-
2 to 10x 10719571 at temperatures1370°C under cesses.

stress levels employed. At 1410, melting point of Scanning electron microscopy observations and pore
Si, the Si-SiC material still exhibited relatively low analyses revealed very limited creep cavitation at free
creep rates+0.8 to 3x 10~ °s1) at stresses below a Si, which suggested that the Si played no or a little
threshold value of~190 MPa, which was about equal role in controlling the creep response of NT230 mate-
to the average flexural strength at this temperature. Atial when it was tested in the creep-controlled regime
stress levekk190 MPa the Si-SiC material exhibited at temperatures:1410°C. At 1410°C, the creep pro-
high creep rates plus a high stress exponant {7)  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-

8.

hibited superior creep resistance at temperatures up to

1410°C in air. A follow-up tensile creep study will be

9.

then carried out to generate a database for engmeerlng

design purpose.
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