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High-Resolution Ultrasonic Nondestructive Characterization

MAHESH C. BHARDWAJ*

Ultran Laboratories, Inc., State College, Pennsylvania 16801

ltrasonic nondestructive characteri-

zation (NDC) is receiving a consid-
erable amount of attention from the ma-
terials industry, due primarily to the
current revolution in advanced materials
development and the electronic, structur-
al, and biomedical applications of these
materials. To meet the challenges of ma-
terials characterization objectives, ultra-
sonic science and technology have also
realized substantial developments in re-
cent years.

Correlations of acoustic measurements
(ultrasonic velocities, frequency depen-
dence of ultrasound attenuation, and phase
relations of reflected and transmitted ul-
trasonic signals) with test-material prop-
erties (density, porosity, intergranular re-
lationships, elastic and mechanical prop-
erties) establish the basis for NDC. To
exhibit the reliability of ultrasound for
meaningful NDC, Vary (1987),! Thomp-
son (1982-1988),> Kino (1987),> Duke
(1988),* Bhardwaj (1987, 1990),*¢ Liaw
et al. (1990),7 and others have demon-
strated advancements in time- and fre-
quency-domain analysis of a wide range
of industrial materials and components.
Although the advantages of NDC are nu-
merous and evident, it is still a relatively
new subject. Ultrasonic characterization
is a science-intensive discipline; therefore,
it is imperative to perceive it in light of
other methods that also use a wave as the
characterizing vehicle. Ultrasonic meth-
ods and experimental techniques for char-
acterizing materials properties and mi-
crostructure need to be developed further.

Ultrasonic Resolution

Resolution is the ability of an ultrason-
ic wave to distinguish two closely lying
planes such as the top and bottom sur-
faces, or test surface and internal defect/
discontinuity in a test material. In time
domain, top and bottom surfaces are in-
dicated by the incident and reflected ul-
trasonic signals, respectively. Measure-
ment of time-of-flight (TOF) between these
signals can be used to locate a disconti-
nuity with respect to its distance from the
test-material surface through which ul-
trasound is propagated. Resolution of these
signals can also be used to conduct inter-
nal imaging by monitoring the amplitude
or TOF of the reflected signal, to inves-
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tigate interfacial phenomena in multilay-
ered materials, and to determine the ve-
locity of ultrasound (if thickness is known)
and thickness of test material (if velocity
is known).

v=dlt n

where v is material velocity and ¢ is the
TOF through a thickness 4. The mini-
mum thickness that an ultrasound wave
can resolve in a given material is defined
by

dpin=nN[2 (2)

where 7 is the number of wavelengths (A)
of the interrogating wave.

Since the objective is to distinguish be-
tween the top and bottom surfaces or be-
tween the test surface and an internal dis-
continuityin a test materialin time domain,
it is more convenient to express interro-
gating frequency and its wavelength in
time units. For example, at 10 MHz,
1A=100 ns, 2x=200 ns, and so on. Figure
1 shows idealized time-domain envelopes
of these waves. Wavelength, here, refers
to the period of incident ultrasound:

PO=1/f 3)

where f'is the frequency of incident wave.
Time (period) and distance (wavelength)
can be interchanged to define either the
distance between test-material surfaces,
or TOF between them.

Significance of Incident Time-Domain
Envelope

Consideration of the size of time-do-
main envelope of an incident ultrasonic
wave, i.e., the amount of its vibration with
respect to travel time through a test me-
dium, is of paramount importance in de-
termining its (incident wave) suitability
for a given resolution requirement. For
example, if TOF through a test material
is 200 ns, then its top and bottom surfaces
can be resolved by a 1A 10-MHz ultra-
sonic wave. Despite the frequency, a 2A
ultrasonic pulse is expected to yield poor-
to-marginal resolution, and a 3\ pulse will
produce no resolution at all. Obviously,
because of the excessive vibration, 200-
and 300-ns incident pulses will interfere
with the reflection of a bottom surface
signal lying 200 ns away from the top sur-
face. These relations are idealized in Figs.
2 and 3. Figure 2 shows the wave-prop-
agation sequence of three selected pulses,
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Fig. 1.

Idealized representation of 10-MHz 1, 2i, and 3\ wave-

length ultrasonic time-domain envelopes.
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Fig. 2. Schematic wave-propagation sequence of 100-, 200-, and
300-ns ultrasonic pulses through a test material of 200-ns TOF.

whereas Fig. 3 shows the expected time-
domain traces from these pulses through
the test material of 200-ns TOF.

Figure 4 is a near-perfect simulation of
a real example of 100-, 200-, and 300-ns
interrogating pulses of ultrasound through
a specimen of steel plate (0.6 mm thick
and 5970 m/s ultrasonic velocity) with
200-ns TOF. This experiment proves that
resolution by a 100-ns pulse (top trace) is
excellent, a-200-ns pulse (middle trace)
is poor or marginal at best, and resolution
with a 300-ns pulse (bottom trace), is not
discernible with a 0.6-mm steel plate.

From the foregoing discussion, the fol-
lowing conclusions can be made.

(a) At aspecified ultrasonic frequency,
the pulse width (time-domain envelope or
packet) determines the suitability of res-
olution in a given material with respect
to TOF of the propagating ultrasound in
the material.

(b) If the pulse width of incident ul-
trasound (even when attempts are made
to increase resolution through increased
frequency) is large, compared with the
actual TOF in a given material, then the
resolution of the top and bottom surfaces
of the material is not feasible. For ex-
ample, if a 20-MHz-frequency ultrasound
of a 200-ns pulse is used for the charac-
terization of a 0.6-mm steel plate, then
the ensuing result will most likely corre-
spond to the middle trace of Fig. 4.

100 200 300 400

Time (ns)

500 600

Fig. 3. Idealized or expected time-domain traces from the inter-
rogation of 100- (top trace), 200- (middle trace), and 300-ns (bottom
trace) ultrasonic pulses through a test material of 200-ns TOF.
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Fig. 4. Real example of time-domain traces from approximately
100- (top trace), 200- (middle trace), and 300-ns (bottom trace) ul-
trasonic pulses through a test material with 200-ns TOF. Extreme
left signal corresponds to the top surface of the specimen as well
as to the actual pulse shape and size of the incident ultrasound.
Signal immediately following that of the top surface corresponds to
that of the bottom test material surface. Rest of the right-hand sig-
nals represent multiple reflections of ultrasound through the speci-
men.

Table I. Minimum Resolvable Thicknesses and Spatial Resolution in Selected Materials (Defined by Ultrasonic Velocities)

as Functions of Incident Pulse Widths

iy (MM)*
Incident Frequency Incident Frequency Incident Frequency
(10 MHz) (20 MHz) (50 MHz)

Pulse width (ns)

Pulse width (ns) Pulse width (ns)

Velocity 0.5M" n i) 3 050" N 3 n 0.5¢ P 2 B
(m/s) (50) (100) (200) (300) (25) (50) (100) (150) {10) (20) (40 (60)
60008 0.15 0.3 0.6 0.9 0.075 0.15 0.3 0.45 0.03 0.06 0.12 0.18

120007 0.3 0.6 1.2 1.8 0.15 0.3 0.6 0.9 0.06 0.12 0.24 0.36

*Minimum thickness that can be resolved when direct-reflection technique is used. TOF corresponds to “round-trip” through test material. '0.5 to 0.75 wavelength
pulse widths are possible from “critically” damped and acoustically matched lambda and piezo-film transducers. *At the time of this writing, half wavelength pulse width
at 50 MHz is unknown. *Materials such as fibrous and particulate ceramic composites, powder metals, medium-porosity ceramics, steels, aluminum, ete, "Materials such
as dense oxides, carbides, nitrides, and borides of metals and nonmetals, diamond, sapphire, etc.
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Fig. 5. Typical pulse widths of focused A transducers. Top trace:
nominal frequency is 5 MHz, active area diameter is 12.7 mm, and
focal length in water is 6.3 cm. Measured pulse width is =150 ns.
(Theoretical minimum pulse width (\/2) at 5 MHz is 100 ns.) Bottom
trace: nominal frequency is 10 MHz; active area diameter is 6 mm;
and focal length in water is 1.9 cm. Measured pulse width is =55
ns. (Theoretical minimum pulse width (A\/2) at 10 MHz is 50 ns.)

2hnml

Fig. 6 Typical pulse widths of planar A transducers. Top trace:
nominal frequency is 5 MHz and active area diameter is 12.7 mm.
Measured pulse width is ~~160 ns. (Theoretical minimum pulse width
(\2) at 5 MHz is 100 ns.) Bottom trace: nominal frequency is 10
MHz and active area diameter is 6 mm. Measured pulse width is
=70 ns. (Theoretical minimum pulse width (\/2) at 10 MHz is 50

ns.)

Active transducer
Delay rod - =
Delay retaining ring
Thin layer
of glycerine Test sample

Fig. 7. Coupling of a delay line A-series transducer to the test-
material surface used for the demonstration of high resolution with-
out VHF.

Fig. 8. Resolution (100%}) of top and bottom surfaces of a 1.0-mm-
dense BeO substrate obtained by a delayed contact A-series trans-
ducer (10-MHz nominal frequency and 6-mm active area diameter).
Left-hand cursor is at the delay-BeQ interface; right-hand cursor is
at BeO-ambient interface. Measured TOF is 176.5 ns; measured
velocity of ultrasound is 11 330 m/s.

Active transducer

Delay rod

Delay retaining ring

WC substrate
(3.9 mm)

Thin layer
of glycerine

Dense diamond (0.86 mm)

Fig. 9. Coupling of a delay line A-series transducer to a diamond-
deposited WG tool showing the critical dimensions of the test sam-
ple.
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Fig. 10. Ultrasonic observations from the test setup shown in Fig.
9. Data were acquired by a delayed-contact A-series transducer (20-
MHz nominal frequency and 3-mm active area diameter). Extreme
left is transducer delay-WC interface; second from left is WC—diamond
interface; and extreme right is diamond-ambient interface. Mea-
sured WC TOF is 1.14 us and velocity is 6840 m/s. Measured dia-
mond TOF is 140 ns and velocity is 12 285 m/s.
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1t is now clear that the most important
parameter defining resolution is the width
of the ultrasonic pulse. Therefore, a prac-
tical definition of resolution by ultrasound
must contain a term that specifies the pulse
width.

dminzp (4)

where p is the actual width of an inter-
rogating/incident ultrasonic envelope, and
where d,,;, is also translated into time units
(Eq. (1)). Or, for optimum resolution

P<Mor (3)

where Mgy is the known TOF through
the test material.

For example, to characterize 1-mm-thick
dense Si;N, (12 000 m/s ultrasonic ve-
locity) by direct-reflection technique, the
width of the ultrasonic pulse must be <165
ns, since the round-trip of TOF of this
material is 165 ns. Similarly, to resclve
the interface between a dense diamond
coating (0.5 mm, 12 500 m/s ultrasonic
velocity) on a WC substrate from the dia-
mond side, the pulse width of incident
uitrasound must be <80 ns. Table 1 pre-
vides a list of resolution limits, d,,,, for
two material categories defined by ultra-
sonic velocities as functions of incident
pulse widths. Experience also shows that
indiscriminate increment of frequency for
higher resolution does not necessarily yield
the desired result in all materials. Higher
frequencies do not automatically produce
reduced pulse widths or higher resolu-
tions. Consider the following:

{a) Most high-frequency transducers
(>>30 MHz) are characterized by more
than 2x pulse widths.

(b} Asymmetrical pulse shapes and
distorted frequency-domain characteris-
tics of poorly designed transducers (=30
MHz) are well-known. The combined ef-
fects of such transducers with most com-
mercial ultrasonic excitation and ampli-
fication systems generally yield reduced
frequency response to an otherwise high-
frequency transducer. Reduced frequen-
¢y means increased pulse width and thus
poor resolution.

(¢) According to the frequency depen-
dence of ultrasenic attenuation, it is uni-
versally true that beyond a certain fre-
quency (optimum frequency), attenuation
increases exponentially in the media
through which ultrasound is propagated.
Ultrasonic investigation shows that dense
oxides, carbides, nitrides, and borides of
metals and nommetals, and materials such
as sapphire, quartz glass, and most single
crystals (based upon ceramic starting in-
gredients) are relatively acoustically
transparent over a wide range of frequen-
cies. However, porous and granular ma-
terials are attenuated more rapidly at
higher frequencies. Therefore, indiscrim-
inate increment of frequencies, i.e., with-
out the consideration of a test material’s
frequency-dependence characteristics, will

most likely yield reduced signal strengths,
low signal-to-noise ratios, and poor reso-
lution.

High Resolution without Very High
Frequency

As further advances have been made
in the science and technology of very high
frequency (VHF) ultrasonics, it has be-
come feasible to conduct relatively high-
resolution NDC. As shown in the preced-
ing discussion, if the pulse width of in-
cident ultrasound at a specified frequency
is reduced well below one or two wave-
lengths, then resolution can be dramati-
cally improved. This can be achieved
through “critical” damping and “specific”
acoustic impedance matching of piezo-
electric transducers.® By using a broad-
band amplifier and a short pulse -ve spike
or square-wave excitation system, these
devices generate near perfect A /2 impuls-
es in spherically focused designs (Fig. 5)
and =<1\ pulse widths in planar designs
(Fig. 6). ‘

Devices based upon these designs have
been developed from <200 kHz to
=30 MHz. Specific acoustic impedance
matching from high (43x10° g/(cm?.5))
to low (1.5x10° g/{cm?.5)) has also been
achieved in short-pulse devices. These
considerations, besides facilitating high
resolution, also allow “optimum” trans-
mission of ultrasound through a variety
of materials varying in composition and
microstructure. To characterize relatively
porous and liquid-sensitivematerials, a dry-
coupling mechanism has also been imple-
mented in such transducers. The combi-
nation of high-resolution (high-band-
width) and materials-suitable (dry-
coupling)® methodology has been suc-
cessfully applied to the bulk NDC of su-
percenducting materials.’

Applications of Short-Pulse Ultrasonics
in NDC

In the following paragraphs, some sig-
nificant NDC applications of short-pulse
impedance-matched transducers on se-
lected materials are described. While per-
forming these applications, rf A-scans were
obtained by excitation of transducers with
a short-duration (<50 ns) -ve square-wave
pulser and amplification by a broadband
amplifier (1000 Hz to 30 MHz). Ultra-
sonic images were generated by monitor-
ing transmitted ultrasonic signals through
test materials by computer-controlled ras-
ter scanning of transducers in water. The
acquired image data were further en-
hanced by the image-processing software.

To demonstrate the applicability of the
extraordinary resolution capabilities of h-
series ultrasonics, a delayed 10-MHz and
6-mm active area transducer was used.
The physical arrangement of the trans-
ducer with the test material is shown in
Fig. 7. Since only dense and impervious

materials were examined here, a thin lay-
er of glycerine was used as a coupling
agent between the delay rod and the test
material.

Figure 8 is a time-domain oscilloscope
trace obtained from 1.0-mm-thick BeO
substrate by the direct-reflection method
with a delayed 10-MHz and 6-mm active
area diameter, A-series transducer. Ob-
serve the complete resolution of the top
and bottom surfaces of this material. This
is represented by signals corresponding to
the delay—top surface interface (extreme
left indication) and the bottom surface—
ambient interface (middle indication). {In
Fig. 8, the left-hand cursor is 11 330 m/
s.) Since the pulse width of the transducer
used is short enough, even thinner sam-
ples of BeO or similar materials can be
reliably examined by using this method.
Considering the fact that dense oxides,
carbides, nitrides, and borides are typi-
cally long-wavelength materials (BeQ at
10 MHz being 1.13 mm), it is particularly
encouraging to note that the relatively low
10-MHz frequency (of very short pulse
width) enables extraordinary high reso-
lution without the applications of VHE.
By using dry-coupling designs of A-series
transducers, the same results are obtained
with virtually no reduction in resolution.

To characterize a thin coating of dia-
mond deposited on a WC substrate in a
drilling tool, an arrangement similar to
the one shown in Fig. 7 was used. Ultra-
sound from a delayed 10-MHz and 6-mm
active area diameter A-series transducer
was propagated from the WC side, as
shown in Fig. 9. The resulting ultrasonic
signal is shown in Fig. 10. Here, the left
cursor is at the WC—diamond interface
and the right cursor is at the diamond—
ambient interface. The round-trip TOF
through 0.86-mm-thick diamond is 140
ns, yielding 12 2835 m/s velocity of lon-
gitudinal waves. It is important to note
that despite low (3%) reflectivity at the
diamond-WC interface, the quality of
signal is good enough for its interpreta-
tion.

Transducer coupling to a multilayer
ferrite composite, investigated for inter-
facial quality at the glass—BaTiQ; inter-
face is shown in Fig, 11. Figure 12 shows
A-scans from bonded (top trace) and par-
tiatly bonded (bottom trace) conditions of
BaTiQ, with glass in a multilayer ferrite
composite. These data were obtained by
a delayed A-series transducer, 6-mm ac-
tive area diameter and 10-MHz nominal
frequency. Note that when BaTiO; and
glass {0.4 mm) are bonded (top trace),
the interface (left indication) is clearly
defined from the bottom surface of the
glass (right indication). When there is a
partial or complete disbond at the glass—
BaTiQ, interface, most of the ultrasonic
energy is reflected directly from it, thus
minimizing the reflection from the glass—
ambient interface (Fig. 11, bottom trace).
It is important to note that the reflection
coefficient at the glass—BaTiO; interface
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Fig. 11. Transducer to a multilayer ferrite composite relationship
used for the characterization of BaTiO;—glass interface.

Fig. 12. Ultrasonic observations from the test setup shown in Fig.
11. Data were acquired by a delayed contact A-series transducer
(10-MHz nominal frequency and 6-mm active area diameter). Since
the obiject of this investigation was to characterize bond quality at
BaTiOs-glass interface, only signals corresponding to it and to the
bottom surface of glass are shown here. Top trace is defect-free or
‘good” bond-quality region. Left signal corresponds to BaTiO,—glass
interface; right signal is from glass-ambient (bottom surface) inter-
| face. Bottom trace is defect or partially bonded region. Amplitude
[ of BaTiOs—glass interface is higher than the one in the top trace,
‘ while that of the glass—ambient is lower. This observation indicates
that because of the disbonding of this interface, most of the ultra-
sonic energy is reflected from it, thus the higher amplitude.

Fig. 13. Ultrasonic image of the multilayer ferrite composite (10-
cm diameter and ~4-mm thick) examined by A-scan, Fig. 12. Data
were acquired by a water immersion \-series transducer (10-MHz
nominal frequency, 6-mm active area diameter, and 1.9-cm point
focused in water). Upper-left-hand and center portions of figure cor-
responds to the defects observed in Fig. 12. Lines in figure corre-
spond to the surfacial features of this material.

L O WFH | D UF ..
Fig. 14. Simultaneous high resclution and defect detectability by
using the water immersion method with a 10-MHz, 6-mm active area
diameter, and 1.9-cm A-series transducer. Test sample used for this
demonstration is an aircraft-quality aluminum with an artificial 1-mm
defect located at 0.4 mm from the test surface. Top trace: signal
corresponding to water—aluminum interface in the defect-free region.
Bottom trace: signal corresponding to the reflection (alse multiple
reflections) from the shallow subsurface defect.

is only 2%. Despite this apparently low
reflectivity, a “clean” ultrasonic signal is
observed from this interface.

This material was also examined by ul-
trasonic imaging by using a A-series 10-
MHz, and 19-mm focused transducer.
Figure 13 shows the damaged region (up-
per left-hand and central portions) char-
acterized by a poor bond at the glass—
BaTiO, interface, also reported in Fig. 12.

To demonstrate simultaneous resolu-
tion and detectability of very shallow sub-

surface defects, an artificial defect (1.0-
mm diameter, located at 0.25 mm in an
aircraft-quality aluminum) was charac-
terized. This was accomplished by the
water delay or immersion method, using
a A-series transducer of 10-MHz frequen-
¢y, 6.0-mm active area diameter, and 19-
mm point focus in water. The top trace
in Fig. 14 corresponds to the defect-free
region in the test sample, showing only
the water—aluminum interface. The bot-
tom trace clearly demonstrates the ap-

pearance of the shallow subsurface defect
along with several reflected multiples.
Figure 15 is an example of heteroge-
neity in a ceramic (in this case a 92.3%
sintered alumina) determined by atten-
uation ultrasonic imaging. Observe the
subtle density variations enhanced by col-
ored rings. If the density of the yellow
bands is 92.3%, then the digitally deter-
mined value of the less dense green region
is approximately 83%. Similar investiga-
tions of ceramics have been reported by
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Fig. 15. Computer-enhanced ultrasonic image of a 5.1-cm-diameter
and 1.3-cm-thick specimen of 92.3% dense Al,Q,. Data were ac-
quired by a water immersion A-series transducer (5-MHz nominal
frequency, 12.7-mm active area diameter, and 7.6-¢m point focused
in water). Varied colored rings are presumably indicative of density
variations in this material. At the lower-right-hand portion there is
an indication of a large void, ~1 mm in diameter.

Fig. 17. Ultrasonic image of the internal region of the specimen
analyzed In Fig. 16. Data were acquired by monitoring ultrasonic
scatter from the inner portion of the test sample. If Fig. 16 is assumed
to be the integrated or composite image of this specimen, then this
figure shows the geometry of impact-damaged area only in the inner

region (=~0.7 mm) of this material.

Fig. 16. ULTIMAGE-refined image of an impact-damaged graphite-
fiber-reinforced epoxy composite, 13 mmx 13 mm:x 1.4 mm. Green
lines correspond to graphite fibers; the central region describes the
geometry of the damaged area in this sample. Data were acquired
by a water immersion A series transducer, 5-MHz nominal frequency,
6-mm active area diameter, and 2.5-cm point focus in water.

Generazio ef al. (1988)"° by using very
high ultrasonic frequencies.

Figure 16 is a digitally enhanced ul-
trasonic image of a 1.4-mm-graphite-fi-
ber-reinforced plastic composite artifi-
cially damaged by impact. This analysis
was performed by monitoring the reflec-
tion of ultrasound from the far side of the
test sample. Observe the clean demar-
cation of the impacted region’s geometry
with the appearance of fiber orientation.
Figure 17 shows the results of the same
specimen, but in this case the internal
scatter from the sample was monitored
while acquiring the data. The geometry
of impact damage in this case corre-
sponds to the inner region of the com-
posite. Figure 17 further reveals fiber
damage and delaminations in the inner
region of this sample.

Pulse Width is Critical

In light of the relative novelty of NDC,
the significant elements and requirements
for high-resolution ultrasonics of mate-
rials have been defined. To conduct high
resolution for TOF measurements or for
detection and location of internal discon-
tinuities in materials, it is suggested that
a transducer and an ultrasonic system be
specified with respect to the pulse width
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of an interrogating ultrasonic wave. Mere
specification of the applicable frequency
is not sufficient for high-resolution NDC,
Since ultrasound is capable of providing
useful information about a wide range of
materials, varying in compesition and mi-
crostructure, it is important to consider
wave-material interaction phenomena.
Indiscriminate increment of incident fre-
quency, i.e., without some idea of fre-
quency dependence of ultrasonic atten-
uation with respect to a test material’s
characteristics, can generate undesirable
results. To enhance the resolution and the
accuracy of ultrasonic measurements, at-
tempts should be made to use and gen-
erate the shortest possible ultrasonic pulses.
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