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Effects of Tow-Scale Holes on the Mechanical Performance of a 3D Woven C/

SiC Composite

John H. Shaw,* Michael N. Rossol,* David B. Marshall,® and Frank W. Zok*"

Materials Department, University of California, Santa Barbara, California 93106

This article addresses the effects of small holes (1-2 mm in
diameter) on the tensile properties of a woven C/SiC compos-
ite. Holes are introduced by one of two methods: by insertion
of fugitive rods into the woven preform before adding the
matrix or by drilling after panel fabrication. The tensile
strength exhibits only a weak sensitivity to the presence of
holes, regardless of the manner in which the holes are intro-
duced. Nevertheless, woven holes appear to be somewhat less
detrimental to strength. The effects are attributed to the fact
that the tows in specimens with woven holes are locally intact
and thus contribute to load-bearing. Full-field strain maps
reveal strong spatial periodicity, reflecting the underlying
crack pattern and weave geometry. Even when averaged over
lengths equal to the unit cell dimensions, the strains exhibit
periodicity, with a wavelength dictated by the unit cell dimen-
sions. When holes are present, the strain patterns reflect a
convolution of the effects of weave geometry and strain con-
centrations near the holes. The results have implications for
development of high-fidelity models for these composites: nota-
bly, in selection of a suitable representative volume element
and for modeling schemes that capture the stochastic nature
of cracking.

I. Introduction

T EXTILE-BASED ceramic matrix composites (CMCs) offer a
unique combination of low density, high-temperature
performance, and damage tolerance. These features make
CMC s attractive for use in hot components in propulsion
systems of gas turbine and scramjet engines. In some applica-
tions, it is envisioned that the components will contain geo-
metric (stress-concentrating) features such as holes, for
cooling, fuel passage, or attachment. For this reason, a great
deal of study has been undertaken previously to characterize
the notch sensitivity of strength of a wide range of CMCs,
including C/C, C/CAS, oxide/oxide, and SiC/SiC systems.'™’

Despite popular notions of “notch-insensitivity,” even the
toughest CMCs exhibit some dependence of ultimate tensile
strength (UTS) and other performance metrics on notches or
holes. The degree of sensitivity depends on: (i) the intrinsic
properties of the composite, notably its (generally aniso-
tropic) elastic, plastic, and fracture characteristics; and (ii)
the notch size and shape, characterized by the principal radii
a and b (for elliptical holes) and the ratios a/b and a/w (w
being the half specimen width).* The UTS generally decreases
with increasing «a (for fixed a/b and a/w) and increasing a/w
(for fixed a and a/b). Such effects have been found in most
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composite systems for specimens with circular holes of size
a>1 mm."* Where attempts have been made to compute
the stress and strain distributions ahead of holes at the onset
of fracture (using an appropriate elastic/plastic constitutive
law), the local conditions appear to be consistent with a
point stress failure criterion. That is, fracture occurs when
the local tensile stress exceeds a critical value (notably the
unnotched UTS) at a characteristic distance from the hole,
typically about 1 mm. While perhaps fortuitous, the charac-
teristic dimension appears to coincide approximately with the
in-plane dimensions of the constituent tows. In systems that
exhibit oxidative degradation, notch sensitivity can also be
manifested in a reduced lifetime under static loading condi-
tions.®?

In most cases, holes are introduced into composite com-
ponents or specimens by conventional machining methods
after processing has been completed. Alternatively, they can
be introduced into the woven preform without cutting fibers
prior to densification. This method has been used success-
fully in fiber-reinforced polymer matrix composites
(PMCs)'%!"" and in ceramic composites.!> One way of
achieving this goal is to insert fugitive rods of prescribed
diameter into the fiber preform at the intended locations of
holes, and then introduce the matrix with the rods in place.
The rods can be inserted either (i) after weaving, by deflect-
ing fiber tows around the rod (without causing significant
damage to the fibers), provided the rod diameter is compa-
rable to the fiber tow size, or (ii) during weaving, using a
modified local weave structure around the rod for larger
holes.'> The end result is a composite with continuous,
unbroken fibers around the holes. When introduced in this
manner in PMCs, the holes have been found to have a
smaller effect on the knockdown in tensile strength relative
to that when holes are machined after processing has been
completed.'®™!'! In CMCs, there is an additional benefit of
avoiding exposure of cut fibers to the service environment.
These benefits are especially important in applications where
rows of closely spaced holes are needed, as in many turbine
combustors and blades.

This study is part of a broader initiative on high-tempera-
ture CMCs intended for use in propulsion systems in hyper-
sonic flight vehicles.!® Specifically, in this study, we
investigate the effects of small holes on the tensile properties
of a woven, anisotropic C/SiC CMC. The holes are intro-
duced by the two methods described above: notably, by
insertion of rods into the woven preform before adding the
matrix and by conventional machining after fabrication.
The effects of rod insertion on local tow distortions are
probed through analysis of high-resolution optical scans of
the partially processed composite. Following this, tensile
tests are performed using digital image correlation (DIC) to
characterize the surface displacement and strain fields
around the holes. The effects of competing size scales—nota-
bly, those of the hole and the unit cell of the weave—are
addressed.
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II. Material System and Weave Characterization

(1) Material Structure and Fabrication

The material of interest in this study is a C/SiC composite
formed from a woven preform of T300-6K carbon fibers with
a three-layer angle-interlock architecture. The weft tows,
which are relatively straight, are in three layers locked
together by the warp tows, which follow approximately sinu-
soidal paths passing through the thickness of the composite
(Fig. 1). The weft tows situated in one of the two outer lay-
ers are designated as “surface wefts” and those in the center
as “center wefts”. The preform is similar to that used in pre-
vious studies'*"'® with the exception of the warp tow wave-
length. The unit cell dimensions in the present material are
7.5 mm in the warp direction and 5.1 mm in the weft direc-
tion. The fiber volume fractions were calculated from the
manufacturer’s data on fiber tow yield, the measured speci-
men thickness and the unit cell dimensions; they are
Jwarp = 11% and fyer = 22%, in the warp and the weft direc-
tions, respectively.

Coatings of pyrolytic carbon and then SiC were infiltrated
into the fiber preform by chemical vapor infiltration (CVI).
The thickness of the pyrolytic carbon coating was relatively
uniform (~1 um) on all the fibers, whereas the SiC coating
thickness varied with the location of the fibers (Fig. 1). Near
the centers of the tows, the individual fiber coatings of SiC
were very thin or nonexistent (0-0.01 pm thickness), whereas
near the perimeter most of the space between fibers was filled
with SiC. The perimeter of each tow was surrounded by a
continuous layer of SiC of thickness ~30-50 um. This layer
was sufficiently thick to bond all of the fiber tows together
and form a rigid composite. The layer occupies about 20%
of the volume between fiber tows.

Matrix material was then introduced into the remaining
inter-tow regions by repeated cycles of infiltration and
pyrolysis of slurries of SiC particles in preceramic polymer
(AHPCS polymer, Starfire Systems Inc., Schenectady, NY).
Images of the panel surface after CVI processing and cross
sections of the fully processed material are shown in Fig. 1.
One notable feature, evident in the higher magnification
images, is the presence of cracks in the matrix at locations
adjacent to transverse tows [indicated with arrows in
Figs. 1(b) and (f)]. These are attributed to thermal expansion

Unit cell
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mismatch between the fibers and the matrix along with the
temperature change following pyrolysis of the precursor.
Some of these cracks are clearly open whereas others appear
to have been filled during the PIP process. Some of the PIP
material had also penetrated into the fiber tows [Fig. 2(c)],
presumably via the cracks in the CVI SiC overlayer.

Small holes were introduced into the panel in two ways.
In the first, holes were machined into specimens using a
1 mm diameter diamond jeweler’s drill in a CNC mill. The
mill had been programmed to make 5 pm advances with
intervening coolant flushes to minimize damage. The result-
ing holes were 1.0-1.2 mm in diameter.

In the second, holes were created within the woven pre-
form prior to CVI. This was accomplished by gently inserting
graphite rods, with smoothly pointed ends and diameter
2 mm, through the woven preform at select locations.
Through this operation the tows surrounding the rod were
displaced laterally by a small amount with minimal fiber
damage. The rods were removed after the pyrolytic carbon
coating step, leaving behind approximately circular holes
within the partially densified preform [Fig. 3(a)]. After add-
ing the CVI SiC coating, the preform was characterized using
procedures outlined below, prior to PIP processing. The
resulting holes were 1.6-2.0 mm in diameter.

(2) Characterization of Weave Structure

The effects of inserting the rods into the preform on the sur-
rounding tow locations were characterized by measuring the
deviations of the warp crown locations from their ideal posi-
tions in a perfect panel.!” The locations of the warp crowns
were identified from high-resolution (1200 dpi) scanned opti-
cal images of the partially densified panel (after the CVI SiC
processing step mentioned above) using a computational fea-
ture-finding algorithm and analyzed following a procedure
developed previously.!”

The features of interest—in this case the warp crowns—
were identified in the following way. First, a set of n repre-
sentative images of warp crowns were selected randomly
from the entire image. Next, using a template matching
algorithm, potential matches for each of the »n images (or
templates) with features on the image were identified. For
each successful match, the template location (once aligned

Center weft
Warp _\(

- Surface weft

0.2 mm 1'mm

0.2 mm

Section A-A Section B-B

Fig. 1. (a) Plan view of the partially densified composite. (b), (f) Sections of the fully densified material along the weft and warp orientations,
respectively. Preexisting matrix cracks are indicated by arrows. (¢)—(¢), (g)—(i) Higher magnification images of matrix cracks, outlined in (b) and (f).
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Fig. 3. (a) Plan view of the panel with woven holes. (b,c,d) Spatial variations of computed 9, 8, and 3,,. Dashed rectangles in the insets

represent one unit cell of the weave.

with the feature) was used as an estimate of the warp
crown location. Positive matches were grouped spatially
and the average position of each group was computed. In
addition, the match probability (i.e., the fractional number
of templates that had been matched to each warp crown)
was also computed. Features with a match probability
of <10% were deemed to be false positives and were
therefore excluded from further analysis. Following this
procedure, about 99% of warp crowns were correctly
identified; the remaining crowns and their locations were
identified manually. Segments of incomplete tows at the
panel edges were excluded from the analysis, thereby yield-
ing a rectangular data array.

Once identified, the warp crown locations were used as
fiducial markers of the underlying tow locations. The coordi-
nates (x;, y;) of each crown were compared with the expected
coordinates (¥, ;) in an ideal orthogonal weave to calculate
the local deviation (u;, v;), defined by the following equation:

(ui, vi) = (xi, 1) — (%, %) Q)

The parameters characterizing the unit cell of the ideal
weave were computed from a corresponding set of measure-
ments on a separate (hole-free) panel made in the same
weaving run, as detailed elsewhere.!” The cell dimensions of
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the latter panel were taken as the average separation dis-
tances between nodes in the x- and y-directions and taking
the ideal angle between warp and weft tows to be 90°. Once
such cell is illustrated in Fig. 1.

Local variations in the tow positions were amplified using
spatial differentiation as a filter.'” The spatial derivatives
were calculated at each nodal location within the data array
from the slopes of linear fits to the deviation fields, u(x,y)
and v(x,y), over an area equivalent to one unit cell of the
weave structure centered on each nodal location [Fig. l(a)]
The spatial derivatives J,, = 0u/0x and §,, =0v/0y glve
direct measures of the local variations in packing density*
of weft tows and warp tows, respectlvely The other deriva-
tive, dy, = (Ou/0y + 0v/0x)/2, is a measure of the rotation of
the two tow populations with respect to each other’® relative
to that in a perfect orthogonal weave.!” Maps of these spatial
derivatives are shown in Fig. 3. Measurements of average
values and standard deviations of these derivatives for two
composite panels—one with an array of holes introduced
using graphite rods and the other without holes (from an
earlier study'”)—are summarized in Fig. 4.

The variations in 8, in the present panel are predomi-
nantly long-range in nature; a nearly uniform gradient is evi-
dent across the panel diagonal from the top left to the
bottom right in Fig. 3(b). As discussed in Rossol ez al.,'” the
nonzero values of ., are attributable to shear of the panel
from handling after weaving, which causes the angle between
warp and weft tows to deviate from 90°. Its average value
(8., = —0.014) corresponds to an angle of 83.4° between the
warp and the weft tows, whereas its standard deviation cor-
responds to a range from 87° to 90°. These values are only
slightly larger in this panel than those in the panel without
holes. [It is evident from Fig.3(b) that local deformation of
the preform due to the presence of the holes does not con-
tribute significantly to the mean and standard deviation of
d,, because the disturbance to the 8,, field due to the holes
is small in magnitude and localized to a very small area sur-
rounding each hole.)

The spatial variations in 8., and 9, are characterized pre-
dominantly by periodic short-range fluctuations over length
scales of a few multiples of the unit cell dimensions. These
fluctuations are manifested in the form of bands of either
dilation (positive §) or compaction (negative J). In addition,
very near the holes, §,, (=0.05) is about an order of magni-
tude greater than average; the effect persists over an apparent
distance of about one unit cell away from the holes [see inset
on Fig. 3(d)]. [As the strains are computed over distances
equal to the unit cell dimensions, the apparent strain within
an individual cell can be the result of a large displacement of
a single warp crown adjacent to the hole. Indeed, this appears
to be the case for many of the holes in Fig. 3(a)]. In contrast,
the local values of 8, and 3., are elevated only very slightly
relative to their respective averages [insets in Figs. 3(b) and
(©)].

The fact the local deviation of the warp packing density
(3,,) adjacent to the holes is significantly greater than that of
the weft packing density (8.,) suggests greater positional cor-
relation between neighboring warp tows than that between
neighboring weft tows. This occurs because of the topology
of the weave. The warp weavers lie on the relatively straight
weft tows allowing for lateral sliding, resisted mainly by com-
pression of neighboring warp tows. The weft tows, on the
other hand, are constrained laterally by the interlocking
warps under the crossovers but are unconstrained between
these points. Lateral motion of a weft tow must be transmit-
ted to its neighboring wefts through the interlocking warp
network over length scales longer than a unit cell. Within a

ey = Poei/ Pwett — 1, Where pyeq is the packing density of the weft tows and pg,
is the average packing density of the weft tows. Similarly, §,, = pwup/pw\rp 1.
88, = half of the cotangent of the angle between warp and weft tows.
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Fig. 4. Summary of averages and standard deviations of derivatives
Oyys Oy, and d,,. Also shown for reference are the values for a
pristine panel (without holes)."”

unit cell, each surface weft is not in direct contact with its
neighboring surface wefts. Instead, a sizeable gap (~1 mm)
exists between adjacent surface wefts, as evident, for exam-
ple, in Fig. 1(f). Consequently, large lateral displacements
would be required in any one weft tow to cause displacement
of neighboring surface weft tows.

III. Mechanical Properties

(1) Measurement Methods

Dogbone-shaped tensile specimens were cut from the panel
along both the warp and the weft tow directions. Their gauge
sections were 25.4 mm long and 12.7 mm wide. The holes
(when present) were situated at the center of the gauge sec-
tion. In preparation for strain mapping by DIC, one face of
each specimen was painted white; a black speckle pattern
was then created using an airbrush. The regions probed by
DIC were 16-17 mm long (centered along the gauge length)
and encompassed the full specimen width. The size of the
area was selected to maximize strain resolution, especially in
the vicinity of the holes. The length of the region of interest
represents about twice the unit cell length in the warp direc-
tion and about three times the unit cell length in the weft
direction. The resulting magnification of the DIC images was
7.1-8.3 um/pixel. Successful correlation was obtained over
the entire area of interest using a subset size of 43—45 pixels
(320-360 um). Two specimens of each type and orientation
were tested in uniaxial tension at a nominal strain rate of
107> 57" at room temperature. All specimens failed within
the gauge section.

Global axial strains were computed from displacement
measurements made by DIC using linear fits of the axial dis-
placement field V(x, y) for all nodal locations within the cor-
related region. These were found to be in good agreement
with strains measured by axial virtual extensometers as well
as the values obtained by averaging strains at all nodal loca-
tions. At high applied stress, however, some discrepancies
were found with the field-averaged strains, possibly due to
the presence of large cracks skewing the average strain
upwards. For consistency, the following comparisons in mac-
roscopic mechanical response are made on the basis of the
strains obtained from the full displacement field.

The DIC data were also used to characterize local defor-
mation patterns associated with the holes and the fiber archi-
tecture. For this purpose, the data were analyzed in three
additional complementary forms: (i) as full-field strain maps
over the entire correlated area, with strains computed at each
nodal location from the measured displacements; (ii) as line
scans of axial displacement 7 with axial position y; and (iii)
as strains averaged over areas defined by the specimen width
and a length equal to the unit cell dimension in the loading
direction, that is, over a length of 5.1 mm in weft-oriented
specimens and 7.5 mm in warp-oriented specimens (see insets
in Fig. 8). The latter averaging procedure was repeated at
I mm increments over the specimen length. The area-aver-
aged strains were then plotted against the distance d from
the hole center (or the specimen center) to the center of the
averaging area (also defined by the insets in Fig. 8).
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Despite considerable smoothing of the preform surface
after PIP processing, the underlying fiber tows could be dis-
cerned from topographic DIC data. The tow boundaries,
obtained from the topographic data and from the optical
scans of the preform after CVI, are subsequently superim-
posed on all strain maps.

(2) Tensile Response of Specimens Without Holes

Under loading in the weft direction, the tensile stress—strain
curves for test specimens without holes are approximately
linear up to about 50 MPa with a Young’s modulus
E =103-113 GPa [Fig. 5(a)]. Some nonlinearity is obtained
in the range 50-100 MPa. Beyond 100 MPa and through to
fracture, the response is again approximately linear with a
tangent modulus of 43 GPa. By comparison, the modulus
calculated on the basis of the volume fraction of weft tows
(assumed to be straight) and the reported modulus of T300
fibers (E,= 231 GPa) is fyer £y = 49 GPa: comparable to the
measured terminal tangent modulus. The inference is that the
matrix has attained a nearly fully damaged state that pre-
cludes significant additional load transfer from the fibers to
the matrix.'® In addition, the fiber bundle strength, taken as
Gult/fwert (Ouy being the ultimate strength), is 1.8 GPa. This
is in close agreement with the reported bundle strength of
T300 fibers (1.8 + 0.2 GPa)."”

The stress—strain response of the pristine specimens tested
in the warp direction [Fig. 5(a)] is more compliant
(E = 65 GPa), owing mainly to the lower fiber volume frac-
tion in this direction (11% in the warp direction versus 22%
in the weft direction). The elastic domain is restricted to
stresses <25 MPa. A second nearly linear domain is obtained
at stresses above about 70 MPa. However, in contrast to the
behavior in the weft orientation, the terminal tangent modu-
lus (13 GPa) is only about half of the contribution expected
of the warp tows (fyarp£y = 23 GPa), again computed assum-
ing that the fibers are initially straight. The difference sug-
gests that the matrix undergoes progressive damage and/or
the undulating warp tows undergo some straightening. Fur-
thermore, the inferred fiber bundle strength (Gull/fwarp) is
only 1.0 GPa (about half that obtained in the weft direction)
and the composite fracture strain is significantly lower than
that obtained in the weft direction (0.6% vs 0.8%). The
lower values of fracture strain and fiber bundle strength in
the warp direction are tentatively attributed to bending loads
imparted to the warp tows as these tows attempt to
straighten.

Full-field maps of axial strain g,,(x, y) at three stress levels
are shown in the left columns in Fig. 6. In both orientations,
the strains exhibit distinct periodic banded patterns. They are
characterized by narrow bands of high apparent strain (well
over 1%) and intervening regions with negligible strain.
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However, the width of the high-strain regions (~300 um) is
comparable to the subset size used for correlating the DIC
data. The inference is that the strains within the bands are
not resolved. Based on optical observations of the specimen
surfaces and cross sections after testing (presented below),
these bands are attributed to the opening of matrix cracks.
The displacement discontinuity at each crack appears in the
DIC data as a near-linear variation in displacement over a
distance comparable to the subset size.>°

This effect is seen more vividly in line scans of axial dis-
placements V(y), shown in Fig. 7. The scans reveal regions
of constant displacement (corresponding to the unstrained
regions in Fig. 6) bounded by regions over which the dis-
placement changes from one level to another over a distance
comparable to the correlation subset size. Also shown in
Fig. 7 are shaded bands indicating the inferred locations of
matrix cracks. They are broadly categorized as being either
preexisting (determined to be such if the displacement discon-
tinuity was evident from the onset of loading) or as being
formed during loading. The former are indicated by the
pink-shaded rectangles and the latter by the yellow-shaded
rectangles; their width represents the correlation subset size.

This interpretation of the displacement scans was con-
firmed by micrographs of polished longitudinal cross sections
following testing, also shown in Fig. 7. Each displacement
jump correlates with a crack in the micrograph at the same
location, as indicated on the figures. Furthermore, the loca-
tions of the cracks seen in the tested specimens appear to
correlate well with the locations of cracks or incipient (filled)
cracks evident in cross sections of pristine material, shown in
Fig. 1.

The axial variations in the strains averaged over the unit
cell lengths at representative stress levels are plotted in
Fig. 8. In both orientations, the strains exhibit a periodic
(nearly sinusoidal) pattern with a wavelength that is virtually
identical to the respective unit cell dimension (i.e., 5.1 mm in
the weft direction and 7.5 mm in the warp direction). The
amplitude of the variation is about 10% of the average strain
in the weft direction and 20%-30% in the warp direction.
The implication is that the computed strains are sensitive to
the starting and ending points used in defining the local
“gauge length” (even though their separation distance is con-
stant). This is likely associated with the small number of
cracks (typically about 5-8) over the local gauge length as
well as the variations in the opening displacements of the
cracks (evident in Fig. 7).

(3) Effects of Holes on Mechanical Behavior

The tensile stress—strain curves for specimens containing
holes are plotted in Fig. 5 in two forms: in terms of the
remote stress [in Fig. 5(a)] and in terms of the nominal

400 T T
(b) Woven hole
© No hole
o L |
s 300
@ WEFT %/
e /‘4
® 200f ]
c v
9
©
9 No hole
$ w0t &5 WARP < . i
= Woven hole
Machined hole
o ¥ . . . .
0. 0.2 0.4 0.6 0.8 1.0

Strain (%)

Fig. 5. Tensile stress—strain response of weft- and warp-oriented specimens, couched in terms of (a) remote stress and (b) nominal net-section

stress. The curves have been truncated at the load maximum.
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Fig. 6. Full-field axial strains of tensile specimens in weft and warp directions at the stresses indicated. Underlying tow boundaries are
overlayed in white. Dashed rectangles represent the unit cell. Dotted line on the top left image of each sequence is the path along which

displacement scans were computed and plotted in Fig. 7.

net-section stress [in Fig. 5(b)]. (The latter is defined such
that the ratio of the two stresses is 1 — a/w.) When couched
in terms of remote stress, the specimens with holes exhibit
slightly higher compliance over the entire strain range and
lower UTS relative to those in their respective unnotched
specimens. In addition, the failure strains of specimens with
holes are slightly higher.

When couched in terms of the nominal net-section stress,
the stress—strain curves for specimens with woven holes
appear to collapse onto the curves for unnotched specimens
in both warp and weft directions. Specimens with machined
holes exhibit similar trends (with their stress—strain curves
coming into closer agreement with the unnotched results),
although they appear to lie consistently slightly below those
of the woven holes.

Variations in UTS with hole size are plotted in Fig. 9.
The slight strength reductions associated with the holes can
be rationalized to first order on the basis of the reduced
net-section area. Assuming a critical net-section stress at
fracture (without notch sensitivity), the predictions are in
broad agreement with the measurements. Examining the
results more closely, however, it appears that, in the weft
direction, the net-section strength of specimens with woven
holes lie slightly above the predictions, by about 5%; in
contrast, those with machined holes exhibit strengths that
are about 5% lower than the predictions. For tests in the
warp direction, specimens with both woven and machined
holes consistently lie slightly below the prediction, by about
5%.

Full-field axial strain maps for these specimens are shown
in Fig. 6, at remote stress levels that correspond to those of

the specimens without holes. Here, again, the strain fields are
characterized by banded patterns reflecting the opening of
matrix cracks. Within the resolution of the present measure-
ments, the patterns appear to evolve independently of the
holes. That is, there does not appear to be an increased pro-
pensity for cracking in regions of high stress concentration
adjacent to the holes. If the holes behaved as stress concen-
trators, the strains would be highest along the transverse
plane containing the hole and would diminish rapidly with
distance from the hole to the far field value: the latter being
comparable to the strain obtained in the pristine (unnotched)
specimen at the same applied stress.

An additional attempt at quantifying the preceding effects
was made by examining the variations in axial strain aver-
aged over one unit cell length with axial distance from the
hole center. This exercise is based on the expectation (previ-
ously noted) that the strains should be elevated in the vicinity
of the holes and should diminish in regions remote from the
holes. The results are plotted in Fig. 8. As with the unnot-
ched specimens, the strain distributions of specimens with
holes exhibit periodic patterns with wavelengths similar to
the pertinent unit cell dimension. The patterns also reveal
effects of the holes. Specifically, the strain distributions
appear to be a convolution of the periodic variations associ-
ated with the weave geometry and the more-local effects of
the holes near the specimen centers. Although the strains for
the unit cells centered on the holes (at ¢ = 0 in Fig. 8) are
elevated somewhat in most specimens, the longer range
effects of the holes appear to be masked by the effects of the
weave. Furthermore, as the data probe regions that are only
a relatively short distance from the hole (selected to
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Fig. 7. Line scans of axial displacement, v, highlighting the
development of cracks at representative stress levels. Also shown are
micrographs of optical cross sections of the fractured specimens and
the correlations between the cracks and the displacement jumps. (a)
Weft direction; (b) warp direction.

maximize strain resolution), the average composite strains
remote from the hole could not be ascertained.

Further insights into the operative damage mechanisms
were gleaned from maps of the full-field fransverse €, and
shear strains €, at high stresses, shown in Fig. 10. Several
features are noteworthy. First, when loaded in the warp
direction, the composite exhibits vertical bands of compres-
sive transverse strains along the center of each warp tow
(blue bands indicating strain of ~0.5%), likely produced by
closing of preexisting matrix cracks aligned with the loading
directions [see, e.g., Figs. 1(c)—(e)]. Conversely, bands of
transverse fensile strains are obtained in the weft tows, indic-
ative of crack opening. The latter effects appear somewhat
more pronounced in the specimens with holes, especially the
holes that had been woven. Similar effects are obtained in
the weft-oriented specimens. In this case, bands of compres-
sive strain are obtained at the center of some of the weft
tows and bands of tensile strain in some of the warp tows,
although their prevalence is lower than those in the warp
specimens. The effects become more pronounced in the pres-
ence of holes, especially in regions near the holes. Here,
again, given the resolution of measurements, the rather short
specimen length and the large unit cell size, the local effects
attributable to the holes cannot be readily ascertained.

Similar trends are obtained in the shear strain distribu-
tions. They consist of two families of inclined bands of posi-
tive and negative shear. Their magnitude increases in the
presence of holes, especially in regions close to the hole. Of
particular note is the response of the weft coupon with a
machined hole, which exhibits a pattern of inclined shear
bands extending vertically above and below the hole. This is
suggestive of shear transfer to the cut tows passing through
the hole.
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Fig. 8. Average axial strain as a function of distance from the hole
center for (a) weft-oriented specimens at a stress of 250 MPa, and
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specimens without holes, the distance is measured from the specimen
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datasets for specimens without holes. Insets show the areas over
which the strains were computed and the manner in which the
distance d was ascertained.
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IV. Discussion and Conclusions

A study has been conducted to probe the tensile properties
of a woven anisotropic C/SiC composite. In both warp and
weft orientations, the surface (matrix) strains are accommo-
dated largely by the opening of preexisting matrix cracks, ini-
tially either open or partially filled during the PIP process. In
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Fig. 10. Maps of transverse and shear strain fields near the ultimate tensile strength of specimens in warp and weft directions.

the weft orientation, the load supported by the matrix
appears to reach a near-constant value at a low applied
stress, as manifest in a near-constant tangent modulus. The
slight reduction in tangent modulus in the late stages of the
tensile tests can be attributed to the formation of some addi-
tional (new) cracks, as inferred from the displacement line
scans. With the weft tows being rather straight, the compos-
ite tensile strength in this orientation is essentially the same
as the reported bundle strength for the fibers alone.

Although similar patterns of crack evolution are obtained
in the warp orientation, the tangent modulus is significantly
lower than the contribution that would be expected from
straight aligned fibers (by almost a factor of 2), suggesting
an important role of tow straightening. In addition, the ini-
tial tow waviness and attendant straightening leads to bend-
ing stresses that, when superimposed on the axial tension,
result in reductions in UTS and failure strain relative to
those expected from straight axial tows.

When averaged over lengths equal to the unit cell dimen-
sions, the strains exhibit periodic variations along the loading
direction with a wavelength that corresponds closely to the
pertinent unit cell dimension. Evidently the representative
volume elements needed to capture the macroscopic material
behavior are greater than the unit cell dimensions. The effect
is attributable to the rather small number of cracks within
each unit cell that control the degree of inelastic strain.

Holes can be introduced into the fiber preform prior to
matrix infiltration, thereby minimizing the extent of fiber
damage (relative to that obtained when the holes are
machined after processing). The holes produced in this man-
ner cause negligible distortion of the surrounding weft tows
and only small changes in warp tow packing density. In light
of the resolution of the measurements and the observation
that the apparent disturbances in warp packing persist only
over distances of about one unit cell size, the nature and
magnitude of the disturbance cannot be characterized com-
pletely using the methods employed here. However, optical
examinations of the weave in the vicinity of the holes confirm
that the effects are indeed very localized.

The UTS of the composite exhibits only a weak sensitivity
to the presence of small holes (1-2 mm in diameter), regard-
less of the manner in which the holes are introduced. Never-
theless, woven holes appear to be less detrimental to strength

in the weft direction than those that had been drilled (by
about 10%). The effects can be attributed to the fact that the
tows in specimens with woven holes are largely displaced lat-
erally (and perhaps in the through-thickness direction) and
thus continue to contribute to the load-bearing capacity.
Such effects appear to be small for loading in the warp direc-
tion.

When averaged over a unit cell length, the axial strains in
specimens with holes exhibit convoluted effects of the weave
geometry and the concentration associated with the hole.
The present experiments are insufficient to properly parse
these contributions to the strain distributions. Nevertheless,
it is interesting to note that when the tensile response is
couched in terms of net-section stress and average strain, the
results for the woven holes collapse onto those for the unnot-
ched specimens, suggesting a rather long-range effect of the
holes (at least up to distances of about 1-1.5 unit cells away
from the holes). The strains obtained in specimens with
drilled holes are consistently higher, a consequence of the
absence of fibers in the region of the holes.

Finally, it should be noted that surface strain measure-
ments provide only a partial glimpse into the complex three-
dimensional damage processes that operate in woven CMCs.
These can only be viewed effectively via synchrotron X-ray
tomography,®’ albeit within much smaller test volumes.
Combining 2D and 3D imaging techniques with computa-
tional approaches based on augmented finite element meth-
ods?®> and/or particle-based methods will be required to
develop a more comprehensive understanding.
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