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ABSTRACT

l'he creep rupture behavior of a ceramic particulate composite system was
studied under tensile and flexural loading. The rupture process commences
from the heterogeneous formation of cavities at particle interfaces in the
tensile stress field. As deformation proceeds, a critical strain is
reached whereupon cavity coalescence takes place forming large

microcracks. Ultimately, rupture occurs when one of these microcracks
reaches a critical length and the remaining ligament cannot sustain the
applied load. On the assumption that microcracks grow to a critical size
through the coalescence of cavities, a new rupture criterion is proposed
based upon a critical strain concept of failure. Using this criterion for
fracture, together with a detailed creep mechanics analysis, theoretical
predictions are made of lifetime under both bending and simple tension.
Creep and creep rupture data for a grade of siliconized silicon carbide
tested at 1300°C are collected and compared with the proposed theory.
Reasonable agreement between theory and experiment were obtained in both
modes of loading.
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INTRODUCTION

For load-carrying applications at elevated temperatures such as advanced
heat engines and heat exchangers, high technology ceramics and composites
have shown potential as next generation materials to compete with the
conventional superalloys now in service. Ceramic particulate composites
belong to this class of high performance structural ceramics. An example
of this type of composite is siliconized silicon carbide (KX01)! -- a

1SOHIO Corp., Cleveland, OH. This brand name is supplied for
identification only and does not imply endorsement by NIST.
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two-phase composite fabricated by the infiltration of silicon metal into a
porous silicon carbide preform. As a result of this processing technique,
a composite is formed, consisting of ~33 vol % silicon metal embedded with
3-5 pm SiC particulates. A fully dense, relatively homogeneous
microstructure is achieved, with high strength, toughness and creep
resistance. Despite these promising features, confidence in the
mechanical performance and final acceptance of this material must await
the establishment of its long term reliability.

The purpose of this paper is to present theoretical and experimental work
on the creep and rupture of siliconized silicon carbide subjected to
simple tension, compression and bending. The creep response of this
material to uniaxial loading will be discussed first. It is shown that
the material obeys an asymmetric creep law distinct from the usual
constitutive laws observed in metals or alloys[1l-4]. A discussion is then
presented of the physical processes that lead to rupture, from which a new
failure criterion is proposed. Based on this criterion for rupture, a
closed form expression for the rupture time, similar to the Monkman-Grant
equation, is derived for tensile loading. In bending, however, the
complexity of the stress state necessitates the use of a numerical
approach to compute the total time to rupture as a function of applied
bending moment. Experimental measurements of creep and rupture under both
simple tension and flexural loading conditions were used to verify the
theoretical predictions of lifetime. Reasonable agreement was obtained
between theory and experiment.

ASYMMETRIC CREEP

To understand rupture behavior, the creep constitutive laws in various
stress states must be experimentally determined, as the response of a
material to creep exerts a great influence on the rupture behavior. In
this regard, an experimental program was conducted in which uniaxial
tensile tests and compressive creep tests were conducted. Detailed
descriptions of the experimental procedures for creep testing are given in
ref. [3); the resulting data are quoted here.

Figures 1 and 2 show typical creep and creep rate data respectively for
tensile and compressive loading. Two major features may be noted; a
substantial asymmetry is observed between tension and compression tests of
identical load (figure 2), in sharp contrast to conventional metal or
alloy systems where the responses are comparable except the sign[1]; The
roles played by primary and tertiary stages are minor in contrast to that
observed in metals. Most of the specimens creep life is spent in the
steady state creep regime (figure 1).

This behavior allows one to write the following approximate relation
between final rupture strain, e, steady state creep rate &g, and total
time to rupture, tg

€g = €5 tg . (1)
The fact that the secondary creep dominates the creep process also means
that e, is the crucial parameter to characterize the creep behavior for
long-term engineering applications. i

J

The logarithm of &, of the KX01 is plotted as the logarithm of the applied
stress in figure 2. As can be seen, the creep curves for tension and
compression are similar in appearance, but are displaced along the stress

2966

T T
1.50} 100 MPa _|
1300°C
75 MPa x
1375°C e
:\; X e
“ 1.00( e
< 100 MPa
=1 1O
& 75 Mpa 1350°C
a 1400°C ¥
@
e
o 050 -
0.00 L
100 200 300
Time, t (hrs)

Figure 1. Uniaxial creep curves for KXO1 at various
thermal and mechanical loadings showing
reducing steady-state creep rates with
increasing rupture strains.
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Figure 2. Creep rate versus stress relationship of

KX01 indicating asymmetric creep between
tension and compression. Dashed lines with
a slope of 4 are due to dislocational creep;
whereas solid line with a slope of 10 is due
to cavitational damage[3-4].
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axis; the stress required for a given strain rate is greater in
compression than in tension. Both curves are bimodal, having stress
exponents of approximately 4 at low strain rates and approximately 10 at
high strain rates. For simple tension, the following equations describe
the creep rate:

1]

for g, > o, € €, (04/0,)" (2a)

for o, < g, €, e, (0,/0,)" (2b)

where o, is the applied stress; ¢, is threshold stress above which damage
accumulation in the form of cavities occurs, ¢, is the creep rate at

0 = 0,; N is the stress exponent in the regime of cavitation whereas, n is
the stress exponent in the regime where no cavitation occurs.

In compression, a similar set of equations can be used to describe
the creep data:

for leal > 8 o les

1]

M e (o |/8 o)t (3a)

for loa] < 8 o les |

M e (oo |/o)m (3b)

where B8 and A are the ratios of compressive to tensile stress threshold
and creep rates, respectively. It was found that the following parameter
values fit the data quite well: ¢, = 8x107° s™1, g, = 100 MPa, A = 0.1, N
=10, n =4 and 8 = 2.

To illustrate the major features of the asymmetric creep phenomena a
model for the process is sketched in Figure 3. Fig. 3a shows a unit cell
representative of the global creep behavior. The cell consists of two
elements connected in parallel. One element contains two rigid grains
with a tilted shear fault, symbolic of the interconnected SiC network
during compression. The other element is a soft column, symbolic of the
continuous silicon metal matrix, surrounding the rigid SiC particles.

When the unit cell is stressed in tension, the load is carried mainly by
the soft column as the other element is unable to carry any load due to
the presence of cracks between contact sites of the silicon carbide
grains. For o, < o,, deformation is a consequence of deformation of the
silicon due to dislocation creep(5] (Fig. 3b). On the other hand, when o,
= o,, the soft column is susceptible to cavitation damage between the
silicon and the silicon carbide, Fig. 3c. Because the cavity volume
contributes to the creep strain, this damage-enhanced creep results in an
increase of stress sensitivity during creep. Rupture is eventually caused
by the coalescence of these microvoids. This implies that the applied
stress must be higher than the threshold, o,, for the rupture processes to
occur. However, if the unit cell is stressed in compression, the crack
does not have any effect on the load-carrying capacity of the composite
and global compatibility requires the SiC element to take up most of the
load because of its relative high rigidity. Overall deformation is then
dictated by dislocation creep of SiC particles which also yields the same
stress exponent as silicon, but at a much lower creep rate. At very high
stresses, Fig. 3d, the friction barrier at the contact point along the
shear crack is overcome and the sliding mechanism is activated leading to
the enhancement of stress exponent. §
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Figure 3. A simple mechanistic model for asymmetric
creep: (a) representative unit of the
composite; (b) tensile creep at stresses
lower than a threshold, creep controlled by
silicon, n = 4; (c) tensile creep above a
threshold stress, cavitation leads to n =
10; (d) compressive creep at stresses less
than a transitional stress, creep controlled
by SiC, n = 4; (e) compressive creep above a
transitional stress, creep controlled by
sliding along a shear crack.

RUPTURE CRITERION

From extensive microstructural studies[5-6] of this material, damage
evolution in KX01 is a consequence of cavitation at the interface between
silicon and silicon carbide grains. The cavities are approximately the
same size, d, as the SiC grains. With increasing cavity density, a
critical strain is reached whereupon cavity coalescence takes place,
forming large microcracks. Since microstructural analyses indicate that
the microcracks are usually found only in those specimens tested to
failure, the growth of these cracks to a critical size must occur rapidly.
Thus, the critical strain at which cavity coalescence occurs is really an
indication of a critical strain for failure.

Consistent with evidence provided in figure 1 (i.e. that lower creep rates
result in longer lifetimes and higher creep strains at rupture), it is
suggested that the critical crack size is proportional to the critical
strain at rupture. Following this line of reasoning, an effective elastic
fracture mechanics criterion may be applicable for lifetime predictions.
In this model it is assumed that the critical strain, €., is proportional
to f(a) where f is some monotonically increasing function of crack length,
a. To simplify the problem, f is assumed to be a linear function of crack
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length[8], so that ¢ = aa/d, where a is a proportionality constant and the
grain size d is employed for dimensional consistency. The constant a is
of a statistical nature depending only on the heterogeneity of SiC grain
distribution, the morphology of the two phase structure and other

geometric factors. Hence, the best way to extract a is by experiment, as
both ¢.,. and a are measurable.

Figure 4 is an optical micrograph showing the enlarged rupture area of a
tensile specimen crept at 125 MPa, 1300°C for 251 hrs. From observations
of surface tinting, and cavity formation adjacent to the main crack, it is
estimated that the crack length at rupture, 4.y, 1s about 1.02 mm. The
final creep strain at rupture was ~0.61 percent, so a is estimated as
~3x10-8, Therefore, the proposed rupture criterion based on a critical
strain to failure is given by the following equation:

= a,

eCX' d cr (4)

This critical strain criterion will serve as a foundation on which the

rupture time in both tensile and bending modes will be predicted in the
following sections.

RUPTURE TIME UNDER TENSION
With the aid of Eqn (4), it is straightforward to derive the time to

rupture, t,, under uniaxial tensile creep. Assuming €, in equation (1) is
equal to ¢, , equation (1) and (4) can be combined to result in

a,, = &, t; d/a (5)
As an effective "elastic" fracture mechanics concept is assumed to apply,
from which the following equation relating toughness, K;c, o, and &y 1S
obtained:

Kic = o, /8ﬂact (6)

where a factor of 8 is introduced as a result of interaction between a
long edge crack and the finite width of the specimen as observed in
Figure 4. It should be noted that the estimated a.; = 1.00 mm in Fig. 4
satisfies this equation for K;. = 20 MPa/m and 0, = 125 MPa. This value

of K;. is consistent with values obtained on the material studied[10].
from Eqn (2) into Eqn (6),

Substituting a., from Eqn (5) and [

2
1+(2/N) @ & 2IN Kre
€ ty = 8rd o p (7)

o

This is a derived Monkman-Grant type equation relating &, to te. It is
shown that the exponent for €5 is no longer unity, so that the original
Monkman-Grant formula applied successfully to metallic materials probably
needs to be modified as indicated in Eqn (7) for ceramic materials.

To verify this theoretical prediction, a series of creep rupture tests
under simple tension was carried out and the rupture data are reported in

2This was obtained from Ki =Y o, Ja [9] for an edge crack where
Y =1.99 - 0.41 x +18.7 x2 - 38.45 x® + 53.85 x4 for x = a/w = 0.5, w being
the width of the panel.
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Figure 5. Using the following constants for Si/SiC at 1300°C, N = 10,

d =35 pm, a= 3x10"5, &, = 8x10~° s-1!, 9, = 100 MPa and K;. = 20 MPa /m
[10], Eqn (7) becomes & 1-2 ty = 0.235x10"%. This equation is compared in
figure 5 with the stress rupture data. Agreement between theory and

experiment is good, not only in terms of the slope of the curve but also
in absolute magnitude.
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Figure 5. Correlation of analytical predictions and
rupture data on the Monkman-Grant
relationship in simple tension.

RUPTURE TIME UNDER BENDING

An understanding of the creep and creep rupture behavior of ceramic
materials in bending is important because components or substructure such
as beams, turbine blades, etc. are frequently subjected to bending.
Furthermore, material evaluation and property characterization are
generally conducted are flexure to avoid the complexity of specimen
gripping and alignment of ceramics. In this section, rupture behavior in
terms of lifetime predictions as a funcciqn of applied bending moment or
displacement rate at the loading points (A,) will be analyzed and compared
to the rupture data collected. It will be shown that predictions of
specimen lifetime in flexure can be based on an understanding of creep and
creep rupture behavior in tension and compression.

The mechanics of flexural creep were investigated previously([4,11] for
asymmetric creep materials obeying the constitutive laws of Eqns (2-3).
The important results are summarized here; the reader is referred to ref.
[4,11] for details. Using a methodology originally developed by Cohrt, et
al.[12], which treats each fiber of the beam as a Maxwell ebement, time-
dependent stress and strain distributions across the beam héight are
solved for a given bending moment (appropriate to the inner span of a
four-point bend specimen). The results show that, under the conditions of
constant moment and net zero forces, the local bending stresses
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i i ini i ic) distribution to a final
redistribute from the initial linear (elast
non-linear (quasi-steady state creep) distribution within a time frame
determined by a material constant, t,, defined by[4,11]

Eal/éo (8)
% = T

= 0,/E) is the initial outerfiber elastic strain and
gh?:ea:7;°§ isuéhe nondimensional applied st?ess normalized again:;ag;ient
Moreover, as a consequence of stress redistrlbucion: a pro}onge o
period for bending creep results. This phenomenon is conSLSten§ w o
bending creep curves collected in the laboratorygh]. 'On the otl?r ha ig
the normal strain distribution along the beam height ls'a%ways ine
agreement with Bernoulli’s hypothesis, a%though the position of zii:in
strain, H,, is not stationary. The prediction that the neutral s il
axis migrates from the original geometric center tovards the com?re
side as the creep test proceeds was confirmed experimentally([7,11].

With the availability of the time-dependent stress and strain
solutions and a rupture criterion, it is possible to compute the.rupture
time. Based on the observed rupture behavior of a bend baF, it is i
suggested that somewhere in the inner span a major crack will emeriid i
"grow" from the tensile edge of the beam towards the center in acco et
the strain criterion set out by Eqn (4). Because of sFrain lineariza
at all times, we can then compute t, solely from the t1me-dependentf .
solution of the strain at the tensile edge € (t). .It can be shovn rz:ts
simple geometric sketch (figure 6) that the following relationshlg'gxr
between the critical crack length at rupture, a.,., and the outer fibe

tensile strain, e:, at rupture:

.. @ H (-h) -
fer T 4 [H(1-h,) - a,,]

where H is the total beam height and h, is the location of zero strain asf
measured from the compressive edge normalized against H; a carat on top o
¢ means that the parameter is normalize? against €,,. The governing
differential equation for the unknown €¢” (t) is

de* = (6m - 2f) dt (10a)
subject to the initial condition
e (t=o0)=1 (10b)

Here, m and f are functions of current stress state and the asymmetrical
’ -

creep laws (cf. Eqns (11) of Ref. [11]); and t = t/t, is the dimensionless
time.

Having documented the necessary control equation§, the time to'rupture can
be computed numerically from the following algorithm. For a given hich
sustained load or bending moment, the critical crack length, a.., it whic
rupture takes place can be solved numerically by inver?ing the folM?wig%
nonlinear algebraic equation relating K; to a and applied moment, M:[
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Figure 6. Schematic disgram showing the "growth" of
the critical crack in a bend bar. At time
t,, there is no effective crack because the
strain at the tensile edge, ¢*, is smaller
than e.,; at time t,, the length of the
effective crack is a,, while at time t,, the
crack size a; has reached a,, and failure
occurs.

6M/H
Ky = —3gz Y (a/H) a1

where B is the beam width and Y(x) = /2 tan8[0.923+0.199(l-sin6)‘]/cos e;
9 = mx/2. When K; = Kic, a., can be determined. It should be noted that
rhere are two solutions for this inversion problem, but only one, giving
‘her a., for higher K;., is physically meaningful. With a., known
sether with the solution of h,(t), €* can be computed from Eqn (9).
Finally, the initial-value problem of Eqn (10) is solved for ¢* and the
time when ¢" reaches €],  is set for t,; that terminates the computation.
% FORTRAN program was developed according to the numerical scheme
described above. The input includes o, and other relevant material
constants; the output is t;. A single load input takes approximately
10 CPU seconds on the Cyber 855 supercomputer. A creep rupture type
equation relating t; to o, is plotted in Figure 7 for o, ranging from 200
to 400 MPa. The theoretical predictions of the solid line were computed
at a load interval of 5 MPa begiming from o, = 200 MPa and ending at 400
MPa. The following material constants were also used as inﬁut: E = 350
GPa, K¢, n, N, X\, o, and &, same as before. It is observed that the
solid line has a mild nonlinearity but for practical purposes, may be
assumed linear in the double logarithmic space. The rupture data were
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also presented in the same plot. Although the data show some scattir due
.ro materials variation, the comparison indicates excellent agreement.
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Figure 7. Correlation of numerical predictions and
rupture data on the Larsen-Miller type
relationship in bending.

CONCLUSION

We have presented analytical and numer%cal solutions of ru?zﬁrerZhavlor
under tensile and bending creep condit10n§. Comparisons wi cre gs
rupture data under the appropriate conditlovs show that agr?i S
excellent. The theory was derivid fromli slngl:szuzgzzebzza zenSile ses
itical tensile strain. The results sugg A
zzn:iz; rupture are dictated by the same rupture Sttalv and ::giethe creep
and rupture processes are intimately coupled and thus 1?sepi wisdém o
Finally, the present work demonstrates Fhat the conve?tlonaa Lsdom ©
treating ceramic bend bars with symmetric c?eep equations m yis R il
erroneous results. More careful treatm?nt in flexural creep > ossent
for characterization of long term behavior when ceramic composite

subject to bending.
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