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Abstract

The development of a silicon carbide-type fiber from an organometallic precursor
has led to a major resurgence of interest in fiber-reinforced ceramic matrix composites.
By combining this high strength fiber with a variety of ceramic matrices it has been
possible to achieve tough composites offering significant potential advantages over
monolithic ceramics and carbon-carbon for high temperature applications. A
continuous-fiber ceramic matrix composite (CFCC) typical of materials proposed for
such industrial applications as power generation, heat recovery and chemical
production as well as biomedical and environmental applications was tested in uniaxial
tension using a universal test machine. Test parameters investigated included: test
mode (load versus displacement), test rate (0.003 mm/s, 0.03 mm/s, 50 N/s and 500
N/s), specimen geometry (straight-sided versus reduced-gauge section) and type of
specimen volume (long/thin versus short/fat). Typical properties include an average
elastic modulus 130 + 10 GPa, an average proportional limit stress of 45 £ 20 MPa, an
average ultimate tensile strength of 180 + 20 MPa and an average modulus of
toughness of 8.4 +2 (x10 °) J/m°.



Introduction

For many years researchers have sought to develop tough ceramics whose
performance characteristics retain the best properties of their parent ceramics and
have the additional quality of not being susceptible to fracture during impact or under
stress in the presence of a notch. The addition of fibers to ceramics has been known
for many years to be one approach for achieving this goal. The development of fiber
reinforced cements is undoubtedly the best known .example of this technology.
Extension of this concept into higher performance ceramic matrices like CFCCs, has
not been nearly as successful'.

Early experiments performed in England, Germany and the United States?
however, demonstrated that high performance fibers can be successfully incorporated
into glasses to achieve high strength, tough, composite materials. Through the use of
carbon fibers to reinforced glasses and glass-ceramics, composites with strengths
above 700 MPa were demonstrated by 1973. However, due to the fact that at the time

of this work carbon fiber reinforced polymers matrix composites were not yet accepted
as reliable engineering materials and also due to the oxidative instability of the carbon
fibers themselves, these early developments were not carried further. More recently,
the researchers have been able to extend this early work, due to the development of
new fibers, such as the organometallic derived silicon carbide yarn which have become
available and have permitted the creation of composites with superior high-temperature
capability, low density, oxidation and corrosion resistance.

The key to the successful development of CFCCs lies in the fact that it has been
carried out as a direct extension of metal and resin matrix composites efforts. In each
case high elastic modulus fibers have been incorporated into a lower elastic modulus
matrix to achieve structural reinforcement. The composites which result from this
processing are characterized by high strength, stiffness, toughness and in general,
overall performance similar to resin matrix, except that in this case performance can be
maintained up to temperatures as high as 1200°C. In addition, these composites are
not expected to be susceptible to environmental degradation due to moisture, oils or
fuels. :
The argument in favor of continuous fiber ceramic composites has been well
documented. However many of these studies are concerned with unidirectional
composites having a reinforcing glass matrix. Continuous -fiber composites in multiple
directions or braided composites have received less attention®.

In polymer matrix composites, where the matrices are ductile and the composite
stiffiness and strength are dominated by the fibers. For CFCCs, however, the matrix moduli
are comparable or even higher than fiber moduli; for example the ceramic matrix composite
(CMC) material investigated in the present study, the axial Young’s modulus of Nicalon
fiber is 190 GPa, while that of the SiC matrix is about 400 GPa. Also, because of the
brittleness of ceramic matrices, CFCCs are susceptible to matrix cracking when the applied
tensile load reaches the critical value. Thus, the addition of fibers is intended to improve the
toughness rather than the stiffness of the composite. Besides the fibers and matrices, the
thermo-mechanical behavior of CFCCs is also affected by processing routes. For example,



woven CFCCs fabricated by the CVI technique normally contain higher porosity than woven
polymer composites fabricated by resin transfer molding. The space not occupied by fiber
tows is referred as intertow space, The matrix material in this space is termed the intertow
matrix and the pores in the matrix are referred as the intertow pores. The pores within the
fiber tows are referred as intratow pores. It was observed that the size of intertow pores is
proportional to the size of intertow space, whereas the intratow pores size is of the order of
the fiber cross-sectional area, both are dependent on processing condition®. _

This study, in particular, characterizes various testing parameters and their
subsequent effect on the tensile mechanical behavior of a two dimensional woven
SiC/SiC continuous fiber composite.



Experimental Investigation

The particular CFCC in this study was examined under a variety of testing
conditions in order to ascertain the response on both the fiber and the matrix
Experimental results examined using a universal test machine include, stress-strain
response, proportional limit, ultimate tensile strength, modulus of toughness of the
composite and the effect of bending. A servo-hydraulic mechanical test system® equipped
with a self-aligning hydraulic grip developed by ORNL* that produces near-zero bending
moments (< 0.05% of the applied tensile stress) was used for conducting the uniaxial
tensile tests. The strain was measured using a dual arm clip on type extensometer, thereby
returning separate but continuous strain values for two opposing sides of the specimen.

A number of tests were performed on the SiC/SiC CFCC under test modes of
varied rate and loading (0.003 mm/s, 0.03 mm/s, 50 N/s and 500 N/s). Each of the
experimental results obtained also included a strain and percent bending for the
- specimen. These values are used to determine the effect of test mode, geometry and
test rate on the properties of the ceramic composite. It is already known that the
strength properties of many engineering materials depend as much on the test
methodology as on the materials. This study helps analyze these effects on CFCC'’s. )

The experimental results are compared for the various effects examined and a
detailed fractographic analysis that were done on the CFCC’s are presented in this
paper. The study of this material will provide fundamental mechanical properties and
performance for the database of CFCC’s as a newly emerging class of materials. In
addition, the results will provide critical feedback for the verification of
recommendations and requirement of national test standards (e.g. ASTM) for tensile
testing of a CFCC.

Material Specification

The as-tested specimens were machined out of 200 mm square plates which
had been fabricated from 12 plies of two-dimensional plainly woven SiC fiber bundles
and densified with a chemically vapor infiltrated (CVI) - SiC matrix into four different
test specimen geometry (designated TM4, TMS, TM6 and TM7) (Table 1).

End tabs manufactured from an E-glass fiber/epoxy matrix were attached to the
gripped ends of the specimen to protect them from being damaged within the hydraulic
grips. Clamping without end tabs can produce premature splitting due to the contact of the
grip surface with the specimen. M-Bond 200° which has a shear strength greater than the
interfacial shear stress anticipated at the interface of the tab and specimen was used to
attach the end tabs to the specimens.

* INSTRON 8511, Canton, MA

® Measurements Group, Inc., Raleigh, NC



Table 1. As Designed Specimen Dimensions (mm)

Sampl Geometry Length Width Gage Width | Gage Length | Gage Volume
e ID# (mm) (mm) (mm) (mm) (mm®)
T™M7 Reduced Gage 200.15 | 17.96-18 10-10.1 60 2220
Section

TM5 Reduced Gage 170.18 | 9.04-9.09 5.08 60 1110
Section

TM4 Reduced Gage 141.78 18.08 9.88-9.95 30 1110
Section

TMG Straight 170.18 9.86-10 9.86- 10 100 3700

Note: All specimens are 12 plies thick equivalent to (3.56 - 3.81 mm) thick.

Test Methodology

As per ASTM C1275-84 and E1012 load train alignment was done prior to and at
the completion of testing. The purpose of an alignment procedure is to reduce the
infroduction of bending moments into the specimen during tensile testing. A flat reduced
gage section stainless steel tensile specimen was fabricated for use as an alignment
specimen. Two contact type extensometer were clamped on the opposing flat faces such
that bending could be calculated at the gage section.

The percent bending was calculated using the following equations

&,+&,
avg 2

Where .., is the average axial strain, g; and &, are the opposing strains on the opposite
faces. The local bending strain is equal to the local strain reading minus the axial strain.
The maximum bending strain is

)
sB =+ 2

aﬁd then

(;B )xlOO = PB

avg

Where the PB is the standard notation for percent bending. The PB that were calculated in
our test setup at the beginning and at the end of the test series showed values less than
5% at 500 pym/m as required by ASTM C1275.

The modulus of elasticity was calculated using a least square, linear regression from
the slope of the linear portion of a stress-strain curve from 0 to 15 MPa. The stress range of
0 to 15 MPa was chosen for all the curves since 15 MPa was found to be the least value of



the proportional limit stress of all the curves. Thus, it was assumed that the stress region of
0 to 15 MPa would always represent the linear region.

The proportional limit stress o,, is a critical parameter in comparing ceramic
composites because the stress-strain response of a material is linear up to the proportional
limit. In CFCC’s it can be argued that the proportional limit stress is the most important
design parameter because, similar to the yield point in a metal, it defines the siresses at the
onset of nonlinearity. However, unlike the yield point in-metals, the proportional limit in
CFCC's can be equated to the first matrix cracking strength which delineates the offset of
the cumulative damage underlying the non-linear stress-strain response. To calculate the
proportional limit stress the following approach was used:

A stress is calculated as the product of the elastic modulus and the actual strain. The
proportional limit is the point at which the difference between the actual stress (sj) and the
calculated stress (o) is equal to 10%. Where actual stress (o;) and actual strain (g) are
obtained from the test data.

0'=Eai

when(( Gi;G) X 100) > 10%

The total energy that the material absorbs up to final fracture is the modulus of
toughness. It can be defined by the following equation:

Where Ur is the modulus of toughness, ¢ is the tensile stress, ¢ is the tensile strain
and g is the strain at fracture. The above equation represents the area under the entire
stress-strain curve and has units of J/m’.

To evaluate the effect of test rate, an order of magnitude difference was chosen
between the minimum and maximum test rates. However, in order to compare differences in
test modes (displacement versus load control), the same approximate time to failure was
used, i.e. after conducting an initial test under displacement control of say 0.003 mm/s,
based on the obtained strength, strain and the time to failure, an approximate loading rate
was calculated. Thus establishing time to failure for each geometry, it is thought that more
meaningful data can be obtained when we compare strength and strain resuits. The final
displacement and load rates chosen were 0.003 mm/s, 0.03 mm/s, 50 N/s and 500 N/s.



Results and Discussion

Mechanical Test Results

Using the setup® raw data values of force, displacement, strain1 and strain2

were gathered. With this information stress, average strain and percent bending (PB)
were calculated for the entire range of the test. The properties used in comparing each.
specimen included a stress-strain/percent bending curve for each specimen. During the
mechanical testing, the room temperature and relative humidity were recorded to be
between 20-22°C and 65-70% respectively.
' Table 2, shows the average estimated time to failure for the four type of
specimen geometry under consideration. It was observed that straight edge specimen
(TM6) showed the same time to failure i.e. under load control (50 N/s) and
displacement control (0.003 mm/s). Figure 1 shows a typical engineering stress-strain
and PB-engineering strain curve. The engineering stress-strain response was generally
linear up to the proportional limit stress after which the stress increased at a much
slower rate to the ultimate stress. Careful experiments conducted by Kim and Pagano®
have recently revealed, however, that ceramic-matrix composites develop damage in
the form of microcracks at applied stresses well below the observed proportional limits
on the stress-strain curves, i.e. within the initial elastic regime. Further, these
microcracks increases in number and size with increasing load. In the context of this
picture of the damage accumulation process, the transition from elastic to inelastic
regime on the stress-strain curve is a consequence of the overall decrease in the
elastic modulus of the composite due to bulk damage accumulation rather than due to
the extension of a single fully-bridged crack. Probably after the initial matrix cracking,
the subsequent stress-strain relation appeared to be linear inspite of the hundreds of
non-steady-state cracks that develops in the gage section. This was attributed to the
small strain energy contributed by the cracks as compared to the strain energy of the
not cracked bulk.

Table 2. Average estimated time to failure.

Sample Displacement Control Load Control
ID # 0.003 mm/s 0.03 mm/s 50 N/s 500 N/s
T™M7 220 28 165 20
TM5 240 32 170 14
T4 210 25 200 22
TVI6 180 20 180 20




'f'able 3a. Average mechanical property values (displacement control mode)

Elastic Proportional Ultimate Tensile | % Failure Strain | Modulus of

Sample Modulus Limit Stress Strength (micron) Tou%hnes's
ID# (GPa) (o) (MPa) (MPa) (x10° J/m°)
D4 D, D4 D, D, D, D4 D, Dy | D

TM7 126 | 142 38 40 188 206 62.34 | 6723 | 9.5 | 7.9

TMS 132 | 136 58 60 164 174 73.54 | 108.88 | 9.9 | 6.4

™4 137 | 138 56 68 153 165 143.76 | 162.69 | 7.8 | 9.6

TM6 128 | 128 60 62 174 183 65.06 | 8052 | 69 | 7.6

Note: where D; is the displacement rates, D; = 0.003 mm/sec and D> = 0.03 mm/sec

Table 3b. Average mechanical property values (load control mode)

Sample | Elastic Proportional Ultimate  Tensile | % Failure Strain | Modulus of
ID# Modulus Limit Stress Strength (micron) Toughness
(GPa) (5,) (MPa) (MPa) (x10° J/im®)
L1 Lz L1 Lz L1 Lz L1 Lz L1 Lz
T™7 128 136 | 25 35 190 211 47.35 [58.12 |68 |70
TM5 134 142 | 32 48 172 190 62.78 | 7838 |74 |75
TM4 136 142 | 34 40 159 166 132.62 | 139.88 | 8.5 | 8.5
TM6 140 141 | 39 42 178 184 62.49 | 6477 (72 |71

Note: Where L, is the loading rates, L; = 50 N/sec and L, = 500 N/sec

Table 3a and b lists the elastic modulus, proportional limit, ultimate tensile
strength, failure strain and modulus of toughness under displacement and load control
respectively. The tensile test results as listed in table 3a and b shows that, the ultimate
tensile strength of the sample increased slightly as we increased the sample length
both under displacement control and load control mode. This trend can be observed in
Figure 2. While the ultimate strain followed a reverse trend compared to uitimate
tensile strength, as shown in Figure 3, which showed a significant change in strain as
we decreased the length of the sample. Figure 2 and 3, also showed a trend that as we
increased the loading/displacement rated the observed ultimate tensile strength is
always higher.

Also, in general there was a lower fracture strength and higher fracture strain
under displacement control than for load control due to the relaxation of the strain in
displacement control whereas under load control the test machine continues to pull the
specimen until interlocks are engaged. The variation of ultimate tensile strength (cus)
with geometry indicated that oyus rest on the strength of the fibers. Aiso the specimens
those didn’t separate at fracture, the modulus of toughness (Ur) was higher because as
the material began to fail, the fibers continued to carry the load after the matrix
separation (Figure 4 and 5). Also, figure 4 and 5, show that under different time to
failure conditions (i.e. under different loading/displacement rates) the trend of lower
fracture strength and higher fracture strain under displacement control than for load
control is still maintained.

For each stress-strain curve the modulus of elasticity was calculated using a
least squares, linear regression fro the slope of the linear portion of a stress-strain



curve from 0 to 15 MPa. The stress range of 0 to 15 MPa was chosen for all the curves
since 15 MPa was found to be the least value of the proportional limit stress of all the
curves. Thus, it was assumed that the stress region of 0 to 15 MPa would always
represent the linear region. As can be seen in figure 6, the elastic modulus of the
material has very little variation within the data set, as would be expected for material
property. '

Figure 7, represents the proportional limit stress for both the displacement/load
control tests. It can be observed that tests conducted under displacement control
showed a higher proportional limit stress than load control test. Also a trend was
observed, that as the load or displacement control test rates are increased, there is a
slight increase in the proportional limit stress (Figure 7).

The modulus of toughness is a measure of the total energy that the material
absorbs up to final fracture. Figure 8, represents the modulus of toughness measured
for both the displacement/load control tests. It can be concluded from Figure 8, that the
modulus of toughness values are consistent between the other test modes and rates.

For a constant gage length (gage length =60 mm), Figure 9 and 10, shows the
variation of ultimate stress and strain with respect to gage width. It can be observed
that as the gage width of the sample is increased the ultimate stress increases, while
the ultimate strain of the sample decreases.

Similarly, for a constant gage width (gage width =10 mm), Figure 11 and 12,
shows the variation of ultimate stress and strain with respect to gage length. It can be
observed that as the gage length of the necked sample is increased the ultimate stress
increases, while the ultimate strain of the sample decreases. It is also observed the
same trend is not followed if the sample is not necked. A straight sample showed a
much lower ultimate stress and higher ultimate straln compared to what it would have
shown if the sample was necked.

Also, for a constant gage volume (gage volume =1110 mm®), Figure 13 and 14,
shows the variation of ultimate stress and strain with respect to gage length. It can be
observed that as the gage length of the sample is increased the ultimate stress
increases, while the ultimate strain of the sample decreases.
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Microstructural and Fracture Analyses

Fractography studies were conducted using a JEOL 6400 field emission scanning
electron microscope The sections used for analyses in the gage section were, a) fracture
surface, b) a polished section 2 mm below the fracture surface along the transverse
(perpendicular to stress axis) direction. It has been observed that when the composite is.
subjected to an axial tensile loading, cracks occur first in the matrix at the interfow pores
due to stress concentration. As the load increases, the cracks usually propagate within the
transverse tow(TT), and then they are arrested at the longitudinal tow(LT)/transverse
tow(TT) interfaces due to the fibers in the LT. This results in transverse cracks in the TT.
After the first crack forms in the TT, there are several possible damage mechanisms as the
load increases. The activation of the mechanisms depends on the tows fracture toughness,
TT/LT interface bonding strength and pore distribution. Experimental evidence using
replicate technique shows that additional fransverse cracks form at intratow pores, resulting
in multiple cracking in the TT. At the final stage of loading, the transverse cracks propagate
into the LT, resulting in matrix cracking, interfacial debonding and fiber breakage. Once
fiber breakage’s occur, the LT and eventually the composite are close to final failure.

A small amount of porosity (intratow pores) is present within fiber bundles due to fiber
contact, which results in sealing during the CVI interface coating processing step. Hence,
there is no access for matrix growth in these regions®. Matrix infiltration of very fine regions,
including sub-micron sizes, does occur as long as the regions are accessible to the growth
front and oxygen. The high magnification micrograph exhibits a range of fiber diameters
from ~ 10-20 pum, with a majority of fibers in the 15-20 um diameter range (Figure 15). The
SiC fiber had been coated with 0.4 um thick layer of pyrolytic graphite layer which is
relatively weak and consequently imparts high fracture toughness to the composites by
allowing crack deflection to occur from matrix to fiber. It is important to control the
fiber/matrix interface in these composites to achieve relatively weak interfacial binding (for
crack deflection and fiber pullout or sliding) while maintaining oxidative stability at high
temperature.

Figure 16 shows a typical fracture surface of a specimen which was tensile tested at
ambient temperature. An as-fracture, cross-section surface of the composite is shown in
Figure 17. Fiber pull-out, clean debonded fiber-matrix interfaces and a stepped fracture
surface are apparent. The step fracture surface was a clear indication of crack deflection by
the fibers during the crack propagation. Figure 18 shows the process of crack propagation
and deflection. The crack always propagated from one fiber to the next and were diverted
by the fiber. An equally important factor for CFCCs in Figure 19, relates to toughness and
flaw tolerance. If the interface were too strong, when matrix cracks formed normal to the
fibers, they would have propagated in a planar mode through the fibers, giving brittle
behavior similar to that in monolithic glasses and ceramics. The CFCCs i.e. under
investigation is a high-modulus, brittle matrix system having a sufficiently low interfacial
bond strength, which helps the fibers to debond before cracks propagate through them and
cracks are deflected parallel to the fibers. It has been also observed that the opening of the
large matrix cracks is resisted in part by work done against friction as the matrix slides
relative to the unbroken, bridging fibers. Thus, both the tendency to initiate debonding and
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the subsequent resistance to sliding of the matrix relative to the fibers appear to be
important factors in determining the working stress range of CFCCs.

Figure 20 shows that the load carrying fiber 0° (LT) surface was severely damaged
compared to 90° (TT) fibers during room temperature tensile test. The abrasion may be
caused by two ways, i) due to fractional movement between debonded fibers and adjacent
matrix, which may gradually degraded the strength of load carrying fiber and cause final
failure of tested specimens. Another interesting phenomenon, internal heating may be also
related to such frictional movement. ii) when the applied load level during the tensile test
is above the proportional limit, tensile damage initiation is dominated by fiber
debonding and transverse matrix cracking. It is possible that above the proportional
limit the broken debris from the debonded matrix rubbing against the load carrying fiber
caused the abrasion and subsequent fiber fracture as seen in Figure 20.

Figure 21 shows a high resolution micrograph of the load carrying fiber pull-out
region. It shows that the interface between the nicalon fiber and the graphite coating

“was not damaged during the fiber pull-out. The abrasion caused to the load carrying

fibers were only due to its rubbing against the matrix and not due to its rubbing action
against the coating. Figure 22 shows the typical surface morphology of fractured fiber
in the composites which was tensile tested at ambient temperature. It is also observed
that the fiber fracture was mostly surface flaw initiated.

12



Conclusions

Tensile tests were performed using a uniaxial test machine for SiC/SiC
continuous-fiber ceramic matrix composites of varying geometry. The strength of the
material seems to be affected by the volume of the gage section. A minor increase in
ultimate tensile stress was observed for specimens with smaller volume and for faster,
loading rates. Also, in general there was a lower fracture strength under displacement
control than for load control due to the relaxation of the strain in displacement control
whereas under load control the test machine continues to pull the specimen until
interlocks are engaged. The measured strain values and hence the percent bending
were found to vary due to the difficulty of using the mechanical extensometer in -
conjunction with the surface of the 2D-woven SiC/SiC composite. Typical value of the
proportional limit stress were observed to be ~ 40 MPa. It was also observed that the
proportional limit stress were higher under displacement control as compared to load
control test. The observed elastic modulus were ~ 135 GPa. The ultimate tensile
strength were found to be ~ 182 MPa. The fracture strength coincided directly with the
ultimate strength for all the load control test and the displacement control tests that
were conducted at 0.03 mm/s. The displacement control tests that were conducted at
0.003 mm/s showed an unloading stress-strain curve region’.

Microstructural observations showed that cracks occurred first in the matrix at
the intertow pores due to stress concentration. At the final stages of loading, the
transverse cracks propagated into the longitudinal tows, resulting in matrix cracking,
interfacial debonding and fiber breakage, which eventually lead to the final failure of
the composite. It was observed that there was a wide variation in the fiber diameters
from ~ 10-20 pum, with a majority of fibers in the 15-20 um diameter range. A weak 0.4
um thick layer of pyrolytic graphite imparts high fracture toughness to the composite by
allowing crack deflection to occur from matrix to fiber. The load carrying fiber surface
were severely damaged may be due to the rubbing with the debonded matrix. Also it
was observed that the load carrying fiber fractured mostly due to surface flaw which
may have been induced due to the rubbing action of the fiber with the debonded matrix.

13



References

1. K. M. Prewo, J. J. Brennan and G. K. Layden, “Fiber Reinforced Glasses and Glass-
Ceramics for High Performance Applications,” Ceramic Bulletin, Vol. 65, No. 2, pp. 305-
313 (1986). '

2. R. A. Sambell, D. Bowen and D. C. Phillips, “Carbon Fiber Composites with Ceramic
and Glass Matrices, Part 1, Discontinuous Fibers,” J. Mat. Sci., 7, pp. 663-675 (1972).
3. M. G. Jenkins, J. P. Piccola Jr., M. D. Mello, E. Lara-Curzio and A. A. Wereszcak,
“Mechanical Behavior of a 3-D Braided Continuous SiC Fiber-Reinforced/CVI SiC
Matrix Composite at Ambient and Elevated Temperatures,” Ceram. Eng. Sci. Proc., 15,
Vol. 4, pp. 209-218 (1994).

4. K. C. Liu and C. R. Brinkman, “Tensile Cyclic Fatigue of Structural Ceramics,”
Proceedings of the Twenty Third Automotive Technology Development Contractors’
Coordination Meeting, Society of Automotive Engineers, Warrendale PA, P-16, pp.
279-284 (1985).

5. J. Neagi, “Mechanical Properties Investigation of a Hot Isostatically Pressed (HIPed)
Silicon Nitride,” M. S. Thesis (1994).

6. L. H. Chao and D. K. Shetty, “A Computational Model or Progressive Damage and
Failure of Fiber-Reinforced Ceramic,” Final Report Published by Wright Laboratory
WL-TR-95-3044 (1995).

7. M. G. Jenkins and E. Lara-Curzio, “Standardized Thermo-Mechanical Test Methods
for CFCCs,” Durability and Damage Tolerance, ASME Winter Meeting, 43, pp. 191-211
(1994).

8. D. S. Beyerele, S. M. Spearing and A. G. Evans, “ Damage Mechanisms and the
Mechanical Properties of a Laminated 0/90 Ceramic/Matrix Composite,” J. Am. Ceram.
Soc., 75, Vol. 12, pp. 3321-3330 (1992).

14



e

0L

aAIno ulesis BulesuiBus-g4 pue ureljs-ssalis Bupiesuibus [eoidA} v °|, a1nbily

NIVA1S
o ob 0 oz 0% 0
- e //zf,.,zz%¢§§%722¢§é‘?é%%%%%%g %E 0
- 7 ~1 0C
7
(2 - Buipuag sfeusoiad) re —n. v
yd 0
\ 08
\\\ Y acl
\\ "
\\ Ow_\

08l

' S=DINIANTIE
A% 1 NIOHId 7 (BdW) SSIHLS



Anjawosb sjdwes juaiayip Jo) Yibuang ojisua] ayewin jo uosiedwod 'z ainbi4

: (oW
(oes/N0g=0T)sseiS i  (09s/N 00G =07) ssaiS EE

£00°0=0Q) 8045 [] (09sauw 0’0 =0Q) Ssais ]

#q| ojdwieg
(PoooN) INL  (pavosN)GINL  (podoeN) ZINL  (ubrens) gnl

0)4%
oGl
0ol
0L
08l
06l
00¢
1] 74

]

(edw) yibuans ajisus) ayeuwnin



o

Anawioaf sjdes Juateyip 1o} uieng ajewn|n jo uosyedwo) ¢ ainbi

(08s/N 06=01) ules [ (0s/N 00G=0T) uless g (0esAUW €00'0=00) Uieas []  (08sauw ¢00=0q) Uless ]

#q| ojdwes
(PoooN) PINL  (PoooN)GINL  (PodoeN) ZWL  (ubtess) N L

—t 08

T OLL

T OEl

T 05l

= 0Ll

{uoioiw]} ureng spEwN



(spuooss 081 ~ aln|ie}
0} awl} aweg : co;_ncoov Aiyawoab ajdwes juatayip Jo} ulelig pue yibuaig ajisua] ajewnin jo uosiedwo) *§ ainbi

(ossuuw
(08s/N 0G =071) sseis [ €000 =0Q) ssa4S 7]

(08s/N 05=01) uless [ (oesauw €00'0=00) uesS

#d| Sjcweg
(PeoeN) PINL  (PeyosN)SINL  (payoeN) ZWL  (ubresas) oinl

0O O O o
D M~ 0 ™

(=]
(324
~

T 05l
T 041

o
{uoso) ureng
pue (Bdw) ssang ayewnin

06l



(spuooss Lz ~ ainjie}
0} awi} awesg : uolipuod) Aawoab sidwes Jusiayip Joy ulens pue yibualg sjisus] ajewyn o uosuedwo) G ainbid

(0ss/N0og=0T) uless [[[j (cespuwigo0=0Q) Uless | (99S/N 00 =07T) Ssess [ (08suw €00 =0d) SSe4S ]

#dl o|cdueg
(PaxosN) PNL  (PoMoeN)SINL  (PoMoSN) ZNL  (uBens) gL

! " oe

-
+ 09 =

=
T 0L e

m
4 8 E
Lot m @
T OEL m .Wq
T 0Sl ,m,.,m.v
T 041 m.
T O@_‘ E
+ 012 m.
nﬁ OmN



Anjswoab ajdwes juaiaylp Jo} snjnpojy d1se|d Jo uosiedwo) g ainbl

-

(09s/N 09=07) ss@4S [[]

(08s/N 005=07) ss24S B €000 uo%wmmﬁwm [ (oesuw g0'0=00) m.mgw ]
#Qll ojdwies
(PodioaN) INL  (POOBN)GINL  (PoXoeN) ZWL  (ublens) onL
" 0

T GC
+ 05
+ GL
+ 00l
+ G2l

{edn) sninpoy onse|d



i01dIOVd JHL NI ONILS3L UVITONN HONIHA T1V dOLS
:Aes o} ayjlj pjnom | Ajjeuy puy
Ajewioab a|dwes Jualaylp 104 ssaljg puwl] jeuoipodold jo uosuedwo? 2 ainbiy

(0@s/N 05=07) ssaus [[f]

(09S/N 008 =D7) SS24S |

€00°0

(oesywiw

od

) ssans [] (o8s/ww g0'0 =0Q) ssaus []

e

#ai ojdwes

(poxoeN) YN L (pedoaN) SN L

(pPaxoaN) ZINL (Gublens) gL

o

w
o

(edw) ssang ywi jeucodold

}
(]
e

{9}
N~



Anjowoab sjdwes juaseylp Jo} ssauybno] jo sninpojy 4o uosledwo) ‘g ainbi4

-

(09s/N 05=017) 52483 [[]

(oaspuu

(0S/N 005 =017) sse43 €000=0q) ssess [] (09suuw g0°0 =0() sseis [T

#dl o|dweg
(PdooN) YNL  (PoeN)GNL  (P0eN) ANL  (ubrens) gL

501 X) ssauybno Jo sninpoy



(ww g = ybua abex) juejsuo) o4 : UOHPUOD) YIPIA ©BBS) snsion ssalg ajewliyjn Jo uoljelen 6 ainbid

znilol

(ru) tppipp ebes

[snilgos

(098/N00G=01) 58948 - - -Y----
(09S/NOG=011)SS8US = ¥ = =
(oespuWgn'0=0Q) S48 ——m——

(09SAUWIE00'0=0]) SSOUS e e

042
- 051
- 091

- 01

o o
e &
(edw) ssang apewnin

Y
o
(&]
N

- 01

- 0d¢



+

-

(ww g9 = yibuaT ebeg) Juejsuoy 1o : UoKHIPUOD) UIPIA 86eS) snsisA UlenS ajewnjn Jo uoleleA *gl @inbi4

(L) tpipg aben

[enL]gos

(095/N00G=0T) URSIS ---V----
(088/NOS=01 Uels - v - =
(osspuIg’0=0q) URlS ——m——

“IBSAUWEND'0=0C) UIBIS el e

.

o
v

T
o
(o)

T
o
[c0)

= 00l

o
o
{uoiomu) urens sypwRN

- Ovl

- 001




(Www g} = YIPIM obeo Juelsuo) Jo4 : uolipuod) yibuaT ebes) snsion ssallg alewjn 10 uoleleA ‘|| ainbi4

(ubrexns) [on1100L

(uru) ypbua] aben
(p=doeN) [2N11 09

(pexoeN) [pinL] o

(098/N00G=0T) SSOUS - - Y- - - -
(09S/NOS=07)SSBUS = ¥ = =
(0aspug)'0=0q) sselS ——m—

(08SAMAUIE00'0=0(]) SSAUS memmmse{ o

ovl

- 0S5l

- 001

- 0L

- 08l

g g

- 0l¢

- 0c¢

(edN) ssang a2reWilyn



(W 0}, = IPIM 96BD JUBJSUOD 104 : UORIPUOD) (BUST abeg) snsian Ulelg Sjewn|n Jo uoneleA ‘g ainbid

(ww) ypbua] obes
(lubress)
[on 1] (pax08N) (pax08N)
"001 [zn1lo9 [N og
} } )4
T 09
(09S/NOOS=0") UBAS - - - - - - T 08
(0aS/NOG=0 URIS = 7 = = T 001
(ossuWIEn'0=0Q) URLS ——pt—
T 0Cl
DSUWEN0 0=0C]) URRHS el e
+ 0¥l
T 091

(uooiw) urens arewnin



(;Ww 01 L1 = awnjoA abeo juejsuoy Jo4 : UojIpU0d) YibusT eben snsien sseng sjewnin Jo uohele) "¢l aInbid

(L) Ybuer abeo
lentio9 [vinid oe
: : : ovL

- 061

- 091

(09S/N00G=0"1) SIS - - - V- - - - - 0L)

(0oS/NOG=0T)SsaUS = ¥ = =

- 08l

(ossuug0'0=0Q) Ssels ———g——

(edi) ssang arewnn

} }
Q
g 8

_ ,§29m8.?oov SSOUS e e

- 0l

-~



oy

(;ww gl || = awnjoA abeg JUejsuoy 1o : Uolipuod) Yibus] sben snsien ujess sjewlyjn Jo Uoljelep "y} ainbi

() ypBue eben
[Sin1] 09 Ll og

. . . 0,4

T 09
C
+ 08 m..
(0esN00S=0OD URIS ---V---- m,
4 %]
(CBMNOSONURIS = T = = 0,0]5 m..
(OSSN 0=00) URSS ——m— 4 oz1 .m,
ASMAUE00 0=00) URIS el e m
4 oyl =

-+ 0oL




R ety

1
b

)

RIS LSRN

o PO —aTT S Tow t

Figure 15. Hiéhv magh-iﬁcation rﬁicfoéfap eiihibiting aL Faﬁge of fiber diameters
from ~ 10-20 pm.
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Figure 16. A magnified view of the fractured surface of a specimen which was
tensile tested at ambient temperature
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Figure 17. An as-fracture cross-section surface of the composite.

Figure 18. Fractdgra;;h showing the ’pfoce-ss:' of crack bfbpagéﬁbh and deflection
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dicating the transverse crack deflected around the fibers

n

.

Figure 19. Fractograph

and fiber bridging

ing ,s'e.vérely :démaged load carrying fiber

Figure 20. Failure surface show

fiber surface

(longitudinal tows) surface compared to transverse



Figure 21. High resolution ‘micrograph of the load carrying fiber (longitudinal tow)

pull-out region.

e e .

Figure 22. A typical sd\rwfe;ce morbhology‘ of fractured fiber in the
which was tensile tested at ambient temperature.

composites



