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Abstract—The transverse properties of unidirectional metal matrix composites (MMCs) are domi-
nated by the fiber/matrix interfacial properties, residual stresses and matrix mechanical response. In
order to monitor and study, in situ, the failure of interfaces in titanium-based composites subjected to
transverse loading conditions, an ultrasonic imaging technique has been developed. The interface was
imaged ultrasonically and the change in ultrasonic amplitude with the transverse loading was moni-
tored, indicating the sensitivity of the technique to fracture and deformation of interfaces. This change
in amplitude has been explained in terms of the multiple reflection theory of ultrasonic waves. The
multiple reflection theory enabled estimation of the interfacial deformation and debonding as a func-
tion of loading. The ultrasonic technique was also used in conjunction with finite element modeling
in order to quantify the fiber/matrix interfacial transverse strength in situ in MMCs.

Keywords: Metal matrix composites; interface elastic property; transverse loading; interfacial fracture;
ultrasonic nondestructive evaluation.

1. INTRODUCTION

Metal matrix composites, reinforced with continuous silicon carbide (SiC) fibers,
offer superior properties along the fiber axis. However, this gain is at the expense of
properties in the transverse direction [1—4]. It is clear that the transverse properties
of MMC:s are dominated by the interfacial properties, residual thermal stresses and
matrix mechanical response [5—18]. Nimmer ef al. [7, 8], using both modeling
and experimental approaches, have shown that the ‘knee’ in the transverse stress—
strain curves of Ti-6Al-4V/SiC composites is associated with a perfectly weak
bond interface and residual thermal stresses. The work by Wisnom [9, 10] has
indicated that the transverse strength and strain to failure of 6061 aluminum/SiC
composites depend strongly on the bond strength of the fiber/matrix interface. Other
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studies [18] also suggest that interfacial crack initiation and propagation in titanium-
based composites are related to the bond strength of the interfacial region. The
interfacial region (i.e. interface coating or reaction product) between the fiber
and matrix is known to exist in most metal matrix composites. Since the load
transfer between the fiber and matrix depends on the properties and conditions
of this interfacial region, the mechanical behavior of the composites is strongly
affected by its characteristics. More recent studies [19—-21] clearly indicate the
important role the interface plays in transverse properties of MMCs. Therefore,
it is essential to assess the fracture behavior and deformation of the interfaces in
MMC s in order to contribute to understanding of the dependence of the composite’s
transverse properties on the interfacial properties.

In this paper, the failure of the fiber/matrix interfaces under transverse load-
ing conditions has been investigated, in situ, utilizing an ultrasonic imaging tech-
nique called shear back reflectivity technique (SBR) developed by Matikas and
Karpur [22-25]. The SBR technique was found to be more sensitive to the inter-
facial conditions than traditional ultrasonic imaging techniques using longitudinal
waves [22] and was used to evaluate the fiber/matrix interface elastic property, ma-
trix texture, consolidation quality, high temperature degradation of MMCs and fiber
fracture in matrices [22—27]. The current study applies this technique to the inves-
tigation of interfacial fracture and deformation of titanium-based composites under
transverse loading conditions.

2. EXPERIMENTAL
2.1. Materials and mechanical testing

Monofilament Ti-6Al-4V composite samples were used in this study containing
a single SiC (SCS-6) fiber. The purpose of using the single-fiber composites was
to avoid fiber interactions that occur in high volume fiber-reinforced composites.
Thus, the intrinsic phenomena related to the interfacial fracture and deformation
could be studied with clarity, thereby providing ‘building blocks’ for the analysis
of high volume fiber-reinforced composites. The composites were fabricated by hot
pressing two Ti-6Al-4V sheets with a single SiC fiber in between at 930°C with
17 MPa pressure for 2 h. To prevent damage to the fiber’s surface during the con-
solidation process, the single fiber was aligned before hot pressing by placing it in a
fiber retention groove in one of the titanium sheets. The groove had the depth of the
fiber diameter (140 um) and was introduced through a specially-constructed shaping
apparatus. Assuring good consolidation is essential for obtaining meaningful results
on interface fracture strength under transverse loading conditions. Figure 1 shows
a well-consolidated Ti-6Al-4V/SCS-6 sample. The consolidated samples were cut
into dog-bone shape with the fiber axis perpendicular to the loading axis of the sam-
ples. Transverse tensile tests were carried out using a micro-straining stage. The
loading was applied stepwise (interrupted loading) so that the ultrasonic scanning
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Figure 1. Metallography of a monofilament Ti-6Al-4V/SCS-6 composite showing good consolida-
tion.
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Figure 2. Experimental setup for ultrasonic monitoring of transverse loading test.

could be carried out under loading condition at different stress levels (Fig. 2). For
each ultrasonic scanning, optical micrographs of edge replicas of the composites
were taken to benchmark ultrasonic observation with microscopic damage of the
fiber/matrix interface during transverse loading.

2.2. Ultrasonic imaging

The experimental setup for ultrasonic imaging using the SBR technique is shown in
Fig. 3. The transversely-loaded composite specimen was immersed in water and im-
aged in a pulse-echo mode with an ultrasonic beam incident angle 6; = 24°, which
is between the first critical angle (i.e. the incident angle at which compressional ul-
trasonic waves cease to propagate in the material, which is 13.8° for Ti-6Al-4V) and
the second critical angle (i.e. the incident angle at which shear waves also cease to
propagate in the material, which is 28.4° for Ti-6Al-4V). As a result, only vertically
polarized ultrasonic shear waves were propagated in the matrix material, and were
incident on the fiber/matrix interface perpendicular to the axis of the fiber, as shown
in Fig. 3. The direction of propagation of shear waves in Ti-6Al-4V was at an angle
6s = 62° with respect to the normal to the water/sample interface, as predicted by
the Snell’s law, ¢, /sin(6;) = cs/sin(fs), where ¢, = 1440 m/s and c¢s = 3120 m/s
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Figure 3. Experimental setup of ultrasonic SBR imaging technique. The transmitted shear wave in
the matrix material at 62° with respect to the normal of the water/Ti-6Al-4V interface is based on the
Snell’s law of refraction.

are the sound velocity in water and Ti-6Al-4V, respectively. The back-received ul-
trasonic signal in this case was either of low amplitude, due to back-scattering from
matrix grains, or of high amplitude, due to the back-reflection from the fiber/matrix
interface where the wave front was perpendicular to the fiber circumference. This
ultrasonic amplitude, varying along the fiber, produced the ultrasonic image of the
interface. A 25 MHz focused ultrasonic transducer was used to produce C-scan
images of the interface [28]. The ultrasonic beam had a focal area with diameter
approximately 140 pm, which was of the order of the SiC fiber’s diameter.

2.3. Finite element analysis

Finite element analysis (FEA) of the single-fiber composites was implemented
for Ti-6Al-4V/SCS-6 sample as an example to explain some of the ultrasonic
experimental results using the ANSYS code [29]. The fiber and matrix were
described using three-dimensional eight-node isoparametric elements, while the
interfacial region was treated as a thin layer with a finite thickness and independent
properties, and was simulated using three-dimensional eight-node concrete solids.
The concrete solids can crack if the specified fracture strength of the solids is
exceeded [18, 29]. After a crack is initiated, no singularity at the crack tip has
been treated in this study. Instead, the crack tip stresses are averaged over the entire
element next to the crack, leading to a size dependence of the stresses on the element
next 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 taken
with reservation.

The SiC fiber considered was assumed to be isotropic and homogeneous with
temperature-independent, linear elastic properties: £ = 414 GPa, v = 0.3 and
o = 4.86 x 107%/°C (T\ef = 900°C) [7, 8]. The titanium matrix (Ti-6Al-4V) was
also assumed to be isotropic, homogeneous and have the following elastoplastic
properties:

o. = 113800 x ¢ (MPa), for elastic regime,
op = 881 42085 x ¢ (MPa), for plastic regime,
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where ¢ is the true strain, and o. and o, are the true stresses at the stage of
elastic and plastic deformation, respectively. These properties of the matrix at
room temperature were measured in this study from the neat materials which
had gone through the same processing cycle as the composite specimens. The
matrix was further assumed to obey the von Mises yield criterion with an isotropic
work hardening capability, and having v = 0.3 and & = 9.8 x 107°/°C (T}t =
900°C) [30]. The interfacial region (i.e. the graded carbon-silicon coating) was
assumed to be very weak with fracture strength of 5 MPa. This assumption was
based on the work conducted by Nimmer et al. [7, 8] who have shown that the
interface between Ti-6Al1-4V and SCS-6 SiC fiber is very weak due to the presence
of the graded carbon-silicon coating. The other properties of the coating were
assumed: v = 0.3, E = 100 GPa and ¢ = 4.86 x 107%/°C. Here, the elastic
modulus and coefficient of thermal expansion (CTE) of the coating were taken to
be within the upper (E = 800 GPa, « ~ 9 x 107%/°C) and lower (E = 10 GPa,
a >~ —1 x 107%/°C) bounds of C/C composites [31, 32] because of the difficulty of
measuring the in situ properties of the coating.

The finite element mesh used in this work is shown in Fig. 4. Three types of
elements were utilized: (a) matrix elements with plasticity using the von Mises
criterion coupled with an isotropic work hardening assumption; (b) fiber elements
that exhibit an elastic behavior; and (c) interfacial elements capable of cracking
in tension and crushing in compression with independent thermal and mechanical
properties. The fiber diameter was set to be 140 um corresponding to the typical
diameter of SCS-6 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 perpendicular to the fiber axis (i.e.
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Figure 4. Finite element mesh used to model single-fiber composites. The transverse load is applied
along the x-axis.
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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 away from the fiber, the stresses in the matrix are almost
uniform [33]. The interface was assumed to have a thickness of 1 um to stand for the
graded carbon-silicon coating on the SCS-6 fiber. The 1 um thickness was chosen
arbitrarily because it has been demonstrated [18] that the interfacial crack initiation
and propagation are not affected by the thickness of the coating when the coating is
within 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.

Both thermal and transverse mechanical loads were considered in this study. The
composites were assumed to be quenched from 800°C to 25°C. The zero stress
state of the composites was assumed to be at 800°C and the thermal loads were
applied under the assumption that the temperature is spatially uniform throughout
the composites. After the cooling event, the mechanical load was superimposed to
the residual thermal stresses by applying a transverse stress in the x-direction.

3. RESULTS
3.1. Ultrasonic imaging

A typical stress—strain curve for the transverse tensile test and the corresponding
ultrasonic shear wave images at different levels of stresses are shown in Fig. 5.
The letters ‘A-J’ in Fig. 5 correspond to various stress levels as labeled in the
stress—strain curve. Image ‘A’ shows the fiber before any applied load. Images
‘B’ to ‘E’ show the fiber subjected to transverse loading at stress levels from 50 MPa
to 300 MPa, where no interface fracture was observed. Drop in the amplitude of the
signal was observed in image ‘F’ (at about 450 MPa). The embedded in the matrix
reflector (damaged interface) had no cylindrical form when the entire interface was
fractured; therefore, the reflected signal from the fractured interface did not reach
the maximum value. Images ‘G’ (680 MPa) through ‘J’ (930 MPa) illustrate the
physical separation between matrix and fiber. The area of physical separation does
not have the same slope along the length of the fiber. Therefore, the back-reflected
amplitude significantly varies along the fiber’s length. After the complete release
of applied load, a significant drop of the back-reflected amplitude was observed
(image ‘K’). This is due to change in the residual stresses at the interface.
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Figure 5. In situ ultrasonic SBR imaging of a single-fiber composite during various stages of
transverse loading.

Several salient features can be observed in the above mentioned images. First,
the back-reflected ultrasonic amplitude does not exhibit a monotonic increase with
increasing stress level. Second, the amplitude along the fiber axis varies with
position. Third, high amplitude locations at zero loads generally remain at high
amplitude as compared to the other locations. Finally, image separation occurs at
the two ends of the fiber. This phenomenon is due to the stress reversal at the
free surface (i.e. the region where the fiber intersects a free surface) and has been
discussed elsewhere [34] in detail. The phenomena displayed in Fig. 5 held true for
all the three specimens tested in the present study.

3.2. Microscopic damage at the interface

The edge replicas of the same composite shown in Fig. 5 are presented in Fig. 6.
Figure 6 depicts the evolution of the microscopic damage in a Ti-6Al-4V composite
with a single SiC fiber. Based on the stress levels, it can be seen that Fig. 6(a—e)
correspond to the image of A, E, F, G and J in Fig. 5, respectively. The far-
field loading axis is perpendicular to the fiber and vertical in Fig. 6. Note that
different magnifications are used in Fig. 6 to maintain focus as much as possible
on both the matrix and fiber. This is necessary because of fiber protrusion under
high stress loading. The fiber protrusion after the interfacial failure is driven by
the release of the axial compressive stresses in the fiber and is enhanced by the
contraction of the matrix due to the Poisson’s effect and volume conservation during
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Figure 6. Optical micrographs of the edge replicas of the same composite sample shown in Fig. 5
taken at various loading conditions: (a) as received (zero load) — corresponding to image ‘A’ in Fig. 5.
The fiber/matrix interface appears to be intact after small amount of load has been applied thereby
decreasing the radial compressive residual stress at the interface. (b) 300 MPa — corresponding to
image ‘E’ in Fig. 5. As the load increases in the elastic range the interface chemical bond fails on the
sides of the fiber (between the two arrows) in the direction of loading. (c) 450 MPa — corresponding
to image ‘F’ in Fig. 5. As the load further increases in the elastic range, the chemical bonding of the
entire interface fails. (d) 680 MPa — corresponding to image ‘G’ in Fig. 5. As the load increases
even more in the elastic range, physical separation between the matrix and the fiber takes place.
(e) 930 MPa — corresponding to image ‘J’ in Fig. 5. In the plastic range, the physical separation
between the matrix and the fiber becomes more and more pronounced.
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elastic and plastic deformation. It is clear that interfacial debonding has occurred
at or below the far-field stress of 300 MPa, as evidenced by the dark fringe along
the circumference of the fiber (Fig. 6(b)) which does not exist before the loading
(Fig. 6(a)). Furthermore, the interface at near 0° with respect to the loading axis
has opened up to some extent at a stress 300 MPa, as indicated by the formation of
ridges of acetate in Fig. 6(b). The ridges formed at this stress level are very small,
suggesting the commencement of interfacial separation at about 300 MPa. As the
loading increases, the acetate ridges become longer and thicker, manifesting the
spread-out of the interfacial separation towards the location at 90° with respect to
the loading axis. At 930 MPa (Fig. 6(e)) the matrix around the fiber has plastically
deformed so much that it appears as elliptical. At the same time, the fiber protrusion
under this stress is 9 um above the matrix and the length of the acetate ridges is
about 30 um. As such, the fiber and acetate ridges are both out of focus in the
optical micrograph.

3.3. Stress analysis and failure of the interface from FEA

The residual radial and hoop stresses induced during the cool down from 800°C to
25°C near the interfacial region are shown in Fig. 7. As expected, the larger CTE
of the matrix as compared to the fiber and interfacial region creates a tensile hoop
stress and a compressive radial stress in the matrix, while the fiber and interfacial
region are in compression for both the hoop and radial stresses. The compressive
radial stresses at the interface provide clamping stresses against the interfacial
debonding. Thus, the interfacial region cracks only after the clamping stresses have
been overcome. The modeling shows that when the far-field stress reaches 270 MPa,
the x-stress at the interfacial region of about 45° with respect to the loading axis (the
x-axis in Fig. 4) has exceeded the fracture strength of the interfacial region (which
is 5 MPa). As such, a crack (interfacial debonding) initiates at that location and
propagates along the interfacial region instantly towards 0°. However, the interfacial
region from ~50° to 90° is still intact because of the presence of the residual
compressive stresses. Only up to about 360 MPa far-field stress, does the crack
propagate along the whole circumference of the interface. Above this stress level,
the load is carried by the matrix alone. The flow field and interfacial separation
between the fiber and matrix as a function of the stress can also be obtained from
the current modeling. Since the strongest back-reflected signals come from the
interfaces located at about 30° with respect to the tensile axis (Fig. 3), the interfacial
separation at the location of 30° as a function of the far-field loading is presented in
Fig. 8. It can be seen that after the crack initiation at 270 MPa, the matrix and fiber
at the 30° start to separate gradually as the loading increases. The increase in the
separation becomes fast above 800 MPa because of the plastic deformation of the
matrix.

It is interesting to mention that the single-fiber composite has a larger compressive
radial stress and a smaller tensile hoop stress as compared to 30 vol% SiC
composites with the same cool down conditions [18]. As a result, cracking at the
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Figure 7. Residual thermal stresses near the interfacial region induced during the cool down from
800°C to 25°C: (a) radial and (b) hoop stresses.

interface occurs at a higher stress level (270 MPa) for the single-fiber composite
than that (160 MPa) for the 30 vol% SiC composites. Finally, it should be pointed
out that the current modeling is only for the interior of the composite because of
the assumption of the infinite length of the composite in the fiber axis, thereby
neglecting the effect of the free surface. If the effect of free surface is considered,
then at the cool down conditions of MMCs there is a tensile radial residual thermal
stress at the interfacial region, extending from the free surface (where the residual
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Figure 8. Interfacial separation between matrix and fiber at the location of 30° with respect to the
tensile axis as a function of the far-field stress.

stress is maximum) to the inner side up to a distance of about 0.15 times the fiber
diameter (0.15d = 20 pum) at which it becomes zero [34]. With the presence of
tensile radial stress, interfacial cracking near the free surface occurs at a much lower
stress level than the value required for the same failure to commence at the interior
of the composite [35, 36]. After the distance of ~20 um, the radial residual stress
at the interface becomes compressive, progressively increasing up to the distance of
about 2d = 280 um, at which it becomes constant [34]. After this distance the effect
of free edge ceases to exist. Based on the consideration of radial residual stresses,
the extent of interfacial debonding is predicted different between the free surface
and inner side. The maximum crack opening displacement, approximately 0.04 um,
is found at the free edge.

4. DISCUSSION

Detailed examination of Fig. 5 indicates that the amplitude of the ultrasonic image
varies with the far-field stress as follows. First, it stays more or less constant
at the early stage of loading. Then, it decreases as the far-field stress reaches
about 300 MPa. This is followed by a sharp increase in the amplitude as the
stress exceeds 700 MPa. Finally, the amplitude decreases again after large plastic
deformation. The stress dependence of the ultrasonic amplitude may be related to
several mechanisms. First, the amplitude relies on the acoustic impedance mismatch
between the two media. The coefficient of reflection, R, is related to the acoustic
impedance, Z, by [37]:

Rt _ VP — P p2Cr — p1 G
Zy+Zy o2+ Jpii p2Ca+ piCr

ey
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where p, u and C are the density, shear modulus and shear wave velocity,
respectively. The subscripts 1 and 2 refer to the two media, with 1 being the medium
where the incident wave propagates and 2 the medium where the transmitted wave
propagates. Before the interfacial debonding, medium 1 is the titanium matrix and
medium 2 is the fiber. After the debonding occurs, medium 2 becomes water
since the specimen is immersed in water. Therefore, an amplitude change in
the reflected wave is expected due to the debonding. Other mechanisms which
may change the amplitude include residual thermal stresses in the media [38, 39],
elastic and plastic deformation of the media [40—42], the fiber diameter [22], the
angle of incidence [22], the frequency of the ultrasonic wave used [22] and the
microstructural details at the interface. Various investigations [35, 39] have revealed
that shear wave velocity depends on the residual stresses in the medium. Such
dependency has been attributed to a change in density as well as a change in the
relevant elastic constants of the medium under stresses. However, the change
of the velocity is found to be below 1% [38—40]. Similarly, elastic and plastic
deformation of the medium induced by statically applied stresses alters the shear
wave velocity to a very limited extent (less than 1% variation) [40—42]. As such,
it is expected that the stress change in the composite specimens during the loading
has very limited influence on the coefficient of reflection owing to the small changes
in density and shear wave velocity (see equation (1)). The fiber diameter, the
frequency of the ultrasonic wave, and the angle of incidence at the water/matrix
interface are constant in the present study. However, due to the plastic deformation
of the matrix under high stress loading (Fig. 6(e)), the angle of incidence at the
matrix/water interface (inside the composite) at a specified spatial location varies
with loading. Even with this variation of the incident angle, no change in the
amplitude of the reflected wave is expected because C-scan is conducted and a
position at which the incident wave is normal to the matrix/water interface always
exists. As such, the incident wave can be regarded to be always normal to the
fiber/matrix interface or matrix/water interface. Therefore, it can be concluded that
any significant changes in the amplitude of the reflected wave are associated with
the evolution of damage at the fiber/matrix interface.

The evolution of interfacial damage during the transverse loading test is illustrated
in Fig. 9. During the initial stages of loading, the radial compressive residual
stresses at the interface are decreasing while the interfacial chemical bond remains
intact. As the load further increases (in the elastic range) partial failure of the
chemical bond occurs, starting from the two opposite sides of the fiber in the
direction of loading and progressing to entire interfacial debonding. During this
stage, no observable physical separation exists between the matrix and the fiber. As
the load continues to increase (still in the elastic range) physical separation occurs
between matrix and fiber in the direction of loading. This separation progressively
increases with the raise of load in the plastic range and a change of slope of the
damaged area is observed (pronounced elliptical form around the interface).
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Figure 9. Evolution of interfacial damage during transverse loading of a composite sample.
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Figure 10. Schematic of the relationship between interfacial damage and ultrasonic back-reflection
coefficient using the SBR technique.

Figure 10 depicts the predicted back-reflected ultrasonic amplitude as a function
of interfacial damage during the transverse loading test. During the initial steps of
the transverse test an ultrasonic beam is incident on an intact interface (zone I). In
this case, the embedded in the matrix reflector is a perfect cylinder (i.e. a well-
consolidated cylindrical fiber) and the amplitude of the back-reflected ultrasonic
signal can be predicted by the theoretical model [22] for the specific composite
system. As the failure of interface chemical bonding begins, part of the ultrasonic
beam would be incident on the bonded fiber and the other part of the beam would
be incident on the fractured interface, causing destructive interference between the
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positive and negative reflections of the two parts of the beam, resulting in reduced
total back-reflected amplitude (zone II). It should be pointed out that this drop in
amplitude may not always be observed because it depends on the load increment
interruption chosen for ultrasonic imaging. As the failure of interfacial chemical
bonding progresses and complete interfacial fracture is achieved, the back-reflected
amplitude reaches a maximum value (zone III), as predicted by the theoretical
model [22] and experimental verification using simulated debonding [23]. Finally,
as the load further increases and physical separation occurs and progresses, the
back-reflected ultrasonic amplitude slightly drops, due to the fact that the embedded
reflector is not cylindrical any longer; therefore, part of the incident wave is reflected
away from the receiver causing the amplitude to drop in value (zone IV). While
the physical separation between matrix and fiber continues to grow it is possible
that the slope of the opening crack surface becomes perpendicular to the axis of
the incident ultrasonic beam. In such case, the back-reflected amplitude would
further increase then would start decreasing again with further change in the slope
of damaged area.

Predicted changes of the back-reflected ultrasonic amplitude as a function of inter-
facial damage evolution can be explained in terms of the multiple reflection theory
of ultrasonic waves. Examination of Fig. 6(a—e) reveals that the interfacial region
in Ti-6Al-4V/SCS-6 SiC composites consists of two interfaces: Ti-6Al-4V/graded
carbon-silicon coating/SiC. For brevity in writing, the graded carbon-silicon coat-
ing will be called the carbon coating in the text that follows. Under transverse load-
ing, debonding typically occurs inside the carbon coating at the interface of carbon
sublayers, at the carbon/Ti-6Al1-4V interface and/or at the carbon/SiC interface. To
simplify the problem, only the debonding at the carbon/SiC interface is assumed
for the present discussion. As such, after the debonding there, three interfaces now
exist: Ti-6Al-4V/carbon, carbon/water and water/SiC interfaces. Therefore, the
back-reflected signals before the debonding are the results of reflection from two
interfaces, while the signals after the debonding are the results of reflection from
three interfaces. Multiple reflection of a wave from plane layers has been treated
in details by Brekhovskikh [43]. In his work, a general case has been considered:
there are n + 1 media, and the wave coming from the (n 4+ 1)th medium reaches
the first layer consisting of medium » and is split into a transmitted and a reflected
wave. After passing through the first layer, the transmitted wave is split again at
the second interface (i.e. the interface between the nth medium and the (n — 1)th
medium) and so on. Based on the boundary conditions in the transition through the
interfaces, he has arrived at an equation describing the reflection coefficient from n

interfaces:
_ Zi(rrll) - Zn+l (2)
Zl(r?) + Zn—H

where Z,.; and Zi(:) are the acoustic impedance of the (n + 1)th medium and
the input impedance of the entire set of the other media (i.e. the n layers below
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Figure 11. A simplified four-medium system for modeling multiple ultrasonic reflection in Ti-6Al-
4V/SCS-6 composites.

the (n 4+ 1)th medium), respectively. The input impedance is determined from the
formula

Jor _ g 2 2t

in n S (—1) ’

Z,—iZ, tan(k,yd,)

3)

where Z, and Z"~" are the acoustic impedance of the nth medium and the input
impedance of the entire set of the (n — 1) layers below the nth medium, respectively;
d, is the thickness of the nth medium; and k,, is the component of the wave
vector along the direction normal to the interface in the nth medium. Zl(;’ R

in turn determined by making the substitution of Zl(: Y for Zl(r'f ) on the left side of

equation (3) and 7" for Zi(r'f_l), Z,_, for Z,, k1, for kyy, and d,_, for d, on

m
the right side of the equation. The rest of the input impedances, Zi(: ~Pand so on,
can be found by following the aforementioned substitution rules.

For our current situation, the reflection can be simplified as a four medium
system, as shown in Fig. 11. Without loss of generality, all the curved interfaces
have been replaced by plane interfaces because the strongest back-reflected signals
come from the interfaces located at about 30° with respect to the tensile axis
(Fig. 2). Furthermore, the titanium matrix and the SiC fiber have been assumed
to be infinite. Although a more detailed modeling with symmetrical interfaces
with respect to the SiC plate can be conducted (dashed lines in Fig. 11), the
above assumption has simplified the calculation and is a good approximation to
the composite. Corresponding to this simplified model, equations (2) and (3) can be

re-written as
3
_ Zi(n) — 74

= Zin 4
20+ 2,
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with
70 = 75(212, — Z1Z3 tan(kaydy) tan (ks ds)
— i[Z3 tan(koyda) + Z>Z3 tan(ksyds)])
X (Zng — Z% tan(kzy/dz) tan(k3y/d3)
. —1
—i[Z\Zytan(kayds) + Z> Zy tan(ksyds)]) . (5)

The subscripts 1, 2, 3 and 4 refer to SiC, water, carbon coating, and Ti-6Al-4V,
respectively, as shown in Fig. 11. Reflection before the debonding corresponds
to a special case of d, = 0. The input data for the current composite system
are summarized in Table 1. As mentioned in Section 2.3, the in situ properties
of the carbon coating are difficult to measure. Therefore, it is assumed that the
elastic modulus of the coating is within the upper (800 GPa) and lower (10 GPa)
bounds of the observed elastic moduli for C/C composites [31, 32]. The thickness
of the coating is assumed to be 2 um, corresponding to the thickness of the coating.
The incident angle, 6, at the fiber/matrix interface (Fig. 11) is assumed to be so
small (from —5 to 5°) that k,, (k,y = k,cos®) is taken to be equal to the wave
vector, k,, in the modeling. Acoustic impedance of shear wave is used for all
the solids, while acoustic impedance of longitudinal wave is used for water. The
results from the modeling are presented in Fig. 12 which shows the back-reflection
coefficient, R, as a function of the interfacial separation (i.e. the thickness of the
water layer). Because of the trigonometric functions in equation (5), R fluctuates
regularly between fixed limits with increasing water thickness. The period for the
present four medium systems is 14.4 um, a number equal to one quarter of the wave
length of the ultrasound traveling in the water. As a result, reflection reaches its first
maximum amplitude at the interfacial separation of 7.2 um. It should be pointed out
that the period obtained is precisely half of that for three medium systems with water
as the thickness-changing layer [37]. Details of R as a function of the interfacial
separation are shown in Fig. 12(b). Before debonding R equals 0.1825, which starts
to decrease as the debonding occurs. At about 0.13 pum of separation, R reaches its

Table 1.
Parameters of the Ti-6Al-4V/SCS-6 composite system related to ultrasonic testing

Material Elastic Shear Density Longitudinal = Shear wave  Acoustic
modulus  modulus  (g/cm®)  bar velocity velocity impedance
(GPa) (GPa) (m/s) (cm/s) (Nsm™3)
Ti-6A1-4V [24] 113.8 43.04 443 5070 3120 2.246 x 107 (L)
1.381 x 107 (S)
Water 1.0 1440 1.44 x 10° (L)
SCS-6 [6] 414.0 155.25 32 1137 6960 3.638 x 107 (L)
2.227 x 107 (S)
Carbon [25,26] 100.0 37.50 2.25 6670 4080 1.500 x 107 (L)

9.185 x 10° (S)
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Figure 12. (a) Reflection coefficient as a function of the interfacial separation calculated from the
four-medium system shown in Fig. 11 and (b) portion of the curve for small interfacial separation.

lowest value. As the separation continues to increase, R starts to increase but with
a 180° phase shift. This increase in R continues until the separation reaches 7.2 um
(shown in Fig. 12(a)). Combined with the finite element analysis on the interfacial
separation (Fig. 8), R as a function of the far-field stress can be found and is shown
in Fig. 13. Included in Fig. 13 are also the R values before the interfacial debonding
for which no stress effects have been taken into account. Furthermore, the absolute
value of R is presented to exhibit the magnitude of the reflected wave. It can be
seen that the model predicts: (1) R stays more or less constant at the early stage
of loading; (2) R starts to decrease as the far-field stress reaches about 300 MPa;
and (3) after passing the minimum at about 450 MPa, R starts to increase and
becomes obviously larger than the reflection coefficient before the loading, as the
stress exceeds 650 MPa. Clearly, the prediction, depicted in Fig. 10, shows the same
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Figure 13. Reflection coefficient as a function of transverse stress, calculated by combining multiple
reflection theory of ultrasonic waves and finite element modeling.

trend as the experimental observation except the observed decrease in the amplitude
of the back-reflected wave after large plastic deformation. The discrepancy at the
large plastic deformation is likely due to the plane interface assumption and/or the
simplification of the infinite SiC plate.

The trend observed in the experiments is also supported by the replica observa-
tions. At about 100 MPa, sliding of the fiber occurs only at the free surface region
due to the residual tensile radial stresses at the free surface. However, the depth
of debonding along the fiber-axis-direction is small at this stress level. Thus, the
ultrasonic image does not change with the occurrence of the sliding because of the
long wave length of the ultrasound used (about 120 um in the Ti-6Al-4V matrix). At
about 300 MPa, the interfacial separation starts, as evidenced by replica technique
(Fig. 6). Although the separation is observed on the free surface, it is an indicator
of the deformation in the interior of the composite. One related study [44] using au-
tomated deformation mapping technique has shown that the flow field of the matrix
at the x—y plane (Fig. 4) and the interfacial separation in the interior of the compos-
ite are similar to those observed on the composite surface under transverse loading.
Therefore, the replica data suggest that the interface in the interior of the composite
debonds at or below 300 MPa. As such, the back-reflected signal becomes weaker
corresponding to the onset of the interfacial debonding. The increase in thickness
of the acetate ridges with increasing loading suggests the increase in the interfa-
cial separation with increasing loading, leading to the decrease at first and then the
increase in the amplitude as the loading increases.

Finally, it should be pointed out that the non-uniform amplitude of the back-
reflected wave in Fig. 5 is likely due to a non-uniform interfacial microstructure,
as shown in Fig. 6. The non-uniformity of the interface is caused by the different
reaction tendencies of @ and B phases in the Ti-6Al-4V with the coating [45, 46].
The non-uniformity of the interface is on the scale of grain size (about 10 pum),
comparable to the wave length in Ti-6Al-4V (about 120 um). Thus, the scattering
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is considerably different along the interface, leading to the non-uniform amplitude
of the back-reflected wave. This non-uniformity in the interfacial microstructure
persists even after the debonding. Therefore, high amplitude locations generally
remain high amplitude at different stresses, as compared to the other locations.

5. CONCLUSION

The present study has utilized an ultrasonic imaging technique, the Ultrasonic Shear
Wave Back Reflectivity technique, to in sifu monitor and study the failure of the
fiber/matrix interface of titanium-based composites subjected to transverse loading
conditions. The ultrasonic imaging, coupled with replica metallography and finite
element analysis, has been proven to be sensitive to the fracture and deformation
of the interfaces in Ti-based MMCs. The change in the amplitude of the ultrasonic
images with transverse loading can be summarized as follows: (1) the amplitude
stays more or less constant at the early stage of the loading; (2) it starts to decrease,
corresponding to the commencement of the interfacial debonding; and (3) as the
loading continues to increase, the amplitude decreases at first and then increases
sharply, corresponding to a monotonic increase in the interfacial separation. The
stress dependency of the ultrasonic images can be explained in terms of the theory
of multiple reflection of a wave from plane layers. Based on the multiple reflection
theory, the interfacial separation as a function of the loading can be estimated
from the ultrasonic images. Due to the sensitivity of this imaging technique to
interfacial debonding, the technique can be used to quantify the interfacial strength
in situ, if the technique is combined with finite element modeling, and therefore can
be applied to study the dependency of the composite transverse properties on the
fiber/matrix interface.
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