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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 investigated.
The ultrasonic images obtained were correlated with the results of metallographic
characterization of the composites. The results showed that the ultrasonic response of the
metal matrix composites is significantly influenced by the microstructure of the matrix
through which the incident wave traverses. The general effects of matrix on ultrasonic
wave propagation are reviewed, and the ultrasonic signals obtained from various SiC
fiber-reinforced titanium alloy composites are discussed in terms of the scattering effects
of matrix microstructure.

. INTRODUCTION the aforementioned damage evolution phenomena in
There are numerous studies dealing with the applicaMMC's. The role of grain boundaries is of particular im-
tion of nondestructive evaluation (NDE) techniques forportance since engineering alloys which are being con-
investigating fiber-reinforced metal matrix compositessidered for MMC matrix applications are polycrystalline
(MMC'’s). In particular, ultrasonic NDE techniques have in nature. When such materials consist of fine, single
been used in the past for determining the distributiorphase equiaxed grains with no preferred orientation, they
of reinforcements and detectingpacroscopicdefects may be treated as homogeneous and isotropic in many
such as ply delaminations and nonuniform fiber spacingapplications involving ultrasonic nondestructive evalu-
arising from either missing fibers or displacement ofation because the ultrasonic wavelengths are generally
fibers during fabrication of composite panéfsRecent orders of magnitude larger than the grain size. However,
work has demonstrated that ultrasonic NDE is an equallyhe matrix alloy microstructures that are commonly
valuable technique for detectingnicroscopic defects encountered in practice may consist of two or more
arising during the processing of continuously reinforcedphases with nonequiaxed morphologies and preferred
MMC'’s, and that it can be reliably used to minimize orientation. Depending on their size and morphology,
the number of iterations required for optimization of these microstructural features can change the direction of
the consolidation processFurther, it has also been the ultrasonic wave group velocity, thereby significantly
shown that ultrasonic NDE can serve as a powerfubffecting the ultrasonic wave propagation.
tool for studying important damage evolution phenom-  This paper illustrates the influence of matrix on
ena in fiber-reinforced MMC'’s, including fiber fracture ultrasonic wave propagation in several Ti alloy/SiC
and fiber/matrix interfacial debondirtg.However, when fiber composites using the ultrasonic shear wave back-
ultrasonic waves are used to evaluate a composite witteflectivity (SBR) technique which was developed for
a polycrystalline matrix, the waves propagating in thestudying the fiber/matrix interfacial characteristics.
matrix will be scattered by the grains, and the ultra-First, the theoretical aspects of scattering of ultrasonic
sonic evaluation of the material will be affected by thewaves by a polycrystalline medium will be presented.
resulting noise. This will be followed by the experimental work
Therefore, the objective of the present work is todealing with the ultrasonic characterization of SiC fiber-
study the influence of matrix alloy microstructure onreinforced titanium alloy composites with a variety of
ultrasonic wave propagation and its effects in evaluatingnatrix microstructures.
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Il. SCATTERING OF ULTRASONIC because the phase of the scattered wave component will
WAVES IN A MATERIAL be a function of the wave number and the position
An ultrasonic pulse being transmitted by a trans-Of the scatterer within the resolution volume. Although

ducer can be considered as a superposition of marlyd- (3) shows only the ultrasonic attenuation due to
sinusoids and can be represented by the Fourier integrdfr@in scattering, there are additional acoustic energy
osses such as geometrical losses due to beam spreading
1) [HCA(K)e"[”“’(")’W] drc. 1) ;and wave attenuation caused by absorption. Geometrical
700 osses are neglected here because, as will be discussed
later, this is a comparative study of various specimens
with different matrix microstructures, but with identical
testing geometry and similar sound velocity for all the
Sspecimens. However, absorption effects are considered
here and Egs. (1) to (3) can be modified to represent
the amplitude of the elastic stress wave traveling in the

$naterial to a general form as shown below:

where k is the wave numbery is the phasegw is the
angular frequencyx is the spatial coordinate, amds the
time. It should be noted that although the integration i
from —oo to +o0, only some of the amplitudesy«), will
be nonzero subject to the bandwidth of the transducer.
When a wave pulse defined by (1) propagate
through a distancex,, the effect of the propagation
is equivalent to the pulse passing through a linear, time A=Ay Aprop » 4)

invariant filter with a frequency response given b . ) .
a y resp 9 y whereA,;; is the attenuated amplitude due to scattering

H(w) = e '™, andA,., is the propagation term given by

Hence, when a pulse defined by (1) is reflected by a A = Age X (5)
plane reflector (located perpendicular to the direction of d

propagation and in an ideal noiseless and nonattenuati
medium) at a distance,/2 and further propagates back Aprop = sin (Bx — ot), (6)

to the receiver, the received signal is given by _ o _ _ _
where A, is the initial amplitudex is the distance over

*°° : : hich th front has traveled( f) is the att
r(x’ t) — [ A(K)e71[Kx7w(K)t+¢]efz(xx0)dK ) (2) \W |.C e V\./a-VG ron- QS rave ed, f IS the atten-
—o uation coefficient which is a function of the frequency

The right-hand side of (2) is the same as the transmitted — /2 Of ultrasound,8 = 2 f/v is a propagation
signal except for a phase lag introduced due to th&onstant, andv is the pha;e velocny. The attenuation
wave propagation (diffraction and attenuation effects aré:oefflment of a polycrystalline material is defined by
ignored). However, when strong scatterers are present in a(f) = a,(f) + a,(f), 7)

the material in which the wave pulse is propagating, the _ _ . _ _
scatterers contribute to a portion of the amplitude beingvherea, is the absorption coefficient and is the grain
sensed by the receiver. Thus, the received wave pulsécattering coefficient due to energy dispersion of the
in the presence of scatterers, is defined by the followingraveling waves. The velocity of wave propagation is

equatiofi”: determineq by 'ghe elastic moo!uli, which again depen_ds
- on the orientation of the grains. If a preferred grain
Fx, 1) = [ A(k)eTexmewitel =ite) g, orientation exists, the medium can bec_om_e elastlcglly
—o anisotropic as a whole, so that the velocity is a function
te ik ()t ] i) of the direction of propagation.
+ [iw Alk)e € s(k)dxk The scattering is dependent on the type, size, and

(3  Orientation of the grains as well as the mode of incident
waves. The grain scattering problem has been solved by
wheres(k) = § e ¢« dn represents the integration over Lifshitz et al. for an isotropic, equiaxed, homogeneous
all the scatterers present in the resolution volume of th@olycrystalline material. Three distinct domains of
pulse. attenuation caused by grain scattering exist: (a) Rayleigh
It is clear from Eq. (3) above that the first term on domain when the wavelength> 27 D,, (b) stochastic
the right-hand side is the transmitted signal itself exceptiomain when A = 27D,, and (c) diffusion domain
for a change in the phase delay which is a direct functiowhen A <27D,, where D, is the average grain
of the ratio of the distance of propagation and wave-diameter with an approximation of spherical grains.
length or the product of the propagation distance and th&he analytical solutions of scattering coefficients for
wave number. However, the second term on the righteach of these cases may be found in the literature. For
hand side of this equation has a random phasg,) example, Merkulov obtained the general solutions of
component. The randomness in the phase is introducdabth Rayleigh and diffusion scattering for the special
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cases of cubic and hexagonal metdl#An equivalent for circular and rectangular ducts from which the cross-
theoretical analysis was performed by Bhatia and Mooreectional dimension of the duct can be calculated as a
for Rayleigh scattering in the case of orthorhombicfunction of the wavelengtk:** However, since colum-
materialst! In general, the attenuation due to grainnar grains generally have irregular cross-sectional shape,
scattering for all the different cases can be written inthe analytical expressions are only approximations of
the form the relationship between the wavelength and the average
cross-sectional dimension of the grains.
a(d) = a/A + aD/A",  when A > 27Dy, Columnar grains can have a?najor effect on wave
(8a)  propagation, especially when the elongated direction
of the grains does not coincide with the direction of
a@(A) = bi/A + byD,/A\?, when A = 27D, wave transmission. Under such conditions, the direc-
(8b) tion of propagation of the wave front (group velocity
vector) will be modulated, resulting in the skewing
of the acoustic beam. As a result, the transmitted ul-
trasonic energy might not reach the intended target
in the material, thereby producing a distorted image.
g One form of distortion is the production of a patchy

a(A) = ci/A + c2/A* + ¢3/Dy,
when A <27D,, (8c)

whereay, by, ¢1, andc, are absorption coefficients, an

a», b», ande; are scattering coefficients. Thus, from (8a), IMage wherein the gcoustic be‘_am reaches the _intended
(8b), and (8c), it is clear that target at some Ioca_'u_onsl and misses the target in ot_hers
(i) when A > 27D, (Rayleigh scattering), due to inhomogeneities in the microstructure. A similar
effect may be evident in the case of textured materials,
a,(A) = C\D/A*, (9a)  wherein the preferred orientation of grains may change

the scattering of elastic waves traveling in the material.

(i) when A ~ 27D, (stochastic scattering), The basic mechanism of change in scattering is due

a,()) = C2D,/ X2, (9b)  to the reduced impedance to the acoustic wave front,
when the direction of wave propagation coincides with
and the preferred orientation of the grains. When both colum-
(iif) when A < 27D, (diffusion scattering), nar grains and preferred orientation are present, the effect
a,(A) = C3/D, (9c) of beam distortion may be further accentuated.

where C;, C,, and C; are constants.
Hence, the degree of scattering is a function of

both the wavelength), of the incident ultrasonic waves Ultrasonic
and the average grain dimensifn. It should be noted Transducer
that the relationships (9a) to (9c) are valid only if the

grain shape can be approximated as spherical (equiaxec

Also, the above analysis considers grain boundary sca Water
tering in single phase materials. In the case of multiphas
materials, the impedance mismatch between the cor
stituents of the microstructure is of great importance.
This impedance mismatch clearly affects the amount:

of scattering coefficientsd1, C2, andC3 in Egs. 9(a), /

Angle of Incidence, 0
(Between the First and
: the Second Critical Angles)

7

Matrix ,_-[)

9(b), and 9(c), respectively].
In the case of columnar grains, the structure does nc Shear Waves

conform to the model of spherical grains assumed fol
equiaxed grains, and therefore, Egs. (9a) to (9c) are n
longer valid. Columnar grains, because of the waveguids
phenomenon, might cause different modes of “guided-
waves” to propagate in the test material. Propagatior
of higher modes is dependent on the frequency and the
cross-sectional dimension of the columnar grains. Wheh!G. 1. Schematic diagram of the transverse section of a contin-
the frequency is varied over a range, new modes of waygously reinforced composite showing shear wave interrogation of

ti ind d in th I’ terial. d a ceramic fiber embedded in a metal matrix. Angle of incidence
prOpE_)‘ga Ion are In _uce in the co umn_ar ma _e”a' ) €y — 24°; refraction angle® = 60° (Ti—6Al—4V matrix); distance
pending on the ratio of the CFOSS'SEC_UonaI d|mer_'S|0Q)f the fiber position from the upper specimen surfdce= 1 mm;
and the wavelength. Mathematical relations are availableaveling distance of shear waves= 2 mm.

Water
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FIG. 2. (a,b) Optical micrographs and (c) back-scattered electron SEM micrograph showing the microstructure of a Ti—6Al-4V/SiC single
fiber composite which was consolidated in the sub-transus region. (a) Transverse section, (b) longitudinal section, and (c) higher magnification
image of matrix.

Ill. EXPERIMENTAL are being considered for composite applications at mod-
A. Matrix alloys erately elevated temperatures. The other alloys that are
listed here have been candidates for matrix applications

The following titanium alloys were used for process- 44 relatively lower temperatures.

ing the composites studied in this work: Ti—6Al-4V,
Ti—14Al-21Nb, Ti-15M0-2.7Nb—3AI-0.2Si (TIME- o _ _
TAL 21S), and Ti—12AI-41Nb (compositions in wt. %). B- Fabrication of composite specimens

Among these, the Ti—12AI-41Nb alloy, corresponding  Model single fiber and single ply composite samples
to Ti—24AI-24Nb in at.%, belongs to the class of consisting of SCS-6 SiC fibers in the various titanium
“orthorhombic” titanium aluminide matrix alloys which alloy matrices were fabricated by diffusion bonding of
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FIG. 3. (a, b) Optical micrographs and (c) SEM micrograph showing the microstructure of a Ti—6Al-4V/SiC single fiber composite which was
consolidated in the supra-transus region. (a) Transverse section, (b) longitudinal section, and (c) higher magnification image of matrix.

the reinforcement placed between two titanium alloyl0 MPa. In the case of the Ti—-6Al-4V alloy, with a
sheets using vacuum hot pressing and/or hot isostati8-transus temperature 6£995 °C, two different types
pressing (HIP’ing). The Ti—14Al-21Nb/SCS-6 and of composite specimens were fabricated by performing
Ti—-12AI-41Nb/SCS-6 composites were consolidatedconsolidation at either sub-transus or supra-transus
in the two-phase regions below the beta-transusegions. The sub-transus processing was carried out by
temperature using a two-step process involving vacuuriIP’ing at 950°C for 2 h using a pressure of 100 MPa,
hot pressing at 928C under a pressure of 5.5 MPa while the supra-transus consolidation conditions were
for 30 min followed by HIP’ing at 1010C under identical to those of the two-step processing outlined
100 MPa pressure for 2 h. The TIMETAL 21S/SCS-6earlier. The consolidated composite panels were
composite was processed within the beta phase fieltypically 2 mm thick with the single fiber or layer of
by hot pressing at 92%C for 1 h under a pressure of fibers located at the midplane of the panels.
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C. Ultrasonic imaging polished and examined by optical and scanning electron

The fiber embedded in the matrix material wasMicroscopy (SEM) techniques.
ultrasonically imaged using shear wave interrogation. A
schematic of the SBR method is shown in Fig. 1. Using'V. RESULTS AND DISCUSSION
this technique, a 25 MHz focused ultrasonic transducep. MMC microstructures
(6.3 mm diameter, 12.7 mm focal length) was operate ) .
in pulse-echo mode. In order to image the embedded’ Ti—6AI-4V/SCS-6 (Sub-transus processing)
fibers, the wavelength of ultrasonic waves, needed Optical micrographs from the transverse and the
to be comparable to the diameter of the fibers (aboulongitudinal sections of this composite are shown in
140 um for the SCS-6 fibers). Therefore, the ultra- Figs. 2(a) and 2(b), respectively. These micrographs
sonic frequency,f, was chosen to be 25 MHzA(=  depict a fine equiaxed matrix microstructure in this
100—130 uwm, depending on the shear wave velocity incomposite panel. Figure 2(c) is an SEM back-scattered
the Ti matrix material). The shear wave velocities,in ~ electron image taken at a higher magnification and shows
the different matrix alloys used in this study, were measequiaxeda phase grains (dark regions) forming the ma-
ured by time-of-flight technique and the correspondingOr part of this structure with a minor amount gfphase
wavelengths were calculated & cg/f). The ultrasonic ~ (Pright regions) present at grain boundaries. The grain
wave front was incident on the specimen surface incline@ize of thea phase was measured to be aboutu@,
to the vertical plane at an angle of either 8 24°. Both ~ and the average thickness of tBeregions was<1 um.
these angles lie between the first and the second critical
angles, which are defined as the angles of incidence. Ti—-6Al-4V/SCS-6 (Supra-transus processing)
above which longitudinal and shear waves, respectively,  1nis material showed a typica8-transformed ma-

will not propagate in the matrix material. As a result, trix composed of afia + B) two-phase “basket weave”
only _vertlcally polgrlz_ed shear waves propa_ga';ed n th‘?’nicrostructure (Fig. 3). Figure 3(c) is an SEM image
matrix and were incident on the fiber/matrix mterfacefrom a “basket weave” region, indicating the high as-

(.F'g' 1)'|F9r ahn angle_ of |ncl|)denoi!e=| 24;’ ghesrefﬁlc—l pect ratioa plates andg ligaments formed in various
tion angle in the matrix can be calculated by Snell's lawgi q tions. This elongated morphology was predominant

a_md is® n 60° for Ti—6AI-4V. Th_e distancel., of the throughout the composite panel except for a very small
fiber position from the upper specimen surface was abOLHegion of the matrix within~100 um from the fiber

1 mm-bTheZ'efore’ AtnehShé?gr wave traveling d'Stg’_"Ceﬁ as observed in Figs. 3(a) and 3(b). The matrix in this
was about 2 mm. All the different specimens used In thig, o 1oy region showed an equiaxed microstructure sim-

StUdY had the same geometry. Th? image of the flberwq r to that seen in Fig. 2 corresponding to sub-transus
obtained by scanning the ultrasonic transducer along a ocessing

across the fiber with an increment of 28n between sig- Figure 4 shows an optical micrograph from a trans-

nal acquisition points. At each poin_t, th(_e back-reflected ;g sq "section of a Ti—6AI-4V/SCS-6 panel containing
ultrasound was software-gatédor imaging. Because v "three fibers which was also consolidated in the
of substantial mismatch in acoustic impedance (due to

mismatch in elastic properties) between the Ti-based
matrix and SiC fiber, there is a very strong back-reflecte
ultrasonic signal.

D. Metallography

In order to study the correlation between the ul-
trasonic image and the local microstructure, all the
composite panels were cut normal to the fiber axis an
also normal to the panel along the fiber axis to examine
their transverse and longitudinal sections, respectively:
It was important to characterize both these sections du
to the following reasons: The transverse sections wer
useful for checking the consolidation of the composites
and for determining the position of the fibers within the =
composite panel. On the other hand, the longitudina > Y
sections were required to ascertain that, the COmpos”@lG. 4. Optical micrograph showing the matrix microstructure around
samples were free from damage such as fiber fracture anglee fibers in a Ti—6AI-4V/SIC single-ply composite which was
matrix cracking. These sections were metallographicallyonsolidated in the supra-transus region.
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supra-transus region. The matrix microstructure in thismicrostructure was similar to that of the Ti—6Al-4V
pane was very similar to that of the single-fiber case. matrix which was processed in the sub-transus range
(Fig. 2).

3. Ti—14Al-21Nb/SCS-6

The matrix in this composite was composed of a fine
equiaxed(a, + B) two-phase microstructure (Fig. 5). 4. TIMETAL 21S/SCS-6
The «, phase, which formed a major part of this matrix, Figure 6 shows the microstructure of this composite.
was equiaxed with a grain size in the range 8+dfi. The matrix of this composite consisted ¢ phase
The B phase displayed irregular morphologies andwith an average grain size 6f70 um. Some subgrain
formed in minor amounts ak, grain boundaries. This structure was also observed as indicated in Fig. 6(a).

(a)

©) 10 pw

FIG. 5. (a,b) Optical micrographs and (c) SEM micrograph showing the microstructure of a Ti—14Al-21Nb/SiC single fiber composite.
(a) Transverse section, (b) longitudinal section, and (c) higher magnification image of matrix.

760 J. Mater. Res., Vol. 12, No. 3, Mar 1997



S. Krishnamurthy et al.: Role of matrix microstructure in the ultrasonic characterization

FIG. 6. Optical micrographs showing the microstructure of apg, 7. (a) Optical micrograph and (b) back-scattered electron SEM
TIMETAL 21S/SiC single fiber composite. (a) Transverse SeCt'O”micrograph showing the microstructure of a Ti—12Al—41Nb/SiC

and (b) longitudinal section. single fiber composite. (a) Longitudinal section and (b) higher mag-
nification image of matrix.

5. Ti—-12Al-41Nb/SCS-6

The microstructure of the matrix in this composite regions in Fig. 7(b) correspond tB, platelets which
was considerably finer than that of the other matricesvere a few microns in length and oriented in various
studied in this work. The matrix consisted of threedirections.
phases, namely, orthorhombic (O), ordered bedg),( Table | summarizes the various Ti-alloy matrix
and a, which were distributed on a very fine scale phases present, their morphology and average grain size
as indicated by the arrows in Fig. 7. The orthorhom-of the relevant phases, along with the ultrasonic shear
bic phase, corresponding to the continuous gray rewave velocities and the corresponding wavelengths.
gions in Fig. 7(b), formed the major part of this matrix. The discussion about the ultrasonic images of SiC
The mean grain intercept of the orthorhombic phasdiber(s) embedded in various matrices is based on the
regions was measured to be 1 touPh. The bright morphology of the matrix phases and the comparison
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TABLE |I. Different matrix alloy microstructural characteristics and the corresponding ultrasonic wave parameters.

Alloy composition (wt. %) Matrix phases/morphology D, (um) of major phase C; (m/s) (macroscopic) A (um)
Ti—6Al-4V (i) (a + B) equiaxed 104) 3160 126
Ti—6AI-4V (i) (e + B) elongated c 3160 126
Ti—14Al-21Nb (ap + B) equiaxed <10 (a2) 3200 128
Ti—15Mo-2.7Nb—-3AI-0.2Si B, equiaxed 70 2400 96

(TIMETAL 21S)

Ti—12AI-41Nb (O + By + a») platelets C 3050 122

between grain size and ultrasonic wavelength for themages were obtained by monitoring the shear acoustic
frequency of shear waves used in this study (25 MHz).waves back-reflected from the SiC fiber(s) embedded
It should be noted that in the case of multiphasein the various metallic matrices.
alloys, the first matrix phase listed in Table I, second Figure 8(a) shows the image of a single-fiber
column, refers to the major phase in the microstructureTi—6Al-4V/SCS-6 composite made with sub-transus
This major phase has a dominant effect on the ultrasoniprocessing (see Fig. 2). Since the matrix in this case
wave propagation. Hence, in the case of the equiaxed mis equiaxed and fine-graine@{ = 10 um), the wave-
crostructure, the ultrasonic wavelength is compared withength, A, is large compared t®,. Therefore, the atten-
the average size of the major phase. As can be observestion, a,(A), of the ultrasonic waves caused by grain
from the table, the ultrasonic wavelength was muchscattering is in the Rayleigh domain, and is proportional
larger than the average grain size of the major phase. to D */A* [see Eq. 9(a)]. In this case, sinég/A < 1,
as(/\% is negligible, and therefore, the ultrasonic image

B. Ultrasonic images of the fiber is very clear.

Figure 8 shows the ultrasonic images from theT. Figure 8(b) shows the image of a single-fiber

. ) L .~ Ti—6Al-4V/SCS-6 composite made with supra-transus
different composites studied in this work. The uItrasonlcprocessing (see Fig. 3). Since the matrix in this case is

elongated, guided waves are propagated in the material.
For reasons given earlier in this paper, the ultrasonic
waves transmitted in the matrix do not always reach the
embedded reflector (fiber), thereby producing a patchy
image of the fiber.

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

Figure 8(d) shows the image of a single-fiber
Ti—14Al-21Nb/SCS-6 composite (see Fig. 5). Since
the matrix in this case is equiaxed and fine-grained
(D, < 10 um), the wavelengtth > D,. Therefore, the
attenuation of the ultrasonic waves caused by grain
scattering is in the Rayleigh domain and is negligible
in value [see Eg. (9a)]. Hence, a very clear ultrasonic
image of the fiber is obtained, similar to Fig. 8(a).

Figure 8(e) shows the image of a single-fiber
FIG. 8. SBR ultrasonic images from the various SiC fiber- TI._lSMO_Z'?Nb._?’AI_.O'ZSIIS.CS_G . composite (Se.e
reinforced, titanium-based composites corresponding to the matrif_'g' 6) The_mamx in this case is equiaxed, but the grain
microstructures shown in Figs. 2—7, respectively; (a) Ti—6Al—SIZ€ IS relatively |afg€(Dg = 70 um) and comparable
4V/SiC single fiber composite processed in the sub-transus regiorto the wavelengthA = D,. Therefore, the attenuation
(b) Ti-6Al-4V/SiC single fiber composite processed in the of the ultrasonic signal caused by grain scattering is

supra-transus region, (c) Ti—-6Al-4V/SiC single ply composite : : : : : 2
processed in the supra-transus region, (d) Ti—14AI-21Nb/SiC singl(lin the StOCht?StIC dO}Tam and 'E pl‘OpOI‘tIC(i)nilDQé/\
fiber composite, (e) TIMETAL 21S/SiC single fiber composite, and see Eq. (9b)]. In this case) = Dg' and therefore,

(f) Ti—12A1-41Nb/SiC single fiber composite. the attenuation of ultrasonic waves is proportional to
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