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In this paper, a concerted utilization of finite element analysis and an ultrasonic characterization technique is
described to assess the interfacial fracture strength and to monitor the progression of damage at the interfacial region
in titanium-based metal-matrix composites. The finite element model developed here encompasses an interfacial
element with a finite thickness to simulate the interfacial region of the coating or reaction products. The finite
element model has been used in conjunction with the ultrasonic evaluation technique to assess the in situ interfacial
fracture strength. The different responses of the ultrasonic amplitudes for Ti—-6A1-4V/SCS-0 SiC and Ti—6Al-4V/
SCS-6 SiC interfaces have been explained in terms of the reflection of ultrasonic waves from the fiber/matrix
interface. It is established that the non-monotonic stress dependence of the ultrasonic reflection amplitude for both
the SCS-0 and SCS-6 interfaces is related to the debonding between the fiber and matrix. The results indicate that the
SCS-0 interface has a much higher fracture strength than the SCS-6 interface although both these interfaces exhibit
similar apparent debonding stresses. © 1998 Elsevier Science Limited. All rights reserved

(Keywords: A. metal-matrix composites (MMCs); B. interface/interphase; C. finite element analysis (FEA); D. ultrasonics)

INTRODUCTION

The macroscopic behavior of metal-matrix composites
(MMCs) is related to the properties of the fiber/matrix
interface. It is at the interface that the load transfer takes
place and the crack deflection exists. As a result,
characterization of the interfacial properties and their
influence on the properties of MMCs are of great interest
to researchers developing MMCs. Various techniques have
been developed to characterize the interfacial properties in
MMCs. Examples of these characterization techniques are
composite cylinder specimens', fiber pull-out tests' >, fiber
push-out tests>*, tensioned push-out tests®, slice compres-
sion tests® and fiber fragmentation’~'%, Most of these tests
are designed to measure the shear strength of the fiber/
matrix interface. In contrast, relatively few tests are
designed for in situ measurement of the tensile (normal)
fracture strength of the fiber/matrix interface. Typically, the
normal strength of the interface can be measured through
transverse loading conditions. However, one major problem
associated with the measurement of interfacial strength
under transverse loading is the presence of the singularity at
the free surface (where the fiber tip intersects the surface of
the composite). This singularity is induced during cooling of
MMCs from the processing temperatures''~'?, and causes

* Author to whom correspondence should be addressed.

interfacial debonding either at a much lower stress level
than the value required for the same failure to commence at
the interior of the composite'' or even when no external
stresses are applied'>'*'®, As a result, observations made
on the free surface of the composites may not be
representative of the behavior in the interior of MMCs.
Furthermore, most of the aforementioned characterization
techniques are unsuitable for in situ monitoring of the
failure of the interface and the progression of interfacial
damage during service. Therefore, a technique capable of
measuring the interfacial strength as well as monitoring the
failure of the interface and the progression of interfacial
damage in situ is very desirable. Hence, a new technique
was developed to monitor the behavior of the interfaces in
the interior of the composites under transverse loading
conditions'"®,

This paper reports a new method'>'® to assess the
interfacial fracture strength and monitor the progression of
damage at the interfacial region in titanium-based MMCs.
The method is based on a recently developed ultrasonic
technique, called the shear wave back-reflectivity technique
(SBR)'7~'°_ This technique, which uses an ultrasonic shear
wave, has been demonstrated to be much more sensitive to
the interfacial conditions than ultrasonic imaging tech-
niques using longitudinal waves'®, and was successfully
used to evaluate the fiber/matrix interfacial ‘shear
stiffness coefficient’, matrix texture, consolidation quality,
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Figure 1 Test set-up for ultrasonic imaging. The 62° orientation of the
shear wave with respect to the normal of the water/Ti—6—4 interface is based
on the law of refraction

high-temperature degradation of MMCs and fiber fracture in
matrices™'’ 2!, More recently, the images of the SBR have
been shown to be related to the debonding and interfacial
separation between the fiber and matrix in titanium-based
MMCs under transverse loading”. Therefore, the SBR has
provided useful information about the onset of interfacial
debonding and interfacial separation in the interior of the
composites as a function of the transverse loading. In this
paper, the SBR technique is applied to Ti—6Al-4V/SiC
composites with different interfacial conditions. The
sensitivity of the ultrasonic images to the interfacial
conditions are investigated and, in conjunction with finite
element modeling, the in situ interfacial strength under
transverse loading is assessed.

The ultrasonic shear wave back-reflectivity technique is
based on interrogation of the interface in a pulse-echo mode
with an ultrasonic shear wave'”'°. The shear wave used in
the SBR is produced by the incidence of a longitudinal
ultrasonic wave on titanium-based MMCs at a suitable angle
(for titanium-based alloys this angle is 24°, which is
between the first and the second critical angles* for titanium
materials), as shown in Figure I. Since the wave front is
incident at an angle, the received back-reflected signal is
either low amplitude owing to back-scattering from the
matrix grain structure or high amplitude owing to back-
reflection from the fiber/matrix interface (when the wave
front is perpendicular to the fiber circumference). This
amplitude variation along the length of the fiber char-
acterizes the fiber/matrix interface because the amplitude of
the back-reflected wave is determined by the reflection
coefficient, R, of the wave at the interface and also by the
slope of the debond surfaceT(M).

EXPERIMENTAL PROCEDURES

The samples used in this study were Ti—6A1-4V composites

* The first critical angle is the incident angle at which compressional ultra-
sonic waves cease to propagate in titanium. The second critical angle is the
incident angle at which shear or tangential waves also cease to propagate in
titanium

T The slope of the debond surface is the angle of an imaginary line drawn as
a tangent to the curvature produced by the matrix which has debonded from
the fiber and has undergone some distortion due to the loading process
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containing a single SiC fiber. The purpose of using single-
fiber composites was to avoid the fiber interactions in high-
volume-fiber composites. Therefore, the intrinsic phenom-
ena related to the interfacial fracture and deformation could
be studied with clarity. The composites were fabricated by
hot pressing two Ti—6A1-4V sheets with a single SiC fiber
at 930°C with 17 MPa for 2 h. After the consolidation,
several different cooling conditions were used to alter the
residual thermal stresses (see Table I). To prevent damage
to the fiber surface during consolidation, the single fiber was
aligned before hot pressing by placing it in a fiber retention
groove in one of the titanium sheets. The groove depth was
the same as the fiber diameter (142 um) and was introduced
through a specially constructed shaping apparatus. The fiber
used was either SCS-6 or SCS-0 series. In the case of SCS-6
fibers, there was a graded carbon/silicon coating on the
surface of the fiber. This coating will be called as the carbon
coating in the following text for brevity of writing. For SCS-
0 fibers, no coating existed on the fiber surface and reaction
products were formed in between the fiber and matrix
during the hot consolidation of the composites. Some
composites containing two widely separated SCS-0 and
SCS-6 fibers were fabricated, thereby facilitating compar-
ison of the ultrasonic responses of these two fibers to the
transverse loading. The difference between the SCS-6 and
SCS-0 interfaces is that the former has a carbon coating,
while the latter has reaction products at the interface
consisting of titanium silicides and carbides®.

The consolidated samples were cut into a dogbone shape
with the fiber axis perpendicular to the loading axis of the
samples. Transverse tensile tests were carried out on a
micro-straining stage built in our laboratory'® to facilitate
loading under water so that ultrasonic evaluation could be
conducted in situ during the loading process. The loading
was applied stepwise so that the ultrasonic scanning could
be carried out under the loaded condition at different stress
levels. The experimental set-up for ultrasonic imaging has
been shown in Figure 1. The transversely loaded composite
specimen was immersed in water and imaged mode
converted a vertically polarized shear wave which was
incident on the fiber/matrix interface. A 25 MHz focused
ultrasonic transducer was used in this work.

FINITE ELEMENT MODELING

It has been shown that the presence of an interfacial region
(coating or reaction products) has a strong effect on the
interfacial crack initiation and propagation®. Therefore, the
present finite element analysis (FEA) encompassed an
interfacial region with a finite thickness and independent
thermal and mechanical properties. The FEA was imple-
mented by using the ANSYS code?*. The fiber and matrix
were described with three-dimensional, eight-noded iso-
parametric elements, while the interfacial region was
simulated with three-dimensional, eight-noded concrete
solids. The isoparametric elements have the capability of
plasticity if needed, and the concrete solids are similar to the
isoparametric elements but with the addition of cracking
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Table 1 Interfacial fracture strength estimated from finite element analysis for Ti—-6A1-4V/SiC composites with different interfacial conditions

Post-consolidation
cooling conditions”

Interfacial conditions

Stress level at which the
decrease in ultrasonic

Crack initiation stress
predicted from FEA

Assumed interfacial tensile
fracture strength versus compressive

amplitude starts (MPa) strength in FEA (MPa) (MPa)
SCS-6 500°C/WQ to RT ~300 100 versus 1000 180
200 versus 1000 240
300 versus 1000 300
SCS-6 930°C/FC to RT ~300 100 versus 1000 180
200 versus 1000 240
300 versus 1000 300
SCS-0 930°C/FC to RT ~300 600 versus 3000 100
700 versus 3000 190
800 versus 3000 280
SCS-0 500°C/FC to RT ~400 800 versus 3000 MPa with 430
the assumed 300°C WQ
800 versus 3000 MPa with 350

the assumed 400°C WQ

“WQ = Water quenched; FC = furnace cooled; RT = room temperature

and crushing capabilities. The cracking and crushing
capabilities of the concrete solids are necessary to assess
the interfacial crack initiation and propagation. The
criterion for failure of the concrete solids (cracking and/or
crt214shing) under multiaxial stresses is expressed in ANSYS
as

E —-S=0 1

7 S M
where F is a function of the principal stresses (g1, 02, 03), f.
is the uniaxial crushing strength, and S is the failure surface
expressed in terms of the principal stresses and material
properties of the concrete solid. If eqn (1) is satisfied, the
concrete solid will crack or crush, depending on the stress
state. The solid cracks if any principal stress is tensile, while
crushing occurs only if all principal stresses are compres-
sive. Details of the function, F, and the failure surface, S,
can be found in the ANSYS manual®*. However, when all
principal stresses are tensile, eqn (1) is reduced to

ﬁ—ézo

fo S
where f, is the uniaxial tensile fracture strength. In this case
the occurrence of cracking is simply based on the magni-
tudes of the maximum tensile stresses. This is a reasonable
criterion for the interfacial region present in this study
because, as will be discussed below, the interfacial regions
in this study are composed of brittle materials. When both
the tensile and compressive stresses are present, cracking
stresses will be reduced accordingly as shown in Figure 2,
where the failure surface is presented for o3 = 0. For the
present study, there was always one tensile stress compo-
nent and the uniaxial crushing strength (f;) was set to be
very high. As a result, only cracking occurred and it always
happened at a stress level equal or close to the uniaxial
tensile fracture strength. In the ANSYS code, cracking is
allowed to occur in the planes perpendicular to three princi-
pal stresses independently and treated by introducing a
plane of weakness in a direction normal to the cracked
plane. Thus, a cracked body can still sustain tensile stresses
in the other two orthogonal directions and transmits shear
and compressive stresses in the cracked plane if the crack is

i=1,2,3 (2)

forced to close. After a crack initiates, no singularity at the
crack tip has been treated in this study. Instead, the crack-tip
stresses are averaged over the entire element adjacent to the
crack, leading to a size dependence of the stresses in the
element adjacent to the crack. Therefore, the prediction for
the crack initiation stress is rigorous in this study, while the
prediction for the crack propagation stress should be con-
sidered with caution.

The finite element mesh used is shown in Figure 3. The
fiber diameter was set to be 140 um, the typical diameter of
SCS-6 and SCS-0 SiC fibers. The composite was assumed to
be infinite in the direction of fiber axis (i.e. the z-coordinate
direction). In the y-direction the composite was assumed to
have a thickness of 2 mm corresponding to the actual
thickness of the test specimens. In the direction perpen-
dicular to the fiber axis (i.e. the x-direction), a length of
4 mm was assumed. This is believed to be sufficient for the
simulation of the test specimens, because at the distance of
about three times the fiber diameter from the fiber, the
stresses in the matrix are almost uniform®®. The interface
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Figure 2 Schematic of the failure surface of the concrete solids at 03 = 0.
fiand £, are the uniaxial tensile fracture and crushing strengths, respectively
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Figure 3 Finite element mesh used to model single-fiber composites. The transverse load is applied along the x-axis

was assumed to have a thickness of 1 um to represent the
coating or reaction products. The 1 um thickness was
chosen arbitrarily, because it has been demonstrated®® that
the interfacial crack initiation and propagation are not
affected by the thickness of the coating when the coating is
within a typical thickness range (0.5 to 3.0 um). The
boundary conditions in this study were set in such a way that
one-eighth of the composite could be used to represent the
behavior of the whole composite. Specifically, the nodes on
the bottom face of the model (i.e. the x—z plane at y = 0)
were not allowed to move in the y-direction, while the nodes
on the top face of the model were free to move. The
nodes on the y—z plane at x = 0 were not allowed to move
in the x-direction, while the nodes on the y—z plane at
x =2 were coupled together to move the same distance in
the x-direction. Similarly, the nodes on the back face of the
model (i.e. the x—y plane at z = 0) were not allowed to move
in the z-direction, while the nodes on the front face of the
mode were coupled in the z-direction.

The input properties of various constituents are summar-
ized in Table 2. The SiC fiber was assumed to be elastic with
isotropic and homogeneous properties, while the matrix was
treated as an isotropic and homogeneous material with
plasticity. Because of the difficulty of measuring the in situ
properties of the interracial region, it was assumed that the
properties of this region were dominated by the major phase

in the interfacial region and its properties were similar to
those of its corresponding bulk material. Thus, for the
carbon-coated interfacial region, the elastic modulus and
the coefficient of thermal expansion were assumed to be the
mean values of C/C composites’®?’. For the uncoated
interfacial region, since it has been established that titanium
carbides and silicides are formed between the fiber and
matrix during consolidation®?, the interfacial region was
assumed to have the elastic and thermal properties of TiC
bulk material.

Both thermal and transverse mechanical loads were
considered in this study. The zero stress state of the
composites was assumed to be at the post-consolidation
annealing temperatures. Thermal loads were applied under
the assumption that the temperature is spatially uniform
throughout the composites. The composites were assumed
to be quenched from the annealing temperature to 25°C.
Therefore, no time-dependent stress relaxation during
cooling was considered. Obviously, if time-dependent
relaxation were considered, lower residual stresses would
result. The difference between the time-dependent and time-
independent conditions has been evaluated by Nimmer
et al.*®, who have estimated a 16% reduction of the room-
temperature residual effective stress in Ti—6A1-4V/SiC
composites as a result of time-dependent relaxation
behavior for a cooling rate of 2300°Ch™' from 900 to

Table 2 Parameters of Ti—6Al1-4V/SiC composites related to ultrasonic testing and finite element modeling

Material Elastic modulus Coefficient ofthermal Density (gcm ™) Yield strength Shear wave Acoustic impedance
(GPa) expansion (107°°C™") (MPa) velocity (cms™!)  (Nsm™)

Ti—6A1-4V?* 113.8 9.8 4.43 890° 3.12 x 10° 1.381 x 107

Sic?® 414.0 4.86 32 — 6.96 X 10° 2.227 X 107

Carbon*?’ 100.0 4.86 2.25 — 408 X 10° 9.185 x 10°

TiC?82° 310 7.4 4.94 —_— 4.85 x 10° 2.396 x 107

Water>® — — 1.0 — 144 X 10°? 1.44 X 10°

“The post-yield stress—strain relationship: o = 881 + 2085¢ (MPa)?!
*Longitudinal wave velocity
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Figure 4 Residual thermal stresses near the interfacial region for a SCS-0 composite after cooling from 500 to 20°C: (a) radial stresses; (b) hoop stresses

25°C. Thus, if the same difference was assumed, then for a
quenching from 500°C to 25°C, the present study might
overestimate residual stresses by about 6—-8% with a gain of
computational time. For the specimens furnace-cooled from
930°C (see Table 1), it was assumed that 930°C furnace
cooling was equivalent to 500°C water quenching, because
the SCS-6 composites with these two cooling conditions
exhibited similar stress levels for the onset of the decrease in
the ultrasonic amplitude (to be discussed in detail in Section
Section 4). For the composites furnace-cooled from 500°C,
the residual thermal stresses were certainly lower than those
in the composites water-quenched from 500°C. However,
since the equivalent quenching temperature was not clear,
two different quenching temperatures (see Table 1) were
evaluated to examine the effect of the residual thermal stresses.
After the cooling event, the mechanical load was super-
imposed onto the residual thermal stresses by applying a
transverse stress in the x-coordinate direction. During the
loading, if eqn (1) was satisfied at any location of the
interfacial region, an interfacial crack would initiate at that
specific location and it might propagate instantly or gradually
along the interfacial region depending on the stresses in the
adjacent interfacial region (to be discussed further in the
Results and Discussion section). After cracking, the interfacial
region could still transmit compressive and shear stresses. The
transmission of shear stresses was achieved by assigning a
shear transfer coefficient at the closed cracked plane. A
coefficient of ‘I’ corresponds to a perfect transfer while ‘0’
corresponds to no transfer. In this study, a coefficient of 0.5
was assumed arbitrarily because it has been shown that the
choice of a Coulomb friction coefficient for a cracked
interface does not play a strong role in the predicted transverse
stress—strain behavior of Ti-6A1-4V/SiC composites®.

RESULTS AND DISCUSSION

Finite element analysis

As expected, the FEA reveals that for both the interfacial

conditions studied, as the tensile fracture strength of the
interfacial region increases, the stress for the initiation of an
interfacial crack increases (Table 1). However, there are
some detailed differences between these two composites.
These include differences in the intrinsic fracture strength of
the interface, the residual thermal stresses at the interfacial
region, and the initiation and propagation of the interfacial
crack.

Residual thermal hoop and radial stresses near the
interfacial region for the SCS-0 and SCS-6 composites at
the as-quenched condition (from 500°C to 25°C) are shown
in Figures 4 and 5, respectively. As expected, the larger
coefficient of thermal expansion (CTE) of the matrix
compared with the fiber creates a tensile hoop stress and a
compressive radial stress in the matrix near the fiber/matrix
interface. Furthermore, the magnitudes of these stresses are
almost independent of the composite systems, suggesting
that the effect of the interfacial properties on the residual
thermal stresses within the matrix and the fiber is small. This
is believed to be due to the small thickness of the interfacial
region compared with the matrix and fiber. However, the
residual stresses within the interfacial region are quite
different for the two composites. For the SCS-0 composite,
the interfacial region has a residual tensile hoop stress
because of its higher CTE than that of the fiber. In contrast,
the residual hoop stress in the interfacial region of the SCS-6
composite is compressive because its CTE is lower than that
of the matrix. The residual radial stresses are almost the
same for both composites, indicating that the radial stresses
are dominated by the CTE mismatch between the matrix and
fiber. Finally, it is noted that the hoop and radial stresses
near the interface are very similar along the x- and y-axis
directions (not shown in the figures), suggesting a small
effect of the matrix dimension on the residual stresses at the
interface. This is due to the much larger dimensions of the
matrix compared with the dimensions of the fiber.

The compressive radial stresses at the interface for the
both composites provide a clamping stress against inter-
facial debonding at 0° with respect to the transverse tensile
axis (i.e. the x-direction, Figure 3) during the loading.
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Figure 5 Residual thermal stresses near the interfacial region for a SCS-6 composite after cooling from 500 to 20°C: (a) radial stresses; (b) hoop stresses

However, the tensile hoop stress in the interfacial region for
the SCS-0 composite tends to enhance radial cracking at 90°
during the transverse loading. Because of the different states
of the residual stresses in the interfacial region, the initiation
and propagation of the interfacial crack are different for the
two composites. For example, the crack initiation and
propagation behavior for an SCS-0 composite quenched
from 500°C and having interfacial tensile and compressive
fracture strengths of 700 and 3000 MPa, respectively, is as
follows. As the transverse load is applied, the radial stresses
at 0° become less compressive, while the hoop stresses at
90° become more tensile for both the matrix and interfacial
region. When the transverse loading reaches 170 MPa, the
hoop stresses in the interfacial region at 90° have exceeded
the fracture strength (700 MPa) of the reaction product,
leading to the formation of a radial crack at that
location. Accompanied with the formation of this radial
crack, the x-direction stresses in the interfacial region from
70° to 90° reduce dramatically simply because the hoop
stress is released owing to the formation of the radial crack
at 90°. In contrast, the x-direction stresses along the
interface from 0° to 60° are increased, with the largest
increment at 60° location. When the transverse loading is
increased to 190 MPa, the x-direction stress at the interfacial
region at 60° exceeds the fracture strength. Thus a tangential
crack forms at that location and propagates immediately
along the whole circumference of the interface. It is found
that the detailed crack initiation and propagation for the
SCS-0 composites also depend on the assumed interfacial
fracture strength and the annealing temperature. For
example, when the interfacial tensile fracture strength is
set to be 800 MPa, the radial crack formed at 90° always
triggers debonding of the whole interface immediately
because the x-direction stress at the 60° location exceeds the
fracture strength as soon as the radial crack forms at 90°.
The initiation and propagation of the interfacial crack for
SCS-6 composites is quite different from that for SCS-0
composites. In this case, the crack is always initiated at the
interfacial region located at about 30° to 45°. As soon as the
crack is initiated, it propagates along the interface towards
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0°, while the interfacial region from ~50° to 90° is still
intact due to the presence of the residual compressive hoop
and radial stresses. A higher stress than the crack initiation
stress is needed to fail the whole interface. It should be
pointed out that examination of the effective stresses for
both types of composite studied indicates that no yielding of
the matrix has occurred up to a transverse load of 450 MPa,
even with total debonding of the interface. Because of this,
the matrix plasticity has no effect on the initiation and
propagation of the interfacial crack. Therefore, the different
crack initiation and propagation behavior in the two
composites is due to the different states of residual stress,
which in turn is determined by the CTE mismatch between
the fiber, the matrix and the interfacial region.

The present FEA indicates that debonding of the interface
at different locations may not occur at the same stress level.
As such, the external stresses that cause the interfacial
debonding at the 30° location with respect to the transverse
loading axis (referred to as the crack initiation stress
hereafter) are summarized in Table 1. The interfacial region
at 30° is selected because the integrity of this region
dominates the back-reflected ultrasonic images. With this, a
comparison between the ultrasonic experiment and the FEA
can be made directly. It is noted from Table I that although
the SCS-0 composites have a higher interfacial fracture
strength (e.g. 800 MPa) than the SCS-6 composites (e.g.
300 MPa), the crack initiation stresses are almost the same
for these two interfacial conditions. The reason for this lies
in the different residual thermal stresses at the interfacial
region. As discussed above, both the residual hoop and
radial stresses at the interfacial region are in compression
for the SCS-6 composites, whereas the residual hoop stress
is in tension and the residual radial stress is in compression
for the SCS-0 composites. Owing to the pre-existing tensile
hoop stresses in the SCS-0 composite, a radial crack forms
at 90° at a relatively low external stress. The formation of
the radial crack leads to an early cracking at the 60° location
that in turn triggers debonding of the whole interface. As
such, the apparent crack initiation stress of the SCS-0
composites are similar to those of the SCS-6 composites,
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although their interfacial fracture strengths are quite
different. It is also noted that, as the quenching temperature
decreases, the stress for crack initiation of the SCS-0
composites increases, and so does the stress for the decrease
in the amplitude of the ultrasonic images. This result further
supports the effect of the residual thermal stresses in the
SCS-0 composites; i.e. the lower the quenching tempera-
ture, the lower the tensile hoop stress at the interfacial
region, and therefore the higher the crack initiation stress.

Finally, it would be interesting to compare the present
FEA results on single-fiber composites with those on high-
volume-fiber composites. Our recent calculation for com-
posites with a square array of 30 vol% SCS-0 and SCS-6
SiC fibers® indicates that the SCS-6 composites always
debond first at the 30° to 45° locations, while the SCS-0
composites debond first at the 45° to 90° locations
depending on the quenching temperature. The shifting of
the crack initiation location from 90° to 45° in the SCS-0
composites corresponds to a decrease in the tensile hoop
stress and compressive radial stress brought out by reducing
the quenching temperature. Thus, the crack initiation and
propagation behavior at the interface is very similar
between composites with a single fiber and a high volume
fraction of fibers, provided that they have the same
interfacial properties. However, the stresses causing the
debonding of the whole interface are quite different. Single-
fiber composites require a higher stress to induce debonding
of the whole interface than the corresponding high-volume-
fiber composites. This is due to a larger residual radial stress
present in the single-fiber composites than that in the high-
volume-fiber composites.

Ultrasonic images of different interfaces

Ultrasonic images of a composite containing an SCS-0
fiber and an SCS-6 fiber under different loading are shown
in Figure 6 with the corresponding stress—strain curve. It
can be seen that, for both the SCS-0 and SCS-6 interfaces,
the amplitude of the back-reflected images remaines
unaltered at the early stage of loading and then decreases
at some locations of the interfaces as the far-field stress
increases to about 300 MPa. Finally, the amplitude
increases sharply as the stress reaches about 700 MPa. In
addition to this non-monotonic stress dependence of the
amplitude, several other phenomena can also be observed in
Figure 6. (1) In the as-fabricated condition, the SCS-0
interface exhibits higher ultrasonic amplitudes than the
SCS-6 interface; (2) under high stress loading (almost
complete interfacial debond), the ultrasonic amplitudes of
both the interfaces become almost the same; (3) the
amplitude along the fiber axis varies with position; and (4)
image separation exists at the two ends of the fiber.

The ultrasonic amplitude drops initially'® corresponding
to the occurrence of interfacial debonding, because the
ultrasonic stresses reflected from the debonded and the
bonded regions of the fiber destructively interfere with each
other'*'. As the interfacial separation between the fiber
and matrix increases after debonding, the amplitude begins
to increases sharply because more and more debonded
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Figure 6 In situ ultrasonic imaging of the transverse test of a Ti—6Al-4V
matrix composite made with SCS-0 and SCS-6 fibers. The SCS-0 fiber was
broken during processing and shows as two separate pieces

region of the fiber is exposed to the ultrasonic stress wave
with a corresponding reduction of bonded region seen by
ultrasound. Finally, when most or all of the interface is
debonded, the ultrasonic amplitudes from both SCS-0 and
SCS-6 fibers will be similar.

A model developed previously can be effectively
used to describe the reason for similar amplitudes from fully
debonded SCS-0 and SCS-6 interfaces even though, in as-
made (untested) conditions, the SCS-0 interface always has
a higher reflection amplitude than the SCS-6 interface at
25 MHz of ultrasonic frequency. The model'®?® describes
the ultrasonic shear back-reflection coefficient as a function
of the interfacial elastic shear behavior at a given frequency
of uitrasound, as shown in Figure 7 (for 25 MHz of
ultrasonic frequency). The result in Figure 7 is obtained
from the model which theoretically predicts the uitrasonic
reflection coefficeint when shear waves are impingent on the
fiber/matrix interface. The abscissa is the ‘shear stiffness
coefficient” which is zero for a complete debond and infinite
for a completely rigid bond. In addition, the model allows
for elastic (compliant) deformation of the interfacial region
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Figure 7 Ultrasonic shear reflection coefficient at 25 MHz as a function
of shear stiffness coefficient for SCS-0 and SCS-6 interfaces in Ti—-6Al1-4V
matrix

to represent the interphase zone formed by the chemical/
metallurgical bond wherein the interfacial stiffness will fall
between zero and infinity in an as-made sample. The
ordinate in the figure is the ultrasonic reflection coefficient
of the fiber/matrix interface represented on the abscissa.
Subsequent to the theoretical modeling, experimental
measurements have indicated'® that, for a Ti—6Al-4V/
SCS-6 interface, the shear stiffness coefficient is
9.4 GPa um" and, therefore, the ultrasonic reflection
coefficient from the SCS-0 will always be higher than
that from SCS-6 except when there is a complete debond
(Ng = 0). When the two interfaces (due to SCS-6 or SCS-0)
debond, the ultrasonic amplitude is the highest and
indentically same for the two interfaces. Further details of
this aspect of modeling can be obtained from the
literature'*'7~ 1930,

Interfacial fracture strength

Since the commencement of the amplitude decrease is
related to interfacial debonding, the interfacial fracture
strength of the composites can be estimated by using the
SBR data in conjunction with finite element analysis. The
results from such a calculation are summarized in Table 1.
As mentioned in the section on Finite Element Modeling, no
time-dependent stress relaxation during cooling is consid-
ered in the FEA. Instead, some assumptions are made in this
regard. For the SCS-6 composites quenched from 500 to
25°C, it is assumed that the composite is cooled instantly to
25°C. For the composite furnace-cooled from 930°C, it is
assumed that 930°C furnace cooling is equivalent to 500°C
water quenching, because the SCS-6 composites with these
two cooling conditions exhibit similar stress levels for the
onset of the decrease in the ultrasonic amplitude. For the
composites furnace-cooled from 500°C, the equivalent
quenching temperature is unknown. Thus, two different
quenching temperatures (i.e. 300°C and 400°C) are
evaluated to examine the effect of the residual thermal
stresses. Another important aspect in the present FEA is the

338

cracking criterion for the fiber/matrix interfacial region,
which is dependent on the tensile fracture strength and
compressive strength of the coating or reaction products in
the composites [see eqns (1) and (2)]. For most of the brittle
materials, the ratio of the compressive strength to the tensile
strength is typically in the range of 2 to 13*!. Owing to the
lack of strength data, the compressive strength of the
interfacial region is set to be constant with 1000 MPa for
the carbon coating and 3000 MPa for the uncoated interface.

Comparison between the FEA and SBR data suggests that
the interfacial fracture strength of the SCS-0 composites is
about 800 MPa because a fracture strength lower than
800 MPa (e.g. 600 or 700 MPa) would lead to crack
initiation at a stress level of below 200 MPa (Table I).
The fracture strength of 800 MPa falls into the range of the
observed modulus of rupture (507 855 MPa) for TiC bulk
materials’>. For the SCS-6 composites, an interfacial
fracture strength of about 300 MPa is obtained from the
current analysis. This fracture strength is higher than the
estimation made by Nimmer et al.zs, who have concluded
that the bond strength between SCS-6 fiber and Ti—6A1-4V
matrix is near zero. However, our result is much closer to a
recent report of the Ti—-6Al-4V/SCS-6 SiC interfacial
strength®®. Using a newly designed, cross-shaped specimen
geometry that can avoid the influence of singularity at the
free surface of the interface and therefore is capable of
providing the intrinsic interfacial fracture strength, Warrier
et al.*® have found that the fracture strength of the Ti—6Al—
4V/SCS-6 SiC interface is about 115 MPa. Clearly, there
still exists a discrepancy between the current study and the
result from the cross-shaped specimens. It seems that the
discrepancy is due to two reasons: one is the assumption of
the elastic and thermal properties of the carbon coating in
the FEA, and the other is the sensitivity of the ultrasonic
imaging technique to the interfacial debonding. The change
in response of the ultrasonic images to the debonding is
gradual. Thus, the interfacial debonding may occur before
the amplitude of the ultrasonic signal decrease becomes
obvious. As such, the estimation made from the SBR data
very likely represents the upper bound of the interfacial
fracture strength.

CONCLUDING REMARKS

The present study has utilized finite element analysis in
combination with an ultrasonic analysis technique, called
the ultrasonic shear wave back-reflectivity technique, to
assess the fracture strength of the fiber/matrix interfaces as
well as to monitor the interfacial debonding and progression
of the damage at the interfacial region in titanium-based
MMCs under transverse loading conditions. Two interfacial
conditions have been investigated. One is the Ti—-6Al-4V/
SCS-0 SiC interface, and the other is the Ti-6A1-4V/SCS-6
SiC interface. The finite element model used encompasses
an interfacial element with a finite thickness and indepen-
dent thermal and mechanical properties to simulate the
interfacial region of the coating and/or reaction products.
On the basis of data from the SBR and FEA, it is concluded
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that the SCS-0 interface has a much higher fracture strength
than the SCS-6 interface although both these interfaces
display similar apparent debonding stresses.
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