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The advent of packaged infrared (IR) bolometers
has led to thermography-based techniques becoming
popular for non-destructive evaluation of aerospace
structures. In this work, a real-time monitoring
system for in situ crack detection has been presented
which uses an original equipment manufacturer
microbolometer. The system costs one-tenth the price
of a packaged bolometer and has the potential
to transform the use of IR imaging for condition
and structural health monitoring in the aerospace
industry and elsewhere. A computer, consisting of
a single circuit board with dimensions comparable
to a credit card, has been integrated into the
system for real-time, on-board data processing. Crack
detection has been performed based on the principles
of thermoelastic stress analysis (TSA). Proof-of-
concept laboratory tests were performed on open-hole
aluminium specimens to compare the performance of
the proposed system against a state-of-the-art cooled
IR photovoltaic effect detector. It was demonstrated
that cracks as small as 1 mm in length can be detected
with loading frequencies as low as 0.3Hz. This
represents a significant advance in the viability of
TSA-based crack detection in large-scale structural
tests where loading frequencies are usually lower
than 1 Hz.
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1. Introduction

The aerospace sector is gradually undergoing a paradigm shift with regards to its approach
to airframe design and life cycle management. Instead of relying on conservative factors of
safety, which has traditionally led to increased structure mass and a higher carbon footprint, the
focus has shifted towards designing highly optimized airframes. This dictates the need for the
development of compact and reliable structural health monitoring tools for in-service assessment
of such optimized structures. Owing to the emergence of cost-effective infrared (IR) cameras over
the past decade, IR thermography-based techniques have become popular for non-destructive
evaluation (NDE) of aerospace structures [1]. The majority of the IR thermography-based
techniques employed for NDE require an external stimulus such as electromagnetic radiation
or eddy-currents in order to generate heat in the component under inspection [2]. IR images
of the stimulated component are acquired to determine temperature gradients, which are then
analysed using various image processing algorithms for the identification of potential defects in
the component [2]. Despite being a mature and widely accepted NDE approach, the requirement
for an external ‘heat source’, coupled with the relatively large size of commercially available
IR camera systems, renders IR thermography impractical for on-board monitoring of critical
locations in a structure under service conditions. This paper focuses on overcoming these major
impediments to using an IR thermography-based monitoring system for in situ detection of cracks
in aerospace structures.

Thermoelastic stress analysis (TSA) is a well-established IR thermography technique, which
has been used extensively for quantitative assessment of fatigue cracks in metals [3-5] and
damage analysis in composites [6-8]. The working principle of TSA is based on the measurement
of small temperature changes associated with the varying stress state in a component resulting
from fluctuating applied loads. If the loading rate of a component is significantly higher than
the rate of heat transfer to the surrounding material then the observed temperature change,
resulting from the thermoelastic effect, is proportional to the change in sum of principal stresses
or the first stress invariant [9]. Some of the earliest TSA measurements for determining full-
field stress distributions in metallic components under cyclic loading were performed using
an IR point-sensor system, e.g. SPATE [10]. These first-generation IR detectors consisted of
a single photovoltaic effect sensor, mounted with two independently motorized mirrors, for
performing a scan over a component’s surface in a point-by-point manner in order to generate
a stress map. This time-consuming raster scanning approach hampered the use of TSA for
studying time sensitive processes such as fatigue crack propagation. In the 1990s, the advent
of IR focal-plane array (FPA) detectors paved the way for TSA to be used in quasi real-time
for the evaluation of the stress intensity factor range associated with a fatigue crack, which
is considered as the main driving force behind crack propagation [4,11]. These IR detectors
essentially consist of a two-dimensional array of photovoltaic effect sensors, which needs to be
cooled to cryogenic temperatures (~77 Kelvin) in order to minimize the internal IR noise of the
sensor array.

The application of IR FPA photovoltaic effect detectors for damage analysis in composites
using the TSA technique is also well established. Emery & Barton [6] employed TSA to
characterize the evolution of fatigue damage resulting from a number of scenarios such as fibre
breaking, matrix cracking and inter-layer delamination in fibre-reinforced composite laminates.
Opara et al. [7] investigated the impact damage in woven fibreglass composite laminates using
both the standard TSA technique and pulse heating IR thermography. Their conclusion was that
TSA is best-suited to identifying damage resulting predominantly from fibre breakage, whereas
inter-layer delamination zones can be observed more clearly with pulse heating IR thermography.
The phase difference between the thermoelastic response of a component and the loading signal
can also provide meaningful information about the presence of damage. Localized phase shifts
are caused by non-adiabatic conditions resulting from nonlinear mechanics, such as plastic
deformation in metals or inter-layer delamination in composites. This phase information has been
successfully used in the past to estimate fatigue life [12] and determine the size of the crack tip
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plastic zone [3,13] in metals. It has also been used for monitoring damage evolution in composite
materials [14,15].

It is evident from reviewing the literature on TSA that the IR FPA photovoltaic effect
detectors significantly enhanced the practical appeal of the TSA technique in the first two
decades after their development. However, the utility of TSA in industrial environments has
lagged behind other, more-widely accepted, full-field strain measurement techniques such
as digital image correlation (DIC). One of the major reasons for this is the high capital
cost of the IR FPA photovoltaic effect detectors. Also, their size and mass are significantly
greater compared to the imaging technology typically employed in other full-field strain
measurement techniques. This issue has been addressed to some extent by the commercial
availability of microbolometers in the past decade, which are an order of magnitude cheaper
than the IR FPA photovoltaic effect detectors. Microbolometers consist of an array of IR
absorptive elements with a temperature-dependent electrical resistance. The change in electrical
resistance generates an electrical signal which can be calibrated to perform temperature
measurements.

The temperature resolution of an IR detector is typically defined in terms of the noise
equivalent temperature difference (NETD), which is essentially a minimum temperature change
that an IR detector can resolve. Modern IR FPA photovoltaic effect detectors have an NETD in the
range of 10-20mK [16]. This translates to a stress change of 4-8 MPa in aluminium. However,
the stress sensitivity of TSA is not necessarily limited by the NEDT of an IR detector [17].
In TSA, signal processing is employed to extract temperature fluctuations associated with the
thermoelastic effect, as low as 1mK, from the raw IR data. This results in a stress sensitivity
for TSA on the order of 1 MPa [16]. Rajic & Street [17] carried out a comprehensive study
to demonstrate that a microbolometer with an NETD of 120mK can be effectively used for
quantitative analysis using the TSA technique, which was previously believed to be possible only
with the high-specification IR FPA photovoltaic effect detectors. The wide-spread availability
of low-cost bolometers has undoubtedly improved the feasibility of TSA for use in industrial
environments. There have been a few recent studies in which microbolometers were used for
stress analysis on aerospace [18] and civil [19] structures using the TSA technique. Despite these
recent advances, TSA is still perceived as a stress analysis technique which is difficult to employ
outside of a controlled laboratory environment. Its potential use in structural health monitoring
applications has, therefore, still not been fully explored.

To the best of the authors” knowledge, all of the previously published studies on low-cost
TSA employed industrial-grade ‘packaged’” bolometers which consisted of an IR sensor array,
associated electronics and the optical arrangement all packaged inside a protective housing.
These packaged bolometers are typically controlled through their dedicated commercial software
modules which are compatible with either Microsoft Windows, Macintosh or the Linux operating
systems, and hence, require a user-controlled desktop or a laptop computer to operate. It is,
therefore, difficult to deploy them in inaccessible or hard-to-reach locations in a structure or
where there are restrictions on weight, volume and availability of power, e.g. in an aircraft
during flight operations. Recent work by some of the current authors has demonstrated the
potential for the original equipment manufacturer (OEM) microbolometers to be used for
monitoring cracks under constant amplitude sinusoidal loading [20]. In this work by Middleton
et al. [20], IR responses to constant amplitude sinusoidal loading were captured using an OEM
microbolometer. The acquired data was post-processed to show the crack propagation detection
capability of such low-cost bolometers. OEM microbolometers are available at one-tenth of
the price of packaged bolometers and can be controlled through a computer consisting of a
single circuit board with dimensions comparable to a credit card [20]. This paper reports the
development of a compact, low-cost system, which uses an OEM microbolometer for quasi real-
time detection and monitoring of fatigue cracks based on the principles of TSA. The system was
designed with the aim of advancing the feasibility of in situ crack monitoring at critical locations
in large-scale structures, under realistic loading conditions. Proof-of-concept laboratory tests
were performed on open-hole aluminium specimens, subjected to uniaxial flight cycle loading
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Figure 1. Photographs of the experimental set-up showing the prototype unit for real-time crack monitoring, cooled Flir S(7650
detector used for comparing the crack detection capability of the prototype unit and the open-hole aluminium specimen.
Additional photograph of the prototype unit showing all its components is provided in electronic supplementary material, figure
S4. (Online version in colour.)

involving frequencies of the order of 1 Hz, to establish its crack monitoring performance against
the state-of-the-art cooled photovoltaic effect detector.

This paper is structured in the following manner: the next section provides a description of
the TSA theory and the proposed TSA-based crack detection method. The description of the
prototype unit for real-time fatigue crack monitoring is provided in the third section. Detailed
description of the three proof-of-concept fatigue tests, performed to establish the crack monitoring
capability of the prototype unit, can also be found in this section. The experimental set-up for
these tests is shown in figure 1. Results of the three fatigue tests are analysed and discussed in the
fourth section. The loading frequency and the strain amplitude ranges over which the prototype
system can perform crack detection are also discussed in this section. The key findings of this
study and concluding remarks are provided in the final section.

2. Proposed crack detection method

(a) Thermoelastic stress analysis

As discussed in the previous section, TSA is primarily a quantitative stress analysis technique
which is applied, predominantly, for determining the stress distribution in components under
constant amplitude cyclic loading. Detailed mathematical formulations underpinning the theory
of TSA can be found in a review paper by Pitarresi & Patterson [9]. For an isotropic material
in a state of plane stress under adiabatic conditions, the temperature change resulting from the
thermoelastic effect is related to the change in the sum of stresses using the following equation:

T
AT =—"" Ao + o), (2.1)
Pcp

where AT is the temperature change, T is the absolute temperature, « is the coefficient of linear
thermal expansion, p is the density, C, is the specific heat capacity at constant pressure, and o011
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and oy are the in-plane maximum and minimum principal stresses, respectively. The relation
typically employed for practical TSA is as follows:

AS = A(o11 + 0o22), (2.2)

where S is the signal from an IR detector and A is the calibration constant, which is a function of
the IR detector parameters and the properties of the material being inspected. The value of the
calibration constant is typically determined experimentally by obtaining the detector signal from
a region on the component’s surface with a known stress state.

The above relations are only valid if adiabatic conditions are met. The loading rate required
to ensure quasi-adiabatic conditions not only depends on the material properties but also on the
stress gradients in a component, which are a function of both the component’s geometry and the
magnitude of applied loads. To ensure the thermoelastic effect is acquired under quasi-adiabatic
conditions, a typical rule-of-thumb is to perform cyclic loading at a frequency of at least 10 Hz
[21]. However, it has been demonstrated that loading frequencies as high as 30 Hz are required
to resolve elastic stresses around a crack tip in aluminium [22]. This stringent requirement on the
loading rate makes TSA challenging to employ for fatigue assessment in large-scale structural
tests where the loading frequencies are usually quite low, i.e. less than 1 Hz [18].

The above TSA equations essentially dictate a linear relationship between the applied stress
amplitude in the material and its thermoelastic response under adiabatic conditions. More
complex theoretical relationships for TSA have been derived in the past, which consider the
influence of both the temperature variation in the material during load cycle and the mean
stress on the thermoelastic response as well [9,23]. In practice, it is not uncommon to ignore the
‘negligible” influence of these two factors and assume a linear relationship between the applied
stress amplitude and acquired thermoelastic response from a component’s surface. However, it
has been demonstrated experimentally that the influence of these factors on the thermoelastic
response is not negligible in certain materials, e.g. aluminium and titanium [24]. The focus of
the current work is developing a methodology for detecting a change in condition caused by
the initiation or growth of a crack rather than quantitative stress analysis. This is achieved by
determining changes to the spatial distribution of thermoelastic response from a component’s
surface under fatigue loading. Hence, the analysis is performed using an un-calibrated detector
signal (S), which represents temperature fluctuations caused predominantly by the thermoelastic
effect under both quasi-adiabatic and non-adiabatic conditions. To avoid confusion with the
conventional TSA approach for quantitative measurement of stresses, the analysis reported in
the work is, therefore, referred to as Condition Assessment using Thermal Emissions (CATE).

The proposed method can be divided into two parts. The first part involves the acquisition
of data from the OEM microbolometer and an electrical resistance strain gauge (RSG), which is
bonded on to the component under inspection. The acquired data is processed in quasi real-time
to generate a spatial map of the un-calibrated detector signal (S), which will hereon be referred
to as the “CATE’ map. In the second part, these CATE maps are further processed for automated
tracking of fatigue cracks. The two parts of the method are described in the subsections below
and in detailed flow charts provided in electronic supplementary material, figures S1 and S2.

(b) Data acquisition and processing

The method for crack detection is designed for both constant amplitude cyclic loading and flight
cycle loading. An idealized flight cycle [20], representing different events during take-off, cruise,
gust loading, landing and taxiing in a typical flight operation, is shown in figure 2. In this
method, the spatial IR data from an OEM microbolometer and the RSG point data are acquired
simultaneously over an operator-defined time window. The acquired RSG signal is then processed
to identify distinct waveforms in the loading block without a priori knowledge of the applied
loading. This process involves evaluating the local gradient at each point in order to first identify
all the peaks and troughs in the RSG signal. Each pair of adjacent peaks within the RSG signal
is then interrogated to determine the frequency, to a resolution of 0.01 Hz, and amplitude, to a
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Figure 2. Idealized flight cycle [20] comprised of distinct waveforms which represent different events during take-off, cruise,
gust loading, landing and taxiing in a typical flight operation. (Online version in colour.)

resolution of 2 ue, of an underlying signal component connecting them. The next step is to map the
components of the RSG signal in to the frequency—amplitude domain defined between 0.05-3 Hz
and 100-1000 pe. This frequency range is representative of the frequencies usually involved in
fatigue testing of aircraft sub-assemblies, whereas, the range of strain amplitude lies within the
fatigue endurance limit and the yield strain of a typical aerospace-grade aluminium alloy. This
results in clusters of points in the frequency—amplitude domain that each represent a distinct
waveform within the RSG signal and were automatically detected using the image processing
operations of morphological closing [25] and connected-region labelling [25] performed by
standard functions from an open-source computer vision library (OpenCV, Intel corporation,
USA). Figure 3 shows the resultant 13 distinct waveforms which were identified in the flight
cycle, provided in figure 2.

To extract the thermoelastic response resulting from each distinct waveform, the signal
components in a given cluster are first stitched together to construct a reference signal. Time
stamps of the RSG values from the reference signal are then used to retrieve IR images
corresponding most closely to these times. The retrieved IR images are formed into a volumetric
array such that the images are the x-y planes with time represented by the z-dimension. Finally, a
CATE map for each distinct waveform is extracted from raw IR data by fitting the reference signal
to the temporal IR distribution at each pixel location in the x-y plane of the volumetric array using
the least-squares method. The CATE map represents the spatial distribution of the thermoelastic
signal amplitude resulting from that particular or distinct waveform. Figure 4 shows the exemplar
CATE maps derived from the 13 distinct waveforms identified in the flight cycle shown in figure 2
using a time window of 150s corresponding to 7.5 repetitions of the flight cycle. An additional
CATE map for the whole flight cycle is also provided in figure 4. This CATE map represents
the ‘broadband’ thermoelastic response resulting from the combined effect of all the waveforms
constituting the flight cycle and is produced by simply fitting the un-processed RSG signal to the
raw IR data, acquired over several flight cycles, using the least-squares approach.

(c) Cracktracking

An image-based decomposition technique based on discrete orthogonal polynomials [26,27]
is used for automated tracking of fatigue cracks from the CATE maps. This technique is
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Figure 3. Distinct waveforms (red) identified in the idealized flight cycle (blue) are shown in figure 2. This figure can be
interpreted in colour only. (Online version in colour.)

well-established for quantitative comparisons of data fields [28], including tracking of damage
[20,29], and treats strain fields as digital images that are decomposed by fitting a pre-defined set
of two-dimensional polynomial kernels to the intensity distribution of the image. The coefficients
of the fitted kernels are collated into a column vector, often referred to as a feature vector, which
provides a unique representation of the data field in the image. In the proposed method, each
CATE map is decomposed to a feature vector using kernels described by discrete Chebyshev
polynomials so that the feature vector represents the spatial distribution of the thermoelastic
signal resulting from a distinct waveform of loading. The first coefficient in the feature vector
belongs to the zero-order polynomial kernel, and hence, is indicative of the mean thermoelastic
amplitude. The initiation or propagation of a crack would induce a change in the spatial
distribution of thermoelastic amplitude over a component’s surface, and hence, also in the feature
vector for the CATE map. The change in the feature vector is evaluated by calculating the
Euclidean distance between vectors representing the current state and a reference state acquired
at the beginning of the test, which represents the “‘un-damaged’ state of the component. It is
important to highlight here that the first coefficient of feature vectors, representing the mean
thermoelastic response, is excluded from Euclidean distance calculation in order to filter out the
effect of factors, such as temperature drifts, which could potentially cause the mean thermoelastic

06101200 :8Lp ¥ 205§ 201 edsyjeunol/BioBuysyqndiraposjefos H



fr: 0.64 Hz, amp: 927 pe fr: 0.96 Hz, amp: 352 pe fr: 0.96 Hz, amp: 704 pe

20 20 20
40 40 40 18
TS
60 60 60 8
80 80 80 : g
100 100 100 =
120 120 120 =
50 100 150 50 100 150 .
&
fr: 0.98 Hz, amp: 234 ne fr: 0.98 Hz, amp: 466 pe fr:1.15 Hz, amp: 392 pe é
20 20 20 =
3 T
) 40 40 40 i
%‘ 60 60 60 8
3 80 80 80 : -
.,8 100 100 100 ' R
@) 120 120 120 S
o 50 100 150 50 100 150 50 100 150 : §’
8 fr:1.33 Hz, amp: 278 pe fr: 1.34 Hz, amp: 139 ne fr: 1.98 Hz, amp: 330 pe -5
. 0
g . &
= 20 20 20 'S
?-» 40 40 40 | : g
< 60 60 60 | =)
'& 80 80 80 |
= 100 100 100
a3 120 120 120 -
%, 50 100 150 50 100 150 50 100 150
g fr: 1.99 Hz, amp: 312 pe fr: 2.13 Hz, amp: 232 pe fr: 2.18 Hz, amp: 110 pe
T 20 | E 20 20
o 40 | ' 40 40
% 60 | i 60 60
joi 80 | P 80 80
= 100 {100 100
e 120 L pomeael 120 120
o 50 100 150 50 100 150
(-
-8 fr: 2.94 Hz, amp: 154 pe broadband
B i
o 20 20 i
g 40 40 3
(@] 60 60
a 80 80
100 100
120 120
50 100 150
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Figure 5. Plots of normalized Euclidean distance against time for constant amplitude sinusoidal loading in Test 1 (table 1)
produced using the prototype unit using quasi real-time processing (a) and cooled IR photovoltaic effect detector with post-
processing of data (b). Insets show the corresponding CATE maps at three different times during fatigue loading; the change in
the maps indicates that cracks grow horizontally from the points on the edge of the hole which are furthest from the vertical
axis of loading. (Online version in colour.)

response to change or drift over the course of a fatigue test. In the proposed method, the evolution
of Euclidean distance over time for each distinct waveform identified in the flight cycle is plotted
in quasi real-time.

(d) Post-processing

Middleton ef al. [20], using a similar OEM microbolometer, have shown that a significant increase
in the Euclidean distance from a baseline provided a clear indication of crack propagation. An
equivalent example of the evolution of Euclidean distance over time is shown in the top plot
of figure 5 for an open-hole aluminium specimen under constant amplitude sinusoidal loading.
Detailed description of this test and the specimen is provided in §3. The baseline value for the
Euclidean distance was established for the top plot in figure 5 by calculating its mean, median
and standard deviation over the initial 2 h of loading. A rolling median of the Euclidean distance
was then calculated using a window length of 11 data points. The instant of crack detection
was defined to be where the difference between the rolling median and the baseline median
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permanently exceeded the standard deviation of the baseline mean which happened after 7.5h.
The rolling median is used instead of the rolling mean because it is more robust to outliers in
the data [30]. A significant advantage of this method is that it is entirely possible to perform this
simple statistical analysis in quasi real-time, in order to generate an alert for the test operator
indicating the presence of damage or a fatigue crack. The effect of the initial time window for
establishing the baseline Euclidean distance value and the window length for evaluating the
rolling median of the Euclidean distance is shown in electronic supplementary material, figure S3.

3. Experimental method

A prototype unit, shown in figure 1, was developed which used an OEM microbolometer (Lepton
3, FLIR, Wilsonville, OR, USA) with a sensor array of 160 x 120 pixels, an NEDT of 50 mK
and an IR spectral range of 8-14 um. The detector is capable of capturing IR images with an
effective frame rate of 8.8 Hz. It was controlled using a Raspberry Pi 4 (Raspberry Pi Foundation,
UK), which is a single board computer of dimensions 85 x 56 x 17 mm and is ideal for on-board
data processing. An additional power-over-Ethernet board was used to power the Raspberry Pi
through an Ethernet cable. A quarter Wheatstone bridge (WSB) circuit was also incorporated,
which was powered by a 3.3V supply from the Raspberry Pi computer. The purpose of this
WSB was to process the signal from an ‘active’ RSG, bonded onto the structure or component
under inspection, in order to measure local strain levels resulting from the applied loads. A 16-bit
analogue-to-digital converter (ADC) was used to digitize the differential analogue input from
the WSB circuit at a sampling rate of 158 Hz. The digitized output from the ADC was read
out through the digital input channel of the Raspberry Pi computer. The prototype unit also
included a visible light imaging system which allowed visual inspection of the area of interest.
This consisted of an 8 mega-pixel image sensor (IMX219, Sony Corporation, Japan) with a circular
array of 16 programmable LED lights around the image sensor. As the title suggests, this paper
is focused on demonstrating crack detection capability based on thermal emissions, and hence,
any data acquired using the visible-light imaging system are neither reported nor discussed here.
The computer script implementing the proposed method for crack detection, described in the
previous section, was written in Python for execution on the Raspberry Pi computer. Electronic
supplementary material, figure S4 provides a comparison of the size, weight and cost of the
prototype unit with that of a state-of-the-art cooled IR photovoltaic effect detector (FLIR SC7650,
Teledyne FLIR LLC, USA). Proof-of-concept tests were performed on aluminium specimens to
establish the capabilities of the prototype unit and the proposed crack detection method.
Rectangular specimens of dimensions 200 x 40 mm were machined from a 1.6mm thick
aluminium 2024-T3 sheet. A central hole of 6.4 mm diameter was drilled in each of the specimens,
this hole acts as a stress concentrator during fatigue loading, so that fatigue cracks will grow from
the hole edges. For TSA measurements, the specimen is usually painted with a non-reflective
matt-black paint in order to reduce background IR reflections and ensure uniform and high
emissivity over the specimen’s surface. In this work, the specimen was instead painted with
an aviation primer (LAS780-001, LAS Aerospace Ltd, UK) that is commonly used on aerospace
structures for protection against corrosion. Prior work has shown that similar primer paint
provides a uniform and high emissivity [31]. It is a common practice in large-scale industrial
tests to employ different NDE techniques to assess critical locations in a structure. One such
widely used non-contact optical technique is DIC, which requires creation of a random speckle
pattern over the region of interest. Hence, the base coat of yellow-coloured aviation primer on
each specimen’s surface was speckled with random black dots using a spray paint (Acrylic paint,
CRC Industries Europe, Belgium) to represent surface preparation likely to be encountered in
an industrial test. The speckles are not visible in the raw IR images or the processed CATE maps
acquired from the Lepton microbolometer, as demonstrated in electronic supplementary material,
figure S5. It was, therefore, assumed that these speckles did not affect the crack detection results.
A 350 £2 RSG (CEA-13-250UW-350, Vishay Intertechnology Inc., USA) was bonded onto each
specimen, away from the hole edge and out of the field of view of the IR and visible light system,
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and was used to measure nominal strain levels in the specimen under loading i.e. to process the
RSG signal described in §2.2. A synthetic reference can be generated from raw IR data acquired
at frequencies typically used in quantitative TSA, i.e. above 10 Hz; however, for low-frequency
waveforms inducing low strain amplitudes in the material, a reference signal from an external
source, such as a strain gauge, is a requirement to provide a good signal-to-noise ratio.

In total, three fatigue tests were performed. To accelerate the crack initiation stage, each of
the three specimens was initially loaded for 80000 sinusoidal cycles at 10 Hz using a maximum
load of 8.75kN and a load ratio of 0.1. For the first test, constant amplitude sinusoidal loading
was continued after switching the loading frequency to 1.2 Hz until failure of the specimen. For
the other two tests, the loading regime was switched to a spectrum of loading representative of a
flight cycle. The load sequence in the second test was comprised of a flight cycle, shown in figure 2,
followed by five cycles of sinusoidal loading at 1.5 Hz. This sequence was repeated continuously
until specimen failure. The load sequence for the third test used the same flight cycle in figure 2;
however, its time period was stretched to 40s in order to reduce the frequencies of the signal
components in the flight cycle and test the capabilities of the CATE method. The stretched flight
cycle was followed by eight cycles of sinusoidal loading at 1.5Hz in the third test. The loading
details of the three fatigue tests are summarized in table 1.

For the two tests involving flight cycle loading, the data were acquired using the prototype
system; however, for the first test, the data were captured simultaneously using the prototype
system and, for comparison, a high-resolution and high-sensitivity cooled IR detector (FLIR
5C7650, Teledyne FLIR LLC, USA) consisting of an array of 640 x 512 photovoltaic effect sensors
and fitted with a 50 mm IR lens. The cooled photovoltaic effect detector was placed at a stand-
off distance of 400 mm and a viewing angle of about 45° from the specimen surface providing
a spatial resolution of 0.2mm pixel~!. The camera unit was integrated with the DeltaTherm
acquisition system (Stress Photonics, USA), which acquires and processes the IR data stream
from the photovoltaic effect detector in quasi real-time in order to produce un-calibrated TSA
(CATE) maps. These maps were produced continuously by capturing the IR image stream every
four seconds, at a frame rate of 328 Hz, with an active sensor window of 320 x 256 pixels.
The acquired CATE maps from the DeltaTherm system were imported into a specially written
MATLAB program for post-processing and subsequently decomposed into feature vectors to
produce a plot of Euclidean distance against time. The prototype unit was placed at a stand-
off distance of 75 mm with the Lepton sensor aligned parallel to the specimen surface, thereby,
providing a spatial resolution of 0.6 mm pixel ~!. It was not physically possible to match the spatial
resolution of the prototype unit to that of the photovoltaic effect detector, i.e. 0.2 mm pixel_l, as
this would have required a stand-off distance of 24 mm. The raw RSG and IR data were recorded
continuously in batches over windows of 16, 250 and 450s for the three tests, respectively and
processed in quasi real-time to generate Euclidean distance values for each distinct waveform in
the loading sequence throughout the test duration.

4, Results and discussion

The values of normalized Euclidean distance from both the cooled photovoltaic effect detector
and the prototype unit are plotted against time in figure 5 for the constant amplitude sinusoidal
loading in Test 1. The characteristic localized hot spot at the crack tip cannot be observed in the
relatively high-resolution CATE maps from the photovoltaic effect detector (see insets figure 5)
because the loading frequency of 1.2 Hz was an order of magnitude lower than required to ensure
adiabatic conditions in aluminium. The heat conduction at such low loading frequency caused
the hot spots to appear blurred and diffuse. All the previously published TSA-based methods
[4,32-34] for tracking crack growth rely on the presence of a well-defined localized hot-spot at
a crack tip, which is typically distinguishable at a loading frequency in excess of 10 Hz. This
limits the applicability of these methods in fatigue assessment of large-scale structures where the
loading frequencies are often of the order of 1Hz [18]. By contrast, the image decomposition-
based approach, used in this work, quantifies subtle changes to the global shape of the CATE
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maps, which are caused by the initiation or propagation of a fatigue crack. Hence, this approach
is capable of tracking crack propagation from the thermoelastic response, acquired under non-
adiabatic conditions, at low loading frequencies as demonstrated by the results in figure 5. One
limitation of the feature vector approach for crack tracking is that it does not provide direct
measurement of crack length, which is required for making fatigue life estimates of a component.
There is the potential for establishing a relationship between increases in the Euclidean distance
between feature vectors representing the CATE maps at different stages of the crack growth and
the extension of the crack in order to make an estimate of fatigue life; however, this is beyond the
scope of this study.

The instants at which a permanent significant increase in the Euclidean distance relative to
its baseline value were found, using the method described in §2.4, to be 4 and 7.5h for the
cooled photovoltaic effect detector and the prototype unit, respectively. It has been established
from previous fatigue studies [13,20,33] on similar open-hole aluminium alloy specimens that
the FLIR IR photovoltaic effect detector is capable of detecting a sub-millimetre crack. There is
a linear increase in the Euclidean distance between 4 and 7.5h in the plot for the photovoltaic
effect detector (figure 5), which indicates the initiation and extension of a short crack causing a
change in the elastic stress field. The rate of change in the Euclidean distance starts to increase
after 7.5h which is indicative of crack propagation. At the same time, there is an increase in the
Euclidean distance based on the data from the prototype system, which implies that the prototype
system was able to detect the presence of a crack at the onset of the crack propagation stage.
A naturally initiated crack, originating from the hole edge for this specimen geometry, is in the
range of 1-2mm in length at the onset of the crack propagation stage [13,20], which implies that
the prototype system can detect cracks in this length range. Discussion with some sectors of the
aerospace industry has implied that the existing inspection methods employed during aircraft
maintenance are typically capable of detecting cracks when they are about 10 mm in length.
Hence, the hardware and software solution proposed in this paper offers a huge potential for
early detection of fatigue cracks and optimization of maintenance intervals.

The loading sequences used in Tests 2 and 3 were comprised of two segments: (1) flight cycle
loading and (2) constant amplitude sinusoidal loading. The primary purpose of the latter segment
was to insert a waveform into the loading sequence which would induce a strong thermoelastic
response from the specimen and whose Euclidean distance curve could be used as a benchmark
for comparison with those resulting from the waveforms identified in the flight cycle segment.
The latter segment also helped to achieve crack propagation on a more feasible timescale in
these laboratory tests. In total, 16 and 17 distinct waveforms, respectively, were detected within
the pre-defined frequency range of 0.05-3Hz in the loading sequences of Test 2 and Test 3.
CATE maps from each of the identified loading waveforms were produced and subsequently
decomposed into feature vectors in quasi real-time throughout the loading duration in both
the tests. The Euclidean distances between feature vectors were calculated and plotted against
time for each waveform. Figure 6 shows the Euclidean distance plots, produced in quasi real-
time, for the identified waveforms in the loading sequence for Test 2 and the corresponding
set of similar plots for Test 3 are given in electronic supplementary material, figure S6. There
are additional Euclidean distance plots, highlighted in a box in both figures, which represent
the change in the broadband thermoelastic response from the flight cycle loading segment. As
mentioned in an earlier section, the prototype system was intended to work primarily with two
loading regimes, i.e. constant amplitude cyclic loading and flight cycle loading. However, by
determining a ‘broadband’ thermoelastic response, it is possible to employ the system for tracking
cracks induced by a non-repetitive, random loading regime as well. The CATE map representing
broadband thermoelastic response is determined by correlating the RSG signal with the IR images
acquired over a user-specified time period resulting in those components in the RSG signal which
do not generate a significant thermoelastic response being filtered out. Hence, the broadband
CATE map represents the combined thermoelastic effect from significant loading events during
the acquisition interval. The Euclidean distance plots for broadband CATE maps in both figure 6
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Figure 6. Plots of normalized Euclidean distance against time for the 16 distinct waveforms detected in the Test 2 loading
sequence described in table 1. The first 13 plots correspond to the 13 distinct waveforms, shown in figure 3, which constitute the
idealized (un-stretched) flight cycle in figure 2. Plot 16 corresponds to the constant-amplitude sinusoidal waveform whereas
plots 14 and 15 are linked to the waveforms, which arise from the ramp components used for linking the two loading regimes
together in the Test 2 loading sequence. The extra plot in the last row, highlighted with a box, represents the change in
‘broadband’ CATE maps resulting from the whole un-stretched flight cycle in the Test 2 loading sequence.
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Figure 7. Bar chartillustrating crack detection times based on Euclidean distance plots in figure 6 for Test 2 (table 1). Un-filled
sections of the bars represent time duration over which no crack was detected. Filled sections represent the time duration over
which a propagating crack was detected. Bars with diagonal and diamond-filled patterns belong to the ‘benchmark’ constant
amplitude sinusoidal waveform and the whole flight cycle in the loading sequence, respectively. BB indicates broadband cycle.
(Online version in colour.)

and electronic supplementary material, figure S6 exhibit a characteristic shape of an exponential
growth curve, which is indicative of crack propagation.

Some of the plots in figure 6 have the characteristic profile of an exponential growth curve
while there is no discernible trend in others, which indicates that the prototype system was not
sensitive to the thermoelastic response caused by the loading waveforms associated with these
latter plots. To identify the loading waveforms which can be used for crack detection, instants
of crack detection were determined for each of them, using the statistical approach described
in §2.4. These crack detection instants are illustrated using a bar chart in figure 7 for Test 2
and electronic supplementary material, figure S7 for Test 3. The bar height represents the whole
loading duration of the test, the shaded section shows the time period over which a significant
change in the thermoelastic response has been detected and their interface indicates the instant
of crack detection. In Test 2, there are two Euclidean distance curves, associated with waveforms
1 and 3, whose instant of crack detection are either earlier or at approximately the same time
as that for the benchmark Euclidean distance curve (see diagonal shaded bar in figure 7). This
implies that a strong thermoelastic response was being generated from these loading waveforms
in the flight cycle. Under adiabatic conditions, the thermoelastic response around a crack tip is
proportional to the range of the stress intensity factor which is indicative of the crack driving
force. Hence, it is postulated that the two identified waveforms had likely contributed to crack
initiation and propagation. This type of analysis would not only allow identification of the
load events which are critical to loss of structural integrity but is also likely to be significant
in improving fatigue life prediction models.

Test 3 was performed to investigate the effect of reducing the loading frequency on the crack
detection capability of the prototype system. This was achieved by increasing the time period
of the original flight cycle in figure 2 from 20 to 40s. The reduction in the loading rate causes
the surface temperature changes generated by the thermoelastic effect to dissipate within the
material, which results in a weaker IR signal reaching the sensor array. Unlike Test 2, there
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Figure 8. Scatter plot of the waveform amplitudes and frequencies identified using the analysis described in §2.2. Filled squares
represent those waveforms whose Euclidean distance curves registered a significant thermoelastic response to allow crack
detection, whereas the unfilled squares represent those loading waveforms which did not induce significant thermoelastic
response from the specimen. A set of contour curves show the lines of constant nominal strain amplitude in the specimen. The
shaded region of the plot highlights the operating range of the proposed system for aluminium alloy material. (Online version
in colour.)

was no loading waveform in the stretched flight cycle of Test 3 for which the instant of crack
detection occurred prior to that of the benchmark loading waveform. This signifies the adverse
effect of the reduced loading frequency on the system’s crack detection capability. The range
of loading frequencies and nominal strain levels, over which the prototype system was able to
perform crack detection, were explored by plotting in figure 8 the waveform frequencies and
amplitudes obtained from Tests 2 and 3 using the analysis described in §2.2. The data points
for those loading waveforms whose Euclidean distance curves registered a significant change
in thermoelastic response using the rolling median approach described in §2.4, indicating the
presence of a crack, are plotted with filled squares and are found in the upper two-thirds of
the graph. On the other hand, the un-filled squares represent those waveforms which did not
generate a significant thermoelastic response in this study and located in the lower third of the
graph. Hence, this scatter plot defines the limits of the capabilities of the new method and can
be used to identify the lower limits for the frequency and nominal strain amplitude required
in a loading waveform that would ensure a significant thermoelastic response and allow crack
detection with the prototype system. Interestingly, the lower bounds for strain amplitude and
frequency do not follow one of the contour lines of constant nominal strain rate. The factor
which seems to be dictating the lower bound is the nominal strain amplitude. There is a cut-
off strain amplitude of about 350 u¢, equivalent to 25MPa in aluminium, below which loading
waveforms did not generate a significant thermoelastic effect to allow crack detection, irrespective
of their frequency. The plot also reveals that crack detection is possible with loading frequencies
as low as 0.3 Hz if the nominal strain amplitudes are sufficiently high (=900 pe). This sensitivity
analysis is valid only for the aluminium alloy used here, but similar laboratory-based tests could
be performed for other materials to identify the corresponding operating range of the proposed
system for crack or damage detection which will be important for the successful deployment of
the proposed real-time monitoring system in industrial applications for condition and structural
health monitoring.
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5. Conclusion

A thermal emissions-based real-time monitoring system has been presented in this study which
was designed for in situ detection of fatigue cracks in structures under fatigue loading. The
proposed system performs crack detection based on the principles of the well-established TSA
technique using an IR microbolometer from an OEM. The proposed system costs about 1% of the
price of IR photovoltaic effect detector systems typically employed in thermography-based NDE
techniques. Proof-of-concept laboratory fatigue tests were performed on open-hole aluminium
alloy specimens to compare the performance of the proposed system against a state-of-the-art
IR detector system and demonstrate its potential application for crack detection in industrial
environments. In these tests, naturally induced fatigue cracks were propagated under two fatigue
regimes: (1) constant amplitude cyclic loading and (2) flight cycle loading. IR images acquired
from the microbolometer were processed to produce spatial maps of un-calibrated thermoelastic
response from a specimen’s surface, which are referred to as Condition Assessment using Thermal
Emissions (CATE) maps in this paper. CATE maps for each distinct waveform in the fatigue
loading sequence were orthogonally decomposed into feature vectors. The Euclidean distance
between the feature vectors, representing the CATE maps, were then evaluated and monitored for
the automated detection of fatigue cracks. All data processing was performed in quasi real-time
on a Raspberry Pi computer, which is comprised of a single board whose footprint is comparable
to that of a bank credit card. Traditionally, TSA is perceived as a laboratory-based technique
for quantitative fatigue assessment of components under constant amplitude cyclic loading at
frequencies greater than 10 Hz. It has been demonstrated that it is possible to detect cracks of
the order 1 mm in length in real-time generated by loading waveforms with frequencies as low
as 0.3Hz and to monitor their propagation. This represents a significant advance in improving
the feasibility of TSA-based crack detection for use in large-scale structural tests where loading
frequencies are often lower than 1 Hz.
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