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Introduction

Ultrasonic waves have been used ex-
tensively for material characterization
and for sensing in material process con-
trol. The waves produce smail-amplitude
mechanical vibrations and, depending
on the mode being used, may induce
both longitudinal and shear stresses in
the solid. Information on the structural
properties of a substance can be obtained
by measuring both the velocity and the
attenuation of the ultrasonic wave. The

phase velocity of the wave depends on

the elastic constants and density of the
body while attenuation depends on mi-
crostructure and crystaliine defects.

In an isotropic solid medium, which
has only two independent-elastic moduli,
there exist two elastic waves: the longitu-
dinal and the shear. Three kinds of bulk
elastic waves may propagate in an aniso-
tropic solid: a quasilongitudinal and two
quasitransverse waves, differing in po-
larization and velocity. To determine the
set of elastic constants, one must measure
the phase velocity in several different di-
rections relative to the crystallographic
axes.'?

The attenuation of an ultrasonic wave
is associated with absorption of elastic
waves (inelastic effect) and the scatter-
ing of elastic waves by structural inho-
mogeneities.! Scattering may be the
governing attenuation mechanism in
polycrystalline, composite, and ceramic
materials. As a result of scattering, elastic
energy is lost by the prime ultrasonic
beam in the form of a stochastically scat-
tered field, which is gradually absorbed
in the material. The latter is associated
with conversion of elastic into thermal
energy as a result of various inelastic ef-
fects termed internal friction.

The elastic moduli (and ultrasonic ve-
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locity) and elastic-wave attenuation are
affected by the microstructure. If one
knows the effect of microstructure on
mechanical properties such as strength,
ultrasonics could be used for nonde-
structive evaluation of the mechanical
properties of the material.

While methods of ultrasonic charac-
terization of materials in bulk are widely
known in the material-science commu-
nity, methods for characterization of thin
surface and interphase layers are much
more specialized and less developed.
Here we will review some advances in
this field.
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Figure 1. (a) Deformation of a surface
of a solid body with coating.

(b) Longitudinal strain of a surface
film on propagation of a Rayleigh
wave.

Characterization of Thin Films
Using Elastic Surface Waves

Surface waves are often used to mea-
sure the properties of a very thin laver of
material, the thickness of which is much
smaller than the thickness of the sub-
strates. Since the mechanical properties
of the film-substrate system are con-
trolled not only by the bulk properties of
the film but also to a significant degree
by the adhesion of the film to the sub-
strate, the properties of the film-substrate
interphase are also of prime interest.

As shown by Rayleigh, an elastic sur-
face wave may propagate along the sur-
face of a solid body.*? The elastic energy
of surface waves decays nearly exponen-
tially from the surface and is localized in
a subsurface layer with thickness of the
order of wavelength A. At a depth of the
order of A, there is virtually no transport
of elastic energy.

The presence of a thin film on the sub-
strate surface changes the surface stiff-
ness and also loads the surface. Figure 1
shows schematically that a thin film,
whose thickness is much less than a
wavelength, is subjected to a compres-
sion-tension strain in the course of sur-
face-wave propagation. The strain arising
in the film is similar to the strains in a
thin plate upon propagation of a longitu-
dinal plate mode. In this case, the veloc-
on the substrate properties but on the
stiffness Ey/(1—vy?) and the density p, of
the film. (E, is Young’s modulus, and v,
is the film Poisson ratio.)

Measurements of the surface-wave ve-
locity can yield information on the coat-
ing properties and the condition of the
bond between the coating and the sub-
strate. Three methods are possible: (a} di-
rect measurement of the velocity and
attenuation of the surface wave, (b) the
Rayleigh angle method, and (c) acoustic
microscopy.

Direct Measurement of the
Velocity and Attenuation of
Surface Acoustic Waves

There are no standard techniques or
equipment for thin-film characterization
using surface acoustic waves (SAW).
However such measurements have been
performed for a long time in different
laboratories. Measurement of SAW at-
tenuation** has been used for the study
of properties of thin films as a function
of magnetic field or temperature. Mea-
surements of the velocity and attenu-
ation of SAW during deposition of thin
films were also described.®”

A noncontact laser ultrasonic method
could be used for this purpose, as shown
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in Figure 2.>" A pulsed laser generates
thermoelastic stresses on the specimen
surface, which leads to excitation of a
. . e wave. A laser interferometer can
e tised as a receiver. The noncontact na-
ture of the technique is important in the
case of ceramic coatings,'”!' some of
which can be damaged by contamina-
tion with ultrasonic couplants. In addi-

Pulsed laser
excitation

Surface waves
_—

tion the method can be utilized on hot
surfaces and has a potential for utiliza-
tion during manufacturing (e.g., for
measurement of deposition of a coating
on a substrate). Examples of thin dia-
mond-film measurements are givenin
Reference 12. A different technique em-
ploying interdigital transducers has been
utilized in Reference 13 for characteriza-
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Figure 2. Schematic of surface-wave generation by a laser.
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Figure 3. (a) Deformation of the surface of a solid body upon propagation of a
Rayleigh wave. (b) Deformation of an interphase film upon propagation of an
interface wave. The thickness of the interphase film is much smaller than the
interface wavelength. (c) Shear strain of the interphase film. The figure corresponds,
on a magnified scale, to element (c) singled out in Figure 3b.

tion of the diffusion reaction in Au-Al
thin-film diffusion couples. These tech-
niques can be utilized in the 10-100-MHz
frequency range and used for film char-
acterization in the 0.1-1-um thickness
range.

Rayleigh Angle Method and
Acoustic Microscopy

When an elastic half space is loaded by
a fluid, a Rayleigh-type surface wave can
propagate on a solid-liquid interface. The
surface-wave velocity V. is usually
higher than the velocity of the acoustic
wave in a fluid (e.g., V; in metals is about
3 km/s whereas the velocity of sound V,
in water is about 1.5 km/s). This results
in radiation (leakage) of elastic energy of
the surface wave to the liquid. Therefore
such a wave is termed a leaky surface
wave. The radiation angle of the nonho-
mogeneous leaky wave is obtained from
Snell’s law. Interaction of the incident
ultrasonic beam with the solid at the
Rayleigh angle can be utilized for sur-
face-wave-velocity measurements.

The velocity and attenuation of a sur-
face wave can be determined with suf-
ficient accuracy from the measured
amplitude and phase of the reflected
beam." An analysis of the method for
determination of elastic properties of
thin layers was carried out by Chimenti,
Nayfeh, and Buter:"” Application to ther-
mal-shock damage characterization in
ceramics has been described in Refer-
ence 16.

Acoustic microscopy is a relatively
new tool for ultrasonic characterization
of near surface properties of materials
and is discussed in detail in the article
by Briggs and Kolosov in this issue of
MRS Bulletin. Acoustic microscopy oper-
ates in a C-scan mode, providing an ul-
trasonic reflection image in the plane
parallel to a sample surface. The major
difference in image formation between
the acoustic microscope and a conven-
tional focus probe C-scan is that the con-
trast in the acoustic microscope is formed
by interference between the wave re-
flected from the material surface and the
leaky surface wave generated and re-
ceived by the acoustic lens, instead of
consideration of the reflected wave only.
The interference pattern representing the
variation of the interference signal am-
plitude with distance z between the
sample and the lens is called the V(z)
curve.

For anisotropic materials, the angle
dependence of surface-wave velocity is
required. This can be obtained using a
line acoustic microscope with a cylindri-
cal lens. Systematic application of line
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acoustic microscopy for anisotropic ma-
terials and thin-film characterization is
described by Achenbach et al.'” The
method is based on collecting V(z)
curves at different lens orientations, and
the elastic constants of the material are
recovered from surface-wave-veloci_ty V.
measurements as a function of angle.

The V(z) curve method applied in
acoustic microscopy for V, measurements
is time-consuming. Time-resolved
acoustic microscopy uses a short pulse
so that specular reflection and leaky sur-
face-wave signals are resolved in the
time domain.™" In this case, the velocity
measurement is reduced to time-delay
measurement. This technique provides a
fast and precise option for surface-wave-
velocity measurements. Johnson et al."
used this technique for diamond-film
characterization. The film thicknesses
were 100-500 um, and the frequency
range was about 50 MHz.

Interphase Layer Properties
Measurement Using Elastic
Interface Waves

In the previous section, the application
of surface waves was described for sur-
face film characterization. The velocity of
the surface wave could be used to mea-
sure the longitudinal stiffness E/(1-v2)
of the thin films. For elastic-modulus
measurements of thin interphase films,
elastic interface waves can be utilized
and the shear modulus determined.

The term “elastic interface waves” is
used to denote waves propagating along
the interface between two media and lo-
calizing the energy in a band with a
width of the order of the wavelength. An
interface wave of a special type, termed
the Stonley wave, may propagate along
the interface between two elastic half
spaces in welded contact with one an-
other. The velocity of the Stonley wave
should be lower than the velocities of the
shear waves in the half spaces. This con-
dition imposes rigid limitations on the
ratio of the elastic moduli and densities?
of the possible pairs of half spaces. In the
general case, the Stonley wave is a leaky
wave, and its energy is radiated in the
form of a shear-wave velocity (slow half
space).

The gradual transformation of a Ray-
leigh wave into a Stonley wave due to the
strong pressing together of two solids
was observed experimentally?**' and
discussed theoretically within the frame-
work of a phenomenological model*? of
a loosely bonded interface. This can be
used for the evaluation of dry contact be-
tween two solids.

A more general case of interface waves
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exists in a system of two half spaces sep-
arated by a viscoelastic layer.>* The in-
terface wave is localized if the shear
modulus u, of the layer is smaller than
the shear modulus of the half spaces.
Such a model satisfactorily approximates
an adhesively bonded specimen, pro-
vided that the adhesive thickness is
much smaller than that of the substrates.
The deformation of a thin solid inter-
phase film by the interface wave is illus-

trated schematically in Figures 3a and 3b

where the deformation of an interphase
layer, the thickness of which is much
smaller than the wavelength, is shown.
Due to antisymmetry of motion, the in-
terphase layer is subjected to shear strain
(Figure 3¢). To excite an interface wave,
one can use mode conversion from a sur-
face wave® or excite it from the edge of
the sample.®

One can estimate the viscoelastic
properties of the interphase layer by
measuring the velocity and attenuation
of the interface wave. The complex shear
modulus u, of an interface wave is re-
lated by a simple expression to the inter-
face-wave velocity V; for thin isotropic**
or anisotropic? layers.

Characterization of Imperfect
Interphases: Modeling

It is well-established that the mechani-
cal integrity of interphases plays a major
role in determining the serviceability of
structures and their components. Ex-
amples include but are not limited to
solid-state bonds, adhesive joints, and
coated and laminated materials. New
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advanced materials, such as high-tem-
perature ceramic- and metal-matrix
composites, are designed with specially
tailored interphases to increase material
fracture resistance and accommodate re-
sidual stresses. Despite great attention to
quality in the development of manufac-
turing processes, interphases are still the
weakest link in the mechanical perfor-
mance of components.

The challenge is to evaluate imperfect
interphases with microdefects, micro-
structural changes, or areas in tight me-
chanical contact without chemical or
metallurgical bonds. The difficulty is to
delineate and quantitatively describe
such interphases by using nondestruc-
tive evaluation. Another challenge is to
relate such measurements to mechanical
properties. Such a relationship comes
from the dependence of interphasial
strength on interphase microstructure
and the existence and morphology of mi-
crodefects. If one can determine such
interphasial characteristics nondestruc-
tively and can determine a relation be-
tween microstructure and mechanical
properties, one can obtain a nondestruc-
tive prediction of strength and life
expectancy.

When two materials are bonded to-
gether by solid-state or other processes,
different types of imperfections may
form.in the bond line. Plane disbonds
usually have negligible thickness and
can be considered cracks. Also volumet-
ric flaws such as voids or microinclu-
sions may appear. It is important to
discern these types of defects since pla-
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Figure 4. (a) Ultrasonic shear back-reflectivity image of a 1 42-um-diameter SiC

fiber (SCS-6) embedded in a titanium matrix ( Ti-6Al-4V). The variation in colors

along the fiber indicates variation in the modulus of the interphase. (b) The

corresponding values of shear stiffness along the fiber obtained using the

ultrasonic-reflectivity measurements and the model in Reference 47 The average
- shear stiffness of the Ti-6AI-4V/SCS-6 interphase was about 9 GPa/jum.
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Figure 5. Normalized composite
transverse moduli versus the
thickness of the carbon-rich layer in a
Ti-based intermetallic-matrix
composite (SCS-6/Ti-24AI-11ND).
‘he calculations simulate the
changes of the composite moduli
during processing when the
carbon-rich layer thickness
decreases from 3 to 0.5 um and the
reaction zone grows from 0 to
2.5 um. (The total thickness is
constant (3 um].) The composite
modulus change is primarily due to
decrease in the carbon-rich layer
thickness.

nar flaws lead to stress concentration and
significant strength reduction of the in-
terface. Ultrasonic waves may serve as a
_powerful tool for interphase character-
‘ization since they are able to penetrate

" ¢“>rent solids and are sensitive to mate-
inhomogeneities. Modeling of elastic-
wave interaction with an interface
(mechanistic representation of the inter-
phase region) plays an important role in
interpretations of the ultrasonic interface
signature.

To describe ultrasonic-wave interac-
tion with a cracked interface, a simple
spring boundary-conditions model was
er -osed as follows:™

oy, = 0z, = Kiuz — uz)
0-:): = U;x = Kt(u.‘_ - ll_:) (1)
where z is perpendicular and x is paral-
lel to the interface, ¢ * and u” are the
stress and displacement on the upper
side of the interface, and o~ and u~ are
the tress and displacement on the bot-
tom. The quantities K, and K, are longi-
tudinal (1) and transverse (t) distributed
spring constants. Using the available

MRS BULLETIN/OCTOBER 1996

Crack Initiation

Figure 6. Ultrasonic images of a bi-directional [0/90]8 TiMetal/SCS-6 titaniurn matrix
composite with circular notch configuration. (a) Image prior to mechanical testing.
(b) Image following 10° cycles isothermal fatigue at 650°C for 43 hours. (c) Image
following an additional 10° cycles fatigue at 650°C for 27 hours. (d) Metallography of

the sample.

static fracture mechanics solution for a
cracked interface, K, and K, were de-
fined*® so that the overall compliance of
the cracked interface is equal to that with
the equivalent springs. To account for in-
terface inertia, mass terms can be in-
cluded in the boundary conditions
(Equation 1).*** When the interphase in-
cludes volumetric imperfections such as
voids, inclusions, or imperfections
formed by rough surfaces, it is natural to
consider the interphase as a nonhomoge-
neous multiphase (composite) layer.’
The validity of this model was estab-
lished® by comparing the coefficient of
reflection from the composite layer to the
numerical solution of the diffraction
problem® for the array of voids. If the
wavelength Ao of the ultrasonic wave in
the interphase medium is greater than
the layer thickness /1, the exact wave so-
lution in the layer may be expanded
asymptotically to describe the equivalent
boundary condition at the interface®
for isotropic or anisotropic layers. Spring
boundary conditions (Equation 1) can be
obtained by simplifications of this model.
Mathematically it is much simpler to

analyze wave phenomena using the
asymptotic boundary conditions than
the exact solution since there is no need
to describe the wave behavior inside the
interphasial layer.

Wave interaction with an interface as a
scattering process was considered in Ref-
erence 35 using both independent-scat-
tering and multiple-scattering® theories
and gives good results in comparison
with experiment.”* To use the model,
one should know the mean-scattering
far-field amplitude from a single scat-
terer—a function of the frequency, size,
shape, and other properties of the inho-
mogeneity. This may complicate inver-
sion of the ultrasonic measurements.

As we just discussed, different models
can be used successfully to treat ultra-
sonic-wave interaction with imperfect
interfaces. The goal of ultrasonic charac-
terization is to characterize interface im-
perfections based on the ultrasonic
signature. The models may help in select-
ing different experimental approaches to
find the model parameters and the im-
perfection characteristics. It is clear that
unique inversion of ultrasonic data to
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find imperfection parameters is a com-
plicated task. An important question is
how to discriminate between the planar
(cracklike) or volumetric (voidlike) inter-
phasial flows. The interphasial stiffness
ratio K,/K; was suggested as such a clas-
sifier.¥-% As follows from the spring
model®® for interfaces with planar circu-
lar cracks (disbonds), the ratio is unity
(K, = K)). Equality of the transverse and
longitudinal (normal) stiffness due to
cracks occurs not only for interphasial
cracks but also for a cracked bulk solid.*
As follows from the composite model,™
for interphases with an array of volumet-
ric flaws such as pores, the stiffness ratio
becomes K,/K, = Cs5/Cs; (where C;; are
elastic constants), which must be smaller
*han unity. For an isotropic interphasial

—ayer, K,/K, = 0.3. Thus the ratio K,/K is

a useful parameter to distinguish planar
disbonds from volumetric interphasial
flaws. It was demonstrated in Refer-
ence 41 that the stiffness ratio also can be
used to determine the type of inter-
phasial damage between fibers and ma-
trices in composites.

Ultrasonic Characterization of
interphases in Composites

It is well-known that the fiber-matrix
interphase plays an important role in-de-
termining composite performance. The
interphase not only allows load trans-
fer between fibers and matrix but also
provides chemical and thermal compati-
bility between the constituents. In metal-
and intermetallic-matrix composites,
special interphasial reaction barrier coat-
ings and compliant coatings are intro-
duced to improve chemical and thermal
compatibility. In ceramic-matrix com-
posites, the interphase is designed to
provide frictional sliding contact be-
tween fiber and matrix to prevent fiber
fracture due to matrix cracking. The in-
terphase microstructure and its reaction
with other composite constituents have
received increasing attention. Despite
great efforts in the development of spe-
cial fiber coatings to tailor the inter-
phase, the mechanical properties of the
interphase remain difficult to measure
and interpret. The complexity of such in-
terphases will become even greater if the
properties are altered during manufac-
turing or in service by chemical reaction
between the constituents, or if microme-
chanical defects occur.

Several ultrasonic techniques could be
utilized for the interphase characteriza-
tion in higher temperature ceramic-ma-
trix and metal-matrix composites. The
interphase is considered to be a thin
muitilayered coating between the fiber

26
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Fatigue Loading

Figure 7. Ultrasonic image of unidirectional TiMetal/SCS-6 composite after
undergoing isothermal fatigue for 1.82 X 10° cycles at 650°C. (A: matrix crack.
B: interfacial degradation due to compressive stresses. C: interfacial degradation

due o tensile stresses.)

and matrix. One technique measures the
frequency dependence of the ultrasonic
attenuation in the composite.**** By
modeling the scattering of ultrasonic
waves from the fiber-matrix interphase,
the attenuation data can be related to the
interphase elastic properties by account-
ing for scattering losses from the fibers.
The second approach is based on mea-
surements of ultrasonic phase velocities
to find the composite elastic moduli,
which are used to determine the inter-
phase moduli via micromechanical
analysis.**** Another potential ultrasonic
method is based on the wave velocity
and attenuation measurements along the
fiber length in the composite.**

An ultrasonic shear-wave-back-reflec-
tivity (SBR) technique*"** can provide
nondestructive characterization of local
fiber-matrix-interface shear elastic prop-
erties. This method is based on propagat-
ing shear ultrasonic waves in the material
and monitoring the back-reflected waves
at the interphase. A micromechanics
model relates the back-reflected shear-
wave ultrasonic signal to the local shear
stiffness of the interphase, which is de-
fined as the ratio of the interphase shear

modulus ‘and ‘the thickness of the inter-
phase at a particular location along the
fiber. The technique provides both imag-
ing and quantitative information about
the variations of interphase elastic prop-
erty along the fibers. Figure 4 shows an
example of interphase characterization
for a SiC (5CS-6) fiber embedded in a
metal (Ti-6Al-4V) matrix using the
shear-wave reflectivity technique. Varia-
tions in ultrasonic reflectivity along the
fiber, shown in Figure 4a, indicate varia-
tions in the modulus of the interphase.
Using the model in Reference 47, these
variations can be quantified (Figure 4b).
This technique has been applied to
control composite formation* such as
localized consolidation®® and matrix
microstructure.” Also it has been used
to detect fiber fracture® as well as to
monitor interphase degradation in both
metal-matrix and ceramic-matrix com-
posites.’>*

The method for interphase character-
ization based on ultrasonic attenuation
measurement is applicable for com-
posites with large-diameter fibers, as in
the case of SiC fiber composites, where
scattering by the matrix microstructure

MRS BULLETIN/OCTOBER 1996
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(porosity, grains, etc,) is negligible com-
pared to that from fibers. In this case, the
fiber-matrix interphase condition affects
oreatly the wave propagation in com-
“u ites. By measuring the frequency de-
pendency of the wave attenuation, one
can infer information about the fiber-
matrix interphase.”*”* Scattering mod-
els**43 were developed to establish the
quantitative relationship between wave
attenuation in the composite and the fi-
ber-matrix interphase conditions. It was
shown that wave attenuation and veloc-
it measured using the amplitude and
pi.ase spectra of the transmitted signals
are in agreement with the scattering
model prediction and could be used for

“"““damaged interphase characterization.

The use of ultrasonic phase velocity data

-haracterize the fiber-matrix inter-
‘pnase has been implemented using vari-
ous micromechanical schemes.5:46:57-60
The ultrasonic phase velocities in com-
osites are first measured and used to
determine the composite moduli, which
are then used to calculate the inter-
phasial moduli via inversion of microme-
chanical models. The relation between
the elastic constants C;; of an anisotropic
medium and the phase velocities of ul-
trasonic waves in the medium is given
by the Christoffel equation."? To deter-
nine the composite elastic constants
irom the ultrasonic-phase-velocity mea-

C ~ Fatigue Loading D

surements, one inverts the Christoffel
equation applying a nonlinear least-
squares optimization technique.®* It
was shown®*#! that the relative error in
the elastic constants so determined is

Figure 8. Ultrasonic image of TiMetal/SCS-6 composite with single-notch
configuration following thermomechanical fatigue: load ratio R = 0.1 with maximum
load Pmax of 3.3 kN, 150~538°C; 36 days at 0.0056 Hz; out-of-phase. (A: high
stress, high temperature, short duration. B: low-stress region between two cracks.
C: high stress, high temperature, long duration. D: low stress, high temperature,
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similar to that in the velocity measure-
ments, which is less than 1%.%* When
'mposite and constituent moduli are

. .easured within 1% error, the deter-

mined interphasial moduli have about
5% error.”® The success of the inversion
method depends on the sensitivity of the
composite moduli to variation of the in-
terphasial moduli. When the fiber is
stiffer than the matrix and the inter-
phase is a compliant layer, the composite
moduli depend strongly on the inter-
r-asial moduli.

For composites reinforced with SiC
(SCS-6) fibers, a multiphase microstruc-
ture must be considered due to the pres-
ence of the fiber core (carbon), shell (SiC),
and carbon-rich coating. Different mod-
els have been developed for inversion
with similar results. One approach***
replaces the core-shell combination with
a so-called “equivalent” fiber, simplify-
ing the microstructure and using three-
phase models for inversion. Another
approach? utilizes finite-element analy-
sis where the fiber core and shell are

MRS BULLETIN/OCTOBER 1996

long duration.)

considered as different phases. More re-
cently a multiphase-generalized-self-
consistent model has been developed.”
As a result, analytical expressions for the
transverse shear moduli of composites
with multiphase fibers have been ob-
tained using transfer-matrix formula-
tion® and spring approximation.”® This
development allows the interphasial
moduli to be determined from inversion
of the multiphase model without the use
of finite-element analysis or the equiva-
lent fiber concept.

To demonstrate the feasibility of moni-
toring the interphase microstructure
during processing under long-term heat
exposure, the change of the composite
modulus resulting from the reaction-
zone growth for an intermetallic-matrix
composite® is shown in Figure 5. In the
calculations, the moduli of the reaction
zone are taken to be 25% above the ma-

trix moduli. The moduli of the carbon-
rich layer are assumed to be constant,
and its thickness decreases from 3 to
0.5 um. The reaction-zone thickness
grows from 0 to 2.5 um, as a result of
chemical reaction between the matrix
and the carbon-rich layer, at the expense
of reduction of the carbon-rich layer
thickness. The composite transverse
shear modulus changes quite signifi-
cantly due mainly to shrinkage of the
carbon-rich layer. This method could be
important for evaluating the effect of
long-term high-temperature exposure in
service.

The interphasial moduli obtained.
from ultrasonic velocity data are “effec-
tive” moduli that depend on the state of
contact between the fiber coating and
the adjoining fiber and matrix. For better
contact, such as is the case of intermetal-
lic-matrix composites, the effective prop-
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erties are close to the actual properties of
the interphasial layver while vanishing
moduli correspond to complete fiber
debonding from the matrix. Thus devia-
tion of the measured interphasial moduli
from the desired (designed) moduli may
serve as a measure of the contact be-
tween the interphasial layer and the ma-
trix, as in the case of ceramic-matrix
composites.™*
Application to Interphasial
Damage Assessment in
Composites
Oxidation damage is a major concern
for ceramic-matrix composites and has
been a critical area for composite devel-
opment. Successful prevention of oxida-
tion damage requires identification of
dominant damage mechanisms. It is
‘nown®’ that one major damage mecha-
—«ism is oxidation of the fiber-matrix
interphases. The interphase characteriza-
tion techniques described previously
could be used to quantify the damage
severity and identify the transition from
the nonoxidized to the oxidized state.*
The measured ultrasonic phase velocities
are significantly reduced by the oxida-
tion damage. The composite moduli cal-
culated from the measured velocity data
decrease as the oxidation exposure time
increases.”” The transition from the

nonoxidized to the oxidized state can be --

quantified by determining the effective
interphasial moduli for different expo-
sure times. It was found that initial

stages of interphase damage, when car-

bon coating/matrix separation occurs on
the atomic scale, can be identified.”
Ultrasonic techniques have also been
- applied to assess environmental degra-
dation of interphases in adhesive joints®®
nd interphasial damage in titanium
matrn composites due to mechanical fa-
tigue™ and thermomechanical fatigue at
elevated temperatures.”~"!

To demonstrate the utility of ultrasonic
characterization for interphase damage
assessment, Figure 6 shows ultrasonic
images of a titanium matrix composite
(B215/5CS-6)* with a [0/90]8 cross-ply
lay-up of fibers and a circular notch sub-
jected to isothermal fatigue at elevated
temperature. The fatigue experiment
was periodically interrupted, and the
first ply of fibers was imaged using ul-
trasonic surface-wave imaging. The
pretesting image (Figure 6a) shows no
interphasial damage prior to testing. The
specimen was then isothermally fa-

tigued at 650°C, and the test was stopped
after 10° cycles for imaging (Figure 6b).
The damage (as indicated by the high
contrast regions in Figure 6b) originates
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at the top and bottom of the hole and
proceeds away from the hole along the
fibers. A crack was initiated at the bot-
tom of the hole (as indicated by arrow A
in Figure 6b) and then propagated as
shown in Figure 6c, which shows the ul-
trasonic image after an additional 10° cy-
cles. By comparing Flgures 6b and 6c,
the propagation of damage in the mate-
rial can be observed—both microcrack-
ing growth and interphase oxidation. To
substantiate the ultrasonic imaging,
metallography (Figure 6d) was per-
formed after removal of the outer matrix
layer. This image corresponds to the
same stage of damage as the ultrasonic
image in Figure 6¢c. Comparison between
Figures 6¢ and 6d demonstrates signifi-
cant advantage of ultrasonic imaging for
characterization of early stages of inter-
phase degradation that occurred only
after development of cracks A and B
(Figure 6c). However good correlation of
interphasial oxidation between ultra-
sonic and metallographic images was ob-
served for fibers with edges exposed
directly to the oxygen (fibers left and
right of the hole). This interpretation of
oxidation damage development observed
by ultrasonic imaging®-"! has been cor-
roborated by analytical and finite-
element analysis modeling of coupled
stress, gas diffusion, and oxidation theo-
ries.”

To illustrate the influence of local
stress levels on interphase oxidation, Fig-
ure 7 shows the ultrasonic image of a
unidirectional titanium matrix compos-
ite with circular notch configuration,
made by the same constituents as the
composite shown in Figure 6.*° The
sample was subjected to isothermal fa-
tigue at elevated temperature (similar
testing conditions as in the example
shown in Figure 6). Four cracks at 45°
angles to the fiber direction were devel-
oped from the hole; two of them became
predominant and led to catastrophic fail-
ure. It was observed that the extent of
oxidation along the fibers is maximum
when the fibers are subjected to tensile
stresses (arrow C in Figure 7). Also com-
pressive stresses (arrow B in Figure 7) fa-
cilitate interphase oxidation compared to
zero stress areas (between compressive B
and tensile C stresses). The interphasial
oxidation behavior observed in Figure 7
(zero degree unidirectional composite) is
different from that shown in Figure 6
([0/90]8 cross-ply configuration), which
illustrates the effect of stresses imposed
by the 90° fibers.”

Finally the role of various parameters
such as local stress, temperature, and du-
ration of exposure on the oxidation be-

havior of the interphase is illustrated in
Figure 8, which also appears on the cover
of this issue of MRS Bulletin.™ Figure 8
shows the ultrasonic image of a unidi-
rectional titanium matrix composite
(same material and fiber layout as the
composite shown in Figure 7) with a
single-notch configuration subjected to
out-of-phase thermomechanical fatigue
for a long time (36 days).
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1986 MRS Fall Meeting/ICEM-S6
December 2-6, 1996 ¢ Boston, Massachusetts * Special Features

IUMRS INTERNATIONAL FORUM ON MATERIALS RESEARCH AND EDUCATION POLICY
Monday, December 2 » 1:30 - 5:30 p.m., Cape Cod/Hyannis Room e Baston Marriott

B O P P SR NSO AN e e ke

7 The purpose of the first IUMRS Forum is to discuss policies and plans on the future of research and education that are of mutual interest in the global community. It
is hoped that through this forum there will be closer collaboration and cooperation among scientists anq governments in developing new materials science and
technologies which will benefit humankind. IUMRS will sponsor similar forums in ether parts of the world in subsequent years.

Speakers include: (Keynote) Marye Anne Fox, Reshaping Graduate and Undergraduate Education in Materials Science and Engineering; Lorenzo Gomez, Materials
Research in Mexico and Trilateral Collaboration with USA and Canada; Ryo Imoto, Overview of Research and Technology for Advanced Materials in Japan; Lih J. Chen,
Materials Research and Education in Taiwan; Jean Pierre Massue, TBA; Hengdi Li, Materials Res@arch Programs in China; Rustum Roy, Proposed Innovations on
Materials Policies; and Chong-Oh Kim, New Materials Research and Education in Korea.

PUBLIC AFFAIRS FORUM

Tuesday, December 3 » 8:00 —9:00 a.m. « Boston Marriott
“The Future of Condensed Matter and Materials Physics”

The Board on Physics and Astronomy is currently undertaking a series of reassessments of all the branches of physics as the foundation for a new physics survey.
As part of this project, a Committee on Condensed Matter and Materials Physics has been established under the leadership of Venkatesh Narayanamurti of the
University of California at Santa Barbara. The committee has been working since June on a study that will include an illustrative recounting of major recent achieve-
ments; identification of new opportunities, needs, and challenges facing the field; and articulation—for leaders in government, industry, and universities, and for the
public at large—of the important roles played by the field in modern society. An especially urgent issue to be addressed in the study is how to maintain the intellec-
[ tual vitality of condensed matter and materials physics, and its contributions to the well-being of the United States, in an era of limited resources.

Thic interactive forum will feature a panel of materials researchers who are members of the Committee on Condensed Matter and Materials Physics. They will give a
briei report on the status of the study and engage in a dialogue with MRS members about the issues facing the materials research community. Community input
will be vitai to the success of the study. Come make your voice heard! .
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