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Young's modulus mapping on SCS-6 SIC {/Ti-6Al-4V composite
by electromagnetic-resonance-ultrasound microscopy
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Electromagnetic-resonance-ultrasound microscopy was applied to visualize Young's-modulus
distribution in SCS-6 SiC fiber/Ti-6Al-4V composite. Resonance of a piezoelectric langasite
(LagGa&;SiO, ) crystal is excited and detected by a surrounding solenoid coil without any contact
between them. Point contact with the specimen causes a shift in resonance frequency of the order
of 1074, depending on the local elastic stiffness of the contacting material. Two-dimensional
stepping on the specimen surface provides the image of Young's-modulus distribution. Calibration
measurements based on contact theory allow determination of Young’s moduli of the carbon core
(150 GPa, SiC sheath$180-505 GPpa and Ti-6Al-4V matrix (90 GPa. The radial variation of
Young’s modulus depicts the concentric multi-phase layers in an SCS-6 fibe2008 American
Institute of Physics.[DOI: 10.1063/1.1623611

I. INTRODUCTION of the texture. Moreover, the cross-sectional average of
Young's modulus by the nano-indentation method is smaller
SiC-fiber-reinforced titanium-alloy composites are than those reported previousi#00—430 GPg®~!
promising materials for aeronautical components, because The objective of the present study is to evaluate the local
they show high tensile strength, low mass density, and lowroung’s modulus of the SCS-6 SiJi-6Al-4V composite
thermal expansion at elevated temperatures. Study of thesy  electromagnetic-resonance-ultrasound  microscopy
elastic constants is of great important for designing such atERUM).1? This detects the resonance-frequency shift of a
application. Much research has appeared on theilangasite crystal caused by point contact with the specimen.
microstructuré;?> chemical compositioh, mechanical The acoustic resonance is excited and detected with the pi-
properties* and interfacial properties. Concerning the ezoelectric effect using a contactless solenoid coil. To stabi-
SCS-6 SiC fiber, some studied the relationship between thelize the contact/positioning and enhance the sensitivity, a bi-
elasticity and microstructure. Ning and Pirduzsed high- asing force is needed, which we apply to the nodal points of
resolution transmission electron microscdp¥M) to inves-  the probe’s top face. Thus, the probe is isolated from all the
tigate the microstructures in the carbon-core, carbon-coatingnechanical contacts except for the point contact with the
and SiC regions. They also studied the chemical-compositioapecimen surface. This configuration enables a stable and
variation along the radial direction of the fiber. Sathishsensitive measurement of the resonance-frequency shift for
Cantrell, and Yoétgave the upper and lower bounds of the deducing Young’s modulus of the local region, where the
bulk, shear, and Young’s moduli over the fiber's cross-probe tip is tapping.
section with the Hashin—Shtrikman formula. Maenal’
applied the nano-identation technique to measure the harz-
ness and Young's modulus of the SCS-6 fibers along th |- MATERIAL
radial direction. They gave Young’s moduli of 28 GPa for the A metal-matrix composite made up of polycrystalline Ti-
carbon core, 21 GPa for the carbon coating, and 333 GPa f@Al-4V matrix and unidirectional reinforcing SCS-6 SiC fi-
the whole fiber. bers was studied. It was produced by a foil-fiber-foil tech-
However, there are large discrepancies between Younggique (eight plies at 900°C with 65 MPa hydrostatic
moduli evaluated by the nano-indentation method and thosgompression. Figure(4) shows the microstructures. The SiC
predicted from the microstructure observations. Ning andiber is 143um in diameter and the fiber volume fraction is
PirouzZ revealed that the carbon core consists of randomlyn.35. The average grain size of the matrix alloy ig.
oriented turbostratic-carbaiTC) blocks; the carbon coating Before the elastic-constant mapping, the cross section of
consists of textured TC blocks, whoseaxes are aligned in  the specimen was mechanically polished with finer abrasive
the radial direction. Using the graphite’s monocrystal elastiqpapers and then with colloidal diamond partic{@sl um).
constants, the Hill average predicts Young’s modulus of the  Ning and Pirouz’s TEM studyrevealed a concentrically
carbon core to be 260 GPa. Axial Young's modulus of thelayered structure of multiple phases in an SCS-6 fiFég.
carbon coating should be much larger than this value becauggb)]. The fiber is fabricated by a series of chemical vapor
depositiongCVDs). First, 1.5um-thick pyrolithic carbon is

dAuthor to whom correspondence should be addressed; electronic maig_e.pOSited ona Ca}rbon_ﬁlament of 16 radius, and dgpo-
J tian@me.es.osaka-u.ac.jp sition of 50.um-thick SiC sheath follows. Then, @m-thick
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surface. The probe touches the specimen, fixed oX-ah
stage, through this bearing. Stepped sweeping of the speci-
men provides a two-dimensional image of elastic-constant
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FIG. 1. (a) Mircostructure of SCS-6 SiCTi-6Al-4V composite and(b)

schematic showing multilayered structure.
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carbon-rich coating containing SiC particles is deposited on
the SiC sheath to avoid the surface damage and increase the
interfacial strength. The SiC sheath contains four layers la-
beled by SiC-1, SiC-2, SiC-3, and SiC-4. They have slightly ) ) ) ]
different carbon content and grain orientation. SiC-1, Sic-2Whereeo denotes the dielectric constant in vacuum. Piezo-
and SiC-3 consist of carbon-rich-SiC grains. The SiC-4 €lectric coefficients of langasite are larger than those of

layer is composed of nearly stoichiometgeSiC grains: quartz (langasite’s|e;;| and e, are larger than those of
quartz by factors 2.3 and 4.5, respectiyeynd an electric

excitation can effectively cause oscillation to the crystal
without any contact. Furthermore, the elastic constants show
lower temperature derivatives, of the order of $& %14
Figure 2 shows the setup of ERUM. An oriented which assures the stable resonance frequencies.
rectangular-parallelepiped piezoelectric crystal of langasite The solenoid coil is driven by high-power rf bursts to
stands in a surrounding solenoid coil. A spherical bearing ofjenerate an oscillating electromagnetic field. The electric
tungsten carbidéWC) is bonded at the center of the bottom field interacts with langasite through the converse piezoelec-
tric effect and excites a vibration of the langasite probe.
After the excitation, the same coil receives the vibration of

[2if]=

sym.

IIl. ELECTROMAGNETIC-RESONANCE-ULTRASOUND
MICROSCOPY

ol i
>

" Excitation signal the probe by the piezoelectric effect. The received signal is
col Superheterodyne f .
——————|  spectrometer ed to a superheterodyne spectrometer to extract the in-phase
___..___» .
Langasite g o and out-of-phase components to calculate the amplitude from
f5 Recelved signal the root of the sum of their squate!® A frequency scan
provides a resonance spectrum as shown in Fig. 3.
Specimen In order to analyze the resonance of the crystal probe
contacting the specimen, the bearing-specimen contact is ap-
Computer

proximated as a spring support with spring constant The
normal spring constarks;; and tangential spring constants

FIG. 2. Measurement setup of ERUM. The probe is an oriented rectangulallSll andky, are assumed to be independent of each other; and

parallelepiped measuringl;=10.012 mm, L,=10.043 mm,

=14.405 mm.

and L,

kij=0 for i#]. For a vibrating piezoelectric elastic crystal
with the spring support, Lagrangidm is expressed 43
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FIG. 3. Free-vibration resonance spectrum of a langasite probe measured by
the contactless surrounding coil through the piezoelectric effect. . . .
merical calculation by Eq4) also verify that the resonance

frequency of Ag-15 then shows a sufficiently large sensitivity

1 to the normal spring constalgs; and it is insensitive to the
= Ej J' J' (SijCijki S+ 2S€ijk Pk diigij D tangential constants;; andks,.
0 We identified Ag-15 mode by measuring the displace-

ment amplitude oti; using laser-Doppler interferometigee

) 1 Fig. 4(b)] and comparing it with the calculation in Fig(a}.
—pwu)dV+ 5 kiju;uidsS, 4 The calculation and measurement agree well with each other,
r confirming the mode identification and the location of nodes

and antinodes. Becausg and u, of this mode show the

\évizelr;ij”’]ep r;tUia;n?jngl(éc?rri?: thst:rt]:f;r treegszrétsglszr?flqsny’ nodes at the bottom center point, the tangential contact stiff-
P ' P ' b Y ness has little influence on Ag-15 mode and we igndegd

denote the volume and the surface of the piezoelectric crys- .
. : . 7randky, in EQ. (4)
tal, respectively. Because the exact solutions are unavailable, . .
. T According to the classical contact thedfthe normal-
we express the displacement vedtb[u,,u,,us]' and the . . ;
contact spring stiffneskss is

electric potentiakp in linear combinations of orthogonal ba-

sis functionsY as Kyg=AE* %, (8)
U=Ya, (5)  where the effective Young’s moduli&" is given by
d=Yb, (6) i_l—v§+1—v§ ©
wherea and b are unknown coefficient vectors. Legendre E* Es B
polynpmiaIst are selected as the orthogonal basis, whiche and v are Young’s modulus and Poisson’s ratio; the sub-
are given by scripts 1 and 2 denote the bearing and the specimen, respec-
1 Skl Pmii tively. Here, constanté and 65 depend on the biasing force
Y P (X1, X0, X3) = A/ N Fo and the shape of the contacting elements. For example,
VLilols 2 2 5;=2/3 and A=3/6RF, for the contact of two elastic

spheres of radiufR (Hertz contagt The contact is more
X A /_2n+1 p (ﬁ) p (ﬁ) p (ﬁ) complicated in the present case, because three elefemts
2 MLy ML) "ML gasite, bearing, and specimeparticipate. We assume that

(7)  the dependence in the form of E@) is still valid, whereA

and &3 are determined from calibration measurements. Fig-

ure 5 shows the regression curve for the measured

resonance-frequency shifts with an acrylic pldt€0) sur-

Yace of monocrystal silicon, and a tungsten—carbide plate.

We used a tungsten—carbide sphere bearing of 0.35 mm ra-

(ﬁjius and the biasing force &f;=0.41 N. The free-vibration

esonance frequency wég=0.342 877 MHz.

Here,L,; denotes the edge length of the rectangular parallel
epiped along the; axis. Substitution of Eqg$5)—(7) into Eq.

(4) yields the resonance frequencies and corresponding di
placement distributions of the probe with Lagrangian mini-
mization (SI1=0).

Free vibrations of an oriented rectangular parallelepipe
of I?pgasite fall into four groups labeled by Ag, Au, Bg, and
Bu.*" We selected Ag-15 mode for the present measurement,

Using Egs.(4)—(7), we calculated the displacements with IV RESULTS AND DISCUSSION

each resonance mode and found that the out-of-plane dis- Figure §a) presents an ERUM image of the composite.
placement @3) of Ag-15 mode has an antinode near the The probe scanned the surface at everyrb. Figure €b)
center of the bottom surfad¢€ig. 4@)] and the in-plane dis- shows the result of a linear scanning along the dashed line in
placements {; and u,) have nodes at this point. The nu- Fig. 6(a). Young’'s modulus in the SiC-fiber region varies in
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FIG. 5. Resonance-frequency shifts by touching three reference material
and the regression curve based on the contact thEérglenotes the effec-
tive Young's modulus of the material anigy the free-vibration resonant
frequency of the langasite probe.

an axisymmetric way. This demonstrates that microstructure

of the SiC fiber is strongly dependent on the CVD condition.

Assuming Poisson’s ratio to be 0.25, Young’s moduli were

inversely calculated to be 15(r8 GPa for the carbon core,
180-400 GPa for the SiC inner shea(BsC-1-3, 505+115
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FIG. 6. The ERUM image of the composite measured with the 0.35 mm

radius bearing and 0.41 N biasing for¢a). Two-dimensional image an(th)
line trace of the frequency shift shown (a).
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FIG. 7. The ERUM image of the composite measured with the 0.5 mm
radius bearing and 0.73 N biasing for¢e). Two-dimensional image an()
line trace of the frequency shift shown (a).

GPa for the SiC outer sheatsiC-4), and 9G-20 GPa for
the matrix. Our result of carbon core is several times larger
than the previous measuremel(®8 GPa in Ref. 7 and 40
GPa in Ref. 19 The Hertz-contact theory predicts the con-
tact radius to be larger thangn, while the TC blocks were
measured to be 1-50 nm in diameter. Thus, one measure-
ment includes many TC grains and the ERUM provides the
orientation-averaged Young’s modulus for the carbon core.
As mentioned above, the Hill-average Young’s modulus is
260 GPa in the carbon core, which is closer to our result, but
still larger. We attribute this to incohesive bonding or micro-
cracking at the TC-block boundaries.

Young’s modulus of (isotropig polycrystalline Ti-
6Al-4V was reported to be 111 GBAwhich agrees with our
measurement. Note that the tip-contact area is comparable
with the grain sizg6~9 um) and the modulus in the matrix
region will vary at every measuring point depending on the
crystallographic orientation.

In order to study the influence of the tip radi(® and
the biasing force E,) on the measurements, another ERUM
image of Fig. 7 was obtained using=0.5mm andF,
=0.73 N. The resonance-frequency shift doubles being com-
pared with Fig. 6; the increase IR and F increases the
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Carbon corf | Outer SiC sheathl V. CONCLUSION
700 1 | | Electromagnetic-resonance-ultrasound microscopy
Inner SiC sheath Ti-6Al-4V matrix (ERUM) visualized local Young’s modulus in an SCS-6
600- /’ SiG /Ti-6 Al-4V metal-matrix composite. We determined the
" \ modulus distribution across the SiC fiber imbedded in the
—_ 500- AR Ti-alloy matrix by measuring the resonance-frequency shift
5: 400 e \ of Ag-15 mode of the langasite probe and using the regres-
Q, sion curve based on the contact theory. Obtained Young’s
= 300 ® \ <o moduli were 15678 GPa for carbon core, 180—400 GPa for
| / o\._./ \. SiC inner sheaths, 585115 GPa for SiC outer sheath, and
200{*~¢ * 90+20 GPa for matrix.
100 The ERUM result for the carbon core is much closer to

y y T the Hill-average prediction than those reported previously.
With the better modulus resolution, ERUM is capable of
r(um) characterizing fine structures, which conventional methods
have not observed. This includes the radial variation in the
SiC region. In the outer region, the modulus is decreased
with the carbon diffusion from the outer coating. ERUM also
sensitivity to the specimen modulus. Young's modulus of thedetects the modulus increase at the outer carbon coating.
carbon core was evaluated to be larger when using ldaRger
andF,. We attribute this to the larger contact area, which is
estimated to be 14m in radius. The contact then encom- ACKNOWLEDGMENT
passes the carbon core and the inner-carbon coating. The
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FIG. 8. Radial variation of Young's modulus across the SCS-6 SiC fiber.



