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Abstract

With an ever increasing demand for energy, the renewable energy sector is gaining a lot of
importance. Among the various renewable energy sources, wind energy is becoming more
attractive compared to its counterparts (solar, biomass, etc.). Some of the main advantages
of wind energy are faster payback time and that power generation is possible both during
the day and night. The wind energy industry is constantly aiming at larger size rotors for
increased power generation and these larger rotor blades demand stronger and more durable
materials. Currently, composite materials are extensively used for wind turbine blades. With
a large heterogeneity in composite materials and complications in manufacturing processes,
defects in composites are inevitable. A variety of defects and damages can be seen in wind
turbine blades. Composites with such defects and damage undergo a significant loss in their
mechanical properties. For the use of composites as a structural material, a good knowledge of
possible defects and their behaviour should be understood. To do so, the behaviour of defects
under different load conditions should be assessed. Many techniques such as ultrasound scans,
X-ray radiography, etc. are available to detect the defects in composites, whereas studying the
damage growth in a composite is still a challenging process.
In this research, a method has been developed to use thermography for characterising the de-
lamination under dynamic loading. To demonstrate this method, a test sample with double
shear configuration (DSC) and an initial delamination consisting of a Polytetrafluoroethylene
(PTFE) insert was developed. The test sample was tested under fatigue loading and an in-
frared (IR) camera was used to monitor its thermal response and the delamination growth
during loading. The data from the thermal camera was processed in two steps, firstly, fast
Fourier transform (FFT) was used to transform the raw data from time domain to frequency
domain. In the second step, FFT thermographs were further processed using an image seg-
mentation algorithm. Here, the thermal plots are segmented to separate the delaminated and
un-delaminated areas. By computing the number of pixels in the delaminated region, the area
of delamination was obtained at each cycle and was plotted against the cycles to failure. The
strain energy was computed with the help of force and displacement data from the test ma-
chine. Such signals allowed computing of the fatigue propagation curves and an understanding
of the fatigue behaviour of the test samples.
The results from this research were promising as the delamination behaviour reported using
this method was in good accordance with a reference visual inspection method. The quantifiable
output from this method can be a good starting point to study delamination experimentally and
computationally. In future, this technique could be extended to different test types that cannot
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be quantitatively analysed using the conventional testing methods. The research was also
presented at the European Conference on Composite Materials ECCM17, Munich, Germany.



“Learn some things from those who know;
Watch some things from those who do;

Learn the rest by self experience.”

— *Sarvajna

It is known that we cannot learn everything in this world, all by ourselves. The
way to learn is by listening to those who know, others by watching those who do

and the rest by doing it ourselves.

*Sarvajna (Sanskrit meaning "all-knowing") was a poet, moralist, philosopher
and saint who is conjectured to have lived in the late 16th century (1570) in

India.
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Chapter 1

Introduction

The use of composite materials has tremendously increased in the last couple of decades
and they have started replacing metals in several major applications. The prime reasons
for composites being attractive materials for industrial giants are high specific strengths and
stiffness, superior fatigue properties and the ability to provide a unique benefit of tailoring the
material properties according to the need [1]. The major consumers of composite materials are
aerospace and wind energy industry. Since the cost of jet fuel and the demand for renewable
energy are at their peak, composite materials are one of the prime alternatives at present.
Earlier, the use of composite materials in the aerospace industry was restricted to secondary
structures alone, contributing to a maximum of 2% of the total weight of the entire aircraft [2].
In recent times, with increasing knowledge about these superior materials, their use has been
increased to more than 50% of the total weight of modern aircraft [2]. The best examples for
this are the Boeing 787 and Airbus A350. Likewise, the wind energy industry is also growing
rapidly and started producing large rotor blades of lengths 60 m to 80 m [3]. Figure 1.1 gives
an overview of the size comparison between the Airbus A380 aircraft and a 154 m diameter
wind turbine. With such a fast growth, it is predicted that the wind energy industry will take
over the aerospace industry as the leading user of composites and will account for nearly 60%
of the market by the year 2020 [3].
With so much of advancement in the field of composites and their application, researchers
have been constantly working on understanding the different aspects of composite materials
like manufacturing, design optimisation and damage mechanisms. A lot of attention is di-
rected towards understanding the behaviour of composite structures under different loads and
damage mechanisms. Once the damage mechanism is understood and predicted accurately,
further optimisation in the design of composites is possible that would lead to an increase
and efficient use of composite materials.
Figure 1.2 clearly explains how different mega structures are loaded. For example, commercial
aircraft experience heavy loads compared to wind turbine blades but the duration or the
number of cycles are 3 orders less than wind turbines. Wind turbine blades are designed
for low loads and high cycles (109 cycles or more) as they are expected to operate for 20-30
years [5].
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Figure 1.1: Size comparison between an Airbus A380 aircraft and a 154 m diameter wind
turbine [4]

The common failure modes under fatigue loading are fibre cracking, matrix cracking and
delamination [6]. In practice, different mechanisms contribute to material degradation at
different stress levels. At high loads, it is fibre failure which is more dominant but high loads
seldom occur, maybe once in 103 or 104 cycles [6]. Whereas, the medium and low loads that
are experienced often are mostly responsible for matrix cracking and delamination failure
modes [6].

Delamination is considered to be a serious problem and has drawn considerable attention
from various research groups working on composite materials [7–10]. As delamination occurs
within the laminate, it stays inside the laminate showing no abnormality on the surface of the
structure. It is not easy to detect the delamination with the conventional inspection meth-
ods. However, the presence of delamination can hugely decrease the mechanical properties
of the composite structure. Moreover, delamination has a tendency to grow faster under the
influence of fatigue loading and if left unnoticed, it would lead to a catastrophic failure of the
structure.

Fatigue testing is one of the technique that can characterise the material. For a greater
knowledge on the fatigue behaviour and damage characterisation, in-situ characterisation
techniques are necessary. There are several non-destructive testing methods, among which
only the acoustic emission (AE) technique is used as an in-situ damage characterisation
technique due to the fact that it identifies failure events as they occur [11].

In recent times, the testing technique that has been widely studied for material testing is
thermography. The main advantages of thermography are: 1) contact-less inspection, which
makes it a useful tool to inspect unreachable parts, 2) a larger surface area (up to few m2) can
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Figure 1.2: Loads vs cycle graph of mega structures [5]

be scanned, which quickens the process, 3) inspection can be performed both on flat surfaces
and partially curved surfaces, however, partially curved surface inspections are not as easy as
flat surface inspection, 4) inspection is also possible in the dark and it is better as it reduces
the influence of reflection and unwanted signals, and 5) the infrared radiation involved during
the inspection is not harmful, which makes the process safe for the inspector [12].

Most of the research in the past, related to thermography technique is restricted to static
testing. The fatigue test studies involved in monitoring the change in the temperature when
the material is loaded and correlating with the residual strength of the material [13, 14]. A
few papers also contributed towards the inspection of composites using passive thermography
and compared the results with benchmark inspection tools like ultrasound scanning [15,16].

During the literature survey [17], it was clear that very few researchers have attempted to use
IR thermography for quantitative analysis of the defect size. Clearly, no attempt has been
made to use IR thermography for the quantitative analysis of composites under dynamic
loading. So in this research, infrared thermography (IRT) has been used as a tool for the
quantitative analysis of damage growth in composites under dynamic loading.

1.1 Outline

This section explains the structure of this document and it is planned as follows:

Chapter 2 presents the reader with a brief background information on the delamination failure
modes that are seen in composite materials. This is followed by a review of the work of
previous researchers in using IRT to characterise the defects in composites. Finally, the
chapter finishes by defining research goals for this thesis based on the literature review.
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Chapter 3 presents the materials used, design concept and manufacturing process used for
the test sample preparation, in order to perform the research according to the question raised
in Chapter 2.

Chapter 4 presents a detailed explanation of the test setup used for the experiments and also
explains the equipments used for the test.

Chapter 5 presents a detailed explanation of the processing techniques used to process the
thermographs obtained during the experiments performed in the previous chapter.

Chapter 6 presents the results of the experiments and a discussion is made on the results
obtained.

Chapter 7 concludes the research by explaining the benefits and limitation of the thermogra-
phy technique and recommendations are made for future research in this field.



Chapter 2

Background study, research goals and
methodology

Chapter summary Prior to this research, a literature survey was done in order to under-
stand common defects and failure modes in composites and also to gain an insight into the
state of the art. This chapter presents the reader with the background knowledge on delami-
nation failure modes that are seen in composite materials. Thereafter, a short review is made
of the work of previous research on the IRT for the characterisation of defects in composites.
From this review, a gap in the literature was identified and the research goals of the current
project were defined. Finally, this chapter finishes by describing the approach and methodol-
ogy used to accomplish the defined research goals.

By nature, composite materials are inhomogeneous with a large scatter in their material
properties. Additionally, the complications encountered in the manufacturing process, makes
composite materials more susceptible to defects. Some common defects seen in composite
materials are voids, dry spots, fibre waviness and delaminations. A detailed explanation
of defects was made as a part of the literature study [17]. Among all the damage modes
in composites, delamination is considered to be the most menacing because it cannot be
visualised externally without sophisticated techniques. Furthermore, it has a tendency to
grow internally between the fibre layers under the influence of repetitive loads before failing
catastrophically.

Delamination is defined as an area of poor or no bonding between adjacent layers in a com-
posite laminate. Often, defects like voids, waviness and dry spots can also contribute to
delamination under dynamic loads [18]. Figure 2.1 shows the delamination in a compos-
ite part and Table 2.1 indicates how other defects eventually transform into delamination.
Hence, numerous experimental and computational techniques are required to characterise the
delamination in composites and enhance the usability of composites as a structural material.
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Figure 2.1: Microscopic image of delamination damage between two plies (45◦ top and 90◦

bottom) [19]

Table 2.1: Overview of defects and failure modes [17]

Defects Cause Consequence Common
failure mode

Voids Leaks in the mould,
fibre architecture &
dissolved gases.

Matrix-dominated
properties are affected
& inter-laminar shear
strengths are decreased,
an increase in the
moisture absorption is
observed.

Matrix crack-
ing & delami-
nation

Fibre ply wavi-
ness

Large size fibres, lay
up errors, skewed
fabric & geometric
changes.

Leads to delamination,
matrix failure & re-
duced fatigue proper-
ties.

Delamination

Dry spot Resin reaches outlet
before complete infu-
sion of the part.

Delamination & re-
duced mechanical
properties.

Delamination

Surface defects Poor quality of
mould.

No effect on mechanical
properties but aerody-
namic properties are af-
fected.

—–

Delamination Voids, contami-
nation by foreign
materials and poor
resin infusion.

Mechanical properties
are reduced.

Delamination
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To predict delamination onset, growth and eventually the performance of a composite struc-
ture with the defect, some failure prediction methodologies have to be employed. In general,
two approaches are widely used for this purpose, namely:

• Stress-strain approach

• Fracture mechanics approach

The stress-strain method is mainly focused on finding the fatigue life of a component or
structure by developing S-N curves at different stress ratios (R) [20]. This method gives no
information about the delamination or crack growth rate, it only considers maximum stress
or stress amplitude for the fatigue life prediction [21]. The S-N curves are developed by
conducting a series of tests with constant amplitude fatigue loads, at different load levels,
and the cycles to failure are noted. The plot of maximum stress vs cycles to failure will give
the S-N curves. In this way, the fatigue threshold limit can be identified for a given materials
if it exists.

According to the fracture mechanics approach, failure in composites is associated with de-
lamination growth [22]. Delamination occurs when the available strain energy exceeds the
critical strain energy release rate of the material [22]. In this approach, the delamination
growth rate da/dN is related to a fracture mechanics parameter such as strain energy release
rate (SERR) or stress intensity factor (SIF). Generally, the fracture mechanics approach is
based on the Paris relation. The Paris relation is given by Equation 2.1:

da

dN
= c · (∆K)m and da

dN
= c · (∆G)m (2.1)

Where K is the SIF, a is the crack length, N is the cycle count, c and m are curve fitting
parameters, G is the SERR and ∆G = Gmax −Gmin.

In the case of multilayered composite structures, the SIF becomes a complicated parameter
and SERR is a simpler parameter to characterise composites under fatigue loading. Further,
during the process of unloading, Gmin of the composite specimen rises artificially due to the
facial interference resulting in the reduction of ∆G [23]. Therefore, it is challenging to obtain
the correct value of ∆G. Meanwhile, the Gmax value is easily available making it a desirable
parameter to use [23].

Over the years, there is a high demand to develop a quantitative method to characterise the
delamination in composites, to increase the fatigue reliability of composite structures [24,25].
Damage in composites is complicated as it involves multiple failure modes. Therefore, greater
knowledge of the material and failure modes must be developed to understand the fatigue
behaviour of composites. In the recent past, non-destructive testing (NDT) techniques had
been extensively used to better understand the material behaviour compared to conventional
techniques [13].

When composite samples are subjected to cyclic loads, a certain percentage of the mechan-
ical strain energy gets converted into heat due to non-reversible processes; this is called as
‘intrinsic dissipation’ [26, 27]. The non-reversible transformation of the strain energy into
heat is associated with material degradation, plasticity, damage and internal friction in the
sample [28].
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Figure 2.2: Scheme with (a) cyclic loading, (b) reversible process and (c) non-reversible process
with hysteresis loop [28]

Figure 2.2a shows a typical cyclic loading with respect to time. In an ideal reversible me-
chanical process, the loading strain energy is equal to the unloading strain energy with no
losses as in Figure 2.2b. But in the case of a non-reversible process, there is a certain degree
of cycle hysteresis loss under sinusoidal cyclic loading and unloading as in Figure 2.2c [28].

In Figure 2.2c, a hysteresis loop is developed because the strain energy has built up when
loading from points 1 to 2 i.e. W loading

1−2 is different from 2 to 1′ i.e. W unloading
2−1′ this loss in

mechanical energy is defined by the equations below:

W loading
1−2 =

∫ 2

1
σ · dεs (2.2)

W unloading
2−1′ =

∫ 1′

2
σ · dεs (2.3)

∆Wloss = W loading
1−2 −W unloading

2−1′ (2.4)

Where σ is the stress and εs is the strain. The loss of mechanical energy during a cycle is
given by ∆Wloss which is related to the cyclic energy according to a loss factor. The loss
factor (Φ) is defined as the ratio of energy lost to the elastic strain energy [28].

Φ = ∆Wloss

W loading
1−2

(2.5)

The loss in mechanical energy is partially converted into internal heat. The volumetric internal
heat flow (Qheat) during cyclic loading can be expressed as [28].

Qheat = f · Φ ·W loading
1−2 (2.6)
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Where f is the frequency of loading. In addition to internal heating, thermo-elasticity also
contributes to a harmonic temperature variation depending on the thermal expansion co-
efficient. It can be seen from Figure 2.3, that a clear distinction between the heat due to
thermoelasticity and internal heating due to hysteresis loss can be made.

Figure 2.3: Heating due to loss factor and thermoelasticity [28]

From the above explanation, it is very clear that the material degradation or change in the
material properties is always associated with the change in the temperature of the material.
Hence, since IRT is based on the temperature change, it is the most suited technique to
capture the change in the material temperature. Also, the comparison made with other
techniques in the literature survey showed that the IRT has an advantage over its counterparts
to monitor the fatigue behaviour of a composite sample [17]. Further, when compared to
other techniques it is seen that IRT is more advantageous to monitor the fatigue behaviour.
The main advantage of IRT is that it offers contactless inspection, large surfaces with areas
upto a few m2 can be scanned, it can be used in dark, the radiation involved during the
inspection is not harmful and additionally this makes the process safe for the inspector. One
sided inspection expands its usability as for most of the in-service objects, only one side is
available for inspection. In the recent past, IR methods have been extensively used for in-situ
inspections and monitoring. The digital output obtained from IR methods gives more clarity
about the damage and defects in the material under inspection.

2.1 State of the art

A few references are available in the literature related to the use of IRT for damage analysis
in composites. Colombo et al., (2014) [29] studied the influence of delamination on the
mechanical behaviour of glass fibre composite. The study involved both static and fatigue
tests of a glass fibre epoxy resin sample with a PTFE insert in the middle fibre layers to
simulate delamination. The test results proved that the presence of delamination hardly has
any influence on the mechanical properties in static loading. However, during the fatigue
testing, it caused a significant reduction in the life of up to 40%. The thermal observations
were made with an IR camera. The increase in temperature of the specimen as seen by
the IR camera correlated with the accumulated damage. The authors of this paper also
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proposed thermography as a tool for damage monitoring under both static and fatigue loading.
The results of this experiment indicated that the change in material properties was always
associated with the change in temperature, for the test speeds of 3 Hz - 5 Hz.
Lahuerta et al., (2015) [30] made a study of an open hole in a glass fibre sample, under fatigue
in tension-tension loading with a thermal camera (FLIR 315) to record the tests. The test
was conducted at 3 Hz. The thermal data was processed to get temperature plots which,
on further processing using Fourier transforms and the amplitude plots of thermal signals
measured by the IR camera, gave more insight about the accumulated damage. The final
failure of the sample occurred in the same fashion as predicted from the amplitude plot.
Tighe et al., (2016) [31] performed a study on single lap joint samples to compare the de-
tection performance for different type of defects using IR detectors and the pulse phased
thermography technique (PPT). The defects were simulated using PTFE and silicon grease
contamination. PPT clearly identified PTFE defects but not the silicon grease. When a
small load was applied, a silicon grease defect was identified. This is claimed to be a portable
and financially viable means of inspection for industrial application. Hidalgo-Gato et al.,
(2013) [32] compared several processing techniques and proposed that PPT and Principal
Component Thermography (PCT) methods are suitable for processing IR images.
In conclusion, it is found that PTFE insert is the most commonly used material to simu-
late delamination in composite samples. Furthermore, it is found that though IRT is used
extensively for damage inspection in composites, it is mostly restricted to qualitative dam-
age analysis. However, few attempts have been made to use thermography for quantitative
analysis of damage [30] [31] and this field of study is not fully explored.

2.2 Research question

Based on the literature survey, it was clear that very few researchers have attempted to use IR
thermography for quantitative defect sizing and clearly, no attempt has been made to use IR
thermography for quantitative analysis of composites under dynamic loading. By observing
this gap in the literature, the research question is posed as,
"Can infrared thermography be a tool for quantitative analysis of damage in

composites under dynamic loading ?"
Here, quantitative analysis refers to progressive damage monitoring in composites under dy-
namic loading. For example, if the damage is delamination, progressively tracking and com-
puting the size of the delamination at each cycle is considered as a quantitative measurement.
Once the delamination growth curves are computed, the fatigue properties can be easily ob-
tained by calculations. These quantitative results from the thermography experiment could
form a good basis for the development of damage mechanism models.
This gap in the literature seems to be an interesting starting point for a master thesis topic.
To answer the preliminary research question, the sub-questions raised were:

1. What kind of test samples and experimental setup should be designed to answer the main
question?

2. Which thermographic processing techniques can be used to evaluate damage growth?
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2.3 Approach

The master thesis is divided into 3 major sections viz. the formulation of the research question,
the experimental section and the processing section. The details are shown in Figure 2.4.
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Figure 2.4: Work flow of the research

The research question is already formulated in the above section based on relevant litera-
ture while considering the requirements from WMC Knowledge Centre. The experimental
section consists of 3 parts, namely, the design of the test samples with artificially simulated
delamination, the design of the test setup with a thermal camera and the design of the test
condition i.e. selection of stress ratio (R) and test frequency (f). The processing section
consists of developing the processing technique to process the thermal recordings that are
captured during the experiments. This processing technique should provide a comprehensive
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understanding of the delamination behaviour. The detailed explanation of each section is
presented in subsequent chapters.

This chapter comes to a conclusion with the research question and a brief discussion on the
approach used for this research. In the next chapters, more about the design of test samples
and test setup are explained.



Chapter 3

Design and manufacturing of test
samples

Chapter summary This chapter describes the materials used, design concept and the manu-
facturing method used for the test sample preparation. The main challenge was to design a test
sample with artificial delamination. Simulating artificial delamination was not so straightfor-
ward as there was no standard method or technique to simulate delamination artificially in the
test sample. Once the delamination design was finalised, the test samples were manufactured
using the vacuum infusion method as it is the most widely employed manufacturing technique
in the wind energy industry.

After the research question was formulated in Chapter 2. The next step involved material
selection for the experiments to conceptualise the design of the test sample, fabrication of the
test samples, and the design of a test setup to capture the fatigue behaviour of the designed
sample.

3.1 Material definition

The materials selected for the experimental part of this research was a wind turbine dedicated
material i.e. the glass fibre reinforced polymer (GFRP) with glass fibre as a reinforcement
material and their material properties are seen in Table 3.1. The matrix material is a two
component epoxy with Epikote MGS RIMR 135 as resin and Epikur MGS RIMH 137 as
curing agent, their material properties are seen in Table 3.2. These materials were selected
for experiments as they are the standard materials used for all the research work at WMC
Knowledge Centre.
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Table 3.1: Fabric used [33]

Fabric Article Manufacturer Areal weight
[g/m2]

Density
[kg/dm3]

Glass
UD

S15EU910-
00950-00600-
100000

Sartex 948 2.6

Table 3.2: Resin system [34]

Components Article Manufacturer Density [g/cm2]
Resin Epikote - Resin

MGS BPR 135
G3

Hexion 1.13 - 1.17

Hardener Epikure - Curing
agent MGS BPH
137G

Hexion 0.93 - 1.00

3.2 Design and manufacturing of test samples

The commonly seen manufacturing processes in the wind energy industry are hand lay-up,
resin infusion and prepreg lay-up processes. Hand lay-up is an inexpensive process but the
quality yield of the final product is low. On the other hand, prepreg lay-up gives a high-
quality product but it is an expensive process. Whereas, the resin infusion process strikes
the right balance between the manufacturing cost and quality [17]. In the last decade, the
infusion process was widely used by manufacturers around the world [17]. So, it was decided
to use the resin infusion process to manufacture all the test samples for this research.

The resin infusion technique shall be briefly described; the dry fibres are placed in a mould
without pre-wetting or saturating the fibres. A porous release film or peel ply is laid over the
reinforcement and an infusion mesh is laid over that. The whole laminate is then sealed with
the help of a vacuum bag and a sealing tape [35]. Resin inlet and vacuum outlet ports are
created to facilitate resin entry, the placement of which, varies according to size and shape
of the laminate. A schematic representation of the resin infusion technique can be seen in
Figure 3.1.

Before manufacturing the test samples, it is important to decide the material, layup, the
number of layers of fibres, the location and the size of the defect. Since the material has
already been selected in Section 3.1, the next step is to decide on the lay-up and number
of layers of fibre. For this research, the layup of the sample is chosen to be uni-directional
(UD, 0◦ i.e. the fibres are placed along the loading direction) and PTFE (Teflon) material is
selected to simulate artificial delamination in the composite sample as seen in many research
works [29,31]. PTFE tape is widely used to mimic a defect in composites because it is simple
and easy to include a PTFE insert during fabrication. More about the geometry and location
of the defect is explained in Section 3.3. UD is chosen because it is a simple configuration
and two failure modes are expected, one is delamination failure due to the presence of PTFE
as an artificial delamination and the second one is fibre failure mode as UD fibres attract
maximum load into them and they fail. The idea is to have a relatively thin section because
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Figure 3.1: Schematic representation of the resin infusion process [35]

monitoring thin sections is more suitable for an IR camera [36]. Four layers of fibres were
chosen, as four layers are relatively thin.
For the preparation of test samples, firstly the composite panel should be manufactured to
the same configuration as discussed above. Once the panel is manufactured, the next step
is to apply tabs to the panel. Tabs facilitate gripping of samples during the tests and to an
extent avoid the failure of samples at the grips, as tabbing adds extra material making it
stronger at the grips. After the application of tabs, the panel is cut into the standard test
sample dimensions (ISO 527) [37].
The procedure employed for manufacturing the glass fibre and epoxy resin composite panel
to the test sample of the required dimensions is explained step by step in this section.

1. An aluminium plate is used as a base mould for laminating. It is cleaned, prepared for
the placement of fabric and taping the vacuum bag. Firstly, the plate is cleaned with
ethanol then a scotch brite pad is used to scrape off any irregularities and recleaned
with ethanol (see Figure 3.2a). Finally, a release agent is applied on the laminating
surface to facilitate easy removal of the composite laminate from the mould surface.

2. The fabric plies are drawn from the roll (see Figure 3.2b) and the UD glass fibre plies
are cut perpendicularly to the fibre direction (Figure 3.2c).

3. The cut plies are carefully transferred onto the aluminium plate and aligned.

• At this point, the defect as PTFE is introduced into the fibre stacking (see Figure
3.2d). A detailed explanation of the defect is given in section 3.3.

4. Now tacky tape is applied around the perimeter of the cut fabric with a 2 cm - 5 cm
gap.

5. The fabric placed is covered with peel ply (Figure 3.2e). The peel ply is overlaid with a
release film and infusion mesh that helps in achieving an even distribution of the resin.
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6. A runner is introduced and taped at the edge of the infusion mesh (Figure 3.2f) and
the other end is connected to the resin bath via a tap.

7. The vacuum port is positioned away from the stacking and is connected to a vacuum
pump through a connecting pipe that sucks out air from the bag.

8. Breather material is placed on top of the stacking and then, the bagging is finished by
tacky taping all the sides while placing the vacuum bag on the top. Extra care is taken
near the inlet and outlet of the pipes to avoid leaks.

9. The resin inlet tap is turned off and the pressure inside the vacuum bag is brought
below 10 mbar with the help of a suction pump. This constant pressure is maintained
for 20 min - 30 min to check for any leaks in the bag.

10. The pressure in the bag is slightly increased to around 150 mbar, i.e. a pressure greater
than the resin degassing pressure.

11. The infusion process is started by turning on the inlet tap and waiting until the resin
completely wets the fabric. Now the taps are turned off.

12. The infused laminate is left to cure overnight and the next day the de-bagging is done
to get the panel out.

13. Once the panel is manufactured, it is cut into the required dimension by trimming off
extra material. The tabs are applied at clamping ends of the panel and then the panel
is cut precisely to get the test samples using a CNC machine.

3.3 Defect definition

Simulation of an artificial delamination as a defect was a complicated process. As the aim of
the research was to capture delamination propagation, the test sample was designed in such
a way that delamination is the predominant failure mode. To do this, a PTFE tape was used
to introduce artificial delamination. The fibre cuts and PTFE were included in the laminate
during fibre stacking. As shown in Figure 3.3, all four layers of fabric were cut at predefined
locations. The 1st and 4th layers of the laminate were cut at location 1 and the 2nd and 3rd

layers were cut at location 2. PTFE inserts were placed underneath the cut in the 1st and 4th

layers i.e. location 1. As said earlier, the only reason to cut fibres was to make delamination
a dominant failure mode by avoiding fibre from carrying all the loads and failing [38].

The above configuration for the test sample design was chosen because, when the load is
applied, the 1st and 4th layers with PTFE inserts start to delaminate experiencing both mode
1 and mode 2 loads (peeling and shearing respectively). The matrix which is filled in the
cut space of fabric in the 2nd and 3rd layers also starts to crack. But the damage growth on
the external plies is predicted to be faster since they experience both mode 1 and mode 2
loading. The sample resembles the lap shear configuration on two sides and hence it is named
as "double shear configuration" (DSC).
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(a) Aluminium base plate during
cleaning

(b) Drawing of fabric from the roll

(c) Cutting of the marked fabric (d) Introduction of PTFE tape

(e) Spreading of peel ply over the
stacking

(f) Runner placed at the edge of infusion
mesh

Figure 3.2: Steps involved in the manufacturing of test samples

3.4 Dimensions

The dimensions of the test sample were chosen according to ISO 527 standard for tensile
testing [37]. ISO 527 gives the standard test procedure, dimensions of the sample and testing
methods for evaluating the tensile properties of unidirectional fibre reinforced composite.
According to this document, the gauge length of the sample should be 150 mm, the width 15
mm, the nominal thickness 3 mm (for four layers of fibre) and overall length with tabs is 250
mm. This can be seen in Figure 3.3.
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3.5 Fibre fraction

After manufacturing the composite laminate with the resin infusion technique, the fibre frac-
tion evaluation was performed on the composite laminate to understand its quality. The test
samples were cut out of the laminate and the samples were named for easy identification.
The ASTM D 2584 - 11 [39], standard test method was used to determine the fibre and void
content of the laminate at three locations. The average fibre content and void content of the
test samples were 62.35% of weight and 0.26% respectively. As the void content is less, it is
a good set of test samples to proceed with the experiments. Figure 3.4 is an actual image of
the test samples used for the experiment.

Figure 3.4: Actual test sample used for experiments

To conclude this chapter, the design, fabrication and defect simulation in the test sample are
explained here. In the next chapter, the design of test setup and the experimental procedures
are explained.
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Chapter 4

Design of experimental setup and test
plan

Chapter summary This chapter presents the reader with a detailed explanation of the test
setup used for the experiments while explaining the equipment used for the test. The main
aim of the experiment was to study the fatigue behaviour of composites. To study the fatigue
behaviour, firstly, the static tests were performed and later based on the static test results, the
fatigue tests were planned.

4.1 Test setup

This section explains the test setup used for both static and fatigue tests. The test setup
remains nearly identical for both the tests, as illustrated in Figure 4.1. To provide more
details about the connections, a block diagram is shown in Figure 4.2. Now, beginning with
the test sample and going in the clockwise direction as in Figure 4.2, the test samples were
clamped into the grips of the 100 kN test machine. Test machine is a hydraulic machine
that was controlled by the ‘WMCs’, an in-house controller software on a dedicated computer.
The WMCs software is developed by WMC and it is used for all the testing and research
experiments at WMC Knowledge Centre laboratory. An IR camera FLIR 315 was used to
monitor the ongoing tests which is shown in Figure 4.3a. The FLIR camera uses a bolometer as
a detector. A bolometer measures heat from the source by sensing the temperature induced
variations in the electrical resistance of an IR-absorbing material. A Wheatstone bridge
circuit measures the heat absorption by comparing the resistance of a piece of the material
that absorbed IR light to the resistance of an equivalent piece of an identical material that
was kept in the dark.
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Figure 4.1: Image of the test setup used

WMC controller 
machine

IR camera

Power supply 
unit

Laptop to control 
IR camera

Test sample 
mounted onto 
test machine

USB 
Camera

Figure 4.2: Pictorial representation of the test setup, red lines represent power cables and green
lines represent data cables
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Figure 4.3: (a) FLIR 315 camera, (b) Block diagram and working of an IR camera
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The IR systems majorly consist of five components, namely, the optical system, detector,
amplifier, signal processing block and the display unit (mostly on the computer). The IR
system can be schematically represented as in Figure 4.3b. The IR energy from the object
was captured by the optical system; the received energy was then focused onto the detector
with the help of a lens. Detectors are of two types: Thermal (for example, microbolometer)
and Photonic (for example, a photoconductive detector).

A microbolometer measures the temperature variations caused by IR absorption in individual
single pixels that are thermally separated and grouped into focal plane arrays (FPAs). There
are majorly 2 types of IR absorbing materials used in microbolometers, namely Type 1 and
Type 2. Type 1 is the pyroelectric or ferroelectric crystals which produce electrical signals
that are directly proportional to the temperature increase caused by IR absorption. The most
common material under Type 1 in use is barium-strontium titanate. Type 2 materials are
thermistors, wherein the electrical resistance changes with temperature. The materials used
in Type 2 category are semiconductors, amorphous silicon and vanadium oxide (VOx). The
material used for FLIR 315 camera is VOx.

The IR camera was positioned right in front of the test sample with the help of a fixture. The
IR camera was powered by the power supply unit and it was controlled by an FLIR software
interface from a laptop. The tests were not recorded for the complete length, the reason for
this is explained in detail in Section 5.2. To record the tests discretely, a small code snippet
was used to switch the camera on and off according to the needs. A visible light USB camera
was also mounted next to the IR camera to compare the delamination measured by it later.
As it can be seen from Figure 4.2, the IR camera was controlled by a separate computer, not
by the same controller that controls the test machine. So here, an issue is brought to the
readers attention that there is a slight mismatch in the cycle count measured by the camera
and the test machine. This was taken into consideration during post processing.

Apart from the above mentioned steps, extra care was taken to make the testing area free
from disturbance, mainly to avoid the noise from the surroundings such as movement of men
and/or machines. The test samples also had a rough surface finish on either side, this was
achieved with the use of a peel ply during the manufacturing stage. Use of smooth or glossy
surfaced sample was not suitable as these samples reflect different kinds of noise falling onto
them and this causes more problems during processing.

4.2 Static test

First, the static tests were planned in order to characterise the material under tension. The
tests were planned on 100 kN servo-hydraulic machines with 100 kN load cell. From previous
material data at WMC database [40], the ultimate tensile strength of same grade UD glass
fibre samples was 765 MPa with standard deviation and coefficient of variance being 18
MPa and 2.35% respectively for the sample size of 6. The cross-sectional area of the test
sample prepared for the tests was 15×3 mm2 and according to Equation 4.1, the approximate
maximum load requirement was 35 kN . Hence 100 kN machine was a good choice for the
experiment.

F = σUT S ·Ac/s (4.1)
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Where, F is the force required to fail the sample in kN , σUT S is the ultimate tensile stress
of the sample material in MPa and Ac/s is the cross-sectional area of the sample in mm2 i.e.
width × thickness.

The steps followed for the static tests were as follows:

• The fabricated test sample was mounted onto the test frame. To do so, first, the bottom
part of the test sample was clamped with slightly lower clamping pressure of 15-20 bar
and a right angle alignment tool was used to get the sample parallel to the load. Once
the alignment was completed, both the top and bottom clamps were closed with a
hydraulic pressure of 120 bar - 150 bar.

• After mounting, the control parameters were fixed. The input load was zeroed so that
the test could start from 0 kN .

• The test mode was chosen to be displacement control, the displacement channel was
changed to zero and the loading rate was 2 mm/min. Figure 4.4 graphically represents
the loading condition.
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Figure 4.4: Loading conditions for static tests

• Once all the parameters were set, the tests were started and checked for the slip of
the test sample. If there was no slip, the test continued till the failure. Once the test
sample failed, the failure load and the displacement values were noted down. After all
the test parameters were recorded, the test was brought to halt and this procedure was
repeated for all the remaining samples.

The static tests were aimed at determining the maximum force. The force was measured
through a load cell and the stress was known by the ratio of force to the area, expressed in
MPa. Displacement was measured by the internal displacement of machine and strain can be
calculated as a ratio of change in distances between the grips to initial distance between the
grips. The tests were performed under displacement control and the ramp of the displacement
is 2 mm/min as per ISO 570 standards.
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Figure 4.5: Stress vs displacement graph of static tests

Table 4.1: Static test matrix

Sample Width
[mm]

Thickness
[mm]

Length
[mm]

Max. load
[kN ]

σUT S

[MPa]
WY-01 25.99 2.99 150.19 21.19 272.68
WY-02 25.5 3.24 150.08 21.5 260.22
WY-03 25.4 3.20 150.11 21.8 268.20
WY-04 24.99 3.00 150.02 21.4 287.63

Table 4.2: Statistics of static test

Sample
count

Average max.
stress [MPa]

Coefficient of
variance (%)

Standard devi-
ation [MPa]

04 272.1825 0.04231 11.5157

Figure 4.5 shows the stress vs displacement graphs of static test and Table 4.1 shows the test
matrix for static test. All the dimensions for length is in mm, force is in kN and stress is in
MPa.

Table 4.2 illustrates the statistics of the static test results. According to the results, an
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average maximum stress was found to be 272 MPa with the coefficient of variance (COV)
of 0.0423 over four samples shows good repeatability of the test results. Further, the fatigue
tests were planned based on the static test results.

4.3 Fatigue test

A number of fatigue tests were planned based on the maximum loads obtained from the
static tests. For each fatigue test, the maximum load selected was a percentage of the static
maximum load determined in the Section 4.2. The percentage depends on the minimum
number of cycles that the sample was expected to undergo before failing. Usually, the load
levels were selected to obtain a well defined S-N curve. In this case it is between 1000 cycles
to 1 million cycles because there would be a lot of scattering below 1000 cycles and the test
would be time consuming or may have run-outs (not tested till failure) above 1 million cycles.
The minimum load is stress ratio (R) times the maximum load as in Equation 4.2. The usual
stress ratios for research work are R = 0.1, R = -1 and R = 10. The stress ratio chosen for
the fatigue test was R = 0.1 as we are studying the tension-tension behaviour only.

R = Fmin

Fmax
(4.2)

A common testing frequency based on the literature is 2 Hz or 3 Hz [41]. In the present case,
the testing frequency was set to 2 Hz and since the camera frame rate is 30 Hz, it was possible
to capture 15 frames per fatigue cycle. The heat dissipated in low cycle fatigue is less than
high cycle fatigue. So, if the test is successful in low cycle fatigue, it can be easily used for
high cycle fatigue as well. However, a 1 Hz test frequency was neglected as it is slow and time
consuming for a high number of cycles. The fatigue tests were load controlled which means
that the test was controlled based on the force reference signal and the displacement response
varied freely. The test was load controlled rather than displacement controlled because the
loads will be reduced to maintain constant displacement in the later and this is not a suitable
condition to measure the damage growth.

The steps followed to perform the fatigue test is explained below. The mounting procedure
remains identical to the static test.

• The IR camera was mounted right in front of the test sample with the help of small
fixtures.

• The IR camera was focused onto the area of interest and initially it was challenging
as the temperature of the test sample was the same as the surrounding. Once the test
started, a clear thermal image could be seen as the sample experienced thermoelastic
heating.

• The camera was controlled by FLIR software interface via a computer. The camera
started and stopped as per the predetermined interval. Example: 5 mins interval be-
tween each record.
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• The test conditions were changed to load control for the fatigue test, the stress ratio
and Fmax were entered and the test was started.

• As soon as the test was started, the recording of the IR camera was also started manually
through another computer. The subsequent starts and stops were controlled by a small
piece of code.

• Since the IR camera and test controller were not synchronised, a small time gap of 2-5
seconds was observed. It should not be a problem as there was only a small mismatch
of a maximum of 10 cycles.

• The test was undisturbed till failure. Sometimes, such tests run for hours or days or a
week depending on the loads.

Figure 4.6 is the representation of S-N curves of the test samples tested under fatigue loading.
The fatigue test was performed with eight samples. More details about the loads and the
number of cycles are presented in Table 4.3.

Figure 4.6: S-N curve of fatigue test performed

Figure 4.7 and Figure 4.8 are the images of the test sample before and after testing respec-
tively. Figure 4.8 shows top view and side view of the failed sample.
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Table 4.3: Fatigue test matrix, load ratio [R] = 0.1

Sample % Load No. of cycles [N ]
WY-11 30 1,312,562
WY-12 30 1,313,678
WY-05 34 290,876
WY-06 34 274,280
WY-07 39 96,022
WY-08 39 82,900
WY-09 44 29,190
WY-10 44 29,056

Figure 4.7: Image of the test samples before the test
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Figure 4.8: Image of the test samples after the test
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This chapter concludes the experimental section of the research. The results from the static
and the fatigue tests were explained in this chapter. From the test results explained in this
chapter, it can be observed that the variation and deviation in the static maximum loads
are small. This indicates that the samples showed similar behaviour and the anomalies due
to manufacturing did not hamper the test results. Similarly in the fatigue test, the S-N
curves were plotted without any abrupt behaviour. With this, it can be concluded that the
experimental part was satisfactory. Now that the experimental part is finished, the next step
is processing the thermal data captured during the test. The succeeding chapter describes
the processing of thermal data.
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Chapter 5

Infrared image processing techniques

Chapter summary This chapter presents the reader with a comprehensive explanation of
the processing techniques used to process the thermal images obtained during the experiments
performed. The thermal images were essentially processed in two steps. Firstly, the thermal
images were processed to eliminate noise and to get a detailed picture. Next, the processed
thermal images were subjected to an image segmentation algorithm to evaluate the size of de-
lamination which was the main area of interest of this research. Eventually, characterisation
of delamination under fatigue loading was carried out.

5.1 Causes for deterioration of IR images

In the recent years, the use of IR camera has gone beyond conventional applications like
the military, medical fields and are extensively used as non-destructive tools for damage
evaluation in structures. Also, the use of uncooled detectors has made the IR camera much
cheaper and affordable. The IR images are always criticised for poor quality and low signal
to noise ratio and this is significant in uncooled detectors. However, with modern computers,
a lot of research has focused on noise reduction in IR images to enhance the adoption of IR
technology [42–44].

There are several things that deteriorate the quality of the thermal images. In general, the
thermographs are mainly deteriorated because of the following:

• Vignetting

• Fixed pattern noise

• Bad pixel or dead pixel

• Noise from the surrounding



34 Infrared image processing techniques

5.1.1 Vignetting

Vignetting is an effect that displays a non-linearity in the thermal images making the centre
of the image much brighter than the edge or corners of the image [45]. It is caused due to
several reasons like pixel position and temperature variation with respect to the ambient.
Vignetting is apparently one of the complicated issues to handle [45] as it is linked to the
temperature of the surrounding with respect to the temperature of the lens and no effect is
seen when both are at the same temperature.

Figure 5.1 is an example of a CPRF laminate designed with PTFE defect, Figure 5.1a is a
CPRF laminate, Figure 5.1b is a thermograph with vignetting and bad pixels and Figure 5.1c
is a thermograph with fixed pattern noise.

5.1.2 Fixed pattern noise

Fixed pattern noise (FPN) is an issue raised by the variations in responsivity of the detectors
in an IR system to incoming irradiance [45]. This is a general difficulty faced while working
with uncooled focal plane arrays (FPA) [45]. To an extent, the effect of FPN on image quality
can be reduced by subtracting the image of a uniform scene from the image of interest.

5.1.3 Bad or dead pixel

A bad pixel can be described as an abnormal pixel behaving otherwise from the rest of the
pixel array. For example, a dead or bad pixel stays OFF (black) although a hot pixel is ON
(white) or vice-versa [46]. The bad pixels do not produce useful data in any way; they only
contribute to worsening the image quality. A map of bad pixels is usually provided by the
FPA manufacturer or they can also be recognised manually. Usually, to correct a bad pixel,
the value corresponding to it is substituted by the average value of the adjacent pixels.

5.1.4 Noise from the surrounding

While the IR camera is focused onto the ongoing fatigue test, there will be a variety of thermal
noise produced in the lab. The different sources of noises are 1) from the movement of people
and machines, 2) noise from the reflection of the surroundings and 3) any data obtained by
the IR camera other than the test frequency is also considered to be noise. The filtering of
the signal at test frequency eliminates most of the noise from the signal and aids to get the
desired signal output.

5.2 Recording procedure

Before diving into the processing techniques used to process the thermal images, more about
the IR recordings has to be discussed. To monitor the delamination behaviour under the
fatigue loading condition, certain measures are taken in this research. Firstly, to monitor the
fatigue tests, it is impossible to capture a single image of the test sample without halting the
test. Also, it was not a convincing idea to record the video for the entire test time because
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Figure 5.1: (a) CFRP laminate with 25 PTFE inserts as defect of different sizes and at different
locations. (b) Raw image with vignetting and bad pixels. (c) Fixed pattern noise [47]

of space constraints and excess data to process. For example, if a test of 500,000 cycles has
to be recorded with 2 Hz test frequency and 30 frames per second, the RAW 16 bit data will
sum up to a mammoth total of 1.152 TB (see the calculation below).

There are 8 bits in a byte, so 16 bits per pixel implies 2 bytes per pixel, so the math is

• 320 · 240 pixels · 2 bytes per pixel · 30 frames per second = 4.608 MB/s

• Total data = 4.608 MB/s · 250000 seconds (500000 cycles, 2Hz) = 1.152 TB

The enormous data is helpful but it turns out to be a real challenge to store and process
the thermal data. The processing of thermal data in this case was not an easy process as
the processing involved two steps (as shown in Figure 5.2). The entire process becomes
very complex with the large data size. Therefore, to overcome this issue, short videos were
captured with a certain number of frames at regular intervals of time during the fatigue test.
In this case, the data captured would reduce in size and provide enough information about
the fatigue behaviour. For example, in the above mentioned case, instead of recording for
the entire length of the test, if the recording was done at every 10 minutes interval for 30
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seconds. The total size of the recorded data will be 57.50 GB that is a great reduction in the
data size and an acceptable range for processing. Moreover, the change in the delamination
area or the delamination growth rate is quite negligible over a few number of cycles but it is
very evident over 1000’s of cycles. Thus, the selection of recording intervals with a gap of few
1000’s of cycles is a good choice.

5.3 Different processing techniques

In this section, a brief discussion is made on several other techniques used for processing
thermographs. While some of them are being used in practice, others are yet to be used for
practical applications.

5.3.1 Thermal contrast

Thermal contrast is a simplistic operation that is based on temperature difference. Although
there exists various definitions, all of them work on the same principle that is defined by
the difference in temperature between the defective area and the sound area (non-defective
area) [48], as in Equation 5.1.

∆T = Td(t) − Ts(t) (5.1)

Where, ∆T is the absolute thermal contrast, Td(t) is the average value of pixels in the defective
area and Ts(t) is the average value of pixels in the non-defective or sound area. The main
disadvantage of thermal contrast technique is establishing the non-defective or sound area,
especially if the process is automated [49], hence the thermal contrast technique cannot be
used for this research.

5.3.2 Thermal signal reconstruction

Thermal signal reconstruction (TSR) [50] is a statistical technique which includes signal
reconstruction from polynomials. This technique originated from the Fourier heat transfer
equation on a semi-infinite plate that is subjected to thermal excitation. TSR works on the
hypothesis that the temperature profiles for non-defective pixels follow the decay curve given
by the one-dimensional solution of the Fourier equation, as represented in Equation 5.2.

ln(∆T ) = a0 + a1ln(t) + a2ln
2(t) + .......+ apln

p(t) (5.2)

Thermal profiles belonging to non-defective areas in the sample will follow an almost linear
decay, whereas the thermal behaviour of a defective area will deviate from linearity.
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5.3.3 Principal component thermography

Principal component thermography (PCT) is a processing technique categorised under trans-
forms. In this technique, the information from singular value decomposition is compactly
extracted into spatial and temporal information of the image sequence using empirical func-
tions. Singular value decomposition (SVD) is an eigenvector-based transform that forms an
orthonormal space [50].

The SVD of an M ×N matrix I (M>N) can be calculated as follows [51]:

I = ŪLV T (5.3)

Where, Ū is an orthogonal matrix, L is a diagonal N ×N matrix (with singular values of A
present in the diagonal), V T is the transpose of an orthogonal matrix.

5.3.4 Pulsed phased thermography

Pulsed phase thermography (PPT) is an interesting technique where the data is transformed
from time domain to frequency domain using the one-dimensional discrete Fourier transform.

The thermal waves generated from the heated surface image can be detected remotely with
IRT. Mathematically, a heating pulse can be decomposed into individual sinusoidal compo-
nents of various amplitudes and frequencies. The tools like Fourier transforms can transform
data from time domain to frequency domain and vice versa, see Figure 5.3 below.

The individual frequencies in PPT can be extracted by performing discrete one-dimensional
Fourier transforms on each pixel of thermograph sequence using the mathematical Equation
5.4.

Fn =
N ′−1∑
k=0

T (k)e
2∗π∗i∗k∗n

N′ = Ren + Imn (5.4)

Where, Fn is the one-dimensional discrete Fourier function, i is an imaginary number, k is
the image index, N ′ is the total number of thermographic images, Ren and Imn are real and
imaginary parts respectively and subscript n designates the frequency increment. The time
evolution of each pixel in the field view is a vector T(k) for image sequence (n) is used to
compute the real and imaginary parts. Amplitude Ampn and phase φn are finally computed
with Equation 5.5 below.

Ampn =
√
Re2

n + Im2
n and φn = atan

(Imn

Ren

)
(5.5)

One limitation of using the Fourier basis function is that, they extend infinitely along the
time axis meaning, no information can be obtained about the time evolution of spectral
characteristics of the signal. In PPT, information about the location of damage is related to
the time of observation as shown in Equation 5.6.
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Figure 5.3: Time and frequency response (a) Two temporal pulses of (i) 15 ms and (ii) 30 ms
duration, (b) Corresponding frequency spectra [52]

t = Z2

µ
(5.6)

Where, t is the time of appearance of damage, Z is the depth of inspection and µ is the
thermal diffusivity of the material.
Pulsed phase thermography is the most commonly used transform technique and it is exten-
sively used for several practical applications as explained in the previous section.
All the aforementioned processing techniques have their own pros, cons and render positive
or negative results based on the type of image. Here, in this research, the images are recorded
during the ongoing fatigue test; so, it is very important to choose a processing technique that
can be used to filter the image at the test frequency as well. The best-suited technique to
filter the image is fast Fourier transform (FFT) [53] [54] [55] [56].
The data recorded by the thermal camera during the test was processed in 2 steps as seen
in the flow chart (see Figure 5.2). Before going into the processing technique, the recording
and testing frequencies are mentioned again. The fatigue test is performed at 2 Hz, the IR
camera is recording at 30 frames per second and at least 15 frames per cycle are captured.
The raw data recorded by the thermal camera is a sequence of temperature matrix represented
spatially in time. Figure 5.4 represents a single frame in 2D and Figure 5.5 shows the data
in 3D, the i and j axes represent the temperature data in 2D space whereas k axis represents
the frames or image sequence.
The temperature matrix can be converted into a thermal image by assigning a colour map
that looks like Figure 5.6 and in the same manner, the sequence of temperature image is
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obtained. The first step of processing is to use PPT technique to transform the raw data
from time to frequency domain that allows analysing the data from a different perspective.

Figure 5.4: Representation of single pixel in 2D

The raw data consisted of a sequence of images of the temperature evolution T(t)(i,j) during
the tests at each pixel (i,j) as in Figure 5.5. Amplitude and phase were computed at each pixel
using a fast Fourier transform at fatigue test frequency of 2 Hz. The amplitude values were

Figure 5.5: Representation of several frames over time in 3D
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Figure 5.6: Temperature plot with colour map

Figure 5.7: Amplitude plot with colour map
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Figure 5.8: Selection of locations for SNR calculation in temperature image

plotted with colour maps to obtain FFT thermographs as in Figure 5.7. The ampligraphs
are further processed using an image segmentation algorithm to segment them into different
regions like delaminated and un-delaminated regions. More about segmentation is discussed
in Section 5.5.

Before proceeding into segmentation, a small test was conducted to check the quality of the
processed image. As discussed earlier, the thermal images were criticised for poor signal to
noise ratio (SNR). So in the next section, the signal to noise ratio values of the thermal image
before and after processing are checked and verified if the signal quality has increased after
the processing.

5.4 Signal to noise ratio

Signal to noise ratio is a parameter used in image processing as a measure of sensitivity of an
image. Often signal to noise ratio is written as S/N or SNR, it is a ratio of signal strength
corresponding to background noise. The ratio is normally measured in decibels (dB) using a
signal to noise ratio formula as in Equation 5.7. If the incoming signal strength is Vs and the
noise strength is Vn, then the signal to noise ratio, in decibels, is given by the formula:

SNR = 20 · log Vs

Vn
(5.7)

Where, Vs is the signal strength, Vn is the noise strength and SNR is the signal to noise
ratio expressed in decibel. If signal strength Vs = noise strength Vn, then SNR = 0. In
this condition, the signal becomes unreadable since the noise level seriously competes with
the signal. Ideally, Vs is more than Vn. So a high ratio of signal to noise can be obtained.
Therefore SNR will be positive.
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Figure 5.9: Selection of locations for SNR calculation in processed image

Table 5.1: SNR values

Samples SNR (dB)
Temperature image 9.29
Processed image 20.27

To perform SNR analysis for the current research, the SNR values of the actual temperature
images and processed FFT images are compared. The comparison will give an idea about
the change in SNR values before and after processing. To perform a fair analysis, different
locations of the sample are chosen to compute SNR and Equation 5.8 is used for this analysis.

SNR = 20 · log (Maxintensity −Minintensity)object

(Meanstd)surrounding
(5.8)

Here, the (Max&Min intensity)object is obtained from the location 5 and the (Meanstd)surrounding

is obtained from the locations 1 to 4 as shown in Figure 5.8 and Figure 5.9.

The SNR values are published in Table 5.1. It can be clearly seen that the SNR value has
drastically increased in the processed image. So it can be said that the processing technique
used has served the purpose.

Once the images are processed, the next step is segmenting the processed images.

5.5 Image segmentation

Image segmentation is a process of separating an image into various segments. These segments
can be represented in different ways so that only the area of interest is targeted making it
more meaningful and straightforward to analyse. Here, in this research, once the thermal
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images are processed, the images are segmented to segregate the delaminated region from the
rest of the image so that the delamination growth rate can be studied.

The major segmentation techniques are :

• Segmentation by edge detection

• Segmentation by thresholding

• Segmentation by region

• Segmentation by feature-based clustering

5.5.1 Segmentation by edge detection

Edge detection technique segments an image by identifying the edges or pixels connecting
various regions that have a rapid change in intensity. These pixels are extracted and joined
to make a closed counter and the outcome is a binary image [57]. Based on the theory, there
are two main edge based segmentation methods, namely, grey-histogram and gradient-based
method.

5.5.2 Segmentation by thresholding

Thresholding technique is the simplest method to segment an image based on the intensity
value that is called threshold value. The main advantage of this technique is that it can be
applied locally and globally [57]. The global thresholding is used to distinguish the object from
the background by the given threshold value and local thresholding is used to sub-segment
the image based on the local characteristics.

5.5.3 Segmentation by region

Segmentation by region is also known as similarity based segmentation because this technique
works by grouping the pixels belonging to the same object [58]. The advantage of this tech-
nique is that there won’t be any gaps due to the missing pixels at the edges because once the
change in colour or texture is identified, the edge flow is converted into vectors and further
segmented based on the vector.

5.5.4 Segmentation by clustering

A cluster is a group consisting of similar pixel belonging to a specific region which is different
from rest of the image. Clustering is a process of arranging the groups based on their at-
tributes. There are several clustering techniques used, out of which, the most popularly used
are K-means and fuzzy C-means algorithms.

On compiling all the techniques [59], it is stated that edge detection yields best results for
the images with finer features. Thresholding is best suitable for images with fewer features.
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Region based technique separates the image based on the local feature in the image and clus-
tering technique segments the image by colour features in the image. Segmentation performed
on an image using all the techniques showed that region based and thresholding methods gave
better results [59] but it is unfair to compare all the techniques on the same image as ev-
ery technique is unique and has their own pros and cons. An overview of the techniques is
provided in Table 5.2.

Table 5.2: Comparison of various image segmentation techniques [60]

Segmentation
technique

Brief description Advantages Disadvantages

Edge detection Based on discontinuity
or rapid change in pixel
intensity

Works good on images
with better contrast

Not suitable for
images with lot of
edges

Threshold
method

Division based on pixel
intensity levels

Easy and simplest
method. Best suitable
for images with fewer
features.

Highly dependent
on pixel intensity

Region based Partitioning based on
the homogeneity in the
images

More immune to noise,
easy to define similarity
criteria

Time consuming
method

Clustering Division based on ho-
mogeneous cluster

More useful for complex
images mostly in medi-
cal images

The function is
complicated

In this research, thresholding method is used for image segmentation. The thresholding
method is the simplest technique and best suited for the image sample with fewer features [59].
This method is also suitable for the images having lighter objects than the background. From
Figure 5.7, it can be seen that delamination in the image is lighter compared to others in the
image.

To perform image segmentation on the images obtained from processing the thermal data as
mentioned in Section 5.3, a threshold value has to be selected. The threshold value can be
selected manually or automatically based on the image to be segmented. There are basically
three ways to select the threshold value [59] [61].

1. Global thresholding: The global threshold is performed by selecting an appropriate
threshold value Thr [57]. The value of Thr will remain constant for the entire image.
On the basis of Thr value chosen, the output image g(i, j) is produced from original
image f(i, j) as:

g (i, j) =
{
1,if f(i,j) > Thr
0,if f(i,j) ≤ Thr

}

2. Variable thresholding: In the case of variable thresholding, the value of Thr will vary
over the range of an image [57,58]. This can be further classified into two types: Local
threshold: In this, the value of Thr depends on the neighbourhood of i and j. Adaptive
threshold: The value of Thr is a function of i and j.
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3. Multiple thresholding: In the case of multiple thresholding method, there are several
threshold values like Thr0 and Thr1. By using these, the output image can be calculated
as:

g (i, j) =


0,if f(i,j) > Thr1
1,if f(i,j) ≤ Thr1
2,if f(i,j) ≥ Thr0


To segment the image in this research, a global threshold value was used. The threshold value
was selected manually and remained constant for all the images.

Figure 5.10 shows an image segmented with a contour. Once the segmentation is done, the
next step is to calculate the number of pixels in the segmented portion. The number of pixels
in the segmented portion provides geometrical information such as area, perimeter, etc. Once
the number of pixels is known, the pixel count is multiplied by a conversion factor so that the
area in SI unit can be calculated. For example, Figure 5.10 shows segmentation and number
of pixels enclosed.

Once the image has been segmented, the number of pixels in the segmented region can be
easily obtained. The known pixel count is multiplied with a pixel conversion constant to
convert it into the area which is nothing but the delamination area.

An example is shown here to evaluate the pixel conversion constant. Consider Figure 5.10,
the width 20 mm is made up of 10 pixels so that the length of each pixel will be:

Pixel constant = width or length
number of pixels = 20

10 (5.9)

= 2 mm

Thus, the area of each pixel will be,

2 ×2 = 4 mm2

40 pixels are enclosed in the contour. so,

40 ×4 = 160 mm2
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Figure 5.10: Representation of single pixel in 2D

To conclude, this chapter explains the processing technique used for processing the thermal
images. The processing technique used seems to be satisfactory with the SNR values calcu-
lated for the images before and after processing. Later, the image segmentation process is
explained which is used to segment the delamination and study its behaviour under fatigue
loading. This chapter also concludes the processing section of the research. Now results has
to be discussed which is done in the following chapter.
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Chapter 6

Test results and discussion

Chapter summary This chapter is dedicated to results and discussion. The findings from
both the experimental section in Chapter 4 and processing section in Chapter 5 are discussed.
In the first section, the discussion is based on the experimental results, a later section covers
the discussion on thermal data analysis. Finally, findings from the thermal data are critically
evaluated and compared with the visual light camera data and a decision is made on the pos-
sible errors in the calculation.

6.1 Experimental results

The static and the fatigue tests results are published in Table 4.1 and Table 4.3 respectively
in Chapter 4. From the static test, it can be noted that the maximum stress was found to
be 272.18 MPa with a variation of 0.042% over a sample size of four. All the samples failed
in the similar fashion with the same magnitude of loads. It was observed that the variation
due to manufacturing was less and hence had no effect on the maximum load, also the results
showed good repeatability.

The fatigue tests were conducted approximately at 30%, 35%, 40% and 45% of maximum
static load with the stress ratio of R = 0.1, for all the samples. The fatigue tests were
monitored using the IR camera, to capture the delamination area. S-N curves are plotted
from the obtained fatigue test data as shown in Figure 4.6. The plot clearly indicates that
the test followed a linear trend with less scatter with no abrupt behaviour. From this, it can
be stated that the manufacturing of the test sample with defect and the testing conditions
did not produce any unintended behaviour.

When the static load was applied, the sample majorly experiences shear force. The sample
has a double shear configuration as discussed in Section 3.3, the maximum static load mainly
depends on the shear area. However, it is a different case during fatigue loading because the
1st and the 4th layer start to delaminate, with the PTFE insert being the initial delamination
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point. Delamination is the predominant failure mode as it experiences both mode 1 (opening)
and mode 2 (shear) loads as shown in Figure 6.1. The matrix that is filled in the space between
cut fibres in location 2 also starts to crack but the damage growth on the external plies is
faster. As the delamination is faster, it becomes the predominant failure mode and all the
samples in this experiment failed because of delamination.

Figure 6.2 shows the approach of this research according to which, the research is divided into
two major sections, the experimental section and IR monitoring section. The experimental
section is concluded by evaluating the strain energy release rate. The IR section consists of
capturing the thermal data during the test and concluded by evaluating the delamination
growth rate curves. Finally, a comparison test was conducted to compare the data obtained
from the thermal camera with that from the visible light camera. The fracture mechanics
based approach connects delamination growth to the fracture mechanics concept of strain
energy. The strain energy is calculated with the help of data from the test machine. Typical
test data from the test looks like the data in Figure 6.3. The maximum strain energy Umax

is given by Equation 6.1.

Umax = 1
2 × Fmax × δmax (6.1)

Where, Fmax is the maximum force and δmax is the maximum displacement obtained from
the test machine. The strain energy from the test machine was plotted against the number
of cycles as in Figure 6.4. Further, the strain energy release rate, ∆Gmax of each sample was
deduced from the slope (dUmax/dN) of the curves in Figure 6.4.

From Figure 6.4, it is clear that the strain energy release rate for higher loads is higher and for
lower loads remains lower. The samples with similar loads have almost identical strain energy
release rates except for the 35% load case i.e. green and red lines. Even though they both
have same loading conditions, they exhibit different strain energy release rate. By observing
keenly, it is inferred that both have the same trend with just an offset. So, it is assumed
that there is some kind of error in the measurement, mostly an offset in the displacement
measurement.

By knowing the error in measurement, if was decided to correct the error. The strain energy
release rate plot will change as seen in Figure 6.5 where the 35% loading plots green and red
are almost overlapping obeying the condition that the strain energy release rate will remain
the same for a given loading condition.

6.2 Processed thermal data

The thermal response of the samples were captured continuously for the change in temperature
for the complete life cycle of the sample at certain intervals. The signal recorded by the IR
camera is not purely the signal from the test sample as it also includes the noise from the
surrounding. The signals from the actual tests were at a frequency of 2 Hz which is different
from that of noise. So, the data obtained was processed by filtering the noise in the frequency
domain with the help of fast Fourier transform. The amplitude and phase were extracted at
each pixel for every image over the entire fatigue life and amplitude plots were generated.
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Figure 6.1: Type of failure during Fmax and Fmin loads. All units are in mm
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Figure 6.2: The flow chart of the research, consolidating all the sections
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Nmax R Area [mm2 ] Num. buf Freq. [Hz]

29802 0.1 75.2 20 [400] 2.0
Nmax-log Run-out Gauge [mm] Pto/cycle Sampling rate

29000 False 148.9 400 800 Hz

Bending Poisson 1 Poisson 2 E1 [GPa] E2 [GPa]

nan nan nan nan nan

Channel Mean Max Min

Force [kN] 5.2 9.4 0.9

σ [MPa] 69.1 125.7 12.6

δ [mm] 0.72 1.21 0.23

Temp. ambient [C] 23.6 23.6 23.6

Temp. coupon [C] 37.0 37.0 36.9
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Figure 6.3: A typical test data record sheet from the test machine
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Figure 6.4: Strain energy vs cycles
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Figure 6.5: Corrected strain energy vs cycles
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Further, the amplitude plots were processed using the developed image segmentation algo-
rithm to obtain the delamination area based on the amplitude values. Knowing the delam-
ination area at a given number of cycles allowed the delamination growth rate curves A vs
N to be obtained, as shown in Figure 6.8. To arrive at the delamination growth rate plots,
the delamination should be calculated at various cycles during the test. Figure 6.7 provides
the complete picture of delamination and sub Figures (6.6a - 6.6z) show the delamination at
various cycles. The images belong to 45% load case and the green line represents the crack
front in the test sample.

From Figure 6.8, it is seen that the delamination growth in all the samples follow curves with
different average slope. The samples with higher stresses (for example WY-09, 45%, cyan
color) undergo a faster rate of delamination, whereas the lower stress samples (for example,
WY-12, 30%, brick color) display slow delamination rates. It is also seen that the delamination
growth curves show three distinct regions, namely, the threshold region, the linear region and
the fast fracture region as seen in the literature [62].

The strain energy obtained from the test machine is plotted against the number of cycles
as in Figure 6.4. The slope from Figure 6.4 gives the strain energy release rate ∆G i.e.
(dUmax/dN).

This space is intentionally left blank
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(a) 550 (b) 1550 (c) 2600 (d) 4200 (e) 9500 (f) 13600 (g) 15000

(h) 16900 (i) 17300 (j) 18400 (k) 19500 (l) 20100 (m) 21300 (n) 22400

(o) 24700 (p) 25600 (q) 26500 (r) 28600 (s) 30100 (t) 32300 (u) 35600

(v) 38500 (w) 40000 (x) 41800 (y) 43300 (z) 44000

Figure 6.7: The tracking of delamination at various cycles, the green marking represents the
crack front. The darker region is the undelaminated region and the lighter region is the delami-
nated region
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Figure 6.9: Fatigue propagation plots, ∆G vs dA
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Furthermore, the fatigue propagation curves (∆G vs dA
dN ) were generated using a polynomial

curve fitting approach. The fatigue propagation curves are as shown in Figure 6.9. As
discussed earlier, the strain energy plots are corrected for the error. In this way, the fatigue
propagation also changes as in Figure 6.10. The sample with high loads propagate to failure
faster than the low load and all the samples displayed a similar trend. The trend in the
propagation curves is similar to the propagation curves determined by conventional methods
[63]. So, it is observed that the data measured from the IR camera gives promising results.

6.3 Comparison of IR data with visible light camera data

The results from the IR camera were compared with the area of delamination measured by a
visible light camera. This was possible for glass fiber samples as they are partially transparent
and thin; so the delamination is visible when viewed using a visible light camera. The area
of delamination measured by the IR camera and visible light camera are tabulated in Table
6.1, where AIR is the area determined by the IR camera and Av is the area determined by
the visible light camera.

Table 6.1: Comparison of area measured by the IR camera and visible light camera. The
difference in percentage is calculated using AIR−Av

AIR
∗ 100

Cycles (103) AIR (mm2) Av (mm2) Difference %
1 420 396 5.71
5 430 418 2.79
10 464 432 6.89
50 492 451 8.33
100 528 496 6.06
5000 657 597 9.13
10000 848 762 10.14

The sample used for this case is of similar configuration as mentioned earlier and the test
was conducted at 35% of maximum static load. Once the test was completed, the IR camera
data was processed as mentioned earlier. The delamination data from the visible light camera
was analyzed using Photoshop software. The delamination data was manually evaluated at
different intervals as seen in Table 6.1. The measured data from both cameras was plotted
against the number of cycles. Both measurements show a similar trend but the area measured
by the IR camera is always greater than the area measured with the visible light camera as
seen in Figure 6.11.
The reason for difference in the delamination area is that the delamination in the visible light
camera will appear once the event of delamination has occurred. However, in the case of the
IR camera, the region where the delamination is occurring (under process) will have maximum
temperature. As a result, IR images obtained with an IR camera reveal regions which are
delaminating as completed delaminations. In case of visible light camera, a delamination
can be detected only after actual separation of the material. Previous work by one of the
authors [64] using optical coherence tomography (OCT) has shown that the regions at the
edge of the crack have high stress and cannot be easily resolved with a visible light camera.
However, the difference in calculation of the delamination area by the IR camera and the
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Figure 6.11: Comparison of measurement by the IR camera and visible light camera

visible light camera is less than 10% which is negligible considering the fact that the area
from the visible light camera is calculated by manual method.

This chapter can be concluded by stating that the result obtained in this research was satis-
factory and the fatigue propagation curves were plotted for different samples to evaluate their
fatigue behaviour.



Chapter 7

Conclusion and recommendations

Chapter summary In this current research, a new technique was developed to use the IRT
to characterise the delamination under fatigue loading. In this chapter, firstly, the conclu-
sions are presented as derived from the research results in Chapter 6. Finally, this report is
concluded by giving some suggestions for future research. The recommendations made here
are essentially based on the conclusions presented in this chapter.

7.1 Conclusions from the research

The central investigation question of the research formulated in Chapter 2 was: "Can in-
frared thermography be a tool for quantitative analysis of damage in composites
under dynamic loading?". Fundamentally, it was a feasibility study, where the intent was
to check if it would be possible to extend the infrared technique to characterise the delam-
ination growth in composites under fatigue loading. Prior to this research IRT was mostly
limited to inspections and qualitative analysis of the defects.

To answer the preliminary question, sub-questions were raised. The sub-questions were:

1. What kind of test samples and the experimental setup should be designed to answer the
main question?

2. Which thermographic processing techniques to be used to evaluate damage growth?

From the analysis of the results in Chapter 6, the primary question of using IRT to characterise
defects under fatigue loading was successfully proved. Firstly, the delamination propagation
curves obtained with the use of IR camera data showed a very good correlation with the
damage growth curves and proved that this method can be effectively used for monitoring
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delamination under fatigue loading. The samples with varying load levels had different crack
growth speeds, the lower loads had lower speeds and the higher loads had higher speeds.
The design of the test sample and the experimental setup was very important to prove the
method developed. As the results obtained looked promising with the fatigue properties and
the correlation was established with the visible light camera, it can be assumed that the
sample design and the experimental setup was more than satisfactory in this case.
The test machine and IR camera were not synchronised completely, there existed a mismatch
of 2-5 seconds since the test machine was controlled by a dedicated software and the IR camera
was controlled by a separate computer. If in case synchronisation was established, two types
of benefits could have been acquired. Firstly, there could be no need to use a polynomial fit
to obtain the fatigue propagation (Paris plots) curves. Secondly, most of the noise could be
eliminated as the recording was synchronised with test machine making it easy for processing.
Moreover, if the programme for processing was built into the system controlling the test, the
output could have been obtained on the spot making it more like an in-situ online monitoring
study. This would have helped in avoiding all the post-processing time making it simple and
easy to study the fatigue properties of the given case on the go.
The image processing technique was a crucial part of this research as there were various pro-
cessing techniques in the literature. Although, there existed various techniques, this research
demanded to use a technique which could filter out data at a particular frequency. As men-
tioned in Chapter 6, it is practically challenging to capture a single image of the test while
it was running. So, it was planned to record a video with few frames. Once the data is cap-
tured in the form of a video, it should be filtered at the test frequency to obtain the required
output. With this requirement, the best processing technique was transforms. The widely
used technique is Fourier transform however, a few researchers have started using wavelets
transform recently. Wavelets transform play an important role if the research involves finding
the depth of the defect which is not of prime importance in this research. Therefore, it was
planned to go ahead with the Fourier transforms to check the feasibility of this research study.
Further, it can be extended to different transforms and evaluate the difference to find the best
suitable technique. The quality of the image when checked with the parameter called signal
to noise ratio showed that the quality of the processed image had considerably increased thus
confirming the technique to be competent.
After the images were processed, image segmentation was carried out using segmentation by
threshold algorithm. Segmentation by the threshold is a simple but effective technique that
provides promising results for images with fewer features.
Further, the results from the IR data was validated by comparing the results from the visible
light camera used to capture the test along with IR camera. This comparison also gave very
close results with a maximum variation of 10% in the delamination area. So to conclude the
genuineness of data obtained from the IR camera has been validated at different stages. At
first, with a signal to noise ratio data parameter of the images before and after processing
and then, by comparing IR data with the visible light camera data.
From the aforementioned conclusions, it was proved that the research questions of this thesis
project were answered, at least in a provisional manner, by the procedures demonstrated in the
current project. This project provides a methodology that is promising and can be effectively
used to study the delamination growth in composites under fatigue loading. Moreover, this
method is also well defined and meaningfully validated with the help of a visible light camera.
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Finally, the solution to the main research question is said to be answered in a provisional
form because this research only acknowledged a specific material, test samples and testing
circumstances. Without more extensible research like higher fatigue loads, other damage
types or more complicated samples, the recommended methodology cannot be claimed as a
universal and versatile method. Whatsoever, there seems to be no obvious reason to make
the current methodology invalid in extending the investigation to the variants. As the results
from this research was promising, it was presented at the European Conference on Composite
Materials ECCM17, Munich, Germany [65].

7.2 Recommendations for future research

• The method explained in this research was to study the delamination growth with
artificial delamination as an initial flaw in the sample which is a standard practice
in damage tolerance analysis. The artificial delamination used in this research was
stimulated by PTFE tape. There is no specific material to simulate delamination so in
future, some more variation in material to simulate delamination can be explored and
the effects on IR techniques can be studied.

• Delamination can be easily tracked using the current method, the 2D delamination
shape can be visualised easily and the crack front can be clearly studied. Since this
feasibility study was successful, this research can be further extended by comparing
with the conventional method. With this comparison, the difference in the fatigue
properties evaluated by different methods can be seen and the best one can be used to
optimise the design.

• The current technique cannot be accepted universally as it is just a feasibility study.
This method could be extended to various test samples such as a repair test sample
and a bonded sample. This method can be an interesting choice for bonded composite
samples as it helps to visualise the failure very clearly.

• Further, the research can be extended to different processing techniques like wavelet
transforms, to evaluate the difference to find the best suitable technique.

• Finally, as this method provides quantitative test data, the test results obtained from
this methodology can be a good input for a finite element model. Samples that cannot
be studied using conventional techniques can be studied and implemented into the model
to make them more reliable and expand their potential by using this method.

To conclude everything, the results from this method were promising as the delamination
growth curve recorded using this method was in good agreement with a power law and visual
inspection methods. The quantifiable measurements and the output of this method can
be a good starting point to study delamination experimentally and computationally. This
technique can be extended to different sample types that cannot be quantitatively analysed
using the conventional testing methods.
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