17th World Conference on Nondestructive Testing, 25-28 Oct 2008, Shanghai, China

The Reliable Implementation of Thermosonics NDT
Marco MORBIDINI, Peter CAWLEY
UK Research Centre in NDE, Department of Mechanical Engineering, Imperial College, London, SW7
2AZ, United Kingdom. Phone: +44(0)2075947227; e-mail: marco.morbidini@imperial.ac.uk,
p.cawley@imperial.ac.uk

Thermosonics (also known as Sonic-IR) has potential for detecting small fatigue cracks in
metals and delaminations in composites. A high power acoustic horn excites a strain pulse
in the testpiece which causes relative motion of the defect surfaces, so generating heat by
friction; the resulting local increase in temperature can be detected by an IR camera.
Unfortunately the vibration generated by the horn is inherently non-reproducible as it is a
function of the precise contact conditions between the horn and the testpiece. This means
that it is difficult to determine whether the test has been carried out successfully. This
paper introduces the Heating Index which is a measure of the excitation and is a function
of the induced vibration amplitude and frequency. The Heating Index can be calculated
from measurement of the vibration of the testpiece made with any convenient transducer,
for example a laser vibrometer or a simple, high frequency microphone. The correlation
between the Heating Index and the measured temperature rise at the defect is shown on a
variety of laboratory cracked beam specimens. It is shown that measurement of the
Heating Index provides a means of ensuring that the test has been carried out
satisfactorily. The use of the Heating Index for the practical thermosonic inspection of
safety critical components in industry has been proposed and is currently being validated.
INTRODUCTION
Thermosonics (or Sonic IR) is a promising NDE technique for the detection of fatigue
cracks in metals [1]. The method relies on detecting the heat generated by the cracks with
an infrared (IR) camera when high-power ultrasonic excitation is applied to the teststructure [1, 2]. The use of acoustic horns as exciters (resonators with a fixed resonance
frequency at typically 20 or 40 kHz) has proven effective to produce enough heat at the
cracks to result in a detectable surface temperature rise using commercially available IR
cameras [2]. It has been shown that such exciters chatter against the test-structure when
the dynamic forces during vibration exceed the static force by which the horn is coupled
to the test-piece [3]. This chattering produces a complex and non-reproducible vibration
field in the specimen typically characterized by a rich frequency spectrum comprising
many harmonics and sub-harmonics of the driving frequency [4]. Although the lack of
consistency in the tests is a cause of concern in the Thermosonics community, it is
generally agreed that the same coupling nonlinearities which are responsible for the nonrepeatability of the tests are beneficial for the crack heating since the crack is
simultaneously excited by many vibration modes which contribute to the generation of
heat [5]. When a large number of harmonic and sub-harmonic frequency components are
excited, acoustic “chaos” can be reached and this condition enhances the crack heating
even further [6]. Sub-millimeter cracks have been successfully detected in this way [7].
Researchers have simulated numerically the mechanism of generation of acoustic
“chaos” obtained using conventional acoustic horns, and have analyzed the consequent
improvement in the probability of detecting the cracks [8]. The relationship between
vibration level, temperature rise and crack size in Thermosonics NDT has also been
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FIGURE 1. Thermosonics setup for testing of cracked beams.

recently investigated: it has been shown that the knowledge of the crack vibration damping
can be used to predict the thermosonic temperature rise at the crack from a measurement of
the local vibrational strain [9].
The Problem of Reliable Crack Detection
If the thermosonic temperature rise can be predicted from vibration records based on
the knowledge of the crack damping, then the minimum vibration level required to produce
a desired temperature rise can also be estimated if the crack damping is known. For
practical testing purposes it is essential that the thermosonic temperature rise at the crack is
greater than the IR camera baseline noise level which can therefore be considered as the
minimum temperature rise that needs to be measured in a successful thermosonic test. The
primary aim of this paper is to find this minimum vibration level required at the crack to
detect the defect and its dependence on crack size. Having achieved this, a practical testing
procedure will be recommended to assure reliable detection of cracks in practical
Thermosonics testing.
For this study, the setup of Figure 1 was used. Two sets of metallic beams with cracks
of different size and shape were tested. The first set comprised 11 300-mm-long fatiguecracked mild steel beams with a rectangular cross section of approximately 17 x 20 mm
(set shown in Figure 1). The second set of specimens comprised 7 fatigue-cracked nickelbase superalloy beams of length approximately 120 mm with a rectangular cross section of
7 x 21 mm (one of them is shown on the bottom-left corner of Figure 1). The cracks were
obtained in both cases by fatiguing the beams in a three-point bending rig. In the case of
the mild steel beams the cracks were positioned at the mid cross-section and spanned the
entire width of the specimens. The size of these cracks varied from approximately 3% to
40% of the total cross-section area. In the case of the Ni-base superalloy beams the cracks
were positioned about 25% of the length of the beam from one end and had a “thumbnail”
semi-elliptical shape with the crack mouth centered with respect to the specimen width and

100

a/1)

50

strain (µε)

strain (µε)

100

0
-50

-100

(b/1)

b/1)

50
0
-50

-100
0

0.2

0.4

0.6

0

0.8

0.2

time (s)
10

a/2)

5

0.8

10

b/2)

200

5

150

150

0

0

100

100
-5

50
0

0.6

250

Freq. (kHz)

Freq. (kHz)

250
200

0.4

time (s)

0

0.2

0.4

0.6

time (s)

-10

0.8

-5

50
0

dB
(re 1 µε)

0

0.2

0.4

time (s)

0.6

0.8

-10

FIGURE 2. Example of two different strain records (a/1 and b/1) obtained in two different tests on the same
specimen (one of the mild steel beams) using the rig of Figure 1 and corresponding short-time Fourier
transform spectrograms (a/2 and b/2).

were around 1 mm to 9 mm long in the width direction.
THE ROLE OF CRACK DAMPING
The non-reproducible and non-stationary nature of the vibration excited by ultrasonic
horns in Thermosonics testing has been widely discussed [4, 5, 9]. Figures 2 a/1) and b/1)
show examples of strain recorded at the crack position in two different thermosonic tests
carried out on the same specimen under the same nominal loading conditions and
amplitude settings for the exciter; the difference in the recorded waveforms is due to
uncontrolled non-linearity at the interface between the specimen and exciter. The
amplitude and frequency content of the vibration varies in different tests and as a function
of time within the same test [see spectrograms in Figures 2 a/2) and b/2)]. Given the nonreproducible and non-stationary nature of the thermosonic vibration, it was necessary to
introduce a single function able to characterize the potential of the vibration to produce
heat at the crack at any given vibration amplitude and frequency [10].
The temperature rise (and hence the crack detectability) is proportional to the power
(P) dissipated at the crack during vibration. From the definition of vibration loss factor,
the power dissipated at the crack is given by:

P = 2πη crack fV

(1)

where ηcrack is the crack loss factor, f is the mode vibration frequency and V is the mode
strain energy. It can be concluded that the crack detectability is proportional to ηcrack, f and
V. Since the vibration strain energy is proportional to the square of the vibration amplitude
(A2), it can be finally said that the crack detectability is a function of ηcrack, f and A2. The
dependence of the crack loss factor ηcrack on the crack size for some of the beams used in
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FIGURE 3. Example of strain signal (a) and corresponding Heating Index normalized to unity (b).

this study was addressed; the vibration loss factor tends to increase for cracks of
increasing size [9]. Therefore, the thermosonic detectability for a crack of fixed size can
reasonably be assumed to be proportional to frequency (f) and amplitude squared (A2)
only.
Consequently, the sought single parameter able to describe the crack heating in any
non-linear vibration conditions is a function of f and A2. This conclusion is intuitive
considering that the vibration frequency determines the heating rate of the crack and the
amplitude squared (hence the strain energy) determines the amount of energy available to
be dissipated at the crack. We term this parameter Heating Index (HI) [10]; HI was
calculated for all tests carried out on all laboratory specimens.
EXPERIMENTS
Since, as previously shown in Figure 2, the excited vibration varies in time, the
calculation of HI for each thermosonic pulse was done using a short-time Fourier
transform (STFT) algorithm. The result of this procedure is a plot of HI as a function of
time for each test; an example is provided in Figure 3 b) with the maximum HI index
normalized to unity. Since we measured vibration strain [Figure 3 a)] we used the strain
amplitude in the calculation of HI; however it would be possible to use other vibration
measurement methods [10]. HI is intended to represent the realistic temperature rise
obtained by applying a certain vibration to a specific crack. To validate this, HI was
compared to the actual temperature rise measured experimentally. The maximum of HI
during the excitation pulse corresponds to the instant at which the crack is most likely to
be detected within a vibration pulse. Thus, the next stage was to compare the maximum
value of HI and the maximum measured temperature rise in each test.
Figure 4 shows the results on one of the mild steel beams (with a crack of size around
3.5% of the cross section). The maximum temperature rise is plotted versus the maximum
HI for all tests in which the operator could observe crack heating (“positive-detection”
cases). A linear trend could be found in the experimental data, confirming that HI is a
suitable description of the ability of the vibration to generate a temperature rise at the
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FIGURE 4. Maximum temperature rise plotted vs maximum HI for different tests on one mild steel beam
(specimen TT-5). The dashed line represents the linear best fit considering the “positive-detection” tests.
The horizontal line at 0.008 0C represents the threshold temperature rise in our tests. The test with the
highest HI among all “failed-detection” tests for this beam is represented by a solid square.

crack. Interestingly, for this specimen, we obtained tests for which the operator could not
discern the presence of the crack (“failed-detection” cases). In Figure 4, the solid square
lying on the x axis represents the highest HI measured in a test without the operator being
able to detect the crack. Since spatial averaging was involved in the post-processing of the
thermal images [9], the typical single-pixel IR camera noise level of around 0.02 oC could
be improved to a level of around 0.008 oC (see the solid horizontal line in Figure 4). For
this specimen, it could therefore be concluded that the minimum HI necessary to detect
the 3.5% cross-section crack was around 100 (intersection of the best fit dashed line with
the baseline noise level solid line in Figure 4).
The next step was to repeat the same tests for all available specimens and plot the
maximum temperature rise measured in the “positive-detection” tests versus the
corresponding maximum HI. Figure 5 summarizes such results for the Ni-base superalloy
beams. It can be seen that, for all specimens, a linear relationship was obtained between the
maximum temperature rise and the maximum HI for all tests. However, as expected, the
slopes of the best fit lines varied for different specimens, with the specimens having the
largest cracks exhibiting a higher slope. This means that, for a fixed maximum HI, the
larger the crack, the larger is the temperature rise. Figure 5 e) is the case with the highest
slope of the best fit line and corresponds to the largest crack in the batch (length of approx.
9 mm); conversely, Figure 5 g) shows the case of lowest slope of the best fit line,
corresponding to a 1-mm crack. Similar results were obtained for the mild steel beams,
although are not shown here.
Thermosonic Efficiency of Small Cracks
The thermosonic efficiency of a crack can be defined as the maximum temperature rise
achieved by the crack per unit HI. A good measure of average thermosonic efficiency for
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FIGURE 5. Summary of maximum temperature rise plotted vs maximum HI for all available tests on all cracked
nickel superalloy beams. The dashed lines represent the linear best fit. (a) specimen VE001; (b) specimen VE003; (c)
specimen VE004; (d) specimen VE008; (e) specimen VE009; (f) specimen VE016; (g) specimen VE018.

each of the cracks tested in this study is therefore the slope of the best fit lines of Figure 5.
Figure 6 shows the variation of thermosonic efficiency with crack size (measured by the
crack length for the Ni-base superalloy specimens). A power law (y = axb) was fitted to the
experimental points. The coefficients a and b were found using a non-linear regression
method. An approximately quadratic best fit was found. Similar results were obtained for
the mild steel beams. This confirms that cracks of size tending to zero are relatively more
difficult to find in Thermosonics since they require relatively higher levels of HI.
Towards practical tests on industrial components
Most potential industrial applications of Thermosonics require testing of samples of
geometry more complex than the simple rectangular cross-section beams studied in this
paper. Furthermore, in real life, the location of possible cracks is unlikely to be known apriori. Ideally, the Heating Index would have to be measured as a function of space over
the whole testpiece. This is unlikely to be practical in most potential applications of
Thermosonics testing given the inherent complexity of the vibration field. From a practical
perspective, it would be desirable to be able to measure the reliability of each single test
from a single-channel measurement of vibration. Preferably, a relatively cheap and noncontactive vibration measurement method would have to be devised.

In our current setup, a high frequency microphone (capable of measuring sound pressure up
to around 200 kHz) is used as the means of measuring vibrations in order to assess the
reliability of each thermosonic test. The HI is calculated from the microphone sound
pressure record for each test and compared to the actual temperature rise measured at the
crack. If a good correlation is obtained, the microphone vibration pick-up would be
validated in order to be used in the calibration phase of Thermosonics testing (which
substantially means estimating best fit lines as in Figure 6 so that for a known crack size
and desired temperature rise a threshold HI can be retrieved).
CONCLUSIONS
In this paper, it was shown that the thermosonic temperature rise is proportional to a
single parameter (Heating Index) that can be calculated from the measurement of the local
vibrational strain. Therefore, if the desired minimum temperature rise that allows reliable
detection of a crack of given size is known, the minimum HI required to achieve this
temperature rise can be retrieved.
A calibration procedure for practical Thermosonics testing requires measurements on a
preliminary set of representative samples containing cracks; these initial tests allow the
minimum HI as a function of crack size to be determined.
In industrial applications, HI needs to be measured in all tests and compared to the
threshold HI (previously assessed during the calibration procedure) required to detect
cracks of predetermined target size; if HI is high enough the test is reliable and the
temperature record can be interrogated for crack presence. Currently, the use of a highfrequency microphone is being validated for Thermosonics calibration and testing on real
industrial components.
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