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ABSTRACT

The maximum depth for which a defect of a given size can be detected in thermographic
i nspections i s Kk nown maesalstuthagolymper aoimposites, withe pt h 6 .
low throughthickness thermal diffusivityinspections are limited to thin materials or near
surface inspection. With the aim of improving probing depth, the paper describes how
established signal processing techniques are addptethermographic inspections. The
procedures are implemented for both Pulse Thermography (PT) and Pulse Phase
Thermography (PPT) inspections of laminated composite materials and sandwich structures. It
is demonstrated that the adaptation significantlyrowgs the probing depth, identifying
defects that could not be identifieing existing procedures. The applicability of the new
approaches is discussgrying particular attentioto systematic and random errors resulting
from equipment setup. Simpledefficient compensation methods to reduce the effect these

errors are presented.

Keywords: Pulse Thermography (PT), Pulse Pha3#nermography(PPT) Composite
Materials,ImageProcessing.

11l ntroducti on

The use of composite materials has increased inadlmange of industries in recent decades;
for example, as much as 50% of modern aircraft like the Boeing 787 are now manufactured

using composite material]d]. While composite materials bring many advantages, enabling
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stiff lightweight structural design, there are also associated challenges. Defects in ai@y mater
reduce mechanical performance and can lead to premature component failure. However,
composite materials are particularly susceptible to manufacturing defects as the material and
component are manufactured simultaneo{&lyComposite materials are also known for poor
resistance to kservice events such as impact. This subject has been extensively studied, and it
has been shown that evaitow velocity impact can cause significant damage that is difficult

to identify visually[3]. Theefore, alongside the increased use of composite materials there has
also been an increased focus on-destructive testing (NDT) of composites. As composite
materials were initially implemented into structures and components, traditional NDT
techniques sth as ultrasound and radiography were used, many of which were originally
developed to inspect metallic specim@fls While these techniques are still commonly used

to this day, in recent decades thermographic NDT techniques have become popular for the
inspection of composite material®]. Perhaps the most common of these is Pulse
Thermography (PT), which has become an established NDT technique for the inspection of
composite components, particularly for aerospace applicaf@lnsPT inspections use an
infrared detector to provide full field measurement by monitoring the thermal decay of the
surface of a component after pulse heating. Defectgdargified by differences ithermal
properties between defective and rd®fective regions of components and structures. Most
defects cause a local reduction in thermal diffusivity. When exposed to a heat pulse, this causes
in an increase in the surface temperature of the compawahtd the defect, allowing defects

to be identified using thermography and henc

More than two decades ago, Maldague and Marifttifirst proposed Pulse Phase
Thermography (PPT), which introduced a post processing procedure, where the temperature
data is transformed to the frequency dontairobtainphase datavhich isused to identify
defects. The approach aimed to combine the simplicity and rapid inspection time associated
with pulse thermography with a means to improve probe depff],IPPT was shown to be

less sensitive to surface effects such as on surface texture, variations in emissivity-and non
uniform heating, all of which significantly influence PT inspections. Since PPTiniedly
proposed7], the implementation of the technique has remained fundamentally unchanged,
although anumber 6 papers have developed the theory and expanded the technique to obtain
additional information such as defect depth, B.However, fequency domain analysis of
arbitrary signals is used in an enormous range signal processing approaches and is not unique
to PPT.
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The purpose of thisgper is tdharness techniques from wider signal processing applications to
develop adata processing procedure specifically to improve the probing depth of
thermographic inspections of composite materiligially systematic and random errors
present inthe thermaldata are discussed and a compensation strategy for these errors is
presentedThe compensated thermal data is then used wittPA€alongside the improved
frequency domain analysis enabled by using advanced signal processing techniques.

2 Pule Ther mography

Pulse thermography exploits transient thermal regimes and is a type of active thermography,
requiring external thermal excitati¢@]. Figurel shows a typical inspection sap for PT. A

heat pulse is applied to the surface of a specimen, often using an optical flash that heats the
specimen surface by radiati¢@]. An infrared (IR) detector radmetrically measures the
surface temperature evolution during cooling. PT can be carried out in transmission mode,
where the heat source and IR detector are positioned opposite sides of a component. However,
reflection mode, shown iRigurel is more commonly used as it allows single sided inspections
with both heat source and IR detector positioned on the same side. In this configuration
subsurface defées disturb the flow of heat through the material thickness, resulting in
differences in surface temperature between defective andefentive region§l0]. Defects

are identified by comparing the temperature evolution measured at defective atefeciive

regions within the field of view of an IR w®ra to produce a fufleld image. Typical IR
detectors used for PT and PPT are based on photon defgétiavéh focal plane arrays (FPA)

of around 300 x 300 sensors and can record data at a frame rates up to 1 kHz. Meaning t
image data is spatially rich, allowing visualisation of the defect, and temporally rich, allowing

application of advanced signal processing procedures to extract frequency domain data.
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Figurel: Experimental setup showimgilse thermography carried out in reflection mode

As with any measurement, the thermal data acquired by the IR camera system contains errors,
due to inherent limitations of the experimental setup and equipment used. For example, FPA
photon detectors muske cooled to operate. However, the reflection of the cooled sensor on
the surface of the object being inspected can result in thermalnifammity, seen as a vignette

effect, or cold spot in the centre of the field of view[18] a bihexic function was used to
mathematically describe the effect of thelea sensor. Using this function, the vignette effect

can be subtracted from all frames of the thermal datingbe present papea,simpler method

is adopted, whera reference imagis generated bysing thermal data recorded at ambient

temperature prior to heating.

Another significant source of thermal raniformity is the positioning of the heat source
relative to the inspected component. Ideally, the heat should be applied uniformly across the
surface, but is practically impossible to achieve, not least because the heat source and IR
camera cannot occupy the same space. Heat sources are therefore typically positioned to one
side of the IR camera as showrFigurel. A way of reducing the neaniform heating is to

use two heat sources either side of the camera but this results in synchronisation issues and
adds complexity to the equipment spt which is not desirable for inspections in the fiéhd.

the present papea routine is developed that compensates for the thermal gradient caused by

nonuniform heating in the thermal data for each image frame.
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In addition to thermal nenniformity, which is a type of systematic error, the thermal data
obtained from an IR detector will always contain random error. The dominant random error is
temporal noise due to tlamalogue taligital conversion of the voltage outmitthelR detector

This noise an adversely affect NDE inspections where the thermal contrast between defective
and nondefective regions is low arttie defects mape obscured by noise. A recent review

by Vavilov and Burleighi6] provided a high level overview of prominent strategies for
tempaoal noise suppression. Thermal Signal Reconstruction (TSR) is one of the strategies
discussed irf6] and has been highlighted by oth§t8,14] as being a patrticularly effective
technique for temporal noise suppression. TSR was first proposed by Shegdajtihgt and
applies smoothing logarithmidgl rather than linearly. They assumed a 1D Fourier heat

conduction model, where thermal decay for a homogeneous material was expressed as:

0

1Ty 11
Q

Vallxe)

1o (1)

whereT is temperatureQ is heat flux,e is the thermal effusivity, ands time.

Equation (1) shows that by expressing the thermal detdggarithmic terms, the decay
becomes linear with a gradient-6f5. It is possible to exploit this when analysing experimental
data containing high frequency temporal noise, by fitting a low grdignomial to the data
Thisacts as a low pass filtesmoothing oubf non-physical responses associated with camera
noise, by removing data that does not fit the assumed conduction model. By selecting an
appropriately low polynomial ordetypically a6™ order as originally proposed [t5], it is
possible to capture ndmear response at defective regions, while omitting high frequency

noise.
3 Pul se Phase Thermography

The PPT technique exploits the fact that temporal signals cappbeximated by a summation

of a multitude of base sinusoidal waveforms of varying frequency, amplitude and phase. By
transforming the temporal thermal decay signal measured at each pixel by the IR camera, to
the frequency domain it is possible decomptise temporal signal into its constituent
frequency components. This is commonly achieved using a Discrete Fourier Transform (DFT)
[7], although the use of wavelet analysis has also been profi@geéor digital signals, the

DFT is typically implemented using the Fast Fourier Transform (FFT) algofitiimThe FFT
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is simply an efficient implementation of the DFT developed for computational analysis of
digital signals. The DFT is given by:

0% QLY T YQ D4 ()

where the temporal signélx) is approximated in the frequency domainHy), andx is a
frame of the thermal data séi,is the total number of frames,is the frequency increment.
The phase of the response is given by:
‘Od
%o 0 GOE o 3)
whereReandIm are the real and imaginary components of the complex number returned by

the DFT. The magnitude of the response is given by:
0 04 YQ 4)

The DFT decomposes the temporal signal and sorts it by frequency, with data returned in
frequencyinsbnumbeed toN. The maximum frequency returned by the DFT is given by the

Nyquist frequency© ) which is expressed as:
0
— (5)
C

where {O) is the frame rate of the camera (i.e. the sampling rate) selected when acquiring

thermal data.

The width of each frequency bin is given by the minimum frequéexy §:

0
"0 = (6)
0
The frequency at each bifOg ) can be resolved using:
"0¢ O ¢ (7)

doi: https://doi.org/10.1088/1361-6501/aaed15



https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1088%2F1361-6501%2Faaed15&data=01%7C01%7Cg.olafsson%40soton.ac.uk%7C0d7099b22efb4244f06e08d63f82c1b9%7C4a5378f929f44d3ebe89669d03ada9d8%7C1&sdata=5hukRgpgPB2%2Fej5Ky5ay%2FTimo6R4DeSnAzyEP0NGb%2FA%3D&reserved=0

Olafssonret al2018 Measurement Science & Technology

The thermal decay of a defective region will differ from a-defective region in the time
domain and the same is true in the frequency domain. For each pixel, and each frequency the
phase is calculated usieguation 8), allowingthe phase to be compared spatially in the image

data.

Sorting data by frequency is advantageous since noise typically manifests as high frequency
components of the temporal signal, while comparatively low frequencies describe thermal
decay of he specimen surface. Separating low frequencies from high can allow for the
identification of deep defects, which are otherwise obscured by detector noise in the thermal
data. PPT can improve probe depth by increasing the contrast between defective-and non
defective regions when compared to raw thermal data obtained for PT inspections. Similarly,
phase data is less sensitive to surface effects such asnifiorm emissivity, and surface
geometry is reduced when compared to PT thermal data. In this ways REy similar to
Lock-In Thermography (LT)18], which also utilises phase data rather than raw thermal data.
LT uses harmonic thermal excitation and&klm algorithm to obtain the phase of the response

at each pixelUnfortunately the frequencymustbe chosen prior to data acquisitiand if
another frequency is to be considered, the inspection must be rege&yd advantage of

PPTisthat asingleinspection can be post processed to consider a multitude of frequencies.

IbarraCastanedo el. [13] notedthat noise in the thermal data can also affect phase data in
PPT inspections, particularly at high frequencies. The study proposed the combination of TSR
and PPT and provided an example using an aircraft rudder. A further study byGbhataamedo

and Matlagug[19] demonstrated the effect of TSR on PPT phase data, comparing phase data
obtained from TSR and unsmoothed temporal thermal data. However, while significant
improvements were reported, TSR has not been widely implemented in the general PPT

literature.

IbarraCastanedo and Maldag{#90] outlined an optimised procedure for RFSEmpling rate

and acquisition time are selected based on the thermal pegpefithe inspected material.
Lower frequencies are of interest for increasingly deep defects. It is therefore often
advantageous to minimise the width of frequency bins. As can be seeaduation(6), this

can be achievety either increasing the number of samples by increasing the recording
duration, or by decreasing the recording frame rate. However, the number of samples acquired
over a given duration is linearly proportional to the sampling rate. Therefore, to reduce th

minimum frequency resolved, the duration of data acquisition must be increased. Clearly, there
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is a practical limition,asthe specimen surface will eventually return to amkiemiperature
Furthermore, ashe maximunresolvablefrequency is limited ¥ the Nyquist frequencythe
sampling frequency must be sufficiently high to ensure that all frequencies of interest are

captured.

Once data from PT inspecti®is acquired the thermal response measured at each pixel is
digitally recorded as a transiesignal. Ibarra Castenado and Maldag@@] proposd the
truncation of the signaldy applying a rectangular windowisregardinga humber ofnitial

data pointsA rectangular windowives a weighting abne for all values sampled and zero for
all other valuesand itslengthis chosen tanaximise the number of sampl@sinimising the
frequency bin widtlhusing an iterative procedui®y makingthe window size smaller than the
original signal, data is excluded from the start of the sjgwhich improves the contrast.
Although in [20] it is not explainedwhy this is effective,a possible explanation is that
removing the first part of the response makesresulting signak less transien{or more
stationary) andbetter suited for analysis with DFTh a more recent paper, Ibai@astanedo

and Maldagu¢l9] again suggest the use of a rectangular window, and revisit the
implementation of PPT. However, little discussignprovided to justify ta choice of the
rectangular window to apply the DFRectangular window only work well when the
frequenciesf interest are known sajudicious choiceof sampling parametersan be made
[21]. Specifically a nonzero and exact integer number of cycles of a wavefaowst be
sampled otherwiseperiodic extension of the sampled waveform results in discontinuities in
the temporal signallhis results ina distribuion of spectralenergy from one frequency to all
other frequencies considered in the D&bwn as spectral leakaf@?]. Often in PPT, many
frequencies are of interesind theseare not known prior to data acquisitiomaking it
impossible to sample to avoid spectral leakagmsgéquently, in PPT there will always be
spectral leakage if a rectangular window is used and by definition probing depth is restricted.
To t he aut h dhesnplicakiomsnsing diffdrgnesgmplingwindow configuratios

for PPT has not been previously studibdthe present papehree windows are compared
with the aimof understanding howpectralleakageaffects defect identification in PPT. It is
shown that usingnore effective windows fothe DFT provides a marked improvement on
defect identification, particularly when combined with TSR and initial image processing of the

thermal data.
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4 Consi derations for t her mall

A common strategy22] for mitigating the effects of spectral leakageasapply a weighting

to the temporal signale. awindowing function. The rectangular windous attractive due to

its simplicity asit provides anarrow main loben the frequency domain, and therefore high
frequency resolutiarHowever this is at theost of spectral leakag22], whichcanbe seermas

large side lobem Figure2 where the frequency domain representation of an exponential signal
similar to thermal signals from PT is shavivtost windowing functions aim to reduce spectral
leakage by reducing the discontity occurring in waveforms that are not periodic in the
observation window. This is achieved by weighting the irtpatporalsignal such that the
signalends approach zero smoothlyltimately, there is always a traadf between spectral
leakage and &qguency resolution as shown kigure 2, where the flat top window almost

eliminates leakage, but results in a wide main lobe.

60 ‘ . , , .
- Rectangular Window

50 == Hamming Window 4
== Flattop Window

Magnitude

0 0.5 1 1.5 2 25 3
Frequency (Hz)

Figure2: Frequency response of windowed exponential signal

In view of the discussion abouhyeewindowingfunctions(rectangular, hamming and flatfop

areinvestigated for PP.TThe rectangular windownction is

VE p g€s 0 p

(8)
EXMiI VLA Q
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wherew(n) denotes the windowing function.

The hamming function is based on a cosine wavefovimch approaches zemnd hence
reduces spectral leakageregludng the discontinuity of constituent sinusoi@y not crossing
zero, the hamming functions also result in a modest increase in main lobe width. The hamming
functionis asfollows:
VE ™1 T8 cpoa: g 0 p
O p 9)
11 EB/NI VLQI Q

The flattop windowis based on the sum of cosine wavefolanslcrosses zerovhichresults

in low spectral leakagat the cost omain lobewidth. The flatop windowis of interesthere
because PPT is a comparative technique, and the increase in main lobe width applies to all
thermal signalsn a data set. Therefore the flat top window presents an opportunity to study
the sensitivity of the data to main lobe width Emseand side lobe attenuation. The flattop

window function is

. " W owe LUE " U S o VR () M > W o~ AE
U € w WAl &&e— w Al —— WAl 6— wAl 6——

v p v p v p v p
VMIiM £ O p (10)

whereao a4 are coefficients, the values used are present@édhbiel.
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Tablel: Coefficients for Flattop Window Function

Coefficient Value

a 0.21557895
0.41663158
0.27726315¢
0.083578947
0.00694736¢

P p p P

A further consideration ithe minimum resolvable frequency determinedtihy sampling
frequency and the number of sam&2]. This can only be improved by increasing recording
duration,which is limited by the transient thermal response. Therefarepadding[23] is

used, whichncreases the number of samples and reduces the minimum frequency bin width.
Zero-padding does not however provide additional signal information, and can therefore be
considered analogous to interpolatingvestn bins. This approach has not be widely applied

in PPT studies to date, with very few authors reporting its use. Weaitd24] reports the use

of zereapaddng but there isno comparisonwith non-paddeddata,hence in the present paper
theeffectof zerepaddingof signals foPPTis evaluatedalongside the effect of using different

windows in the DFT.
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S Experi mental Setup

5.1 Materials and Manufacturing

A common defect in composite sandwich panels is delamination, which occurs at the interfaces
of the plies in the face sheet laminate, as weditéise interface between the core and the face
sheet. A thermographic technique that could identify defetandwich structures would be
attractive as it is fast and n@ontact and could be used as part e$envice inspections as

well as following manufacture. Therefore, a test component comprising a composite sandwich
panel with glass reinforced fibre epdbace sheets and a foam core was manufactured in a co
cure resin infusion process. Interfacial defects were simulated by placing 20mm20
PolytetrafluoroethyleneRTFE) inserts between each ply of the lamindtgure 3 shows a
schematic of the test pdneith relevant dimensions. The sandwich panel face sheet is shown
as an exploded view so the position of the PTFE patches through the thickness of the face sheet
are easily representetihe specimen was desigphsuch that théimits of probing depth could

be established, involving a combination of shallow and deep defdwtdargest defect depth

was chosersothat it codd not be detected using PT alone without the additional processing
described in the present papEne specification of materials usta the face sheets and core

are presented ihable2.
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Table2: Material Specification

Panel Parl Description Specification

Core Type Closed Cell PVC
Manufacturer Diab
Name Divinycell H250
Density 250kg/m?
Thickness 35 mm
Thermal Conductivity 0.049 W/m.K

Face Shee Type Glass Fibre Reinforced Polym:
Reinforcement Type Biaxial Stitched EGlass
Number of Plies 4
Ply Thickness 0.6 mm
Laminate Thickness 2.4 mm

ReinforcemenSpecification 570g/n?

Resin Type Epoxy
Resin System Gurit Prime 20 LV
Resin Hardener Gurit Prime 20 Fast Hardener

doi: https://doi.org/10.1088/1361-6501/aaed15
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Figure3: Schematic showing specimen configuratioat to scalé all dimensions are in mm)
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5.2 Experimental Methodology

Pulse thermography was used to obtain all data presented in this®tedR detector stand
off was selected to ensure both defective anddedactive regions were clearly within the
field of view.A photographic flash was usemapply a short duration (pulse) thermal excitation
to the surface of the specim@ihis was placed as close to the specimen as possible to maximise
the heat input to the specimen arehce theéhermal contrasbbtained The IR detector was
perpendiculato the component surface, and the Iseatrcepositioned at anglé-his reduced
perspective effects, ands will be shown, the thermalonuniformity that resultedis
predictable and relatively simple to compensate subsequent thermal decay was medsure
using an IR detector. Pulse thermography was carried out in reflectionanatiscribed in
[25], and shown irFigurel. It is important to note thahé surface of the specimen was not
paintedwith matt black paintThe epoxy resin surfacd the GFRP face sheet matetad a
high emissivityandit was foundthat the paint insulated the surface amelcreased thermal
contrast which discounted any improwents in surface emissivityihe specification of the

IR detector and flash are providedTiable3.

Table3: Equipment Specification

Equipment Description Specification
Photon Detector Model Cedip Sver 480m
Thermal Sensitivity 20 mK
Sensor InSb 320x 256 pxcooled FPA
Spectral Range 3.65.6em
Recording Frame Rate 383 Hz
Recording Duration 6 s (2298 frames)
Photographic Flasl Model Bowens 1000 Pro
Power 1000 Ws

Flash Duration at Full Powe 1/2100 s

CIRRUS software was used ftire IR detector control and initial setup, includitige non
uniformity correction to adjust for variation gensorsensitivity. Thermal data was captured
using Altair provided by FLIR Systemall of the thermal data wasocessed using a specially
developedVatlab R2016script
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6 Ther mal Data Processing

6.1 Thermal Non-Uniformity

Thermal noruniformity over the field of view of the camera can obscure the temperature
difference that distinguishing the defective from +umiective regions. The thermal nron
uniformity may have larger temperature range across the field of view, whisks ntize
visualisation of small temperatushanges such as those resultirgm deepsub surface
defects. In this section processing procedures are presemeztlice and/or eliminate thermal
nonuniformity and hence increase the depth at which the detactbe visualisedo evaluate
theprocessing proceduresthermal image seriesas captured from a region surrounding the
PTFE insert placed at 0.6 mm depth from the surface of the sandwich structure component.
The 0.6 mm defect depthas selected because thefect was identifiable in the raw datad
provided a basis for comparisonhereforethe SNR could be calculated prior forocessing
being applied so that a evaluationcould be madef the improvementschievedby each

procedue.

Figure 4 showsthe thermal data obtained frotme specimerat ambient temperaturgvhich

reveals a major source nbnuniformity in the thermadatacaused by theeflection of the

cooled IR detectorA vignette effects producedvith reducedemperature ahecentre of the

field of view. The vignette effect is present in all image frames in the thermal data set, but after
pulse heating other feficts are also visible in the thermal data and therefore is best visualised
prior to heating. The vignette effect will vary slightly through the duration of the inspection,
since the difference in temperature between the surface and sensor increasdsedtingg

which is greatest in images captured immediately after heating. However, it was observed that
this variation was generally small as the surface temperature quickly returns to near ambient,
so it was assumed that the vignette was constant throutgtedataset. Hence, it is possible

to capture a 6reference imaged prior to heat
images in the series. To reduce the spatial noise, the reference image was produced from the
temporal average of twentyaimes captured before heating. The mean temperature of the
reference image was then added to all the image frames as an offset to maintain actual

temperature measurements.
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a) Surface plot b) Thermal image

Figure4: Thermal dataneasured prior to flash heating, showing vignette effect due to cooled
detector sensor.

Subtracting the reference image almost completely eliminates the vignette as skayunan

5. However, a thermal gradient is clearly visible across the field of view, which is a result of
nonuniform pulse heating. Since one side of the field of view is cooler than the other, the rate
of cooling also varies agss each frame and through time, so subtraction of a single reference
frame cannot be used. Therefore compensation must take place frame by frame. This was
achieved by averaging five rows of thermal data from thed&bective region and applying a

first order polynomial fit to approximate the thermal gradient across the field of view for each
frame. Once the gradient is known, it can be subtracted from all rows of a frame in the image
series. The resulting data is presentdéigure6, showing that the temperature gradient across
the field of view is practically zero. In section 7.4 of the paper, it is shown that combining the
thermal noruniformity corrections with other processing procedures helps increase the

probing depth.
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Figure5: Reference image subtracted, data at t=0.0757s after flash heating.

a) Surface Plot b) Thermal image

Figure6: Reference frame subtracted, and compensated for flathat t=0.0757s after heating.

6.2 Temporal Noise

Significant temporal noise can be observed in the acquired thermal data, as sRgurein,
which plots the temperature evolutioha single pixelin the image data ia nondefective

region. Where thermal contrast is low, temporal noise can be sufficient to obscure small

temperatire variations thus restricting probing depth and as will be shown, temporal noise

further restricts probing depth in the frequency domBE8R[15] was used to smooth temporal
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