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1. Introduction

This text is intended as a brief introduction to infrared thermography (IRT) for nondestructive
evaluation (NDE) including discussions about applications, and future trends. More detailed and

complete information about IRT for NDE can be found in [1,2,3] among other references.

In order to present an up-to-date panorama of current activities, a compilation in tabular form
from last two editions of major conferences in the field is preseniedmosense in North Amer-

ica andQIRT (Quantitative Infrared Thermographw)Europe.
2. Active and passive ther mography for NDE

IRT for NDE is aimed at the discovery of subsurface features (such as subsurface thermal proper-
ties, presence of subsurface anomalies/defects), thanks to relevant temperature differences

observed on the surface with an infrared (IR) camera. Figure 1 illustrates the general concept.

IRT is deployed along two schemggssive andactive. The passive scheme tests materials and

structures which are naturally at different (often higher) temperature than ambient while in the
case of thective scheme, an external stimulus is necessary to induce relevant thermal contrasts

(which are not available otherwise, e.g. specimen at uniform temperature prior to testing).

3. Advantages and difficulties of IR thermoagraphy

Each NDE technique has its own strengths and weaknesses. In the case of thermography these are
as follows:

» fastinspection rate;

*  no contact;

* security (no harmful radiation involved, however high power external stimulation - such as



powerful flashes - requires screens during flashes);

* results relatively easy to interpret (image format);

* wide range of applications (sometimes unique NDE tool).

On the other hand, difficulties are as follow:

« difficulty to deposit uniformly a large amount of energy in short period of time over a large
surface (for the pulsed active approach, see below);

» effects of thermal losses (convective, radiative, conductive) perturbating thermal contrasts;

» cost of the equipment (IR camera, thermal stimulation units for active thermography);

» capability to detect only entities (subsurface defects) resulting in a measurable change of
thermal properties;

e ability to inspect a limited thickness of material under the surface (thermography is a ‘bound-
ary’ technique);

e emissivity problems (section 4.1).
4. Theory
4.1 Radiometry, emissivity and temperature measurement

As discussed in the previous section, IRT as its name implies, is a non contact sensing method
concerned with the measurement of radiated electromagnetic energy. The energy emitted by a sur-
face at a given temperature is called the spectral radiance and is defined by the Planck’s law [1, p.
25]. An IR camera is in fact a spectral radiometer measuring this energy and proper calibration
(based on the Planck’s law) allows to retrieve the temperature distribution on the surface of inter-
est. Polynomials are commonly used to convert gray level vglob&ained from the IR camera

into temperaturd [1, chap. 3]. An example of such equation is (bottom camera, Figure 2 below):
0 5 2 -9 3
T(°C) = —13.4+0.05g-1.6x10 "g" +2.2x10 g". (1)

Such equation is valid in a given span of temperature providing an high emissivity surface is

observed within a close distance (see below).

For NDE applications, involved distances are small and the atmosphere is, in most of the cases,



considered transparent in the spectral bands of interest where absorption is limited: 3-5 um (short
waves or SW) or in the 8-12 um (long waves or LW). See ref [2], chap. 3 for a complete discus-

sion on | R detectors and cameras.

Animportant problem of such IR measurement isthe emissivity € (strictly speaking € should refer

to ‘emittance’ however to avoid possibility of confusion with the radiant energy flux that also uses
‘emittance’, ‘emissivity’ is used in this text). Emissivity is a surface property that specifies the
ability of that surface to emit energy, values a@fre between 0 (for a perfect reflector) to 1 (for a
perfect emitter, called a 'blackbody.” Emissivity has dependences with surface orientation, tem-
perature, wavelengths. A surface having a low emissivity acts as a mirror and makes measure-
ments difficult since spurious radiations emitted by warm neighboring bodies perturb readings
through reflections. Various techniques are deployed to solve low or uneven emissivity problems.
Among them, covering the inspected surface with a high emissivity flat pair@.Q) is the most

common one for imaging applications [1, p. 139].

4.2 Heat transfer consider ations

When a quantitative analysis is necessary, some pre-analysis of the experiment is convenient. This

is called the “direct problefrwhich consists to “predict” the thermal behavior of the surface

under consideration either analytically (for simple situations) or through heat transfer modeling

by finite elements or finite differences. Dedicated program packages are available from various
vendors (e.g. COSMOS/M, Thermo.Heat 3D). Such pre-analysis is useful to establish the limits
of the effectiveness of the procedure, to consider different defect geometries and determine their

detectibility without the expense of making and testing the corresponding specimens.

Once experimental results are available, the “inverse prébiei@rs to the ability to quantita-

tively characterize properties of a given “hot spot.” This can take place with for instance abaci,

family of curves or empirical equations established from the direct modeling [5].

5. Passive ther mography

The first law of thermodynamics concerns the principle of energy conservation and states that an
important quantity of heat is released by any (industrial) process consuming energy because of the
law of entropy. Temperature is thus an essential parameter to measure in order to assess proper

operation. Common applications of the passive scheme in NDE are for buildings, components and



processes, maintenance, medicine and properties evaluation. Table 1 lists recent reported applica-
tions. In these applications, abnormal temperature profilesindicate a potential problem relevant to

detect. In passive thermography, the key words if the temperature difference with respect to the

surrounding, often referred to as the 'deltasiTthe “hot spot. A delta-T of 1 to 2 °C is generally

found suspicious while a 4°C value is a strong evidence of abnormal behavior. In most of the
applications, passive thermography is rather qualitaiivee the goal is simply to pinpoint anom-

alies of the type go/no-go. These applications are generally based on empirical rules applied by

experienced personal (know-how of the trade).

Some investigations are however more sophisticated and provide quantitative measurements. In
these cases, a direct thermal modeling (section 4.2) is necessary. For instance in a reported appli-
cation, such approach is proposed in the case of needles used to sew fabrics in the automobile
industry (seat cushions and backs, airbags, etc.) [4]. In this study a model is developed to simulate
the_needle heatinduring high speed sewing. This help to better understand needle heating which

is further confirmed by experimental measurements on the plant floor, Figure 2. Heating (up to
100-300°C) comes from friction between the needle and the fabric and increases at high speed
causing serious problems such as worn or broken thread, fabric scorching, tempering and weaken-
ing needle (sewing is performed in between 1000 to 3000 rpm). Understanding mechanisms of
needle heating allows to take actions to optimize sewing operations through for instance needle
redesign and needle cooling with significant economic and quality benefits due to the million of

sewed products daily.

6. Active thermography

The active scheme has numerous applications in NDE. Moreover since characteristics of the
required external stimulus are known somehow such as for instance thgwhentit is applied,

guantitative characterizatidmecomes possible. In this text, the accent is on the active scheme.

Various modes of thermal stimulation are available. Briefly covered will be: pulsed thermography,

step-heating, lockin thermography and vibrothermography.

6.1 Pulsed thermography

Basically, pulsed thermographi?T) consists to briefly heat the specimen and then record the

temperature decay curve. Qualitatively, the phenomenon is as follow. The temperature of the



material changes rapidly after the initial thermal pulse because the thermal front propagates, by
diffusion, under the surface and also because of radiation and convection losses. The presence of
adefect reduces the diffusion rate so that when observing the surface temperature, defects appear
as areas of different temperatures with respect to surrounding sound areas once the thermal front
has reached them. Consequently, deeper defects will be observed later and with a reduced con-
trast. In fact, the observation time t is function (in a first approximation) of the squared of the

depth z and the loss of thermal contrast c is proportional to the cube of the depth:

z2 1
td=— and clO= (2
a 23

where a isthe thermal diffusivity of the material.

These relations indicate two limitations of the IRT: observable defects will generally be shallow
and the thermal contrasts will be weak. An empirical rule of thumb says that the radius of the
smallest detectable defect should be at |east one to two times larger than its depth under the sur-
face. This ruleisvalid for homogeneous isotropic material. In case of anisotropy it is more con-
strained.

Various deployments are possible: ¢ point inspecte@ample: laser or focused light beam heat-

ing), « line inspectiorfexample: heating with line lamps, heated wire, line of air jets (cool or hot),

scanning laser), » surface inspect{emample: heating using lamps, flash lamps, scanning laser);

either in_reflectionthermal source and detector located on the same side of the inspected compo-
nent) or in_transmissiofiheating source and detector located on each side of the component). Fig-

ure 3 shows a picture of a typical set-up, in reflection.

Interestingly, if the temperature of the part to inspect is already higher than ambient temperature
due to the manufacturing process for instance, it might be convenient to make use of a cold ther-
mal sourcesuch as a line of air jets. Obviously, a thermal front propagates the same way whether
being hot or cold: what is important is the temperature differential between the thermal source and
the specimen. Another advantage of a cold thermal source is that it does not induce spurious ther-

mal reflectiongnto the IR camera as in the case of a hot thermal source.

As an illustration of PT, Figure 4 shows IR images (also called thermogracesded on a CFRP

(carbon fiber reinforced plastic) plate with a simulated defect (5 mm diameter hole, 2 mm under



the front surface). Heating is performed in reflection using high power lamps with back reflector
(for atotal of 6 kW of electric energy, pulse duration was set to 200 ms, similar set-up as for Fig-
ure 3). Knowledge of the evolution of thermal contrast above the defect in conjunction with equa-
tions derived from inverse heat transfer modeling (section 4.2) allows to retrieve defect
parameters such as depth, diameter, thermal resistance [1, chap. 6]. A common definition of the
thermal contrast Cis:

L TO-Ti(ty)
- Ts(t)_Ts(tO)

where T is the temperature signdl, t is the time variable, subscripts i and s refer respectively to

C(t)

©)

over a suspected defective location (that is in fact any pixel in the image) and over sound areas
respectively. C is computed with respect to before heating temperature distribution at time tg (to
suppress the adverse contributions from the surrounding environment) and normalized by the
behavior of a sound area so that a unit value is obtained over a non defect area. Such kind of anal-
ysis is common in the aerospace industry where composite materials such as CFRP are widely
used. Other common applications of the active PT scheme are in quantitative subsurface defect
assessment (cracks, delaminations, impact damages, disbondings, moisture), thermophysical
property evaluation; in all kind of industries (aerospace, metal, buildings, etc.). Table 2 lists recent
reported applications.

6.2 Sep heating (long pulse)

Contrary to PT scheme for which the temperature decay is of interest (after the heat pulse), here
the increase of surface temperature is monitored during the application of a step heating (SH)
pulse ('long pulse’). Variations of surface temperature with time are related to specimen features.

This technique is sometimes referred to as time-resolved infrared radiam&RYR TRIR finds

applications such as for coating thickness evaluation (including multi-layered coatings). More
details about this technique can be found in [6,7]. For instance, an empirical relationship provides
the coating thickneds [6]:

te = = : (4)

once the thermal transit timgis determinedq is the thermal diffusivity. In such experiments,



the coating specimen is heated and the temperature is plotted versus the square root of time, Fig-
ure 5. The thermal transit time is observed when the curve begins to depart from the semi-infinite
case (which isastraight line in such plots). The experimental set-up is similar to the one depicted
on Figure 1, but for the heating which is constant during the measurement, for instance using a

laser (e.g. argon/ion laser).
Other common applications of the SH thermography scheme are listed in Table 3.
6.3 Lockin thermography

Lockin thermography (or LT) is based on thermal waves generated inside the specimen under

study in the permanent regime [8,9]. Here, the specimen is submitted to a sine-modul ation heating
at afrequency W which introduces highly attenuated and dispersive thermal waves of frequency
W inside the material (in aclose to the surface region). The resulting oscillating temperature field
in the stationary regime is remotely recorded through its thermal infrared emission with the infra-
red camera. The lockin terminology refer to the necessity to monitor the exact time dependence
between the recorded temperature signal and the reference signdl (i.e. the sine-modulation heat-
ing). This can be done with alock-in amplifier in apoint by point laser heating or with a computer
in full-field deployment. The experimental set-up is similar to the one depicted on Figure 1 and 3,
but for the heating which is permanent and of sine-modulation nature (either laser point heating or

full-field have been reported with commercial equipment available).

In LT, phase and magnitude images become available through simple manipulations of thermo-
grams recorded in the permanent regime. A thermogram is a mapping of the emitted thermal

infrared power while a phase image is related to the propagation time and a modulation image is

related to the thermal diffusivity. A strong point of LT for NDE is the phase image which isrela-

tively independent of local optical surface features (such as non-uniform heating).

The depth range of magnitude image is roughly given by the thermal diffusion length p expressed
by:

M = J2Kk/wpc 5)

with thermal conductivity k, density p, specific heat ¢ and modulation frequency . In the case
of phase images the depth range is about twice larger [9]. Eq. (5) indicates that higher modulation



frequencies will restrict the analysis in anear surface region while lower frequencies will allow to
probe deeper under the surface. Thisisillustrated on Figure 6, in the case of a CFRP specimen of

the kind used in the aerospace industry.

One potential difficulty of LT is related to the acquisition time which should cover at least one
modulation cycle: 0.12 Hz requires at least 8 s, 0.06 Hz requires at least 16.6 s and 0.03 Hz
requires at least 33.3 s (parameters of Figure 6). These values should be compared with time val-
ues for straight thermograms in the pulsed scheme of Figure 4 where for a similar defect: thermal
contrast appears as early as 7 s after the heating pulse. Moreover, if awrong heating frequency w
is chosen, a defect might be missed (Figure 6 at W = 0.12 or 0.03 Hz).

On the other hand, thanks to the relative insensitivity of phase images to non-uniform heating and
also to the ease modulated heating is deployed, large areas (~ 2 m?) can be inspected in one exper-
iment provided the spatia resolution of the infrared camera allows detection of the smallest
defects of interest [10].

Another field of application for LT is the characterization of electromagnetic fields, especially

their interaction with metallic structures. In this application, the structure of interest (such as a
thin film introduced in a horn antenna) is coated with a magnetic paint sensitive to the electro-
magnetic field or with an electrically conductive coating. The heating of these coatings can be
related to the electromagnetic field and surface currents. In the steady state regime the high ther-
mal conductivity of the structure distorts the coating heating which does not witness accurately
the electromagnetic field and surface currents. However, in the modulated regime, if the modula-
tion frequency is sufficiently high to have a diffusion length p smaller than the coating thickness
(eg. 5), the modulated heating will not be blurred by the thermal diffusion into the metallic sub-
strate. For this application, the magnitude image is of interest since it is proportional to the inten-
sity of the source and thus to the electromagnetic field intensity [11]. The phase image which is
related to the heat transfer phenomena as described previoudly is not interesting for this applica-

tion.
Other common applications of the active LT scheme are reported in Table 4.
6.4 Vibrother mography

Vibrothermography (VT) is atechnique where under the effect of mechanical vibrations induced




externally to the structure, direct conversion from mechanical to thermal energy occursand heat is
released by friction precisely at locations where defects such as cracks and delaminations are

located [12, 13]. By changing (increasing or decreasing) the mechanical excitation frequency,

local thermal gradients appear or disappear at specific resonance frequency. Direct modeling
allows to determine such suitable excitation frequencies. For instance in a given study, a28 x 13
cm CFRP beam is attached to a piezoelectric shaker from one side and significative thermal pat-
terns from the simulated delamination embedded in the specimen (of size 10 x 7 mm) appear only

with mechanical excitation around 13.5 KHz [12], Figure 7.

An alternative deployment of lockin thermography scheme is related to VT. In that case a

mechanical excitation of the specimen is obtained thanks to an ultrasonic transducer (shaker)
attached to the specimen (conversely, the specimen can be partly immerged into an ultrasonic
bath): the high frequency ultrasonic signal (typ. 40 kHz) is modulated with alow frequency signal
which creates a thermal wave of desired wavelength as in conventional LT while the high fre-
quency acts as a carrier delivering heating energy right inside the specimen [14, 15]. This tech-

nique called |oss-angle heating at ultrasonic frequencies is reported to detect deeper and smaller

defects while the selective heating alows a better discrimination among detected defects. Typical

applications are for detection of corrosion, vertical cracks and delaminations.

VT most significant advantages are: detection of flaws hardly visible by other IR thermography
schemes (such as in the case of closed cracks), its ability to inspect large structural areasin situ.

On the other hand, the required mechanical loading might be sometimes difficult to achieve.
Other recent reported applications of the VT scheme are listed in Table 5.
7. Which schemeto choose from?

Interestingly, we saw that different approaches can be used for similar problems. Examples of
CFRP inspection were shown in pulsed, lockin and vibrothermography schemes (Figures 4,6,7).
Then a question arises: which one to select? This is a difficult question and the answer depends

really of what onesislooking for.

For instance if suspected defects are closed cracks, VT might provide a solution. If defects are at
known depth (for instance in the case of large bonded laminates), LT at optimized modulation fre-

guency (eg. 5) would be agood choice. On the other hand, if defect depth is not known, PT might



be the answer combined , if object size is large, with a robotic arm to move the inspection head

(camera and flashes, Figure 2).

Moreover, passive and active thermography are not as clear-cut choices as it might first appear.
For instance moisture investigation in buildings can be assessed in the passive scheme (thanks to
solar heating for instance) or provoked in a pulsed active scheme through blowing of warm/cold

air from inside the suspected wall (Table 1 and 2).

Although thermal modeling (section 4.2) could also help answering this question, up to now trial
and errors seems to be the rule. This might change in the near future thanks to the recent initiative
lead by the QIRT Working Group through Round-Robin tests of blind specimens that go through
severa research groups for IRT NDE tests by several of the methods discussed in this chapter.
Before full results become available, the question of the best scheme to choose from for a given

application is still on the research agenda.
8. Irends

Looking at the evolution of IRT in NDE, three directions are clearly seen in hardware, software

and applications.
8.1 Hardware

Dedicated hardware for IRT aimed at NDE is improving. Thanks to progresses in microelectron-

ics, focal plane arrays (FPA) with quantum (cooled) detectors are now available with direct digital

interface (14 bitsis now common while 6-7 bits was the rule in the late eighties), low noise (often
smaller than 20 mK while 0.1 K was an achievements only a few years ago), high spatial resolu-
tion (up to 512 x 512 pixels), greater uniformity (> 99.5 %) while they are no longer tied to video
standards of 25 or 30 Hz. For instance model SBF 136 from Lockheed Martin (Goleta, USA) has
aframe rate of 30 000 Hz allowing to capture very fast thermal transients.

Prior to these advances, the basic IR camera consisted in a single detector piece with an electro-
mechanical scanning system: noise was high and performance is limited. Although high perfor-
mance IR cameras such as the SBF 136 are till reserved for high-end applications due to their

cost (> 100 K$ US), most of the IR sensors are following such trends.

In low-end applications a new comer is the array of uncooled micro-bolometers which took the

market as a storm in the mid 90s. A bolometer is a thermal detector, that is a detector which is



sensitive to the heating of its own surface (e.g. the electrical resistivity changes with temperature
and such changes are monitored). Advanced microelectronics allows, through machining, to stack
thousands of these tiny detectors on a silicon substrate along with dedicated electronics. Contrary

to quantum detectors which need to be cooled down to cryogenic temperatures to operate (e.g. at

liquid nitrogen temperature, -192 °C, 77 K), room temperature is sufficient for bolometers. The
main limitation of micro-bolometer-based IR cameras is the low frame rate (due to the thermal
inertia of the detectors that have to be heated themselves (quantum detectors operate faster

through photon detection).

Computer hardware with enhanced capabilities add to such improvements. For instance, huge
amount of data (complete thermogram sequences in PT) can be acquired, calibrated, processed
and stored in real-time (the days of the video tape recorder with limited bandwidth is now gone).
Digital signal processor (DSP) boards which are autonomous boards fitting in to a PC offer tre-
mendous amount of computational power (e.g. the TMS320C62xx DSP from Texas Instruments
delivers 400 millions of additions/multiplications per second). Harnessing such processing open

new horizons.
8.2 Software

Thanks to number-crunching (portable) computers (and boards), dedicated sfuftwRTeoffers

new possibilities (unrealistic before due to lengthy processing time).

For instance the use of transforsugh as the Fourier transfoapplied to the whole thermogram

sequence in PT. In this respect, the recently introduced Pulse Phase Therm(®@fapiprocess-

ing scheme [16]. PPT is a novel technique which combines somehow advantages of both PT and
LT. In PPT deployment, the specimen is pulse-heated as in PT and the mix of frequencies of the
thermal waves launched into the specimen is unscrambled by performing the Fourier transform of
the temperature decay on a pixel by pixel basis. This enables computation of phase images as in
LT. The process is as follow, for each pixel (i,j). The temporal decdysfextracted from the

image sequence (whexas the index in the image sequence). Next, frog)) the discrete Fourier
transformF(w) is computed @ being the frequency variable). Finally, from theRgal) and
imaginaryl(w) components ofF(w), the phasep is computed using the well known formula

@P(w) = atanf(w)/R(w)}. In PPT as in LT, it is possible to explore the various frequerwies

However an important point to remember is that in PPT the analysis is performed in the transient



mode with many frequencies available from a single experiment, while in LT the signa is
recorded in the stationary mode with one frequency per experiment. Figure 8 show examples of

PPT images very similar to the ones shown in Figure 6 obtained in straight LT scheme.

Interestingly, such frequency per frequency analysis removes the blurring observed on Figure 4
(similar specimen). Such blurring is due to the mix of thermal waves of many different frequen-
cies in the time-domain thermograms because pulsed heating corresponds in fact to the launching
of thermal waves of many different frequencies (the Fourier transform F[..] of an ideal Dirac

pulse d(t) containsall frequencies: F[&(t)] = 1).

As said previously, automatic diagnosis is an area where developments are to be expected. Algo-

rithms specially dedicated to such tasks are thus in demand. Among them, artificial intelligence

techniques such as the use of neural networks are popular in IRT due to the large amount of data

to handle (e.g. thermogram sequence in PT).

A neura network (NN) is a set of small processors highly interconnected together and having
individually a small memorization capability they learned from information submitted to them in
the first place. Generaly the network is divided into layers and the parallel nature of theses NN
make them well suited to work on multi-parameter problems such as infrared images. Once the

architecture of the NN is established (such as Perceptron, Kohonen, etc.), atraining phase is nec-

essary to configure the weights associated to individual neurons before actual deployment. More

details and examples of applications can be found in [17-23].
8.3 Applications

Thanks to more sophisticated IR cameras, computer, computer accessories and processing soft-
ware, new applications are emerging continuously. It is noticed by looking at Table 1 that from all
these reported applications, 23 were from last conference editions and 43 from the current ones,
amost a two-fold growth. Although not a scientific survey, this confirms clearly the trend: new
applications are emerging for IRT applied to NDE. For instance micro-bolometer based IR cam-
era rugged and requiring no cooling are now deployed on the plant floor for continuously moni-
toring industrial processes. Associated with DSP boards, alarms are raised automatically. These
applications are reported for instance in the glass industry where abnormal temperature profile

indicates reduced tolerance to breakage. In such applications, software monitor plant temperature



(which can vary with seasons and weather) and spurious reflections in real-time for enhanced
diagnosis. Such integrated approach: IR image sensor, computer processor to interpret data and

machine control interface to provide feed-back is now referred to as infrared machine vision [24].

New applications are also expected in the active scheme thanks to 'new heating deployments’

such as Joule heating, lateral heating, microwave hed&orgnstance, in the case of microwave

heating, a time-gated microwave source introduces heat into the specimen and, for homogeneous
specimens, this allows detection of subsurface microwave absorbing features (such as water-filled
areas, metal wires or fibers) through infrared imaging. Moreover, if the host is transparent to
microwaves, the microwave source heats these features directly. In this case, a higher spatial reso-
lution is noticed (as compared with the surface heating case) since the transit time of the thermal
front is shorter and consequently the three-dimensional spreading losses (thermal wave blurring)
are reduced: the thermal front has only to diffuse to the surface instead of being of a round trip
nature. Quantitative information can be extracted by analyzing the time and spatial dependence of

the surface temperature [25, 26].
These are only examples of what is to be expected in the near future.
9. Conclusion

In this chapter we covered briefly fundamentals of infrared thermography in nondestructive eval-
uation both in passive and active schemes with accent on applications. A discussion was added on

future trends.
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Figure 1 - General concept of infrared thermography aimed at nondestructive evaluation.
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Figure 2 - Passive thermography for industrial needle heating study: (@) industrial sewing
machine needle geometry, (b) simulation depicting needle temperature distribution, (c) thermo-
gram of needle at medium speed, reproduced with permission from [4].
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Figure 3 - Picture of an experimental set-up for active pulsed thermography, in reflection. In this
case, two infrared cameras are deployed, one on top of the other for observation in both short
(bottom) and long (top) wavelengths.




Figure 4 - Active pulsed thermography. Thermogram sequence recorded on a CFRP (carbon fiber
reinforced plastic) plate with a simulated defect (5 mm diam. hole, 2 mm under the front surface).
Progression of the thermal contrast is clearly seen (maximum thermal contrast occurs at 20.64 ).
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Figure 5 - Active step-heating thermography. Temporal evolution of normalized temperature for a
series of zirconia coatings of different thicknesses for a step heating pulse of 1 s: (@) theoretical
calculation, (b) experimental results, reproduced with permission from [6].
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Figure 6 - Active lockin thermography. Phase images recorded over a CFRP (carbon fiber rein-
forced plastic) 4 mm-thick plate with ssmulated defects (teflon implants of 20 mm diameter, 2 mm

(bottom-right) and 3 mm (top-left) under the front surface). Effect of the heating frequency W is
clearly seen (three experiments at different frequencies w).
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Figure 7 - Active vibrothermography: (@) finite element discretization of damaged (90/0/90)
beam, (b) normalized energy along center of delamination nodes as function of frequency (in
kHz) and (c) thermogram at 13.5 KHz, showing heat generated by the excited flaw, adapted and
reproduced with permission from [12].
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Figure 8 - Active pulsed thermography. Use of Fourier transform in pulsed phase thermography
approach. Same specimen as Figure 6 (a single experiment was sufficient to provide results at
three different frequencies w).
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