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This paper presents the development of a new non-contact acousto-thermal signature (NCATS) non-
destructive evaluation technique. The physical basis of the method is the measurement of the effi-
ciency of the material to convert acoustic energy into heat, and a theoretical model has been used
to evaluate this. The increase in temperature due to conversion of acoustic energy injected into the
material without direct contact was found to depend on the thermal and elastic properties of the mate-
rial. In addition, it depends on the experimental parameters of the acoustic source power, the distance
between sample and acoustic source, and the period of acoustic excitation. Systematic experimen-
tal approaches to optimize each of the experimental variables to maximize the observed temperature
changes are described. The potential of the NCATS technique to detect microstructural-level changes
in materials is demonstrated by evaluating accumulated damage due to plasticity in Ti-6Al-4V and
low level thermal damage in polymer matrix composites. The ability of the technique for macro-
scopic applications in nondestructive evaluation is demonstrated by imaging a crack in an aluminum

test sample. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4749245]

. INTRODUCTION

Mechanical loading of materials is well known to cause
temperature changes.'~ Inducing temperature changes in ma-
terials, components, and structures through mechanical load-
ing and capturing the temperature change using a sensitive
infrared (IR) camera has been used effectively for nondestruc-
tive evaluation.*”’ In general, such methods have been given
different names such as vibrothermography, thermosonics,
sonic IR, and thermoelastic stress analysis.*"!” The method
has been effective in the detection of defects such as cracks
and delaminations in metallic, ceramic, and polymer matrix
composites (PMCs). One of the major advantages of this tech-
nique is that large structures and structures with complex cur-
vature can be evaluated. The source of the thermal gradient
in the temperature images that identifies these types of de-
fects has been attributed to the rubbing of the closed faces of
a crack or delamination.'! 12

In general, there is very little difference between vibroth-
ermography and thermosonics/sonic IR. In vibrothermogra-
phy, the structure is mechanically excited with frequencies
ranging from a few Hz to tens of kHz. In the low frequency
range the structure is physically attached to a mechanical ex-
citation source, such as a dynamic shaker.!! On the other
hand, for higher frequencies (kHz) range the structure is in
contact with a piezo-shaker or an ultrasonic horn. To impart
significant mechanical energy a couplant like grease is used.!!
In thermosonics/sonic IR, most often an ultrasonic horn, of
the type often used for plastic welding, is used where the
structure or component is physically contacted by the ultra-
sonic horn and is excited at tens of kHz.® A challenge of
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contact based thermosonic/sonic IR and vibrothermography
methods is in producing a consistent contact between the horn
and the sample to obtain a repeatable excitation for detec-
tion of the damage of interest. Varieties of materials, includ-
ing card stock, leather, Teflon, aluminum, and copper, have
been used to produce a repeatable contact with some degree of
success.'? The location of test sample clamping points, pres-
sure applied at the clamps, and pressure applied at the horn tip
have been reported to affect results as well.> ' Another prob-
lem is the high energy and high amplitudes at which the horn
is operated. When the horn is in direct contact with the sam-
ple, the horn in effect hammers the sample.'® This can cause
undesirable effects on the surface of the sample and at de-
fects like cracks in the sample causing deformation, fretting,
and wear.'* !5 It has been suggested that contact excitation
of this type will induce damage in the sample if not applied
correctly. This is supported by literature illustrating the use
of a 20 kHz ultrasonic horn to produce high cycle fatigue in
samples.'®!7 However, proper management of the coupling
process and excitation parameters can be used to mitigate this
risk.!?

In general, studies are reported in the literature*! con-
cerning mechanical excitation of materials through physical
contact and observation of heat generation that have estab-
lished the basic principles of acousto-thermal based nonde-
structive evaluation (NDE) methodology for defect and dam-
age evaluation. A major challenge to the adoption of an
acousto-thermal based technique for NDE is the requirement
to dynamically load the specimen/component. Designing fix-
tures for components and specimens to ensure a repeatable ex-
citation at appropriate acoustic frequency is very challenging.

9
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Thus the technique has remained a laboratory tool for evalu-
ation of materials. The basic principle of the technique pre-
sented here is the excitation of a material with high amplitude
acoustic waves without contact between the specimen and ex-
citation source, and measuring the change in the temperature
caused by the interaction of acoustic waves with the material.
When the material undergoes a change that alters the acousto-
thermal coupling, the interaction between the acoustic waves
and the material is modified, causing a change in the expected
temperature distribution in the material due to the acoustic
excitation. The basic mechanism of interaction between ma-
terial and ultrasonic wave to generate heat is described in
Sec. I. The experimental setup is described in Sec. II. Opti-
mization and calibration of individual components of the in-
strument to observe non-contact acousto-thermal signatures
in the material is described in Sec. III. To illustrate the appli-
cations of the non-contact acousto-thermal technique, three
examples are presented in Sec. IV. The examples investi-
gate accumulation of plasticity in Ti-6Al-4V, detection of in-
cipient thermal damage in polymer matrix composite plate,
and detection and imaging of a crack in an aluminum alloy
component.

A. Heat generation due to acoustic wave interaction
with the material

When acoustic wave pulse encounters a boundary with
a linear elastic material (LEM) a portion of the energy is (1)
reflected from the boundary and another portion (2) is trans-
mitted into the material. As portion (2) propagates through the
LEM a portion is (2a) absorbed by the material and a portion
(2b) propagates until it reaches another boundary at which
point the process begins again. This process continues until
the total pulse energy is reflected, absorbed, or transmitted by
the LEM. The absorbed energy can be broken down into com-
ponent losses such as thermo-elastic loss. The thermo-elastic
loss is the loss due to heat which occurs over the entire vol-
ume of material that is excited.?*-?!

Consider a sinusoidal acoustic wave,

(1)

o = 0, sinwt,

propagating in the material where o is the stress at any time t,
0, is the maximum amplitude, w = 27 f, and f is the frequency
of the acoustic wave. This produces a sinusoidal strain &, in
the material which will be out of phase with the stress by a
phase angle 8. Following Nowick and Berry,?> the average
energy dissipation per cycle is

o2
W = 27 Tané <ﬂ> ,

°E 2

where Tan § is the internal friction in the material, E is the
Young’s modulus, and o, is the maximum amplitude of the
acoustic wave. Assuming that all the dissipated energy is con-
verted into heat under adiabatic conditions, the rate of change
of temperature per unit volume of the material is

dT _ 27f Tand (Uéax>

a_ 3
dt oC 2E )

P

2

Rev. Sci. Instrum. 83, 095103 (2012)

where p is the density of the material and C,, is the specific
heat at constant pressure.

Considering heat loss to the environment, and radiation
losses, the rate of change of temperature can be written as

2
T _ Zmf Tand <UL> T T+ ewA(T* - TY),
dt pC 2E oC,

“
where k is the thermal conductivity of the material and T, is
the ambient temperature, ¢ is the emissivity of the sample, «
is the Stefan-Boltzmann constant, and A is the surface area.
Most often in thermo-elastic and photo-thermal experiments,
the temperature changes induced by external excitations are
small. Hence, the radiation contribution can be neglected.
Thus the major contributor that needs to be considered is
thermal conduction.?

After neglecting the radiation term in Eq. (4), the con-
version of acoustic energy to thermal energy in the volume of
the interior of a linear elastic material can be seen to depend
on both the elastic properties (E and Tan §) and the thermal
properties (k, Cp) of the material.

It is clear that a change in one or more material properties
(k, Cp, E, and Tan §) will result in a change in acousto-thermal
energy conversion, and therefore a change in the amount of
thermal energy observed. This is the basis of the acousto-
thermal NDE technique described here.

P

Il. EXPERIMENTAL METHOD

A schematic of the experimental setup used for non-
contact acousto-thermal signature (NCATS) measurement is
provided in Figure 1. The instrumentation consists of a high
amplitude acoustic wave generator (900 BCA, Branson Ul-
trasonics) operating at 20 kHz with a maximum power out-
put of 1000 W. A sample is placed just ahead of the tip of
the horn, with an air gap between the horn and the sam-
ple. An infrared (IR) camera (Merlin Mid-IR, Indigo Inc.)
is placed on the opposite side of the sample to image the
temperature change in the sample. A computer is used to
capture and analyze the temperature data. When the high am-
plitude acoustic generator is excited the acoustic waves prop-
agate through the air gap and interact with the sample. Part
of the acoustic wave energy is reflected off the front inter-
face and, part is transmitted into the sample. A portion of
the acoustic energy is transmitted through the sample, and a
portion is absorbed by the sample. The absorbed energy is
converted into heat. The heat generated increases the temper-
ature of the sample and the IR camera detects the temperature
changes. In many acousto-thermal/vibrothermal,'8: %2324
photo-thermal,B‘25 and thermo-elastic!?-2° experiments, car-
bon paint is often used to enhance the emissivity of the sur-
face. In the experiments described in this paper no emissivity
enhancement paints were used. All the measurements were
performed on the bare surface of the samples.

Since the acoustic horn does not come into contact with
the sample during acoustic excitation, the temperature change
observed is only due to the conversion of acoustic energy into
heat and depends on the amplitude of the acoustic wave in-
cident on the sample, the distance between sample and the
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FIG. 1. Schematic of the NCATS experimental setup.

horn, and the material properties of the sample. The tempera-
ture change in the sample is typically only a few degrees and
requires a high sensitivity camera for accurate detection. The
measurements are performed at ambient temperature, and the
sensitivity of the IR camera should be very high in the range
of 20 to 25 °C. Hence a careful calibration is required. From
Eq. (4) it is clear that the temperature change in the sample
depends on the amplitude of the acoustic waves interacting
with the sample. The acoustic wave amplitude varies inversely
with the distance from the acoustic horn. Therefore, a mini-
mum distance between the sample and the acoustic horn will
yield the best signal to noise ratio. However, for non-contact
acoustic interaction with the sample, the acoustic horn must
not come into contact with the sample at any excitation power.
This requires an accurate characterization of the acoustic horn
displacements to determine the minimum distance between
the sample and the acoustic horn.

A. Acoustic horn displacement and positioning

The high amplitude acoustic horn consists of a stack of
piezo-electric transducers. When the stack is excited by a
20 kHz sinusoidal signal, the longitudinal elongations of each
of the transducers in the stack add to produce a large longitu-
dinal strain. This strain is amplified by a mechanical booster.
The strain generated by the booster is further amplified by an
exponential horn designed to produce its highest strain at the
tip. The horn is designed to have a tip that is an anti-node and
displaces like a piston. The piston like behavior of the horn tip
was confirmed by measuring the out of plane displacement of
the horn tip with a laser vibrometer (Polytec model PSV-400,
OFV-5000). Although the motion was viewed in three dimen-
sions as a movie, Figure 2 shows the view at two extreme
positions of maximum and minimum displacements and the
neutral position. It can be seen that the face of the horn moves
like a piston when excited.

The acoustic horn displacement measurements were per-
formed utilizing an optical fiber displacement sensor (Model
D20+H1PQ, Philtec, Inc.) in front of the acoustic horn. The
acoustic horn was excited with different power levels, and the

3
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FIG. 2. Displacement amplitude across the ultrasonic horn during vibration.

wave form of the acoustic signal and the absolute acoustic
displacement was measured and recorded. Figure 3 shows the
absolute displacement of the horn tip for different excitation
powers. The horn output is measured in terms of percent of
the maximum power. In the range of power of 500 W through
1000 W, the acoustic displacement is linear and the maxi-
mum displacement was 180 pum at the highest power level
(1000 W). These measurements are used to determine the dis-
tance between the sample and the horn to ensure the horn does
not contact the sample during acoustic excitation.
Characterization of the acoustic displacements of the
horn, as a function of input power, determines the distance
between the sample and the horn required to prevent contact.
The distance between the horn and the sample was set us-
ing mechanical methods. For ease of operation the stack, the

180 T T T r

170 -
160 |- i
150 |- -
140 |- -

130 | .

Displacement (zzm)

120 |- .
1m0 | -

100 f -
| 1 1 |

500 600 700 800 900 1000
Power (Watt)

FIG. 3. Displacement of the horn with increasing input power.
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booster, and the exponential horn were assembled and set hor-
izontally on a support. A manual translation stage with mi-
crometer is attached to the support to enable and track the
movement of the horn along its long axis. For mechanically
adjusting the distance, the acoustic horn was moved using the
micrometer to bring the acoustic horn into contact with the
sample and establish the zero position. From this point
the micrometer was used to back the horn off the desired dis-
tance to ensure it did not contact the sample when activated
yet allowed maximum displacement. This method was quite
simple, easy to use, and works with any material. A draw-
back of the method was that physical contact has to be de-
termined by visual observation and operator experience. To
remove operator bias when the sample is electrically conduc-
tive, an electrical resistance measurement can be used to de-
termine contact. In this method, the sample and the acoustic
horn form part of an electrical circuit and the circuit resistance
was monitored to determine when contact occurs. When the
two are not in contact the resistance will be greater than 1
M€ and less than 100 2 when contact exists. This method
was reliably used to establish the physical contact between an
electrically conductive sample and the horn. Once contact was
established, the acoustic horn was set to the desired standoff
distance using the micrometer.

1. Characterization of the temperature sensitivity
of infrared camera

The changes in the temperature of the specimen due to
acoustic excitation are imaged and measured with the IR cam-
era. The manufacturer quoted noise equivalent temperature
difference (NETD) is less than 0.025 K with less than 0.018
being typical.?’” Although this is a measure of the high sensi-
tivity of the IR camera, the minimum temperature that can be
resolved by the camera depends on the A/D digitization rate
and the temperature range in which the camera is used.”®?’
In the NCATS experiments, the temperature changes due to
acoustic excitation are in the range of 0.1 to 2 °C from ambi-
ent. Since the temperature changes are small, the camera sen-
sitivity was examined between room temperature and 35 °C.
A black target was immersed in a temperature controlled wa-
ter bath (Haake DC30) and heated from 22°C to 35°C in
steps of 0.5 °C. The temperature of the black target was set
to desired temperature with a resolution of +/— 0.01 °C using
the temperature controller. The temperature of the black tar-
get was measured with the IR camera. The sensitivity of the
IR camera in the temperature range of 22 to 35 °C was found
to be linear and the sensitivity was determined as 0.0125 °C
per count.

2. Characterization of acoustic horn temperature

In the non-contact acousto-thermal technique the interac-
tion of acoustic energy with the sample is expected to produce
a small change in the temperature. To ensure that the tempera-
ture being imaged is only due to conversion of acoustic energy
to heat, other sources of heat needed to be eliminated. From
the experimental setup it can be recognized that the acous-

4
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tic horn was closer to the sample than any other component
of the system. It is reasonable to assume that the large dis-
placements of the horn would cause the horn to heat by sim-
ilar thermo-elastic effects, and this heat might be conducted
to the sample resulting in temperature changes in the sample.
This was explored by imaging the acoustic horn tip with an IR
camera at increasing amounts of input power (500 W through
1000 W) and periods of excitation from 250 ms to 1000 ms.
The temperature of the tip of the acoustic horn did not change
for any combination of input power levels and excitation du-
ration tested. The length of the acoustic horn was designed
to be equal to a quarter wavelength, with the tip being an
anti-node for maximum longitudinal displacement. In a bar
undergoing longitudinal resonances, the nodes are formed at
maximum compression while the antinodes are at maximum
elongation. The temperature at the nodes will be a maximum
while at anti-nodes it will be a minimum. Thus, at the anti-
node (tip) of the horn the temperature rise is expected to be a
minimum. The tip of the horn is a free surface vibrating in air
with minimum resistance while propagating acoustic waves
into the air. The combination of the tip being an anti-node and
the tip moving freely in air with minimum resistance appear
to be reasons that there was no observable change in temper-
ature at the horn tip during the excitation at all input power
levels and durations tested.

lll. MEASUREMENT OF TEMPERATURE CHANGES
IN THE SAMPLE DUE TO ACOUSTIC EXCITATION

The basic physical mechanism in the conversion of
acoustic energy to heat in a sample is described in Eq. (4),
and it shows that the conversion depends on the frequency
and amplitude of acoustic excitation, absorption of acoustic
energy, Young’s modulus, specific heat, and thermal conduc-
tivity of the material. Apart from the intrinsic physical prop-
erties, to observe a measurable increase in temperature the
experimental parameters need to be optimized. These param-
eters include (i) the input power to the acoustic horn, (ii) dura-
tion of the acoustic horn excitation, and (iii) distance between
the sample and the horn tip. An experiment using a sample
of Ti-6Al-4V was performed to investigate and optimize the
experimental parameters.

A. Temperature changes in the sample for fixed
distance between sample and the horn, fixed
excitation time, and varying input power

The distance between the acoustic horn and the sam-
ple was set at 300 um. The excitation time of the horn was
fixed at 250 ms and the time-temperature response was mea-
sured at different power levels from 500 W to 1000 W in
100 W increments. Figure 4 shows the time-temperature re-
sponse for six different input powers collected over a period
of 2.75 s. It is clear from the figure that the temperature of
the sample increased rapidly, attained a maximum, and then
decreased slowly. In general for all input powers, the shape of
the curves is similar. The maximum temperature attained by
the sample increased with increasing excitation power. The
sample reached maximum temperature 250 ms after acoustic
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FIG. 4. NCATS time—temperature signatures at different input powers to the
horn. Distance between horn and sample: 300 um. Duration of excitation:
250 ms. Sample: Ti-6Al-4V.

excitation for all the input powers. It is interesting to note that
the time-temperature behavior observed in NCATS measure-
ments is similar to the laser flash method used to measure
thermal properties of materials*® and conventional thermog-
raphy used in NDE technique.®'~*3

B. Temperature changes in the sample for fixed power
and fixed distance for different excitation durations

The sample-horn distance was set to 200 um, such that
for a 1000 W excitation there is no contact between the sam-
ple and the acoustic horn. The time-temperature response was
collected for excitation durations (pulse lengths) of 250 ms,
500 ms, 750 ms, and 1000 ms and is shown in Figure 5. The
general features of the time-temperature responses are similar
to Figure 4. For all excitations the temperature of the sample
increased to a maximum and then decreased gradually. The
maximum temperature attained by the sample increased with
increasing acoustic excitation duration. The time required for
the sample to reach maximum temperature increased with the

25 -
©250ms
2 1 '
3 ©500ms
H 750ms
H
§1-5 1 8 ©1000ms
= o
<
11 e
°
.
1
0.5 i
od
0

6000 8000 10000 12000 14000

Time (ms)

2000 4000

FIG. 5. NCATS time—temperature signatures for increasing excitation time
of the horn. Input power to the horn 1000 W. Distance between sample and
horn: 200 um. Sample: Ti-6Al-4V.
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duration of excitation from 685 ms for 250 ms excitation time
to 1335 ms for 1000 ms excitation period. It was expected
that the time required reaching maximum temperature by the
sample to be same as that of the acoustic excitation period.
Instead the experimental measurements showed the tempera-
ture of the sample continued to build up beyond the acoustic
excitation period.

Although the time-temperature diagrams in NCATS ex-
periments are generally similar to that of flash thermography
and IR thermography there is a difference between them in
terms of the sources of heat generation and propagation. In
flash thermography, and pulse laser methods the source is
a direct heat pulse. Thermal diffusivity in the material con-
trols the heat propagation to the other side of the sample. The
shape, width, and number of pulses determine the maximum
temperature, and time to reach the maximum temperature on
the opposite side of the sample. In NCATS experiments, the
sources of heat generation, and propagation are quite com-
plex. The conversion of acoustic energy to heat occurs in the
entire volume of the sample. In addition, interaction of acous-
tic waves of wavelength much larger than the thickness of the
sample can generate thermal gradients and diffusion of heat
from hotter region to colder region.”!-?>* The possibility of
several heat sources spread over the volume of the material
complicates ascribing the exact location of heat source and
at best it can be thought of volumetric in nature. The physi-
cal processes that lead to internal friction are known to have
relaxation behavior?!>>%> and are different for different ma-
terials. The combination of internal friction mechanisms, its
relaxation behavior, and the thermal gradient in the sample
thickness impact the maximum temperature and time required
to attain maximum temperature on the opposite side of the
sample.??3%3* Thus, the heat generation and propagation in
NCATS is much more complicated and material dependent
compared to other methods, which use heat as a direct input.
Currently we are exploring the possibilities to examine the
role of each heat source and its impact on buildup of the tem-
perature beyond the acoustic excitation period.

C. Temperature changes for fixed input power
and fixed duration of excitation for varying
distances between sample and the horn

To examine the temperature changes for fixed input
power and fixed duration of excitation for varying distances
between sample and the horn, the input power was held
constant (1000, 800, and 600 W) and duration of excitation
was chosen to be 1000 ms. The distance between the horn
and the sample was varied using the micrometer attached to
the acoustic horn. Care was taken to set the distance such
that the horn would not contact the sample, a minimum of
600 um at the highest power (1000 W). At each distance
a time-temperature response was obtained and the maxi-
mum temperature attained by the sample was determined.
Figure 6 shows the variation of maximum change in tem-
perature with distance between the sample and the horn for
excitation power of 1000, 800, and 600 W. The measurements
show that the maximum temperature change in the sample
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FIG. 6. Change in maximum temperature in the sample for varying distances
between sample and the horn. Horn power settings: 1000 W and 800 W. Du-
ration of excitation: 250 ms. Sample: Ti-6Al-4V.

decreases exponentially with increasing separation between
the sample and the acoustic horn.

Analysis of the measurement of change in temperature of
the sample, due to conversion of acoustic energy into heat vol-
umetrically in the interior of the sample, shows that it depends
on the input power to the horn, distance between the sample
and the horn, and the duration of excitation. The change in
the temperature of the sample increases with increasing in-
put power, for a fixed distance between sample and the horn,
and duration of excitation of the horn. On the other hand it
decreases with increased distance of separation between sam-
ple and the horn. The results of the measurements are used to
optimize the temperature observed in a material by adjusting
the input power to the horn, duration of excitation, and dis-
tance between the sample and the horn. Apart from the exter-
nal experimental conditions described above, the temperature
changes in the sample due to conversion of acoustic energy
into heat depends on the volumetric thermal and elastic prop-
erties of the material.

IV. DEMONSTRATION OF THE APPLICABILITY
OF NCATS

Three different types of samples: a flat dog bone Ti-
6Al-4V, polymer matrix carbon fiber composites, and an alu-
minum alloy aircraft wheel were used to demonstrate the ap-
plicability of the NCATS system. Ti-6Al-4V samples were
used for examining the optimization of the NCATS system
and to evaluate damage due to plasticity. Polymer matrix com-
posite samples were used to demonstrate the capability of the
NCATS technique to evaluate incipient thermal damage in
composite structures. An aluminum alloy aircraft wheel with
a crack was used to show the applicability of the technique for
nondestructive evaluation and detection of defects (cracks) in
components.
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A. Accumulated damage due to tensile loading

It is well known that ductile metallic materials undergo
plastic deformation under uniaxial loading beyond the yield
stress. With continued loading the material will reach its ulti-
mate stress and further loading will cause it to fracture. The
relationship between the stress-strain curve and changes in
microstructure during deformation in ductile metallic materi-
als has been studied over the last several decades, and a gen-
eral understanding has been obtained. In the elastic region, the
material can recover with no measurable changes in behavior
or structure. Beyond the yield stress, due to the generation,
accumulation, and motion of dislocations, the metal can no
longer completely recover from the induced strain. The ac-
cumulation of dislocations increases the hardness. Continued
plastic deformation increases dislocation density until the be-
ginning of necking and void formation. Voids form at favor-
able locations in the microstructure and grow in the interior of
the sample with continued plastic deformation. Micro-cracks
form later due to void coalescence or void growth. Eventually
the micro-cracks grow large enough and cause the sample to
fracture.

A ductile material subjected to stresses beyond the elastic
limit contains accumulated damage in the form of increased
dislocation and evolving dislocation structure. The accumu-
lated damage can produce a small (0.1% to 1%) change in
the elastic modulus, electrical conductivity, and thermal con-
ductivity. Thus, conventional NDE techniques based on ul-
trasonic, eddy current, and thermographic methods have lim-
ited ability to detect this relatively low level damage caused
by plasticity. This is because conventional NDE techniques
measure the elastic modulus, damping, thermal conductivity,
or specific heat individually, and in many cases the measure-
ment methods do not have the sensitivity to observe the very
small changes in these parameters due to plasticity. NCATS
does not measure a single property, but a combined effect.
As evident in Eq. (4), the NCATS is not only sensitive to the
elastic modulus, thermal conductivity, and specific heat, but
the internal friction (Tan §) has critical contribution to tem-
perature changes. It is clear from Eq. (4) that the NCATS re-
sponse is a combination of multiple physical properties and a
small change in any one may lead to an observable change in
AT, thus improving the detection of small material property
changes in a material due to plasticity.

To demonstrate the feasibility, flat dog-bone Ti-6Al-4V
samples having a gage section of 254 mm x 12.7 mm
x 2.3 mm were used in experiments. The material had an
equiaxed microstructure comprised of 60% primary alpha and
40% alpha-beta lamellas, an average grain size of 20 um,
and less than 10% crystallographic texture.?>-3¢ The samples
were annealed to remove any residual stresses resulting from
machining. The removal of residual stress was confirmed by
x-ray diffraction residual stress measurements.

The NCATS tests were performed with a stand-off dis-
tance of 200 um between the sample and the ultrasonic horn,
pulse duration of 1 s, and the horn power set at 1000 W. The
pulse duration and power were the same for all the measure-
ments. A servo-hydraulic test machine was used to plasti-
cally deform the sample, while the strain in the sample was
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FIG. 7. Maximum change in temperature with increasing plastic strain in
Ti-6Al-4V.

measured with an extensometer. The sample was strained in
increments of 2%, and the load was brought to zero after each
strain increment for NCATS measurements. After each mea-
surement the sample was subsequently loaded and the plastic
strain was increased by 2%. This was continued until the sam-
ple fractured. A computer controlled data acquisition system
was used to record the load, displacement, strain, and temper-
ature measurements during the experiments. From the change
in temperature versus time (AT-t) data, the maximum change
in the temperature (ATy,x) realized by the sample during the
acoustic excitation was determined. A composite stress-strain
to fracture curve was also built from the stress-strain curve of
each increment of plastic strain. The variation of AT ,x with
accumulated strain in the sample is shown in Figure 7. The
composite stress-strain (o —¢) curve is provided in Figure 8.
The NCATS temperature change measurement as a func-
tion of strain has a different behavior compared to the stress-
strain curve. The temperature change is unchanged, 1.6 °C,
until the strain increased beyond 4%. The temperature change
increased approximately linearly up to 14% strain, reaching
a maximum of plastic strain and beyond the temperature de-

1200 +
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800 -

400 -

Stress( MPa)

200
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FIG. 8. Composite strain-strain curve for Ti-6Al-4V sample.
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creased with increasing strain until sample fractured at greater
than 20% strain.

Although the temperature changes are sensitive to the
plastic strain, the maximum did not occur at the ultimate strain
in the sample. The ultimate stress occurred at a strain of 10%—
11%, the maximum change in temperature in the NCATS
measurements occurred at 14% strain. One possible explana-
tion for the increased contribution to heating is the formation
of internal voids prior to the onset of ultimate stress and cre-
ation of micro-cracks due to growth or coalescence of voids.
During acoustic excitation, opposing faces of the voids and
cracks can rub against each other, producing additional fric-
tional heating'' that makes the maximum temperature change
in the sample appear at 14% strain rather than at 10%-11%
strain as expected at the ultimate stress inferred from stress-
strain curve. Beyond 14% of strain, the crack faces sepa-
rate significantly and do not produce frictional heating during
acoustic excitation. X-ray computed tomography of the frac-
tured sample showed the presence of cracks with separation
widths of 7-10 um?’ that is much larger than the displace-
ments that can be produced by the acoustic excitation in the
sample.

Although, the change in temperature due to acoustic in-
teraction with the material depends on the change in the
Young’s modulus (E), internal friction (Tan §), specific heat
(Cp), and thermal conductivity (k), it is known that in metals,
plastic deformation causes changes in specific heat and ther-
mal conductivity of less than 0.1%.3% On the other hand it is
very well established that the internal friction (Tand) in the
kilohertz frequency range has a strong dependence on the dis-
location density (plastic strain) and to the fourth power of the
average dislocation loop length.?*%° In many polycrystalline
materials Tand changes by several hundred percent with in-
crease of plastic strain.*'*> Mason and Wehr** investigated
the effect of strain on internal friction in Ti-6Al-4V at a fre-
quency of 17 kHz. Their results show that the internal fric-
tion changes by an order of magnitude while the elastic mod-
ulus changes by 3% when the strain was increased beyond
5%. Assuming a similar behavior in the sample we examined,
and based on Eq. (4), the change in temperature due to plas-
tic strain beyond 5% is expected to be at least 10% above
the virgin sample. This is in reasonable agreement with the
experimental measurements. Thus, we believe that the mech-
anism that is responsible for the increase of temperature due
to acoustic interaction with Ti-6Al-4V is due to the increase
of dislocation density and corresponding change in Tand. To
quantitatively predict the temperature change it is necessary
to determine the dislocation density, average loop length, and
the internal friction from independent experiments. This is a
significant effort and is beyond the scope of present paper.

Although the internal friction plays important role in the
NCATS changes, it should be noted that with increasing uni-
axial loading, the thickness of the sample is reduced. This
may have some effect on the NCATS temperature change
measurements that needs to be investigated. Although it may
have an effect it is important to keep in mind that the acoustic
wavelength at 20 kHz is at least 100 times the thickness of
the sample. The strain caused by acoustic wave propagating
in the thickness direction is more important than the change in
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thickness of the material caused by uniaxial load on the sam-
ple. The strain change from virgin sample to the plastically
deformed sample is very much smaller than the wavelength
of sound in the material. Thus we believe for NCATS temper-
ature change, the strain along the direction of propagation is
more important than the change in thickness caused by uniax-
ial strain.

B. Heat damage in polymer matrix composite

When exposed to temperatures approaching or exceed-
ing the glass transition temperature, the strength of PMCs has
been found to decrease. When the temperature is high enough
the damage can be seen as charring, blistering, and other ob-
vious surface features. This is extensive damage that can be
detected visually without much difficulty. When the damage
is not visible, ultrasonic and thermography NDE techniques
have been valuable in detecting damage due to sub-surface
delamination. Thermal exposure of PMCs can cause subtle
damage that may not induce delaminations. This low level
“incipient damage” has been shown to decrease the strength
significantly.***” During exposure to high temperatures, both
physical and chemical properties of the polymer matrix can
change, including properties such as elastic modulus, density,
thermal expansion, thermal conductivity, or heat capacity.
The basic physical mechanisms of NCATS, as described by
Eq. (4), are sensitive to many of the thermal and elastic prop-
erties that change in polymers during thermal exposure. It is
the combination of thermal properties, elastic properties, and
the density that yields the temperature change produced by
NCATS. Therefore, NCATS should be sensitive to incipient
thermal damage in polymer matrix composites.

Polymer matrix composite samples with carbon fibers in
epoxy were used to demonstrate the sensitivity of NCATS to
heat damage. A flat plate sample was exposed to high tem-
peratures by focusing heat generated by a lamp onto a spot.
Different regions on the sample were exposed to high temper-
ature for different amounts of time while the lamp distance
and focal spot area were kept constant. Three regions with ex-
posure times of 180, 360, and 540 s producing light, medium,
and heavy damage regions were chosen for measurements and
compared with an undamaged region. NCATS measurements
were performed by placing the region of the sample just ahead
of the horn tip (distance of 200 wm). The time-temperature
(AT-t) data were collected on the opposite side of the sam-
ple in line with the horn for varying input power to the horn
(500 to 1000 W). Maximum change in the temperature of the
region on the sample was determined for each of the loca-
tions. Figure 9 shows the maximum change in temperature
for undamaged, light, medium, and heavily damaged region
for varying input power to the horn. Apparent is the reduced
AT as damage increases, especially at the higher horn pow-
ers. The only exception is the most heavily damaged regions,
which showed some anomalous behavior at the lower horn
power settings.

The thicknesses of the composite samples (2mm) used in
the experiments are approximately two orders of magnitude
smaller than the acoustic wavelength in the material. As de-
scribed in earlier sections of the paper, the conversion from
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FIG. 9. Maximum temperature in NCATS measurements on heat damaged
composite samples with increasing power to the horn.

acoustic energy to thermal energy is volumetric in nature and
it is not possible to assign a location in the sample as the ori-
gin of heating. In view of these facts, we believe that the lo-
cation of excitation source at the front or back at the back of
the sample has very little impact on the measured temperature
change.

In order to understand possible mechanisms for changes
in temperature due to acoustic interaction in heat damaged
composite specimens, scanning electron microscopy (SEM)
and x-ray CT were performed on sample subjected to a high
level of damage (540 s exposure time). SEM imaging of the
damaged surface was used to evaluate the damage to ma-
trix and fibers at high resolution while x-ray CT was used
to evaluate the internal damage. Figure 10 shows SEM image
of the surface of the composite sample that was directly ex-
posed to heat. Charring of the epoxy matrix and separation of
fibers from the matrix can be observed in the image. In some
of the regions degradation of the epoxy has left fibers with-
out the support of the matrix. When the sample was exam-
ined under an optical microscope, it was noticed that parts of
the matrix still sticking to the fiber could be displaced along
the fiber indicating that the fiber matrix interface is broken.
Figure 11 shows an x-ray CT image of the sample. Major de-
laminations can be observed in the interior of the sample at
different depths from the front surface. Although the obser-
vations showed the extent of heat damage in the composite
each of the observations has an effect on NCATS. It is well
known*®#’ that exposure to heat affects the thermal properties
and mechanical properties especially of the polymer matrix
and the fibers. The polymer matrix becomes oxidized through
breaking of chains and other mechanisms which lead to in-
creased brittleness, changes in thermal conductivity, specific
heat, thermal expansion, and increase the internal friction.>° If
the temperature is high enough, the carbon fibers will become
oxidized causing changes in the thermal and electrical prop-
erties. This will affect the integrity of the fiber-matrix inter-
face. We believe the combination of changes in the properties
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FIG. 10. Scanning electron microscope images of the heat damaged com-
posite (exposed to 540 s).

each of the constituents effectively changes the rate of change
of temperature due to acoustic interaction with the material.
Thus we believe that NCATS is a possible method to detect
heat damage in composites. Detailed measurements on a sep-
arate composite system have shown that the NCATS results
correlated with a loss of mechanical strength.>!+>2

C. Detection of cracks in an aluminum
aerospace component

The previous two examples of NCATS were related to
detection of plasticity in metallic materials and thermal dam-
age in polymer matrix composites. The damage in both cases
was evaluated using the conversion of acoustic energy into

FIG. 11. X-ray CT images of different LW sections at different thickness in
the interior of the sample.
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FIG. 12. X-ray CT images of different LT sections on the surface and interior
of the sample.

heat. It was observed in the evaluation of accumulated dam-
age due to tensile loading in Ti-6Al-4V, formation of internal
voids and micro-cracks and the friction between the faces of
the cracks produce additional heating. It has been observed
that in a closed crack, the friction between the faces of the
crack can generate heat that is far greater than the heat pro-
duced by direct interaction between the acoustic waves and
the material. Imaging of the heat generation by the frictional
heating of the cracks has been used effectively to detect cracks
in materials and components.®"'> While the experiments re-
ported in the literature have been performed with a direct
contact of the acoustic horn with the sample/structure the
present example was chosen to demonstrate the potential of
the NCATS technique for imaging cracks. The structure used
to demonstrate this was a large 460 mm dia., 13 mm thick, and
180 mm wide aluminum wheel component. A circumferen-
tial crack was identified by standard NDE techniques of ultra-
sonics and eddy current. The approximate length of the crack
was 30 mm. To detect the crack in the wheel using NCATS,
the wheel was supported on three metallic hemispheres.
Figure 12 shows the relative positions of the acoustic horn,
the wheel, and the IR camera. The acoustic horn was placed
on the outside of the wheel approximately in the radial direc-
tion. The distance between the horn and the wheel was set
to approximately 300 um. The power of the horn was set at
1000 W and the pulse duration of 250 ms was used. Figure 13
shows the relative position of the IR camera, acoustic horn,

Aluminum alloy wheel

IR camera

FIG. 13. Position of the IR camera, acoustic horn, and the wheel component
to image the crack.
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FIG. 14. NCATS imaging of a crack in aluminum wheel component.

and the wheel. After exciting the horn a series of thermal im-
ages as a function of time were collected. One of the images
that reveal the crack is provided in Fig. 14. In the image con-
trast is due to temperature changes in the region of the crack.
The heat generation in the region examined is a combination
of internal friction in aluminum alloy and frictional heating
due to the rubbing of the crack faces. We believe that the
frictional heating from the rubbing of the crack faces is far
greater than the internal friction. The heating due to the inter-
nal friction is mostly in the background while excessive heat
due to crack face rubbing highlights the presence of the crack.
Excessive heat generated by the crack face rubbing over that
due to internal friction helps in detecting and identifying the
crack.

Although cracks can be detected and identified using
NCATS, it would be necessary to scan the entire structure
point by point. Alternative approaches such as sonic IR or
thermosonix use the large amplitude motion of the entire
structure to generate heat in local regions where cracks are
present, and being full field visualizing techniques are more
convenient for such applications.

V. CONCLUSIONS/SUMMARY

This paper discussed the development and initial assess-
ment of a new non-contact acousto-thermal NDE method that
interrogates the ability of a material into convert acoustic en-
ergy to heat. To better understand the basic mechanisms and
the material properties involved in the process of the acousto-
thermal conversion, the loss of acoustic energy into heat dur-
ing the propagation of the acoustic wave in the material was
analyzed. An expression that relates the change in the tem-
perature of the material due to the propagation of an acoustic
wave of frequency f and amplitude o, to the elastic (E and
tan §) and thermal (k and C,) properties of the material has
been used to establish that the conversion of acoustic energy
to heat is a combination of both thermal and elastic properties
of the material and forms the physical basis of the acousto-
thermal NDE method. An experimental setup consisting of an
ultrasonic horn capable of producing high amplitude acoustic
waves, a high sensitivity IR camera, and computer data acqui-
sition hardware were used to detect and measure the change
in the temperature of various samples. The IR camera was
calibrated in the room temperature range and the sensitivity
(NETD) was established to be 0.0125 C per count. Since the
temperature changes in the material depend on the amplitude
of the acoustic waves, the distance between the acoustic horn
and the sample, and the duration of the acoustic excitation,
a systematic study was performed to optimize these param-
eters. Temperature changes in a sample of Ti-6Al-4V due to
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acoustic interaction was measured for varying input power,
for varying distances between sample and the horn, and for
varying duration of excitation to establish optimal experimen-
tal conditions. Measurement of the acoustic horn displace-
ments at increasing power settings was used to establish a dis-
tance of 200 um between the acoustic horn and the sample is
required to prevent horn-sample contact. A detectable temper-
ature change can be observed with a minimum horn-sample
distance and maximum horn power. However, from an appli-
cation standpoint longer excitation time, larger horn tip sam-
ple distance, and minimum excitation power achieve the same
temperature change and should be used to avoid horn-sample
contact and any possibility of excitation induced damage.
Optimized experimental conditions were used to demon-
strate the applicability of the NCATS technique for NDE
of accumulating plasticity in Ti-6Al-4V and thermal dam-
age in polymer matrix composites. Feasibility of the tech-
nique to detect and image cracks was demonstrated by imag-
ing a crack in aluminum alloy component. Further improve-
ments for quantitative nondestructive evaluation of materials
state will require additional analysis, testing, and theoreti-
cal/computational modeling of the technique.
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