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Abstract

Flash thermography is a valuable testing methodology to perform a rapid, full-field, non-destructive inspection.
Many researchers have investigated the physical detection limits of flash thermography, however, those studies differ
from one another in many ways (e.g. different defect properties). As such, it is difficult to combine their results into a
general overview of the true defect detection limits in flash thermography. Therefore, the present authors have performed
a parametric study into the defect detection limits of flash thermography using 3D finite element modelling. In this
contribution, the influence of the defect type and excitation non-uniformity on the detection limits are discussed.

1. Introduction

Flash thermography (FT) is a valuable non-destructive testing (NDT) method to rapidly inspect a thermally
conductive material for hidden defects. [1-3] While the raw flash thermographic recordings are useful to have a fast
indication of the inspected part's structural health, the application of advanced post-processing algorithms is
indispensable to ensure an accurate and reliable evaluation. [4-12] Over the course of the past few decades, many
researchers have explored the influence of various parameters on the detectability of defects through (post-processed)
FT. [13-24] While all these studies have provided profound insights into the phenomena affecting the defect detectability,
they cannot be easily combined in order to generate a clear overview of the actual physical defect detection limits of FT
due to the significant differences in their material and testing conditions:

methodology: (1D) analytical, finite element modelling or experimental,
analysis type: unprocessed thermal data, PPT, TSR, ...,

excitation settings: heating power and non-uniform heating profile,
material parameters: thermal properties, stacking sequence, ...,

In order to fill this gap in the current literature, the present authors have performed a large-scale 3D finite
element (FE) study where the defect detectability of FT is studied in detail. This contribution expands on two important
factors: (i) the defect type, and (ii) the excitation non-uniformity. The study does not limit itself to the raw thermographic
results, but further also considers several often-applied post-processing algorithms. The remainder of this manuscript is
constructed as follows: section 2 briefly explains the methodology of the presented study, after which the results are
presented in section 3. Finally, concluding remarks are provided in section 4.

2. Methodology

A schematic overview of the FE simulation model in this study is presented in Figure 1. Two flash lamps provide
a square test coupon with an optical excitation of 5 ms, and are located at a fixed location with respect to the center of
the coupon. The average heat flux deposited onto the test coupon is 0.56 W mm~2. Note that these lamps are identical
and symmetrically placed in order to reduce the calculation efforts by a factor of 2.

The FE model considers a 24-ply composite material with a total thickness of 5.5 mm (ply thickness ~0.23 mm).
In this contribution, the results are presented for a carbon fiber reinforced polymer (CFRP) with a cross-ply layup of
[(0/90)g]s and an emissivity of 0.9. The defect is located at the center of the simulated test coupon, with a sufficiently
large sound area surrounding it for reliable contrast-to-noise ratio (CNR) calculations. In total, 10 defect sizes are
considered, ranging from 1 mm up to 30 mm. The defects are positioned at all inter-ply locations, covering a defect depth
range from 0.23 mm to 5.27 mm. This study thus covers defect aspect ratios (= ratio of in-plane defect size to defect
depth) from 0.19 to 130.4. Heat exchange with the surroundings are considered through radiative and convective heat
losses at the top and bottom surfaces of the test coupon. The considered ambient temperature is 25 °C. For each
simulation, the cooling down regime is calculated for 120 s at a sampling frequency of 20 Hz, after which white Gaussian
noise with a noise equivalent differential temperature (NEDT) of 15 mK is added to mimic measurement noise of a
cooled infrared camera. All FE simulations are performed using the commercial FE software Abaqus CAE with an implicit
solver.
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Figure 1: Schematic illustration of the used finite element model.

For this contribution, the raw thermographic data is additionally post-processed with two often-used data
analysis techniques for FT, namely Pulsed Phase Thermography (PPT) [10, 25] and Thermographic Signal
Reconstruction (TSR) [6, 26]. Next, the CNR is calculated for each simulated scenario, which is then used as metric to
quantify a defect's detectability. These CNR values are divided into four categories to provide further qualitative
information about the defect detectability:

e CNR > 4: Good detectability,

e 2 < CNR < 4: Intermediate detectability,
e 1< CNR < 2: Poor detectability,

e (CNR < 1: Undetectable.

It is important to remark that the calculated CNR values have shown an excellent match with experimental
observations, and are thus representative of real experimental scenarios. For conciseness, the experimental validation is
not presented here.

3. Results
3.1. Defect type
One of the main parameters that is known to affect a defect’s detectability is of course the defect type itself. The
effect of the defect type is in this section investigated for the 24-ply cross-ply CFRP component, with a uniform excitation

and a 15 mK noise level. In total, six different defect types are considered. The thermal reflection coefficient Reprp_qer
and the defect’s thermal resistance W, of each defect type are listed in Table 1, and are calculated as follows:

€crFrP — C€def

R — =
CFRP-def ecrrr + Caer Q)
taef
W =
" eer 2)

where ecrrp and eq.¢ are the thermal effusivity of CFRP and the defect, respectively. tg.r and kq.f are respectively the
defect’s thickness and thermal conductivity.
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Table 1: Thermal reflection coefficient and thermal resistance of the considered defect types.

Defect type Thermal reflection coefficient Thermal resistance
Rerrp-der [ W, [m?2 KW™1]

FBH 1 -
Disconnected nodes 1 00

Air insert of 100 um 1 40¢e?

Air insert of 13 um 1 5.2¢*
Polyurethane insert of 13 um 0.95 43¢*

PTFE insert of 13 um 0.11 5.2¢e°

The obtained CNR values (in logio-scale) of the raw thermographic sequence for the different defect types are
presented in Figure 2. As could be expected, the FBH'’s (Figure 2(a)) and disconnected nodes (Figure 2(b)) provide the
best defect detectability since they have the highest thermal reflection coefficient and thermal resistance. Only for smaller
defect sizes (i.e. the bottom rows), the disconnected nodes provide a reduced defect detectability, which is a results of
the in-plane lateral heat diffusion (more prominent for smaller defects), which allows the heat to also flow away below the
defect and thus leads to a more efficient heat dissipation. An air insert of 100 um (Figure 2(c)) provides a reduced defect
detectability as it also allows heat transfer directly through the defect itself (i.e. no infinite thermal resistance). Further
reducing the defect thickness to 13 um (Figure 2(d)) results in a lower thermal resistance, which makes the heat
transport through the defect more effective, resulting in a worsened defect detectability. As highlighted in [17],
polyurethane has highly similar thermal properties as air, which is indeed observed by comparing its defect detectability
with the one of an air insert of identical thickness (Figure 2(d,e)). Lastly, the defect detectability levels of a
polytetrafluorethylene (PTFE) insert are very low (Figure 2(f)). While this defect type is often the preferred one in
experimental studies in the field of infrared thermography, the results clearly demonstrate that it is not representative of
an air layer inside the composite material.
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Figure 2: The effect of defect type on the defect detectability of the raw thermographic sequence (CFRP, cross-ply,
uniform heating, 15 mK noise).

All other consider post-processing algorithms provide identical conclusions about the relative defect detectability
of the different defect types, and are therefore omitted for conciseness.

Since the air insert of 13 um thickness is the most representative of a delamination defect in composites [27],
this defect type is further used to study the effect of the excitation non-uniformity.
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3.2. Excitation non-uniformity

Next, the influence of the excitation non-uniformity on the defect detectability of an air insert of 13 pm thickness
is studied in this section. For both the uniform and non-uniform excitation, the same average heat flux of 0.56 W mm™2 is
applied to the test coupon. The shape of the non-uniform excitation was first determined experimentally by matching the
deposited heat profile to a bivariate normal distribution. The studied case is a CFRP cross-ply sample of 5.5 mm thick,
with an air insert of 13 um thickness, and 15 mK noise.

The influence of the excitation non-uniformity on the calculated CNR values (in logio-scale) are visualized in
Figure 3. The different rows present the results for the raw thermographic sequence, PPT, and the TSR coefficients. The
left column are the results for the uniform excitation and the middle column for the non-uniform excitation. The right
column also presents results for non-uniform excitation, but where a temporal standardization is applied as pre-
processing step in order to reduce the effects of background non-uniformity. [5]

It is immediately clear that the excitation non-uniformity has detrimental effects on the defect detectability for
both the raw temperature and the TSR coefficients. This is a result of the definition of CNR, where the standard deviation
in the sound area has an inversely proportional effect on the CNR. Since the non-uniformity in the sound area is high for
the large defects (since the sound area scales with the defect size), this results in very low CNR values.

For the raw temperature (Figure 3, top row), applying a temporal standardization is an important pre-processing
step to obtain good defect detectability (Figure 3(c)). Moreover, the standardization increases the defect contrast and
reduces the noise level with respect to the uniform excitation, resulting in higher CNR values and improved defect
detection limits (i.e. CNR = 1).

The results for PPT (Figure 3, middle row) highlight lower CNR levels than the raw temperature, but with
significantly improved defect detection limits. Due to the steps involved in the calculation of the phase values for PPT,
there is only a slight reduction in defect detectability between the uniform and non-uniform excitation cases (Figure
3(d,e)). Additionally, applying a standardization as pre-processing does not affect the results of PPT (see Figure 3(f)).

Lastly, the TSR coefficients (Figure 3(g)) provide the highest CNR values and best detection limits of the
presented post-processing techniques. Also here, applying a temporal standardization is required to effectively
counteract the effects of the non-uniform excitation (Figure 3(h,i)). Comparable CNR values and detection limits are
obtained between the uniform excitation and the standardized non-uniform excitation. Additionally, the results for the
TSR derivatives provide comparable insights and are therefore omitted.
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Figure 3: The effect of excitation non-uniformity on the defect detectability of a 13 um air insert (CFRP, cross-ply, 13 um

air insert, 15 mK noise): (left column) uniform excitation, (middle column) non-uniform excitation, and (right column) non-

uniform excitation with temporal standardization. Different processing algorithms are shown: (top row) raw thermographic
sequence, (middle row) PPT, and (bottom row) TSR coefficients.

4, Conclusions

In this contribution, a 3D finite element study is presented to investigate the defect detection limits of flash
thermography for different defect types and excitation non-uniformities. A wide range of defect sizes and defect depths
are considered, covering aspect ratios from 0.19 to 130.4. Results are discussed for the (standardized) raw
thermographic sequence, as well as for PPT and TSR processed thermographic data.

The defect type was observed to have a primordial effect on its detectability. FBH’s and disconnected nodes are
the easiest to detect, whereas PTFE inserts are almost undetectable. The defect detectability dropped with a reducing
thermal reflection coefficient and thermal resistance. The presented results confirm the finding of a recent study [17],
namely that polyurethane inserts are a practical way to mimick realistic delaminations in a composite.

In actual applications, the heating profile of optical lamps tends to be spatially non-uniform. The presented
results indicate a reduced defect detectability in case of a non-uniform heating profile. The application of a temporal
standardization on the thermal data can counteract the negative effects of the excitation non-uniformity to some extent.
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