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Abstract

The creep behavior of SiC/C/SiC microcomposites
at 1200—1400°C and 140-450 M Pa was investigated
in the presence and absence of matrix cracking. The
microcomposites consisted of single Hi Nicalon or
Carborundum fibers coated with a CVD carbon
interlayer and a CVD SiC matrix. Since the fibers
and matrix had been examined by the identical
experimental technique, direct comparisons of the
creep of the composite and of the constituents were
performed. The creep of uncracked microcomposites

was successfully modeled using a simple rule of

mixtures algorithm. When matrix cracks were pre-
sent, the microcomposites were modeled using a ser-
ies composite consisting of intact microcomposite,
exposed fiber at the matrix crack, and the debonded
region in between. Trends for behavior with respect
to the various mechanical and structural parameters
that control creep are presented. © 1999 Elsevier
Science Ltd. All rights reserved.

Keywords: modelling, SiC-fibers, composites, creep,
SiC.

1 Introduction

Ceramic matrix composites (CMCs) are being
developed for use in high temperature structural
applications. There are relatively few published
reports about the creep of these materials.!™!!
Theoretical approaches to composite creep behavior
are often based on a microcomposite unit consisting
of a single fiber sheathed by a cylinder of the matrix
material with or without an interlayer.>*!%-1¢ This
simple unit cell has been used in experimental inves-
tigation of composite behavior. Chemical vapor
deposited (CVD) SiC fibers have been considered

*To whom correspondence should be addressed at current
address: Rockwell Science Center, 1049 Camino Dos Rios,
Thousand Oaks, CA 91361, USA.
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as microcomposite structures in thermoelastic!”
and creep investigations.!> The mechanical prop-
erties of composite interfaces have also been stu-
died using microcomposite specimens.'®2° In the
present study, the interaction of these behaviors
are presented. The creep of microcomposites is
reported and the resulting behavior is modeled in
the presence and absence of matrix cracking.

Creep in uncracked composites is controlled by
stress transfer. The less creep resistant component
(fiber or matrix) sheds load over time to the more
creep resistant component. This change leads to
the achievement of a nearly steady state creep rate
due to the steady state creep of the more creep
resistant component or to the failure of that com-
ponent. In the case of an elastic fiber, creep halts
when the matrix completely unloads onto the fiber.
Chermant and Holmes' defined the creep mis-
match ratio, CMR = é¢,/¢,, to categorize the type of
creep behavior. For CMR less than 1, the matrix
unloads onto the fiber and damage occurs by fiber
failures. For CMR greater than 1, the fiber unloads
onto the matrix and damage occurs by cavitation
or cracking in the matrix. Creep of CMCs can fall
into either regime.

Matrix cracking leads to increased loading on the
fibers in the vicinity of the matrix crack. If the
fibers have sufficient strength, the composite can
continue to hold load until the creep rupture time
of the fibers is exceeded. Following the initial
matrix cracking, additional composite degradation
can occur by several different mechanisms. Growth
of the fiber/matrix interface debond can occur due
to the difference in the radial creep strain of the
fibers and that of the matrix.!3!6 In oxidizing envir-
onments, the interfacial properties (and hence the
creep behavior) can be altered by removal of the
interface layer or by closure of the interface by
oxidation of the fiber and/or matrix. In multi-
dimensional composites, matrix crack growth can
occur through the 0° plies during composite
creep.!!>! For microcomposite tests in inert envir-
onments it has been demonstrated that none of
these degradation mechanisms are important.°
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2 Experimental Procedure

The single fiber microcomposites (shown schema-
tically in Fig. 1) were produced at the Laboratoire
des Composites Thermostructuraux (LCTS) using
a process similar to that for manufacturing CVI
composites.>> Two SiC fibers were used, the 17 um
diameter (nominal) sintered «-SiC fiber from the
Carborundum Company and the 14 um polymer
derived Hi Nicalon® fiber (Nippon Carbon Com-
pany). These fibers were from the same batches as
specimens used in earlier single fiber creep tests.??
All microcomposites had a 0-1 um pyrocarbon
interlayer. The Carborundum microcomposites
were received May 1995 and had a nominal matrix
thickness of 5um. The individual test specimens
with the Carborundum microcomposites are desig-
nated with the prefix ‘C’. The Hi Nicalon micro-
composites were received in four batches. The first
received in May 1995, designated ‘HS5’, had a
matrix thickness of 5um, the second received in
May 1996 had a matrix thickness of 10 um and is
designated ‘H10’, and the third and fourth batches
received in August 1996 had a 3 um matrix and are
designated ‘H3’. The H5-, H10-, and C- batches of
microcomposites were fabricated by conventional
CVD(CVI) while the H3- batch was prepared by
pulsed CVD. It was determined that the matrix
deposited on the microcomposites was Si-rich
leading to poorer than expected creep properties.?*
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Fig. 1. Schematic of a microcomposite.

The microcomposites were cemented into 203 um
diameter alumina tubes using an alumina-based
adhesive.” The tubes were sliced along 14 mm length
to provide a long channel for adequate gripping.
The specimen length between tubes was 15+ 1 mm,
equivalent to the hot zone of the furnace. The
tubes were epoxied to steel washers for gripping
outside the furnace. A few of the specimens which
were tested at stresses below the matrix cracking
stress were epoxied directly to the washers without
use of the alumina tubes. The equivalence of the
two gripping procedures was validated by demon-
strating the consistency of the creep behavior of
single Hi Nicalon fibers using both techniques.
Creep tests were performed on a fiber testing
apparatus described in detail elsewhere.>> The spe-
cimen was suspended from a micropositioning
motor, through a platinum/rhodium wound furnace,
to a load cell. An encoder in the motor monitored
the rotations of the drive gear which was converted
to specimen strain. The entire test system was
encased in a glass bell jar to allow controlled
atmospheres. Unless otherwise indicated, all
experiments were conducted in flowing argon. Due
to thermal expansion effects, the apparatus required
a 4 h dwell at temperature prior to the commence-
ment of the experiments.

Creep tests were performed at temperatures
between 1200 and 1400°C and stresses between
100 and 450 MPa. All experiments commenced
with a load—unload-reload hysteresis loop at tem-
perature to check for the presence of matrix
cracking and interfacial sliding. When matrix
cracking was suspected, the microcomposite creep
tests were periodically interrupted with hysteresis
loops. The results of these hysteresis tests are
reported elsewhere.?? The matrix and fibers were
tested individually on the same apparatus for direct
comparison.?32*

The effective gauge length for creep, /lefr, is not
well defined for microcomposites tested in a tem-
perature gradient.”’® The CVI matrix has a lower
creep activation energy than do the fibers,?3%*
therefore matrix creep strain accumulates over a
longer length of the specimen in the furnace. The
effective gauge length for matrix creep is therefore
longer than that for fiber creep. For purposes of
strain calculations in this paper, the effective gauge
length for all microcomposites will be taken as
15 mm, the total length of the specimen between the
tube grips. This is longer than that for the fibers
[gefr(fiver) = 10mm at the temperatures of interest]
therefore for modeling and comparison purposes
the creep rates of the fibers were multiplied by a

*Ceramabond 503, Aremco, Ossining, NY.
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factor of lger(fiver)/15 to account for the shorter
effective gauge length of the fibers.

3 Results and Discussion

3.1 Microcomposites without matrix cracks

The creep behavior of microcomposites was inves-
tigated with respect to a large number of control
variables including fiber type, fiber volume frac-
tion, applied stress, creep temperature, and matrix
crack density. The conditions for individual creep
tests are given in Table 1.

The creep behavior of uncracked micro-
composites at 1300°C is compared to the behavior
of single fibers and matrix specimens in Fig. 2. As
discussed above, the fiber strains have been nor-
malized to the microcomposite effective gauge
length for comparison purposes. The fibers and
matrix specimens were tested on the identical
apparatus as the microcomposites were and fol-
lowed the same experimental procedure. Specimen
failures, when they occurred, are indicated in all
figures, but most samples were removed from the

test rig prior to failure for inspection. For micro-
composites based on either fiber, the creep resis-
tance of the microcomposite is between those of
the fiber and matrix tested at the same stress and
temperature. There is no creep curve shown for a
Carborundum fiber at 100 MPa in Fig. 2 because
that fiber does not show measurable creep strain at
that stress at 1300 °C. Also plotted on each graph
in Fig. 2 is the creep curve for a single fiber tested
at an applied stress approximately equal to o,pp/ V5
where o,,, is the remote stress on the micro-
composite and Vyis the fiber volume fraction. This
is equal to the stress that would be on the fiber in
the microcomposite if the matrix carried no load.
It is clear that the Hi Nicalon microcomposite
creep strain is well below that for this fiber, how-
ever for the Carborundum microcomposite the
creep strain is actually greater than that of the sin-
gle fiber. The increased strain results from elastic
strain of the fiber during creep due to stress trans-
fer from the less creep resistant matrix. At longer
times, the creep rate of the Carborundum fiber
tested at o,pp/Vy is greater than that of the micro-
composite.

Table 1. Microcomposite creep conditions

Specimen Vi Precracking Temperature Stress(es) Time (f) No. of cracks
no. conditions (°C) (MPa) (h)
C-3 0-50 - 1400 140 96 0
C-4 0-50 - 1300 280 17-25(f) 0
C-5 0-33 - 1300 104 87 0
22 24
H10-7 0-28 - 1300 147 181 0
222 2-2(f) ?
H10-9 0-20 Bending 1300 199 24 6
H10-10 0-17 Bending 1400 140 2:9(f) ?
H10-11 0-17 Bending 1200 134 156 ?
201 35
H5-4 0-44 - 1300 130 24 0
30 24
H5-6 0-26 - 1300 423 1-04(f) 1
H5-7 0-27 Tension 1300 190 15 ?
532 MPa 266 24
H5-9 0-27 Tension 1300 381 9-8(f) 3?
600 MPa
H5-10 0-28 Tension 1200 305 2 1
500 MPa 375 2-5(f)
H5-11 0-37 Tension 1250 436 8-3() 24
546 MPa
H3-1 0-45 Tension 1300 168 37 1?
840 MPa
H3-2B 0-48 - 1300 200 25 0
25 52-5
200 25
25 25
200 25
H3-4 0-44 - 1400 200 7(f) 0
H3-6A 0-48 - 1200 200 25-5 0
H3-7B 0-51 Tension 1200 200 50 7
900 MPa
H3-8 0-50 Tension 1200 450 24 21
1.2 GPa
H3-11A 0-52 - 1300 100 24 0
H3-12 0-48 - 1200 450 25 0
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The creep of uncracked microcomposites was
modeled wusing a simple rule of mixtures
approach.>'> The model assumes no residual
stresses, instantaneous loading, and perfect load
transfer across the interface. The applied stress is
initially distributed according to the elastic con-
stants and volume fractions of the fiber and matrix.
The stresses in each component change over time
as the less creep resistant phase unloads onto the
more creep resistant phase. Primary creep laws
were used for modeling the creep behavior of the
fiber and the matrix since these expressions are the
best currently available,>3?” although their use for
complex load histories is probably inappropriate.
The total creep strain of each constituent consists
of an elastic and a creep component:
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Fig. 2. Comparison of the creep curve for a (a) Hi Nicalon-

based microcomposite and (b) a Carborundum-based micro-

composite, a matrix sample, and fibers at 1300 °C. The creep

curves of the fibers have been normalized to the micro-
composite gauge length.

Efm = %Jr Ac"PeT (1)

where ¢ is the creep strain, o is the applied stress, ¢
is the time, T is the absolute temperature, E is the
Young’s modulus, n is the creep stress exponent, p
is the creep time exponent, and P = pQ/R where Q
is the activation energy and R is the gas constant.
The fiber and matrix parameters used in the calcu-
lations are given in Table 2.23?* Since the strain
rates in each of the composite constituents are
constrained to be equal, the change in stress in
either constituent at any time can be derived. The
fiber stress rate, for example, is?

VinErEp
ViEr+ VinEm

O__V,O_f nmp ﬂ n/P __p/
X | Ap 5 re ™ — Ao r7eT | (2)

oF =

The change in constituent stress over a time inter-
val At is calculated. The composite strain over that
time interval is determined from

e(t+ At) = e(t) + (% + Afp,a”ftpf1>Az. (3)
i

The strain in eqn (3) can be calculated equally well
using the matrix elastic and creep parameters. For
the first iteration, the initial strains is simply the
elastic strain of the composite computed from the
rule of mixtures. The calculation [eqn (3)] is iter-
ated as necessary until the conclusion of the simu-
lation. The time interval A¢ must be chosen small
enough for the convergence to the same final solu-
tion yet large enough to avoid numerical instability
at small times.

The creep behavior of microcomposites based on
both SiC fibers at 100 MPa and 1300 °C is shown in
Fig. 3. The fiber volume fraction for the Carbor-
undum-based microcomposite was 0-33 while that
for the Hi Nicalon microcomposite was 0-52. Por-
osity was negligible. The solid lines in the figure are
the results of the rule-of-mixtures model. The pre-
diction is excellent for both microcomposites. The

Table 2. Fiber and matrix creep properties used in composite
creep models 2>23

A p n  P(=pQ/R) E
(min~P Pa™™) (K) (GPa)
Matrix 2:33x107'7 049 1.9 9607 420
Carborundum 5-10x10-'> 0-61 1.84 34 777 420
fiber¢
Hi Nicalon 1.94%x10-7 0-48 1.42 32 042 200
fiber¢

“Adjusted for change in gauge length.
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Carborundum-based microcomposite has better
creep resistance than the Hi Nicalon-based micro-
composite as expected from the fiber creep results.

The evolution of the fiber and matrix stresses
calculated from the rule of mixtures model is
shown in Fig. 4. For the Carborundum-based
microcomposite the stresses on both components
start out equal since the fiber and matrix have the
same elastic modulus. The fiber stress, oy, quickly
increases to approximately 237 MPa while the matrix
stress, o,,, decreases to 38 MPa. For the Hi Nicalon
microcomposites, the initial stress distribution is
not equal. The matrix has a higher elastic modulus
than does the fiber so the initial stress on the
matrix is higher than that on the fiber (the strains
must be equal). The elastic misfit stresses relax very
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Fig. 3. Comparison of the creep behavior of Carborundum-

and Hi Nicalon-based microcomposites. The experimental

results are shown by the symbols and the rule of mixtures
models by the lines.
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Fig. 4. Evolution of fiber and matrix stresses during micro-

composite creep at 100 MPa and 1300 °C calculated from the

rule of mixtures model. The Hi Nicalon microcomposite
results have been shifted 200 min for clarity.

quickly and it is reasonable to assume that if there
were residual stresses in the microcomposite, they
would also quickly dissipate as noted by Park and
Holmes.* The matrix sheds load onto the fiber until
or = 118 MPa and o,, = 80 MPa at the conclusion
of the simulation. The matrix carries a significantly
larger part of the applied stress for the Hi Nicalon
microcomposite than for the Carborundum micro-
composite in the figure. In both cases, the early
stages of creep elongation are characterized by
stress transfer to the creep resistant fibers, while the
later stages can be thought of as nearly constant
stress creep.

It is simple to use the rule of mixtures model to
simulate the changes in the stress state during creep
of microcomposites for which the matrix is the
more creep resistant phase (CMR > 1) as might be
expected for a stoichiometric matrix. Fig. 5 shows
the fiber and matrix stresses for a theoretical Hi
Nicalon-based microcomposite coated with a
matrix that creeps at an order of magnitude lower
rate than that observed. The rest of the conditions
are identical to those of Fig. 4. The initial fiber and
matrix stresses are the same as in the earlier case,
but the matrix now accepts load shed from the
fiber. The amount of stress transferred is low since
the matrix stress is initially much higher than the
fiber stress. Therefore, the creep strain arising from
the elastic loading of the matrix in the initial stage
of the simulated experiment is lower than in the
CMR <1 case.

The fiber volume fraction dependence of the creep
curves for Hi Nicalon-based microcomposites at
1300° and 140+ 10 MPa is shown in Fig. 6. The
fiber volume fraction for specimen H10-7 is 0-28
while that of specimen HS5-4 is 0-44. As can be
anticipated from the CMR being less than one, the
microcomposite with the greater fiber volume has
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Fig. 5. Calculated fiber and matrix stresses for a Hi Nicalon-
based microcomposite for which CMR > 1.
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Fig. 6. Creep curves for Hi Nicalon-based microcomposites

showing effect of fiber volume fraction at 1300°C and

approximately 140 MPa. The solid lines represent the predic-
tion from the rule of mixtures model.

the better creep resistance. The Vy value affects
both the initial and later stages of the creep curve.
For smaller V7, the matrix has a greater share of
the applied stress on loading, therefore there is
more creep strain initially as the elastic stress mis-
match is relaxed. At longer times the fiber carries
most of the load. In the limit of a matrix that car-
ries no load, the fiber stress would go to oupp/ V7.
Therefore a microcomposite with a smaller V' will
have a higher fiber stress at long times and there-
fore have a faster creep rate. It can clearly be seen
in Fig. 6 that the microcomposite with the smaller
fiber volume fraction (H10-7) creeps more initially
and has a higher creep rate at longer times than
does the microcomposite with the larger V, (H5-4).
The rule of mixtures results for both micro-
composites are shown in the figure. Again, the
model correlates well with the observations.

The temperature dependence of the creep of Hi
Nicalon-based microcomposites at 200 MPa is illu-
strated in Fig. 7. The fiber volume fraction for both
specimens is 0-48. The creep rate is higher at the
higher temperature as is expected. There is an
important difference in the load sharing within the
composite however. The calculated evolution of
the stress on the fiber is plotted in Fig. 8. The stress
transfer rate is slightly faster at the higher tem-
perature, but it ceases at a much more evenly
balanced load sharing condition. The activation
energy for creep of the matrix is lower than that for
the fiber, therefore the difference in creep rates for
the two composite constituents is greater at lower
temperatures. It is this difference in creep rates that
induces stress transfer.

The creep curves for several Hi Nicalon-based
microcomposites at different stresses are shown in
Fig. 9. The rule of mixtures model works well
except for specimen H3-12 which was tested at
450 MPa and 1200°C. This discrepancy probably
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Fig. 7. Effect of temperature on the creep strain accumulation
of Hi Nicalon-based microcomposites tested at 200 MPa. The
solid lines represent the fits to the rule of mixtures model.
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Fig. 8. Calculated evolution of fiber stress at 1200 and 1300 °C

at 200MPa and ¥7,;=0-48 for Hi Nicalon-based micro-
composites.

arises from the extrapolation of the matrix creep
behavior to the high stresses experienced in this
experiment. The rule of mixtures model calculates
that o, changes from an initial value of 580 to
211 MPa at the conclusion of the experiments. The
matrix creep results clearly indicate that the matrix
cannot sustain this level of stress at this tempera-
ture.?? It is possible there was undetected matrix
damage for this specimen.

3.2 Creep of microcomposites with matrix cracks
Cracking of the matrix changes the stress state in
the composite in the region where the fiber/matrix
interface debonds.?®3° The microcomposite creep
rate increases due to the inability of the matrix to
carry load in the debonded region. The fiber is
under a higher stress in that region relative to that
in the uncracked microcomposite.
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A schematic section of a microcomposite near a
matrix crack is shown in Fig. 10. The micro-
composite can be broken up into three regions as
indicated in the figure. In region 1, the fiber is
completely debonded from the matrix and carries a
stress, o1, equal to o,pp/ V7. In region 3, the micro-
composite is intact. The stress on the fiber, o3, is
dictated by stress transfer due to creep rate mismatch
between the fiber and matrix as in an uncracked
microcomposite. As shown previously, the fiber
stress in this region increases with creep time. In
region 2, the interface is debonded. The stress on
the fiber in this region (o») is set by the interfacial
sliding resistance and is assumed to change linearly
with distance, x, and is calculated from

oa(x, 1) = —2—RT(X — Lg) + 03(1)
4)

.
= ——X o
R 1
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Fig. 9. Creep curves of Hi Nicalon-based microcomposites
showing the stress dependence of the creep behavior.
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Fig. 10. Schematic of a microcomposite near a matrix crack
showing the level of stress in the fiber.

where x = 0 at the matrix crack, R is the fiber
radius, and t is the interfacial shear stress. In this
equation, the time dependence arises from the time
dependence of o3 as derived from the rule of mix-
tures algorithm. If the debond does not propagate,
there is a change in t which results in a decrease in
the slope of the o, versus x line with time as indi-
cated in the figure. (Propagation of a debond
would also result in a decrease in 7.'3) At x = 0, 0>
will remain constant throughout the creep test at a
value of 0. Theoretically, there is a step in the fiber
stress at the debond tip?°-3° which has been ignored
in the current analysis. This step is related to the
fracture energy of the debond which has been
shown to be very low for similar micro-
composites.??3!

The overall creep strain of the microcomposite is
the summation of the creep strains, ¢;, from each of
the three regions, i.c.

(=0 a0 1 a0 )

where ¢; represents the creep strain accumulated if
the whole microcomposite consisted of region i, L
is the total gauge length, and the Lf are the frac-
tional lengths of each region along the gauge
length microcomposite. The value of &3 is deter-
mined from the creep behavior of an uncracked
microcomposite (rule of mixtures model). The
strain in region 1 is simply the fiber creep strain for
a fiber creeping at o1 = o,pp/ V. The value of ¢; is
also determined from the fiber creep equation, but
the stress is not constant over the length of this
region and changes with time. The strain increment
at any time interval At is calculated from the inte-
gral

L(
Agy = A% + ij ,Aa”tpe_”Q/Rde
Er Laly " ? ©)
Ao, N 24 JLd 21:x " dx
= — —_— O’ [ —
E "Lilo|' R

where A4, n, p, and Q are the fiber creep parameters,
Ao, is the change in the average stress in the
debond region over the time increment, A" incor-
porates the time and temperature dependence of
the creep rate, and 2L, is the length of both
debonds in the unit cell (Fig. 10). Equation (6) can
be simplified to

AO’Z + AR
Ef 21(t)Ly(n+ 1)

Agy = [0}t =™ (D)

Since Ag; = A'(t)of, the strain accumulated in
region 2 during any time interval is proportional to
the strain accumulated in region 1 during the same
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interval plus the elastic strain derived from the
change in oy, i.e.

A
Agy = % + CAg; (8)

where /

_ RO’] 7+ 1
¢= 2tL4(n + 1)(1 B ©
with B = o03/0;. It is important to remember that
C,B, and 1 each has a time dependence which
arises from the time dependence of o3.

Computation of the lengths L, L, and L;
requires knowledge of the debond length and the
number of matrix cracks, N. If the shear sliding
resistance of the interface is known, the debond
length can be calculated from?3?

_ oaR
©2Vp(1 + a)( — Lo/ La)(to + ko)

Ly

(10)

where a = E,V,,/E/Vy, Ly 1s the distance along
which the Poisson’s effect is dominant and there is
no stress transfer across the interface, and k is a
coefficient accounting for stress dependent fiber/
matrix interactions along the debond. For a first
approximation it was assumed that £ =0 and
Ly = 0. The shear stress of the interface is known
from the hysteresis loop measurements.?? It is
assumed that L; does not change during creep in
inert environments. Once the debond length is
known, calculation of the lengths of the three
regions of microcomposite is straightforward.
Assuming that none of the debonds overlap,

L, = 5(COD)
L, = 2NLy (11)
Ly=L—L,— L,

where COD is the average crack opening displace-
ment. For purposes of creep modeling it is assumed
that COD and L, are equal for all cracks along the
length of the microcomposite.

To make the microcomposite creep experiments
practical, the specimens were precracked at a high
stress, opre. This allowed the initiation of multiple
matrix cracks under conditions where the fiber is
not subject to creep fatigue processes. Large dia-
meter microcomposites were precracked by bend-
ing around a 6-5 mm diameter post rather than in a
tensile test which would have caused failure of the
microcomposite on first matrix cracking due to the
high matrix volume fraction. The creep test can
then be carried out at lower stresses. This proce-
dure causes uncertainty about what debond length
to use in the analysis of eqns (11). Upon partial
reloading (applying the creep stress) fiber-matrix

sliding does not occur along the entire debond
length, but halts at a length L,?? This length
quickly increases with increasing stress on the fiber
due to creep of the matrix until it reaches the end
of the physical debond at which point the fiber
stress profile is that depicted in Fig. 10. For sim-
plicity of the calculations, the value of L; used is
that determined by precracking and eqn (10). It is
recognized that this may lead to a small over-
estimation of the microcomposite creep strain (by
increasing L) but it is likely to have a strong effect
on only the initial part of the creep curve. Later in
the experiments, the fiber stress is high in region 3
and sliding occurs along the entire debond length.

The observed creep rates for matrix cracked
microcomposites are higher than those for intact
microcomposites, as expected. The creep curve for
microcomposite H3-7B is shown in Fig. 11. The
curve for microcomposite H3-6A is shown for
comparison. Both specimens were tested at 1200 °C
and 200 MPa but microcomposite H3—7B had been
precracked in tension at 900 MPa at room tem-
perature so that there were seven matrix cracks.
Specimen H3-7B also had a slightly larger fiber
volume fraction. Also shown in the figure are the
results of the rule of mixtures and cracked compo-
site. models. The later model is shown for two
values of 7, the general value of 10 MPa and the
value measured for that specimen during pre-
cracking of 14 MPa. These two shear strengths are
difficult to distinguish using hysteresis loop mea-
surements,” but have an important effect on the
cracked composite creep model as shown.

The model works for specimens H5-9 and H5-11
as well for T = 10 MPa and assuming N =2 for
H5-11. The creep curve for H5-9 is shown in Fig.
12. The microcomposite failed after 9-8 h at
1300°C and 381 MPa.

In order to demonstrate the influence of the
different parameters that control the creep of

=10 MPa
[o =200 MPa
0.8 4 IT = 1200°C
=051
N=7

Cracked Composite Model
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Fig. 11. Comparison of the creep of cracked and uncracked

Hi Nicalon-based microcomposites at 1200°C and 200 MPa.

The results of the rule of mixtures and cracked composite
creep models are shown by the solid lines.
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2.5
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Fig. 12. Creep curve for microcomposite H5-9 tested at
1300°C and 381 MPa.

microcomposites having matrix cracks, a series of
calculated creep curves for Hi Nicalon micro-
composites tested at generic creep conditions are
presented. Each plot highlights the effect of one
of the key variables. The baseline parameters
used to generate these plots are o, = 600 MPa,
Oapp = 300MPa, T'=1300°C, Vy=0-3, R =7 um,
70 = 10 MPa, and N = 5. The crack opening dis-
placement (= L;/N) is taken as 1 um. The stress
parameters yield a debond length of 576.5 um and
an initial 7 (at the creep stress) of 5:34 MPa. The
values of L/L, L,/L, and L3/L are 0-033, 384,
and 61-6%, respectively.

The creep curves calculated for each region of the
microcomposite, normalized to its relative gauge
length are plotted in Fig. 13. It is apparent that the
largest contribution to the overall creep strain
(55:6% at t=24h) comes from the debonded
region (region 2) of the microcomposite, despite its
length being shorter than that of the intact section.
Although the creep rate of the microcomposite is
fastest at the crack opening, the small length of
that region makes its contribution to the overall
creep strain negligible. Increasing the assumed
crack opening by an order of magnitude to 10 um
contributes only an additional 0-015% to the total
creep strain. As a result, the creep in region 1 can
be disregarded in the microcomposite creep model.

The interfacial shear stress has a strong influence
on the creep behavior of the cracked micro-
composite. The creep curves for t =5, 10, 25, and
100 MPa (at precracking) are shown in Fig. 14. It
has been shown that the number of matrix cracks is
dependent on the interfacial stress,’? but for this
analysis N is assumed to be constant. The effect of
a small change in shear stress is more important at
low values of 7. Doubling 7 from 5 to 10 MPa
decreases the strain accumulated in 24 h (1440 min)
by 21-7% while increasing t a factor of 4 from 25
to 100 MPa results in only a 9-6% change in strain.

2.5

T=1300°C
0, = 300 MPa

2.0 1

Total
£= (1) (L, +Lg, +Lg)

Debonded Region
L) g

Intact Region
(L/De,
0.5

0.0

(%) uieng deain
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(L),
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Fig. 13. The creep curves for each region of a matrix cracked

microcomposite normalized to its relative gauge length. The

creep strain for the microcomposite is the sum of that for each
of the three regions.
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Fig. 14. Effect of the interfacial strength on the creep of
cracked microcomposites.

The differences in creep accumulation with t result
from the variation in debond length with shear
stress. By eqn (10), the debond length is inversely
proportional to the interfacial shear stress. At a
shear stress of 5MPa, the debond length is
1153 um for the experimental conditions assumed.
For a shear stress of 10 MPa, the debond length
decreases to 577 um. The portion of the micro-
composite in region 2 drops from 76-9% at =
SMPa to 38:4% at T = 10 MPa. The values of L,
for t=25 and 100MPa are 154 and 3-8%,
respectively. The stresses along the debond vary
over the same range from o3(¢) to oy for all four
values of the shear strength, but the distance they
are acting over changes significantly.

If toughening is to be achieved by fiber pull out,
weak fiber/matrix bonding (low 7) is needed.??
Alternatively, high toughness can be achieved with
a strong interface if a dense network of matrix
cracks can be generated.?? For the same number of
matrix cracks, the Hi Nicalon microcomposite with
the strongest interface will creep the least as shown
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in Fig. 14. In other systems (see below for Carbor-
undum microcomposites) the effect may not be as
important. Increasing 7, however, can result in
increased matrix cracking.??> Overall, high values of
T may be preferable since composites with strong
interfaces favor high applied stresses and a high
stress at matrix crack saturation relative to the
weak interface case.?

The calculated creep curves for different fiber
volume fractions are shown in Fig. 15. The fiber
volume fraction affects the microcomposite creep
behavior in several different ways. At lower Vy, the
stress on the fiber at the matrix crack is higher,
therefore the stress in the debond is higher and the
creep rate is higher. As shown in Fig. 6, decreasing
the fiber volume fraction increases the creep rate in
region 3 of the cracked microcomposite. The cal-
culated debond length also changes with volume
fraction as indicated by eqn (10). The debond

T =1300°C Ve
Gpp = 300 MPa
G, = 600 MPa

t=10MPa
N=5

02

03

0.5

Effect of fiber volume fraction

(%) uiens dea1)

T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

Time (min)

Fi

[

g. 15. Calculated creep curves for cracked microcomposites
with different fiber volume fractions.
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Fig. 16. Predicted creep behavior of matrix cracked Carbor-
undum-based microcomposites showing effect of interfacial
shear strength.

length is 933-3um for Vy=0-2, 576-5um for
Vy=0-3, and 280 um for V; = 0-5. The change in
debond length means that significantly more of the
microcomposite is in region 2 as the volume frac-
tion decreases.

The sensitivity of the creep curve to creep tem-
perature and applied stress is similar to those for
the uncracked microcomposite and will not be dis-
cussed further here. Increasing the precracking
stress produces additional matrix cracks and longer
debonds if the fiber/matrix interface cracks grow,
thereby increasing the relative length of region 2 of
the microcomposite. Since creep is faster in region
2 than in region 3, the overall creep rate will be
higher.

The trends described above for the creep of
matrix cracked microcomposites hold for all sys-
tems with a CMR less than one. Fig. 16 shows the
effect of replacing the Hi Nicalon fiber in the model
microcomposite with the more creep resistant Car-
borundum fiber. The creep curves shown in the
figure are not realistic since the Carborundum fiber
is known to undergo subcritical crack growth at
the creep temperature.®* Failure would occur
rapidly for the conditions in the figure since the
fiber stress at the matrix cracks is 1 GPa. The figure
is used only to illustrate the trends expected for a
more creep resistant fiber.

Since interfacial sliding was not observed for
Carborundum-based microcomposites, the inter-
facial strength is unknown, therefore the creep
behavior is plotted for several values of z: 5, 10, 25,
and 100 MPa. At 7t =100MPa, the calculated
creep behavior is barely distinguishable from that
of an intact microcomposite. It should be recog-
nized that the surface of the Carborundum fiber is
very rough, therefore a high value of the sliding
resistance is expected, so the behavior may be that
for the T = 100 MPa case. As is clear in the figure,
matrix cracking has less of an effect on the Car-
borundum-based microcomposite than it did for
the Hi Nicalon microcomposite. The value of the
CMR for the Carborundum-based microcomposite
is lower than for Hi Nicalon composites. Since the
fiber creeps less than the Hi Nicalon fiber, it takes
more stress from the matrix in region 3 as was
demonstrated in Fig. 4. As a result, the creep rate
in region 3 is much closer to that in region 2 for the
Carborundum microcomposite. Therefore, the
change in creep rate for the Carborundum micro-
composite due to matrix cracking is relatively low,
particularly for a small number of cracks.

An interesting feature of Fig. 16 is that for rela-
tively long times (~40h) there is less creep strain
for the cracked Carborundum-based micro-
composite than for the uncracked microcomposite.
This results from the same effect that was shown in
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Fig. 2 where a fiber tested at o,p,/Vr creeps less
than the uncracked microcomposite. In the cracked
microcomposite, there is less elastic strain of the
fiber during creep resulting from relaxation of
matrix stress. The fiber stress in region 3 of the
microcomposite changes twice as much as the
average fiber stress in region 2 according to Fig. 4.
Since the creep of a Carborundum fiber is slow at
1300°C, the time necessary to overcome the
resulting strain difference is long. It can be seen in
the figure that the creep rates of the cracked
microcomposites are higher after the stress transfer
period, and the creep curves do eventually cross. It
should be remembered that this discussion pertains
to creep strain, not total strain. The presence of
matrix cracks causes more strain during loading. If
Fig. 16 showed total strain rather than creep strain,
the matrix cracked specimens would always be at
higher strains.

The previous analyses have been for a CMR <1,
but the model can also be used for CMR>1
assuming that the debond length does not grow.
The calculated creep curves for Hi Nicalon micro-
composites with and without matrix cracks for two
different matrix creep rates are shown in Fig. 17.
The lower matrix creep parameters were generated
by dividing the observed matrix creep behavior by
a factor of 10. This procedure provides CMR > 1.
The effect of matrix cracking is much greater for
the microcomposite with CMR >1. The creep
strain is 241% greater at the finish of the creep
curve for the matrix cracked microcomposite when
CMR > 1. For the original calculation, the differ-
ence is only 39%. As shown in Fig. 5, the fiber
stress decreases during the creep of the CMR >1
microcomposite. Therefore, the difference between
the fiber stresses in regions 2 and 3 of the micro-
composite is much greater than for the CMR <1
specimen. The difference in creep rates between
region 2 and region 3 is greater resulting in the
larger creep strains.
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Fig. 17. Comparison of creep models for microcomposites
with CMR > and <1.

4 Conclusions

The creep behavior of SiC-SiC microcomposites
was measured and modeled at 1200-1300°C and
100450 MPa. Two creep models were presented
differing by the absence or presence of matrix
cracking:

1. In the absence of matrix cracking, the micro-
composite creep behavior can be described by a
simple rule of mixtures model which predicts rapid
stress transfer from the less creep resistant matrix
to the more creep resistance fibers.

2. After matrix cracking, the microcomposites can be
split into three sections: the intact region, the
exposed fiber at the crack, and the debonded sec-
tion in between. By weighting the creep strain in
each of these sections by its relative length, the
total creep behavior of the microcomposite is
obtained.

The models were shown to be consistent with the
observed microcomposite creep strain for different
fiber creep rates, volume fractions, ambient tem-
peratures, and applied stresses. Using these mod-
els, the creep behavior for a theoretical composite
system can be described given the creep mismatch
ratio and the interfacial shear strength.
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