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EXECUTIVE SUMMARY

Crack initiation in brittle matrix composites was investigated lising model composites.
Regular arrays of both TiBz-eoated and carbon-coated SiC fibers in borosilicate glass matt-ices
were 'preparect. Fiber volumes and the thermal expansion mismatch between fiber and matrix
were varied systematically. The TiB, coating repfesented a strong interface and the carbon |
coating a weak interface betvyeen the ﬁbers axtd the glass matrix. Test specimens were loaded in
tension and monitored by acoustic errlission for cracking with the hufnber of cracks also
quantified using optical mictoscopy.

With a strong interfacial bond, the levelb of matrix cracking stress increases with fiber
fraction and decreases as the initial radial stress gets more compressive, both cases in agreement
with prediction. When the iﬁitial radial stress is tensile, the theory overestimates the matrix
cracking stresses. When poor interfacial bonding exists, the matrix cracking stress was found to
be at the lower bound for a slipping interface even when‘the initial matrix stress is compressive.

A seldom-addressed area of composite mechanics, the fiber-matrix normal strength was
exémined. Unlike interfacial shear, the normal streltgth is very difficult to ’measure sinee free
edges produce very strong singularities in stress. Samples with ﬁber en&s embedded in the
matrix and cruc1form samples were examined. The latter, cross-shaped samples were successful
in forcing high normal stress levels at the fiber-matrix interface away from the free edges The
stresses measured on a model system (aluminum—epoxy) usitlg the cruciform geometry matched
theoretical predictions very well. This specimetl geometry appears to ee capable of generating j

true transverse properties of the fiber-matrix interface.




The damage modes in cerémic matrix composites were categorized by observing damage
in situ under load. A silicon-carbide fiber glass-ceramic matrix composite with cross-ply
reinforcement was placéd under load and the types and extent of damage was observed by optical
microscopy. vThe initial damage éppears as fiber-matrix debonding and matrix cracking occur in
the 90° plies. This damage continues until transverse cracks span all the 90° plies and then
similar debonding and cracking begin in the 0° plies. Fiber-matrix debonding, matrix cracking,
fiber breaks, and longitudinal splitting were identified and quantified as a function of uniaxial
loading. Analytical predictions of the modulus and Poisson’s ratio were then made based on
those observations and idealized damage states corrésponding to the observed states. The
analytical models developed correlated very well with the observed mechanical behavior.

Another property of brittle matrix composites explored in this research was the
measurement of elastic moduli of fiber coatings. The TiB,-coated and carbon-coated SiC fibers
in borosilicate glasses above were examiﬂed using a microindentor. This well-established
method using load-displacement curves during indentation has been used to measure the elastic
moduli of fibers and matrices of composites. This technique was now applied to the coating
layer between fiber and matrix. The values obtained for the fiber and matrix compare well to
other researchers :;nd are load independenf and only slightly dependent on the indentor face
angle. The low-cut angle values obtained on the coatings were very close to literature values but
the high-cut angle was substantially higher. The high-cut angle indentor values may be
erroneous due to the surroundin g materials also being measured during the test. Additional work

is underway to confirm this hypothesis.
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1. CRACK INITIATION IN BRITTLE-MATRIX COMPOSITES

The initiation of matrix microcracking was investigated in unidirectional glass—mafrix
composites having controlled fiber spacing. Observations were taken from composites
consisting of regular arrays of T1B2-coated Slgma 1240 and carbon-coated SCS-6 monofilament
SiC fibers in a series of borosilicate glasses. The thermal expansion rmsmatch between the fibers
and glass-matrix was varied such that the resulting radial stresses after processing ranged from
tensile to compressive. The glass strorigly bonds to the TiB,-coated Sigma 1240 fiber but weakly
bonds to the carbon coating of the SCS-6 fiber, allowing the investigation of the effects of
bonding at the fiber/matrix interface. The observed crack initiation stresses of the various
composites are compared to predictiohs based on a previously developed semiempirical model

[1,2] and used to study the influence of the volume fraction of fibers, residual stress state, and

interface strength.

1.1 EXPERIMENTAL PROCEDURE

The composites were fabricated from three borosﬂlcate glasses w1th differing thermal
éxpa.nsion coefficients such that the resulting residual radial th¢rma1 stresses after processmg
varied from tensile to compressi&e. In addition two fibers were utilized: a 102?},Lm-dimneter
Sigma 1240 fiber with an outer 0.5-um-thick TiB, coating over an inner 1.5-um—thjck carbon
coating and a 142-pm-diameter SCS-6 fiber with two 1.5-pum-thick carbon boatings. The
borosilicate glass strongly bonds to the outer TiB, coating of the Sigma 1240 fiber but weakly |
bonds to the outer carbon coating of the SCS-6 ﬁbef, This allowed an investigaﬁon of the effects
of bonding at the fiber/matrix interface on the initiation of matrix cracking. Detailed calculations
based on measuréd [3] elastic properties of these coatings for an uncrackedvmatn'x show that
these stresses are insensitive to the elastic‘qul.lli of the coatings. Hence the coatings have been

ignored.




Details of the sample fabrication are given in Reference [4] and are summarized below.
The glass powders (average diameter of ~8 um) with varying K,O/B,0; ratios were tape-cast
into green tapes with a relative density of ~50 percent. The glass compositions were graded in
- order to vary the thermal expansibn coefficient of the glass. The green tapes were cut into
coupons 100 x 100-mm square and lanﬁnated onto fiber mats with a regular fiber spacing of
either 27 or 48 fibers per cm. The volume fraction of fibers in the composites was varied by
altering thé thickness of the green tépe and utilizing the two different fiber spacings. After
lamination the composites were vacuum sinteréd at 710°C for one hour, after which the tube
furnace was backfilled with Argon for 20 minutes. The samples were then hot isostatically
pressed at 650°C for 30 minutes with an applied pressure of 35 MPa to remove residual porosity
to typically <2 percent. The resulting samples were approximately 10 cm long by 2 cm wide
with a thickness of 0.2 cm. Figure 1 shows a typical sample cross section of a Sigma 1240 fiber
~ composite and illustrates the regularity of the fiber spacing.

Prior to testing, the free edges of the specimens were polished with diamond paste in
order to enhance microscopic imaging for crack detection. The upper and lower surfaces were
coated with a thin layer of epoxy to reduce the incidence of surface damage during handling and
to attempt a more realistic simulation of interior matrix cracking. The testing was performed in
an MTS testing machine at a loading rate of 0.25 mm/min. Axial and transverse strains were
measured using strain gages. The volume fraction of fibers in each specimen was determined
from the measured elastic modulus of the composite using the rule-of-mixtures and the moduli of
the respective fibers and matrices as determined by separate tests. These corhpared well with
measurements taken from optical micrographs of selected sample cross sections. The properties
of the composite constituents are présented in Table 1.

Acdustic emission techniques were employed for the detection of initial matrix cracking.
After the detection of cracking by acoustic emission, the edges of the specimen were coated with

fluorescent die while the sample remained under load. The specimen was then removed from the




Figure 1. Typical Cross Section of a Borosilicate Glass Matrix (7040 Glass) Containing 16 vol%
Sigma 1240 Fibers (Bar = 200 um).

TABLE 1
MATERIAL PROPERTIES
Glass ‘ . Fibers

| 7040 F E Sigma 1240 SCS-6
E (GPa) 50 58 58 325 390
v 0.20 0.20 0.20 0.20 0.20
o (x 10°%°C) 5.40° 425 3.95% 423" 4.23°
Kic (MPa - v/m ) 0.77 0.77° - 0.77 - .-

Note: Data measured at WL/ML unless otherwise indicated.

a - Coming Glass Works, Corning, NY

b - B-SiC (0-500°C), Southem Research Institute, Birmingham, AL
¢ - Assumed same as 7040 and E-glasses




testing machine, and the location and spacing of matrix cracks determined by optical microscopy.
Typical full-cell cracks, characterized by a crack _surrounding a single fiber, are shown in Figures
2a and 2b. The specimen was then mounted in the testing machine and the load incremented,
until acoustic emission indicated fhat further matrix cracking had occurred. The edges of the
specimen were again coated with ﬂuorescer_;t die and the sample removed from the test machine
and the crack pattern examined. This procedure continued in a stepwise manner until the sample

failed.

1.2 EXPERIMENTAL OBSERVATIONS

Clearly, unless one can define the distribution of inherent matrix flaws prior to cracking,
the matrix cracking stress must be treated as a statistical process. Thus, the first crack to form is
not a representative measure of the matrix strength. Rather, by considering a number of cracks
spaced such that they do not interact with each other, an average value of the matrix cracking
stress can be computed. It is in this sense that progressive microcracking [1,2] represents a
characteristic value of the matrix cracking stress. Thus, the composite cracking stress, 6., the
stress in the composite at which matrix cracking initiates, was determined from a plot of the
number of new cracks versus load. New cracks were defined as cracks that were not extensions
of cracks from previous loadings and which were separated from earlier cracks by an axial
distance of at least 150 pm. An axial distance of 150 um was selected based on calculations of
the stress [5,6] in the matrix as a function of the axial distance from the crack plane assuming
that no debonding has occurred. It is reasonable to assume that there is no interaction between
cracks separated by an axial distance of 150 pm or more. Thus, each new crack obviously
defines an initiation event.

The counting technique is illustrated by Figures 3a and 3b which are photomicrographs of
the edge of a composite specimen containing 35 vol% Sigma fibers in a 7040-glass matrix after
loading to 109 MPa and 125 MPa, respectively. The matrix cracks in Figure 3(a) initiated and

some of these cracks appear to have been stopped by the fibers. This crack morphology, i.e.,




Figure 2. Examples of Full- and Half-Cell Cracks in Borosilicate Glass-Matrix Composites:
(a) Sigma 1240 and (b) SCS-6 (Bar = 200 pm). Full-cell cracks are characterized
by a crack which bridges a single fiber but is arrested by adjacent fibers; half-cell
cracks are confined between two fibers. o '




Figure 3. Edge of a 7040-Glass-Matrix Composite Containing Six Layers (35 vol%) of Sigma
1240 fibers at (a) 109 MPa and (b) 125 MPa (Bar = 200 pm).




localized fiber bridging of widely spaced cracks, is characteristic of that seen in other brittle-

matrix composite (BMC) systems {1,2]. Upon subsequent loading (Figure 3b) some of the

cracks present in Figure 3a have propagated across the sample, and new cracks have formed

above and below the initial ones. Based on thevcriteria described above, there are five new
cracks in Figure 3a and seven in Figure 3b. Importantly, although‘ matrix cracks had formed, the
stress-strain curves associated with Figures 3a and 3b showed no detectable loss of stiffness.
The determination of the composite cracking stress from the population of new cracks is
illustrated in Figure 4, a plot of the number of new cracks \}ersus applied stress for two composite
specimens containing comparable fiber volume fractions: (a) an F-glass with 28 vol% and (b) a
7040-glass with 30 vol% Sigma 1240 fibers. Also shown are the respective precrack tensile axial
stresses, o, in the matrix due to the thermal expansion coefficient mismatch between the SiC
fibers and the glasses. For comparison pu'rpeées‘the number of new cracke at each load level has’

been normalized by the total number of new cracks that were counted in each specimen (102 and

515, respectively). In both specimens the number of new cracks increases sharply to a peak and

then falls off. The composite stress at which the steplike increase in the number of new cracks
occurs is defined as 6. Itis 1mportant to note that the model assumes an interior crack, while

only surface cracks can be observed. While the spemmen was prepared in such a way as to

approx1mate interior crack formation (e g., coatmg the upper and lower surfaces with a thin layer

of epoxy to reduce the incidence of surface damage) the simulation is not perfect. The decay in
the number of new cracks after reaching a peak value does not imply that the matrix has become
saturated with cracks, only that subsequent cracks are either extensions of previous cracks or
occur at an axial distance less than 150 pm from existing cracks. Typically, crack saturation
occurred a few loadings prior to saniple failure which were, in general, at applied stresses greater
than 250 MPa, i.e., well above the composite cracking stress. The results shown in Figure 4
indicate that the coniposife cracking stress is strongly affected by the thermal loading of the

matrix, which was calculated assuming a thermoelastic cooldown process. That is,
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Figure 4. The Number of New Cracks for Composite Specimens of F- and 7040-Glass
Containing Comparable Fiber Volume Fractions. The number of new cracks has
been normalized by the total number of new cracks in each specimen. Also shown
are the precrack tensile axial stresses, 6", in the matrix due to the thermal expansion
mismatch between the fiber and the matrix.

the F-glass composite with a residual axial tensile stress in the matrix of ‘0.44 MPa has a o, that
is ~30 MPa greater than the 7040-glass composite which has a residual axial stress of 24.4 MPa.
Figures 5a-d are the stress-strain plots and acoustic emission (AE) results for the
continuous loading of similar specimens to those shown in Figure 4 (i.e. samples prepared from
the same green laminate). The AE results shown in Figures 5b,d have a similar steplike incréasé
in the number of AE events at a load corresponding to the 6, determined from the incremental
loadings shown in Figure 4. This increase occurs ~15 MPa below the onset of any deviation
from linearity in the stress-strain curve. ’Similar behavior has been observed in other BMCs [7].

Indeed, the onset of nonlinearity in the stress-strain curve, typically associated with a large jump
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Figure 5. Stress-Strain Plots and Acoustic Emission Results for the Continuous Loading of -
Similar Specimens to those shown in Figures 4a and 4b. The composite stress at
matrix cracking, o, is ~15 MPa below the onset of nonlinearity in the stress-strain’

curve.
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in the number of acoustic emission events, correlated with the observation of broken fibers at the

outer edge of the specimen.

Calculation of cracking stress o, was accomplished using the following expression [2]

20 ,l(a+s)/ 71" = K¢ . (1)
where a is the fiber radius, s is the fiber spacing, and Kyc is fracture toughness. The fiber spacing
associated with a given fiber volume fraction was calculated assuming the hexagonal array. The
Kic value of 1.84 MPa ¥/m [2] was used. This model (Equation 1) predicts that the matrix
cracking stress increases with decreasing values of s and a. | |

In order to compare with the experimental results, the composite Stress (o) was
calculated for the given 6. The model and experimental results are plotted in Figures 6arand 6b.
Figure 6a (Sigma 1240 fiber) shows that the model with a continuous interface closely matches
the experimental results for the 7040- and F-glass (i.é., precrack compressive G;) but
overestimates the E-glass (i.e., precrack tensile o) results. Figure 6b (SCS-6 fiber) shows thaf
most of the experimental results are cldser to the lower bound model prediction with a sliding
frictionless interface than to any of the continuous interface model predictions. As noted before
the borosilicate glasses do not strongly bond to the carbon coating of the SC‘S-6’ﬁber'. Thﬁs an
explanation of ﬁxe SCS-6 fiber composite results may be that the fiber/matrix interface is
relatively weak, allowing interfacial slip to oécur.

From the above results it can be concluded that there is a strong correlation between the
analytical model, which depends only on measured’ properties, and the expeﬁmentally-measured '
composite cracking stress for composites with both é continuous interface (Sigma 1240 fibers)
and a sliding frictionless interface (SCS-6 fibers). For cdmpositesv containing Sigma 1240 ﬁbérs '
where o, > 0, the matrix cracking stress increases‘ with fiber volume fraction but decreases as
the magnitude of the tensile axial residual stress increases. Although the analytical model
suggests that an axial compressive stress (. ocm > o) will act to increase the composite cracking

stress, the experimentally-measured values were below those predicted by this model.
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model predictions for a lower bound representing a sliding frictionless interface.
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Examination of the fracture surfaces of failed specimens revealed evidence which may represent
partial debonding during processing which woﬁid reduce the composite cracking stress.
Comparing composites with weakly bonded ihterfaces (i.e., SCS-6 fibers) with strongly bonded
interfaces (i.e., Sigma 1240 ﬁberé), 1t was found that a strong interface enhances the matrix
cracking stress, provided crack deflection occurs. In general these results provide further

evidence of an increase in the matrix cracking stress level for composites with small-diameter,

uniformly-spaced fibers.
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2. NORMAL STRENGTH IN MODEL UNIDIRECTIONAL COMPOSITES

Failure modes of fiber-reinforced composites are governed in part by the transfer of stress
between fiber and matrix. This transfer occurs across the interface between the components;
therefore, the properties of this interface will affect the properties of the composite. Unlike the
interfacial shear strength, the measurement of the interfacial normal Strength [8] has, to our
knowledge, received limited attention. Therefore the present study is aimed at designing and
evaluating some simple test methods for estimating the normal strength of the fiber-matrix
interface.

Interfacial normal strength is commonly determined by testing straight-sided, single-fiber
composite specimens (Figure 7) and interpreting debond initiation from the beginning of
“ nonlinearity or first occurrence of acoustic emission on the stress-strain curve. In these straight-
sided specimens, the free surface is a favored site for interface debonding because stresses are
singular at that location. In order to remove the influence of the free surfaces from the test, two
alternate geometries can be considered. The first design involves covering the ends of the fiber
by embedding the fiber [9,10] completely inside the matrix (Figure 8), whereas the second design
is of a composite sample in the shape of a cruciform or cross [11] with an extremely large width
in the gage section (Figure 9). With the cross-shaped geometry,vth}e central portion of ‘the
fiber/matrix interface is highly stressed under tensile loading, thereby forcing debond initiation

and propagation in the center, away from the free edges.

2.1 EXPERIMENT

Single-fiber composite tests are increasingly recognized as a most useful tool to study the
mechanical/chemical interactions at the ﬁbér—matrix interface region. Single-fiber specimens are
easier to make compared to unidirectional composites, avoiding the difficulty of fiber alignment

in unidirectional composites. Further, single-fiber composites help to focus on localized failure,
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Figure 9. Cruciform (or Cross-Shaped) Specimen.

such as interface debonding, avoiding the distraction of randomness in failure and the
neighboring effect of other fibers in unidirectional bomposites. In this work, model single-fiber
composite specimens were made in the three geometrical configurations, namely: (a) straight-
sided specimens with fiber ends exposed, (b) stré.ight—sided speciﬁlens with fiber ends cévered,
and (c) cross-shaped design.

The composite specimens were cast in rectangular and cruciform-shaped silicone rubber
rholds for straight-sided and cross-shaped samples, respectively. The specimen cross-sectional
dimensions are shown in Figures 7-9. The samples were 5.03 mm thick for all three geometries
considered. The composite reinforcement consisted of aluminum rods, 2.34 mm in diameter,
while the matrix was an epoxy resin (Epon 828 from Shell Chemical Co.) cured with a
polyetheramine (Jeffamine D-230 from Texaco, Inc.) for three days at ambient temperature. The
rod surfaces were merely cleaned with acetone which enabled the epoxy to strongly bond with
the reinforcement. Rods of predetermined length were approximately positioned in the mold and

epoxy resin cast-around them. Curing at ambient temperature eliminated thermal residual
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stresses which are otherwise induced from the mismatch in coefficients of thermal expansion of

fiber and matrix.

The free edges of the straight—sided specimén wifh exposed fiber ends were progressively
ground and then polished using successively smaller diameter alumina polishing powder (final
size was 0.3 micrometer) in order to enhance the microscopic image for crack detection. The
free edges of the cruciform specimen and straight-sided samples with embedded fiber eﬂds were
also polished after curing. Strain gagés (gage length 3.2 mm) were then mounted on dlé flat
surface in the center and along the edges of the specimen perpendicular to the ﬁber to monitor
strain during loading. An acoustic emission transducer was also attached to the specimen to
monitor failure events. For straight-‘sided samples with fiber ends expdsed, the speéimg:n was
loaded to either a prescribed level slightiy higher than the expected interface debonding level or
up to the first occurrence of acoustic emission on the stress-strain curve. This load was held .
during application of a fluorescent penetrént to the polished surface, and then unloaded for |
microscopic examination to capture ail failuré events which occurred. Straight-sided samples
with fiber ends embedded and cruciform-shaped specimens were also loaded in tension, under
displacement cdntrol, to failure, and the fractured halves examined to identify the locus of

failure.

- 22 RESULTS _

The applied stress lével at debond is listed in Table 2. The values listed in this table are
the average of six specimens for each configuration considered. o

Figures 10a and 10b are photonﬂcrographé shoWing the front and back views of the
straight-sided exposed fiber specirhen at the first occurrence of acoustic emission on the stress- -
strain curve, respectively. The portion of the interface which was observed to be debonded under |
the microscope is 1nd1cated by arrows. Notice the symmetric nature of the debonded interface,
with respect to the honzontal loading ax1s observed both in front (Figure 10a) and back (Figure

10b) of the specimen. Subsequent loading resulted in the debond crack branching into the matrix
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TABLE 2

APPLIED STRESS AT DEBOND INITIATION FOR MODEL COMPOSITES

Model Single Fiber Average Applied Stress at
Specimen Debond Initiation, MPa Standard Deviation (%)
Straight-Sided with Fiber
Ends Exposed 8.3 14.1
Straight-Sided with Fiber
Ends Embedded 12.3 4.6
Cruciform (Cross-Shaped) 19.5 6.7

Figure 10. Photomférographs of Aluminum Rod Specimen Showi

18

ng Front and Back Views at
the First Occurrence of Acoustic Emission on the Stress-Strain Curve (10a and 10b)
and at Failure (10c and 10d), respectively.




leading to final faﬂure as shown in the front and back of the specimc:ﬁ in Figures 10c and 10d,
respectively. Figure 1lisa photornicrograph bf the failure surfaceé ofa straight-sided specimen
With fiber ends covered. It is seen that failure initiates at the fiber corner and propagétes over
some distance along the fiber length before braﬁching into the matrix. Howevef, fof cruciform
(or cross-shaped) specimens, it is observed that failure initiates in the center (;egion free of stfeés
singularities) away from the fiber ends, as seen in the photomicrograph in Figure 12. The debond
propagates for some distance along the length of the reinforcement before branching into the

matrix.

2.3 NUMERICAL ANALYSIS

| In this work model single-fiber composite specimens have been analyzed using 3-D finite
element analysis employing the ANSYS code. The model was simplified by usihg Symmetry
planes so that only one-eighth of the total specimen was required to be modeléd. These planes of
symmetry were constrained by symmetry boundary conditions, whereas the outer surfaces were
free to move in all directions. The aluminum reinforcement and thé epoxy matrix were treéted as

three-dimensional, eight-node brick elements with the following elastic .properties (handbook

values).
Material E(GPa) v
Aluminum ' 72.4 0.32
- Epoxy ' 29 10.35

Figure 13 shows the radial stress at the fiber-matrix intérface in the loading direction as a
function of distance along the Jength of the reinforcemént for the three specimen geometries
considered. Analysis reveals that the radial stress at the interface 1s the dominant stress
component and is maximum in the loéding difectioﬁ. The local stresses are represented by the
stress concentration factor (SCF), defined as the ratio of the local stréss to the applied stress. The
distance is normalized with respect to the radius of the aluminum rod. The SCF value is 1.2 iﬁ

the center of the cruciform specimen and remains reasonably constant (within 10 percent) over
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Figure 11. Photomicrograph of Failure Surface of Straight-Sided Specimens with Ends
Embedded.

Figure 12. Photomicrograph of Failure Surface of Cruciform (or Cross-Shaped) Specimens.
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Figure 13. Variation of Radial Stress with Normalized Distance from Center of the Specimen
Along the Length of the Aluminum Rod.

two-thirds of the loading region.' The SCF graduallyj decreases at locations further away from the
center of the specimen approaching zero value before increasing marginally near the free surface.
For straigthSided samples the SCF at the center of the specimen is approximately 1.3 for both
embedded and exposed ﬁﬁer ends. However, as the free surfaée is approéched for the exposed
rod or the edge of the embedded ro‘d is approaéhed, a sharp increase in the SCF is observed,
although the stresses in the latter are significantly lower than the formerl

The results in the previous sections for the specimens tested indicated that only in the
case of the cruciform specimen did interface failure occur far from the ends (where a factor of 1.2
is more appropriate due to partial loading of the wings), and that cracking initiated at thé fiber
corners in both the straight-sided and embedded ﬁber specimens. The likely explanation for this
behavior is the high radial stresses that occur at the fiber corners for both the exposed-fiber and

embedded-fiber specimens as seen in Figure 13. The lower far-field applied stress at debohding
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for these specimens, compared with the cruciform geometry, is consistent with the local elevation
of radial stress at the interface.

Figure 14 shows the transverse strain at the free surface of the cruciform specimen as a
function of the distance along the leﬁgth of the aluminum rod at locations which represent the
positions of the strain gages in the experiments. The strain values have been normalized with
respect to the applied stress level and measured matrix modulus. As seen in Figure 14, the
experimentally-measured values of strain were within 10 percent of the calculated value at
several locations along the length of the aluminum rod. Excellent match between strain
calculations and measurements has also been obtained previously for metal-matrix composite

cruciform-shaped specimens [12]. ‘

24  CHARACTERISTIC FAILURE DISTANCES FROM THE STRAIGHT-SIDED
SPECIMENS WITH EXPOSED AND EMBEDDED FIBERS

The singular stress profiles for the straight-sided exposed-fiber and embedded-fiber
specimens indicate that there are two ways any useful data can be obtained from such specimens.
As an extreme case, the singular stress profile can be used to imply that a crack already exists at
the fiber ends of the interface, so that the maximum load in the tensile test simply reflects the
attainment of criticality based on the fracture toughness of the interface. The problem with this
approach is that it requires some method of determining the initial crack length. The alternate
approach is to assumé that the failure of the interface is governed by a probability distribution,
whereby failure occurs when area integrated probability of failure reaches a critical value.
Therefore, even though stress can become infinite over an infinitesimal distance, the probability
of failure will remain finite, being determined by the integrated probability of failure. In this
study the focus is to determine a characteristic distance for the exposed and embedded-fiber
specimens, so that the apparent strength of the interface from those specimens is equal to that

from the cruciform specimen.
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Figure 14. Variation of Transverse Strain with Normalized Distance from Center of the
Specnmen Along the Length of the Aluminum Rod.

To do this, we express the interface stress close to the ﬁber ends in the form [13]:

0, /0,=ka/R) | | @
' where we now identify r with the length of the fiber (z) starting from the fiber end, and k and A
are the quantities determined from finite element analysis. Integrating the average stress

concentration factor, SCF,y,, over a normalized distance, zavg/R is then given by

ont k
B )
Oq Z
-y =2
a-n{ 2]

Note that the fitted parameters, A and k, in Equations (2) and (3) vary with the averaging

SCFyyg = )

distance over which they are evaluated, as seen in Table 3. Moreover, the values of A reported in
Table 3 differ somewhat from the values obtained from asymptotic analysis (Table 2).": The use

of the fitted parameters, which vary with averaging distance, is justified in lieu of Equation (3)
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TABLE 3
PREDICTED BOND STRENGTH FROM STRAIGHT-SIDED SPECIMEN

Distance Straight-Sided with Fiber Ends - Straight-Sided with Fiber Ends
Exposed Embedded
Bond Bond
[i,_v_g_ ) A k ol Strength, A k ot Strength,
R G, MPa* L MPa**
0.5 0.2415 | 1.310 | 2.04 16.98 0.2136 | 1.350 | 1.99 24.52
1 0.2188 | 1.386 | 1.77 14.73 0.1987 | 1.402 | 1.75 21.56
2 0.2074 | 1.414 | 1.55 12.9 0.1843 | 1.391 [ 1.50 18.48

*Based on an average applied stress at debonding of 8.3 MPa
**Based on an average applied stress at debonding of 12.3 MPa

where stress averaging is done over the same distance at which these parameters have been
evaluated. It is further observed that small variations in the quantities A and k obtained from
FEM solution have negligible influence on the stress averaging given by Equation (3).

The tensile strength of the interface using the cruciform specimen results can be estimated
by multiplying the externally applied stress with the stress concentratioh factor at the interface
and is calculated as 23.4 MPa (¥ 19.5x1.2). This value is significantly higher than the value of
12.1 MPa (=8.3x1.45) reported earlier [8] which was based on 2-D concentric cylinder model
[14] neglecting the end effects [15,16] and size (specifically thinness) of the samples. As seen in
Figure 13 the radial stress at the interface settles down to approximately 1.3 times the far-field
stress (s,) at a sufficient distance frpm the fiber end for straight-sided specimens, as shown from
3-D finite element analysis. This value (1.3) is less than the valué (1.45) determined using 2D
concentric cylinder analysis and can be ascribed to stress relaxation due to proximity of the
specimen faces. As shown in Table 3 the stress concentration factor calculated at the exposed
fiber end (for the three averaging distances consideréd) for straight-sided specimens is higher
than the value of 1.45 used for earlier predictions, which resulted in lower estimates of fhe bond.
strength of the interface. On the other hand we have demonstrated that the cross-shaped design is
successful in forcing debond initiation in the interior of the sample (region free of stress

singularities), and therefore the results produced by testing of such specimens may be capable of
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providing the true transverse response of the fiber-matrix interfacé. Comparison of the interface
strength value (23.4 MPa) with the predicted strengths in Table 3 Suggests that 0.5 <z,,/R<11is
a reasonably good distance over which stresses should be averaged to obtain an average .strength
of the interface that is representative of the material for straight-sided specimens with fiber ends
embedded. However, forv'straight—sided speciméns with fiber énds exposed, the predicted
strength values are lower when averaged ox}er the same distance. One of the possible causes for
Jower strength values is machining-induced damage during specimen preparation prior to testing.
For exposed-fiber specimens, the radial stress at the interface peaks at the free edge, whereas for
embedded specimens, it is at the fiber corner in the interior of the sample. These are precisely
the locations where failuré was found to initiate during testing of straight-sided specimens. Thus,
surface damage induced during sample preparation will facilitate failure for exposed-fiber

specimens and will have negligible influence on specimens with fiber ends embedded.

25 CONCLUSIONS

Careful design and testing of model composites appears -to be useful in estimating the
normal strength of the fiber-matrix interface in unidircctibnal fiber composites.‘ Two simple
specimen geometries, namely embedded fiber and cmciform design, have been considered to
remove the influence of the free surfaces from tests on traditional straight-sided specimens.
Results indicate good correlation between experiments and the analyticai predictions and
demonstrate the importance of stress-field singularities in contfolling damage initiation in
straight-sided samples. It is further shown that only the cross-sflaped design is successful in
forcing debond initiation in the interior of the sample (région free of stress singulaﬂties), and
therefore the results produced by testing of such specimens may be capable of providing the true

transverse response of the fiber-matrix interface.
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3. DAMAGE MODES IN MULTIDIRECTIONAL CERAMIC-MATRIX COMPOSITES

Ceramic-matrix composites generally exhibit matrix and/or interface damage well before
final failure because of the low strain capability of the brittle matrix and weak interfacial
bonding. This damage has a significant influence on the stress-strain behavior as well as on the
ultimate. strength of the composite. The failure process in a multidirectional laminate is further
complicated by its dependence on ply orientations and stacking sequence. Analytical and
experimental investigations were carried out in an attempt to understand the initiation and
propagation of damage in a [0/90]55 cross-ply laminate. In this work a glass-ceramic matrix
composite reinforced with silicon-carbide (SiC) (Nicalon) fibers was’investigated at room
temperature under uniaxial tensile loading. The initiation and propagation of interfacial
debonding, microcracking, and fiber breaks were observed in situ, under applied load, using a

specially-built loading device. The observed damage modes were then incorporated into existing

micromechanical models to predict the laminate stress-strain behavior and compared with the

experimental measurements.

3.1 EXPERIMENT

The material system considered in this work was SiC fiber-reinforced glass-ceramic
matrix [calcium alumino-silicate (CAS)] composites. Both unidirectional and [0/90]s5 cross-ply
laminates were considered. The fiber volume content was determined using an image analyzing
technique, and its average value for 10 measurements was found to be 41 percent with a
coefficient of variation of seven percent.

Straight-sided flat specimens were then cut from the panels (2.5 mm thick) with a
miniature diamond-impregnated saw using special care to minimize cutting-edge damage. The
specimens were 7.6 mm wide and 100 mm long. Thin glass-fiber end tabs (25 .4 mm long) were
mounted on both ends of the specimen to protect them from possible gripping damage during

loading. One free edge of the [0/90]55 specimen was progressively ground and then polished
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‘using successively smaller-diameter alumina polishing powder (final size was 0.3 micrometer) in
order to enhance the microscopic image for crack detection. An axial strain gage (3.2 mm gage
length) and a transverse strain gage were mQunted on the midsurface of the specimen to monitor
strain during loading. | |

Uniaiial tensile loading was applied to a specimen of [0/90]35 laminate using a miniature
loading device (hereafter referred to as strain) which was designed and built for in situ
observation of damage in composite laminates. Axial force was generated by pulling the piston
using nitrogen gas pressure. The strainihg stage is designed to be able to be mounted on the
micrdscope stage for observation of microcracking under loading. The microcracks occurririg in
this class of brittle-matrix composites tend to close upon removal of the aﬁplied load. This
closure of the microcracks makes them very difficult to detect using the microscope. The
specimen was mounted on the strain stage and loaded to a prescribed level which is slightly
higher than the expected first microcracking level on the microscope stage. This load was held
during ‘microscopic examination of microcracking by scanning a predetermined area in the
polished free edge, and capturing thé microcracks using an image analysis ’device. The captured

images were then transferred to a digital disc for future analysis. This procedure was repeated a
few times at successive incremental 1oad levels up to final failure. -The extension of micrbcracks,
as well as their multiplication with incremental loading, was assessed by observing the
subsequently captured images. The average value of crack spacing was obtained from 10
measurements for a specified load level. Two specimehs of a [0/90]55 laminate Were

monotonically loaded up to failurga to obtain the entire stress-strain behavior of the laminate.

3.2 ANALYTICAL BACKGROUND
In this work the large radius axisymmetric damage model by Schoeppnef and Pﬁgano [17]

- was employed in order to approximate the thermoelastic stress field of flat laminated bodies. -

The model was generated by subdividing the body into regions consisting of concentric shells of

constant length and satisfying Reissner’s variational equation with an assumed equilibrium stress
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field within each region. It has been shown that in the limit as the ratio of average cylinder
radius R to laminate thickness T approaches infinity, the gradient of the hoop strain through the
wall thickness approaches zero, generating a stress-strain field equivalent to a flat composite
coupon under a uniform axial strain. The model can be used to examine the initiation,
propagation, and interaction of various idealized damage such as delamination and transverse ply
cracking in flat laminates containing orthotropic layers. It is assumed that transverse cracks are
normal to the layer interface and extend the full depth of the ply. Furthermore, free-edge effects
are neglected in this 2-D model.

In this work we considered the effect of transverse cracking and delamination on the
extensional stiffness and Poisson’s ratio of a [0/90]35 cross-ply laminate. Under uniaxial strain in
the x-direction, while the remainder of the external boundaries are t_raction free, the longitudinal

stiffness, Eg, and major Poisson’s ratio, vy, are defined as:

. €
By ==—and v,y =—=2 @)
Exx : Exx

where the bar denotes the average value of the stated quantity over the unit cell, and o and g; are
the stress and strain components in Cartesian coordinates, respectively. The constituent

thermoelastic properties used for analytical calculations are given in Table 4.

TABLE 4
CONSTITUENT PROPERTIES
E¢ = 200 GPa or=3.2x10°°C
E,=100 GPa om =5.0x 10%°C

It is assumed that each constituent is isotropic. Further, E represents Young’s modulus, v
the Poisson’s ratio, and o the coefficient of thermal expansion (CTE), whereas subscripts f and m
refer the stated quantities to fiber and matrix, respectively. The process temperature difference,

AT, is assumed to be -600°C.

28




3.3 RESULTS
33.1 Elastic Properties

The elastic properties of the unidirectional ply were calculated from the
constituent properties using the NDSANDS model developed by Pagano and Tandon [14].

Comparison of the initial elastic moduli between calculation and experiment is summarized in

Table 5.
TABLE 5 ‘
'ELASTIC PROPERTIES OF UNIDIRECTIONAL LAMINATE
Property Theory - Experiment
Longitudinal modulus, GPa 140 134
Transverse modulus, GPa 130 123
Major Poisson’s ratio 0.25 0.25

These ply properties are used for subsequent prediction of elastic constants of the [0/90]55
laminate using classical laminated plate theory. The experimental results are compared with the

analytical prediction given in Table 6.

. TABLE6

ELASTIC PROPERTIES OF [0/90])3s LAMINATE
Property . _ Theory “Experiment (Cv)
Elastic modulus, GPa - 135 1 117 (4.1)
Poisson’s ratio . 0.24 0.20 (12.5)

Cv: coefficient of variation, %

The measured modulus is observed to be lower compared to the theoretical predictions |
(assuming no damage is present) indicating that there could be some processing-induced initial

damage in the cross-ply laminate.

- 29




3.3.2 Damage Progression

The damage progression in the form of matrix cracking was assessed under
incremental loading. The microcracks were found to be initiated in the 90° layers as a partial
debond at the interface between fiber and matrix before branching into the matrix as shown in
Figure 15. These microcracks propagate almost at once across the entire width of the 90° ply and
link up with neighboring plies as the applied stress increases. Figure 16 shows an increase in |
transverse crack development in the laminate at four increasing loads. Crack spacing between
two neighboring cracks also decreases as stress level increases and appears to reach a saturation
value (0.0081 mm) before final failure. Damage mechanisms such as interface débonding,
matrix cracking, and fiber fracture are responsible for the nonlinear stress-strain béhavior and

continuous degradation of laminate properties.

Figure 15.  Photomicrograph Showing Partial Debonding of Fiber Matrix Interface and
Extending into Matrix.
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3.3.3 Stress-Strain Behavior

Figure 17 shows typical axial and transverse stress-strain relations for the [0/90]55
laminate. The axial stress-strain behavior is seen to be linear both in its initial and final stages
while becoming nonlinear in the transition stage. The transverse strain varies nearly linearly up
to 138 GPa and thereafter reverses its direction until final failure. This reversal of the transverse
strain occurs in the nonlinear region of the axial stress-strain relation. Figure 18 shows variation
of major Poisson’s ratio as a function of applied stress. The Poisson’s ratio decreases drastically
in the transition region of the stress-strain curve (Figure 17) where the transverse strain reversal
occurred.

" Based on the obsérved progression of damage, we now assume the following

idealized damage states and calculate the axial inodulus (Exx) and Poisson’s ratio v,y using the

large radius axisymmetric model [17].

Stage of Damage State ‘ E,, GPa Vay
1. No damage present. ' 135 0.24
2. Complete debonding of fiber/matrix interface in all 90° 91 0.16
plies.
3. Transverse cracking of all 90° pliés in conjunction with 72 0.13
damage stage 2 (crack spacing 0.0081 mm).
4. Transverse cracking of either of inner two 0° plies in 50.5 - 0.08
conjunction with damage stage 3.
5. Transverse cracking of all plies except outer two 0° plies. 252 0.04
6. Extension of axial crack (crack length 0.008 1’ mm) from | 24.5 0.04

the tip of the transverse cracks in damage stage 5.

The predicted values of E,, and n,, compare favorably with the experimental
results in the initial linear region (stage 1) and final (stages 5 and 6) linear regions. In the
nonlinear transition region (stages 2-4), we are unable to directly compare the predictions with .

experiment because of the inability to distinguish the corresponding damage stages in the present
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experiment. Further work is in progress to identify and capture the growth of dominant damage

mechanisms with incremental loading in the transition region.

34 SUMMARY

The initiation and progression of damage in the [0/90],5 laminate of SiC fiber- (Nicalon)

reinforced glass-ceramic matrix (CAS) composite have been investigated under uniaxial tension.

Damage mechanisms in the form of fiber/matrix interface debonding, matrix cracking, and
longitudinal splitting are assessed at each incremental loading. Based on the observed damage
states, analytical calculations were made to predict change in modulus and Poisson’s ratio
corresponding to the idealized states of damage. The correlation between analytical prediction

and experimental results is promising.
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4. MEASUREMENT OF ELASTIC MODULI OF FIBER COATINGS

41 EXPERIMENT

A nanoindentation experiment was conducted to measure the in situ elastic modulﬁs of
fiber coatings. The material system studied in this work was borosilicate matrix composite
reinforced with S.iC fibers. The SiC fiber has two coatings of carbon and TiB,. The thickness of
the carbon layer is ~1.5 pm and that of the TiB, layer is ~0.5 um. Two types of indentation
surfaces, 15° and 90° with respect to ﬁber direction, were prepared. The indentation surface was
progressively ground and then polished using smaller diameter alumina polishing powder (final
size was 0.3 micrometer) in order to obtain a nlicrqscopically even indentaiion area.

Depth-sensing indentation (DSI) tests were conducted in the displacement control mode»
using a Berkovitch indenter. Figure 19 illustrates a typical load-displacement curvs from a DSI
test. The elastic modulus (E) was calculated frdm the load-displacement plots using Equation (5)

which was derived from the elastic punch model of Sneddon [18]

2 . |
1-v" 1-vo|dp _, [Ac ~ | (5)
E ' E, Jan VP o

where dp/dh is the initial slope of the unloading segment (Figure 19), v and v, are the Poisson’s

ratios, and E and E, are the elastis moduli for the specimen and the indenter 'material,
respectively. P and A, are the applied Joad and contact area, respectively. The Poisson’s ratio
was assumed to be 0.25 for fiber, coatings, and matrix.

A total of 160 indentations and 300 indentations were conducted on two ﬁbers in 2 90°
surface and on three fibers in a 15° surface, respectively. Two different indentation forces
applied were 0.005 N and 0.01 N with a 0.5-micrometer interval. Indented marks are identified

under SEM.
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Figure 19. Typical Load-Displacement Curve from a DSI Test. dp/dh is the slope of the
initial linear portion of the unloading segment

42 RESULTS

After tests, specimens were examined under SEM to identify all indentation locations. A
series of indentations on the 90° surface are shown in Figure 20. Indentations are vaguely seen in
coating layers. Figures 21a-d show a typical load-displacement curve for fiber, C-layer, TiB,
layer, and matrix. Table 7 summarizes the test results. Data reduction was performed on 197
tests as shown in Table 7. All test data on the coatings are included.

The average elastic moduli values obtained for »the fiber and matrix appear to be
independent of indent loads of 0.005 N and 0.01 N, and are slightly higher for a 15° surface.
These values are comparable to the results (352 GPa for fiber and 62 GPa for matrix) obtained by
Berriche [19]. The average elastic moduli measured on the 90° surface are considerably greater
than the values on the 15° surface for both C-layer and TiB, layer as shown in Table 7. The
average values measured on the 15° surface are 73 GPa and 151 GPa for C-layer and TiB, layer,
respectively, and are comparable to the results (91 GPa for C-layer and 143 GPa for TiB, layer)
of Berriche. Further testing neede to be done to understand the difference in coating modulus

between the 90° and 15° surfaces. For a very thin layer coating like the TiB, layer, the increase
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TABLE 7

SUMMARY OF TEST RESULTS
' 90° Surface 15° Surface
Force
N Modulus, GPa | TD | NO-©f | Modulus, GPa | sTD | No-of
Tests Tests
Fiber 0.005 387.3 15.0 14 417.8 4.7 6
0.010 393.8 15.5 16 402.0 10.7 42
C-layer 0.005 11 7.3 10.5 3 70.5 7.8 11
0.010 116.9 10.5 3 75.1 11.0 21
TiBo-layer 0.005 239.9 25.2 3 156.9 17.3 6
0.010 280.7 46.7 2 145.0 6.9 3
Matrix 0.005 61.5 1.5 14 64.4 1.7 23
0.010 61.7 2.2 23 68.4 1.3 7

STD: Standard deviation

Figure 20. Micrograph Showing a Series of Indentations on the 90° Surface.
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of the indent surface by a low-angle cutting gives a better chance of indenting the exact area of -
interest and a reliable value. Although the test results appear to compare reasonably well with

the published results, further work is needed to gain confidence and reliability in this test.
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5. CONCLUSIONS AND RECOMMENDATIONS

CRACK INITIATION IN BRITTLE-MATRIX COMPOSITES

There is a sﬂoﬁg correlation between the analytical model and experimentally—fneasured
composite cracking stress for composites with both a continﬁous interface and a sliding
frictidnless interface.

For composites where ay>ay, the matrix cracking stress increases with fiber volume
fraction but decreases as the tensile axial residual stress increases.

For cdmposites where an<ay, the experimentally-determined matrix cracking stresses
were lower than thos'ck predicted by the modei, possibly due to partial dcbonding during
processing.

The matrix cracking stress increased in composites with small-diameter, uniformly-
spaced fibers and a strohg interface. |

Future work will address composite cracking stresses of composites reinforced with fibers

that do not have an outer carbon layer but yet bond strongly to the matrix.

NORMAL STRENGTH IN MODEL UNIDIRECTIONAL COMPOSITES

The normal strength of the fiber-matrix interface in unidirectional composites can be
estimated from tests on model composites.

The free-edge effect with the traditional specimen can be eliminated by using either
embedded fiber end or cross-shéped specimen geometry. |

A good correlation exists between experiments and analytical predictions of transverse

strength.
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5.3

54

The importance of stress ﬁeld—singu'larities was demonstra;ed in controlling damage
initiation in straight-sided spéqimens.

The cruciform design appears to be capable of providing the true transverse response of
the fiber-matrix interface. | | |

Future work will address measurefnent of transverse strength using composites with
multiple fibers.

DAMAGE MODES IN MULTIDIRECTIONAL CERAMIC-MATRIX
COMPOSITES

Damage modes observed are interface debonding, matrix cracking and fiber breakage.
Damage initiation occurred in the 90° plies through interfacial debonding which
propagated into the matrix.

Significant changes were observed in coxﬁposite modulus and Poi‘sson’s ratio as damagé
progressed. |

A good correlation exists between the analytical pfediction and experimental results on
modulus and Poisson’s ratio corresponding to various states of damage.

Axial cra;cking (interfacial debonding and delaminatiqn between plies) has little influence
on the modulus. |

Future work will address the effect of te1¥1perature on the damage initiation and

propagation, and the corresponding stress-strain behavior.

MEASUREMENT OF ELASTIC MODULI OF FIBER COATINGS
The elastic moduli of very thin fiber coatings can be measured using depth-sensing

indentation tests.
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Although the test results appear to compare reasonably well with the published data,

further work is needed to gain confidence in the reliability of this test.
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