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Abstract

It is well known that failure of a material is a locally driven event. In the case of ceramic matrix
composites (CMCs), significant variations in the microstructure of the composite exist and their
significance on both deformation and life response need to be assessed. Examples of these variations
include changes in the fiber tow shape, tow shifting/nesting and voids within and between tows. In the
present work, the effects of many of these architectural parameters and material scatter of woven ceramic
composite properties at the macroscale (woven RUC) will be studied to assess their sensitivity. The
recently developed Multiscale Generalized Method of Cells methodology is used to determine the overall
deformation response, proportional elastic limit (first matrix cracking), and failure under tensile loading
conditions. The macroscale responses investigated illustrate the effect of architectural and material
parameters on a single RUC representing a five harness satin weave fabric. Results shows that the most
critical architectural parameter is weave void shape and content with other parameters being less in
severity. Variation of the matrix material properties was also studied to illustrate the influence of the
material variability on the overall features of the composite stress-strain response.

Introduction

Multiscale modeling has been applied to both laminated and woven composites in the past. Although
nomenclature in the literature varies, typically a multiscale modeling analysis will follow length scales
shown in Figure 1 for continuum modeling. These scales, progressing from left to right in Figure 1, are
the microscale (constituent level; fiber, matrix, interface), the mesoscale (tow), the macroscale (repeating
woven unit cell), and the global/structural scale. Traditionally, one traverses (transcends (moves right) or
descends (moves left)) these scales via homogenization and localization techniques, respectively
(Figure 1 and Figure 2(a)); where a homogenization technique provides the properties or response of a
“structure” (higher level) given the properties or response of the structure’s “constituents” (lower scale).
Conversely, localization techniques provide the response of the constituents given the response of the
structure. Figure 2(b) illustrates the interaction of homogenization and localization techniques, in that
during a multiscale analysis, a particular stage in the analysis procedure can function on both levels
simultaneously. For example, during the process of homogenizing the stages represented by X and Y to
obtain properties for the stage represented by V, X and Y should be viewed as the constituent level while
V is on the structure level. However, during the process of homogenizing V and W to obtain properties
for U, V is now on the constituent level (as is W). Obviously, the ability to homogenize and localize
accurately requires a sophisticated theory that relates the geometric and material characteristics of
structure and constituents.
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Figure 2.—(a) Homogenization provides the ability to determine
structure level properties from constituent level properties while
localization provides the ability to determine constituent level
responses from structure level results. (b) Example tree diagram.

With the recent development of the MultiScale Generalized Method of Cells (MSGMC), one can now
ascertain the influence of architectural parameters, such as volume fraction, weave geometry, tow
geometry, etc., at each associated length scale, for composites; particularly woven and braided
composites. This enables the determination of which effect/parameter, at a given length scale, is
impactful/relevant at higher length scales. For example, matrix elastic modulus is a microscale effect,
changing this value will have a direct effect at the next largest length scale (e.g., mesoscale), but its effect
at the macro or structural scale cannot necessarily be assumed. Similarly the tow fiber volume fraction,
which is a mesoscale effect, should have a direct impact on the response at the macroscale, yet its effect at
the global scale is difficult to deduce a priori. Furthermore, experimental investigations have shown that
in typical composite (particularly woven) materials there exist significant variations in the meso and
macroscale architectural features. Yet most analyses performed (until now) assume an idealized or
pristine material and architecture at every length scale. Such an assumption was required, up until now, to
avoid the computationally exhaustive multiscale modeling of every minute variation in architecture at
every length scale, via the finite element method. The objective of this paper is to perform a preliminarily
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yet truly multiscale® investigation to study lower length scale effects and determine their significance at
the macro and structural scale.

Multiscale Generalized Method of Cells

Overview

Analysis of woven fabric composites can be generalized into several relevant length scales (from
largest to smallest): macro, meso, and micro. The macroscale weave refers to the RUC of the weave, for
a five-harness satin fabric, see Figure 3. The mesoscale refers to an RUC of the fiber tow; wherein this
RUC represents a bundle of fibers (typically 700 to 1000 for ceramic matrix compaosites) with a given
packing arrangement. The smallest length scale is the microscale, which represents the fundamental
constituent materials, such as the monofilament fiber, interphase and matrix itself.

This multiscale analysis uses the recently developed MSGMC methodology (Ref. 1). At the
macroscale, each fabric composite (e.g., plain or 5HS, see Figure 3) was discretized into N, x Ng x N,
subcells using the assumption of triple periodicity; wherein, for example, a subcell used to represent a
fiber tow is further idealized at the mesoscale by Ngp,35 % Nyapy3, Subcells using the assumption of double
periodicity, wherein each of these subcells are represented by the constitutive properties of either a fiber
or matrix at the microscale. This recursive methodology (wherein the generalized method of cells (GMC),
see Paley and Aboudi (Ref. 2) and Aboudi (Ref. 3), is called within GMC) is shown in Figure 4, and can
be accounted for by attaching the superscript {ay} to each. There are several architectural parameters at
the meso, macro, and structural level required to fully define the discretized subcell geometries. At the
mesoscale, both tow volume fraction and tow packing are required, while at the macroscale, weave
architecture, weave volume fraction, tow aspect ratio and ply nesting are required. Furthermore, at the
structural level although not addressed in this paper, the spatial distribution of the macroscale RUCs are
required, i.e., uniform—each subcell is associated with the same macroscale RUC or random—subcells
are associated with a uniform distribution of macroscale RUCs. It has been of recent interest to study the
effects of these parameters and understand what the driving factors are for both elastic and inelastic
response, see Reference 4.

Figure 3.—Five harness satin macroscale RUC.

"Here the term multiscale refers to an analysis in which at least three levels of scales are accounted for, wherein at
least two homogenizations/localizations are required.
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Figure 4.—Multiscale methodology with architectural effects being varied shown at three length s?éles considered.
Actual micrographs are complements of P. Bonacuse, NASA Glenn, 2010.

Microscale (Constitutive Modeling)

The MSGMC is used to represent the woven fabric composite starting with its constituent materials,
i.e., the fiber (monofilament), coating (interphase) and matrix and progress up the various length scales.
The microscale is the only length scale where explicit constitutive models are applied to the various
phases (e.g., fiber and matrix). Stress states and tangent moduli for larger length scales are determined
through the Generalized Method of Cells (GMC) triply-periodic homogenization procedure developed by
Aboudi (Ref. 3). The monofilament fibers are modeled using a linear elastic relationship, i.e., Hooke’s
Law, and the matrix material is represented by a scalar damage mechanics type relationship based on a
tangent modulus relationship. Details for the damage model can be found in the following sections.
Although, ceramics are typically stochastic herein all microscale constituent parameters (i.e., modulus,
failure strength, etc.) were assumed to be deterministic in this analysis. The stresses in any subcell in the
microscale can be determined from the following equation. The stiffness C****%¥7 js determined from the
given material parameters and modified by a scalar damage measure A{**P and the strains **#*P* are
determined from localization from the mesoscale. This is possible through a concentration matrix, A,
determined by GMC, which is a function of the subcell geometry and stiffness matrix.

St} = (x{aﬁv}{ﬁv} )C{QBY}{BY}S{QBY}{M} 1)

gloBr} By} = AloBy}{By}glaBy) 2

Mesoscale (Tow)

The mesoscale is used to represent the periodic structure of a fiber tow. At the mesoscale, there are
two significant architectural parameters: fiber packing and tow volume fraction. Both of these parameters
govern the mesoscale subcell geometries. The response of the mesoscale is subject to these parameters as
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well as the material variation at the microscale. The continuous fiber tows are assumed to be represented
by a doubly-periodic RUC of dimensions hy.g,; x lgug,3 CONsisting of constituents from the microscale, this
assumption is confirmed by the tow micrograph shown in Figure 4. An example of such an RUC
discretized for GMC is shown in Figure 4, where the inner region (shown in grey) denotes the fiber tow
and the outer region (shown in white) is the matrix. The RUC is discretized in such a manner that it is
composed of Ny,g,3p % Nyapyy, rectangular subcells, with each subcell having dimensions hyeg,is % liopy3y-
From this point forward, superscripts with lowercase Greek letters denote a specific subcell at the
microscale, superscripts of uppercase Greek letters denote a specific subcell at the macroscale and
superscripts with lowercase Roman letters denotes macroscale variables. Fiber tow packing and volume
fraction typically govern the architecture of the mesoscale RUC but must be in accordance with the
previously described RUC microstructural parameters. The resulting stress in the fiber tow can be
determined from the GMC homogenization process, where in GMC, the current stress and current tangent
moduli of a particular fiber tow at a point are determined through a volume averaging integral over the
repeating unit cell. This process is represented by the summation in the following equations, producing
the first homogenization in the multiscale modeling framework. In these equations, ¢ denotes the Cauchy
true stress, A denotes the strain concentration matrix, and C denotes the stiffness matrix (Refs. 2 and 3).
The microscale subcell stresses and tangent moduli needed to complete the summation are determined
through the applied constitutive models for each constituent based on their current strain state. The
mesoscale strains, which are used as the boundary conditions for the GMC analysis, are determined from
the through thickness (tt) homogenization at the macroscale (done on a group by group basis, see Figure
6). The subscripts tt in the concentration matrix in Equation (5) denote the second portion of the two step
homogenization process discussed later.

Niapyp  Niopyly 3

z G{OLBY}{BY}h op B| o
h{aBY}I{aBY} {aBy}B=1{apy}y=1 {opry}pi{oBy}y

B

1 Niapyp  Niapyly 4
clapy} = —— Z z x{BY}C{aﬁY}{BY}A{aﬁY}{BY}h{aﬁy}B|{aﬁy}y
{oPr} By} {apy}p=1{apy}y=1

glabr) — plePr) A‘_{fv}s ®)

otoby} = claBr)glapy} (6)

Macroscale (Weave)

At the macroscale the RUC for the weave fabric is modeled. At this scale, the architecture is governed
by the overall volume fraction, tow geometry (aspect ratio, width and thickness, and spacing within and
between plies), void content and overall fabric thickness, wherein the subcell “constituent” response is
obviously dependent on the mesoscale and microscale responses. The weave requires a triply-periodic
RUC representation of size d x h x | and discretized into N, x Ng x N, parallelepiped subcells, with each
subcell having dimensions d, x hg x I,. At this length scale, a two step homogenization procedure was
employed to determine the stiffness and macroscale stresses. This is to overcome the lack of normal and
shear coupling inherent to the GMC formulation (Ref. 5). The first step involves a through thickness
homogenization and the second step is an in-plane homogenization, where subscripts tt and ip denote
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through thickness and in-plane respectively. Details for the subcell geometry and RUC information can be
found in References 5 and 6.

Through thickness homogenization

No 7
obrh = L% Gloprg, "
d a=1
1 No, {apy) (8)
=) Al ClaBrig
d a=1
v = AI{F?V}S ©))
olBr} = clBrig{By} (10)
In-plane homogenization
LN (11)
szZZG{“BV}hﬁI
p=ly=1
1 13 Y B (12)
iR
p=1y=1
oc=Csg¢ (13)

Modeling Ceramic Matrix Composites With MSGMC
Weave Repeating Unit Cell

For this particular study, a five harness satin weave is considered. In this idealization of the architecture,
the repeating unit cell is assumed to be representative of the entire structure. A picture of the fabric with the
repeating unit cell outlined in red is shown in Figure 5; in this study nesting/ply shifting will be ignored. To
create a RUC suitable for analysis, the weave is discretized into several subvolume cells. There are two
types of materials comprising all the subcells: fiber tows and interweave matrix. This final 3-D
discretization is shown in Figure 6, along with example lower scale RUC representing the multiscale
analyses of the interweave voids, tows and intra-tow voids. In the figure, fiber tows are indicated through
the lined subcells. The lines indicate the direction of orientation. The blank subcells represent the interweave
matrix. This results in a 10 by 10 by 4 sized RUC of dimensions shown in Equation (14). In this equation w

_w
(W+3)
fraction and tow width is enforced by back calculating the tow spacing. Due to the chemical vapor

infiltration process used to manufacture the woven fabric composites, there exists high levels of porosity, as
shown in Figure 4, that cannot be neglected.

is the tow width and delta, 8, can be determined from V¢ = mew . The proper overall fiber volume
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Figure 5.—Five harness satin
repeating unit cell.
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Figure 6.—Discretized five-harness satin subcell configuration.

Voids are accounted for in the RUC in one of three ways: 1) void content is neglected; 2) voids are
assumed to be evenly distributed through the weave; or 3) voids are localized to critical areas determined
from optical inspection (microscopy).

Figure 7 illustrates the three types of void modeling at the macroscale. The first figure shows no voids
accounted for anywhere, the second figure depicts voids evenly distributed in the weave matrix (yellow,
e.g., 12.7 percent void fraction), and the third figure shows high density (e.g., 85 percent) void regions in
red and low density (e.g., 5 percent) void regions in blue. Note in both void idealization the total interweave
void volume fraction is held constant at 12.7 percent. The voids are accounted for at a smaller length scale
by analyzing a separate RUC homogenizing those properties. This is done for two primary reasons. First,
explicit modeling of voids in GMC will tend to “eliminate” an entire row and column due to the constant
strain field assumptions within a subcell. Yet, by performing a separate analysis, this effect is dampened
since void volume and shape merely change the resulting anisotropic “constituent” response. Secondly, this
allows for a faster, more accurate representation of void shape and distribution then explicitly modeling
voids at this length scale.

D ={t/4,t/4,t/4,t/4}
H ={8,w,5,w,5,w,38,w,3,w} (1)
L ={8,w,5,w,5,w,3,w,3,w}
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Figure 7.—Three types of void distributions; white no voids, yellow and blue represent 5 percent voids, and red
represents 85 percent void content

Tow Repeating Unit Cell

The fiber tow bundles are modeled using a doubly periodic (continuously reinforced) 4 by 4 repeating
unit cell consisting of three materials: fiber, fiber coating/interface, and matrix. Consequently the
effective tow properties are influenced at each load step by all three constituents. In Figure 8, the black
denotes the fiber, the hatched area represents the interphase, and white represents the matrix. At this level
there are also voids due to the CVI process. However, the voids at this level appear to be more evenly
distributed than at the weave level and thus are represented by evenly distributing the void content in the
tow areas (see tow insert in Figure 4). This is accomplished once again by calling a separate void analysis
for each matrix subcell in the RUC, just as described in the weave RUC section. Consequently, the
effective tow properties are being influenced at each increment by all three constituents, matrix damage
and intra-tow void volume fraction. For each fiber tow bundle, the orientation is carefully computed such
that the undulation is properly accounted for and the failure criteria can be applied in the local coordinate
system. Note no damage or failure of the interphase material will be accounted for in this study, since the
BN coating’s stiffness is already approximately 20 times more compliant than the other two phases (see
Table 1), thus minimizing its load carrying ability from the start.

Void Modeling

Voids are modeled through computation of a triply periodic (discontinuously reinforced) 2 by 2 by 2
RUC as shown in Figure 9. The hatched subcell represents the void portion while the white represents the
matrix. The relative size of the void cell is what determines the overall void content in both the fiber tow
bundles and the weave. As mentioned previously, modeling of voids as a separate GMC analysis has
many advantages. The overall RUC of the weave will remain constant regardless of the shape and
distribution of the voids, i.e., no rediscretization is required. Consequently, the void location, quantity,
and geometry can be quickly changed. Lastly, the strength and stiffness degradations and stress
concentrations can be captured through GMC without reducing the accuracy of the analysis at the
macroscale.
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Figure 8.—Fiber tow bundle RUC.

Figure 9.—Three dimensional void RUC.

Constitutive and Failure Modeling
Matrix Damage Modeling

The matrix material, assumed to be the same in both the weave and tow, is modeled through a scalar
damage mechanics constitutive model driven by the magnitude of triaxiality, i.e., the first invariant of the
stress/strain tensor. This constitutive model represents the cracks and brittle failure often seen in these
CMCs. A scalar damage variable, ¢, which varies between zero (no damage) and one (complete
failure/damage), scales the elastic portion of the stiffness tensor and is employed directly in the stress
strain relationship, shown in Equation (15).

c=(1-¢)Ce (14)
To determine the magnitude of damage, a damage rule is defined as
f=3eynK-oy =0 (15)
In this potential, n represents the damaged normalized secant modulus and K represents the instantaneous

tangent bulk modulus, see Figure 10. This potential uses a stress and strain measure as defined by the first
invariant of the respective tensors. This is shown in the following equations.
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oy = |1(G) _ (011+G;2 +033)

(811 t+et 833)
3

(16)

EH = Il(a)z

The damage rule in (16) is only active once a critical stress criteria has been reach, i.e., it is only valid
when oy > G4am. Equation (15) can be rewritten in incremental form with i+1 denoting the next increment
(8I+l — 8I + A8|+1).

f =n3KiAey i+l — Ao+l =0 (17)

This can be converted to a strain based function by substituting the following relationship in for the stress
increment

AGHHl:3(Ki+1A8Hi+l+(Ki+l_Ki)gHHl) (18)
Resulting in
nKOASth—(KLHASH”l+(KH4—J(U8HH4)=0 (29)

where K° represents the initial bulk modulus, see Figure 10. The instantaneous tangent bulk modulus can
be related back to the damage scalar through

KH1=@_¢H0K0 (20)
Substitution of (21) into (20) and simplification yields a formulation for the damage scalar.

nAgHHl +ﬂ,i8Hi+l (2]_)
(AgHi+l+gHi+l)

1_¢i+1 — ﬂ,”l —

where the initial value, ¢°, is zero.

Ty

crit

&
H
Figure 10.—Schematic showing bulk moduli change as
function of triaxial strain.
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Fiber Failure Modeling

The fiber is assumed to behave linearly elastic up to failure, with failure following the Hashin type
failure criterion put forth in 1980, see Reference 7. This criterion determines the catastrophic failure of
the fiber based on the axial and shear strengths. When the failure criterion exceeds 1, the fiber stiffness
matrix is degraded to a minimal value. A key assumption made in this analysis is that the compliant fiber
interface will fail simultaneously with the fiber and does not present its own failure modes. The failure
stress levels presented later are an in-situ failure stress considering the interface.

2
__Oou 1 2 2
=g+ —— (ot +oh)
Gaxial Taxial

(22)

Results

Problem Description

For this study, a five harness satin weave with a CVI-SiC matrix and iBN-Sylramic fiber (silicon
carbide fiber coated with boron nitride) were chosen, due to the availability of experimental data for
correlation. An approximate overall fiber volume fraction of 36 percent (which was held fixed for all
cases examined) was determined along with a tow width of 1.25 mm and total thickness of 2.5 mm (i.e.,
eight plies), see actual micrograph inserts in Figure 4 (compliments of P. Bonacuse, NASA Glenn). The
properties and necessary material parameters are listed in Table 1 to Table 3, wherein the elastic
properties were determined from either published values or discussions with colleagues while the strength

and damage parameters were obtain from correlation with the macrolevel tensile response curve, shown
in Figure 11.

TABLE 1.—FIBER PROPERTIES

Modulus Poisson’s Axial strength, | Shear strength, Gdam» n
(GPa) Ratio GPa MPa MPa
iBN-Sylramic 400 0.2 2.2 900 - | e
CVI-SiC 420 0.2 180 0.04
Boron nitride 22 0.22 R

TABLE 2.—WEAVE PROPERTIES

TYPE oo 5HS
Fiber volume fraction ...........c........ 36%
Tow volume fraction...................... 78%
Tow width........ccovevviiiieee, 1.25 mm
TOW SPacCing.......cccevevvevereanenne 0.34 mm
Total Thickness..........cccveeveenee. 2.5 mm
1Y oL CVI-SiC

TABLE 3.—TOW PROPERTIES

Tow fiber volume fraction ...........c.ccooevnne. 46%
Tow packing Structure ...........cccccceeverenene. Square
Fiber. oo iBN-Sylramic
MAEFIX .. CVI-SiC
INtErface......coooeeeiei e BN
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Typical Results

A typical response curve of an experimental, on-axis, tensile test is shown in Figure 11, taken from
Morscher (see Refs. 8 and 9), and is overlaid with a baseline correlation using the localized void model
(see Figure 7(c)). The simulated response shows good correlation with the experimental curve,
approximately capturing the deviation from proportionality (often referred to as “first matrix cracking™)
and failure stress. In Figure 12, the underlying mechanisms causing nonlinearity (which are subtle in
some places), are denoted; the four primary events being: intra-tow matrix damage, inter-weave matrix
damage (in the low void and also in the high void region) and then ultimate fiber failure. The multiple
damage initiation points are due to two reasons. First, different regions of the weave RUC will initiate
damage at different times. Secondly, different tow subcells within a given region initiate local damage at
different time’s thus providing variable effective tow properties. It is useful also to look at the
instantaneous secant elastic modulus, which degrades due to matrix damage as shown in Figure 13. It is
easier to understand the degradation effects due to the matrix by directly looking at the stiffness effects. In
a typical tensile response curve, there are four significant events that are useful for characterizing the
material; these are: 1) initial modulus 2) point of deviation from linearity (often referred to as first matrix
cracking or proportional limit stress (PLS)) 3) post first matrix cracking (i.e., damaged) modulus and 4)
fiber failure point. The subsequent parametric study will focus on the impact that material and
architectural parameters have on these four significant measures.

500 +
450 -
400 -
350 -
300 -

250 -

Stress (MPa)

200 -

——Experimental

150 -=-Baseline Prediction

100

50

O v T T T T T 1

0 0.001 0.002 0.003 0.004 0.005 0.006
Strain

Figure 11.—Typical experimental response curve (Refs. 8 and 9).
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Figure 12.—Typical simulated response curve.
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Figure 13.—Typical simulated secant modulus.

Furthermore, it is critical to understand the underlying mechanisms governing these events. In the
case of the initial modulus, it is clear that the individual constituents’ stiffness matrices and the weave
architecture are primary drivers, along with possible microcracking of the matrix constituent. The fact that
some damage occurs before the first major point of nonlinearity, is substantiated by the experimental
acoustic emission results in Reference 8. Similarly, the model attributes this initial cracking to damage in
the intra-tow matrix (undulating tow and transverse to the tow) and to damage in the high void density
region of the inter-weave matrix (known as the high stressed region). The second event (i.e., the first
major point of deviation from linearity) occurs at approximately 0.075 percent strain, for the CMC
examined, is said to be “first matrix cracking”. This point is taken to reflect a significant crack (or
coalescence of microcracking) occurring in either the tow or weave matrix; thus enabling environmental
attack of the composite. Correlating model results to that of the typical response (see Figure 7), the model
predicts that cracking occurs in both the tow and weave, at “first matrix cracking”. Thirdly, the slope of
the post first matrix cracking curve (damage modulus) is determined by the response of the tows in the
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loading direction, matrix material (i.e., the behavior after damage initiation) and corresponding
constitutive model and weave architecture. Again, the experimental acoustic emission results (Ref. 7) are
consistent with this in that they show some damage gradually occurring after first matrix cracking within
this region of the response curve. This is most likely a combination of all previous damage growing as
well as the onset of new damage in the high stressed regions. This damage progression continues with
continuous local stress redistribution from matrix to tow/fiber until the final failure point is determined by
reaching the failure strength of the fibers (in the applied load direction) within the tows. Note, although
not considered here, MSGMC can incorporate statistical fiber breakage by modeling multiple fibers
within the Tow RUC. Further although both the axial and shear fiber failure strength values given in
Table 1, were backed out from the composite level tensile curve, these parameters should be
experimentally determined from either individual monofilament and/or tow testing. To the authors
knowledge such tests have not be conducted to date, but will be critical tests that should be done in the
future.

Effects of Material Properties

To understand the influence of constituent material variation on the overall macro response; three of
the matrix material constitutive model parameters (i.e., the initial modulus, post first matrix cracking
modulus, n, and critical cracking stress, c4.m) Were varied. Note, these properties were varied a significant
amount from the baseline so that their effect could be clearly seen. For example, the initial modulus was
increased by 50 percent, in another case n was increased by 200 percent and in a third case Ggam Was
increased by 100 percent; while holding all other properties at the baseline. Considering the results in
Figure 11, one would expect that changing the matrix modulus should correspond to changing the initial
weave modulus and post first matrix cracking modulus. This is in agreement with the results shown in
Figure 14. In addition to the weave stiffness changing, the onset of “first matrix cracking” is also affected;
resulting in a higher stress level (approximately 10 percent) and lower strain to failure (approximately
10 percent). Next changing only the parameter n from that of the baseline, one would expect the post first
matrix cracking modulus to be primarily impacted, as verified in Figure 14, with a corresponding change
in failure stress (e.g., increased 10 percent), failure strain (e.g., decreased 12 percent), and post secondary
modulus (e.g., increased 120 percent). Finally, increasing o4,y Caused the “first matrix cracking” onset to
be delayed (approximately 110 MPa, or 94 percent) resulting in higher overall failure stresses (increase of
8 percent) and a lower failure strain level of 0.0031 (a 24 percent reduction). Note that the initial weave
modulus and post first matrix cracking modulus are nearly unchanged, in this case.
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Figure 14.—Variation of matrix constituent material properties.
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Effects of Architecture

To study the effects of architectural variation on the macroscale response, a full factorial set of
numerical simulations were conducted. The parameters varied are shown in Table 4 and depicted in
Figure 4. The three tow architectural parameters varied were: a) tow fiber volume fraction, b) tow aspect
ratio, and c) tow void volume fraction. In addition, three weave void location cases were examined to
illustrate the influence of void location due to manufacturing as well. All other parameters in the analysis
were kept constant. Additionally, other architectural effects exist that the authors did not investigate
which could possibly have an effect. These include inter-ply nesting, fiber packing structure, coating
thickness, and fiber tow shifting to name a few. Future work will determine which of these parameters are
the most significant. The tow fiber volume fraction and void volume fraction are both considered a
mesoscale effect because their geometrical properties are involved in the mesoscale concentration matrix
(Eq. (2)); whereas, the tow aspect ratio is considered a macroscale property because it is taken into
account in the macroscale concentration matrices (Egs. (5) and (11)). The tow volume was varied over a
narrow range indicative of typical experimental variation: 0.46, 0.48, and 0.50. These three values were
chosen based on common experimental values obtained for CMCs. Similarly, realistic tow aspect ratios
were also chosen, i.e., 8, 10 and 12, where a value of 10 is typical for CMCs and three different fiber void
volume fractions were used; 0.01, 0.05, and 0.07.

TABLE 4.—VARIED PARAMETERS

Architectural Relevant Values
parameter length scale
Tow fiber volume fraction (Vi) Meso 0.46,0.48,0.50
Tow void volume fraction Meso 0.01,0.05,0.07
Tow aspect ratio (AR) Macro 8,10,12
Weave void distribution Macro None, even, localized

In Figure 15 the effects of weave void distribution are examined; wherein three line plots (each
corresponding to an assumed void distribution discussed earlier). Two cases, that is no void modeling and
uniformly distributed voids, fail to capture the correct overall response. As the initial modulus is too stiff,
“first matrix cracking” stress and failure stress levels are too high and the strain to failure too large. This
is a result of incorrect local failure modes and local stress distribution. Therefore one can conclude that to
accurately capture the overall in-plane deformation and failure response the analysis must incorporate
accurate localized void distributions. In addition it has been observed (see Refs. 9 to 10) that the out-of-
plane moduli is significantly reduced as compared to that calculated when void shape is not accurately
accounted for; only recently, has a sheet like network of voids been microscopically observed, Bonacuse
et al. (Refs. 11 and 12). Consequently, the influence of void shape is illustrated in Figure 16, wherein a
cubic, cylindrical and sheet like void shape is examined given the case of localized voids. The out-of-
plane moduli is significantly influenced by the assumed void shape, in that E, = 165, 172.5, and 88.8 GPa,
when one considers cubic, cylindrical and flat (or sheet like) voids, respectively. However, the in-plane
response (both deformation and failure) is unaffected by void shape as shown in Figure 16, as one might
expect.
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Figure 17.—All simulated cases.

The remaining parametric cases were all computed using the localized void model. However, it is
important to note that the tow fiber volume fraction and weave void volume fraction are coupled and
cannot be decoupled within the analysis, since when the fiber volume fraction within the tow increases,
the tow spacing must increase in order to maintain continuity of the overall fiber volume fraction and
thickness. This therefore creates a large volume domain for voids to fill, thus increasing the overall void
content. Correspondingly, the effect of increasing void content and tow volume fraction are coupled
together. The total variation in stress—strain response for all cases are shown in Figure 17. Clearly, the
overall response characteristic is very similar, irrespective of the value of the individual parameters, with
the variation in the initial modulus being at most 22 percent, first matrix cracking approximately
16 percent and the ultimate tensile stress (UTS) for all practical purposes being identical. Furthermore,
the post first matrix cracking modulus changes some 24 percent (i.e., from 72 to 90 GPa) with a
corresponding 16 percent change in final failure strain. The configuration providing the stiffest response
is composed of a tow volume fraction of 46 percent, aspect ratio (AR) equal to 12 and tow void fraction of
1 percent, whereas the most compliant response is generated using a tow volume fraction of 50 percent,
aspect ratio (AR) equal to 8 and tow void fraction of 7 percent.

In Figure 17 through Figure 20 the various responses are arranged so as to enable identification of
parameter sensitivities. Figure 18 shows the effect of tow void content on the overall response; where it
can be seen that increasing the void content within the tow (thus lowering its effective stiffness) causes
the macro response curve to be more compliant with generally an effect of increasing the strain to failure.
Figure 19 shows the effect of tow aspect ratio; where increasing the aspect ratio has the effect of
stiffening the response curve and lowering the failure stress. Figure 20 displays the influence of tow fiber
volume fraction, which appears to be minimal at first glance. Although this trend is possible, as
mentioned previously, it is strongly coupled with the overall weave void volume fraction and thus these
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two effects could be working in opposition to one another. Consequently, it is impossible to deduce from
these graphs, the overall effect of tow fiber volume fraction.

Comeparing all parameters, the weave void locations, tow void content, fiber volume fraction within a
tow and tow aspect ratio, one can assess the severity of these effects. For example, it is clear from
Figure 15, that the location (and shape) of voids at the macroscale is a critical driving parameter relative
to failure. This far outweighs all other parameters. Similarly, the effect of inter-ply tow nesting could also
be a critical/primary driving factor, yet this effect has been left for future work. Besides the weave void
content (i.e., location and shape), the tow void content has the strongest effect on post first matrix
cracking stiffness and the tow aspect ratio has the strongest effect on failure strain. The tow fiber volume
fraction appears to have a minimal effect relative to other parameters.

Increasing Tow Fiber Volume Fraction >
Vf=46% Vf=48% Vf=50%
500 500
500
450 450
450
400 400 400
350 350
o
) 720 g
° 8 Increasing Void £ 200 £ 200
= < a0 ? 150 150 TowVf=50%,AR=10, Tow\Vv=1%
o TowV/f=50%,AR=10, Tow\Vv=5%
o " ~+Tow\V/f=46%,AR=8, Tow\v=1% 100 ~TowV=48%,AR=8, Tow\/v=1% 100 Tgavf—so‘;;’AR—io‘Txvxﬂ%
5 100 1 - Tow\/f=46% AR=8, TowVv=5% 50 | 4 = Tow\V/f=48%,AR=8, Tow\Vv=5% 50 " '
L 01/ Tow\V/f=46% AR=8, ToWVv=7% 0 11 TowVf=48% AR=8,TowVv=7% 0
) 0 0 0001 0002 0003 0004 0005
0 0001 0002 0003 0004  0.005 )
< 0 0001 0002 0003 0004 0005 Strain Strain
=2} Strain
= 500 -
@ 500 500
s 450 - 450 450
o 400 - 400 400
£ 350 - 350 350
§ 300 - § 300 g 300
S = G 250 G 250
[P £ 200 £ 200
9(: @ 150 - @ 150 TowV=48%,AR=10, TowVv=1% @ 150 TowVf=50%,AR=10, TowVv=1%
w0 |/ ~~TowVf=46%,AR=10,TowVv=1% 100 Tow\V/f=48%, AR=10, ToW\V/v=5% 100 TowVf=50%,AR=10, ToWVv=5%
p - 6%, AR= =59 - = =79
5 | 7 Iowyﬁ 22;,:2 1glowxv—§; 0 TowVF=48% AR=10 Tow\V=T% 0 TowV/f=50%,AR=10, Tow\Vv=7%
owVf=46%,AR=10,TowVv=7%
0 0 0
0 0001 0002 0003 0004  0.005 0 0001 0002 0003 0004  0.005 0 0001 0002 0003 0004  0.005
Strain Strain Strain
500 500 500
450 450 _ 450
400 400 // 400
350 A
v = 350 P 350
a 300 £ 300 P o 300
S £ £
N 2o 2 250 // 7 250
& £ 200 £ 200 £ 200
(%]
< 150 TowVf=46%,AR=12,TowVv=1% ® 150 / ~TowV/f=48%,AR=12, TowVv=1% “ 150 TowVf=50%,AR=12,TowVv=1%
100 TowVf=46%,AR=12, TowVv=5% 100 TowVf=48%,AR=12 Tow\Vv=5% 100 TowVf=50%,AR=12, Tow\Vv=5%
50 TowVF=46% AR=12, ToWVV=T% 50 Tow\VF=48% AR=12,TowVv=1% 50 TowVf=50%,AR=12, Tow\v=7%
0 0 0
0 0001 0002 0003 0004  0.005 0 0001 0002 0003 0004 0005 0 0001 0002 0003 0004  0.005
Strain Strain Strain

Figure 18.—Effects of tow void content.
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Figure 19.—Effects of aspect ratio.
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Figure 20.—Effects of tow volume fraction.

Conclusion

This paper presents a detailed investigation into several architectural and material parameter effects
on the macroscale deformation response of a five harness satin (5HS) woven CMC. The recently
implemented Multiscale Generalized Method of Cells (MSGMC) methodology was employed to model
the nonlinear damage driven response of a 5HS woven composite fabric, where four separate material
scales were considered. At the microscale, the influence of constituent material properties was
investigated. At the mesoscale, the tow fiber volume fraction and the void content within a tow were
varied; whereas at the macroscale the influence of the tow aspect ratio and weave void content were
investigated. For each permutation of these effects, the tensile response to failure was analyzed; wherein
the modulus, first matrix cracking, post damage modulus, and ultimate failure strain were examined.
Analyzing the macroscale response, it was determined that the location of the weave void content at the
macroscale was the most impactful parameter for capturing failure related properties (PLS and UTS). It is
critical that this effect be captured and correctly reflected in a model to ensure accurate deformation and
failure response. Further, the void shape should be idealized as a flat sheet in order to obtain accurate out-
of-plane stiffness predictions. Secondly, tow void content had the largest effect on the initial and post
stiffness with the tow aspect ratio greatly influencing the failure strain levels. Also, it appears that
accurately modeling inter-tow failure is critical to predicting the deviation from proportionality. Finally,
structural scale analysis parameter sensitivity along with tow/weave irregularities will be a topic of future
work.
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