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A self-consistent, single-valued representation of the major physical, mechanical, and
thermal properties of a sinteredSiC is presented. This comprehensive set of properties
is achieved by focusing on a narrowly defined material specification in which boron and
carbon are used as sintering aids to produce a dense cef=98% of the theoretical
maximum densitywith a grain size of6+2) um. Such a representation is highly desir-
able in applications of concurrent engineering practices and for the increasing use of
electronic processing of product specifications. 1@97 American Institute of Physics
and American Chemical Sociefy50047-268807)00105-0
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1. Introduction

The primary concern in the use of advanced ceramics in
structural applications has continued to be the issue of
reliability.>? In the past, it has not been unusual that different
batches of a given material prescription would yield measur-
ably distinct characteristics. More recently, however, the pro-
duction characteristics of several advanced ceramic materials
have matured sufficiently that their material properties are
routinely reproducible as judged by the consistency of nu-
merous studies in independent laboratories. Furthermore,
progress in concurrent engineerinand electronic product
design tools such as the evolving Standard for the Exchange
of Product Data(STEP* has increased the need for well
defined data sets. Consequently, it has become meaningful
and desirable to construct and assess comprehensive sets of
properties that characterize these materials. Towards that
end, the present article examines the material properties of
one specification of a sinteredSiC.

Sintereda-SiC has evolved as a major structural ceramic
with applications that include heat exchangers for high tem-
perature and aggressive environments, seals, bearings, and
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1196 R. G. MUNRO

wear resistant components. Several reviewsf the proper-

ties of silicon carbide have contributed to this evolution by
delineating the ranges of performance characteristics that can
be expected for this general class of materials. The present
work refines those previous efforts by developing a compre-
hensive set of properties for a single material specification;
the properties presented here form a coherent unit that pro-
vides a self-consistent, single-valued representation of the
observed performance characteristics of that material. Such a
representation is highly desirable in applications of concur-
rent engineering practices and for the increasing use of elec- 3.08
tronic processing of product specifications. 0 200 400 600 800 10001200

Temperature, °C

w
-
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Sintereda-SiC ceramics typically are produced using sub-
micrometer powders that have been extracted from an
Acheson furnace and ground to a fine particle size. Boron
and carbon are used as sintering aids to achieve improved
densification during sintering which is typically conducted at
a temperature on the order of 2500 °C. The resulting micro-
structure consists predominantly of fine, equiaxed grains of
the hexagonal SiC polytype 6H. A small amount of free car-
bon and isolated B grains may be present also as remnant 1610~ 1L 1L i
artifacts of the sintering aids. 0 200 400 600 800 10001200

Since the properties of ceramics can vary significantly Temperature, °C
with composition and microstructure, it is important to re-
strict attention to a consistently defined material specificag. 1. The lattice parameters of silicon carbide polytype @a axis, (b)
tion. In the present exercise, the material specification is pat axis.
terned after a commercial material, Hexoloy SA™,
abbreviated here as SA, for which a considerable amount of
data can be gleaned from numerous independent studies. For
this materiat®!! the density is approximatel{98+1)% of
the density of single crystal SiGH) with a mean grain size  The predominant phase of the constituent grains of sin-
of (6=2) um. The mass fractions of boron and free carboniered «-SiC is the hexagonal 6H structure. The lattice
in the sintered composition aré0.4-0.1% and (0.5  parameter$ as a function of temperature are shown in Fig.
+0.1%,  respectively. ~ The  combined  standardy There is a slight curvature in the trend lines for both of the
uncertaintie¥’ for these values are estimated using the stany andc lattice parameters which may be well represented by

156.16

15.14

15.12

Lattice Parameter, A

(b) |

3.1. Crystallography, Density, and Thermal
Expansion

dard deviation of the respective reported values. a second order polynomial in the temperature:
a(A)= 3.0813+1.0816 10 °T+2.8833 10 °T2+0.01%,
3. Properties and Characteristics (1a
o _ o c(A)= 15.116+5.104 10 5T+1.153 10 T2+ 0.02%,
The emphasis in this work is on the variation of the prop- (1b)

erties with temperature, and the primary objective is to ob-
tain a coherent, self-consistent representation of the materi

in terms of the collection of assessed properties. Whenever
feasible and appropriate, analytical expressions are provide%D

here the temperature is in the range G6<"3<1100 °C.
hese results permit the densiysy, of the single crystal
ecimen to be calculated from the relation

to serve as useful interpolation formulas. Combined standard Mn
uncertainties for the properties are estimated using the stan- PeH= W @
dard deviations or standard errors of the respective property

whereM is the molecular weighty is the number of formula
units per unit cellN, is Avogadro’s number, an¥ is the
unit cell volume. For SiBH), M =40.097,n=6, and V

%Certain commercial names are identified in this article for the purpose of_ 12 52 o —
clarity in the presentation. Such identification does not imply recommen- (3/4)"° a“c, and at 20 °C,pey=(3.214+0.00]) glcn?-

dation or endorsement by the National Institute of Standards and Technoll € d?nSityPGH is th_eoretica”y th_e maXimur_n density tha_t a
ogy. pure sintered material could attain. In practice, the density of

values'?
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(\;) A ] Fic. 3. The elastic properties of sinteredSiC: (a) moduli, (b) Poisson’s
- 3.16 N ratio, (c) sound velocities.
=y ]
[2] 4
5 3.12 7
(] - Sintered 0-SiC ) whereTy=0 °C, and 0 °G=T=<1500 °C. Combining this re-
308 L ®) ] sult with the density of S at 0°C, po=(3.16+0.03
R ST g/cnt, yields the temperature dependence of the density, Fig.
0 400 800 1200 1600 2(b).
Temperature, °C
Fic. 2. The thermal expansion of sinteredSiC: (a) cumulative expansion 3.2. Elastic Properties

coefficient,(b) density. . . . .
Structural ceramics are relatively stiff materials whose

elastic properties exhibit relatively weak temperature depen-
dencies, and the polycrystalline sintered specimens tend to
a single phase polycrystalline material should be less thahave isotropic elastic moduli. For the latter case, the elastic
the theoretical density. In the present work, no report of thanodulus €), shear modulus@), bulk modulus B), and
temperature dependence of the density of sinter&IC was  Poisson’s ratio ¢) satisfy the relations
found. However, several measurements of the density of SA

at room temperature have been reported, and measurements G= L (53)
of the isotropic thermal expansion to several temperatures 2(1+v)
have been reported. These results can be combined to yield E
the variation of the density with temperature, B=—-—7r—F%— (5b)
3(1-2v)
p(T)=po[1+ am(T)-(T—To)] >, (3 for isotropic conditions. Additionally, these properties may

be expressed in terms of the sheafs) and longitudinal

wherep, is the density at the reference temperaflige and (V) sound velocities and the density:

am = (2a,tag)/3 is the mean cumulative linear expansion

coefficient for the hexagonal material, with Gzpvg (6a)
1(L(M-Lo B=p[V{—(4/3)Vg], (6h)

a (M= ———1 (49) . )

Lo\ T—Tp where Vg and V| are commonly determined by ultrasonic

techniques. For SA, results from both ultrasdfié! and
resonance techniqu@shave been reported and are shown

' together in Figs. @), 3(b), and 3c). The interpolation for-
mulas forE and v are

where L is a linear dimension and.,=L(Ty). The
result$*1® for the cumulative expansion coefficient for SA
Fig. 2(a), can be represented by the expression

am (107 °K~1)=4.22+8.33 10 4T—3.51e~ 000527 E(GPa= 415-0.0237=3%, (78
+10%, (4b) v= 0.160-2.62- 10 T+25% (7b)
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Fic. 4. The flexural strength of sinteredSiC in four-point and three-point

bending.

for 0 °C<T=<1400 °C. The curves in Figs.(®, 3(b), and
3(c) are obtainediia Egs. (5)—(7).

3.3. Strength and Related Properties

FS(MPa)= 359+

20 T T T T T T T

Sintered o-SiC
in flexure

(4 ]

L 1 i 4 Il 1 i

6
0 200 400 600 800 1000 1200 1400 1600
Temperature, °C

Fic. 5. The Weibull modulus of sintered-SiC in four-point bending.

87.6
1+208600

goorr = 15%, ®

where FS is the flexural strength and 0<T<1500 °C.

Interestingly, the Weibull modulu$Fig. 5) is less well
defined. In the temperature range of 0 °C—1500 °C, the data

The list of compelling reasons for using advanced ceramare not sufficient to establish a temperature dependent trend;
ics in structural applications includes high temperatureconsequently, the Weibull modulus can best be expressed as
strength and high hardness. The most significant deterrent &1 average value, 3.
their use is low fracture toughness. These characteristics are The amount of data available on the tensile stretigof
represented by the flexural and tensile strengths, WeibufbA (Fig. 6) is quite limited. Those data indicate that a small

modulus, hardness, and toughness properties.

increase in tensile strength may occur as the temperature is

Sintereda-SiC exhibits the somewhat unusual behavior ofraised from 0 °C to 1400 °C, but the increase is less than the

increasing flexural strength with increasing temperatbig.
4) when tests are conducted in an air environnént:2324

uncertainty of the measured values. Hence, the tensile
strength is well represented 50+ 15) MPa over the ob-

This phenomenon is generally attributed to short-term craclgerved temperature range.
healing® as a result of the formation of an oxide, $iCon

the surface of the silicon carbide specimen. For other envi-
ronments and long-term exposures, the strength may be ex-
pected to diminisk® The results shown in Fig. 4 were ob-

tained by a variety of bend test configuratidfigble 1 but ©
the collection is sufficiently consistent that a useful interpo- %
lation formula may be given as -
5
o
c
TaBLE 1. Bend test configurations for flexural strength measurements %
Specimen sizes Outer/Inner Q9
(mmxmm spans Stressing rate g
Reference Test method Xmm) (mm/mm (mm/9 g
16 Four-point  3.18x6.35x51 38/19 0.0085
bend
19 Four-point  3.2xX6.4%X51 38.1/19 0.0004 to 0.064
bend
23 Four-point  2.5X5.0x50 19.5/6.25 100 MPa/s
bend
24 Three-point 3X3x30 20 0.000167
bend

J. Phys. Chem. Ref. Data, Vol. 26, No. 5, 1997
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Fic. 7. The Vickers hardness of sinteredSiC. Fic. 8. The fracture toughness of sintereeSiC by surface crack in flexure

methods.

The hardnes$?’ of SA determined by the Vickers inden-

tation method(Fig. 7) exhibits an exponential temperature suggest that the stress dependence in each case is somewhat
dependence. The solid curve for the hardnessin Fig. 7is  greater than linear, i.en>1 in both flexure and compres-
given by sion. The temperature dependence of the creep rate under
H(GPa= 33 & 00013+ 1504 9) compression has a more interesting character. The trend lines
at intervals of 50 °C have a significantly different spacing in
where 0 °GsT=<1000 °C. Fig. 9 at low and high temperatures, unlike what would be
The fracture toughness of SA has been studied by a largexpected from Eq10). These differences become very clear
variety of measurement methotfs:**?%~3%rhe results vary when the results for three different values of the applied
considerably among the distinct methods, but several indestress are examined in an Arrhenius type glig. 10. In
pendent studies have concluded that sharp crack techniquése latter figure, there is a clear distinction between the re-
provide the more reliable results. An international round-sults from above and below 1600 °C, suggesting a significant
robin study® in particular, has demonstrated that consistenthange in the creep mechanism at that temperature. In the
interlaboratory results for brittle ceramics can be obtainedtontext of Eq.(10), this result suggests that there are two

from the surface crack in flexu(SCH method. This method  distinct activation energies. Accordingly, assuming two acti-
is also known as the controlled surface flaw or controlled

microflaw method. Resuft$?43°-3%rom SCF type measure-
ments are shown in Fig. 8. The latter data yield a tempera-

10000.0 grrrrrrrrrrrrrrrere S — .

ture-independent value of 3:10.3 MPa n¥? for this sintered - o Flexure Sinteréd o-SiC 1

a-SiC. L a E?:'r‘:;l:?'gssion ]

« 10000 . .

3.4. Creep Characteristics q,m 3 4 1900°C 1750 c;

. . . = I 1700 °C |

The operation of structural ceramics for long times under . 100.0 g /

loads at high temperatures is limited by the creep character- -g : 1650 °C 1

istics of the mate_:rigl. The steady state creep radégtd of a vd 100 i / oo ]

structural ceramic is generally of the form % : /‘\‘1550 'c§

de/dt=Ac" e Eac/RT, (10) e . 1500 °C ]

© 10 ¢ <:1450 °C+

where the independent variables are stressnd the abso- T 3

lute temperature]; R=8.3145 Jmol K); and A, n, and F \ 4 1400°C ;

E,c;are parameters to be determined from the data. The pa- o4 LB L brreens ]
rametem is called the creep stress exponent, &gl is the 100 200 300 400 500

creep activation energy. . P
The creep rates of SAFig. 9) in flexure® tension®” and Applied Stress, MPa

compressioll are of the Same order of magnitud_e, Fic. 9. The creep rate of sintered-SiC in flexure, tension, and compres-
107%s™%, at 1500 °C. The results in flexure and compressiorsion.

J. Phys. Chem. Ref. Data, Vol. 26, No. 5, 1997
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1000.0 p—r—r——r—— — g achieve because the pertinent interactions involve nonequi-
E Sintered a-SiC ] librium thermodynamics, chemical reactions under rapidly
Compression 1 varying localized temperatures, stresses, and stress gradients,
- ® 179MPa and catastrophic mechanical collisions of macroscopic and
o 100.0 )\ " 345MPa 3 microscopic surface features. Laboratory results for friction
"C_D 4 414MPa ] and wear, therefore, may depend significantly on both the
o design of the measurement apparatus and the specific proce-
© 100 | dure that is applied to the measurement. Early considerations
1 4 i of this variability in results led to the use of a normalized,
g,',' dimensionless measure of wedr,
o 10 F VyyH
E - o W E R~ (11
(T=1600°C) F, Dy
where Ky, is called the wear coefficieny,, is the wear
0-14.5 — 510 — 5f5 I 6.0 volume,H is the hardnesd;,, is the normal force, anB, is

the total sliding distance. The wear coefficient and the di-
104/1', K" mensionless coefficient of frictioCOF are used together
with microscopy and spectroscopy techniques to delineate
Fic. 10. Arrhenius type plot of the creep rate under three different stresyeasonably distinct regions of wear mechanisms and perfor-
levels. mance levelé?

Results for brittle materials show a considerable amount
vation energies, the creep data under compression can [9éScatter which makes the identification of trends in the data
well represented by Eq10) (Fig. 11) with the values of the SOmewhat tenuous. Comparisons of dry friction and wear
parameters being=7.35 s MPa 136 n=1.36,E,, =442 results from different studies are particularly difficult, and
kJ/mol for T<1600 °C: andA=4.5x 10" s"1 MPa 32 n  attention must be given to the test conditions to ensure that
=1.32, E o= 944 kJ/mol forT>1600 °C. These parameters the tests have comparable loads, sliding speeds, and egviron—
yield an estimated combined standard uncertainty of 179 fofental conditions. Results from four different studies™

the creep rate. of sintered «-SiC under dry sliding conditions, involving
four different sources of the test materials, are shown to-
3.5. Tribological Characteristics gether in Fig. 12, while the test conditions are described in

Table 2. The wear coefficient from all of these studies may
An increasing number of the applications of structural ce-be cited aK,,=(2.5+2)x 10" % when the sliding speed is
ramics involve sliding wear conditiori§.In these applica- <0.3 m/s, the load is<10 N, and the temperature is in the
tions, friction and wear characteristics are important factorsange 0 °GsT=<1000 °C. There may be a small initial in-
in the assessment of the impact of the materials on the aprease inKy, as the temperature increases from room tem-
plication’s lifetime and operating costs. Definitive measure-perature, but the apparent increase is smaller than the uncer-
ments of these characteristics, however, are difficult tdainty in the property value. Concurrently, the COF appears
to have a value of 0%0.15 for T<250 °C and 0.40.1 for
T>250 °C. Examinations of the microstructure suggfest
10000.0 prrrrrr SRR AR AR that the higher friction region witi <250 °C is a result of
p Sintered a-SiC the ploughing wear of the surface, while f6r-250 °C, the

[ Compression 1800 °C . . .
1000.0 | oni/""' ] formation of mixed oxides on the surface reduce the effec-
. 1750 °C ] tive coefficient of friction. When the load is increased above
. / ] 10 N, however, the order of magnitude Kf, increases to

1700°C 103, and the wear behavior becomes considerably more
1650 °C 1 complicated and involves microfracture and compacted wear

s / . debris.
100 | 1600°C

f o ® 1550 °C §
| % 1500°C 1 3.6. Thermal Properties
/ 1450 °C 3

1400 °C ] There are three thermal properties that are particularly im-

8
o
\

Creep Rate, 10°s™

-t
(=]

Trevey
<4

- o portant for the application of ceramics at high temperature,
%o 500 specific heat, thermal conductivity, and thermal diffusivity,
Applied Stress, MPa which are related respectively to the absorption of heat, the

steady state transport of heat, and the transient response to

FiG. 11. The creep rate of sinteredSiC under compression with the solid heat ﬂUCtuaﬂ_onS- For isotropic materials, these quantities sat-
curves obtained from Eq10) and the parameters given in the text. isfy the relation

J. Phys. Chem. Ref. Data, Vol. 26, No. 5, 1997



Fic. 12. Wear of sintered-SiC when the load is<10 N, the sliding speed

MATERIAL PROPERTIES OF A SINTERED «-SiC 1201

0 200 400 600 800
Temperature, °C

is <0.25 m/s;(a) friction and (b) wear coefficient.

k=pC,D

thermal diffusivity.

The specific heat of sintered-SiC for T=0 °C is not
particularly sensitive to variations in its minor constituents,
as shown by the collection of rests*®in Fig. 13. Conse-
qguently, the specific heat of SA should be well represented
by the smooth curve in Fig. 13, which is given by the inter-

polation formula

Cp(Jkg 'K 1)= 1110+ 0.15T—425 € 2999 +50% (13

for 0<T=2000 °C.

In contrast, the thermal transport properties can be ex-
pected to depend on composition and microstructural details.

TaBLE 2. Test configurations and conditions in the friction and wear studies

€ 10— — —
2 . @ 1
o
LE 0.8 - A * 1
[ -
O 06 .
k= 4 a 4
@ —— =
5 04 gvv v
% 0.2 ° -
9 o.
&

00 i ] I i 1 1 "

0 200 400 600 800 1000
Temperature, °C
b 66—
T 14y (b)
€ 12f Sintered o-SiC
g 10k Speed<0.3m/s ]
& - Load < 10N 1
Q9 8r ]
o 6y, v ]
S
S 4r . ¢ g
S IR,
0 4 ‘ ; L | 1

1000

12

where « is the thermal conductivityp is the mass density,
C, is the specific heat at constant pressure, Bnds the

for Fig. 12

Reference Configuration Logdl) Sliding speedm/s)
27 Pin on disk, reciprocating 4.9 0.0014
33 Pin on disk, reciprocating 9 0.3
34 Ring on flat, unidirectional 10 0.2
35 Cylinder on flat, unidirectional 10 0.25

(also called roller on beam

L1 S —
1400 |-

-

[
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o
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1200 -
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900 ® withBC
= with ALO,

800 A tpical ]
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SiC (solid)
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Temperature, °C

Fic. 13. The specific heat of a variety of sintereeSiC materials.

Results for thermal conductivity*®*° and thermal
diffusivity“®>*for SA are shown in Fig. 14. The interpolation
formulas fork andD were determined simultaneously using
these data with Eq(12), the density from Eq(3), and the
specific heat from Eq(13):

,-é" 140 — T T

2 Sintered a-SiC
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Fic. 14. Transport properties for sinteredSiC materials{a) thermal con-
ductivity, (b) thermal diffusivity.
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TaBLE 3. Evaluated property values for sintere€5iC; sintering aidgmass fractions B(0.4% and C(0.5%); mass density=98% of the theoretical density;
nominal grain size-(6+2) um. Percentages in parentheses are estimated relative combined standard uncertainties; i.e., the g8ttty 8quivalent to
3.0+0.15. Property values in parentheses are extrapolated values. Units are given within square [bfackets

Property[unit] 20°C 500 °C 1000 °C 1200 °C 1400 °C 1500 °C
Bulk modulus[GP4g 203 (3%) 197 191 188 186 184
Creep ratd10° s1] at 300 MPa 0 0 0 0.004 0.27 1.6
(17%)

Density[g/cn?] 3.16 (1%) 3.14 3.11 3.10 3.09 3.08
Elastic modulu§GP4g 4153%) 404 392 387 383 380
Flexural strengtiMPa] 35915%) 359 397 437 446 446
Fracture toughnegdPa m'? 3.1(10%) 3.1 3.1 3.1 3.1 3.1
Friction coefficient ] at 0.2 m/s, 5 N 0.21%) 0.4 0.4
HardnesgVickers, 1 kg [GP4 32(15%) 17 8.9 (6.9 (5.3 (4.6)
Lattice parametera [A] 3.0815 3.0874 3.0950 (3.0989 (3.1021 (3.1040

(polytype 6H (0.01%
Lattice parameter; [A] 15.117 15.144 15.179 (15.199 (15.210 (15.218

(polytype 6H (0.02%
Poisson’s ratid ] 0.1625%) 0.159 0.157 0.157 0.156 0.156
Shear modulugGPg 1793%) 174 169 167 166 165
Sound velocity, longitudinglkm/s] 11.832%) 11.69 11.57 11.52 11.47 11.44
Sound velocity, shedikm/s] 7.522%) 7.45 7.38 7.35 7.32 7.31
Specific heafJ kg™t K1 715(5%) 1086 1240 1282 1318 1336
Tensile strengtfiMPa] 250(6%) 250 250 250 250 250
Thermal conductivitfW m™ K™1] 114(8%) 55.1 35.7 313 27.8 26.3
Thermal diffusivity [crm?/s] 0.5012%) 0.16 0.092 0.079 0.068 0.064
Thermal expansion from 0 °CL0 ¢ K™Y 1.1(10%) 4.4 5.0 52 5.4 55
Wear coefficientLog;) [ ] —4.0(5%) -3.6 -3.6

at0.2m/s,5N
Weibull modulus| ] 11(27%) 11 11 11 11 11

52 000 124 1075T Life-Cycle Engineering of Structural Componeritsational Academy
k(Wm K 1H= +u, (149 Press, Washington, D. C., 199Publication NMAB-455.
T+437 K 4J. Rumble, Jr. and J. Carpenter, Jr., Adv. Mater. Ptd®, 23 (1992.
SMetals and Ceramics Information Center, Engineering Property Data on
121 ¢ 6-9810°°T Selected Ceramics, Vol. X arbides (Battelle Columbus Laboratories,
D(cm? s Yy=——————*up, (14b 1979, Report Number MCIC-HB-07.
T+219 ®R. S. Storm, W. D. G. Boecker, Ch. H. McMurtry, and M. Srinivasan,
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