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Abstract
Full-field non-destructive evaluation techniques are useful tools for indicating damage in fatigue-prone environments. Here,
the full-field technique thermoelastic stress analysis (TSA) is employed to locate and track naturally initiating cracks in
aluminium alloy specimens. An algorithm, based on the concept of optical flow, is used to track changes in the characteristic
stress field present ahead of a crack during loading, and thereby to locate the crack-tip position. The initiation of cracks is
indicated at sub-mm lengths, before the crack is observable by visual inspection, and in bolted specimens TSA indicates the
presence of a crack before it extends beyond the bolt-head. The crack path propagation is mapped and matches well with
the final crack geometry. Results are equivalent for surfaces prepared with matt black and aircraft primer paint, showing that
optical flow processing of TSA data would be particularly useful for crack tracking in aerospace applications, as no additional
surface preparation would be required to implement full-field TSA measurements.

Keywords TSA · Optical flow · Crack-tip tracking · Fatigue

1 Introduction

The development of fatigue cracks is a problem in a
wide range of industrial contexts. Therefore, non-destructive
methods to detect the initiation and propagation of these
cracks are necessary in order to allow monitoring and reme-
dial action to be undertaken. This monitoring must often
be undertaken in areas which are difficult to access, or dur-
ing service [1]. Methods which are currently applied include
visual inspection, placement of strain gauges, magnetic par-
ticle testing, ultrasound, digital image correlation (DIC), and
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electronic speckle pattern interferometry (ESPI) [1–3]. Each
of these have drawbacks, for example, strain gauge measure-
ments require prior knowledge of expected crack sites as their
use only allows localised data collection. Visual inspection
relies on the ability of an inspector to locate damage, so it
is both time consuming and labour intensive to monitor or
inspect large structures.

Full-field methods, such as DIC or ESPI, remove the need
for prior knowledge of potential crack sites as they can be
used to observe larger areas. However, the complicated sur-
face preparation (DIC) or complicated equipment (ESPI)
required do not make these techniques ideal for inspections
on a short timescale, or for in-service monitoring [4]. Ther-
moelastic stress analysis (TSA) is an alternative full-field
method which requires only that the surface has a uniform
high emissivity. For metallic materials, this necessitates min-
imal surface preparation; namely, a layer of matt paint [5–7].
The quality of data returned by TSA compared favourably in
a comparison of these three full-field techniques in a study
by Rajic et al. [8].

TSAmaps the surface stresses in amaterial based on small
temperature variations measured by an infrared (IR) detec-
tor while the material is dynamically loaded [5, 9]. Cracks or
damage can therefore be located due to the indicative stresses
present, which has been exploited previously in a range of
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studies [10–15]. The position of the crack is often deter-
mined from the phase profile along the line of the crack,
which requires knowledge of the crack location and orien-
tation [10–12]. An alternative approach, using the second
harmonic of the loading frequency, also allows the plastic
zone associated with damage, or the damage itself, to be
located [16, 17].

Previous work has also shown that TSA is very sensi-
tive to crack initiation; locating microcracks which were
only observed visually ex situ by analysis of thin sections
[18]. Advances in technology, including microbolometers,
also mean that TSA is becoming a cheaper and more flexible
option than previously understood [19, 20].

The automation of crack location procedures using TSA is
an interesting topic of development, as it would increase the
potential applications in industrial settings.Ancona et al. [11]
have automated the location of cracks during fatigue loading
assuming prior knowledge of the initial crack position, whilst
Rajic and Brooks [12] have tracked cracks in real time, com-
bining a TSA system with a X–Y movement stage to follow
the propagation of a crack. Both these automated meth-
ods involve tracking the propagation of artificially induced
cracks, where the crack-tip stresses were well-developed
before observations began. However, it is also of interest to
locate cracks when they initiate naturally over time, and then
track their propagation with no prior knowledge of the crack
location or direction of growth.

Here, the initiation and propagation of naturally-initiated
cracks are monitored using TSA during tension–tension
fatigue loading of metallic ‘simple’ specimens and ‘com-
plex’ double-lap-joints under laboratory conditions. Post-
processing of the data is carried out using an optical flow
method which indicates the initiation of a crack, and then
tracks its propagation, allowing the crack path to be mapped.

2 Methods

2.1 Specimens

Two sets of specimensweremachined from aluminium alloy.
‘Simple’ quasi two-dimensional coupons of seven different
geometries (Fig. 1) were manufactured from a single sheet
of aluminium alloy 2024-T3, of thickness 1.6 mm. The sim-
ple specimens were designed so that stress concentrations
would occur during cyclic loading, leading to crack initiation.
However, the exact position of crack initiation was unknown
before loading began. The specimens were painted with matt
black paint (Plasti-kote 23101 Premium Spray Paint, matt
black).

‘Complex’ double-bolted, double-lap joint specimens
were also designed, with specimen dimensions based on a
combination of standards [21, 22] (Fig. 2). External plates

weremachined from the same sheet of aluminiumalloy 2024-
T3 as the simple specimens and internal plates from one
sheet of aluminium alloy 6082-T6. The holes in one exter-
nal plate were slightly larger, promoting crack initiation on
the observed side of the specimen, and hence simplifying the
experimental procedure. In order to maintain the distance
between the external plates and avoid bending due to the
pressure of the load frame grips, a spacer of the same thick-
ness as the internal plate was positioned between the external
plates at the end furthest from the bolts and attached with a
cyanoacrylate adhesive. The external plate to be monitored
was painted with the same matt black paint used for the sim-
ple specimens. Cadmium-plated steel bolts (UNF AN4-5A;
LAS Aerospace Ltd, Devon, UK) and appropriate nuts and
washers were positioned such that the head of the bolt was
located on the external plate with the larger hole, and tight-
ened to a torque of 23 Nm. The bolts were then painted with
matt black paint, with careful attention being paid to not dis-
turb the paint on the plates. After assembly, standard aircraft
sealant was applied around the bolt-heads of one specimen.

2.2 Experimental Methodology

Specimens were cyclically loaded in an Instron 8501 uni-
versal testing machine (Instron, Buckinghamshire, UK) until
crack development and often complete failure. Loading was
sinusoidal with maximum and minimum loads (Fmax and
Fmin respectively) chosen such that R (Fmin/Fmax) � 0.1.
Due to the different geometries, the load values required to
generate crack growth on a reasonable timescale were differ-
ent between specimens, and are detailed in Table 1.

During loading, image data were collected at intervals
ranging from 250 to 1000 cycles and processed to stress data
using a DeltaTherm 1780 system (Stress Photonics, Madi-
son, WI), which combines a FLIR SC7650 cooled infrared
camera with DeltaTherm TSA processing software. Process-
ing of each dataset took approximately 10 s. The theory of
TSA has been described elsewhere [5] and here only analy-
sis of the signal magnitude (thermoelastic response) data is
reported. For the bolted specimens, TSA data were collected
from the face of the specimen with the bolt-head. Visible
light images were obtained at the same time as TSA data
for one specimen, for this experiment the visible light cam-
era was positioned perpendicular to the specimen, with the
infrared camera at a slight angle to avoid conflicting fields of
view.

2.3 Crack Location

A variety of methods has been used previously to indicate
the location of a crack in TSA data [10–12, 23]. The stress
distribution ahead of a crack is represented in TSA signal
magnitude data by a series of nested cardioid contours with a
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Fig. 1 Simple specimen geometries. Tension-tension loading was applied along the longitudinal axis of each specimen. Units in mm

Fig. 2 Complex specimen geometry, plan and side view. Units in mm

maximum value at the centre (Fig. 3; [10]). These indicative
stress fields develop during initiation of a crack, and move as
that crack propagates, therefore the crack-tip can be located

by monitoring the position of its characteristic stress distri-
bution.
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Table 1 Loading conditions and cycles to crack initiation and failure
(or test end due to user imposed safety limits-indicative of imminent
failure) for loaded specimens; where loading conditions were stepped,

this is indicated in column 3, with the number of cycles at each step
shown in the right-hand column

Specimen Specimen geometry Load condition Fmax (kN) Fmin (kN) Freq. (Hz) Cycles to crack
initiation

Cycles to load step, failure or
end of test

1 One hole 9.6 0.96 19 124,000 140,000 (failure)

1b One hole, primer paint 9.6 0.96 19 65,500 85,000 (failure)

2 Two holes 9.6 0.96 19 85,500 103,500 (failure)

3 Diagonal slot 9.6 0.96 19 15,000 17,100 (failure)

4 Vertical slot a 14.06 1.406 19 – 20,000

b 15.466 1.5466 19 6000 9600 (limits)

5 Horizontal slot 8.64 0.864 19 18,750 20,700 (failure)

6 Small radius side cut outs 11.62 1.162 13 62,500 64,600 (limits)

7 Large radius side cut outs a 11.62 1.162 13 – 10,000

b 12.78 1.278 13 – 135,000

c 14.06 1.406 13 – 150,000

d 14.76 1.476 13 5250 6100 (limits)

8 Bolted specimen 30.14 3.014 13 71,030 71,900 (failure)

9 Bolted specimen with sealant 30.14 3.014 13 97,060 97,300 (failure)

Fig. 3 Characteristic stress field ahead of a crack, propagating from left
hand side. After Diaz et al. [10], with permission. Copyright JohnWiley
and Sons

The concept of optical flow is used here to track changes
in the stress field, and hence the position of the crack-tip, by
comparing subsequent TSA datasets during crack growth.
As the stress peak advances in front of a propagating crack,
a comparison of its position in two temporally-separated
datasets allows determination of the crack-tip position at the
time of the second dataset.

2.4 Optical FlowMethod

Optical flow is used to represent the motion of “objects”
over time in either two or three dimensions in a series of

images. The velocity field calculated from a series of images
allows the rate of change of the spatial arrangement of these
objects to be determined [24]. Here, a simplified version of
this technique is applied to data from two-dimensional TSA
using the signal magnitude data, which is proportional to
the first stress invariant, and the stress distribution associated
with a crack is treated as the “object” to be tracked.

The key concept of the optical flow method is that, in
the time domain, the stress distribution associated with the
geometric features of the component are stationary whereas
the stress distribution associated with a growing crackmoves
in the spatial domain. Hence, by identifying the changes
with time in the stress field, it is possible to locate and
track initiating and propagating cracks. The optical flow
method is applied during post-processing of TSA signal
magnitude data which is directly proportional to the first
stress invariant. The TSA data fields are normalised using a
value that is characteristic of the data field, for example the
mean of the far-field, and subsequent fields are subtracted
from one another, such that

�S(x, y,�t) � S(x, y, t) − S(x, y, t + 1) (1)

where x and y are spatial coordinates, t is time and S is
the normalised measured amplitude of the thermoelastic sig-
nal. A typical difference field, and the TSA datasets from
which it was calculated, are shown in Fig. 4 with no crack
present. For the difference field, the standard deviation of
the ΔS value for each row and column are calculated, i.e.
�Sy(x) and�Sx (y) respectively, where over-score indicates
the standard deviation. In the absence of crack initiation or
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Fig. 4 Normalised TSA signal magnitude for given cycle numbers with no crack present, along with difference data calculated by the optical flow
method. Lines correspond to mean (solid line) and standard deviation (dashed line) of columns and rows in the difference data

propagation, there will be no significant difference between
the two data fields, i.e. S(x, y, t) ≈ S(x, y, t + 1) and both
�Sy(x) and �Sx (y) will be approximately constant with
x and y respectively, as can be seen in Fig. 4. The pro-
cess so far is repeated, retaining S(x, y, t) but replacing S
(x, y, t + 1) by the next datafield in the time sequence. How-
ever, in the presence of an initiating or propagating crack
then neither �Sy(x) nor �Sx (y) will be constant but both
will show a significant excursion at the location of the stress
distribution associated with the crack-tip, as shown in Fig. 5.
The coordinates of the maximum excursions of �Sy(x) and
�Sx (y) are taken as the location of the crack-tip (x(t), y(t))
and the process is repeated for the next timestep with the ref-

erence updated; S(x, y, t + 1)
updated−−−−→ S(x, y, t). The size

of a significant excursion in �Sy(x) and �Sx (y) can either
be defined manually by the user or set to a given multiple
of standard deviations in their values along x and y respec-
tively.

In the absence of any cracks, the entire datafield can
be processed using the optical flow method in the manner
described above; however, once a crack has initiated and been
located then a region of interest can be defined around and
ahead of it. If the optical flow method is applied separately
inside and outside of the region of interest, then the crack
propagation can be tracked in the region of interest and, out-
side the region of interest, the initiation of an additional crack
can be identified. In this study, once initiation of one crack
was detected, only the region of interest was analysed, i.e.
only the first crack to initiate was tracked.

3 Results

3.1 Simple Specimens

Tension-tension cyclic loading was carried out on the
specimens with loading parameters as detailed in Table 1.
For certain specimens, the load was increased in steps at the

given cycle numbers, as no evidence of crack initiation had
been observed in the real-time TSA data. Lower frequency
loading was necessary at higher loads (e.g. Specimens 6
and 7) due to resonances in the equipment. In specimens
at the same loading conditions, the number of load cycles
required to naturally initiate a crack differed depending on
the specimen geometry (Table 1; Specimens 1–3). Figure 5
shows the normalised TSA signal magnitude and difference
data for specimen 1 (one circular hole) over the course of
initiation and growth of fatigue cracks. Initiation occurred
on the left-hand side of the hole earlier than the right-hand
side, and here only the first appearing crack is tracked.
The crack-tip positions are evident in the TSA data due to
the peaks in signal magnitude ahead of the cracks, and in
the difference data as areas of ‘high’ difference, shown by
the peaks in the plotted curves. The optical flow method
indicates a crack initiating at 124,000 cycles, which then
propagated towards the left of the specimen, until 140,000
cycles, after which the specimen failed. A later crack also
initiates on the right-hand side of the hole during growth of
the tracked crack. Equivalent images for specimens 1b-7 are
shown in the Supplementary Information.

Figure 6 shows the mapped crack-tip positions over time
for each simple specimen, along with the crack length of
the first crack which formed as a function of the cycle
number. In all cracks, the growth accelerates as the crack
length increases, as would be expected from classical frac-
ture mechanics. For all specimens, the initial position of the
crack is found within 1 mm of the edge of the specimen from
which it initiates.

Inmost specimens, there is noise associatedwith the initial
position of the crack found using the optical flowmethod dur-
ing initiation, but this becomes much reduced as the crack
grows. There is also an error in the crack-tip position for
Specimen 5,which ismost apparent in the crack length graph,
where the crack appears to decrease in length. Possible expla-
nations for the noise and the crack length irregularities will
be discussed in Sect. 4. The lower number of data points for
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Fig. 5 Normalised TSA signal magnitude (left panels) and difference
data (right panels) for the first appearing crack in specimen 1 (one cir-
cular hole) for given numbers of load cycles. Plots of the mean (solid

line) and standard deviation (dashed line) of the columns and rows of
difference data are shown. Peaks in the standard deviation determine
the position of the crack-tip (diamonds). Load axis is vertical
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Fig. 6 Results of the optical flow method for a simple specimens 1, 1b
(primer paint), 2 and 3 (from top), b simple specimens 4, 5, 6 and 7
(from top). Left panel shows the normalised TSA signal magnitude of
the last dataset collected before failure, diamonds show the location of
the crack-tips. The centre panel shows an enlargement of the location of

the first crack to appear, arrow indicates propagation direction. The right
panel shows the length of the crack against the number of load cycles.
Crack length presented here is the horizontal length with respect to the
initial position found by the optical flow method. Tick marks in central
panel at 1 mm intervals
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Fig. 6 continued

Specimens 3–7 compared to Specimens 1, 1b and 2 are due to
the faster crack growth-rate compared to the data collection
rate at the given loading conditions.

A comparison of the TSA results from Specimens 1 and
1b show that both the signal magnitude data and optical flow

tracking are similar for specimens painted in eithermatt black
or aircraft primer paint. A further comparison of these two
specimens can be seen in Fig. 7, where the crack paths cal-
culated with the optical flow method are compared to the
final crack morphology. The positions located by the optical

123



Journal of Nondestructive Evaluation (2019) 38 :18 Page 9 of 14 18

Fig. 7 Crack-tip position over time output from optical flow method (diamonds), overlain on final crack geometry for specimens with matt black
paint coating (left hand side), and Airbus primer paint coating (right hand side). Arrows indicate crack growth direction, scales in mm

flow method are within 1 mm of the final crack path, with
the accuracy increasing further from the initiation point, with
longer cracks and at higher crack growth-rates.

3.2 Bolted Specimens

A comparison of the TSA signal magnitude data and visible
light images collected during loading of the bolted specimen
is shown in Fig. 8. Changes in the signal magnitude concen-
tration, indicative of crack initiation, are evident in the TSA
data (starting in cycle 70,120) before the crack is observable
in the visible light images (cycle 70,770).

Processing of these datasets has been carried out with the
optical flowmethod, the results of which are shown in Fig. 9.
The crack is identified first on the right-hand side of the bolt-
head, and then tracked until failure. The optical flow method
indicates the presence of a crack when the crack is difficult
to observe in the magnified visible light images. The plots of
standard deviation shown in Fig. 9 show increases associated
with the bolts, not only the crack position. These changes are
particularly evident at 71,030 cycles.

Figure 10 shows the TSA data collected from a specimen
with sealant applied around thebolt-head.A similar change in
signal magnitude distribution to that of the non-sealed bolted
specimen is observed. The implementation of the optical flow
method for this set of data results in a delay in identify-
ing the initial location of the crack-tip position compared to
the bolted specimen with no sealant. Once the characteris-
tic crack-tip field appears from underneath the extent of the
sealant, the crack can be tracked.

4 Discussion

As discussed in Sect. 1, TSA has previously been used to
locate the position of cracks during fatigue loading [10–12].
Here, it has been shown that the stress distribution indicative
of cracking is present in TSA data before a crack would be
located by visual inspection, in particular when that crack
has not yet emerged from under a bolt-head. An optical flow

method has also been implemented which interrogates the
TSA data to determine the crack-tip position. This method
successfully indicates the initiation of a crack at sub-mm
lengths in specimens with simple geometries and then maps
the propagation of that crack until failure of the specimen.
Overlays of the mapped crack position and the final mor-
phology of two cracked specimens show that the optical flow
method maps the shape of the cracks well (Fig. 7). For the
one-hole specimen geometry, crack-tip positions are located
along the full length of the crack, showing that tracking was
possible throughout crack growth.

TSA data were collected at fixed cycle intervals, so in
specimens where crack growth was fast relative to the data
collection rate, the position was only tracked for a small
distance. This effect was often due to fast failure of the
specimen, so certain geometries show no coverage of the
crack position after a few mm of growth. In particular, the
high loading rate required to initiate cracking in specimens
6 and 7, also resulted in fast crack propagation. To mitigate
the effects of crack growth-rate on the accuracy of crack
location, the interval between TSA data collection can be
decreased. In situ processing would determine whether each
dataset is useful, avoiding the need to save large amounts of
negligibly different data.

As can be seen in Fig. 7, the position indicated by the opti-
cal flow method does not exactly match the crack initiation
point as seen in the final crack geometry. Similar noise in the
initiation position can also be seen in the other specimens
in Fig. 6. This noise generally decreases as the crack prop-
agates and grows in length. It should be noted that although
the initiation point in the simple specimens is not exact, the
indicated initiation point is still within±1 mm of the final
position perpendicular to the crack growth direction, and less
parallel to the crack growth direction.

The lower accuracy of the optical flow method during
initiation may be due to the way in which the characteristic
stresses ahead of the crack evolve during crack initiation and
propagation. During initiation, this stress distribution is not
as well developed as when the crack is fully initiated. These
effects can be seen in Fig. 5 where the peak normalised signal
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Fig. 8 Normalised TSA signal magnitude (left hand panels), visible
light images (central panels) and magnified visible light images (right
hand panels) for the complex bolted specimen, concentrating on crack

initiation on left hand side of bolt-head. Arrows indicate crack position
on first observation in the visible light images

magnitude value is lower at 124,000 cycles than at 130,000
or later (similar effects can be seen for the other specimens in
the supplementary information). The lower magnitudes, and
more diffuse crack-tip stress distribution results in peaks in
the difference data being consequently more diffuse.

Figure 7 shows that the results of the optical flow method
processing of TSA data are very similar for specimens
painted with matt black or primer paint. Rajic et al. [8]

have previously carried out a comparison of TSA on black
and primer paint, showing that their results are equiva-
lent, and that adding matt black paint on top of primer
paint increases the attenuation of the signal. The findings
reported here, combined with those of [8], indicate that TSA
and the optical flow method are of particular interest for
crack tracking in aerospace applications, where no further
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Fig. 9 Optical flowmethod results (diamonds) superimposed on the nor-
malised TSA signal magnitude data at given cycle numbers (left hand
panels). Same dataset as in Fig. 8, but here focussing on crack on the

right hand-side of the bolt. Arrows indicate the crack position in the
visible light images (right hand panels)

surface preparation would be required before implementa-
tion.

For a bolted specimen, the propagation of the crack can
be followed with the optical flow method (as seen in Fig. 9).
However, it can be seen in Fig. 8 that signalmagnitudes repre-

senting the crack-tip stress distribution have changed before
the optical flow method locates them (Fig. 9). It is possible
that the motion of the bolt during loading causes differ-
ences between TSA datasets, so overwhelming the changes
due to initiation. This problem continues until the crack is
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Fig. 10 Optical flow method results (diamonds) superimposed on the
normalised TSA signal magnitude data at given cycle numbers for a
bolted specimen with sealant around the bolt-heads. Final panel shows
the specimen after failure

far enough away from the bolt and the crack-tip stresses
are higher, increasing the differences registered between
datasets. Therefore, the optical flow method would require
development for more complex geometries where the associ-
ated stress concentrations are not as simple. It is important to
note here that although the optical flow method is limited in
its ability to identify initiation, it still indicates crack develop-
ment when visual observations are difficult, and that the visi-
ble light images shownhere are at a highermagnification than
an inspector would be working with in an industrial setting.

Where sealant is present around a bolt (Fig. 10), TSA
data do not represent the stresses present in the metal under
the sealant, as it acts as a thermal insulator. The detection
of a crack using TSA is therefore delayed by the distance
covered by the sealant, but this delay would also likely occur
with other visual observation methods.

Here, rather than interrogating the phase data for each
dataset to determine the crack-tip position [10–12], the pixel
position of the crack-tip is defined by the movement of the
maximum value of the crack-tip stress, as determined by the
peak difference between two datasets. This simplification
means the ‘crack-tip’ defined here is not necessarily coin-
cident with the ‘real’ crack-tip; however, as can be seen in
the comparison of plotted position on the final crack geom-
etry (Fig. 7), this definition locates the crack position within
a suitable margin. As the difference data reports an ‘aver-
age’ position between the two stress peaks in the TSA data,
if the two datasets are too far apart in relation to the crack
growth-rate and crack length, the peak valuewill havemoved
significantly between them, and the position indicated by the
optical flow will be less accurate. This problem can be mit-
igated by quasi-continuous data collection, which could be
interrogated in situ.

By definition, the spatial resolution of the optical flow
method is limited by the pixel resolution of the image, a
function of the sensor resolution and the size of the observed
field of view (controlled by stand-off distance of the camera
and the lens set-up of the camera). Here the resolution ranges
from approximately 0.1–0.5 mm per pixel, but with larger
fields of view, which may be necessary when considering
larger industrial structures, the resolution will be lower. One
possibility to improve this accuracy over large structures is
to consider a scanning methodology.

Currently, including boundaries, such as the edge of the
specimen, the hole in the specimen or the bolt-head in the
interrogated region of interest can result in false positives
for crack location, particularly before or at initiation. This
effect is likely due to movement of the specimen resulting in
peaks in the mean and standard deviation, as can be seen at
the edges of the specimen in Fig. 5 at 140,000 cycles, and to
a lesser degree at 124,000 cycles, and also at the bolt-head
in Fig. 9. In this work, this problem has been mitigated by
careful choice of the region of interest, resulting in the crack-
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tip position being located within 1 mm of the final crack
morphology. In future applications this could also be con-
trolled by evaluating the choice of threshold for significant
changes, or implementing a method of motion compensation
[25]. These options will likely become more important when
considering more complex applications.

From Specimen 5 in Fig. 6b, it can also be seen that the
optical flow method has misidentified the crack location at
9500 cycles, as the crack length is reported as decreasing.
This misidentification is likely due to a combination of fast
crack growth just before failure, and significant increases in
stress at the crack-tip. This effect could be solved by a higher
rate of data collection.

In order for TSA data to be collected, certain loading cri-
teria must be met, such that the stresses induced are high
enough to be detected. The stress sensitivity depends on
the material and the surrounding temperature, but compares
favourably to that of strain gauges [5]. If the loading forces
are high enough to result in the initiation and propagation of
fatigue cracks, then the conditions will be such that stresses
are visible in TSA data. However, when loading is at very
low frequencies, TSA is no longer appropriate, as the ther-
moelastic response is no longer adiabatic [5]. When in situ
TSA data collection is not possible during the existing or
service loads, an alternative approach would be to introduce
excitation during inspection periods through other methods
(e.g. vibration loading [6]).

In conventional TSA, errors can be introduced as a conse-
quence of loading frequency, paint thickness and specimen
motion. These errorswill be constant or only vary slowlywith
time during a fatigue test; and, hence the use of differential
datasets (i.e. the difference between two sequential datasets
of TSA signal magnitude) eliminates the effects of these
errors. However, one disadvantage of the optical flowmethod
is that it will only locate a crack if that crack is propagating.
Therefore, methods which interrogate the TSA data directly,
rather than the difference between TSA datasets could be
more appropriate in certain applications. The optical flow
method presented here is best applied for early indication of
a naturally initiating crack, determining propagation direc-
tion, and determining when propagation reaches a critical
point indicating that failure is imminent, whilst, for example
the method of Rajic and Brooks [12] allows for more precise
locating of the crack-tip position.

To fully automate this optical flowmethod, user inputmust
be removed. This change would require automated selection
of the region of interest, for example by selecting an area
around the peak stress, similar to the selection method of
Rajic and Brooks [12]. This selection would then also allow
the area external to the initial crack to be interrogated sepa-
rately to locate further cracks as they develop. Currently the
user determines at what level of precision the optical flow
method runs, which could be fixed to a certain level of uncer-

tainty determined by the standard deviation of the difference
image.

It would be interesting, particularly in industrial contexts,
to have the functionality to monitor the crack in real time. As
it is presented here, this optical flow method is implemented
ex situ with the processing implemented in MATLAB; how-
ever, it should be reasonably simple to incorporate into a TSA
software programme. The computer processing time would
be dependent on the number of datasets interrogated and the
size of those datasets, so the capability of processing large
amounts of data in a short time period would be necessary.

Previous studies which automate processing of TSA data
have used pre-cracked notched specimens such that a crack
is artificially initiated and is evident in the TSA data before
propagation occurs [11, 12]. The technique of Ancona et al.
[11] also requires previous knowledge of the position of the
crack-tip after pre-cracking, as well as a calibration con-
stant, calculated for each experiment, which is dependent
on the material and experimental set-up. Further, in order
to avoid problems with specimen motion, Rajic and Brooks
[12] paused loading to collect TSA data.

The optical flow method proposed here therefore has cer-
tain advantages, as it can be applied to situations both where
cracks initiate naturally, and where there is an already initi-
ated crack. It can be applied with no prior knowledge of the
material properties, and to TSA data output from any system.
The interrogation time of the TSA data (on the order of 10 s,
including TSA signal post-processing) is also faster than the
technique ofAncona et al. [11] (on the order of 2min) and it is
not necessary to stop loading to collect TSA data. Therefore,
this optical flow method has the potential to locate sub-mm
length cracks as they initiate, and incorporating the optical
flow method in TSA software would allow fast-propagating
cracks to be tracked in real-time in industrial applications.

5 Conclusions

This study has shown that processing of thermoelastic stress
analysis data with an algorithm which uses the concept of
optical flow allows observation of the natural initiation of
cracks at sub-mm lengths, before that crack is observable
by visual inspection. Tracking the propagation of cracks has
been achieved in specimenswith simple and complex geome-
tries. Crack-tip positions mapped using this method were
within±1 mm of the real crack position, as measured after
failure of the specimen. In bolted specimens, a particular
advantage of this method is that the TSA data will locate
the initiation of a crack before the crack-tip becomes visi-
ble from underneath the bolt-head. The presence of sealant
around the bolt-head delays this detection, but only by the
extent of the sealant cover, so it would be expected that the
same delay would be present for visual inspection.
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The paint finish on the observed material is important for
TSA to work effectively, the results presented here agree
with those of Rajic et al. [8] that aircraft primer paint gives
equivalent results to matt black paint. Therefore, it would
not be necessary to re-paint parts during testing, so increas-
ing the applicability and time-effectiveness of TSA in certain
industrial contexts. This work could be expanded to include
the optical flow method in TSA software to allow real-time,
in situ location of cracks before they are visible through con-
ventional techniques.
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