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Summary

A micromechanics-based method has been developed to analyze the creep response of uncoated
ceramic matrix minicomposites. Although the global stress level at which the creep response is analyzed
is lower than the composite proportional limit, local stresses are assumed to be high enough that localized
damage is present in the composite in the form of matrix microcracks. To model the composite creep
response, including the effects of matrix cracking, a fiber shear lag-based methodology is employed. In
this approach, stresses are assumed to vary in the fiber as a function of time and distance from the crack
plane. The varying stresses are then used to compute the overall creep strain for the composite. Various
assumptions regarding the level of matrix microcracking in the composite and the level of creep in the
fiber and matrix in various portions of the composite unit cell are also examined. The creep response of
the fiber is modeled using a linear Burgers model. The model is applied to a SiC¢/SiC unidirectional
minicomposite system. The computed creep results are compared to experimentally obtained values. The
effects of the local fiber volume fraction on the overall creep response of the composite are also studied.
This work will allow increased understanding of the key material damage mechanisms and load sharing
that take place during creep conditions and can be expanded to provide improved analysis methods for
full macrocomposites.

Introduction

The next generation of aircraft gas turbine engines require the capability to maintain structural
integrity at very high temperatures. In addition, fuel efficiency considerations require the engine
components to be lightweight while still maintaining desired mechanical and thermomechanical
properties in the components subject to these elevated temperatures. SiC-based ceramic matrix
composites (CMCs) are gaining wider usage as a viable material class for these applications. In order to
fully utilize the capabilities of these materials, there is a need to gain a greater understanding of the local
damage mechanisms and how they contribute to key features of the material response. As part of this
process, material models must be developed that account for these local mechanisms and can simulate the
response of ceramic matrix composites under relevant loading conditions.

In previous work by the authors (Ref. 1), a micromechanics-based method based on a fiber shear lag
analysis was developed to analyze the fast fracture response of uncoated ceramic matrix minicomposites
under room temperature conditions. In the work described in Reference 1, microstructural features such as
the ratio of the fiber slip length to the crack spacing were found to be a key parameter driving the stress
level at which the proportional limit takes place and the response of the composite after the proportional
limit was reached. In addition, irregularities in the composite microstructure and in the geometry and
propagation of matrix microcracks were found to have a significant influence on the composite response.
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Another important finding of this report, as well as work presented in Reference 2, is that matrix
microcracks were present, and affected the composite response, at stresses lower than the proportional limit.

Creep tests on woven SiC/SiC composites with full CVI SiC matrix conducted by Bhatt and Kiser
(Ref. 3) at stresses lower than the nominal proportional limit displayed significant variability in the creep
response. Potential causes of the variability were hypothesized to be related to local porosities or fiber
clustering, which could result in localized stress concentrations. These localized stress concentrations
could result in localized matrix cracking. Based on the results of tests such as those described by Bhatt
and Kiser (Ref. 3), the development of mechanistic approaches to simulate the creep of composites,
including the effects of local damage mechanisms, could help to explain this variability. Ceramic matrix
composites require weak fiber coatings between the fiber and the matrix. The weak fiber coatings deflect
matrix cracks from propagating through the fibers, which allows intact fibers to bridge matrix cracks and
provide damage tolerance and facilitate load transfer from failed fibers to their unbroken nearest
neighbors as well as from the cracked matrix to the fibers. They are used to enhance the toughness of a
composite that is made from brittle fibers and a brittle matrix (Ref. 4). For composites with localized
matrix cracking, the weak fiber coatings can significantly affect the composite response.

One difficulty in studying CMCs is that procuring test specimens of full-sized macrocomposites can
be very time consuming and costly. As an accelerated and simple testing alternative, studying
minicomposites, effectively a fiber tow coated with a weak coating and a matrix, can provide a
convenient method to examine the key response features of CMCs in a rapid, cost-efficient manner.

There have been several analytical studies to model the creep response of ceramic matrix composites
and minicomposites. In Almansour and Morscher (Ref. 5), a number of minicomposites with CVD-SiC
matrices, Hi-Nicalon™ and Hi-Nicalon-S™ fibers, and boron nitride fiber coatings were tested under
creep conditions at a temperature of 1,200 °C. Both pristine and precracked composites with a variety of
fiber volume ratios were tested in air. A creep model was utilized (originally developed by Sauder
(Ref. 6)) in which an exponential law was used to model the primary creep and a power law was used to
model the secondary creep. Creep tests were conducted on the fiber and matrix and the constants in the
creep model were determined from these tests. Both constituents were assumed to creep during the
composite creep process. A load sharing model was developed to capture the transfer of load from the
matrix to the fiber as both constituents creep. A strain hardening model was developed to account for the
changes in stress in each constituent as the creep process progressed. For the pristine minicomposites, no
localized matrix cracking was assumed to be present in the material. The effects of fiber type, volume
fraction, creep stress and cracking status on the creep response were determined. The creep model was
used to track the stress evolution in each of the constituents during creep.

Rugg, et al. (Ref. 7) developed a micromechanics-based model to analyze the creep response of
composites both with and without matrix cracks. For the uncracked matrix, a power law formulation was
used to model the fiber and matrix creep response. Both the fiber and matrix were assumed to creep, and a
load sharing relation was developed to simulate the transfer of load from the matrix to the fiber during the
creep process. For minicomposites with cracks, in the areas near the cracks where interfacial load transfer
took place between the fiber and the matrix (referred to as the “slip length”), a shear lag-based process
was utilized to model the behavior of the composite. Within the slip length region, the fiber stresses
decreased in a linear fashion from the plane of the crack until the end of the slip length (where the stress
reached a constant homogeneous, continuum level). The slip length was assumed to remain constant
during the creep process. Due to the fact that the stress state in the homogeneous stress region was
assumed to vary as creep progressed due to load transfer between the fiber and matrix, the effective
interfacial shear stress was assumed to vary in order to maintain stress continuity. The varying stress
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along the slip length was incorporated into the fiber creep equations to determine the creep strain of the
composite along the slip length.

Other types of micromechanical approaches that do not utilize the shear lag and load sharing
approaches have been employed to analyze the creep response of ceramic matrix composites. For
example, in Mital, et al. (Ref. 8), an approach was developed to model the nonlinear response of ceramic
matrix composites through the use of the Generalized Method of Cells. For the creep portion of the
model, a Bailey-Norton creep law was generalized to three dimensions and utilized to model the creep
response of both the fiber and the matrix. In the Generalized Method of Cells, a unit cell of the composite
is identified, and the unit cell is divided into a series of subcells. Continuity conditions between the
various subcells and between periodic unit cells are employed to account for the load transfer between the
various constituents. Matrix cracking was not explicitly accounted for within the material model.

Building on this type of approach, in Khafagy, et al. (Ref. 9) a viscoplasticity-based model was used
to model the creep of the fiber and matrix constituents. A plastic potential function, and its derivatives
with respect to stress, were employed to compute the components of creep strain for both the fiber and
matrix. The effective creep strain was computed using a variation of the Norton-Bailey creep law. Matrix
damage was accounted for by using a continuum damage mechanics model to model the matrix
constituent. Note that approaches such as shear lag models to simulate the load transfer between the
cracked matrix and the fibers were not utilized in this work. The Generalized Method of Cells was used to
compute the overall response of the composite.

Santhosh and Ahmad (Ref. 10) developed a micromechanics approach to simulate the response of
ceramic matrix composites under both tensile and creep loading. In this approach, while localized damage
in the matrix was accounted for, in the regions near matrix cracks no load transfer was assumed to take
place between the fiber and matrix, as opposed to the shear lag type of approach where a certain level of
load transfer due to interfacial shear stresses was specified. Specifically, in this model the matrix was
assumed to be linear elastic, and the fiber was assumed to have a combination of elastic and
inelastic/time-dependent responses. For a composite without damage, a combination of uniform stress and
uniform strain assumptions (with appropriate load transfer) were applied to compute the overall response
of the composite. For a composite with damage, the approach was extended such that in the damaged
region the fiber stress was assumed to be equal to the stress at the crack plane. Empirical equations were
developed to compute the length of the damaged region and the evolution of the crack density. This
concept is also different from the shear lag approach in which the slip length (the region where interfacial
load transfer takes place) is defined based on fiber and matrix constitutive properties. In Santhosh, et al.
(Ref. 11), this approach was extended to also permit inelastic, time-dependent deformation of the matrix
constituent.

In the current report, the goal of the study is to conduct analytical simulations of the creep response of
minicomposites, incorporating effects of localized matrix cracking through the use of a shear lag-based
analysis in the damaged region of the composite. The studies presented in this report will concentrate on
minicomposites with a fiber volume ratio of approximately 20 percent. However, the effects of varying
the fiber volume ratio will be examined. The initial studies described in this report will focus on uncoated
composites and also neglect oxidation and other environmental effects.

The report will explore in detail how matrix damage can affect the creep response of the composite,
even when the composite is loaded at stresses lower than the proportional limit. Three specific conditions
will be considered. First, the case where cracking is assumed to be insignificant will be discussed. In this
case, both the fiber and the matrix constituents will be assumed to exhibit creep behaviors, and load
sharing will be assumed to exist between the fiber and the matrix. Second, an intermediate case will be
considered. In this scenario, significant matrix cracking will be assumed to be present within the
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composite even though the composite is loaded lower than the proportional limit. In this scenario, within
the slip length region near the matrix crack plane, only the fiber will be assumed to creep. Any load
sharing between the fiber and matrix will be assumed to be driven by the interfacial shear stresses
between the fiber and the matrix, and the matrix will be assumed to not creep in this region. Beyond the
slip length region, both the fiber and matrix will be assumed to creep and load sharing will take place
between the fiber and matrix. In the third scenario to be examined in this report, significant matrix
cracking will again be assumed to be present. For this case, in the slip length region only the fiber will be
assumed to creep. However, in this third scenario, outside of the slip length region the matrix will be
assumed to not creep due to the brittle nature of the ceramic matrix. The matrix will be assumed to
constrain the fiber such that the fiber will not creep beyond the slip length region. The matrix will be
assumed to crack as strain increases, which will place more of the fiber within the slip length region near
matrix cracks and thus lead to increased creep in the fiber.

The report will begin with a complete description of the material that was examined, the experimental
approach used to obtain the creep data, and a description of how the specific experimental data used in
this study was processed. Next, the creep model used to simulate the creep response of the fiber and
matrix (as relevant) will be presented, and creep tests on the fiber will be analyzed using the presented
creep model. The development of constitutive models to simulate the creep response of the composite will
then be discussed for all three matrix cracking scenarios discussed previously. The constitutive model
discussion will include the following features of the method. The shear lag-based method used to compute
the fiber creep response in the damaged portion of the composite will be discussed. When creep in the
portion of the composite outside of the crack/damage region is assumed to take place, the techniques used
to compute such creep will be described. The methods used to homogenize the creep response in the
regions within and outside of the slip length (to compute the overall composite creep response) will be
discussed for the two cases where matrix cracking is assumed to be present. Simulations of the creep
response of a representative minicomposite loaded at stresses lower than the proportional limit will be
presented. In addition, a detailed description of the effects of including localized matrix cracking in the
creep simulations, and the differences in the computed composite creep response resulting from the
different scenarios discussed previously will be presented. The ability of the developed model to simulate
the creep response of a minicomposite loaded at stresses lower than the proportional limit at a higher fiber
volume fraction will also be presented. The overall study represents a detailed examination of the effects
of accounting for localized matrix damage in simulating the creep response of ceramic matrix
minicomposites, even when they are loaded at stresses lower than the proportional limit. The results of
this study should increase the level of understanding of the local material mechanisms that affect the
creep response of ceramic matrix composites.

Materials and Experimental Approach

The minicomposite systems that were utilized in this work and the methods used to conduct the
experiments are described in this section.

Materials

A SiC¢/SiC minicomposite system was studied in this work. It was manufactured by Rolls-Royce
High Temperature Composites, Inc. (Rolls-Royce HTC) (Cypress, CA, USA). The system contains a
single Hi-Nicalon Type S™ silicon carbide (SiC) fiber tow manufactured by NGS Advanced Fibers Co.,
Ltd. (Toyama, Japan), a 0.4 um chemical-vapor-infiltrated boron nitride (CVI-BN) fiber coating and a
silicon carbide (CVI-SiC) matrix. The minicomposites’ cross-sectional areas and constituent volume
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fractions were computed using the methods described in previous studies (Refs. 4 and 5). Specifically,
two specimens with a nominal fiber volume fraction of 0.20 were tested and three specimens with a
nominal fiber volume fraction of 0.35 were tested. For the composites with a fiber volume fraction of
0.20, the composite creep stress was approximately 200 MPa. For the specimens with the higher fiber
volume fraction, the nominal composite creep stress was approximately 390 MPa. Creep stress on both
composites was selected to be slightly less than their matrix cracking stress according to Reference 4. All
of the creep tests were conducted at a temperature of 1,200 °C. For each of the specimens, the applied
load, composite stress and constituent fiber volume fractions are listed in Table I. The material properties
of the constituents are shown in Table II. These properties were obtained from Goldberg, et al. (Ref. 1)
and Almansour, et al. (Ref. 5).

Micrographs of a representative minicomposite are shown in Figure 1 (Ref. 12). From the figure, note
that the fiber filaments are clustered towards the interior of the cross-section of the composite, and that
there is a ring of unreinforced matrix in the exterior of the cross-section. Also note that there is a
significant level of porosity in the interior of the composite cross-section.

TABLE I.—SPECIMEN DATA FROM CREEP TESTS

Specimen ID Composite stress, Load, Fiber volume Matrix volume Fiber coating
MPa N ratio ratio volume ratio
HNSC2-4 251.7 59.9 0.237 0.677 0.086
HNSC3-2 202.5 58.5 0.196 0.734 0.07
HNSCI1-1 396.9 60.1 0.373 0.492 0.135
HNSCI1-2 365.1 58.5 0.353 0.519 0.128
HNSC1-4 390.3 54.7 0.403 0.451 0.146

TABLE IIL.—CONSTITUENT DATA FOR MINICOMPOSITES

Property Values

Fiber radius, pm 6

Average fiber coating thickness, pm 0.4
Fiber density, g/cm? 3.1

Fiber coating density, g/cm? 1.5
Matrix density, g/cm? 3.2
Average crack density at failure, mm™! 1.7
Average crack spacing at failure, mm 0.59
Fiber modulus, GPa 400
Fiber coating modulus, GPa 25

Matrix modulus, GPa 425
Interfacial shear strength, MPa 11

Interfacial debond energy, J/m? 1.24
Matrix fracture energy, J/m? 16.7
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Figure 1.—Representative cross section of SiC#/SiC minicomposite
used in current study.
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Figure 2.—Experimental setup for creep testing. (a) Creep experiment setup.
(b) Schematic of creep experiment.

Experimental Methods

The mounting and preparation of minicomposite creep samples were previously detailed in
Almansour, et al. (Ref. 13). Monotonic creep testing of minicomposites was performed at a temperature
of 1,200 °C using the creep test setup shown in Figure 2 and the process described in detail in Almansour
and Morscher (Ref. 5). The furnace temperature profile throughout the length of the furnace was
measured, and the effective gauge length of the minicomposite specimens in the hot zone was calculated,
which enabled the computation of engineering strain from the recorded displacement measurements using
the procedures described in Almansour and Morscher (Ref. 5). The strain contributions from the thermal
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expansion during heating and from room temperature elastic deformation of the sample were deducted
from the total strain. The length on both sides of the hot zone at which the temperature drops to room
temperature was neglected as described in Almansour and Morscher (Ref. 5). The minicomposite stress
was determined by dividing the applied load on the minicomposite by the minicomposite’s average cross-
sectional area.

Fiber creep data was obtained by testing single Hi-Nicalon-S™ fiber samples in creep at 1,200 °C in
vacuum (pressure ~10—4 Pa) using procedures described in Almansour and Morscher (Ref. 5). To obtain
approximate matrix data for the CVI-SiC matrix under creep loading conditions, minicomposites with
98 percent CVI-SiC and 2 percent Hi-Nicalon-S™ fibers were tested in creep at 1,200 °C (Ref. 4).

Fiber and Matrix Creep Model

To model the creep behavior of the fiber, a linear Burgers model was utilized. The rheological layout
of the model is shown in Figure 3. In the figure, an elastic spring represents the initial elastic response of
the material. The spring and dashpot in parallel represent the primary creep and the additional dashpot in
series represents the secondary creep.

The creep model represented in the figure can be expressed using Equation (1), where the strain at
time t at a particular location “z” along the slip length is computed. The stress is assumed to vary along
the slip length. In the equation, Eyrepresents the elastic modulus, E” represents the spring stiffness in the
primary creep regime, 1); represents the dashpot viscosity in the primary creep regime and r, represents
the dashpot viscosity in the secondary creep regime. To simplify the characterization of the equation, the
1n1/E* ratio in the primary creep portion of the equation is referred to as a relaxation time t,.

o) , 9| _ oo =, )]+ 22
(0= E, E [ exp( L\ tﬂ+ N2 t

o =T (1)
e(z.1) = cs(z) o(z) [1 exp( H G(Z)
Ef Ty N2
of
Ey

E*g tj n1

-

\

Figure 3.—Rheological
schematic of linear
Burgers model for creep.
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Representative creep curves for Hi-Nicalon-S™ fibers obtained at a temperature of 1,200 °C and
stress levels of 204 and 280 MPa are shown in Figure 4. The average slopes of the steady state creep
versus time curves were used to obtain a value for n,. For the remainder of the creep constants, the values
used by Almansour and Morscher (Ref. 5) were used as initial values for the constants. The remaining
constants were obtained through trial and error by comparing the resulting curves with the measured
creep response. This process continued until optimal fits with the creep curves were obtained. The
simulated creep curves are also presented in Figure 4, from which it can be observed that a good
correlation with the experimental values was obtained. The specific values of the creep constants are
listed in Table III.

The inelastic strain versus time curve for the CVI-SiC matrix was obtained at a temperature of
1,200 °C and a constant stress of 69 MPa. The experimental curve is shown in Figure 5. As discussed
earlier and in Almansour and Morscher (Ref. 5), these curves were obtained by testing minicomposites
with a fiber volume ratio of 0.02. As a result, the obtained curves were assumed to be those of the pure
matrix. Almansour and Morscher (Ref. 5) assumed that all of the nonlinearity in the matrix response was
due to creep. Assuming that the inelastic response of the matrix is due to creep, the linear Burgers model
(Equation (1)) was again used to model the inelastic response of the matrix. The constants for the creep
model were adapted from those used by Almansour and Morscher (Ref. 5) and are listed in Table III. The
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Figure 4 —Experimental and computed creep response of Hi-Nicalon-S™ fibers at 1,200 °C in vacuum.

TABLE III.—CONSTITUENT CREEP MODEL CONSTANTS

Property Fiber Matrix
E, Elastic Modulus, GPa 400 425
E", Primary Creep Spring Stiffness, MPa 2.5x10° 3.86x10*
M1, Primary Creep Dashpot Viscosity, MPa 3.13x10° | 8.72x10°
M2, Secondary Creep Dashpot Viscosity, MPa 1.67x10"2 | 5.52x10!!

NASA/TM-20240003948 8



0.0030 - ¢ Experimental
Computed
L)
e e ®
0.0025 - ™ . ',J'i
o S
€ o0.0020- : t‘.-; . .'\‘.: SPWRL "
- ° [
= o.‘ f 4 * 3‘ °
E ¥ i
£ 0_0015—‘3?
= ®
: ¥
o} o
5 0.0010 3_
0.0005
000009 | I | | | | J
0 200 400 600 800 1,000 1,200 1,400
Time, h

Figure 5.—Experimental and computed creep response for CVI SiC matrix at
stress level of 69 MPa and temperature of 1,200 °C. Experimental data
obtained from test of SiC#/SiC composite with fiber volume ratio of 0.02.

correlation between the curves computed by the creep model and the experimental curve is shown in
Figure 5. A good correlation was obtained between the experimental and computed results. In the
composite analyses to be discussed later in this report, for the cases where the matrix constituent is
assumed to creep, Equation (1) and the parameters shown in Table I1I were used in the analysis. As
discussed earlier in this report, due to the relatively high strains observed in the strain versus time curves,
at least some of the nonlinearity in the matrix response could be due to the formation and propagation of
microcracks in the matrix. The development of an inelastic matrix constitutive model in which the
initiation and propagation of cracks will be accounted for will be the subject of future work.

Composite Creep Model

A micromechanics-based method utilizing a shear lag approach in combination with a load sharing
approach was employed to simulate the creep response of the composites analyzed in this report.

Overall Assumptions

The fibers in the minicomposites are assumed to be perfectly parallel to each other, have a uniform
cross section, and have a uniform BN interface thickness. For these initial studies, a one-dimensional
model was developed in which the composite was assumed to be subject to a unidirectional tensile stress,
with the transverse normal stresses and the shear stresses assumed to be equal to zero.

As discussed in Goldberg, et al., (Ref. 1) and Swaminathan, et al. (Ref. 2), fast fracture tensile
experiments have determined that localized damage is present in minicomposites even when loaded at
stresses lower than the proportional limit. An example of a minicomposite loaded at stresses lower than
the proportional limit is shown in Figure 6 (Ref. 1), where the matrix cracks are plainly visible. For the
composite shown in the figure, the proportional limit was found to be 273 MPa, which is higher than the
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248 MPa

Figure 6.—Micrograph of sample
minicomposite loaded in fast
fracture loading to stress lower
than proportional limit. Note
presence of cracks in composite
cross section.

stress level at which the micrograph was obtained. As a result, when creep tests are conducted at stress
levels lower than the proportional limit, matrix cracking can be assumed to be present in the composite.

In actual minicomposites, as can be seen in Figure 6, matrix cracks have an irregular, disjointed
shape. In addition, the cracks are not evenly spaced along the length of the composite cross section. To
completely account for the variability in crack width, crack shape, and crack spacing, a full statistical
approach would ideally be applied. As a result of the current inability to determine the full statistical
distribution of crack shape and crack length, in this study for simplicity the matrix cracks are assumed to
be straight and of equal length. Furthermore, because full knowledge of the variability of the crack
spacing along the length of the composite cross section is unavailable, the crack spacing along the length
of the composite as a function of strain is assumed to be known and constant along the cross-sectional
length. In addition, the crack spacing is assigned to be the average crack spacing for each strain level as
determined from experimental data obtained from fast fracture testing. The crack spacing data from fast
fracture testing was used since relevant crack density versus strain data for minicomposites subjected to
creep loading is currently not available. As a result, the crack density evolution with strain is assumed to
be identical to that observed under fast fracture loading conditions. Future efforts will endeavor to
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develop experimental methods to obtain full statistically distributed data on the damage initiation and
growth in the minicomposites of interest, particularly under creep loading conditions. The specific
locations of the newly formed cracks are assumed to be random. All of the assumptions discussed
previously are assumed to be a highly simplified approximation to the actual geometrical distribution and
growth of damage in the composite.

For situations where matrix cracking is assumed to take place, a slip length “/” can be defined, which
is the distance from a through-thickness crack over which the interfacial shear stress transfers load
between the fiber and matrix. Within the slip length region, the fiber creep is assumed to be independent
of any creep taking place in the matrix. Furthermore, within the slip length region the stress in the matrix
is assumed to not be high enough for matrix creep to occur. Outside of the slip length region, as discussed
earlier in this report two conditions will be considered. In the first condition, the matrix will be assumed
to undergo creep and the fiber creep will be related to the load sharing between the fiber and matrix as
each constituent creeps. In an alternative scenario, outside of the slip length the matrix will be assumed to
only undergo cracking and not creep. In this situation, the matrix will be assumed to constrain the fiber
such that neither constituent creeps and only elastic straining takes place.

To compute the evolution of the creep strain in the composite, the increment in strain resulting from
an increment in time for a condition of constant stress in the composite is computed. For the analysis, the
assumption is made that the crack spacing (defined as “2s” in the equations to follow) is constant along
the length of each unit cell and equal to the average crack spacing observed experimentally under fast
fracture loading conditions for the current value of composite strain. The strains in the fiber, matrix, and
composite are assumed to be equal, which is absolutely true at stresses below the proportional limit and
approximately true at stresses higher than the proportional limit. As a result, computing the strain in the
fiber is assumed to be equivalent to computing the strain in the composite (i.e., &= ¢).

In the equations presented later in this report, the “fiber” properties are assumed to be the synthesized
properties of the fiber and fiber coating. The volume fraction (¥;) and modulus (E) of the synthesized
fiber/coating are computed using a rule of mixtures type of calculation based on the volume fraction and
properties of the fiber and coating as shown in Equation (2). Note that, as shown in Table I, for
minicomposites the fiber coating has a non-negligible volume fraction such that the coating properties and
volume fraction need to be incorporated into the analysis. In Equation (2), the subscript 7 indicates
values related to the fiber coating and the subscript “f” refers to values related to the fiber. This
expression implies that the coating doesn’t crack and the debonding occurs on the outside of the coating.
Experimentally, Lamon et al. (Ref. 14) demonstrated that the debond either occurs on both sides of the
coating or a longitudinal crack forms in the middle of the coating. Even though the debond was found to
more commonly occur at the fiber/coating interface, the assumption was made for these analyses that only
the debond between the coating and matrix was significant. Furthermore, incorporating the fiber and fiber
coating into one unit greatly simplified the equation development for the analyses conducted in this study.

Vi=Vy+V,
v, : 2
Efz—{*EerLt*E,. 2)
Vy Vi

The slip length referred to previously can be defined as a short distance on either side of a matrix
crack where the fibers and matrix become debonded and may slip with respect to one another. Slipping is
resisted by a shear stress T acting at the fiber/matrix interface over a slip length “/” on either side of the
crack plane. As discussed in detail in Goldberg, et al. (Ref. 1) and Sullivan (Ref. 15), the slip length can
be computed as shown in Equation (3). In the equation, ¢ is the far field composite stress, 7 is the fiber

NASA/TM-20240003948 11



2s

L1
Q

Cfhk Gfh
Fiber i T s
stress

=— Region B —

Matrix =—Region B —
stress Om Omy

2s

Figure 7.—Stress distribution in fiber in minicomposite under stress o with two cracks separated by
distance 2s. Note that intact fibers bridge matrix cracks.

radius, V7 is the volume fraction of the fiber/coating combination and G? is the constant fiber stress in

the region outside of the slip length (hereafter referred to as Region “B” in the composite unit cell as
shown in Figure 7).

557)

The fiber stress is assumed to vary linearly along the slip length as shown in Equation (4). The fiber
stress reaches a maximum at the crack plane (z = 0), having a value of 6/V}, decreases over the slip length,

and reaches a minimum value of o2 at the end of the slip length (z =1). A schematic of the stress

distribution within the composite cross section is shown in Figure 7.

o 2u
Or= V} , (4)
The value of the fiber stress in the region outside of the slip length (Region “B”) is dependent on the
assumptions made regarding the behavior of the matrix in this region. For the case where the matrix is
assumed not to creep, the fiber stress in the continuum stress region is constant and equal to the applied
stress multiplied by the ratio of the fiber modulus to the composite modulus. For the case where matrix
cracking takes place and the matrix in the continuum stress region outside of the slip length region is also
assumed to creep, the fiber stress could be affected by load sharing between fiber and matrix resulting
from the creep of both constituents, and the fiber stress in the continuum stress region is assumed to
change with time. This concept is summarized in the following paragraphs and is discussed in detail in
Almansour and Morscher (Ref. 5).
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Following the assumptions made by Rugg, et al. (Ref. 7), the slip length is assumed to remain
constant throughout the creep loading process, even when the matrix outside of the slip length region is
assumed to creep. However, due to the fact that if matrix creep takes place outside of the slip length the
fiber stress in the continuum stress region (Region “B”’) can change with time, to maintain fiber stress
continuity at the end of the slip length the effective value of the interfacial shear stress needs to evolve
with time, an assumption also made by Rugg, et al. (Ref. 7). The current value of the interfacial stress at
any point in time can be expressed by rearranging Equation (3) as shown in Equation (5). Note that in this
computation only continuity of the fiber stress between the slip length region and the continuum stress
region (Region “B”) is assured. Discontinuities in the matrix stress at the end of the slip length could
occur, which could lead to inaccuracies in the analysis.

T —L E_GB (5)
current 2[ V}” f

As discussed previously, in the current analyses for the cases where matrix cracking is assumed to
take place the crack density in the composite is assumed to increase with increasing strain. Furthermore,
the evolution of the crack density with strain during creep loading was assumed to be identical to how the
crack density evolved with strain during fast fracture loading. Specifically, data obtained by Almansour
(Ref. 4) and discussed in Goldberg, et al. (Ref. 1) on the evolution of crack density during fast fracture
loading for a SiC/SiC minicomposite with Hi-Nicalon-S™ fibers was utilized. The fiber volume ratio of
the fast fracture specimens was slightly higher than the specimens used for the creep studies discussed in
this study (0.22 for the fast fracture specimens as opposed to 0.20 for the creep specimens), but the results
obtained from the fast fracture studies were assumed to be valid for the analyses conducted here. A graph
of the evolution of crack density with strain obtained from the fast fracture tests described prevously is
presented in Figure 8. The reciprocal of the crack density function was used to compute the current value
of the crack spacing at a particular strain level for the creep strain calculations. The crack spacing and its
evolution with strain was assumed to be a known input to the composite creep model.

25
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Figure 8.—Variation of crack density with strain for minicomposite subjected to
fast fracture loading. Data obtained from Almansour, et al. (Ref. 4).
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Computation of Fiber Creep Strain

To compute the overall creep strain in the composite at a particular time step, the creep strain in the
fiber is determined. Due to the isostrain assumptions the strain in the fiber is assumed to be equal to the
strain in the composite. As discussed earlier, three sets of assumptions regarding matrix cracking and
matrix creep were considered in the development of methods to compute the fiber (and thus the
composite) creep. A set of analyses were carried out applying each of these three conditions. The three
sets of assumptions are summarized in Table IV. For the first set of analyses, hereafter referred to as
“Assumption 17, matrix microcracking was assumed to be insignificant, and the fiber and matrix were
both assumed to creep. All of the nonlinearity in the matrix was assumed to be due to creep and not
localized cracking.

Due to the fact that creep is a time dependent and path dependent phenomena, for this case with no
matrix cracking and combined fiber and matrix creep, an incremental approach was employed. To
compute the creep strain at time #+A¢, a rate-based forward Euler approach was used (Ref. 16). In this
approach, as is shown in Equation (6), the creep strain rate at time t is computed, and the creep strain rate
is used along with creep strain at time t to compute the strain at time #+A¢. In the equation, the superscript
“C” specifies that the strains are the creep strains. Note that this is equivalent to a time hardening rule in
classical creep analysis (Ref. 17). While a strain hardening rule can be more accurate, very small time
steps were used such that the time hardening rule was deemed to be sufficiently accurate. By using this
approach, the equation development was simplified and the need for an iteration algorithm was avoided.

eC(t+At)=€CAt+€€ (1) (6)

To compute the creep strain rate in the composite, the approach for creep strain calculations
developed by Almansour and Morscher (Ref. 4) was modified. First, the strain in the fiber and matrix are
determined by applying Equation (1) for each of the constituents. The resulting expressions are shown in
Equation (7). In the equation, the subscript “f” refers to fiber related quantities and the subscript “m”
refers to matrix related quantities.

(¢) (¢) — O r
sfz—‘,f+ {{l—exp(—tﬂjt—f
Ey Ey Ty )] Mas
Om Om —1 Om
€y =——+—-|1-exp| — ||+ ——¢
Em Em l: (Trm ):| Nom

The time derivatives of the expressions in Equation (7) are then taken to determine the strain rates of
the fiber and matrix, as shown in Equation (8).

6, O - e} o 1 — o
s =—|f+ : {l—exp[—tﬂ+—ft+ : {—exp(—tﬂjt—f
Ey Ejy T )] Moy Epl Ty Ty )] My

. G, O, —t G, c,l 1 —t o,
8m=—+—* 1—exp E— +—t+—* —eXp| — | [+ ——
Em Em Trm MNom Em Trm Trm Nom

(7

®)
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TABLE IV.—LIST OF ASSUMPTIONS USED IN CREEP ANALYSES

Assumption number | Matrix cracking | Fiber creep in slip length Fiber and matrix creep outside of slip length
1 No N/A Yes
2 Yes Yes Yes
3 Yes Yes No

Due to the isostrain assumption that the strain (and strain rate) in the fiber equals the strain (and strain
rate) in the matrix, the two expressions in Equation (8) can be set equal to each other. The stress rate in
the fiber can then be solved for. The first step in solving for the fiber stress rate is to use the rule of
mixtures to express the stress and stress rate of the matrix in terms of the stress and stress rate of the fiber,
as shown in Equation (9). Note that the total stress rate for the composite is set equal to zero due to the
fact that creep is conducted under constant stress conditions.

6=0=V;6, +(1-V7)s,

v
AN
G—Vfﬁf +(1_Vf)6m (9)
o, =2~ fo’.f
(1-77)

By substituting Equation (9) into Equation (8), the fiber stress rate in the composite can be found to
be represented by the expression shown in Equation (10). As also shown in Equation (11), a forward
Euler method can then be used to compute the stress in the fiber at time #+At.

[G—V}-G/J[ 11 (—zj 1 } H 11 (—z] 1 H
—— || o ——exp| — |+ —|—o; ———exp +—
I_Vf Em Trm Trm MNom ’ Ef Tl_”f Trf an

Sf = : (10)
el bl )
—+—|1-exp| — | [+ —¢+ |l =+ | 1-exp| — ||+ —

Ef Ef Trf n2f 1- Vf Em Em Trm N2m

G (t+At)=6,At+0 /(1) (11)

The stress (and stress rate) of the fiber is then used to compute the creep strain rate of the fiber by
substituting Equations (10) and (11) into Equation (8), as shown in Equation (12). Note that in this
equation the elastic strain rate has been subtracted out to yield only the creep strain rate. Using the
forward Euler integration approach (Ref. 16), the creep strain in the fiber at time #+A¢ can also be
computed based on the creep strain rate as shown in Equation (13).

|1 1 —t t sl 11 ~t 1 Gy
et = Gf —,-|-—,x< 1—€Xp _f +— +Gf —*—fexp _f +— |- (12)
Ey £y T N2y TLEr T T, Moy E

eC(1+At)=ECA1+€€ (1) (13)

The second set of assumptions considered for this study, as specified in “Assumption 2” in Table IV,
include the possibility that cracking occurs in the matrix while creep loading is applied. Under this
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assumption, outside of the slip length both the fiber and matrix are assumed to creep and the equations
presented previously are used to compute the creep strain in this region (Region “B” as defined in
Figure 7). Within the slip length region (referred to as Region “4” in the equations that follow and is the
region of varying fiber stress in Figure 7), the creep strain rate of the fiber (and thus the composite) is
computed using the equations that follow. A volume averaging process is then used to obtain the overall
composite creep strain.

To compute the creep strain rate in the slip length region, as shown in Equation (14), first, the total
fiber displacement u, within the slip length region is determined by integrating the fiber creep strain
(Equation (1)) over the slip length, where the current fiber stress at the particular location along the slip
length (Equation (4)) is substituted in for the stress term. In the equation, z is the coordinate along the
length of the fiber, the subscript “f” indicates that the properties of the fibers are to be used, and the
remaining terms are as defined previously. Note that the value of the interfacial shear stress 7 is the
current value of this parameter as defined in Equation (5).

/
el L )t
oV JLEr Ey Y )) Moy
— 2

To compute the total strain in the slip length region, as shown in Equation (15) the displacement is

divided by the slip length.
1 1 —t t G Teur!
g4=| —+—| l—exp| — | [+ — || — - (15)
Ey Ey Y )) My \Vpooor

To compute the creep strain rate, the derivative of the total strain with respect to time is determined as
shown in Equation (16). Note that since the elastic strain is not time dependent, the derivative of this term
with respect to time is equal to zero, which results in only the creep strain rate being computed. Since the
slip length is assumed to remain constant with time, the derivative of this term with time was assumed to
be equal to zero. Any effects of the rate of change of the interfacial shear stress with time were neglected
to simplify the calculations. These effects were assumed to be implicitly accounted for by the variation of
the stress in the area outside of the slip length region. However, this assumption could lead to an
underprediction of the creep strain in the slip length region.

éc_(i_’rLﬂlJH 1 Lexp(__zj_FL:H (16)
e e LE Y ) ey

To compute the creep strain for the current time increment in the slip length region, a forward Euler
type of calculation is used.

(14)

e (t+At)=€GAt +€5(1) (17)
To compute the creep strain in the overall composite, the volume average of the creep strain in the

fiber in the slip length region and the creep strain in the fiber in the region outside of the slip length is
volume averaged. The unit cell for these analyses is assumed to extend from the crack plane to half of the
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distance to the next crack (s). The volume averaging expression is shown in Equation (18), where “s” is
one-half of the crack spacing.

sC(t+At)=éa§(r+At)+(1—é)sg(t+At) (18)

For the third set of assumptions examined in this study, as defined in the listing for “Assumption 3”
in Table IV, matrix cracking was again assumed to occur, and the fiber within the slip length region was
assumed to creep. However, the creep of both the fiber and matrix in the region outside of the slip length
region was assumed to be negligible, and the fiber stress in the region outside of the slip length was
assumed to remain at its initial value, specified as the product of the applied stress and the ratio of the
composite modulus to the fiber modulus.

Due to the fact that only the fiber creep in the slip length region is computed using this set of
assumptions, a rate approach was not applied and the fiber creep strain in the slip length region for each
time step was directly computed using Equation (15). Note that since the fiber stress outside of the slip
length region (Region “B”’) was assumed to remain constant with time, the interfacial shear stress
remained constant at its initial value. The fiber creep strain for the composite was then computed using
Equation (18), where the creep strain in the region outside of the slip length (Region “B”’) was assumed to
be zero.

Analysis Results

To carry out the simulations of the creep response of the material, the equations and algorithm
described previously were programmed into a MATLAB® (The MathWorks, Inc.) routine.
Representative tests from the test series shown in Table I were analyzed here, as opposed to attempting to
create an average curve to represent the variability in the experimental results. The nominal material
properties for the fiber, matrix, and interface that were employed in this study are those listed in Table II
and Table III. First, the specimen 3-2 shown in Table I (with a nominal fiber volume ratio of 0.196) was
analyzed. As shown in Table I, the applied creep stress was 202.5 MPa, which is lower than the nominal
proportional limit, and the test was conducted at a temperature of 1,200 °C.

For the two cases where matrix cracking was assumed to be present in the minicomposite
(“Assumption 2” and “Asssumption 3” as defined in Table IV), the variation of the crack spacing with
total strain was developed based on the crack density versus strain curve shown in Figure 8, which as
discussed earlier was generated from a fast fracture loading test at room temperature of a minicomposite
with an equivalent fiber volume ratio. For the approach where creep was assumed to take place both
within and outside of the slip length region (“Assumption 2”), a curve fit of the entire curve shown in the
figure was conducted to determine the variation of crack spacing as a function of strain. Since this
approach is an incremental, history dependent analysis method, the assumption was made that having a
best fit expression for the crack density evolution over the entire strain range shown in the curve would
provide improved results. The crack spacing evolution equation (in millimeters) as a function of strain
was defined as shown in Equation (19).

25 =1/[1.13841In(g) + 3.2666] (19)

For the approach where matrix cracking was present and creep was assumed to only take place within
the slip length region (“Assumption 3” as defined in Table V), a curve fit was only conducted on an
approximately linear portion of the crack density versus strain curve shown in Figure 8. This linear region
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consisted of the portion of the curve between approximately 1.2 percent strain and 1.8 percent strain, the
key strain range where creep takes place. Since this approach is a non-incremental approach, which just
uses the current values of stress, time and crack density, the assumption was made that having the most
accurate curve fit possible for the strain range of key interest was most critical. While the crack density at
low strain levels could be overpredicted using this approach, the desire to obtain a more accurate curve fit
in the critical strain regions was desired. The average linear curve fit for the variation of crack spacing as
a function of strain is given in Equation (20).

25 =1/[631.08*¢ +0.3347] (20)

The experimental and simulated creep strain versus time curves for Specimen 3-2 are shown in
Figure 9. The test was conducted at 1,200 °C. The fiber volume ratio was 0.20 and the tests were
conducted at a stress level of approximately 200 MPa. The curve labeled “No Matrix Cracking” was
generated for the case that assumed that there was no cracking in the composite (Assumption 1), and the
fiber and matrix were assumed to creep simultaneously over the entire length of the composite. As
discussed earlier, this is the assumption that was made in the study conducted by Almansour and
Morscher (Ref. 5). As can be seen in the figure, the simulated creep response was underpredicted as
compared to the experimental curve over the entire creep time. These results are consistent with what was
obtained by Almansour and Morscher (Ref. 5). The curve labeled “Matrix Cracking-Creep Full
Composite” was generated by assuming that cracking was present in the composite and there was a slip
length region (Assumption 2). These calculations were conducted by computing the fiber creep in the slip
length region and the simultaneous fiber and matrix creep in the region outside of the slip length. These
calculations predicted higher creep strains, which more accurately correlated to the experimental results
over the entire creep time. The case where matrix cracking was again assumed to be present but with
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Figure 9.—Experimental and computed creep strain versus time curves for minicomposites with
fiber volume fraction of 0.20 with variety of assumptions relating to presence of matrix
cracking and scope of creep in composite. Creep took place at temperature of 1,200 °C at
stress level of 200 MPa.
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creep assumed to only take place in the fiber within the slip length (Assumption 3) was also simulated.
The creep curve computed by using this assumption is also plotted in Figure 9 and is labeled “Matrix
Cracking-Creep in Slip Length” in the figure. The creep curve for this condition is more of a bi-linear
curve compared to the previous results, which had a more gradual variation of the creep strain as a
function of time. This bi-linear curve most likely resulted from the linear variation of the crack density
with strain that was assumed for these computations. The creep curve computed using these assumptions
also provided a good correlation to the experimental results, particularly at higher creep times. The creep
curves predicted for this third case overpredicted the experimental results at lower creep times. The cause
of this discrepancy is most likely due to the simple linear variation of the crack density with time, which
was assumed for this case. The crack density was dynamically varied during the analysis based on the
level of total strain. At lower strain levels the crack density was likely overpredicted by the curve fit,
which would be reflected in the creep predictions at lower creep times. This discrepancy will be further
examined in future work.

The overall conclusion to be drawn from the results shown in Figure 9 is that assuming that matrix
cracking takes place during creep results in greatly improved correlations of the simulations with the
experimental results. These results strongly indicate that even though the composite creep was conducted
at a stress level lower than the proportional limit, matrix cracking was likely present and strongly
affecting the creep response. The fact that the curve predicted by assuming that creep only takes place in
the slip length region (and only in the fiber in the slip length region) provides a reasonable correlation to
the experimental results provides additional support to this conclusion. Future work will involve
conducting detailed experimental studies in which creep studies will be conducted on relevant
minicomposites with acoustic emission techniques to explore in detail the extent of matrix cracking that
takes place during a creep test. In addition, interrupted tests will be conducted and scanning electron
microscope imaging will be used to further explore the extent of cracking that is present. These studies
should provide further insight and confirmation of the conclusions reached in this analytical study.

To further explore the concept of matrix cracking not only being present but evolving during the
process of creep loading, the variation of the ratio of the slip length to one-half the crack spacing (referred
to as the “//s ratio”) as creep progresses was investigated. Figure 10 shows the variation of the “//s ratio”
as a function of creep time for the case where matrix cracking is present and simultaneous creep takes
place both within and outside of the slip length (Assumption 2). The experimental and computed creep
versus time curves are also plotted for comparison. As can be seen in the figure, the “//s ratio” rapidly
evolves with time and reaches a maximum value of approximately 0.6, indicating that the slip length
region occupies over half of the length of the composite unit cell. These results indicate that not only is
significant localized cracking likely present, but the crack density noticeably increases with time. These
results are reasonable since with the matrix being a brittle material, even with a constant applied
composite stress strain increases could lead to additional matrix cracking. The shape of the creep versus
time curve also is qualitatively very similar to the variation of the /s ratio with time, providing further
confirmation of the effects of matrix cracking and its growth on the creep response. The cause of this
close similarity between the shape of the creep curve and the curve showing the variation of the //s ratio
with time needs to be investigated further in future work. Similar results are seen in Figure 11, which
displays the same types of results for the case where creep is only assumed to take place in the portion of
the fiber located within the slip length (Assumption 3). For this case, the maximum //s ratio is equal to
approximately 0.8, indicating that most of the composite unit cell is within the slip length. As discussed
earlier, focused experimental studies need to be conducted to examine the extent of matrix cracking that is
present in actual specimens that are subject to creep at stress levels lower than the proportional limit.
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Figure 10.—Variation of ratio of slip length to half crack spacing (/s ratio) with time for a
minicomposite with fiber volume fraction of 0.20 assuming creep takes place both within and outside
of slip length. Experimental and computed creep strain versus time curves included for comparison.
Creep took place at temperature of 1,200 °C at stress level of 200 MPa.
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Figure 11.—Variation of ratio of slip length to half crack spacing (/s ratio) with time for minicomposite
with fiber volume fraction of 0.20 assuming creep takes place only within slip length. Experimental and
computed creep strain versus time curves included for comparison. Creep took place at temperature
of 1,200 °C at a stress level of 200 MPa.
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This testing will involve a combination of acoustic emission measurements and interrupted creep tests
where the initiation and growth of cracks in actual specimens can be examined in detail.

To further explore the effects of matrix damage on the creep response of minicomposites, and to
examine the effects of the fiber volume ratio on the creep response, Case 1-1 from Table I was analyzed.
In this test, the fiber volume ratio was 0.373, the applied creep stress was 400 MPa and the temperature
was again 1,200 °C. Lacking appropriate experimental data, the crack density evolution as a function of
strain based on the curve shown in Figure 8, obtained from a room temperature fast fracture test of a
composite with a fiber volume ratio of 0.20, was utilized. While the crack density evolution shown in
Figure 8 is almost certainly different from what took place in the creep test under consideration, due to
both the difference in test type and the difference in fiber volume ratio, for the initial conceptual study
described in this work the values were assumed to be acceptable and approximately correct. As can be
seen in Figure 12, the simulated curve generated assuming that no matrix damage was present
(Assumption 1-labeled “No Matrix Cracking”) again underpredicted the experimental creep results. By
incorporating the effects of matrix damage, for the case where creep was assumed to take place both
within and outside of the slip length (Assumption 2), the creep curve generated using this set of
assumptions (labeled “Matrix Cracking-Creep Full Composite” in the figure) resulted in an improved
correlation with the experimental results, but an underprediction of the experimental creep curve at higher
creep times. For the case where creep was assumed to only take place within the slip length (Assumption
3-labeled “Matrix Cracking-Creep in Slip Length” in the figure), the simulated creep curve provided an
improved correlation to the experimental results at higher creep times, but overpredicted the experimental
results earlier in the creep process. The causes for the discrepancies between the experimental and the
simulated results observed for the cases where matrix damage was assumed to be present in the composite
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Figure 12.—Experimental and computed creep strain versus time plots for minicomposite with
fiber volume fraction of 0.373 with variety of assumptions relating to presence of matrix
cracking and scope of creep in the composite. Creep took place at temperature of 1,200 °C
at stress level of 400 MPa.
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were likely due to the assumptions that were made regarding the evolution of crack density with strain.
Specifically, the curve fit equations and assumptions used to compute the dynamically varying crack
density with increasing strain were likely a significant contributor to the differences between the
experimental and analytical results. Future experimental efforts will endeavor to obtain actual
measurements of the change in crack spacing in a composite during creep loading. Even with the
discrepancies, however, the obtained results indicate that accounting for the matrix damage that takes
place during creep loading leads to improved predictions of the composite creep response.

In Figure 13 and Figure 14, the effects of the matrix damage and cracking for the higher volume
fraction case are explored in greater depth. Figure 13 shows the variation of slip length to one-half of the
crack spacing (“//s ratio”) for the case where creep was assumed to take place both within and outside of
the slip length, and Figure 14 shows the variation of the //s ratio with time for the case where creep was
assumed to only take place within the slip length. For both cases, similar to what was observed for the
lower fiber volume ratio case, the //s ratio increased significantly with time and approached an asymptotic
value of around 0.5 for the case where creep was assumed to take place both within and outside of the slip
length and an asymptotic of around 0.85 for the case where creep was assumed to only take place in the
slip length. This variation of the maximum //s ratio for the two cases is related to the fact that when the
matrix is assumed to creep outside of the slip length the magnitude of the shear stress varies and is
different from the other case. These results indicate that for this higher fiber volume ratio case the slip
length region also formed a significant percentage of the length of the composite unit cell. Similar to what
was observed for the lower fiber volume ratio case, the shape of the /s ratio versus time curves correlated
very closely with the predicted creep curves, for reasons that need to be investigated further in future
work. Overall, however, these results further demonstrate that matrix damage and the creep response in
the slip length region significantly effects the creep response of the composite.
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Figure 13.—Variation of ratio of slip length to half crack spacing (//s ratio) with time for minicomposite
with fiber volume fraction of 0.373 assuming creep takes place both within and outside of slip length.
Experimental and computed creep strain versus time curves included for comparison. Creep took
place at temperature of 1,200 °C at stress level of 400 MPa.
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Figure 14.—Variation of ratio of slip length to half crack spacing (/s ratio) with time for
minicomposite with fiber volume fraction of 0.373 assuming creep takes place only within slip
length. Experimental and computed creep strain versus time curves included for comparison.
Creep took place at temperature of 1,200 °C at stress level of 400 MPa.

Conclusions

A methodology has been developed to simulate the creep response of SiC/SiC minicomposites which
accounts for effects of localized damage. To conduct the analyses, a shear lag-based model was utilized to
compute the creep response in the damaged region of the composite unit cell. Volume averaging
techniques were used to compute the creep response of the overall minicomposite. Various sets of
assumptions regarding the presence of matrix damage in the composite and the presence of creep both
within and outside of the damaged region of the composite were investigated.

By incorporating the localized matrix damage into the creep analyses, an improved correlation with
experimental creep curves was obtained, compared to simulations which were conducted in which no
localized damage was assumed to be present. The creep in the region of the composite assumed to contain
matrix cracks was found to be a significant contributor to overall composite creep response. The results
obtained in this report provide a preliminary indication that even when ceramic matrix composites are
subjected to creep at stress levels lower than the proportional limit, localized matrix damage may still
significantly affect the creep response of the composite and should be accounted for in the design and
analysis of structures composed of these materials. Future efforts will involve conducting detailed
experimental studies to specifically investigate the initiation and progression of matrix damage in ceramic
matrix composites subjected to creep loading. The results from these types of studies will be used to
modify the analysis methods. Future efforts will also involve expanding the scope of the analyses to
examine creep in macrocomposites.
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