
d.

f the

c

cts

754

HelpCommentsWelcome
Journal of

MATERIALS RESEARCH
Role of matrix microstructure in the ultrasonic characterization
of fiber-reinforced metal matrix composites
S. Krishnamurthy
USAF Materials Directorate, Wright Laboratory, WL/MLLM/UES, Wright-Patterson AFB,
Ohio 45433–7817

T. E. Matikas and P. Karpur
USAF Materials Directorate, Wright Laboratory, WL/MLLP/UDRI, Wright-Patterson AFB,
Ohio 45433–7817

(Received 14 March 1996; accepted 1 November 1996)

This work deals with the application of ultrasonic nondestructive evaluation for
characterizing fiber-reinforced metal matrix composites. The method involved the
use of a recently developed technique in which the fiber reinforcement acts as a
reflector to incident ultrasonic shear waves. Single fiber and multifiber, single ply
composites consisting of SiC fibers in several titanium alloy matrices were investigate
The ultrasonic images obtained were correlated with the results of metallographic
characterization of the composites. The results showed that the ultrasonic response o
metal matrix composites is significantly influenced by the microstructure of the matrix
through which the incident wave traverses. The general effects of matrix on ultrasoni
wave propagation are reviewed, and the ultrasonic signals obtained from various SiC
fiber-reinforced titanium alloy composites are discussed in terms of the scattering effe
of matrix microstructure.
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I. INTRODUCTION

There are numerous studies dealing with the appli
tion of nondestructive evaluation (NDE) techniques f
investigating fiber-reinforced metal matrix composite
(MMC’s). In particular, ultrasonic NDE techniques hav
been used in the past for determining the distributi
of reinforcements and detectingmacroscopicdefects
such as ply delaminations and nonuniform fiber spaci
arising from either missing fibers or displacement
fibers during fabrication of composite panels.1,2 Recent
work has demonstrated that ultrasonic NDE is an equa
valuable technique for detectingmicroscopic defects
arising during the processing of continuously reinforc
MMC’s, and that it can be reliably used to minimiz
the number of iterations required for optimization o
the consolidation process.3 Further, it has also been
shown that ultrasonic NDE can serve as a power
tool for studying important damage evolution phenom
ena in fiber-reinforced MMC’s, including fiber fractur
and fiber/matrix interfacial debonding.4,5 However, when
ultrasonic waves are used to evaluate a composite w
a polycrystalline matrix, the waves propagating in th
matrix will be scattered by the grains, and the ultr
sonic evaluation of the material will be affected by th
resulting noise.

Therefore, the objective of the present work is
study the influence of matrix alloy microstructure o
ultrasonic wave propagation and its effects in evaluat
J. Mater. Res., Vol. 12, No. 3, Mar 1997
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the aforementioned damage evolution phenomena
MMC’s. The role of grain boundaries is of particular im
portance since engineering alloys which are being co
sidered for MMC matrix applications are polycrystalline
in nature. When such materials consist of fine, sing
phase equiaxed grains with no preferred orientation, th
may be treated as homogeneous and isotropic in ma
applications involving ultrasonic nondestructive evalu
ation because the ultrasonic wavelengths are genera
orders of magnitude larger than the grain size. Howev
the matrix alloy microstructures that are commonl
encountered in practice may consist of two or mo
phases with nonequiaxed morphologies and preferr
orientation. Depending on their size and morpholog
these microstructural features can change the direction
the ultrasonic wave group velocity, thereby significantl
affecting the ultrasonic wave propagation.

This paper illustrates the influence of matrix on
ultrasonic wave propagation in several Ti alloy/SiC
fiber composites using the ultrasonic shear wave bac
reflectivity (SBR) technique which was developed fo
studying the fiber/matrix interfacial characteristics.3,4

First, the theoretical aspects of scattering of ultrason
waves by a polycrystalline medium will be presented
This will be followed by the experimental work
dealing with the ultrasonic characterization of SiC fibe
reinforced titanium alloy composites with a variety o
matrix microstructures.
 1997 Materials Research Society
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II. SCATTERING OF ULTRASONIC
WAVES IN A MATERIAL

An ultrasonic pulse being transmitted by a tran
ducer can be considered as a superposition of m
sinusoids and can be represented by the Fourier integ

usx, td 
Z 1`

2`

Askde2ifkx2vskdt1wg dk , (1)

wherek is the wave number,w is the phase,v is the
angular frequency,x is the spatial coordinate, andt is the
time. It should be noted that although the integration
from 2` to 1`, only some of the amplitudes,A(k), will
be nonzero subject to the bandwidth of the transduce

When a wave pulse defined by (1) propagat
through a distancex0, the effect of the propagation
is equivalent to the pulse passing through a linear, ti
invariant filter with a frequency response given by

Hsvd  e2ikx0 .

Hence, when a pulse defined by (1) is reflected by
plane reflector (located perpendicular to the direction
propagation and in an ideal noiseless and nonattenua
medium) at a distancex0y2 and further propagates bac
to the receiver, the received signal is given by

rsx, td 
Z 1`

2`

Askde2ifkx2v skdt1wge2iskx0 ddk . (2)

The right-hand side of (2) is the same as the transmit
signal except for a phase lag introduced due to
wave propagation (diffraction and attenuation effects a
ignored). However, when strong scatterers are presen
the material in which the wave pulse is propagating, t
scatterers contribute to a portion of the amplitude be
sensed by the receiver. Thus, the received wave pu
in the presence of scatterers, is defined by the follow
equation6,7:

rsx, td 
Z 1`

2`

Askde2ifkx2vskdt1wge2iskx0ddk

1
Z 1`

2`

Askde2ifkx2v skdt1wge2iskx0 dsskddk ,

(3)

wheresskd 
H

e2ifk,n dn represents the integration ove
all the scatterers present in the resolution volume of
pulse.

It is clear from Eq. (3) above that the first term o
the right-hand side is the transmitted signal itself exce
for a change in the phase delay which is a direct funct
of the ratio of the distance of propagation and wav
length or the product of the propagation distance and
wave number. However, the second term on the rig
hand side of this equation has a random phase

°
fk,n

¢
component. The randomness in the phase is introdu
J. Mater. Res., Vol. 1
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because the phase of the scattered wave component
be a function of the wave number and the positio
of the scatterer within the resolution volume. Althoug
Eq. (3) shows only the ultrasonic attenuation due
grain scattering, there are additional acoustic ene
losses such as geometrical losses due to beam sprea
and wave attenuation caused by absorption. Geometr
losses are neglected here because, as will be discu
later, this is a comparative study of various specime
with different matrix microstructures, but with identica
testing geometry and similar sound velocity for all th
specimens. However, absorption effects are conside
here and Eqs. (1) to (3) can be modified to repres
the amplitude of the elastic stress wave traveling in t
material to a general form as shown below:

A  Aatt ? Aprop , (4)

whereAatt is the attenuated amplitude due to scatteri
and Aprop is the propagation term given by

Aatt  A0e2as fdx (5)

and

Aprop  sin sbx 2 vtd , (6)

whereA0 is the initial amplitude,x is the distance over
which the wave front has traveled,as fd is the atten-
uation coefficient which is a function of the frequenc
f  vy2p of ultrasound,b  2pfyv is a propagation
constant, andv is the phase velocity. The attenuatio
coefficient of a polycrystalline material is defined by

as fd  aas fd 1 ass fd , (7)

whereaa is the absorption coefficient andas is the grain
scattering coefficient due to energy dispersion of t
traveling waves.8 The velocity of wave propagation is
determined by the elastic moduli, which again depen
on the orientation of the grains. If a preferred gra
orientation exists, the medium can become elastica
anisotropic as a whole, so that the velocity is a functio
of the direction of propagation.

The scattering is dependent on the type, size, a
orientation of the grains as well as the mode of incide
waves. The grain scattering problem has been solved
Lifshitz et al. for an isotropic, equiaxed, homogeneou
polycrystalline material.9 Three distinct domains of
attenuation caused by grain scattering exist: (a) Rayle
domain when the wavelengthl . 2pDg, (b) stochastic
domain when l ø 2pDg, and (c) diffusion domain
when l , 2pDg, where Dg is the average grain
diameter with an approximation of spherical grain
The analytical solutions of scattering coefficients fo
each of these cases may be found in the literature.
example, Merkulov obtained the general solutions
both Rayleigh and diffusion scattering for the speci
2, No. 3, Mar 1997 755
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cases of cubic and hexagonal metals.10 An equivalent
theoretical analysis was performed by Bhatia and Moo
for Rayleigh scattering in the case of orthorhomb
materials.11 In general, the attenuation due to grai
scattering for all the different cases can be written
the form

asld  a1yl 1 a2Dg
3yl4 , when l . 2pDg ,

(8a)

asld  b1yl 1 b2Dgyl2 , when l ø 2pDg ,

(8b)

asld  c1yl 1 c2yl2 1 c3yDg ,

when l , 2pDg , (8c)

wherea1, b1, c1, andc2 are absorption coefficients, and
a2, b2, andc3 are scattering coefficients. Thus, from (8a
(8b), and (8c), it is clear that

(i) when l . 2pDg (Rayleigh scattering),

assld  C1Dg
3yl4 , (9a)

(ii) when l ø 2pDg (stochastic scattering),

assld  C2Dgyl2 , (9b)

and
(iii) when l , 2pDg (diffusion scattering),

assld  C3yDg (9c)

whereC1, C2, and C3 are constants.
Hence, the degree of scattering is a function

both the wavelength,l, of the incident ultrasonic waves
and the average grain dimensionDg. It should be noted
that the relationships (9a) to (9c) are valid only if th
grain shape can be approximated as spherical (equiax
Also, the above analysis considers grain boundary sc
tering in single phase materials. In the case of multipha
materials, the impedance mismatch between the c
stituents of the microstructure is of great importanc
This impedance mismatch clearly affects the amou
of scattering coefficients [C1, C2, andC3 in Eqs. 9(a),
9(b), and 9(c), respectively].

In the case of columnar grains, the structure does
conform to the model of spherical grains assumed
equiaxed grains, and therefore, Eqs. (9a) to (9c) are
longer valid. Columnar grains, because of the wavegu
phenomenon, might cause different modes of “guide
waves” to propagate in the test material. Propagati
of higher modes is dependent on the frequency and
cross-sectional dimension of the columnar grains. Wh
the frequency is varied over a range, new modes of wa
propagation are induced in the columnar material, d
pending on the ratio of the cross-sectional dimensi
and the wavelength. Mathematical relations are availa
756 J. Mater. Res., Vol. 1
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for circular and rectangular ducts from which the cros
sectional dimension of the duct can be calculated a
function of the wavelength.12,13 However, since colum-
nar grains generally have irregular cross-sectional sha
the analytical expressions are only approximations
the relationship between the wavelength and the aver
cross-sectional dimension of the grains.

Columnar grains can have a major effect on wa
propagation, especially when the elongated directi
of the grains does not coincide with the direction o
wave transmission. Under such conditions, the dire
tion of propagation of the wave front (group velocit
vector) will be modulated, resulting in the skewin
of the acoustic beam. As a result, the transmitted
trasonic energy might not reach the intended targ
in the material, thereby producing a distorted imag
One form of distortion is the production of a patch
image wherein the acoustic beam reaches the inten
target at some locations and misses the target in oth
due to inhomogeneities in the microstructure. A simil
effect may be evident in the case of textured materia
wherein the preferred orientation of grains may chan
the scattering of elastic waves traveling in the materi
The basic mechanism of change in scattering is d
to the reduced impedance to the acoustic wave fro
when the direction of wave propagation coincides wi
the preferred orientation of the grains. When both colum
nar grains and preferred orientation are present, the ef
of beam distortion may be further accentuated.

FIG. 1. Schematic diagram of the transverse section of a con
uously reinforced composite showing shear wave interrogation
a ceramic fiber embedded in a metal matrix. Angle of inciden
u  24±; refraction angleF  60± (Ti–6Al–4V matrix); distance
of the fiber position from the upper specimen surfaceL  1 mm;
traveling distance of shear wavesx  2 mm.
2, No. 3, Mar 1997
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single
nification
FIG. 2. (a, b) Optical micrographs and (c) back-scattered electron SEM micrograph showing the microstructure of a Ti –6Al–4V/SiC
fiber composite which was consolidated in the sub-transus region. (a) Transverse section, (b) longitudinal section, and (c) higher mag
image of matrix.
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III. EXPERIMENTAL

A. Matrix alloys

The following titanium alloys were used for proces
ing the composites studied in this work: Ti–6Al–4V
Ti–14Al–21Nb, Ti–15Mo–2.7Nb–3Al–0.2Si (TIME-
TAL 21S), and Ti–12Al–41Nb (compositions in wt. %)
Among these, the Ti–12Al–41Nb alloy, correspondin
to Ti–24Al–24Nb in at. %, belongs to the class o
“orthorhombic” titanium aluminide matrix alloys which
J. Mater. Res., Vol. 1
-

g
f

are being considered for composite applications at mo
erately elevated temperatures. The other alloys that a
listed here have been candidates for matrix applicatio
at relatively lower temperatures.

B. Fabrication of composite specimens

Model single fiber and single ply composite sample
consisting of SCS-6 SiC fibers in the various titanium
alloy matrices were fabricated by diffusion bonding o
2, No. 3, Mar 1997 757
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ich was
x.
FIG. 3. (a, b) Optical micrographs and (c) SEM micrograph showing the microstructure of a Ti –6Al–4V/SiC single fiber composite wh
consolidated in the supra-transus region. (a) Transverse section, (b) longitudinal section, and (c) higher magnification image of matri
y
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the reinforcement placed between two titanium allo
sheets using vacuum hot pressing and/or hot isosta
pressing (HIP’ing). The Ti–14Al–21Nb/SCS-6 and
Ti–12Al–41Nb/SCS-6 composites were consolidate
in the two-phase regions below the beta-trans
temperature using a two-step process involving vacuu
hot pressing at 925±C under a pressure of 5.5 MPa
for 30 min followed by HIP’ing at 1010±C under
100 MPa pressure for 2 h. The TIMETAL 21S/SCS-
composite was processed within the beta phase fi
by hot pressing at 925±C for 1 h under a pressure of
758 J. Mater. Res., Vol. 12
tic

d
s
m

ld

10 MPa. In the case of the Ti–6Al–4V alloy, with a
b-transus temperature of,995 ±C, two different types
of composite specimens were fabricated by performi
consolidation at either sub-transus or supra-trans
regions. The sub-transus processing was carried out
HIP’ing at 950±C for 2 h using a pressure of 100 MPa
while the supra-transus consolidation conditions we
identical to those of the two-step processing outlin
earlier. The consolidated composite panels we
typically 2 mm thick with the single fiber or layer of
fibers located at the midplane of the panels.
, No. 3, Mar 1997
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C. Ultrasonic imaging

The fiber embedded in the matrix material wa
ultrasonically imaged using shear wave interrogation.
schematic of the SBR method is shown in Fig. 1. Usin
this technique, a 25 MHz focused ultrasonic transduc
(6.3 mm diameter, 12.7 mm focal length) was operat
in pulse-echo mode. In order to image the embedd
fibers, the wavelength of ultrasonic waves,l, needed
to be comparable to the diameter of the fibers (abo
140 mm for the SCS-6 fibers). Therefore, the ultra
sonic frequency,f, was chosen to be 25 MHz (l ø
100–130 mm, depending on the shear wave velocity
the Ti matrix material). The shear wave velocities,cS , in
the different matrix alloys used in this study, were mea
ured by time-of-flight technique and the correspondin
wavelengths were calculated (l  cSyf). The ultrasonic
wave front was incident on the specimen surface inclin
to the vertical plane at an angle of either 18± or 24±. Both
these angles lie between the first and the second crit
angles, which are defined as the angles of inciden
above which longitudinal and shear waves, respective
will not propagate in the matrix material. As a resul
only vertically polarized shear waves propagated in t
matrix and were incident on the fiber/matrix interfac
(Fig. 1). For an angle of incidenceu  24±, the refrac-
tion angle in the matrix can be calculated by Snell’s la
and isF  60± for Ti–6Al–4V. The distance,L, of the
fiber position from the upper specimen surface was ab
1 mm. Therefore, the shear wave traveling distance,x,
was about 2 mm. All the different specimens used in th
study had the same geometry. The image of the fiber w
obtained by scanning the ultrasonic transducer along a
across the fiber with an increment of 25mm between sig-
nal acquisition points. At each point, the back-reflect
ultrasound was software-gated14 for imaging. Because
of substantial mismatch in acoustic impedance (due
mismatch in elastic properties) between the Ti-bas
matrix and SiC fiber, there is a very strong back-reflect
ultrasonic signal.

D. Metallography

In order to study the correlation between the u
trasonic image and the local microstructure, all th
composite panels were cut normal to the fiber axis a
also normal to the panel along the fiber axis to exami
their transverse and longitudinal sections, respective
It was important to characterize both these sections d
to the following reasons: The transverse sections w
useful for checking the consolidation of the composit
and for determining the position of the fibers within th
composite panel. On the other hand, the longitudin
sections were required to ascertain that the compo
samples were free from damage such as fiber fracture
matrix cracking. These sections were metallographica
J. Mater. Res., Vol. 1
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polished and examined by optical and scanning electr
microscopy (SEM) techniques.

IV. RESULTS AND DISCUSSION

A. MMC microstructures

1. Ti–6Al–4V/SCS-6 (Sub-transus processing)

Optical micrographs from the transverse and th
longitudinal sections of this composite are shown
Figs. 2(a) and 2(b), respectively. These micrograp
depict a fine equiaxed matrix microstructure in th
composite panel. Figure 2(c) is an SEM back-scatter
electron image taken at a higher magnification and sho
equiaxeda phase grains (dark regions) forming the ma
jor part of this structure with a minor amount ofb phase
(bright regions) present ata grain boundaries. The grain
size of thea phase was measured to be about 10mm,
and the average thickness of theb regions was,1 mm.

2. Ti–6Al–4V/SCS-6 (Supra-transus processing)

This material showed a typicalb-transformed ma-
trix composed of ansa 1 bd two-phase “basket weave”
microstructure (Fig. 3). Figure 3(c) is an SEM imag
from a “basket weave” region, indicating the high as
pect ratioa plates andb ligaments formed in various
directions. This elongated morphology was predomina
throughout the composite panel except for a very sm
region of the matrix within,100 mm from the fiber
as observed in Figs. 3(a) and 3(b). The matrix in th
narrow region showed an equiaxed microstructure si
ilar to that seen in Fig. 2 corresponding to sub-trans
processing.

Figure 4 shows an optical micrograph from a tran
verse section of a Ti–6Al–4V/SCS-6 panel containin
only three fibers which was also consolidated in th

FIG. 4. Optical micrograph showing the matrix microstructure aroun
three fibers in a Ti–6Al–4V/SiC single-ply composite which wa
consolidated in the supra-transus region.
2, No. 3, Mar 1997 759
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supra-transus region. The matrix microstructure in t
pane was very similar to that of the single-fiber case

3. Ti–14Al–21Nb/SCS-6

The matrix in this composite was composed of a fi
equiaxedsa2 1 bd two-phase microstructure (Fig. 5)
The a2 phase, which formed a major part of this matri
was equiaxed with a grain size in the range 8–10mm.
The b phase displayed irregular morphologies a
formed in minor amounts ata2 grain boundaries. This
760 J. Mater. Res., Vol. 1
is

e
.
,

d

microstructure was similar to that of the Ti–6Al–4V
matrix which was processed in the sub-transus ran
(Fig. 2).

4. TIMETAL 21S/SCS-6

Figure 6 shows the microstructure of this composi
The matrix of this composite consisted ofb phase
with an average grain size of,70 mm. Some subgrain
structure was also observed as indicated in Fig. 6(a)
posite.
FIG. 5. (a, b) Optical micrographs and (c) SEM micrograph showing the microstructure of a Ti–14Al –21Nb/SiC single fiber com
(a) Transverse section, (b) longitudinal section, and (c) higher magnification image of matrix.
2, No. 3, Mar 1997
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FIG. 6. Optical micrographs showing the microstructure of
TIMETAL 21S/SiC single fiber composite. (a) Transverse secti
and (b) longitudinal section.

5. Ti–12Al–41Nb/SCS-6

The microstructure of the matrix in this composi
was considerably finer than that of the other matric
studied in this work. The matrix consisted of thre
phases, namely, orthorhombic (O), ordered beta (b0),
and a2 which were distributed on a very fine sca
as indicated by the arrows in Fig. 7. The orthorhom
bic phase, corresponding to the continuous gray
gions in Fig. 7(b), formed the major part of this matri
The mean grain intercept of the orthorhombic pha
regions was measured to be 1 to 2mm. The bright
J. Mater. Res., Vol. 1
a
n

s

-
e-
.
e

FIG. 7. (a) Optical micrograph and (b) back-scattered electron SE
micrograph showing the microstructure of a Ti–12Al–41Nb/Si
single fiber composite. (a) Longitudinal section and (b) higher ma
nification image of matrix.

regions in Fig. 7(b) correspond tob0 platelets which
were a few microns in length and oriented in variou
directions.

Table I summarizes the various Ti-alloy matri
phases present, their morphology and average grain
of the relevant phases, along with the ultrasonic she
wave velocities and the corresponding wavelengt
The discussion about the ultrasonic images of S
fiber(s) embedded in various matrices is based on
morphology of the matrix phases and the comparis
2, No. 3, Mar 1997 761
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TABLE I. Different matrix alloy microstructural characteristics and the corresponding ultrasonic wave parameters.

Alloy composition (wt. %) Matrix phases/morphology Dg (mm) of major phase Cs smysd (macroscopic) l smmd

Ti–6Al–4V (i) sa 1 bd equiaxed 10 (a) 3160 126
Ti–6Al–4V (ii) sa 1 bd elongated . . . 3160 126
Ti–14Al–21Nb sa2 1 bd equiaxed ,10 (a2) 3200 128
Ti–15Mo–2.7Nb–3Al–0.2Si b, equiaxed 70 2400 96

(TIMETAL 21S)
Ti–12Al–41Nb sO 1 b0 1 a2d platelets . . . 3050 122
h

s

r
n
m
i

rv
c

i

r
t
l–
io
e
te
g

tic
ed

r
s
se

in
al

e

r
us

is
rial.
nic
he
hy

y
us
of
d;

and
to

r
e

ed

in
le
ic

r
e
in

is

to
between grain size and ultrasonic wavelength for t
frequency of shear waves used in this study (25 MHz

It should be noted that in the case of multipha
alloys, the first matrix phase listed in Table I, secon
column, refers to the major phase in the microstructu
This major phase has a dominant effect on the ultraso
wave propagation. Hence, in the case of the equiaxed
crostructure, the ultrasonic wavelength is compared w
the average size of the major phase. As can be obse
from the table, the ultrasonic wavelength was mu
larger than the average grain size of the major phase

B. Ultrasonic images

Figure 8 shows the ultrasonic images from th
different composites studied in this work. The ultrason

FIG. 8. SBR ultrasonic images from the various SiC fibe
reinforced, titanium-based composites corresponding to the ma
microstructures shown in Figs. 2–7, respectively; (a) Ti–6A
4V/SiC single fiber composite processed in the sub-transus reg
(b) Ti –6Al–4V/SiC single fiber composite processed in th
supra-transus region, (c) Ti –6Al–4V/SiC single ply composi
processed in the supra-transus region, (d) Ti –14Al –21Nb/SiC sin
fiber composite, (e) TIMETAL 21S/SiC single fiber composite, an
(f) Ti –12Al –41Nb/SiC single fiber composite.
762 J. Mater. Res., Vol. 1
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images were obtained by monitoring the shear acous
waves back-reflected from the SiC fiber(s) embedd
in the various metallic matrices.

Figure 8(a) shows the image of a single-fibe
Ti–6Al–4V/SCS-6 composite made with sub-transu
processing (see Fig. 2). Since the matrix in this ca
is equiaxed and fine-grained (Dg  10 mm), the wave-
length,l, is large compared toDg. Therefore, the atten-
uation, assld, of the ultrasonic waves caused by gra
scattering is in the Rayleigh domain, and is proportion
to Dg

3yl4 [see Eq. 9(a)]. In this case, sinceDgyl ! 1,
assld is negligible, and therefore, the ultrasonic imag
of the fiber is very clear.

Figure 8(b) shows the image of a single-fibe
Ti–6Al–4V/SCS-6 composite made with supra-trans
processing (see Fig. 3). Since the matrix in this case
elongated, guided waves are propagated in the mate
For reasons given earlier in this paper, the ultraso
waves transmitted in the matrix do not always reach t
embedded reflector (fiber), thereby producing a patc
image of the fiber.

Figure 8(c) shows the image of a single-pl
Ti–6Al–4V/SCS-6 composite made with supra-trans
processing (see Fig. 4). The image shows only three
the fibers. The matrix in this case is again elongate
hence, guided waves are propagated in the material,
a patchy image of the three fibers is produced similar
the result obtained in Fig. 8(b).

Figure 8(d) shows the image of a single-fibe
Ti–14Al–21Nb/SCS-6 composite (see Fig. 5). Sinc
the matrix in this case is equiaxed and fine-grain
sDg , 10 mmd, the wavelengthl @ Dg. Therefore, the
attenuation of the ultrasonic waves caused by gra
scattering is in the Rayleigh domain and is negligib
in value [see Eq. (9a)]. Hence, a very clear ultrason
image of the fiber is obtained, similar to Fig. 8(a).

Figure 8(e) shows the image of a single-fibe
Ti–15Mo–2.7Nb– 3Al–0.2Si/SCS-6 composite (se
Fig. 6). The matrix in this case is equiaxed, but the gra
size is relatively largesDg  70 mmd and comparable
to the wavelengthl ø Dg. Therefore, the attenuation
of the ultrasonic signal caused by grain scattering
in the stochastic domain and is proportional toDgyl2

[see Eq. (9b)]. In this case,l ø Dg, and therefore,
the attenuation of ultrasonic waves is proportional
2, No. 3, Mar 1997
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the frequency of interrogation:assld is proportional to
1yl or f. Since the imaging of the embedded fiber(
required a relatively high frequency of interrogatio
(about 25 MHz), the back-reflected ultrasonic signal w
completely attenuated, and it was impossible to ima
the fiber using the SBR technique. As discussed befo
while waves with lower ultrasonic frequencies ma
propagate in the matrix with much lower attenuatio
the corresponding wavelengths would be large compa
to the fiber diameter, thereby precluding the imaging
the fiber.

Figure 8(f) shows the image of a single-fibe
Ti–12Al–41Nb/SCS-6 composite (see Fig. 7). Sin
the matrix structure in this case contains a large num
of b0 platelets, preferential wave propagation (wav
microguide effect) occurs on a microscale in the mater
Because of the fine nature of the platelets, the ultraso
wave front is distorted when it reaches the embedd
fiber. Hence, the resulting image of the fiber appea
distorted.

V. SUMMARY

This paper deals with the effect of matrix m
crostructure on the ultrasonic evaluation of fiber rei
forced metallic composite materials. The results ha
provided an insight into the applicability of the ultra
sonic shear wave back-reflectivity (SBR) technique
study MMC’s with several matrix microstructures. Th
present work shows that the ultrasonic image is grea
influenced by the magnitude of ultrasonic wavelength
frequency) relative to the scale of the microstructu
unit or grain size of matrix phases through which th
ultrasonic wave propagates. The morphology of t
matrix phases has also been shown to have a domin
effect. It is evident that the scattering of ultrasound
the matrix material can affect the imaging of embedd
fibers leading to image distortion or complete loss
ultrasonic signal. These effects are important while a
plying ultrasonic techniques for the evaluation of defec
fiber fractures, or fiber/matrix interfacial debonding
metal matrix composites.
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