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Randomness in woven ceramic matrix composite arcldtture has been found to cause
large variability in stiffness and strength. The irherent voids are an aspect of the
architecture that may cause a significant portion dbthe variability. A study is undertaken to
investigate the effects of many voids of random s% and distributions. Response surface
approximations were formulated based on void paranters such as area and length fractions
to provide an estimate of the effective stiffnes©btaining quantitative relationships between
the properties of the voids and their effects on gfness of ceramic matrix composites are of
ultimate interest, but the exploratory study preseted here starts by first modeling the
effects of voids on an isotropic material. Severatases with varying void parameters were
modeled which resulted in a large amount of variallity of the transverse stiffness and out-
of-plane shear stiffness. An investigation into a hgsical explanation for the stiffness
degradation led to the observation that the voids eéed to be treated as an entity that reduces
load bearing capabilities in a space larger than wdit the void directly occupies through a
corrected length fraction or area fraction. This povides explanation as to why void volume
fraction is not the only important factor to consider when computing loss of stiffness.

Nomenclature

void area

fea model area
material stiffness matrix
Young's modulus
shear modulus

height of void

fea model height

height correction factor
void volume fraction
Poisson’s ratio
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[. Introduction

IRCRAFT and spacecraft components that undergoemer thermo-structural loads have reached some

material limitations in terms of strength and weighloven ceramic matrix composites (CMCs), in [aiar,
are candidate materials for future hypersonic yehiomponents such as thermal protection and a®msion
systems due to their high strength and fracturghnoass at elevated temperattrégowever, variability in the
stiffness and strength may limit widespread impletagon. Some of the variability is believed to dee to
randomness in the architecture (tow spacing, tae, $ow nesting), as well as the unevenly shapddspaced voids
created as a result of the randomness in architeetnd the nature of the manufacturing processialfity also
exists in the material properties of the constitsiehut its effects on stiffness and strength hoaight to be smaller
than the variability due to architectural randonmes

Recent work completed by the authors found theatian in tow size and tow spacing alone doesexpliain all
of the variability found in the stiffness of theramic matrix composite system under investigdtidnstead, we
hypothesized that the variable size and spacinfpefvoids plays a larger role in the variabilitytbk composite
properties. The effects of voids have been stutligtie past with a variety of methods and goalsréhs a large
body of work in which the results are related mostl void volume fractioh®. The relationships found may be
relevant for some applications, but as will be shdater, the volume fraction of the voids is nat timly thing that
must be considered in the woven ceramic matrix ait@ under consideration in this work. The voidasidered
here are unevenly distributed and many have lagped ratios. Others have shown the importancehef t
microstructure including Tsukrov and Kachahowho accounted for elliptical voids with arbitrasyientations and
eccentricities. This work is limited to a 2D anisgiic solid and the holes are non-interacting. Huand Talrej&
demonstrated that the void shape and size was portamt factor to consider, especially for transeeand shear
stiffness of a unidirectional composite. They alduserved that long, flat voids are most detrimembalthe
transverse stiffness. This agrees well with predany analysis on the woven CVI (Chemical Vapor Iirdtion)
SiC/SiC composite where void volume fraction is mloé sole mechanism of stiffness degraddtidsniform
distribution of voids was assumed for the analygigsch was shown to compare well for experimentabda
unidirectional composites. However, woven compgséppear to have significantly greater variabilityoid size
and distribution as compared to unidirectional cosites.

The previous work on the effects of voids as dised above provides insight into some of the mashanthat
contribute to stiffness degradation, and provideeachmark to which observations in this paper eagualitatively
compared. However, the intent of the current warka be able to use quantitative information abramdomly
spaced and shaped voids to make quantitative pi@wcof the resulting stiffness. The motivatiorddackground
for this work is provided in Section Il. The inviggttion begins with using finite element analysisstudy the
effects of non-overlapping voids (aligned in onang) in an isotropic material, rather than a cortppso that the
results are not convoluted by the other architettwariants. As will be demonstrated below, thisaiggood
assumption to begin with since the variability tiffisess due to other architectural variations sashow size and
tow spacing contribute a relatively small amounth® variability in stiffness. Once the physicalainanisms of the
effects of voids are understood at this level, phecedures can be extended to understand more ermmterial
systems such as a composite.
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Il. Characterization of Composite Variability

The composite system under investigation is a OZVSFC eight ply 5HS (harness satin) weave matefiae
composite has continuous Sylramic-iBN fiber tow® @hds per inch) woven into a five-harness wovérida
preform in a [0/90°] pattern. A silicon-doped boron nitride coatingdisposited on the surface of the individual
fibers in the tows. The fiber preform is then ittited with a CVI-SiC matrix which fills the tows @ forms a thin
matrix coating around the tows. The constituentemalt properties can be found in Ref. 9. A 2D imafijene cross
section of the SiC/SiC composite, obtained by GetdbBonacuse, and Mital is shown in Fig. The black areas in
the interior of the cross section represent votte plack area comprising the border of the imageat voids),
which vary in location, size, and shape. Other 285 sections exhibit different random distribusiaf the voids
and the architectural characteristics such as ipsy shape, and spacing.

Finite element analysis of thret
cross sections similar to that of Fig.
revealed significant variability in the i
transverse modulusE§) that did not PEer = e e

correlate to constituent volume Figyre 1. 2D cross section of the SiC/SiC compositécrostructure®
fractions (VF), as shown in Tablé.1

S
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Note thatE; is the modulus in the longitudinal direction asdiga by the coordinate system in Fig.1. This wdl b
referred to as the in-plane modulus. Since the ositgis stacked in a {®0°] pattern,E; is assume to be equal to
E, Eswill be referred to as the transverse, or out-afiel, modulus.

Table 1. FEA results of moduli for full cross secons

Void VF Tow VF  Matrix VF E; E;
Cross section 1 3.2 63.0 33.8 237 103
Cross section 2 4.8 62.8 324 227 77
Cross section 3 3.5 63.9 32.6 234 51

In an attempt to capture the variability, finiteemlent analysis based micromechanics and monte carlo
simulations were used to analyze a large numbéypbthetical cross sections (modeled as represemtadlume
elements (RVES)) that were generated based onifjgdntariability found in the tow width, tow heighand tow
spacing. A typical RVE is represented in Fig. Zdhsists of two stacked unit cells that are offs@h one another
by the width of one tow. This ply shifting of onew offset was held constant for all RVEs with varyitow
parameters. The results generated are summariZiaible 2, and they indicate that the architectpesmeters that
were varied were not enough to capture the vaiigleikhibited by the full cross sections. In addlitj the stiffnesses
were correlated mostly to the volume fractionshef tonstituents which we know is not entirely theec Details of
the analysis can be found in Ref. 2.

E  Transverse Tow
B Longitudinal Tow

B Matrix
B Void

Figure 2. Example of a randomly generated RVE

Table 2. Statistical properties of moduli from Monge Carlo simulations of RVE analysis

Mean Standard Deviation
E; (GPa) 231.0 5.0
E; (GPa) 105.8 6.2

As previously mentioned, one major component efdtchitectural variation not considered in the RAfalysis
was ply shifting since it could not be quantifiedthe same manner as the tow size and spacingavastigation
into the effects of ply shifting indicated thasignificantly affected the variability of the stiffss, as shown in Table
3. The results shown are for one RVE (tow size sppacing remains constant), with varying tow offsefhe
magnitude of the tow offset is defined by assunmadectly aligned tows or unit cells initially, thgrescribing one
unit cell to be offset by a certain fraction of @vtwidth. The variation in the shifting affects tbeat-of-plane
modulus significantly. This effect is mostly due earrangement of macroscopic voids. The varigbilit ply
shifting decreases the average value of the modahdgsincreases the amount of variability as contpaoethe
results in Table 2.

A visual assessment of the voids in Figs. 3 todvigles clarity into the increased variability iretmoduli due to
shifting. It is known that voids have a significigmnore detrimental effect on the out of plane nmothan the in-
plane moduli for varying void content as well asflat shapel The RVE with the tow offset of one tow has one
void with a large aspect ratio, and several thatsguare in shape. The cross section in Fig. Séwaaral voids with
large aspect ratios distributed throughout the amsitp, which is better represented by the RVE ig. Bi. As
previously mentioned, the work of Huang and Taftejmphasize the importance of considering the sideaapect
ratio of the voids. Clearly, when there are morigsavith large aspect ratios the stiffness is sigamtly reduced.

Table 3. Moduli for one RVE due to shifting variation (see Fig. 3 and Fig. 4)

Shifting (tow offset) E: E;
1.00 (current RVE) 224 106
0.75 221 92
2.50 231 82
3.25 234 89
4.50 218 70
3
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Figure 3. RVE with tow offset equal to 1.0 Figure 4. RVE with tow offset equal to 4.5

Figure 5. Cross section 2

lll.  Analysis Methods

With each new ply shifting applied, the key arctiteal change is the size, shape, and locatiomefvbids.
Some qualitative effects have been studied, butatld be useful to have predictive models to edtnhe
mechanical properties, as well as to provide a iphlyunderstanding. The microstructure of the SHS/SIC
composite is very complicated. In order to developunderstanding of the effects of voids, withdet tesults being
convoluted by other aspects of the material geométe preliminary analysis will be completed onisotropic
material with a Young’s modulus of 100 GPa and is$tm’s ratio of 0.3.

A. Finite Element Model

Previous analysis of the effects of tow variabilitgs completed in 2D for simplicity. This is notthest way to
model the woven composite, but it gives reasoneablienates in regard to modeling the variabilitync® modeling
the variability in the tow size and tow spacing tedelatively small variability in the stiffness,may be possible to
capture the variability in the composite specimbgsmodeling only the voids, and not the other detaf the
microstructure. At the least, studying the effegtvoids in an isotropic material will provide valble preliminary
insight into the physical effects of voids on tremposite. This also simplifies the problem so that effects of
voids can be studied in 3D, eliminating some of #®@rtcomings of a 2D approximation, especially mwhe
considering the shear stiffness.

Finite element analysis was completed using AbRqusth 4-node tetrahedron elements. Periodic bonda
conditions were applied such that one of the matrains was non-zero and all other strains andeahmerature
differentialAT were zero. The macro-stresses were calculated dnaging the micro-stresses in the RVE. Using the
six macro-stresses one can determine the firstroolof the stiffness matrix;. The procedure was repeated for the
other five macro stains to calculate the en@renatrix. FromC one can calculate the elastic constants using the
relations of the type
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whereC is the material stiffness matrig,is the material compliance matrixjs Poisson’s ratio, and andG are
Young’s moduli and shear moduli, respectively.

The finite element model depicted in Fig. 6 is &ad of equivalent length and width. The aspedbr@gtio of
the length to the height) is 4 to 1, similar tottbithe composite cross sections that were availdthe voids were
modeled as cuboids. The sharp corners do not affecstiffness results; however they will be avdidfea similar
model is used for examining the effects of voids strength. The length and width of a given void al&o
equivalent. Since the composite’s weave is balagnitélsafe to assume that if the voids are oivarglength when
scanning from the 1-3 plane, they will be simildrem scanning from the 2-3 plane. The voids canroaoywhere
in the 1-2 plane. However, the location on the &-&« constrained to 7 different layers. This reffethe fact that
the voids generally occur in the interlaminar goss, or between the plies. The descriptions ofgecific void
sizes and locations studied are given in the fahgveection.
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B. Description of Void Cases

The variables for this study are th
number of voids, the aspect ratio, and tl
position of the voids. The aspect rati
(AR) is defined by the width (1-
direction) divided by the height (3-
direction). The size (8 mm x 8 mm x
mm) and isotropic material properties ¢
the specimen will remain constant, i
addition to the total void volume fractior
of 4%. The specimen itself has an aspe
ratio of 4. The initial exploratory results
encompass 20 cases summariz

Figure 6. 3D model with 2 cuboid voids

pictorially below. Additional 1-void cases in whithe length did not equal the width were analyzadtlie shear
stiffness analysis. A more thorough descriptioe@ath case and the FEA results relating to thenbedound in the
Appendix. The variables include the number of vpttie aspect ratio of the voids (aspect ratio ngte to height,
since length and width are assume to equivalent) tlae position of the voids. Some positions attesnoveyed due

to symmetry.

Figure 8. 2 Voids; Centered along Bxis; Varying
AR, s, ands,

Figure 9. 2 Voids; AR = 8; Voids in opposit

corner

Figure 11.3 Voids; Arranged diagonally on oni

plane

Figure 10. 3 Voids; Centered; Varying AR

Figure 12. 3 Voids; Arranged diagonally or
multiple planes
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IV. Results and Analysis

After analyzing 20 exploratory void cases, a fe@ntls became obvious. The longitudinal stiffnessiasmlane
shear stiffness were not significantly affected dhanges in the void aspect ratio and location. Hewethe
transverse stiffness and out-of-plane shear stiffrveere significantly affected. For a constant watime fraction
of 4.0%, the loss in stiffness averaged up to 1bBts is significant in that many models accountiagvoids rely
on void volume fraction alone. For the particulamposite studied here, there are other factorslegsiolume
fraction that must be significant and importanttmsider. The average loss of stiffness and theemtive standard
deviation is displayed in Table 4. When considetimg effects of placing the voids in various looas with respect
to one another, the stiffness is minimally impacfEdis may not be true for cases in which voids @rerlapping
which will be explored in future work.

Table 4. Loss of stiffness &sed on 20 void cases with a constant volur
fraction of 4.0%, described in Section Il and theAppendix

El E2 E3 G12 Gl3 GZ3
Average % loss of stiffnress 0.7 1.0 125 1.2 12.4 14.9
Standard Deviation 0.5 05 41 0.7 3.1 4.4

A. Transverse Stiffness Analysis and Results

The remaining results and analysis shown in thpepavill consider the transverse stiffness and sktffiness.
When examining the results of the transverse stnthere is an obvious pattern that shows thidteagspect ratio
of the void increases, the stiffness decreases. KByefeature of the void that is changing as thgeetsratio
increases, is the area of the void on the 1-2 plankecame clear that the projected area of thdsvin the
transverse direction (or the area of the void & 12 plane) was important to determining the reti$s. The plot in
Fig. 13 plots the transverse stiffness as a funatibthe area fractioa;, which can be define as the ratio of the
projected void areag, to the total area of the 12 plaig,and written as

Downloaded by Bhavani Sankar on October 29, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-1619

_ as 2
a; = —
3=, (2)
98
96 -
94 T\*\_r_r\
92 \+\
< 9 +
& 88 +
= 86 o
uf +
84
a2 :|\\+
80
78 T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3

Area fraction az/A;
Figure 13. Plot of area ratio versus resultant trasverse stiffness

A strong linear relationship is found between thejgrted area of the voids and the resulting st#gt The
equation of the line is
E; = =70.96a; + 102.79 3
and the coefficient of determinatioR?, is 0.98. There is obviously a small error in flié@ecause we know that the
intercept should be 100 (at a void ratio of 0, stiiness should be 100 GPa). Using the lineaatqgn, the void

cases not used for the fit (cases with various wmdcing) can be used to check how well the fidiote the

6
American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



Downloaded by Bhavani Sankar on October 29, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-1619

stiffness for other void cases. When using the gguiathe RMS (root mean square) error was 0.45 BRiah is
very small. Using the equation does not accoungfor variability due to spacing, since the are@riatthe only
input. It is important to note again that the vojplacement did
not significantly affect the stiffness, so the tieda variability in F
that data set is small.

The relationship of the projected area to the trarse
stiffness may be useful, but it does not providg physical
understanding about the effects of voids. Intulfivene would Ls ]:
assume the slope of the line in Fig. 13 would B9;1vhich is be
not the case. In order to arrive at a physical amxgiion we can l i
examine a problem in which we have two materiadsistd on
top of one another as shown in Fig. 14. The digptent of the
material can be written as

Figure 14. lllustration of example problem

A =F(L3—I3)+ FI3 _ FL,

3 '

AsEs (As_as)Es A3E3

whereF is a force applied to the materid); is the area of the materiak is the area of the void in Material I35 is

the total length of the isotropic material in theliBection, |5 is the length of the voidssis the material’s nominal
stiffness, andt;’ is the resultant stiffness due to the void. A Bweinsional image is provided in Fig. 15.

4

Figure 15. Definition of geometry

Equation 4 simplifies to

! =1+ !
1A T T (1-a)

E3

)

whereV, is the void volume fractiom\E; is the change in trasverse stiffness due to thédsyainda; was defined in

AE
Eq. 2. Ifas andE—3 are small, the following approximation can be used:
3
! 1+
] ) . 1—x x
Equation 5 then simplifies to
z = V,(1+as) (6)

3
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This relationship poorly predicts the FEA resulithhan RMS error of 8.2 GPa. It was hypothesizead the height
of the void,l;, has an effect on the stiffness that extends kkybe nominal height. Equation 6 can then be
rewritten as

AE, - _ L
E_3=a3(13+f)(1+a3) =V,(1+a;) +¢as(1 +as) (7)

where¢ is a correction factor to the height fraction lné tvoid and; is the height fraction of the void

A

3_L3

The height fraction may be referred to as the letigiction, also. In order to determine what theecxtion factor
should be, the results from the basic approximagioen by Eq. 6 and the FEA results can be usesble for§
with the equation as derived below.

AE3 FEA AE3 analytical B ~ ~ ~
=V,(1+a;3) +éaz;(1+a;) —V,(1+as)

B, E;
AE. FEA AE analytical
==3 —==3
E; Es
= 8

When the values fog are solved and plotted against the original lerfgtlotion];, a strong linear relationship
exists, shown in Fig. 16. The effective length fiag, I5, can also be plotted against the original lengthhesvn in
Fig. 17 so that there is a relationship betweerotiginal length fraction and the effective lengtaction.

l=10+¢ €))

The relationship between the original length fr@etand the corrected length fraction is

l3 = —033l; + 0.51 (10)

The need for a corrected length implies that thierore material that is not load-bearing than $jntipe space of
the void in the total RVE volume. Instead, it exteriarther through the thickness. Thé WBe on the graph of Fig.
17 represents the result if no

correction was applied (the lengtl 0.5

fraction is equal to the correctet
AT
0.3

length  fraction). The line
+1N3>t+
0.2 !

demonstrates a clear differenc
N
0.1 +
correction factor and thus the
material around it is reaching th

between the original length
fraction and that of the correctes

0 T T I—'\ T T 1
amount the length needs to b ) 01 0.2 03 aj'\ 05 06
corrected decreases. This reflec -0.1
boundaries of the material ani Figure 16. Original length fraction i3 versus the length correction factoig
thus cannot be further corrected.

Length correction factor §

length fraction. As the original
length of the void increases, th
the fact that as the void's siz¢ \+
increases, its influence on thi -0.2

Original Length Fraction
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Figure 17. Original length fraction I; versus the effective length fractiofy.
The 45°line illustrating the difference between the original length fraction and
the corrected value.

Table 5 provides a comparison of the predictededess in the transverse stiffness for a few sangsdescusing Eq.
3, for linear regression to the projected area, Bgd7, using the corrected length fraction, vetbesresults from
FEA. Both methods appear to be reasonable at pireglihie stiffness loss due to voids for the gicases.

Table 5. Comparison ofAE; for sample cases not used in length fraction
linear regression

AE; Linear AE; Corrected AE; FEA
Regression (GPa) Equation (GPa) (GPa)

1 void, AR =3 4.1 4.8 6.3

1 void, AR =5 6.8 6.4 7.3

1 void, AR =8 10.4 9.7 11.3

1 void, AR = 10 12.5 11.8 13.7
2 voids, $ = max 13.8 13.2 14.0
4 V&gz: il%'ﬁg(rjem 7.7 7.3 7.7

B. Shear Stiffness Analysis and Results

The shear stiffness discussion presented heresesdban analysis of only one void of varying sizeoider to
more easily see the effects of the geometry ofvtlid on the stiffness reduction. The shear stiffessas the area
fraction of the voida;, changes are plotted in Fig. 18. For all datahbmgght of the void);, are held constant.
Varying heights affected the stiffness by less th##m A quadratic relationship is found betweenghgected area
of the voids and the resulting stiffness. The eiguadf the line is

613 ~ 623 = _10.9532 - 26.7763 + 38.4’6 (11)

In the same way that the transverse stiffness ledion must account for a corrected length, theaslséffness
calculation must account for a corrected area. difear stress at the wall of the void is zero, andllsnear the
boundary of the void. In this way, the effect of thoid on the stresses extends further than jessplace the void
occupies. This is illustrated in Fig. 19. The eguat below are derived with respectGe, but are written similarly
for G,z also.
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Figure 18. Area fraction of void versus shear stiffess

Figure 19. Shear stress around the void

A similar relationship to that of Eq. 5 can be ded for the shear stiffness reduction

1 v, lya,
=1+ =1+
_AGys (1-as) 1-a

G13

(12)
1

Assuming a corrected area is necessary, a relatpmetween the corrected ar@éd and the calculated shear
stiffness reduction according to finite elementlgsia can be written as

AGy3
_ Gi3
a, = 13
3 AG13 _ AGl?) l_ + 1 ( )
613 613 3

Knowing thatl; will affect Gz differently thanl,, a3 can be thought of &3l,’. Therefore, the analysis was
completed by using only one void while holdihgconstant and varyirdg. This was done for several valueslpf
The data can be found in Table A3 of the Appen8ixnilarly to the length correction in the previosiction, a
relationship between the actual ar@a,and the corrected are@,’ can be found. The data are plotted in Fig. 20.
Through curve fitting, we found that the areasratated by the equation

as = —1.84a2 + 2.60a, (14)
10
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with an R? value of 0.97. The length fractions are plottedimsiathe corrected area in Fig. 21. For smhadl, the
effect ofl, on the area is linear. Agincreases the relationship betwégand the corrected area becomes quadratic.
This explains the deviation from linearity in theree of Fig. 20. The deviation from linearity beemethe
uncorrected and corrected areas is likely causezffbygts of the void approaching the boundary, as sbserved in
the transverse stiffness results.

[EnY
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g o N 00 ©
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N

o

I
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o

Figure 20. Uncorrected area fraction versus corrected area fretion
according to Eq. 13
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Figure 21. Length fractionsl; and I, versus the corrected area
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Table 6 and Table 7 provide a comparison of tleglipted decrease in shear stiffnesses for a fevpleatases
using Eq. 11, for the quadratic fit to the projecteea, and Eq. 13, using the corrected areadractlculated from
the empirical relationship in Eq. 14, versus traults from FEA. When comparing the results of the tables, it is
clear thatG,; andG,; are not equivalent and likely dependent on somextibnal component that a relationship to
area fraction cannot capture. It is not clear whigdthod is more accurate. Further investigatiomnmdigg how the
lengths, instead of only the area will be considéag future work.

Table 6. Comparison ofAG;3 for sample cases
As AG,5 FEA (GPa) AG,; Quadratic AG,; Corrected

Fit (GPa) Area (GPa)
1 void 0.22 6.43 6.27 5.53
2 voids 0.27 5.78 8.07 5.48
3 voids 0.27 5.30 7.95 6.23
2 voids misaligned 0.23 4.74 6.81 5.76
4 voids, various AR 0.15 3.64 4.18 4.30
RMS Error (GPa) 1.85 0.81

Table 7. Comparison ofAG,; for sample cases
As AG,; FEA (GPa) AG,; Quadratic AG,; Corrected

Fit (GPa) Area (GPa)
1 void 0.22 6.42 6.27 5.53
2 voids 0.27 7.36 8.07 5.48
3 voids 0.27 7.29 7.95 6.23
2 voids misaligned 0.23 6.14 6.81 5.76
4 voids, various AR 0.15 3.79 4.18 4.30
RMS Error (GPa) 0.57 1.10

V. Concluding Remarks

After completing finite element analysis on seve@des of void size and spacing while the void ma&draction
remained constant, it was clear that the voidscaffee transverse stiffness and the out-of-plamaisktiffness the
most (up to 15% stiffness degradation on average fmid volume fraction of 4%). In an attempt &termine the
driving factors of the reduction in stiffness, veeihd that for the transverse stiffness, the prepketrea of the voids
onto the 1-2 plane had a significant impact. A ragrdinear relationship was found between the amedh the
resulting stiffness, but the relationship involvirg corrected length fraction provided a better pajs
understanding. The voids effect on the load beavisigme extends further than the space that thé gocupies,
which offers an explanation of why relationshipsdxsolely on volume fraction are not sufficientewtihe voids
of the composite have large aspect ratios andrageenly distributed. Similarly, we found that theear stiffness is
also related to the projected area of the voids ¢t 1-2 plane. However, an area correction, rédtien a length
correction is most appropriate due to the smalasbtess around the walls of the voids. Futurekwall consider
the effects of non-symmetry in the shear stiffnédse problems that arise when there are more \bids are
potentially overlapping will also be addressed.
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Appendix
The void cases studied are described below andrsgective data are found in Table Al and Taliébélow.
The cases are shown pictorially in Section lIl.
* 1 void; Centered; Aspect ratio (AR) = 3, AR =5, AR, AR =10
» 2 voids; Centered and aligned in “1” direction;athstant; AR =3, AR=5, AR=8, AR=10
e 3 voids; Centered and aligned in “1” direction;atihstant; AR =3, AR =5, AR =8, AR=10
e 2voids; AR = 8; Aligned in “1” direction;;s= 0.15 mm, = .57 mm, =1 mm, $= 1.6 mm
* 2 voids; AR = 8; Aligned in “1” direction;;sconstant; s— maximum possible distance apart (one void on
bottom, one void on top)
* 2 voids; AR = 8; NOT aligned in “1” direction (lo=d in opposite corners); sonstant; $§— maximum
possible distance apart (one void on bottom, o o top);
» 3 voids; AR = 10; Voids diagonal, but in same plane
« 3 voids; AR = 10; Voids diagonal, but in differeplaines;

Table Al. Data from void cases with varying aspecttios

# Voids AR E, (GPa) E, (GPa) E;(GPa) G (GPa) Gy (GPa)
1 98.0 98.0 95.7 37.4 35.4
1 98.7 98.7 92.7 37.8 34.4
1 8 99.1 99.1 88.7 38.0 32.9
1 10 99.4 99.4 86.3 38.1 32.0
2 3 98.5 98.1 94.3 37.5 35.8
2 5 99.1 98.8 90.9 37.8 34.9
2 99.5 99.3 86.1 38.1 33.6
2 10 99.6 99.4 83.2 38.2 32.6
3 99.0 98.2 93.8 37.5 36.0
3 99.4 98.8 89.9 37.9 34.8
3 99.8 99.3 84.7 38.1 33.2
3 10 99.9 99.4 80.2 38.2 31.7

Table A2. Data from void cases with aspect ratio & and varying spatial distributions
# Voids Spacing

E, (GPa) E, (GPa) E; (GPa) GlZ (GPa) Gl3 (GPa)
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Description
2 s;=0.16 mm 99.6 99.3 86.0 38.1 33.0
2 s;=0.57 mm 99.6 99.3 86.2 38.1 335
2 s;=1mm 99.5 99.3 86.2 38.1 33.6
2 s;=1.6 mm 99.5 99.3 86.2 38.1 33.6
2 S; = max 99.5 99.3 86.0 38.1 33.7
2 Opposite 99.3 99.3 86.1 38.2 33.0
corners
3 Diagonal; 99.4 99.3 84.7 38.2 331
same plane
3 Diagonal; 99.5 99.3 84.5 38.2 33.3

tiered planes
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Table A3. Data from void cases with 1 voids and cetant void height

(41 €2 E; (GPa) E, (GPa) Es (GPa) G1, (GPa) Gi3 (GPa) E; (GPa)
0.001 0.001 99.9 99.9 99.5 38.4 38.3 38.3
0.001 0.002 99.8 99.9 98.8 38.4 38.1 38.1
0.001 0.003 99.7 99.9 98.1 38.4 37.8 37.9
0.001 0.004 99.5 99.9 97.4 38.3 37.5 37.7
0.001 0.005 99.4 99.9 96.6 38.3 37.1 37.5
0.001 0.006 99.3 99.9 95.9 38.2 36.8 37.2
0.001 0.007 99.1 99.9 95.2 38.2 36.5 371
0.002 0.001 99.9 99.8 98.8 38.4 38.1 38.1
0.002 0.002 99.7 99.7 96.9 38.3 37.3 37.3
0.002 0.003 99.6 99.7 94.9 38.3 36.3 36.5
0.002 0.004 99.4 99.7 93.0 38.2 35.2 35.8
o 0.002 0.005 99.3 99.7 90.9 38.2 34.1 35.1
% 0.002 0.006 99.1 99.8 88.9 38.1 32.9 34.5
§ 0.002 0.007 98.9 99.8 86.8 38.1 315 34.0
§ 0.003 0.001 99.9 99.7 98.1 38.4 37.9 37.8
§ 0.003 0.002 99.7 99.6 95.0 38.3 34.8 36.3
ol 0.003 0.003 99.5 99.5 91.7 38.2 34.8 34.8
? 0.003 0.004 99.4 99.5 88.4 38.2 32.8 334
% 0.003 0.005 99.2 99.6 85.1 38.1 30.7 32.2
% 0.003 0.006 99.0 99.6 81.6 38.0 28.4 31.2
§ 0.003 0.007 98.8 99.7 78.1 38.0 25.8 30.3
g 0.005 0.001 99.9 99.4 96.7 38.3 37.5 371
f 0.005 0.002 99.7 99.3 90.9 38.2 35.1 341
§ 0.005 0.003 99.6 99.2 85.1 38.1 32.2 30.7
g 0.005 0.004 99.4 99.2 78.9 38.0 29.0 27.7
_@ Acknowledgments
g The funding for this work was provided by the NAS#aduate Student Research Program, grant number
a NNX10AM49H. The authors are thankful to Kim BeyMASA LaRC, Peter Bonacuse of NASA GRC, and Subodh
g Mital of The University of Toledo and NASA GRC forany helpful discussions.
K|
§ References
o

Ohnabe, H., Masaki, S., Onozuka, M., Miyaharaakdd Sasa, T., “Potential application of ceramitrim@omposites
to aero-engine component§bmposites Part A: Applied Science and Manufacturing, vol. 30, Apr. 1999, pp. 489—-496.

2 Goldsmith, M. B., Sankar, B. V, Haftka, R. T., a@dldberg, R. K., “Effects of Microstructural Vabidity on Thermo-
Mechanical Properties of a Woven Ceramic Matrix @osite,”NASA/TM 2013-217817, 2013.

Madsen, B., and Lilholt, H., “Physical and mecltahproperties of unidirectional plant fibre compes—an evaluation
of the influence of porosity Composites Science and Technology, vol. 63, Jul. 2003, pp. 1265-1272.

Pal, R., “Porosity-dependence of Effective MechahProperties of Pore-solid Composite Materialsiirnal of
Composite Materials, vol. 39, Jul. 2005, pp. 1147-1158.

Peters, P., Martin, E., and Pluvinage, P., “Inflcee of porosity and fibre coating on engineeriragtt moduli of fibre-
reinforced ceramics (SiC/SiC)Composites, vol. 26, 1995, pp. 108-114.

14
American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



Wu, Y., Shivpuri, R., and Lee, L. J., “Effect ofddro and micro Voids on Elastic Properties of P@y@omposites,”
Journal of Reinforced Plastics and Composites, vol. 17, 1998.

Tsukrov, I., and Kachanov, M., “Effective modufian anisotropic material with elliptical holesabitrary
orientational distribution,Tnternational Journal of Solids and Structures, vol. 37, 2000, pp. 5919-5941.

Huang, H., and Talreja, R., “Effects of void gedmen elastic properties of unidirectional fibeinforced
composites,'Composites Science and Technology, vol. 65, Oct. 2005, pp. 1964-1981.

Goldberg, R. K., and Bonacuse, P. J., “Investigatif Effects of Material Architecture on the ElafResponse of a
Woven Ceramic Matrix CompositeNNASA/TM 2012-217269, 2012.

10 “ABAQUS Software Package, Ver. 6.8, SIMULIA, Prdence, RI.”
2
=
a
N
©
3
&
S
o)
[a]
=
(=}
g
T
o
8
E_
9
&
]
T
8
g
O
S
5
3
&
&
<
m
&
B
B
k)
8
[a)
15

American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



