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ABSTRACT

An overview of current research efforts in underdtag the cause of variability
in the thermo-mechanical properties of woven cetamiatrix composites is
presented. Statistical data describing the ardhitecvariability from micrographs
is used to generate artificial ceramic matrix cosifospecimens. A large number
of artificial specimens can then be analyzed wittitd element analysis and
analytical methods to determine which architectaoahponents contribute most to
the variability in properties. It was found thati@sion in tow width, tow spacing,
and tow height alone cause some degree of vatjalysilthe mechanical properties,
but additional architectural variations such as giifting and the associated voids
must also be considered in order to capture a momgplete representation of the
variability in mechanical properties.
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INTRODUCTION

Thermal protection systems and hot structures dreuorent interest for
supersonic and hypersonic vehicles. These vehiolest be light weight and are
subjected to extreme temperatures (2000-2BP@nd structural loads. Materials
that have been used in the past, such as metalsalibo not satisfy these
requirements. As shown in Figure 1, ceramic matamposites (CMCs) have
potential for use in harsh thermo-structural agians [1].

However, ceramic matrix composites do not come autldrawbacks. Current
CMC material property prediction techniques are edason semi-empirical
relationships [2]. If the fiber architecture, volarfractions, or constituent materials
change, a new set of tests must be completed, @dlitne cost and time needed to
implement the materials. Therefore, the goal ofcamg research in this field is to
develop physics-based models that are capable enfighing material properties
such as thermo-elastic constants and strength Vmtited to no empirical
information.

Preliminary evaluation of some ceramic matrix cosi@s indicates that there
is considerable variability in their mechanical pedies. Randomness in the tow
architecture, as well as the randomly shaped aadesbvoids that are produced as
a result of the manufacturing process, are majatufes contributing to this
variability [3—6]. The focus of the research dismd in this paper is to relate
variability in the composite architecture to vaiidp in the thermo-mechanical
properties and strength. When addressing engirgeeproblems related to
variability and uncertainty, a large amount of diaions are often necessary.
Therefore, it is important to develop efficient imeds to propagate the variability
in the composite material to variability in its pesties. This can be done by
applying statistical information from micrograph$ the composites to semi-
analytical and finite element models. The reseanely be useful to both material
manufacturers and design engineers in that theecaluthe variability in thermo-
mechanical properties and strength and the impbiestthat the architectural
variability will have on its use in design will lederstood.
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Figure 1: Comparison of current material capab#itil]



COMPOSITE CHARACTERIZATION

Woven ceramic matrix composites are candidate ma#dor future supersonic
and hypersonic vehicle components due to theingtheand fracture toughness at
elevated temperatures. For this work, the compagseem under investigation is a
CVI (Chemical Vapor Infiltration) SiC/SIC eight-pl$HS (harness satin) weave
material. The image in Figure 2 is a 3D represantaif the weave for a 5HS unit-
cell. The composite has continuous Sylramic-iBNefiblows (20 ends per inch)
woven into a five-harness woven fabric perform if0490°] pattern. A silicon-
doped boron nitride coating is deposited on théasarof the individual fibers in
the tows. The fiber preform is then infiltrated kvet CVI-SiC matrix which fills the
tows and forms a thin matrix coating around thestay.

Initial evaluation of the composite system has gholarge amounts of
variability in the mechanical properties. A 2D imagf one cross section of the
SiC/SiC composite, obtained by Goldberg, et aligghown in Figure 3. The black
areas in the interior of the cross section repttegeids (the black area comprising
the border of the image is not voids), which varyacation, size, and shape. Other
2D cross sections are not identical to the one shdwt rather, exhibit different
random distributions of the voids and the micrastical characteristics such as tow
size, shape, and spacing.

Statistical data of various aspects describing dbeposite architecture was
obtained by Goldberg, et.al [7]. The architectyvatameters’ statistical data are
presented in Table | and include, tow width, towighg tow spacing, and
constituent volume fractions. The parameters waued to be normally distributed.
Note that the values in parentheses are standardtides. Other parameters that
describe the unit cell, as labeled in Figure 4,eweither estimated from the
micrographs or are a function of the other archited variables, and were held
constant.

Figure 2: 3D finite element model of 5 harnessnsattave [8]



Figure 3: 2D cross section of the SiC/SiC compasiierostructure [7]

TABLE I: SUMMARY OF VOLUME FRACTION AND GEOMETRIC GIARACTERISTICS
FOR 3 REAL SAMPLE SPECIMENS

% Void | % Matrix | % Tow w (mm) s(mm) h (mm)
Specimen 1 3.2 33.¢ 63.C 1.14 (0.08 | 1.27(0.05 | 0.12 (0.01
Specimen 2 4.¢ 32.4 62.¢ 1.15(0.08 | 1.27 (0.06 | 0.12 (0.01
Specimen 3 3.t 32.¢ 63.¢ 1.14 (0.08 | 1.27 (0.05 | 0.12 (0.01
Mean Value 3.8 32.¢ 63.2 1.1¢ 1.27 0.1z
St. Dev. 0.€ 0.€ 0.€ 0.Cc8 0.0t 0.01
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For this work, the focus was on modeling an RVEhaf 8 ply 5 HS composite
in order to keep the size of the problem tractabltele capturing the important
statistical characteristics. Due to the large armhainvariability, it is difficult to
define an RVE in the traditional manner, in whidie tRVE is a statistical
equivalent representation of the larger specimdre RVE shown in Figure 5
consists of two unit cells, with one flipped upsiitavn (as is done during material
fabrication), and a uniform shifting of one tow s#f applied. The effects of
neglecting ply shifting will be discussed below.
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Figure 5: Example of a randomly generated RVE

ANALYSISMETHODS

As previously mentioned, it is important to considemputational cost when
applying probabilistic methods. Semi-analytical mimechanics simulations are
computationally inexpensive, but have known shortings for some applications
(such as those with large inter-tow voids seeromeswoven CMCs). The opposite
is true for finite element analysis (FEA). Usingpense surface techniques, in
which varying architectural parameters can be edlato thermo-mechanical
properties and strength, the number of finite el@menalyses can be reduced
and/or the semi-analytical methods can be adjustgutoperly account for voids
based on FEA results.

Finite Element Analysis

The RVEs, with varying architectural parametersv(wwidth, tow height, and
tow spacing), were generated as images, which tene meshed with the open
source software, OOF2 [11]. The mesh is importad icommercial software,
ABAQUS, for FEA [12]. A combination of trianguland quadrilateral plane strain
elements was used. A finite element analysis basedmechanics approach with
periodic boundary conditions was used to deterntgeeffective elastic moduli,
Poisson’s ratios and coefficients of thermal expan§CTES) of the RVE using the
constitutive equation
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where the stresses and strains are macroscopiglumg averaged quantitieS,is
the stiffness matrixg is the matrix of CTEs andT is the temperature difference
measured from the reference temperature.

Selective Averaging Method (SAM)

The Selective Averaging Method is an analyticallrodtfor determining elastic
constants that was proposed by Sankar and Marfeyh® method simply requires
a RVE and knowledge of the constituent materiapprtes and their location. For
this approach, the RVE is divided into slices. Tdlees are subdivided into
elements. Then, the elastic constants of the daests are averaged by selecting
either the isostress or isostrain condition, depwndn which is the more
appropriate assumption for the given level beingpaoted for. For example, iso-
strain is assumed when moving from the element levéhe slice. This implies that



every element within the slice has the same amotastrain. However, each slice
can have a different strain. Then, from the sleamacroscale level, there is an
isostress assumption in which every slice has anvalgnt average stress. This
method was shown to agree very well with FEA residt the 5HS weave that was
used for comparison in their study.

Response Surfaces

When it is desired to determine the response atge Inumber of data points, it
is typical to perform analyses at a small set @& giints, which are then fit with a
polynomial response surface. The number of simariatineeded is dependent on
the number of variables, as well as the degrebepblynomial of your desired fit.
Since all of the polynomials used in this work dreear, Zn+1) analyses are
necessary, wher@ is the number of variables. The relationship betwehe
variables and thermo-mechanical properties is gineen by

response:C1X1+C2X2+...+Can +Cn+1 (2)

wherec, is the coefficient ana, is the variable. The coefficients of the response
surface provide insight into how sensitive the oese is to a given variable. The
response surface can also be used to generateiomddiresults based on
interpolation to determine the statistical disttibn of the properties (Normal,
Weibull, etc).

RESULTSAND DISCUSSION

Results from the finite element analysis and resposurface results are
presented in Table Il. It is known that voids havemore detrimental effect on the
out of plane moduli than the in-plane moduli, whislobserved in the results below
[10]. Huang and Talreja [10] also observed thatlgsdiave the most impact on the
out-of-plane shear modulu§{(z). From the response surface coefficients, it was
found that tow width, tow spacing, and volume fiaa$ had the most significant
impact on variability in the mechanical properti&milar results were generated
using the semi-analytical method SAM. It was fotimat SAM agrees well with the
below results for in-plane moduli. However, the -ofsplane modulus is over
predicted by approximately two times the FEA angbragimate experimental
results. The same is true for other analytical m#shas well as finite element
models that do not explicitly model the inter-towids [8].

The inter-tow voids do not only affect the mearueabf mechanical properties,
but they have also been found to affect the amotintariability exhibited by the
mechanical properties. The results presented iteTlaindicate that the variability
in the through thickness modulus is approximatéyd the mean. However, finite
element analyses of full specimens like that shawRigure 3 indicated that the
variability is much higher (on the order of 20% wmore) [7]. As previously
mentioned, variable ply shifting was neglectedha turrent models. Preliminary
efforts have indicated that variable ply shiftirgimportant to consider, given the
magnitude of the affect it has on the voids sihapg, and spacing which inherently



affects the mechanical properties and strengthorparison of the effect of a few
different tow offsets (and thus different void cigirations) on different artificial
specimens indicates that the shifting significardffects both the mean and the
amount of variability, as shown in Figure 6.

Work in progress is focused on determining if tiogdg can be characterized in
such a way that the resulting mechanical prope#gres strength can be predicted
based on that information. The response surfacdtsgzresently used are based on
only one void configuration as a result of one toffset in ply shifting. If the
shifting pattern is altered, it is likely that thesponse surface would have to be
altered also. The information about how voids affeechanical properties and
strength, then, would be valuable for finite eletm@sults, and may provide insight
into how analytical models can be adjusted if voae an issue in the given
composite system.

Table Il: SUMMARY OF FEA AND RESPONSE SURFACE REST&

Finite Element Response Surface
Analysis Results Results
Mean Standard Mean Standard
Deviation Deviation
E; (GPa) 231.0 5.0 230.4 3.6
E, (GPa) 259.9 1.9 260.0 1.9
E; (GPa) 105.8 6.2 106.2 4.4
Vi, 0.174 0.005 0.174 0.003
Vi3 0.202 0.004 0.201 0.003
Vo3 0.123 0.006 0.123 0.005
G1, (GPa) 745 5.2 74.1 3.1
G13(GPa) 20.6 3.6 20.4 2.3
G,3 (GPa) 44.8 1.7 44.9 0.9
a, (10°°%/C) 4.65 0.001
a, (10°°/C) 4.65 0.001
a; (10°%/C) 4.62 0.001
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Figure 6: Effect of ply shifting on the out-of-plamodulus



CONCLUSIONS

Progress has been made in determining how varimigtectural parameters of
5H SiC/SiC composites affect their thermo-mechdmoaperties. It was found that
the architectural parameters considered in thikwimw spacing, tow height, and
tow width) do not capture the full extent of therighility exhibited by the
specimens, but do play a minor role. The methodepfploying statistical
information from the micrographs for use in aridicmodels works well, and will
be useful in determining the specific effects ofdgoon the thermo-mechanical
properties and strength using finite element ofydiical micromechanics.
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