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ABSTRACT

The use of fiber, interphase, CVI SIC minicomposites as structural elements for
2D-woven SiC fiber reinforced chemically vapor infiltrated (CV1) SIC matrix composites
is demonstrated to be a viable approach to model the elastic modulus of these composite
systems when tensile loaded in an orthogonal direction. The 0° (loading direction) and
90° (perpendicular to loading direction) oriented minicomposites as well as the open
porosity and excess SiC associated with CVI SiC composites were all modeled as parallel
elements using simple Rule of Mixtures techniques. Excellent agreement for a variety of
2D woven Hi-Nicalon™ fiber-reinforced and Sylramic-iBN reinforced CVI SiC matrix
composites that differed in numbers of plies, constituent content, thickness, density, and
number of woven tows in either direction (i.e, balanced weaves versus unbalanced
weaves) was achieved. It was found that elastic modulus was not only dependent on
constituent content, but also the degree to which 90° minicomposites carried load. This
depended on the degree of interaction between 90° and 0° minicomposites which was
guantified to some extent by composite density. The relationships developed here for
elastic modulus only necessitated the knowledge of the fractional contents of fiber,
interphase and CV1 SIC as well as the tow size and shape. It was concluded that such
relationships are fairly robust for orthogonally loaded 2D woven CVI SiC composite
system and can be implemented by ceramic matrix composite component modelers and
designers for modeling the local stiffness in simple or complex parts fabricated with

variable constituent contents.

INTRODUCTION
Woven silicon carbide fiber reinforced silicon carbide matrix composites with

matrices fabricated by the chemical vapor infiltration route represent a very important
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class of materials for a variety of high temperature air-breathing, space, and nuclear
applications [1]. Future SIC/SIC components will possess rather complex shapes
requiring various architectures, differences in local thickness, and local curvature, which
may also lead to processing non-uniformities throughout a given component. Needless to
say, in order to design with such materials, the effect of geometry, fiber-orientation,
architecture, and constituent properties and content on stress-strain response needs to be
well understood. The first and the foremost property required for component design is the
effect of these factors on tensile elastic modulus. A significant amount of work has been
performed towards understanding the mechanical properties of 2D [2-8] and 3D [5]
woven CVI SiC matrix composites primarily with regard to the occurrence of non-linear
stress-strain behavior due to matrix cracking. However, little has been done to quantify
the elastic properties of these composites as a function of architecture, constituent
properties, and constituent content. Therefore, the objective of this study was to
determine relationships for the elastic modulus of 0/90 2D woven CV1 SiC compositesin
the orthogonal directions for awide variety of composite parameters by carefully
accounting for all those parameters. The parameters included architectural variations,
which included composite thickness, number of plies, balanced and unbalanced weaves,
and tow size, and constituent variations, which included fiber-type, interphase
composition, and constituent contents. In a companion paper [9], the effects of these

same architectural and compositional parameters on matrix cracking were studied.

EXPERIMENTAL

Composite specimens with different CVI1 SIC matrix content were obtained from
several processing approaches/anomalies representing vintages that span over 10 years
from the same vendor (currently General Electric Power Systems Composite, Newark,
DE). Thethree general processing approaches are shown schematically in Figure 1 and
indicated in Table |. “Standard specimens” went through typical CV1 fabrication and
machining at General Electric Power Systems Composites, Newark, DE (Figure 1a). This
consisted of woven fiber lay-up, CVI interphase infiltration, initial CVI SiC infiltration,
specimen machining and a final CVI SiC infiltration step to further densify the specimen.
Specimens consisting of eight to 36 plies were fabricated in this manner. Some



specimens, consisting of eight plies, were infiltrated to less than “full” matrix content (~
50%) and not subjected to final CVI SiC infiltration. The open porosity in these low
density matrices was filled with epoxy [10] (Figure 1b) for subsequent mechanical
testing. In other studies, this fiber-interphase-CV1 SiC “preform” makes up the skeleton
of higher density composites where the open porosities are filled by SiC slurry and melt-
infiltrated silicon composites [11]. However, for the purpose of this study they represent
avery low CVI SiC content composite since the epoxy carries negligible mechanical
loads. The third set of specimens were “thin panels” that consisted of one, two, or three
pliesthat had delaminated from a multilayer woven SiC fiber, carbon fiber preform
during CVI SIC infiltration [12] (Figure 1c). Even though these specimens were the
product of delamination, the delamination occurred early in processing, so that cracking
of CVI the SIC matrix was not observed in polished as-produced specimens.

Asindicated in Table I, constituent variations included the woven fiber-type and
interphase composition. Composites were fabricated with Hi-Nicalon™ (HN) fibers
(Nippon Carbon, Japan) woven at 6.7 tow ends per cm as a balanced five-harness satin or
eight-harness satin weave or Sylramic-iBN fibers (Dow Corning, Midland, M1 with a
special NASA treatment [13]) woven into balanced (7.9 epcm) or unbalanced (9.4 epcm
x 5.5 epcm) five-harness satin pieces of cloth. Fiber-preforms were either infiltrated with
C or BN asthe interphase. Specimens were machined as dog-bone specimens or straight-
sided specimens, Table | identifies the specimen geometry of each specimen.

The constituent content was determined for each individual specimen from the
mass of the specimens and relative weight gain information obtained from the composite
manufacturer. This was necessary because CVI SiC content varies across a panel and
some of the specimens were further densified after specimen machining. First, the mass
of the as-processed and as-cut specimen was determined’. The dimensions were
measured for each specimen shape to determine the specimen volume. The density was

" The mass for each specimen was determined in the as-machined ready-to-test state with the exception of
the epoxy-infiltrated specimens. The epoxy-infiltrated specimens were weighed after the perform pand was
cut into straight-sided specimens and prior to epoxy-infiltration and dogbone machining for constituent

determination. The weight of the after-epoxy specimen was measured aswell.



determined for each specimen from the mass and specimen volume. The average total
fiber volume fraction was determined from the fiber tow and weave properties as follows:
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t
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where Ny is the number of woven plies, N is the number of fibers per tow (500 for Hi-
Nicalon and 800 for Sylramic-iBN), Ry is the average fiber radius (0.00685 um for Hi-
Nicalon and 0.005 pum for Syl-iBN as measured from polished cross-sections of several
composites), t is the average specimen thickness, and epmm is the number of tow ends
per mm, and subscripts 0 and 90 refer to the orthogonal directions

The fraction of the interphase material, f;, was determined as follows:

f
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where iy is the mass of the fiber preform before tooling, m is the mass of the interphase
by subtracting the mass of the interphase coated preform from the fiber-only preform
mass, and pr and p; are the densities of the fiber (2.71 g/cc for Hi-Nicalon and 3.05 g/cc
for Sylramic-iBN) and interphase, respectively. The density of the interphase was
assumed to be 1.5 g/cc for BN [14] and C. This value may be in error; however, f; is
relatively insensitive to the analysis below. The CVI SIC volume was then determined as

follows:
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where Vgec IS the specimen volume, pgec IS the specimen density, and psc is the density
of CVI SIC (3.2 g/cc). The volume fraction of SIC matrix, fgc, isthen Simply Vac/Vpec.
Finally, the average total fraction of porosity for each specimen could be estimated from

the constituent volume fractions:



fo=1-f, —f —fg (4)

The constituent fractions are listed in Table I.

Room temperature tensile testing was performed using a universal-testing
machine (Instron 8562, Instron Ltd., Canton, Mass.) and strain was measured with a clip-
on extensometer (2.5% maximum strain range over a 25.4 mm gage length). For some of
the tensile tests, three wide-band acoustic emission (AE) sensors were attached to the
specimen, which is described in the companion paper [9]. Specimens were either tested
monotonically to failure or were loaded, unloaded, and reloaded at a higher load until
failure occurred. The loading rate was 2 kN/min for the thin specimens, 4 KN/min for
standard specimens, and 10 kN/min for the thick specimens.

RESULTS

The composites differ considerably in numbers of plies (1 to 36), thickness (0.38
to 10.6 mm), and constituent content (Table ). Most notably, fsc varied by nearly a
factor of two and f, varied by nearly a factor of three for the Hi-Nicalon composites.
There was also significant variation in f; and some composites fabricated with a carbon
interphase for each fiber-type had significantly higher interphase content than the other
specimens (Tablel).

Microstructure

Some of the composite microstructures are shown in Figure 2 for HN composites
(a-g) and SYL-iBN composites (f-i). Longitudinal sections refer to sections cut and
polished along the length of the tensile specimen, whereas the cross section (Figure 2c)
refers to the section cut perpendicular to the length of the tensile specimen. The
microstructure differs considerably. For the thick specimens (Figure 2d), the exterior
plies have a high CV1 SiC content whereas the inner plies have larger unfilled regions,
typical of preferential SIC deposition. For the epoxy-infiltrated high-porosity specimens
(Figure 2e), the structure is very open. Note how nearly all the coated tows are separate
from one another. Noted in Figure 2a is the 0° minicomposite, i.e., the region of fiber,
interphase, and CVI SiC matrix oriented in the loading direction, and the 90°



minicomposite, i.e., the region of fiber, interphase, and CVI SIC matrix oriented
perpendicular to the loading direction. Thiswill become important later in the analysis.
Also, the effect of fiber-type results in different tow sizes which is a product of the
weave, compaction of the ply lay-up by the manufacturer, total fiber count and fiber
diameter. The cross-sectional area of fibers in a Hi-Nicalon tow is about 22.5% greater
than the Sylramic-iBN tow. Note also that some axially-oriented porosity exists within

the tows.

Stress-Strain Behavior and Ultimate Failure

Room-temperature stress-strain curves obtained by tensile loading along the fiber
orthogonal directions are shown in Figure 3 for the different composite systems. As
expected, the composites with the lowest porosities had relatively high elastic moduli,
whereas the specimens with the highest porosities (epoxy-infiltrated and thin panels) had
lower elastic moduli. There was also much variation in non-linear stress-strain behavior
and ultimate tensile strength which will be discussed and analyzed in the companion

paper [9].

Elastic Modulus and Speed of Sound of Undamaged Composites

The effect of constituent content on elastic modulus was analyzed for a variety of
constituents and physical parameters. On an empirical basis, composite modulus proved
to exhibit the best correlation with composite density (Figure 4). There appearsto be two
regions, aregion of higher density where there is a strong relationship between density
and E and a lower density region where there is a mild relationship between density and
E.

The speed of sound of each specimen was used as a check to the measurements of
E and p. Sound waves were created by pencil lead-breaks or by the matrix microfractures
that occur near or in the grips at very low loads [9]. The speed of sound could be
determined from the difference in time of arrival of the first peak of the relatively non-
dispersive extensional wave [15]. Figure 5 shows a plot of speed of sound versus
(E/p)" for anumber of monolithic materials and the composites tested in this study. Note

that under plane strain behavior, it would be proper to compare the measured elastic



moduli with (E/[ p(1-v)])"?, where v is Poisson’s ratio. However, v was not known for
the composites and was assumed to have a minor affect on the analysis since v would be
~0.2+0.1. The speeds of sound of the monoliths fall just below aline of direct
proportion, due to the absence of v in the comparison. The speeds of sound of the
composites fall near the same line indicating a good correlation of measured elastic
modulus and density.

Modeling Elastic Modulus. The Role of the 90° Minicomposite

Similar to reference 6, the entire composite can be considered to consist of 0°
(stressed direction) and 90° (perpendicular to stress direction) oriented fiber-interphase-
CVI1 SIC minicomposites. In this construction, the minicomposite is not necessarily a
uniform mixture, unlike 0/90 laminate composites [16-17], but may contain two distinct
regions. an inner region consisting of a mixture of fibers, interphase coating, CVI SIC
and inner-tow porosity surrounded by an outer “shell” of CVI SiC if a sufficient amount
of SiC isinfiltrated to fill the inner region (Figure 6a and b). In addition, there are
typically large open pores associated with weave crossover points and depends on the
degree of “nesting” achieved after ply stacking and pressing.

The difficulty in modeling the elastic modulus of woven composites comes with
the treatment of the 90° minicomposites and the network of open porosity. The large open
porosity in composites is sometimes associated with 0° minicomposites and can be
considered in parallel to the loading direction; however, some large pores are associated
with the 90° minicomposites and would appear to be in seriesin agiven ply. The large
pores associated with the 90° plies would increase as epcm decreases for the 90°
orientation. On the other hand, nesting, ply compaction, and the registry of ply lay-up can
minimize the porosity within and between plies. Also, if the porosity is on average well-
distributed in a cross-section and good transfer of load exists between 0° and 90°
minicomposites over acritical length scale in the loading direction, it is possible that all
of the open porosity can be treated in parallel. The approach here will be to determine in
general the degree of load carried by the 90° minicomposites assuming that all of the
large open porosity acts in parallel under load. Then a model for the elastic modulus of



the 90° minicomposites will be developed based on constituent content in order to predict
the composite elastic modulus for the different CVI SIC composites studied.

First it isassumed that all of the condensed phases in the composite are associated
with 0° and 90° oriented tow minicomposites (Figure 6a). To determine the degree of
load-carrying contribution for the 90° minicomposites, it is first assumed that three
elements, 0° minicomposites, 90° minicomposites, and open porosity, act in parallel and
can therefore be described by the Rule of Mixtures:

AcecEc = AO(‘?OEO* + A90590E90* + Aopen-porgopm-porEopen-por (5)

Where A isarea, eisstrain, E isthe elastic modulus of the 0° and 90° minicomposites
and subscripts “c” and “open-por” refer to composite and open porosity, respectively.
The total porosity (Table ) isthe sum of the open porosity and the inner porosity (the
porosity contained within the minicomposite estimated here to be ~ 5% of the composite
volume). Eg and Egy are considered to be the effective moduli of the entire 0° and 90°
minicomposites as depicted in Figure 6a. Eg then describes the load-carrying ability of
the 90° minicomposite.

Assuming equivalence of the strain terms and Eqgpen-por = 0, the volume fraction of
minicomposites is the area of the minicomposites divided by the area of the composite,
and solving for E. reduces Equation 5 to:

E. = foEo + fooEop (6)

Where fo and fgo are the volume fractions of 0° and 90° oriented minicomposites and can

be represented by:
fo=lo(frfi+fact finner-por) (79)
f90 = (1 - IO) (ff+ fi+fSiC+ finner-por) (7b)



where finer-por 1S the total fraction of porosity in the inner region of a minicomposite (~
0.05) and | isthe ratio of fibers oriented in the loading direction:

ly=—— 0 (83
epcm, + epcmy,

For a balanced weave, | = 0.5.

Eo can simply be determined from Rule of Mixtures of the constituent content of
the 0° minicomposites:

o l,(f E, + f,E + focEqc) ©

0 — fo

Where E; = 380 GPafor Sylramic-iBN and 280 GPa for Hi-Nicalon, Egc = 425 GPafor
CVI SiC, and E; = 23 GPa (see below). Then, Ego can be backed out from equation 6:

£ - (E.— foEs) (10)

f90

Figure 7 shows the relative load carrying ability of the 90° minicomposites as
plotted against density. There is a striking demarcation between high density and low
density composites. The higher density composites exhibit significant load-sharing in the
90° minicomposites whereas in the low density minicomposites, the 90° minicomposites
exhibit little or no actual contribution to load-sharing. Physically thisimpliesthat a
sufficient amount of CVI SC is necessary to insure good interaction or strong bonding
between adjacent plies so that the 90° are loaded. This explains why there was little
effect of density on E; for the low density composites (Figure 4). Practically then, for
low density composites, it can be assumed that the 90° minicomposites do not share the
load:

E. (low density) = foEo’ (11)



Modeling Elastic Modulus: High Density Composites

For higher density composites it is obvious that the 90° minicomposites carried
significant load. The minicomposite consists of the two regions mentioned above: the
inner region of the minicomposite and the outer region of CVI SiC (Figure 6). The inner
region of the 90° minicomposite is the most difficult entity to model. One unknown
guantity is the elastic modulus of the low-temperature deposited CVI BN. The composite
specimens where there was very little porosity in between 90° minicomposites, the Syl-
iBN composites oriented with the 5.5 epcm in the 0° direction (Figure 2h), was used to
“back out” the elastic modulus of the inner region of the 90° minicomposite and to
estimate E;. For this case, nearly all of the porosity is aligned axially (Figure 2g would
correspond to a cross-section where the 5.5 epcm orientated tows are loaded). Also,
nearly all of the CVI SIC that is infiltrated outside of the inner region of the
minicomposites is well situated with the 0° tows or the surface of the composite enabling
good load transfer to this portion of CVI SiC and would fulfill the requirement that the
CV1 SIC outside of the inner region of the minicomposite operates in parallel. Therefore,
the “outer SIC” corresponding to 0° minicomposites, 90° minicomposites, and the surface
of the composites will be treated as one entity and the “inner region” of the
minicomposites will be modeled separately. Since the inner region of the 0°
minicomposites, the outer-SiC, and the open porosity were all aligned in parallel to the
loading direction, the elastic modulus of the inner region of the 90° minicomposites could
be determined from rule of mixtures:

Ec — finnerOEinnerO — fouterS'CES'C (12)

innerg0 — f

E

inner 90
where “inner” refers to the inner region of a minicomposite. The fractions of the inner
regions of the minicomposite are simply:

0 0 0 0
f ff—inner + fi—inner + fS’C—inner + fporos'ty—inner (138.)

inner0 —
finner90 = ffg?inner + fii)(i)nner + f;?:—innq + fp?(?ros’ty—inner (13b)

For a balanced composite, with the same tow size in the orthogonal directions, finneo and
fineroo Would be equivalent. Since all of the fibers and the interphase coating are

contained in the inner regions of the minicomposite:
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f o = (@—1o)f, (14b)
where subscript | pertainstof, i, and porosity-inner. fgc.inner Can only be determined if
finner 1S known. This depends on the volume (area) of the tow, which may differ for
different architectures. The two dimensions, height (2a) and width (2b), of the inner
regions of the tows (Figure 6b) were measured for representative specimens from each
panel for both orthogonal directions (Table I1). There was essentially no difference in
tow size of the orthogonal minicomposites for a given balanced panel. There was very
little difference in tow dimensions for different panels with balanced architectures and the
same fiber types. There were aso minor differences measured for the two orthogonal
directions in the unbalanced composites. The actual shape of a cross-section of atow
varies between an ellipse and a rectangle. The latter was chosen here to describe the tow

Cross-section:
0 mm, 2a,2b. N
i = e - TR o (159
ot
%0 mm,, 2a,, 2b,,N
£, = ’Xner L 6;90 PN oy (15b)
ot

where Ay IS the cross-sectional area of the composite. fsc.inner Can then be determined
from Equations 13a and b for the 0° and 90° orientations, respectively. E’qmersic can be
determined from the rule of mixtures and the fraction of outer-SiIC as follows:

foersc = fsc + fS(')C—inner + fsg')?:—inner (16)

Equation 12 was solved for the Sylramic-iBN composite specimens where the 5.5
epcm tows were aligned in the loading direction. Einnergo Was found to be 140 + 5 GPa for
two specimens.

Next, the inner 90° elastic modulus can be modeled for the unbalanced Syl-iBN
composite oriented with the 5.5 epcm tows in the loading direction. In reference 6, it was
assumed that the fibers in the 90° minicomposite act as pores due to poor load transfer
through the weak interface. For the composites of this study, it is evident that the 90°
minicomposites do carry significant loads (Figure 7). If there is enough load transfer

within the inner region of the 90° minicomposite, the elastic modulus must be accounted
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for. However, E; of BN deposited at low temperatures is not well understood. In another
study, it was assumed that the elastic modulus of the nanocrystalline randomly oriented
BN was 62 GPa[14]. The elastic modulus of low temperature derived BN ranges from 10
to 200 GPa[18-20] depending on orientation and crystallinity. Since Ejnneroso Was
estimated for the composites with the 5.5 epcm tows oriented in the loading direction, a
simple Reuss element (Equation 17) was used to model Ejnngo from which E; could be
backed out. The best fit E; equaled 23 GPa. This value corresponds well with the elastic

modulus of BN (20 GPa) in similar composites measured by nanoindentation [21].

1
o f N
EinnerQO — f|nner—| + inner—f + f|nnerSC (17)
E E; Eqc

Finally, the same approach and assumptions (0° inner minicomposite, outer SiC,
macroporosity, and 90° inner minicomposite all act in parallel) were applied to model the
elastic modulus of all the higher density composites. Two extremes were modeled for
Einnerso- The high stiffness extreme used Equation 17 to estimate Ejnnergo With E; assumed
to be 23 GPa. The low stiffness extreme assumed Ejnneroo = 0, i.€., poor load-transfer or
fiber-matrix decoupling within the inner region of the minicomposite. The Rule of
Mixtures relationship, Equation 12 (solved for Ec), was used to determine E.. Figure 8
plots the measured E vs the predicted E. for the Sylramic-iBN and Hi-Nicalon composite
systems. For the lower density Hi-Nicalon composites, Equation 11 was used to predict
Ec. Table11l liststhe measured and estimated moduli for each specimen.

There is excellent agreement between predicted and measured E. for the
Sylramic-iBN composites regardless of interphase or orientation when using the Reuss
model to describe Einnergo. The Hi-Nicalon composites are in good agreement for the
Reuss model; however, the predicted E. tended to overestimate the measured value. The
lower extreme prediction, Einnergo = 0, underestimated the measured E. for all the higher
density composites except for the 8 ply carbon interphase Hi-Nicalon CVI SiC.

DISCUSSION:
The elastic modulus of the CVI SIC matrix composites was predicted by applying
simple Rule of Mixture techniques for a wide range of constituent content, ply lay up,

fiber-type, woven fiber tows per length, balanced weave and unbalanced weave. The
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good correlation between prediction and measured values appears to vindicate the simple
assumptions that went into the analysis. This approach should also provide designers with
simple, yet fairly robust, relationships for modeling the elastic modulus of 2D woven

CVI1 SIC matrix composites in the orthogonal direction. The entire analysis requires only
the knowledge of the fractional contents, f;, fi, and fsc, of the condensed phases and the
general shape, balance, and size of the tows. This could easily be incorporated into
modeling the local stiffness of a component if the local constituent contents and tow
shape of a complex component are known from process models, microstructural
evaluation, and/or NDE techniques where local processing variation may occur due to
nonuniform infiltration of interphase or more likely CVI1 SiC. It should also be noted that
the stiffness in off-axis directions measured by others [4] and determined by the speed of
sound as afunction of orientation [22] for panels of similar high density composites show
only aslightly lower modulus (~ 5%) than the orthogonal directions. This is presumably
due to the fact that this property is dominated by the CVI SIC. Therefore, once E is
known in the orthogonal directions, a slight “knock down” modification can be made as a
function of orientation.

The demarcation between low and high density that dictated the change in elastic
modulus was not determined absolutely in this study. It was found that the stiffness of
composites less than ~ 2.0 g/cc was controlled by the 0° minicomposites whereas
composites greater than ~ 2.3 g/cc had significant load-shared by the 90° minicomposites.
This result points to alack of interaction between 90° minicomposites with 0°
minicomposites at the lower densities probably due to low CVI SIC contents. It may also
be due in part to large pores acting more in series rather than in parallel when loaded. It is
not known whether there is a clear demarcation between these two regions or whether
there will be a gradual transition from one to the other.

There was greater variability in the predicted elastic moduli for Hi-Nicalon
composites. The largest overestimate of the predicted E. for the high-density Hi-Nicalon
composites was never greater than 11% of the measured E; value. The reason for thisis
unknown. There were differences in interphase compositions; however, the interphase
composition did not appear to affect predictability. The degree of bonding between Hi-
Nicalon fibers and the interphase may be weaker than that for the Sylramic-iBN. The Hi-
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Nicalon fiber has a smooth sometimes carbonaceous surface mating the interphase. This
may lead to poorer bonding and load-sharing when loaded transversely. The Sylramic-
iBN has arough surface where the outer ~ 100 um of the fiber was converted to a
crystalline BN which would be expected to provide better bonding and load transfer. 1t
should be noted that Sylramic-iBN composites fabricated with an already debonded
interphase/matrix interface (outside debonding) had a significantly lower E; when
compared to composites of the same constituent content that did not show the same
degree of processing-induced debonding [23].

It is evident that significant load is carried by the inner regions of the 90°
minicomposites when good interaction between 90° and 0° is achieved with high enough
CVI SiC contents. On average, Einnerso for typical HN 90° minicomposites (excluding the
HN 8PLY C interphase composite) was approximately 175 GPa and for typical Sylramic-
iBN 90° minicomposites (excluding the 7.9 epcm Syl-iBN C interphase composite) was
approximately 150 GPa. There was some minor variation from panel to panel due to
minor differences in constituent fraction content (Table 111). Note that for the thick
interphase composites, HN 8PLY (C) and 7.9 epcm Syl-iBN (C) composite specimens,
Einnerao IS Significantly lower because very little CVI SIC actually penetrates the inner
region of the minicomposite. For the HN 8PLY (C) composite, the low modulus for
Einnergo Still resulted in an overestimate of the measured E. For that case, Ejnnergo = 0 was
the best predictor. For the 7.9 epcm Syl-iBN (C), the low modulus for Ejnnergo Worked
very well in predicting Ec.

Finally, with a model for Ec, the full linear and non-linear behavior of 2D woven
CVI1 SIC composites can be modeled. It will be shown in the companion paper [9] that
the matrix crack density for the high density composite can be simply modeled by the
stressin the CVI SiC as determined by local elastic strain which necessitates E. to be
known for a given system. It is also believed that this approach serves as a basis for
modeling E. in dense melt-infiltrated composites by filling in most of the porosity with Si
and SiC. Thiswill be the focus of a future sudy.

CONCLUSION

14



The elastic modulus of woven SiC fiber-reinforced, CVI SIC matrix composites
stressed in one of the orthogonal directions could effectively be modeled by assuming
that the basic structural elements of the composites are the 0° oriented (loading direction)
and 90° oriented fiber, interphase, and CVI SiC minicomposites. This was accomplished
for awide variation of constituent content, fiber-type, ply lay-up, and interphase content.
The effect of constituent content on elastic modus not only depends on the relative
amounts of constituents, but also on the effectiveness of the structure, i.e., 90°
minicomposites, to carry load. Lower density composites have very little load-carrying
contribution from 90° minicomposites when loaded in the 0° direction whereas significant
load was carried by the 90° minicomposites for higher density composites. The treatment
of the inner region of the 90° minicomposite as a series element (Reuss model) of the
three condensed phases proved to be most effective towards predicting the elastic
modulus of the higher density composites. It is concluded that this represents a very
simple yet robust approach to modeling the stiffness of 2D woven SiC fiber-reinforced
SiC matrix composites when loaded in the orthogonal direction that can be implemented

by designersrather easily.
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Table |: Physical Properties of Composite Specimens

Specimen (interphase) Specimen t,
{no. specimens} Weave| shape mm fs fi fsic fp
Hi-Nicalon Composites
Standard 8 Ply Panels
8 Ply (C) {2} 8HS dog-A* 2.84 | 0.28 |0.13| 0.44 0.15
8 Ply (BN1) {2} 8HS dog-A 2.37 | 0.37 |0.05| 041 0.17
8 Ply (BN2) {2} 5HS dog-B" 253 | 0.31 |0.06| 0.48 0.15
8 Ply (BN3) {1} 5HS dog-B 2.14 | 0.33 |0.05]| 0.47 0.15
Standard Thick Panels
30 Ply (C) {1} 5HS dog-B 8.68 | 0.34 [0.04| 0.45 0.17
36 Ply (C) {1} 5HS dog-B 10.56 | 0.34 |0.04| 0.43 0.19
Thin Panels
1 Ply (C) {1} 5HS | Straight® | 0.38 | 0.26 |0.04| 0.29 0.41
2 Ply (C) {2} 5HS | Straight | 0.73 | 0.28 |0.04| 0.33 0.35
3 Ply (C) {2} 5HS | Straight | 0.92 | 0.32 |0.04]| 0.35 0.29
Epoxy Iniltrated Panels
E8Ply-5HS(BN1) {1} 5HS dog-B 245 | 0.32 |0.05]| 0.25 0.38
E8Ply-5HS(BN2) {1} 5HS dog-B 245 | 0.32 |0.05]| 0.27 0.35
E8Ply-8HS(BN) {1} 8HS dog-B 2.37 | 0.33 |0.05]| 0.29 0.33
Sylramic-iBN Composites (Standard 8 Ply Panels)
8 Ply 7.9 epcm (1) {1} 5HS dog-A 2.18 | 0.363 |0.071| 0.377 | 0.189
8 Ply 7.9 epcm (2) {1} 5HS dog-A 2.17 | 0.365 |0.069| 0.387 | 0.179
8 Ply 7.9 epcm (3) }1} 5HS dog-A 2.19 | 0.361 |0.070| 0.443 | 0.126
8 Ply 7.9 epcm (C) {1} 5HS dog-A 2.38 | 0.332 |0.229| 0.346 | 0.093
8 Ply Unbalanced {4} 5HS dog-A 2.24 | 0.335 |0.069| 0.464 | 0.132

& Dogbone tensile specimen 203 mm in length, approximately 15.5 mm in width at grip

section and 10.3 mm in width at gage section

® Doghone tensile specimen 152 mm in length, approximately 12.6 mm in width at grip

section and 10.3 mm in width at gage section
® Straight-sided tensile specimen152 mm in length and approximately 12.6 mm in width

throughout.

18



Tablel1: Tow Size and Shape for Representative Composites

Composite Specimen | Architecture, Fiber-type | # of tows 2a, mm 2b, mm
measured
HN 8 PLY (BN1) Standard 8 ply, HN 30 0.13+0.02 | 1.15+0.09
HN 8 PLY (BN2) Standard 8 ply, HN 33 0.14+0.02 | 1.19+0.10
HN 8 PLY (BN3) Standard 8 ply, HN 15 0.13+0.02 | 1.21+0.10
HN 8 PLY (C) Standard 8 ply, HN 32 0.14+0.02 | 1.22+0.20
E8Ply-8HS(BN) Epoxy infiltrated 8HS, HN 23 0.14+0.02 | 1.17+0.14
3 Ply (C) Thin (3 Ply), HN 15 0.14+0.02 | 1.18+0.09
7.9 epcm Syl-iBN (BN1) Balanced, Syl-iBN 32 0.11+0.02 | 1.04+0.10
7.9 epcm Syl-iBN (BN2) Balanced, Syl-iBN -- 0.11* 1.015*
7.9 epcm Syl-iBN (BN3) Balanced, Syl-iBN 36 0.11+0.01 | 0.99+0.10
7.9 epcm Syl-iBN (C) Balanced, Syl-iBN 32 0.11+0.01 | 1.17+0.10
9.4 epcm Syl-iBN (BN) Unbalanced, Syl-iBN 63 0.11+0.01 1.13+0.10
5.5 epcm Syl-iBN (BN) Unbalanced, Syl-iBN 59 0.10+0.01 1.08+0.08

* Average of 7.9 epcm Syl-iBN (BN1) and (BN3) panels were used

Table I11: Moduli Measurements and Predictions for High Density Composites

Composite Measured | Predicted Ego.inner, | Predicted Eg,
Specimen E., GPa GPa GPa
Hi-Nicalon Composites
HN 8 PLY (BN1) 258 175 261
HN 8 PLY (BN1) 269 175 258
HN 8 PLY (BN2) 243 157 251
HN 8 PLY (BN2) 225 157 253
HN 8 PLY (BN3) 225 180 244
HN 8 PLY (C) 199 90 226
HN 8 PLY (C) 195 90 215
HN 30 Ply (C) 237 194 261
HN 36 Ply (C) 231 183 250
Sylramic-iBN Composites
7.9 epcm Syl-iBN (BN1) 247 153 247
7.9 epcm Syl-iBN (BN2) 254 156 253
7.9 epcm Syl-iBN (BN3) 278 148 279
7.9 epcm Syl-iBN (C) 230 63 223
9.4 epcm Syl-iBN (BN) 289 154 293
9.4 epcm Syl-iBN (BN) 293 154 303
5.5 epcm Syl-iBN (BN) 260 139 258
5.5 epcm Syl-iBN (BN) 261 140 263
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90° minicomposite

(b) HN 3 Ply Longitudinal Section

(c) HN 8 Ply (BN1) Cross-Section

d) HN 30 Ply Longitudinal Section

(e) HN E8Ply-8HS(BN) Longitudinal Section
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(i) Syl-iBN balanced 7.9 epcm with carbon interphase
Figure 2: Microstructures of selected CVI SiC matrix composites. All of the specimens

have a BN interphase except for (i).

22



Stress, MPa
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300 - ®
Circles: Reuss Model for Inner 90° (E;=23 GPa)
. ® o
o 250 - carbon interphase 8o o
O] o ® -
S © 2
W 200 - O oo ™0 O
° o 0
D O
o
S 150 -
— Squares: E jnerg0 =0
g OO ~ o q 90
100 - 00 ©
Low density composites
50
50 100 150 200 250

Measured Ec, GPa

Figure 8: E; prediction.

300

28



