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Monte Carlo simulation of creep failure in a
0°/90° plain weave SiC/SiC composite lamina
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A Monte Carlo model of the effects of fiber creep in a 0°/90° plain weave ceramic-grade
Nicalon reinforced SiC composite has been developed. Creep degradation of fibers was
predicted to result in stress dependent premature failure of woven ceramic matrix
composites, and that premature failure was modeled using a power-law. A power-law
exponent of 3.1 £ 0.1 was predicted. The power-law exponent was predicted to be
independent of initial crack size for crack length to specimen width ratios of 0.02, 0.10, 0.25,
and 0.50. The power-law exponent was also predicted to be independent of the matrix to
fiber strength ratio for ratios from 0.25 to 1.0. Premature failure in the 90° (transverse) tows
resulted in premature failure of the composite for low values of the matrix to fiber strength
ratio (less than 0.75), and decreased creep life was predicted for decreased matrix to fiber

strength ratio. For a matrix to fiber strength ratio of 1.0, the creep life of the woven
composite was predicted to be equivalent to a unidirectional composite. At small initial
crack lengths, a 10% improvement in the creep life was predicted for a reduction in the
matrix to fiber strength ratio from 1.0 to 0.75. This improvement was related to the
formation of microcracks in the 90° tows and shielding of the macrocrack tip from
accelerated creep damage. This improvement in the predicted creep life at a matrix to fiber
strength ratio of 0.75 was predicted to be independent of applied stress. However,
improvement of the creep life was not predicted to occur for larger values of initial crack

length. © 2003 Kluwer Academic Publishers

1. Background

The long-term reliability of ceramic matrix composites
in load-bearing, high temperature applications has been
a concern. Stress dependent premature failure of ce-
ramic matrix composites has been observed at elevated
temperature [1-27], and several degradation mecha-
nisms have been identified including creep [1-14],
fiber/environment reaction [15-25], wear of fiber sur-
faces during cyclic loading [26], and subcritical crack
growth within individual fibers [27]. An understand-
ing of degradation of individual fibers on the resulting
composite behavior has been identified [3, 8, 12—14] as
a critical need in improving the performance of these
materials.

Creep damage in ceramic matrix composites loaded
in tension initiated with a single macrocrack growing in
the direction perpendicular to the maximum principal
stress [15]. Some fibers remained intact and bridged
the macrocrack. Catastrophic failure of tension spec-
imens was preceded by fiber pullout, and then fiber
failure.

Damage accumulation in woven SiC reinforced ce-
ramic matrix composites initiated with microcrack for-
mation around processing pores [28]. Next, cracks
were observed to propagate in 90° (transverse) fiber
tows. After crack formation in 90° fiber tows, cracks
were observed to form in 0° (longitudinal) fiber tows.
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Catastrophic failure resulted from the propagation of a
macrocrack through the microcracked composite.

The influence of fiber degradation by creep and
the stress dependent premature failure of single tow
SiC mini-composites have been modeled with Monte
Carlo Simulation [12-14]. For axially loaded mini-
composites, damage accumulation began with nucle-
ation of a matrix crack, and continued with the forma-
tion of bridging fibers during extension of that matrix
crack. Failure of bridging fibers due to creep degra-
dation of those fibers resulted in continued extension
of the matrix crack, and transition to a fully cracked,
fiber dominated system. Continued creep degradation
of remaining fibers led to catastrophic failure of the
mini-composite. A power-law was used to model the
stress dependent premature failure of ceramic-grade
Nicalon fiber reinforced SiC mini-composites, and a
power-law exponent of 3.01 4= 0.06 was predicted. The
predicted power-law exponent agrees reasonably well
with experimental studies of SiC fiber reinforced mini-
composites [3]. A transition to rapid degradation of the
mini-composite was predicted after only about 10% of
the fibers exhibited significant creep damage [12—-14].

The effect of a variety of fiber characteristics on the
predicted creep response of a SiC mini-composite has
been reported [14]. High fracture toughness, high fiber
strength, high Weibull parameter, small fibers, and large
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fiber volume fraction were predicted to improve the
creep life of SiC mini-composites.

The purpose of this communication is to report a
Monte Carlo model of stress dependent premature fail-
ure a 0°/90° plain weave ceramic-grade Nicalon fiber
reinforced SiC composite lamina resulting from creep
degradation of fibers.

2. Description of Monte Carlo model

The geometry of the composite system modeled in
this communication is shown in Fig. 1. The geome-
try consisted a of a 0°/90° plain weave, ceramic-grade
Nicalon fiber reinforced SiC composite containing an
edge macrocrack loaded in Mode I [29]. The model
described in this communication predicts the behavior
of a single lamina of the geometry shown in Fig. 1.
The composite lamina was modeled as small volumes
of material each containing either a 0° fiber tow ele-
ment (longitudinal mini-composite element with fibers
parallel to applied stress) or a 90° fiber tow element
(transverse minicomposite element with fibers perpen-
dicular to applied stress). The cross section of each
mini-composite element was a square with unit dimen-
sion equal to the width of a single fiber tow. The macro-
crack length to specimen width (a/w) ratio was varied
while maintaining a constant number, 25, of elements
co-linear with the macrocrack tip.

A flow chart of the Monte Carlo model described
in this communication is shown in Fig. 2. The input
to the model included creep behavior of fiber rein-
forced ceramic matrix mini-composites, applied stress,
initial crack length, and position of the initial crack
tip. The model used numerical results of the creep
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Figure 1 Schematic representation of woven composite architecture
modeled in this study. Mini-composite elements containing fibers ori-
ented parallel to the applied stress were defined as 0° mini-composite
elements, and mini-composite elements containing fiber oriented per-
pendicular to the applied stress were defined as 90° mini-composite
elements.
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Figure 2 Flowchart of Monte Carlo model of creep of fibers in a woven
ceramic matrix composite lamina described in this study.

behavior of ceramic-grade Nicalon fiber reinforced SiC
matrix mini-composites [14]. Mini-composite behav-
ior has been reported to consist of a complex set of
stress dependent responses resulting from creep rupture
of individual fibers. The complex set of stress depen-
dentresponses included initiation of microcrack growth
within the mini-composite, quasi-static microcrack ex-
tension through the mini-composite, and finally failure
of individual fibers in a system described as a fully
bridged microcrack. Fiber bridging and creep rupture
of bridging fibers was included in the mini-composite
behavior.

The physical parameters of the Monte Carlo model
described in this communication included the applied
stress, initial macrocrack length, the position of the
macrocrack, and the ratio of the matrix strength to the
fiber strength. The initial macrocrack length to speci-
men width ratio was used as a measure of the initial
macrocrack length. As an example, an initial macroc-
rack length to specimen width ratio of 0.02 was equiva-
lent to an initial macrocrack length of approximately
1 mini-composite element width (Fig. 1). An initial
macrocrack length to specimen width ratio of 0.10 was
equivalent to an initial macrocrack length of approx-
imately 5 mini-composite element widths. An initial
macrocrack length to specimen width ratio of 0.25 was
equivalent to approximately 17 mini-composite ele-
ment widths.

The Monte Carlo model described in this commu-
nication used a power-law model to describe mini-
composite behavior [14]. In this manner, the behavior of
a mini-composite element under any loading condition
could be predicted from knowledge of the local stress
state in the mini-composite element. The well-known
Linear Elastic Fracture Mechanics solution [29] to the



TABLE I Potential failures in elements containing either 0° or 90°
fiber tows

Fiber tow Corresponding LEFM
Failure type orientation stress term
Tensile fiber failure 0° o1l
Shear interface failure 0° 12
Tensile matrix failure 0° 02
Tensile fiber failure 90° 02
Shear interface failure 90° 12
Tensile matrix failure 90° o11

stress field in material containing an edge-crack loaded
in Mode I loading was used to model the local stress
state in each mini-composite element of the composite
lamina. A scaling factor was used to avoid any numer-
ical problems with the singularity at the macrocrack
tip [29]. The Linear Elastic Fracture Mechanics solu-
tion was used to describe the effect of applied stress,
macrocrack length, and proximity to the macrocrack
tip on the local stress state in each mini-composite ele-
ment. The predicted response of each mini-composite
element was, however, dependent on the orientation of
the fibers in the mini-composite element.

Three types of potential element failure were hy-
pothesized for each mini-composite element orienta-
tion (Table I). The time for each failure type to occur by
creep rupture of individual fibers was predicted, and the
shortest predicted time was used as the predicted creep
response of that mini-composite element. Prediction of
the shortest failure time for each mini-composite ele-
ment was accomplished by comparing the local stress
state in that mini-composite element to the required
critical stress state in that mini-composite element ac-
cording to:

tr =14 A0 — Ot (D

where ¢y =predicted creep lifetime, A =pre-
exponential power-law constant, ogjoca = local stress,
Ocrit = critical stress (stress resulting in failure in 1
time unit), and n = power-law exponent.

For simplicity, it was assumed that the power-law ex-
ponent was independent of the failure mode (approxi-
mately 3 [14]), and the pre-exponential power-law con-
stant was computed as necessary. The critical stresses
for rapid failure of mini-composite elements are given
in Table II. The critical stress for fiber failure in ten-
sion, 421 MPa, was predicted from numerical models
of mini-composite behavior [14], but agree quite well
with experimental studies of ceramic-grade Nicalon
fiber reinforced mini-composites [3]. The critical stress

TABLE II Critical stress for element failure with ceramic-grade
Nicalon fibers

Failure type Critical stress value Reference
Tensile fiber failure 421 MPa 3,14
Shear interface failure 39 MPa 30

Tensile matrix failure 105-421 MPa

for interface failure in shear, 39 MPa, was taken as the
average value obtained from locipescu shear tests of
ceramic-grade Nicalon fiber reinforced SiC composites
[30]. No experimental or numerical results of the crit-
ical stress for matrix failure in tension were available
from in-situ studies on composite materials. Therefore,
this critical stress for matrix failure was varied system-
atically in the current numerical model from 25% of the
value of the critical stress for fiber failure (105 MPa) to
100% of the critical value for fiber failure (421 MPa).
Since both the matrix and fiber phases in the results de-
scribed in this communication were SiC, low values of
the critical stress for matrix failure would be consistent
with a composite lamina containing processing defects
or pores. High values of the critical stress for matrix
failure would be consistent with a composite lamina
containing no processing defects.

Predicted mini-composite element behavior using
Equation 1 was then a function of the constituent ma-
terials, applied stress, macrocrack length, proximity of
the element to the macrocrack tip, and mini-composite
orientation. Once the shortest predicted creep lifetime
for each mini-composite element was identified, that
lifetime was subjected to a random Gaussian variation
as ameans to model material variability. The average of
the Gaussian variation was the predicted lifetime, and
the standard deviation was 7.5% of this predicted value
[13].

The incorporation of variation in the prediction of
individual mini-composite element response is an im-
portant characteristic of the numerical model described
in this communication. The creep behavior of individ-
ual composite specimens is known to exhibit variation
[4], and power-law models of creep response predict
only the average response. To predict creep responses
of individual mini-composite elements, variation must
be incorporated into a power-law prediction.

The lifetime of each mini-composite element con-
taining random Gaussian variation was combined into
a Monte Carlo creep life response surface for the com-
posite lamina. This Monte Carlo creep life response
surface was a function of the mini-composite behav-
ior, mini-composite orientation, material variability, ap-
plied stress, macrocrack length, and proximity to the
macrocrack tip.

The Monte Carlo creep life response surface was
used to model the progression of creep damage in the
0°/90° plain weave, ceramic-grade Nicalon fiber rein-
forced SiC composite lamina. The mini-composite ele-
ment exhibiting the minimum predicted creep life failed
first. The result of mini-composite element failure was
modeled as either macrocrack extension or microcrack
formation in the composite lamina. Failure of an mini-
composite element adjacent to the macrocrack tip was
modeled as extension of the macrocrack into that mini-
composite element, and force from the failed mini-
composite element was distributed by re-computing the
Linear Elastic Fracture Mechanics solution to the stress
field. Failure of an mini-composite element not adjacent
to the macrocrack tip was modeled as formation of a
microcrack, and force from the failed mini-composite
element was distributed to remaining elements using
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an inverse square distribution law described in detail
elsewhere [12—-14]. In addition, the numerical model
allowed macrocrack extension by connection of micro-
cracks formed during previous creep damage.

Either macrocrack extension or microcrack forma-
tion resulted in two events. First, the lifetime of
each remaining mini-composite element was scaled to
incorporate creep damage accumulated in that mini-
composite element up to that time. Second, the remain-
ing creep life of each mini-composite element was re-
computed in relation to the change in the local stress
state in that mini-composite element, and a revised
Monte Carlo creep life response surface was computed.
The revised Monte Carlo creep life response surface
was used to predict the next mini-composite element
to fail. In this manner, the numerical model iterated
to catastrophic composite lamina failure defined as ex-
tension of the macrocrack to a edge of the composite
lamina. This numerical approach accounted for mate-
rial variability and all accumulated creep damage in
mini-composite elements. However, the model also al-
lowed the progression of creep damage to depend on
both macrocrack extension and microcrack formation.
Individual solutions of the numerical model would de-
pend on the random variation built into the Monte Carlo
creep life response surface, but the average of multiple
solutions would provide insight into expected compos-
ite lamina behavior.

3. Results and discussion

Typical creep damage predicted by the numerical model
described in this communication is shown in Fig. 3
for an applied stress of 70 MPa, initial macrocrack
length to specimen width ratio of 0.02, and a matrix
to fiber strength ratio of 0.5 (critical stress for tensile
failure in matrix of 210 MPa). Tensile failure of fibers
was predicted to determine creep lifetime in every 0°
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Figure 3 Typical predicted creep damage in a woven ceramic-grade
Nicalon fiber reinforced ceramic matrix composite lamina. The applied
stress was 70 MPa, the initial crack length to specimen width ratio was
0.02, and the matrix to fiber strength ratio was 0.5.
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mini-composite element. Tensile failure of the matrix
was predicted to determine creep lifetime in every 90°
mini-composite element. Even though failure of the in-
terface in shear exhibited the lowest critical strength,
no mini-composite element was predicted to fail by
this mode due to the relatively small shear stresses pre-
dicted by Linear Elastic Fracture Mechanics solution
[29]. The local stress field in each mini-composite el-
ement was dominated by the o1; term, and the other
terms were relatively small in comparison. In each in-
stance, the largest stress term in the Linear Elastic Frac-
ture Mechanics solution was predicted to be the most
critical stress term and determine creep lifetime of that
mini-composite element.

The lack of predicted interface failure in shear does
not imply that delamination type failures often reported
in experimental studies [28, 30] were not predicted to
occur. Matrix failure in tension could occur in either the
interior of the mini-composite element or at the surface
of the mini-composite element. Matrix failure at the
surface of the mini-composite element would be con-
sistent with delamination observed experimentally in
composite laminates [3—11]. However, the numerical
model described in this communication suggests that
delamination failures result from local tensile fields
not local shear fields. The numerical model also pre-
dicted that delamination would be constrained to 90°
mini-composite elements. It should be noted that fiber
pullout due to fiber/matrix interface failure was fully al-
lowed within individual mini-composite elements, and
contained in the mini-composite behavior [13].

The predicted accumulation of creep damage for
the solution shown in Fig. 3 initiated with failure of
90° mini-composite elements near the macrocrack tip.
Secondly, macrocrack extension was predicted to oc-
cur by connection of microcracks formed in 90° mini-
composite elements. A small number of microcracks in
the 0° mini-composite elements near the initial macro-
crack tip was also predicted. Once the macrocrack ex-
tended out of the region of significant stress concen-
tration (approximately 40% of the distance across the
composite lamina), failure of both 0° and 90° mini-
composite elements well away from the macrocrack
tip was predicted. Creep damage of the composite at
that point was predicted to be dominated by micro-
crack formation due to failure of both 0° and 90° mini-
composite elements. Eventually, rapid extension of the
macrocrack was predicted to occur by connection of
microcracks formed near the macrocrack tip.

Creep damage initially constrained to the highly
stressed 90° mini-composite elements within the area
of stress concentration was expected, since these mini-
composite elements exhibited the lowest predicted
creep lifetime. The small number of microcracks pre-
dicted in 0° mini-composite elements near the original
macrocrack tip was a result of the material variability
contained in the numerical model. The extensive mi-
crocrack formation predicted in both 0° and 90° mini-
composite elements late in the damage accumulation
process was somewhat of a surprise since the respec-
tive critical strength of the 90° mini-composite ele-
ments was only 50% of the critical strength of the 0°



mini-composite elements. Closer examination of the
numerical results revealed that the extensive micro-
cracking predicted late the creep lifetime resulted from
the combination of three characteristics of the model
described in this communication. First, the small gra-
dient in this region of the Linear Elastic Fracture Me-
chanics stress field solution resulted in similar local
stress states predicted in each mini-composite element
outside the zone of significant stress concentration as-
sociated with the macrocrack. Second, the power-law
function used to predict the creep lifetime response sur-
face (Equation 1) resulted in further reducing differ-
ences in predicted creep lifetimes between 0° and 90°
mini-composite elements in this region outside the zone
of significant stress concentration associated with the
macrocrack. Third, once a 90° mini-composite element
had been predicted to fail, the strong local effect of force
distribution from failed mini-composite elements dur-
ing microcrack formation tended to accelerate failure
of neighboring mini-composite elements irrespective of
their individual orientations. This acceleration of fail-
ure of neighboring mini-composite elements becomes a
self-propagating process as force distribution from se-
quential failures acts to concentrate the damage zone.

Microcracking in 90° mini-composite elements in
woven composites has been observed experimentally
[28]. The numerical model described in this communi-
cation predicts extensive microcracking in both 0° and
90° mini-composite elements late in the creep lifetime
when strain energy (potential energy) is being rapidly
converted to kinetic energy. A large amount of damage
on the resulting fracture surfaces would be expected.
Fracture surfaces in experimental studies [3—11, 28]
do show significant damage, but direct observation of
sub-surface microcracking in both 0° and 90° mini-
composite elements has not been reported. Therefore,
it is currently uncertain whether the extensive micro-
cracking predicted in Fig. 3 is anything more than a
numerical artifact.

The predicted macrocrack length as a function of
the fraction of creep lifetime is shown in Fig. 4 for an
applied stress of 70 MPa, initial macrocrack length to
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Figure 4 Typical relationship between the macrocrack crack length and
time for a woven ceramic-grade Nicalon fiber reinforced SiC composite
lamina for an applied stress of 70 MPa, initial macrocrack length to
specimen with ratio of 0.02, and matrix to fiber strength ratio of 0.5.

specimen width of 0.02, and matrix to fiber strength
ratio of 0.5. Failure of the first mini-composite element
near the original macrocrack tip occurred after about
40% of the lifetime had passed. The majority of the
lifetime, approximately 80%, was comprised of accu-
mulation of creep damage in the absence of macroc-
rack extension. However, during this time, formation
of microcracks in 90° mini-composite elements in the
region of highest stress concentration was predicted
along with creep degradation of all elements in pro-
portion to the local stress state. After approximately
80% of the lifetime had passed, slow macrocrack ex-
tension due to connection of microcracks in 90° mini-
composite elements was predicted. After about 98% of
the life had passed, a transition to rapid catastrophic
failure was predicted. The transition to rapid macroc-
rack extension was predicted to occur once the macro-
crack had extended a distance of approximately 10%
of the composite lamina dimension. This behavior was
consistent with behavior predicted for creep failure of
individual mini-composites [12—14]. Extensive micro-
crack formation in both the 0° and 90° mini-composite
elements evident in Fig. 3 occurred during the period
of rapid macrocrack extension during the last 2% of the
creep lifetime.

The predicted creep lifetime of a 0°/90° plain weave
ceramic-grade Nicalon fiber reinforced SiC composite
lamina as a function of applied stress and initial macro-
crack length is shown in Fig. 5. The matrix to fiber
strength ratio was held constant at 0.5 for each result in
Fig. 5, and 5 replicates are shown for each combination
of applied stress and initial macrocrack length. The data
in Fig. 5 are consistent with a stress dependent power-
law response of the composite lamina due to creep of
individual fibers and the resulting mini-composite fail-
ure. Both increased applied stress and increased ini-
tial macrocrack length resulted in decreased predicted
creep lifetime. The predicted behavior of the compos-
ite was independent of initial macrocrack length as ev-
idenced by parallel lines in Fig. 5.
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Figure 5 Predicted creep life a woven ceramic-grade Nicalon fiber re-
inforced SiC composite lamina as a function of applied stress and initial
macrocrack length to specimen width ratio. The matrix to fiber strength
ratio was 0.5 in each case, and 5 replicates were developed for each
combination of applied stress and initial macrocrack length to specimen
width ratio.
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The data in Fig. 5 were normalized according to:

(ff) . ( Oapp )n (2)
()30 MPa 80 MPa
where (77)gompa = predicted lifetime at an applied
stress of 80 MPa and o,,, = applied stress.

This normalization procedure permitted the power-
law exponent, n, to be determined from the combined
data set. The power-law exponent was predicted to be
3.1 £ 0.1. This power-law exponent agrees reasonably
well with experimental studies of woven ceramic-grade
Nicalon fiber reinforced SiC composites [3—6] and with
power-law exponents predicted from numerical models
of mini-composites [12—-14].

The effect of the matrix strength on the predicted
creep response of a composite lamina is shown in Fig. 6
for an initial macrocrack length to specimen width ratio
of 0.02 and matrix to fiber strength ratios of 1.0, 0.75,
0.5, and 0.25. The power-law exponent was indepen-
dent of the ratio of matrix strength to fiber strength, and
was computed to be 3.1 £ 0.1.

The predicted creep lifetime increased slightly when
the matrix to fiber strength decreased from 1.0 to 0.75.
The predicted creep lifetime of a woven composite lam-
ina with a matrix to fiber strength ratio of 0.75 was about
10% higher than that for a woven composite lamina with
a matrix to fiber strength ratio of 1.0. Further decreases
in the matrix to fiber strength ratio resulted in decreased
predicted creep lifetime with about a 60% reduction in
predicted creep lifetime for a decrease in the matrix to
fiber strength ratio from 1.0 to 0.5.

The influence of the matrix to fiber strength ratio
on the predicted creep lifetime is shown in Fig. 7 a
for applied stress levels of 70, 85, 100 and 125 MPa
and an initial macrocrack length to specimen width of
0.02. In all cases, the predicted lifetime decreased with
increased applied stress. Each data point in this plot
is the average of 5 independent numerical solutions,
and error bars indicate plus and minus one standard
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Figure 6 Predicted creep life of a woven ceramic-grade Nicalon fiber
reinforced SiC composite lamina as a function of applied stress and the
matrix to fiber strength ratio. The initial macrocrack length to specimen
width ratio was held constant at 0.02, and 5 replicates were developed
for each combination of applied stress and matrix to fiber strength ratio.
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Figure 7 (a) The predicted creep life of woven ceramic-grade Nicalon
fiber reinforced SiC composites as a function of the matrix to fiber
strength ratio and applied stress. The initial macrocrack length to spec-
imen width ratio was 0.02 in each case. The data points are the means
of 5 replicates, and the error bars are & one standard error of the mean.
Most error bars are not visible since their dimension is less than the size
of the data points. (b) The predicted creep life of woven ceramic-grade
Nicalon fiber reinforced SiC composites lamina as a function of the ma-
trix to fiber strength ratio and initial macrocrack to specimen width ratio.
The applied stress was 70 MPa. The data points are the means of 5 repli-
cates, and the error bars are & one standard error of the mean. Most error
bars are not visible since their dimension is less than the size of the data
points.

error of the mean. It should be noted that in general
the error bars are smaller than the dimension of the
data points, except in the case of an applied stress of
70 MPa and a matrix to fiber strength ratio of 0.81,
and indicate that the numerical model provided very
consistent predictions of composite lamina behavior.
At an applied stress of 70 MPa, a decrease in ma-
trix to fiber strength ratio from 1.0 to 0.94 resulted in
equivalent predicted creep lifetimes. Continued reduc-
tion of the matrix to fiber strength ratio from 0.94 to
0.87 resulted in a small decrease in the predicted creep
lifetime. As the matrix to fiber strength ratio was de-
creased from 0.87 to 0.81, an increase in the creep life-
time was predicted. At a matrix to fiber strength ratio of
0.81, the predicted creep lifetime was about 5% higher
than the predicted creep lifetime for a matrix to fiber



strength ratio of 1.0, and a modest amount of scatter in
the 5 independent solutions was observed. Further de-
crease in the matrix to fiber strength ratio from 0.81 to
0.75 resulted in a near maximum predicted creep life-
time (about 10% higher than the corresponding result
for a matrix to fiber strength ratio of 1.0). Continued
decreases in the matrix to fiber strength ratio from 0.75
to 0.25 resulted in systematic decreases in the predicted
creep lifetime.

At an applied stress of 85, 100, and 125 MPa, sim-
ilar trends in predicted creep lifetime with decreased
matrix to fiber strength ratios were observed, although
the predicted creep life did decrease with increased ap-
plied stress. A maximum in the predicted creep life was
observed at a matrix to fiber strength ratio of 0.75 for
each level of applied stress.

The influence of the matrix to fiber strength ratio on
the predicted creep lifetime for three values of initial
macrocrack length to specimen width ratios and an ap-
plied stress of 70 MPa is shown in Fig. 7b. The data
points are averages of 5 independent solutions, and the
error bars are plus and minus one standard error of the
mean. Once again, the numerical model predicted very
consistent results and the length of the error bars are
generally smaller than the dimension of the data point.
The predicted creep lifetime decreased as the initial
macrocrack length to specimen width ratio increased.
A maximum in the predicted creep life at a matrix to
fiber strength ratio of 0.75 was observed only for an ini-
tial macrocrack length to specimen width ratio of 0.02.
A systematic decrease in predicted creep lifetime was
observed for decreased matrix to fiber strength ratios
for initial crack length to specimen width ratios of 0.05
and 0.10.

Comparison of Fig. 7a and b indicate that the ex-
istence of a maximum in the predicted creep life at a
matrix to fiber strength ratio of 0.75 is dominated by
macrocrack length rather than applied stress level. Both
the applied stress and macrocrack length control the
magnitude of the local stress field near the macrocrack
tip. However, the applied stress primarily controlled the
magnitude of the stress concentration near the macro-
crack tip and the macrocrack length primarily con-
trolled the dimension over which the significant stress
concentration was observed. For small initial macroc-
rack lengths to specimen width ratios, a large number
of the mini-composite elements were well outside the
region of significant stress concentration, and exhibited
very similar stress states. For large initial macrocrack
length to specimen width ratios, larger numbers of mini-
composite elements were within the area of significant
stress concentration, and neighboring mini-composite
elements exhibited dissimilar stress states.

For small initial macrocrack length to specimen
width ratios, i.e. a/w = 0.02, and high matrix to fiber
strength ratios, i.e. Omatrix/Tfiber = 1.0, the predicted
creep life response surface was relatively flat outside
the zone of significant stress concentration. The fiber
orientation tow within each mini-composite element
did not affect the predicted creep lifetime response sur-
face. Therefore, the difference in the predicted creep
lifetime of neighboring mini-composite elements was
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Figure 8 Typical results of macrocrack length as a function of time
for matrix to fiber strength ratios of 0.05, 0.75, and 1.0. The initial
macrocrack length to specimen width ratio was 0.02 and the applied
stress was 70 MPa in each case.

dominated by the random variation of mini-composite
behavior for mini-composite elements away from the
macrocrack tip, and dominated by the magnitude of
the stress gradient near the macrocrack tip. For smaller
values of the matrix to fiber strength ratio, the pre-
dicted creep lifetime response surface exhibited signifi-
cant topography. The predicted creep lifetime of neigh-
boring mini-composite elements was dominated by
mini-composite element orientation within the zone of
stress concentration, and a combined function of mini-
composite element orientation and random variability
outside the zone of significant stress concentration.

Fig. 8 shows the typical relationship between macro-
crack length and relative time for an initial crack length
to specimen width ratio of 0.02 and three values of
matrix to fiber strength ratios, 1.0, 0.75, and 0.5. At
a matrix to fiber strength ratio of 1.0, accumulation
of creep damage resulted in macrocrack extension due
to failure of highly stressed mini-composite elements
in the zone of significant stress concentration. It was
observed that the first 75% of the life was required
to accumulate enough creep damage in these highly
stressed mini-composite elements to initiate macroc-
rack extension. Macrocrack growth continued slowly
by failure of mini-composite elements at the macroc-
rack tip in the absence of microcrack formation away
from the macrocrack tip, and macrocrack extension re-
sulted in significant acceleration of creep damage ac-
cumulation in elements near the macrocrack tip due to
stress redistribution associated with crack growth. Af-
ter the macrocrack had grown approximately 10% of
the distance across the composite, microcracks began
to form in both 0° and 90° mini-composite elements.
Macrocrack extension accelerated dramatically at this
point due to macrocrack growth by connection of mi-
crocracks, and the transition to rapid macrocrack ex-
tension occurred after about 95% of the predicted creep
life.

At a matrix to fiber strength ratio of 0.5, accumu-
lation of creep damage initiated with failure of highly
stressed 90° mini-composite elements in the zone of
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significant stress concentration near the macrocrack tip.
Since these 90° mini-composite elements exhibited sig-
nificantly lower critical stresses than 0° mini-composite
elements, microcrack formation was constrained to the
90° mini-composite elements. Macrocrack extension
initiated and proceeded by connection of microcracks
formed in 90° mini-composite elements. No macroc-
rack extension was observed for the first 85% of the
life, and then transition to rapid macrocrack extension
by connection of microcracks in 90° mini-composite
elements resulted in catastrophic failure. Since the 90°
mini-composite elements had significantly lower pre-
dicted creep lifetime and macrocrack extension oc-
curred by connection of these elements, a significantly
lower creep lifetime was predicted for the composite
due to formation of a regular array of microcracked
90° mini-composite elements.

At a matrix to fiber strength ratio of 0.75, there was
less disparity between the predicted creep lifetime of
0° and 90° mini-composite elements within the zone of
significant stress concentration near the macrocrack tip.
Creep damage initiated with failure of highly stressed
90° mini-composite elements near the macrocrack tip
in a manner similar to that observed for a matrix to fiber
strength ratio of 0.5. However, due to the higher critical
strength of these elements for a matrix to fiber strength
ratio of 0.75, compared to a matrix to fiber strength
ratio of 0.5, longer times were required to initiate dam-
age. The strong local effect of force distribution from
failed mini-composite elements help constrain creep
damage to microcrack formation in 90° mini-composite
elements near the site of initial microcrack formation.
Eventually, macrocrack extension occurred by connec-
tion of microcracked 90° mini-composite elements, but
onset of macrocrack extension was offset until approxi-
mately 95% of the predicted creep life had passed. Once
macrocrack extension started, stress redistribution as-
sociated with macrocrack growth resulted in the rapid
acceleration of creep damage accumulation followed
by the onset of catastrophic failure in a manner similar
to that observed for a matrix to fiber strength ratio of
1.0.

The primary effect of weakening the 90° mini-
composite elements with a reduction of matrix to fiber
strength ratio from 1.0 to 0.75 was the delayed on-
set of macrocrack extension. This delayed onset of
macrocrack extension delayed the rapid acceleration
of creep damage in mini-composite elements at the
macrocrack tip due to stress redistribution associated
with macrocrack growth. In essence, the formation of
microcracks slightly away from the macrocrack tip
combined with the strong local effect of force redis-
tribution from microcracked mini-composite elements
effectively shielded the mini-composite elements at the
macrocrack tip from acceleration of creep damage ac-
cumulation. If the 90° mini-composite elements were
weakened too much, i.e. matrix to fiber strength ratio
of 0.5, premature onset of microcrack formation and
macrocrack extension were predicted.

The effect of shielding mini-composite elements at
the macrocrack tip from accelerated creep damage ac-
cumulation at a matrix to fiber strength ratio of 0.75 was
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still evident as the applied stress was increased from 70
to 125 MPa as shown in Fig. 7a. However, the effect of
increased initial macrocrack length from 0.02 to 0.05
resulted in a strong localization of the creep damage to
the elements at the macrocrack tip. Therefore, shielding
of mini-composite elements at the macrocrack tip from
accelerated creep damage accumulation due to micro-
crack formation was not effective when the matrix to
fiber strength ratio was reduced to 0.75 with an initial
macrocrack length to specimen width ratio of 0.05 or
0.10 as shown in Fig. 7b.

4. Conclusions

A Monte Carlo model of creep crack growth in a
0°/90° plain-weave ceramic-grade Nicalon fiber rein-
forced SiC composite lamina containing an edge crack
loaded in Mode I has been developed. The composite
was modeled as alternating 0° and 90° mini-composite
elements. The 0° mini-composite elements contained
a ceramic-grade Nicalon fiber tow oriented parallel to
the applied stress. The 90° mini-composite elements
contained a ceramic-grade Nicalon fiber tow oriented
perpendicular to the applied stress. The unit dimension
of each mini-composite element was equal to the width
of a fiber tow.

The Monte Carlo model utilized the behavior of in-
dividual fiber tows to predict the response of individ-
ual mini-composite elements in the woven composite
lamina using a power-law relationship between mini-
composite element lifetime and local stress. The lo-
cal stress was computed using the well-known Linear
Elastic Fracture Mechanics solution to the stress field
surrounding a sharp edge crack. Failure modes of both
0° and 90° mini-composite elements included tensile
failure of fibers, tensile failure of the matrix, and shear
failure of the tow interface. Material variability of con-
stituent phases was incorporated into the Monte Carlo
model using a random Gaussian variation of the pre-
dicted creep lifetime of each mini-composite element.
The mean of the Gaussian distribution was the power-
law prediction of the time required to observe the most
critical type of failure for each mini-composite element,
and the standard deviation of the Gaussian distribution
was taken as 7.5% of the mean value.

The model permitted macrocrack extension by fail-
ure of mini-composite elements adjacent to the macro-
crack tip, and microcrack formation by failure of mini-
composite elements not adjacent to the macrocrack tip.
Once a mini-composite element had failed, force from
that failed mini-composite element was distributed to
remaining mini-composite elements. Force distribu-
tion was accomplished by re-computing the Linear
Elastic Fracture Mechanics stress field if macrocrack
extension was predicted. Force distribution was accom-
plished by an inverse square redistribution law if micro-
crack formation was predicted. Macrocrack extension
by connection of microcracks as appropriate was also
permitted.

Catastrophic failure was defined as macrocrack ex-
tension to an edge of the composite lamina. Stress de-
pendent power-law behavior in the woven composite



lamina was predicted from creep degradation of fibers,
and a power-law exponent of 3.1 4+ 0.1 was pre-
dicted. Failure in 0° mini-composite elements was
predicted to occur by tensile failure of fibers. Fail-
ure in 90° mini-composite elements was predicted to
occur by tensile failure of the matrix. Matrix fail-
ure in 90° mini-composite elements was thought to
be equivalent to the physical process of delamination
cracking.

Critical parameters in prediction of composite lam-
ina behavior were applied stress, initial macrocrack
length, and the matrix to fiber strength ratio. Increased
applied stress and increased initial macrocrack length
resulted in lower predicted creep lifetime. For small
initial macrocrack length, a reduction of the matrix to
fiber strength ratio to 0.75 was predicted to increase
the creep lifetime by about 10%. This improvement in
the creep lifetime was thought to be related to the for-
mation of microcracks in the 90° mini-composite ele-
ments, and shielding of elements at the macrocrack tip
from rapidly accelerating creep damage due to stress
redistribution. This shielding effect was predicted for
all levels of applied stress investigated. For larger val-
ues of initial macrocrack length, decreased creep life-
time was predicted for a decrease in the matrix to fiber
strength ratio from 1.0 to 0.75. This observation sug-
gests the shielding effect of microcrack formation in the
90° mini-composite elements was only effective at very
small crack sizes. The predicted creep life decreased for
decreased matrix to fiber strength ratios below 0.75 for
all combinations of applied stress and initial macroc-
rack length investigated.
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