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Uftrasonic
Gharactetization
of Surfaces
and lnterphases

lntroduction
Ultrasonic waves have been used ex-

tensively for material characterization
and for sensing in material process con-
trol. The waves produce small-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 veloc_itv of the rvave depends on
the elastic constants and density of the
body while attenuation depends on mi-
crostructure and crystalline 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 anrso-
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.t'2

The attenuation of an ultrasonic wave
is associated with absorption of elastic
waves (inelastic effect) ana the scatter-
ing of elastic waves by structural inho-
mogenei t ies. '  Scat ter ing 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 (ancl 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 specia l ized and less developed.
Here we will review some advances in
this field.

I_' DILATATION
ILM

Characterization of Thin Fi lms
Using Elastic Surface Waves

Surface waves are often used to mea-
sure the properties of .r very thin laver of
material, the thickness of which is mirch
smal ler  than the th ickness of  the sub-
strates. Since the mec,hanical properties
of  the f i lm-substrate system are con-
troiled not only by the bulk properties of
the fi lm but aiso'to a significant degree
by the adhesion oi the fi lm to the sub-
strate, the properties of the fi lm-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.:j The elastic energy
of surface waves decavs nearly exponen-
tiallv from the surface and is localized in
a subsurface layer with thickness of the
order of wavelength .,\. At a depth oi the
order of ,\, there is virtually no transport
of elastic energy.

The presence of a thin film on the sub-
strate iurface changes the surface stiff-
ness and also loads the surface. Figure 1
shows schematically that a thin fi lm,
whose th ickness 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 fi lm is similar to the strains in a
thin plate upon propagation of a longitu-
dinal plate mode. In this case. the veloc-
ity of ihe surface wave depends not onlv
on the substrate properties but on the
stiffness Eo/(I-vo2) and the densitv pu of
the film. (Es is Young's modulus, and r,{)
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 ot
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-
tenuationa's has been used for the study
of properties of thin films as a functioh
of magnetic field or temperature. lUea-
surements of the velocity and attenu-
ation of SAW durine deposition of thin
films were also desciibed.6.7

A noncontact laser ultrasonic method
could be used for this purpose, as shorvn
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Figure 1. (a) Detormation ol a surface
of a solid body with coating.
(b) Longitudinal strain of a surface.
lilm on propagation of a Rayleigh
wave.
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irr Figtrre 2.r' '  A pulsed laser generates

thermoelastic stresses on the specimen

srrr i , rce,  which leads to exci tat ion of  a
r' . i€ wave. A laser interferometer can
.,e r-ised as a receiver. The noncontact na-
rure of the technique is imp,ortant in the.

case  o f  ce ram ic  coa t i ngs , " ' "  some  o t
rvhich can be damaged by contamina-
tion with ultrasonic couplants. In addi-

t ion the method can be ut i l ized on hot

surfaces and has a potential for ut i l iza-

t i o n  d u r i n g  m a n u f a c t u r i n g .  ( e ' g ' ,  J o r

measuremeit of deposition of a coating

on a  subs t ra te ) .  Examples  o f  th in  d ia -

mond-f i lm measurements are Slven ln

Reference 1.2. A different technique em-

ploving interdigital transducers has been

Ltiiir.i in Reference 13 for characteriza-

Laser interferometer
reception

t ion  o f  the  d i f fus ion  reac t ion  in  Au- - \ l
thin-f i lm dif fusion couples' These tech-

nioues can be ut i l ized in the 10-100-lvlHz
frequency range and used for film char-
ac ter iza t ion  in  ihe  0 .1 -1-g .m th ickness
rangei

Bayleigh Angle Method and
Acoustic MicroscoPY

When an elastic half space is loaded b1' ,
a fluid, a Rayleigh-type surface wave can
propagate on a solid-liquid interface. The
lu i f u i " - *u r re  ve loc i i y  V ,  i s  usua l l v
higher than the velocity of the acoustic
wive in a fluid (e.g.,V, in metals is about
3 km/s whereas the velocity of sound Vo
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 lvave-is obtained from
Sne-ll'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-
f i c i en t  accu racy  f  r om the  measu red
ampl i tude and phase of  the ref lected
bealm.tn An analvsis of the method for
determination oi elastic properties of
thin layers was carried out by Chimenti'
Nayfeli, and Buter,rt Application to ther-
mal-shock damage cliaracterization in
ceramics has beei described in Refer-
ence 16.

Acoustic microscopy'is a relativelv
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
biff"."t." in image formation between
the acoustic microscope and a conven-
tional focus probe C-scan is that the con-
trast in the aioustic microscope is formed
by interference between the wave re-
fllcted from the material surface and the
leaky surface wave generated and.re-
ceiv6d by the acoust-ic lens, instead of
consideration of the reflected wave only'
The interference Pattern representing the
variation of the interference signal am-
Dl i tude wi th d is tance z between the^sample 

and the lens is called the V(z)
curve.

For anisotropic materials, the angle
dependence of lurface-wave velocity is
required. This can be obtained using a
line acoustic microscope with a cylindri-
cal lens. Systematic ipplication of l ine

Pulsed laser
excitation

coating

Figure 2. Schematic of surface'wave generation by a laser'

FILM

F oure 3. b) Deformation of the surface of a solid body upon propagation.of a

Fiyleigh wLve. (b) Deformation ol .an.interphase .lllm .uConlro-n:1e,1':ti: i:';;J;i;;; 
i\ri.\h" lnixress of the interphase fitm is'much sma1er than the

;;:;;;t";; nanitengtn @) Shear strain of ihe interphase film. The figure corrcsponcts,
on a magnified siale, to element (c) singled out in Figure 3b'
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acoustic micrclscr. lpv tbr anisotropic ma-
te r i r l s  . rnd  th in - f i lm charac tc , r i za t ion  is
d e s c r i b e d  b v  A c h e n b a c h  e t  a l . r ;  T h e
m e t h o d  i s  b a s e c i  o n  c o l l e c t i n g  V ( : i
cr lrves .rt  r l i f  ferent lens ttr ientat iun"r. or,. i
the  e las t i c  cons tan ts  o f  the  mater ia l  a re
recovered from surface-wave-velocitv V.
nleasurements as a function of ansle.

The V( : )  cur r , ,e  method app l i -ed  in
acoustic microscopy for V, meaiurements
l s  t t m e - c o n s u m i n g .  T i  m e _ r e s o l v e d
. rcous t ic  mic roscopy  uses  a  shor t  pu lse
so that specular ref lect ion and leaky sur_
face-wave s igna ls  a re  reso lved in  the
time domain.rs,re Jn this case, the velocity
measurement is recluced to t ime-delay
measurement. This technique provides i
fast and precise option for iurfice-lvave_
vetoclty measurements. Johnson et al.re

,. .  used this technique for diamond-f i lm
characterization. The f i lm thicknesses
were  100-50e .pm,  and the  f requencv
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 fi lm characterization. The velocity of
the surface wave could be used to mea-
sure the longitudinal stiffness E/(l-v2)
of  the th in f i lms.  For  e last ic-modulus
measurements of thin interphase fi lms,
elastic interfice' ri ' ives can'be uti l ized
and the shear modulus determined.

The term "elastic interface waves,, is
used to denote waves propagating along
the interface between twomidia ind lol
ca l i z i ng  t he  ene rgy  i n  a  band  w i th  a
width of the order of the wavelength. An
interface wave of a special type,-termed
the Stonley wave, mly propagate along
the interface between two elastic haii

\ spaces in welded contact with one an_
o.ther..The- velocity of the Stonlev wave
should be lower than the velocitiei of the
shear waves in the half spaces. This con_
dition imposes rigid l imitations on the
ratio of the elastic moduli and densities2
of the possible pairs of half spaces. In the
general case, the Stonley wave is a leakv
wave, and its energy is radiated in th!
torm ot a shear-wave velocity (slorv 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 experimentallyz0.rr and
discussed theoretiially within fhe f..rr,e-
work of a phenomenological model::,23 of
a loosely bonded interiace. 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 halt spaces sep-
arated by a viscoelastic lou.r. :r . : :  The in-
t e r f a c e  r v , t v e  i s  l o c a l i z e d  i i  t h e  s h e a r
modu l r rs  / r , r  o f  the  laver  i s  smal le r  than
the  shear  n roc lu lus  o f  the  h . r l f  spaces .
Such a model satisfactorily approximates
an adhes ive lv  bonded spe i imen,  p ro_
v i d e d  t h a t  t h e  a d h e s i v i  t h i c k n e i s  i s
much smaller than that of the substrates.
The de format ion  o f  a  th in  so l id  in te r -
phase film by the interface rr,ave is illus-
trated schematical ly in Figures 3a and 3b
where the deformition oT an interphase
layer ,  the  th ickness  o f  wh ich  is  inuch
smaller than the wavelength, is shown.
Due to antisymmetry of motion, the in-
terphase layer is subjected to shear strain
(Figure 3c). To excite an interface rvar.e,
one can use mode conversion from a sur-
face wave2{ or excite it from the edge of
the samole.?6

O n e  i a n  e s t i m a t e  t h e  v i s c o e l a s t i c
proper t ies  o f  the  in te rphase layer  bv
measuring the velocity ind attenuation
of the interface wave. The complex shear
modulus pr6 of an interface rvive is re-
lated by a simple expression to the inter-
iace-wave velocity I for thin isotropic:r
or a nisotropic 27 liy ers.

Characterization of lmperfect
lnterphases: Modelin g'

It is well-established that the mechani-
cal integrity of interphases plavs a major
role in determining-the seri. iceabil itv'of
s t ructures and th i i r  componenis.  Ex-
amples inc lude but  are not  l imi ted to
solid-state bonds, adhesive joints, and
coated and laminated materials. New

advanced mater ia ls ,  such as h ieh- tem-
pe ra t r . r r e  ce ra  m ic -  a  nd  me t . r l lma i r i x
composites, are designed rvith speciallv
tailored inierphases to incre;rse materij l
fracture resisti ince ancl accommodate re-
sidual stresses. Despite great attention t()
quality in the development of manufac-
turing processes, interphases are sti l l  the
weakest  l ink in  the mechanical  per for-
mance of components.

. The.challenge is to evaluate imperr.ect
rnterphases wi th microdefects,  micro-
structural changes, or areas in tight me-
chanical  conta i t  wi thout  chem' ica l  or
metaliurgical bonds. The diff icultv is to
de l i nea te  and  qua  n t i t a t i ve l y  de i c r i be
such interphasei by using n'ondestruc-
t rve evaluat ion.  Another  chal lenee l> to
relate such measurements to mec"hanical
propert ies.  Such a re lat ionship comes
from the dependence of  in te iphasia l
s t rength on in terphase microst iucture
and the existence and morphologv 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-
t i ve  p red i c t i on  o f  s t reng th  and  l i f e
expectancv.

When two materials are bonded to-
gether by solid-state or other processes,
d i f ferent  types of  imperfect ions mar.
form in th i  bond l ine.  Plane d is tond!
usual ly  have'negl ig ib le th ickness and
can be considered cracks. Also volumet-
ric f laws such as voids or microinclu-
s . i ons  may  appea r .  I t  i s  impo r tan t  t o
cllscern these types of defects since pla-
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l!0ure l. (a) ultrasonic shear back-reftectivity image of a 142-pm-diameter sictiber (scs-6) embedded in a titanium matrix (Ti-6At-aQ. The i"raln, i, iotoi,
along the fiber indicates variation in the modulus of the interphase. (b) Thi- 
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cotresponding values of shear stiffness a.long the liber obta'ined u"infi tne
ul.trasonic-reflectivity measutements and the model in Reference 47.-Thti average
shear stilfness of the Ti'6Ar'4v/scs-6 interphase was about g api"i. 
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Figure 5. Normalized comPosite
trcnsverse moduli versus the

- thickness of the carbon-rich layer in a
T i - b as ed i ntet met a ll ic' mal I i x
composite (SCS -6/Ti - 24Al' 1 1 Nb).
'he 

calculations simulate the
changes of the comPosite moduli
during Processing when the
carbon -rich layer thickness
decreases from 3 to 0'5 pm and the
reaction zone grows from 0 to
2.5 pm. (The total thickness is
constant [3 yn].) The comPosite
modulus change is PrimarilY due to
decrease in the carbon'rich laYer
'hickness.

Figure 6. IJttrasonic images ol a bi-dircctional [0/90]8 TiMetal/SCS-6 titanium matrix

cimposite with circular iotch contiguration. (a) tmage prior -to mechanica.l le,sting.
tol iiii, t"ttow}ng 105 cyctes isotiermat tatigue at 650'C for 43 hours- (c) lmage
ioitoi,*inlg an additional 1Os cyctes latigue at 6bO'C tot 27 hour: (! Metattography of

the sample.

static fracture mechanics solution for a
cracked interface, K1 and K, rvere de-
finedrs 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-
c l uded  i n  t he  bounda rY  cond i t i ons
(Equation 1).t*'t" When the interphase in-
cludes volumetric imperfections such as
vo ids ,  i nc lus ions ,  o r  impe r fec t i ons
formed by rough surfaces, it is natural to
consider the interphase as a nonho55roge-
neous multiphase (composite) layer-3o
The validity of this model u'as estab-
lished$ by iomparing the coefficient of
reflection from the composite laver to the
numer ical  so lut ion of  the d i i f ract ion
problem3r for the array of voids. If the
wavelength ,.\s of the ultrasonic rvave in
the interphase medium is greater than
the layer thickness /r, the exact lvave so-
lut ion in  the layer  may be exPanded
asymptotically to describe the equiv4gnt
bouniary co.rditio., .at the inteifacer2-3{
for isotropic or anisotropic lal'ers, Spring
boundarv conditions (Equation 1) can be
obtained by simplificatioirs of this model.
Mathemat ica l ly  i t  is  much s impler  to

nar flaws lead to stress concentration and
significant strength reduction of the in-
terface. Ultrasonic waves mav serve as a
powerful tool for interphase character-

rization since they are able to Penetrate''r'.'rent 
solids and are sensitive to mate-

- .. inhomogeneities. Modeling of elastic-
wave  i n te rac t i on  w i th  an  i n te r face
(mechanistic representation of the inter-
phase region) plays an important role in
interpretitioni of the ultrisonic interface
srgnature.

To describe ultrasonic-lvave interac-
tion with a cracked interface, a simple
spri nq boundary-conditions model was
r--,:', .o"sed as follows::8

otr.: o,': Kr1. - ui)

ol, : o* : K,(rr.- - rri) (1)

where z is perpendicular and x is paral-
le l  to  the in te i face,  c '  and t t -  are the
stress and displacement on the upper
side of the interface, and a- and tt- are
the .tress and displacement on the bot-
tom. The ouantities Kr and K, are longi-
tudinal (l)^and transverse (t) distributed
spring ionstants. Using the available

MRS BULLENN/OCTOEEB 1996

ana l yze  wave  phenomena  us ing . the
asymptotic boundary conditions than
thi eiact solution since there is no need
to describe the wave behavior inside the
interphasial layer.

Wive interaition with an interface as a
scattering process was considered in Ref-
erence 35 using both independent'scat-
tering and muitiple-scatterings theories
and gives good results in comparison
withlxperiment.2e36 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 iust 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-
per fect ions based on the u l t rasonic
iignature. The models may help in select-
in-g different experimental approaches to
fi;d the model parameters and the im-
oerfection charatteristics. It is clear that
irnique inversion of ultrasonic data to

25
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Ultrasonic Characterization of Surfaces and lnterphases

f ind imperfe'ction p.rrameters is a com-
pl icated task.  An important  quesi ion is
horv to discriminate betrveen the planar
(cracklike) or volumetric (voidlike) inter-
phasial f lows. The interphasial stiffness
ratio Kt/Kr h'as suggested as such a clas-
sif ier.37-3q As follows from the spring
model:t for interfaces with planar circu-
lar  cracks (d isbonds) ,  ihe rat io  is  uni tv '
(K, = Kr). Equalitv of the transverse and
longi tudinal  (normal)  s t i f fness due to
cracks occurs not oniy for interphasial
cracks but also for a cricked bulk-solid.{0
As follows from the composite model,30
for interphases with an array of volumet-
ric flarvs such as pores, the stiffness ratio
becomes Kr/K: Css/C* (where C;; are
elastic constants), which must be smaller
'han unity. For an isotropic interphasial

-- nfer, Kr/Kr - 0.3. Thus the ratio Kr/Kris
a useful parameter to distinguish planar
disbonds from volumetric interphasial
f laws.  I t  was demonstrated in  Refer-
ence 41 that the stiffness ratio also can be
used to determine the type of  in ter-
phasiai damage between fibers and ma-
trices in composites.

<--+ Fatigue Loading

Ultrasonic Characterization of
Interphases in Composites

It is rvell-known that the fiber-matrix
interphase piays an imPortant role in de-
termining composite performance. The
interohase not onlv aiiolvs load trans-
fer between fibers and matrix but also
provides chemical and thermal compati-
bilitu b"ttu"..r the constituents. In m-etal-
and intermetal l ic -matr ix  composi tes,
special interphasial reaction barrier coat-
ings and compliant coatings are intro-
duced to improve chemical and thermal
compatibil iW. In ceramic-matrix com-
posiies, the interphase is designed io
provide f r ic t ional  s l id ing contact  be-
tween fiber and matrix to prevent fiber
fracture due to matrix cracking. The in-
terphase microstructure and its reaction
wiih other composite constituents have
received increaiing attention. Despite
great efforts in the development of spe-
ciai f iber 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 th in
multilayered coating between the fiber
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Figure 7. tJltrasonic image of unidirectional TiMetal/SCS-6 composite after
uidergoing isothermal fatigue for 1.82 x l1s cycles at 650"C. (A: matrix crack..
B: interfaCial degtadation due to compressiye slresses. C: interfacial degradation
due to tensile slresses..)
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and matrix. One technique measures the
frequency dependence of the ultrasonic
at tenuat ion in  the composi te. { : ' r3  By
modeling the scattering of ultrasonic
waves from the fiber-matrix interphase,
the attenuation data can be related to the
interphase elastic properties bv account-
ing for scattering losses from the fibers'
The second approach is based on mea-
surements of ultrasonic phase velociiies
to f ind the composi te e last ic  modul i ,
which are used to determine"the inter-
phase  modu l i  v i a  m ic romechan i ca l
inalysis.no't5 Another potential ultrasonic
method is based on the wave velocitv
and attenuation measurements along the
fiber length in the composite.'o

An ultlasonic shear-wave-back-reflec-
tivity (SBR) technique+i{s 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
an? monitoring the back-reflected waves
at the interphlse. 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 aiong 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
exampie of interphase characterization
for a SiC (SCS-5) fiber embedded in a
me ta l  (T i -6A l -1V)  ma t r i x  us ing  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).
Th i s  t echn ique  has  been  app l i ed  t o
control composite formationre such as
local ized consol idat ion50 and matr ix
microstructure.5t Also it has been used
to detect f iber fracturet2 as well as to
monitor interphase degradation in both
metal-matrix and ceramic-matrix com-
posites.t3'5{

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

MRS BULLEfl N/OCTOSEF 1996
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( l 'oros i tv ,  gr ; r ins,  etc . )  is  negl ig ib le com-
oared to that irom fibers. ln this case, the
i'i ['e'r- mat ri x i nterphase cond it ion a f f'ec ts
: r , . r t ly  the wave propagat ion in  com-
r rtes. By measuring the frequency de-

pendency of the wave attenuation, one
ian in fer  in format io-n about  the f iber-
matr ix  in terphase.5t '5n Scat ter ing mod-

"1r'13'{6'55 
were developed to establish the

etuantitative relationship between rvave
attenuation in the composite and the fi-
ber-matrix interphase conditions' It was
shown that wave attenuation and veloc-
ii '  measured using the amplitude and
r'i.ase spectra of the transmitted signals
l r e  i n  ae reemen t  w i t h  t he  sca t te r i ng
model piediciion and could be used for

,.Hamagid interphase characterization.' 
The use of uiirasonic phase velocity data
:haracterize the fiber-matrix inter-

qnase has been implemented using vari-
bus micromechanical schemes.{s"t6 t7-60

The ultrasonic phase velocities in com-
.'osites are first measured and used to
determine the composite moduli, which
are then used to calculate the in ter-
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.l '2 To deter-
n ine the composi ie  e last ic  constants
i rom the ultrasbnic-phase-velocity mea-
surements, one inverts the Christoffel
equat ion appiy ing a nonl inear  least-
,q'rrur"t opiihizat"ion technique.6l'6r It
wis showh'3'6{ that the relative error in
the elastic constants so determined is
similar to that in the velocity measure-
ments, which is less than 17o.o* When

rmposite and constituent moduli are
- .eaiured within 7"/o error, the deter-

mined interphasial moduli have about
57o error.se The success of the inversion
method depends on the sensitivityof the
composite hoduli to variation of the in-
terohasia l  modul i .  When the f iber  is
stiffer than the matrix and the inter-
phase is a compliant layer, the composite
moduli depend stronglv on the inter-
p.-asial moduli.

ior composites reinforced with SiC
(SCS-6) fibirs, 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 inversio-n
with similar results. bne approach's'sg
replaces the core-shell combination with
a io-called "equivalent" fiber, simplify-
ing lhe microsiructure and using three-
phlase models for inversion' Another
approacht utilizes finite-element a-1aly-
sis where the fiber core and shell are

MRs BuLLff m/ocroBER 1996

Figure 8. ultrasonic image of TiMetal/scs-6 composite with single-notch'ciitiirration 
fottowins tiermomechanicat hns:^e::119 r?ti: t:.9:^*:'!.!::i*u^

i;;';'p"^,.:';;'.; ii,-1Eo-ssa'c; 36 davs ?t 9:0056 Hz; out-or'phase' (A: hish
stress, high temperaure, short durationi. B: Iow-stress region between two cracks.

Ct iii'n tirrtt, irign bmperctute, long duration' D: low stress' high tempeQtute'

long duration.)

considered as different phases. Nlore re-
cent lv  a mul t iphase-general ized-sel f -
ionsiitent model has Seen developed'5e
As a result, analytical expressions for.the
transverse shear moduli of composites
with multiphase fibers have bden ob-
tained using transfer-matrix formula-
tionse and siring approximation.t This
development anow! the interphas.ial
moduli-to be determined from inversion
of the multiphase model without the use
of finite-element anaiysis or the equiva-
lent fiber concePt.

To demonstrite the feasibility of rnoni-
tor ing the in terphase microstructure
durin'g processing under- long-term heat

"*poi.rie, 
the change of the composite

modulus resul t ing f rom the react ion-
zone qrowth for an intermetallic-matrix
comp5sites is shown in Figure 5. In the
calculations, the moduli of the reaction
zone are taken to be25"/" above the ma-

trix moduli. The moduli of the carbon-
rich layer are assumed to be constant,
and it i thickness decreases from 3 to
0.5 pm. The react ion-zone th ickness
grows from 0 to 2.5 pm, as a result of
ihemical reaction between the matrix
and the carbon-rich layer, at the expense
of reduction of the carbon-rich layer
th ickness.  The composi te t ransverse
shear modulus changes qui te s igni f i -
cantlv due mainly to shrinkage ot the
carbon-rich layer. This method could be
important foi evaluating the effect of
long-term high-temperature exPosure ln
service.

The interphasia l  modul i  obta ined
from ultrasonic velocity data are "effec--
tive" moduli that depeid on the state of
contact between thA fiber coating and
the adioining fiber and matrix. For better
contacl, s.rc[ as is the case of intermetal-
lic-matrix composites, the effective prop-
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ert ies lre close kr the actual propert ies tt f
t h e  i n t e r p h a s i . r l  l a v e r  r v h i l e  v a n i s h i n q
nr t rc lu l i  cor responr l  to  compr lq fg  f ibgp
clel.orrcl ing from the matrix. Thr.rs devi ir-
t ion oi the measuree' l  interoharsial moc-ltr l i
i rom the desirecl (clesigned) moduli  mav
serve  as  a  measure  o f  the  contac t  be-
tween the interphasial layer and the ma-
t r i x ,  a s  i n  i h e  c a s e  o f  c e r a m i c - m a t r i x
composites.it':s

Application to lnterphasial
Damage Assessment in
Composites

Oxidation damage is a major concern
for ceramic-mairix composites and has
been a crit ical area for cbmposite devel-
opmeni. Successful prevention of oxida-

.'. i1 t ion damage requires identif ication of
'  domina-nt  damage mechanisms.  I t  is'-norl 'nn'that 

one major damage mecha-
-r ism is  ox idat ion of  the f iber-matr ix

interphases. The interphase characteriza-
t ion techniques descr ibed previously
could be used to quantify the damage
severitv and identify the transition from
the nonoxidized to the oxidized state.66
The measured ultrasonic phase velocities
are significantly reduced by the oxida-
tion damage. The composite moduli cal-
culated from the measured velocitv data
decrease .rs the oxidation exposure time
i n c r e r s e s . n ;  T h e  t r a n s i t i o n  f r o m  t h e
nonoxldized to ihe oxidized state can be
quantif ied by determining the eft 'ective
interphasial moduli for different expo-
su re  t imes .  I t  was  found  tha t  i n i t i a l
stages of interphase damage, when car-
bon coating,/matrix separation occurs on
the atomic-scale, can bi identified.o;

Ultrasonic techniques have also been
, applied to assess environmental degra-

liiion of interphases in adhesive joirits6s

.  nd in terphasia l  damage in t i tan ium-.- 
matrix composiies due to mechanical fa-
tig ue r: ancl'thermomec-ha.nical fatig ue at
elevated temperatures.n'-''

To demonstrate the utility of ultrasonic
characterization for interphase damage
assessment, Figure 5 shows ultrasonic
images of a titanium matrix composite
(B21SISCS-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 fat igue exper iment
was periodicaily interrupted, and the
first plv of fibers was imaged using ul-
t rasonic sur face-wave imaging.  The
pretesting image (Figure 5a) shows no
interphasial damage prior to testing. The
specimen was then isothermal lv  fa.
tfued at 550"C, ancl the test rvas stoppetl
after 1f cyclbs for imaging (Figure 6b).
The damage (as indicated by the high
contrast regions in Figure 5b) originates
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at  the top anr l  bot tom of  the hole and
proceeds arvay from the hole along the
iibers. A crack was init iated at the br'rt-
tom of the hole (as indicated bv arrorr'A
in F igure 6b)  and then propagater l  as
shown in Figure 5c, which shows the ul-
trasonic image after an additional 10s cv-
cles. By comparing Figures 6b and 6c,
the propagation of damage in the mate-
rial can be observed-both microcrack-
ing grolvth and interphase oxidation. To
subs tan t i a te  t he  u l t r ason i c  imag ing ,
me ta l l og raphy  (F igu re  6d )  was  pe r -
formed after removal of the outer matrix
layer .  This  image corresponds to the
same stage of damage as the ultrasonic
image in Figure 6c. Comparison between
Figures 6c 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 uitra-
sonic and metallographic images was ob-
served for f ibers lvith edges exposed
directly to the oxygen (fibers left and
right of the hole). This interpretaiion of
oxidation damage development observed
by ultrasonic imagingee-;t has been cor-
robo ra ted  by  ana l v t i ca l  and  f i n i t e -
element analysis mbdeli.rg of coupled
stress, gas diffusion, and oxidation theo-
rtes.' '

To i l lust rate the in f luence of  local
stress levels on interphase oxidation, Fig-
ure 7 shows the ultrasonic image of a
unidirectional titanium matrix compos-
i te  wi th c i rcu lar  notch conf igurat lon,
made by the same constituents as the
composi te shown in F igure 6.6e The
sample was subjected to isothermal fa-
tigue at elevated temperature (similar
test ing condi t ions 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 edtent 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 compiessive B
and tensile C stresses). The inierphasial
oxidation behavior observed in Figure 7
(zero degree unidirectional composite) is
different from that shown in Figure 5
([0/90]8 cross-ply configuration), which
illustrates the effect of stresses imposed
by the 90'fibers.Tl

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

havior  of  the in terphase is  i l lust rated in
Figr,rre 8, rvhich also.rpp's.lp5 on thL'cover
of  th is  issue o i  iVIRS Brr l l * i i r r . " '  F igure 8
shorr 's  the u l t rasonic inrage of  a unic l i -
r e c t i o n a l  t i t a n i u m  m a t r i x  c o m p o s i t e
(same mater ia l  and f iber  layout  as the
composi te shorvn in  F igure 7)  lv i th  a
single-notch configuration subjected to
out-of-phase thermomechanical fatigue
for a long time (36 davs).
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IUMRS INTEBNATIONAL FORUM ON MATERIALS RESEARCH AND EDUCATION POLICY
Monday, December 2 .1:30 - 5:30 p.m., Cape Cod/Hyannis Room . Boslon Maniotl

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. lt
is hoped that through this forum there will be closer collaboration and cooperation among scientists and qovernments in developing new materials science and
technologies which will benetit humankind. IUMRS will sponsor similar lorums in other parts of the world in subsequent years.
Speakers include: (Keynote) Marye Anne For, Reshaping Graduate and Undergnduate Education in Mateials Science and Engineering; Lorenzo Gomez, Materials
ResearchinMexicoandTilatenl ColabontionwithUSAandCanada;Ryo lmoto,0verviewof ResurchandTechnologyforAdvancedMateialsinJapan;LihJ.Chen,
Materials Ruearch and Education in Taiwan: Jean Piene Massue, I8l,' Henodi Li, Materials ft€sfurch Prognns in China: Rustum Roy, Proposed Innovations on
Mateials Policies;and Chong-Oh Kim, New Mateials Resurch and Eduation in Korea.

PUBLIC AFFAIRS FORUM
Tuesday, December 3 . 8:00 - 9:00 a.m. . Boslon Marriotl
"The Future ol Condensed Matler 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 ol Calilornia at Santa Barbara. The committee has been working since June on a study that will include an illustrative recounting of maior recent achieve-
ments; identilication of new opportunities, needs, and challenges lacing the field; and articulation-for leaders in government, industry, and universities, and lor the
public at large-of the important roles played by the field in modern society. An especially urgent issue t0 be addressed in the study is how to maintain the intellec-
tual vitality ol condensed matter and materials physics, and its contributions t0 the well-being of the United States, in an era of limited resources.
Thir interactive forum will leature 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 ol the study and engage in a dialogue with MRS members about the issues lacing the materials research community. Community input
will be vital to the success of the study. Come make your voice heard!

MRS BULLEfl II/OCTOBER 1996


