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Harold E. Kautz and Brad A. Lerch
Lewis Research Center
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SUMMARY

Acousto-ultrasonic (AU) measure-
ments were performed on a series of
(0lg, [901g, [£301pg, (#4515, [+6012¢,
[0/90125, and [90/0]y¢ tensile specimens
composed of eight laminated layers of
continuous, SiC fiber reinforced Ti-15-3
matrix. The frequency spectrum was dom-
inated by frequencies of longitudinal
wave resonance through the thickness of
the specimen at the sending transducer,
while signal propagation from the sender
to the receiver was by shear waves. The
magnitude of the frequency spectrum of
the AU signal was used for calculating a
stress-wave factor (SWF) based upon
integrating the spectral distribution
function. The SWF was sensitive to
fiber/matrix debonding due to mechanical
strain and also to unconstrained thermal
cycling. Damage in this MMC structure
due to tensile loading or thermal
cycling was detected by this change in
the magnitude of the frequency spectrum.
A measure of the speed of the acousto-
ultrasonic pulse between the sending
transducer and the receiver was obtained
by calculating mean time, or first
moment, in the time domain signal. This
parameter shows some sensitivity to the
stiffness of the tensile specimens.

This sensitivity to stiffness needs fur-
ther study.

INTRODUCTION

An approach to improving reliabil-
ity and reproducibility of structures is
to utilize nondestructive evaluation
(NDE) techniques during research and
development. An NDE technique can some-
times be substituted for a destructive

test (see, e.g., ref. 1). This proce-
dure not only can affect a savings in
research time and material resources,
but can also lead to a more fundamental
understanding of the parameters that
determine strength and life.

Acousto-Ultrasonics (AU) is a tech-
nique that was devised to meet the par-
ticular problems associated with NDE of
composites such as the need to evaluate
the strength and integrity of internal
interfaces (ref. 2). It has proven sen-
sitive to strength parameters such as
interlaminar shear strength (refs. 3
and 4), and damage conditions such as
transply crack density (ref. 5). All
such results have been previously
obtained on fiber reinforced polymeric
resin structures. It is the object of
the present investigation to determine
to what extent the technique can be
applied to metal matrix composites
(MMCs), and in particular, to typical
tensile specimen geometries employed in
research and development of this
material.

EXPERIMENTAL
Acousto-Ultrasonic Technique

The AU technique, as it is prac-
ticed at NASA Lewis, has been described
in detail elsewhere (ref. 3). AU uses
two piezoelectric transducers, as shown
in figure 1. The sender introduces
ultrasonic pulses into the tensile
specimen. The pulses move in the length
direction of the specimen and are sam-
pled by the receiver, as shown in fig-
ure 2. This collected and digitized
waveform is the AU signal.



In the present work, the ultrasonic
pulse and waveform digitizer sweep were
initiated from a Panametrics 5052PRX
pulser. It was set at minimum repeti-
tion rate of 500 Hz, damping = 6, and
energy level set at 4. The receiving
transducer output was amplified using
two 25 dB amplification stages of an HP
model 8447D having a bandwidth of 0.1 to
1300 MHz and then sent to a Tektronics
7912AD digitizer.

The transducers were coupled to the
tensile specimen surface through elasto-
meric pads with a force of 12 N. This
force on the pads is in a range that
produces minimal fluctuation in coupling
efficiency. The pads were 1.27 cm long
by 0.3 c¢cm wide strips, and were 0.1 ¢m
thick when not under the force. For all
fiber orientations, the ultrasonic path
from sender to receiver was parallel to
the loading axis of the specimen. Three
transducer combinations were employed.
They were: 5 MHz sender with 2.25 MHz
receiver, 2.25 MHz sender with 2.25 MHz
receiver, and 2.25 MHz sender with 1 MHz
receiver. For all three combinations
the transducer centerline separation was
maintained at 1.91 cm. The most useful
data were acquired with a 5-MHz broad
band sending transducer and a 2.25 MHz
broad band receiving transducer.

For each set of conditions described
above, and on each specimen measured at
each processing step, six AU waveforms
were collected. Three were collected on
each side. Because of alternating sides
between measurements, the transducers
were recoupled to the specimen before
each measurement. Data presented here
are averages of six values. Error bars
represent one standard deviation of the
values.

Materials Tested

The metal matrix composite was a
Si1C(5CS-6) reinforced Ti-15V-3Cr-3Sn-3Al
(Ti-15-3) material which contained eight
rows of fibers, yielding a total compos-
ite thickness of 0.20 cm. The nominal
fiber volume fraction was 34 percent.

Additional microstructural details of
this material can be found in references
6 and 7. Room temperature tensile tests
were performed on [0]g and [+£30]p5 as
well as a fewer number of tests on
(45125, [+£60]25, [0/9012¢, and [901g
layups. Two specimen designs were
employed; the first being a 1.27-cm wide,
straight-sided specimen, and the second

a specimen having a reduced gauge sec-
tion. The gauge width in the reduced
section was 0.76 cm. Selected specimens
were given a heat treatment of 700 C for
a 24-hr period in vacuum, the remainder
of the specimens were tested in the as-
fabricated condition. Testing was per-
formed in a servohydraulic machine under
a constant total strain rate of 1x10-%/
sec. Strain was measured using an exten-
someter which was mounted on the edge of
the specimen. Some tests were interrup-
ted prior to failure and examined using
AU to determine if the development of
damage could be detected.

_Two [90/01p¢ (the first number is
the fiber orientation in the outermost
ply) specimens were thermally cycled by
repeatedly Towering and raising tham into
and out of a furnace. These specimens
were cycled between 200 and 1000 °F for
2000 cycles.

RESULTS AND DISCUSSION
Acousto-Ultrasonic Signal Analysis

Figure 2 shows a typical time
domain waveform and figure 3 is its mag-
nitude spectrum. The spectra for this
combination of AU parameters always
exhibited two peaks. In the case of the
unidirectional tensile specimens, for
example, one peak was at 1.6 MHz and the
other was at 3.1 MHz. The broadband
transducer combination: 5 MHz sender/
2.25 MHz receiver was the most favorable
for resolving these frequency peaks. It
appears that the 1.6 MHz peak is the
fundamental frequency for standing wave
resonance through the specimen thickness
at the sending transducer and that the
3.1 MHz peak is the first harmonic. One
might expect a series of higher order



peaks to appear in the spectrum. As it
turns out, a small second harmonic some-
times does appear. In general, however,
the spectrum is subject to the response
range of the transducers and to the
attenuation in the specimen as well as

in the elastic couplant pads. These fac-
tors preclude the presence of a series of
higher order harmonic peaks.

It is believed that the ultrasonic
energy travels from the standing wave
region under the sender to the receiver
by means of shear waves with their dis-
placement vector oriented the same as
that of the standing waves. This is
j1lustrated in figure 4. There are two
indications that this model is correct.
First, rough measurement of the velocity
of the pulses in the specimen length
direction indicates that it is between
0.2 and 0.4 cm/usec. This range includes
the expected shear wave velocity for Ti
of 0.312 cm/usec (ref. 8). The second
indication comes from an additional
experiment performed on a thick panel.
With the sending transducer coupled in
the usual AU configuration, a shear wave
transducer was coupled to the edge as a
receiver. Its response was strong when
it was oriented for normal-to-surface
wave displacements, but weak for in-
plane displacements. The experiment
showed that an important mode of ultra-
sound propagation from the sender to the
receiver 1s by shear waves that have the
same frequency distribution, and dis-
placement vector direction, as the lon-
gitudinal waves resonating under the
sender. They may be considered Lamb
Waves. Lamb waves have earlier been
shown useful in AU analysis (refs. 9
and 10).

From the above model of the spectrum
one can calculate a through-thickness
longitudinal wave ultrasonic velocity for
the tensile specimens. If the fundamen-
tal peak is at fy, the first harmonic
peak is at fy, and the specimen thick-
ness is t, then the through thickness
velocity can be calculated from either
peak.

From the fundamental:

V = ZtF] (M

From the first harmonic:

V= tf2 (2)

The high frequency peak gave more
reproducible velocities from specimen to
specimen than did the Tow one. The value
was approximately 0.66 cm/usec for all
ply orientations.

Preliminary investigations with SiC/
Ti-15-3 panels of significantly greater
thickness agree with the assumptions used
above. For example, a SiC/Ti-15-3 panel
four times as thick produces an AU fre-
quency spectrum with a fundamental peak
at about one fourth of the frequency
(i.e., at 0.4 MHz). Applying equations
(1) or (2) to the thicker panel yields a
velocity of about 0.66 cm/usec, identical
to that found in the thin tensile speci-
mens. These results compare with a lon-
gitudinal velocity of 0.58 cm/usec
obtained for the same calculation on the
AU spectrum obtained with a panel of
Ti-15-3 matrix material and 0.57 cm/usec
for pure titanium. These results are in
close agreement with the range of 0.57 to
0.61 cm/usec found for various Ti alloys
with conventional pulse-echo measurements
(refs. 11 and 12).

These through-thickness velocity
results are summarized in table I along
with an estimate velocity calculated from
the known properties of the composite's
constituents. The calculation assumes
that the wave passes through SiC for
34 percent of the thickness with a veloc-
ity of 1.2 cm/usec and through the
Ti-15-3 for the remaining 66 percent of
the distance at 0.57 cm/usec. The veloc-
ity through the composite is then calcu-
lated by the rule of mixtures. This
calculation sets an upper bound for the
through thickness velocity in the compos-
ite. The measured velocity in the com-
posite was larger than that measured for



the matrix material, suggesting that the
fibers affect the wave propagation. How-
ever, they do not play as large a role as
one would expect from the rule of mix-
tures calculation. This may be an indi-
cation of fiber/matrix debonding or
porosity within the material. The dif-
ference in calculated velocity may also
be caused by other phases which have not
been taken into account (e.g., the c-core
in the fiber or phases at the fiber/
matrix interface), but which may affect
the velocity.

Tensile Behavior

Typical stress-strain plots for the
[0]lg and [+301y5 are shown in figure 5.
The tensile behavior for the [0lg speci-
mens is approximately linear to failure
(failure is defined in this paper as sep-
aration of specimen into two pieces). A
small nonlinearity does exist near the
ultimate tensile stress. The [+30]y4
specimens show a nonlinear behavior
almost from the beginning of the test.
Occasionally, a sudden load drop would
appear in the tensile curve (see, e.g.,
the [£30]p5 specimen in fig. 5) which was
associated with an audible click. This
occurred in both orientations and did not
occur at any particular stress/
strain level. A summary of the tensile
properties for the specimens of all the
Tayups investigated is given in table II.
The elastic modulus, E, was calculated
using a least squares analysis of the
initial, linear portion of the stress-
strain curve.

Acousto-Ultrasonics and Interrupted
Tensile Tests

For the tensile specimens, stress-
wave factors (SWF) were calculated by
integrating the magnitude spectrum, G(f):

b .
SWF = f G(F)df (3)
a

This was done for various limits of inte-

gration, a and b as indicated later.
Several specimens were interrupted

during tensile testing and examined using

acousto-ultrasonics. All of these speci-
mens were strained into the nonlinear
elastic region, that is, the instantane-
ous tangent modulus at these strains is
lower than the original elastic modulus.
Table III Tists them along with their
strain at interruption and, where avail-
able, a summary of the observations from
subsequent metallographic examination.
Metallography showed (ref. 13), that the
primary form of observable degradation
present in each case was debonding. It
should be noted that the degrees of
debonding 1isted in table III are quali-
tative. A quantitative description is
not possible since there is a resolution
problem associated with the earlier
stages of debonding. In addition, only
certain portions of the interface along
the fiber debond, which depend upon the
local stress conditions and bond
strengths.

Figure 6 shows the acousto-
ultrasonic stress-wave factor in both the
before tested state and after some degree
of tensile straining. These SWF values
were calculated employing equation (3)
with a =0and b = 12.8 MHz (the total
spectrum). The [0lg specimens show some
decrease in the SWF after straining, but
the change is statistically insignifi-
cant. In addition, the specimen which
was strained to near failure (specimen
E7) and which has some evidence of damage
shows the same degree of change in the
SWF, if not less, than the specimen which
was strained just past the proportional
Timit (specimen 3) and showed no evidence
of damage.

Both the [90]g specimens show sig-
nificant changes in the SWF after strain-
ing. Specimen 40, which was strained to
1.00 percent, showed a larger decrease in
the SWF than specimen 39 which was only
strained to 0.60 percent. This change
corresponds to the observed difference in
damage states between these two speci-
mens, the damage being much more exten-
sive in specimen 40.

~There were three [£30]p¢ specimens
in the interrupted tests. Of them, only
specimen 13, strained to 0.61 percent,



showed a statistically significant
decrease in SWF from before the test.
Specimen 10 was strained to 0.5 percent
and showed slight amounts of debonding
similar to specimen 13. However, the
decrease in SWF was not statistically
significant. The third [£30]p¢ specimen,
D10, showed no change in SWF in going

from before the test to the final state

of 0.80 percent strain despite the fact
that after the test extensive debonding
was observed.

These experiments suggest that the
amount of damage due to tensile straining
can be identified using the AU technique.
However, the issue of reducing the scat-
ter in the SWF observed in some specimens
must first be addressed before this tech-
nique can be used effectively. This
scatter can result from various sources,
some of which could be specimen to speci-
men variation in: (1) residual stresses,
(2) warpage in the specimens, and
(3) surface finish. These sources may
also influence the degree of change
between the initial state and the damaged
state.

Acousto-Ultrasonics and Thermally
Cycled Specimens

Two ([90/01p¢) specimens were meas-
ured with acousto-ultrasonics before and
after thermal cycling. The SWF for the
integration limits of a = 2.56 and
b =5.12 MHz 1n equation (3) (i.e.,
including the first harmonic peak) was
found to decrease due to the thermal
cycling step. Figure 7 shows this result
in terms of a normalized SWF where the
SWF integral with 1Timits of a = 2.56,

b =5.12 is divided by the SWF with Tim-
fts of a =0and b =12.8 MHz. Based
on an earlier investigation (ref. 14),
the thermal cycling is expected to pro-
duce some interfacial debonding as well
as a few, isolated matrix cracks. How-
ever, this limited form of damage did not
influence the residual tensile properties
as was indeed shown by subsequent tensile
tests (see, e.g., table II). Therefore,
the AU method is capable of detecting
small amounts of damage in this material

which would not be evident by performing
coarser, destructive tests. The SWF in
the range of the fundamental peak was
relatively unchanged, again suggesting
that higher frequencies may be more
effective in detecting damage.

Acousto-Ultrasonics and Stiffness

Since the stiffness effects ultra-
sonic velocity, the aspect of the AU
signal most likely to be modulus sensi-
tive is the time of transit from sender
to receiver and the first moment of the
time domain signal, or mean arrival time.
This signal is shown in figure 2.

This mean, t, of the time domain

signal wf(t) is:
T
f absIwf(t) 1t dt
T- OT (4)
[ abs[wF(t) 1dt
0
Where T s the time of the end of the

signal record, in this case 20 usec.

This equation (4) function is plot-
ted versus tensile modulus for various
ply layups in fiqure 8. Figure 8 shows
that the higher the tensile modulus (and
therefore also the higher the shear wave
velocity along the length of the spec-
imen), the earlier the AU signal arrives
at the receiver. Note that specimens of
five different layups are plotted in fig-
ure 8. The data indicate that the AU
signal does not see specific fiber orien-
tations but rather the resultant stiff-
ness of the structure.

In figure 8, one data point lies to
the right of the other data. This [0lg
specimen (5) had an anomalously high
modulus compared to the other unidirec-
tional, [0lg specimens (i.e., 258 com-
pared to an average modulus of 186 GPa).
The fiber volume fraction of this speci-
men was the same as the other [0lg spec-
imens (table II). Also, the matrix
hardness for this specimen was identical



to all other specimens, excluding the
possibility that either a change in the
fiber or matrix properties or a differ-
ent fiber volume fraction led to the
high modulus. However, metallographic
evaluation indicated that the reaction
zone surrounding approximately half of
the fibers in this specimen was larger
than usual, having a thickness of ~3 pm
(fig. 9) rather than the 0.3 um observed
in the other specimens (ref. 7). The
reason for the large reaction zone is
unknown. MWith all other factcrs being
the same, this leads to the conclusion
that the quality of the interface can
significantly affect the elastic modulus
of the composite. It also can be con-
cluded that the AU method is capable of
detecting such constituent anomalies, at
least when they affect the stiffness of
the composite.

Acousto-Ultrasonics and
Specimen Geometry

The relationship between the thick-
ness of the specimen and the shape of the
AU frequency spectrum has already been
discussed. Besides this it was found,
as with other materials, that the signal
strength, and hence also the absolute
SWF, increases with the cross-sectional
area of the path from sender to receiver.
The use of the normalized SWF and mean
time of arrival eliminates this geometry
dependence since the dimensions cancel
out between the numerator and the denomi-
nator in the calculation. In the present
work this allowed the equivalent compar-
ison of mean arrival times for specimens
with both reduced gauge and straight
sides which were considerably different
in width.

CONCLUSIONS

Composite damage due to tensile or
thermal loads can be detected using the
AU method and could perhaps be used to
determine when a specific metal matrix
component is nearing its useful life and
should be removed from service. Acousto-
ultrasonics also appear to be sensitive
to certain interface characteristics.

Sometimes, as in the case of the
thermally cycled specimens, it is pos-
sible to identify a portion of the AU
signal that is more sensitive to the
mechanical property of interest than are
other portions. MWhen this is so one can
take advantage of normalization. This
can render the SWF less vulnerable to
varfability in factors such as transducer
coupling.

The acousto-ultrasonic signal indi-
cates that it may be possible to use the
mean arrival time as a nondestructive
monitor of tensile modulus in SiC/Ti-15-3
MMC specimens. More data are needed,
which would include specimens having a
wider range of modulus values, in order
to assess the precision with which one
can use SWF to predict modulus, although
the initial results shown in this work
are promising.

Future studies should be designed to
enhance the high frequency part of the AU
spectrum. This will allow the measure-
ment of the second or higher harmonics in
the signal and permit a more accurate
calculation of the SWF. The higher har-
monics should also be more sensitive to
damage in the composite.
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TABLE I. - THROUGH-THICKNESS LONGITUDINAL WAVE ULTRASONIC VELOCITY
CALCULATIONS FOR S1C/Ti-15-3, AND ALSO MONOLITHIC MATERIAL

Laminate code Thickness, | First harmonic, | Velocity?,
cm MHz cm/usec

[0]8 0.21 3.1 0.66
{£30]7¢ .19 3.36 .65
[230]g; .76 .86 .66
[£45)5, .19 3.30 .63
{60174 .19 3.33 .63
[0/90§25 .19 3.30 .63
[90/017¢ .20 3.27 .65
Ti-15-5 matrix 11 5.10 .58
Ti metal 1.17 .49 .57
Estimate for -—— —_— 7N

34 percent SiC

and 66 percent

T-15-3

dvelocity calculated using equation (2).

TABLE II. - ROOM TEMPERATURE TENSILE PROPERTIES OF

SIC/Ti-15-3
Specimen E, | Ltaminate | Fiber, Heat
number GPa code vol% treatment
2 181 | rolg | 33.9 None
3 192 | [0lg 34.8 700 °C/24 hr
4 178 | [0lg 33.6 700 °C/24 hr
5 258 | [0lg 34.1 700 °C/24 hr
6 193 | [01g 33.6 None
7 183 | (0lg 34.0 700 °C/24 hr
8 179 | [Olg 33.4 None
9 197 | [01g 35.4 | 700 °C/24 hr
10 150 | [=3015 38.4 | 700 °C/24 hr
11 150 | (230155 33.7 | 700 °C/24 hr
12 152 | {30334 34.4 | 700 °C/24 hr
13 149 | {£30]5¢ 34.5 700 °C/24 hr
14 129 | [£30]p5 34.3 None
15 142 | [230]74 34.5 None
16 141 | [=30]z5 34.3 None
18 148 | [23015 34.2 | 700 °C/24 hr
ATl 117 | (=457 34.9 ] 700 °C/24 hr
Fi 117 | [=601p4 ———= | 700 °Cr24 br
B2 148 | [0/901p5 | --—- | 700 °C/24 hr
B4 159 | [0/90155 | 33.2 | 700 °C/24 hr
B112 | 143 | [0/90155 | --—- | 700 °C/24 hr
c2d 138 | [50/0]175 -—-- 700 °C/24 hr

4Thermally cycled between 200 and 1000 °F for 2000
cycles.

TABLE III. - INTERRUPTED TENSILE TESTS OF Si1C/Ti-15-3

Specimen | Laminate Straln at tevel of
number code interrupttion, | debonding
percent
K (0lg 0.50 None
detected
E6 {01g B0 -
E7 (0] .85 Slight
39 {9018 .60 Siight
40 (901 1.00 Extensive
10 [:30?25 .50 Slight
13 {30125 .61 Slight
D10 (£30195 .80 Extensive
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