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ABSTRACT

Since the introduction of synthetic composite materials as primary airframe
structures in aircrafts, especially the Carbon Fibre Reinforced Polymers (CFRP) in
the late 1990’s, there has been increased use of these advanced materials that have
completely replaced key metallic parts of the aircraft contributing to overall
reduction in the weight of the aircraft. These innovative materials are increasingly
preferred due to their material properties and better strength-to-weight ratio offering
not just weight savings but increased resistance to issues such as abrasion and
corrosion. As these composite materials are non-metallic in nature, their behaviour
especially in the presence of defects and damage is less understood as they do not
follow properties exhibited by metals and their alloy systems. This study thus
focusses on establishing methods that could detect these defects and damage in a
non-destructive manner such that the inspection systems do not cause further damage
to the component. This study is primarily experimental in nature and has been
presented in two parts. The first section looks at establishing pulsed thermography as
a key technique capable of detecting sub-surface defects and its applicability to
detect them. This has been presented by inspecting field representative samples and
by introducing commonly occurring materials as inserts during the layup stage of the
CFRP at controlled depths to determine the detection capability of the system. The
second part of the work presented a parametric low-energy impact study where
laminates were subject to modified Charpy and ballistic testing to create barely
visible impact damage (BVID). The damaged parts were then subjected to inspection
using techniques such as pulsed thermography, thermoelastic stress analysis (TSA),
immersion ultrasonic testing, microscopy and laser doppler vibrometer (LDV). The
aim was to establish TSA method as an alternative tool to detect surface breaking
damage. It was found that pulsed thermography, though capable of detecting sub-
surface damage, was less sensitive to near surface damage. Further, it was noticed
that the TSA method showed a positive response when it came to detecting surface
breaking damage created during ballistic impact, thus establishing the technique as

an in-situ technique.
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1 INTRODUCTION

Infrared Thermography has been increasingly used as an advanced Non-Destructive
Testing (NDT) and a condition monitoring tool in commercial and industrial
applications over the last fifty years. This study uses infrared radiometers to monitor
the condition of Carbon Fibre Reinforced Polymer (CFRP) composite laminates
using pulsed thermography and thermoelastic stress analysis (TSA) techniques. This
project aims to establish the defect detection capabilities of thermography within the

composite industry.

1.1 Composite Materials

Composite materials have been a part of human life for a long time. Different
explanations exist as to define what a composite material is. Some define it as a
combination of two or more different materials giving a new material with enhanced
physical and mechanical properties to the new material formed and this new material
is referred to as a composite material (Jones 1999; Kaw 2006; Vinson and
Sierakowski 2008).

Carbon composites due to their physical, mechanical properties including
better strength-to-weight ratio and corrosion performance, have found their way into
the automotive and aerospace industry. These materials are robust, reliable and
strong in comparison with their metallic counterparts. However, understanding the
forces acting on such materials, their responses to those forces, overall performance,
and strength are not fully understood and thus form a huge challenge to engineers.
There is little evidence that helps understand the behaviour of such advanced
materials in extreme environmental conditions. There is thus a constant need to
detect and monitor those defects / anomalies using various destructive and non-
destructive techniques as a preventive measure which might otherwise lead to
catastrophic failure of the working environment where such advanced materials are
used. Currently NDT techniques such as Ultrasonic testing (conventional &

immersion) and x-radiography techniques are used within the aerospace industry to



detect in-service and manufacturing defects occurring in composites with
Thermography being used mostly as a qualitative tool (Adams and Cawley 1988;
Matthews and Rawlings 1999; Morgan 2005; Kapadia 2013).

Typically defects such as delaminations, disbonds, voids and impact occur in
composite materials either on the surface or sub-surface. The ability to detect such
sub-surface defects without destroying the sample is a challenge. Currently both
contact and non-contact NDT techniques are used in the industry to evaluate the
condition of the composite structure. Various contact based ultrasonic testing
methods currently in use include manual, pulse-echo, through transmission,
spectroscopy and acoustography (Kessler 2004; Kapadia 2013). X-Radiography and

Thermography come under the non-contact NDT techniques.

1.2 Infrared thermography

Infrared thermography deals with studying the temperature gradient and making
appropriate measurements of the flow of heat, thereby assessing the condition and
working performance of the equipment and the structural integrity of the material
under inspection. It has been noticed that anomalies and or defects present in the
equipment alter their thermal pattern. In order to identify these anomalies, a
complete understanding of the normal working environment of the equipment needs
to be established. The thermal patterns change due to the presence of anomalies
which can be interpreted from the variations in the associated heat flow patterns.
Maldague, Jones et al. (2001) define this study of heat flow patterns through infrared
images as Thermography.

Engineering science poses a range of challenges in a working industry
especially in the maintenance of the equipment. There is a constant need to address
maintenance issues and thermography, being a non-contact, non-destructive, non-
intrusive thermal mapping technique is a perfect tool to analyse the performance
characteristics of the machinery and thus aid in assessing its condition during
preventive maintenance. The effective use of the technology mainly depends on the
understanding of the material under inspection, the working environment and more

importantly the technology itself.



In simple words, infrared imagers record the heat radiated by an object and
analyse the objects characteristics and condition based on its temperature patterns.
This technique is already being used as a diagnostic tool in the field of medicine to
study blood flow and to detect the occurrence of tumours and other related problems
of the human body (Vollmer and Mdéllmann 2010). The image thus acquired is
referred to as a Thermogram (Ring 2000).

Thermography is completely dependent on temperature difference and hence
the higher the difference the easier it is to identify defects. The simplest method is
passive thermography where an infrared camera is pointed at an object and the
temperature pattern is recorded at various time intervals. In the active thermography
technique, an energy source provides the necessary temperature gradient and the
camera records the cooling characteristics of the object. Thus Thermography is a
highly innovative non-contact technology that has made its way through different
industries including Medicine, Civil Construction, Energy, Aviation, Materials,
Automotive and Transport in order to determine the condition of the object under

operating conditions.

1.2.1 Advantages & disadvantages of infrared thermography

Thermography has advantages over other traditional testing techniques such as X-
radiography and Ultrasonic testing (UT). In comparison with X-radiography, the
biggest advantage of Thermography is the absence of both radiation health hazard
and the need for skilled radiographic personnel to operate the equipment.
Thermography is a non-contact technology and can inspect large areas whereas with
UT contact is necessary. The UT probes are small and hence large area inspections

can be time consuming in comparison with Thermography.

As with any technology there are advantages and disadvantages. The
following table (Table 1) is the summary of advantages and disadvantages of

thermography.



Table 1 Advantages and disadvantages of infrared thermography

Advantages

Disadvantages

Non-Contact
Portable
Safe

Wide temperature measurement range
High thermal sensitivity
High spatial resolution

Wide applications in the industry

Immune to electromagnetic noise

Can be expensive

Requires good batteries

Limited working temperature range of
the instrument

Wide temperature range is only possible
with expensive cameras

Emissivity of the surface can be an issue
Surface temperature measurements only
Software compatibility with different
platforms is limited

Atmospheric influences / attenuations

cause significant error in measurements

1.3 The research

The aim of this project was to explore the usage, robustness, adaptability and

application of various infrared thermography techniques through various stages of

testing to determine the condition of the CFRP laminate. Vibrational analysis, Pulse-

echo immersion Ultrasonic testing and X-Radiography were also carried out to

support detection using Thermography as no one technology can determine the

establishment of a particular type of defect in the NDT world.

Therefore, the objectives of the research are

e To establish the effectiveness of Pulsed thermography technique to detect

certain types of sub-surface defects in advanced composite materials.

e To explore Thermoelastic Stress Analysis (TSA) thermography technique as

an alternate tool to detect certain defects that are hard to detect using pulsed

thermography thereby establishing TSA as an effective NDT technique.



1.4 Methodology

This research was undertaken initially by reviewing the engineering challenges to
carry out Non Destructive Testing (NDT) on advanced carbon composites. A
literature search helped understanding the characteristics of CFRP composites and
existing methodologies to carry out NDT on such materials. The literature search
was particularly focused on thermography in order to establish the highly innovative,

non-contact thermal technology as a qualitative tool.

Infrared thermography techniques such as online-monitoring, pulsed and
TSA methods were used to determine the condition of CFRP laminates. Initially
defects such as steel shims, Teflon and bagging film were introduced into the
laminates during manufacturing (prepreg lay-up stage, refer to Chapter 3). These
defects were of different geometries and were introduced at pre-determined depths to
understand and establish the detection capabilities of the pulsed thermography
equipment. A theoretical model was also introduced to validate the results obtained

through various thermal non-destructive testing methods.

In the second part of the investigation, CFRP laminates of different
thicknesses and layups were made from uni-direction (UD) carbon prepreg material
using a hot press. The samples were then subjected to ballistic impact and Charpy
test for different energy levels. Thermography in the transient mode was used to
record the heat generated during impact. The impacted samples were then inspected
using pulsed thermography and TSA techniques to determine the damage caused due

to impact testing.

The methodological approach consisted of a literature review to identify the
gap in knowledge, followed by an experimental and computational study of
thermographic inspection techniques for the damaged CFRP laminates. The second
chapter of this thesis undertakes a review of composites materials and non-
destructive testing techniques with emphasis on pulsed thermography and TSA to
detect inclusions and impact damage. Composite panel manufacture methodology,
techniques used to carry out inspection, their working principle and the experimental
setup are considered in Chapter 3. The results are compiled into three parts in
Chapter 4. The first part of Chapter 4 includes initial thermographic inspection

results of real-life aircraft parts using pulsed thermography and x-radiography. In the
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second part of Chapter 4, a parametric study together with a computational model to
establish the detection capabilities of pulsed thermography is presented. The third
and final part of Chapter 4 presents the results obtained from pulsed thermography
and TSA inspections carried out on impacted samples. Finally a brief discussion of
all the results presented in the previous chapter (Chapter 4) is presented together

with conclusions and recommendations for future work.

1.5 Epilogue

This chapter provided an introduction to the project and established the overall aim
and the subsidiary objectives. The methodological approach is described and
comprises a critical literature review, experimental investigation and computational
model of pulsed thermography. Further, the CFRP laminate was subjected to a low
speed Charpy and a high speed gas-gun ballistic impact test to create barely visible
impact damage (BVID). These impact damaged laminates were subjected to
transient, pulsed thermography and TSA methods. Thus multiple thermography
techniques were studied to determine their suitability to detect near surface and sub-
surface defects and damage occurring in CFRP laminates. The section will now be
followed by a detailed review of basic concepts and associated research that supports
this research.



2 LITERATURE REVIEW

This chapter presents the literature associated with the work undertaken as part of
this research. In order to validate the hypothesis of this research, it is necessary to
present the underlying principles of both materials and techniques that support this
work. This literature review was undertaken to identify the gap in knowledge and
support the current research. This chapter is divided into five sections where basic
concepts ranging from composite materials through to current research techniques
adapted for this research are presented. The prime focus of this chapter is mainly on
the material and thermographic inspection systems.

2.1 Composite Materials

Extending on the definition presented in Chapter 1, it is noted that composite
materials are advanced structural materials which are composed of two or more
materials that remain separate, distinct, and insoluble in one another. Further when
combined the resulting material exhibits material characteristics of both materials
that are bonded together (Matthews and Rawlings 1999; Kaw 2006; Vinson and
Sierakowski 2008; Miracle and Donaldson 2011). This definition holds true only
when the constituent materials are present in greater proportions exhibiting distinct

properties and is different from the composite material itself.

Composite materials act as a homogeneous material exhibiting the physical
and chemical properties of all the constituent materials thereby improving the
material characteristics such as strength, durability and resistance to corrosion of the
material. Due to their performance to weight characteristics, better mechanical
properties and their resistance to corrosion, composites are being increasingly used
in the automotive and aerospace industry. Advanced materials such as graphite,
Kevlar®, boron, aluminium and magnesium are being increasingly used in aerospace
and other commercial industries due to their better performance and increased
strength-to-weight ratio in comparison with their monolithic metals. With the

increasing use of composite materials and the development of new advanced



composite materials, their mechanical behaviour can be difficult to predict mainly

due to their anisotropic material property.

2.1.1 History of Composite Materials

Literature suggests (Kaw 2006; Vinson and Sierakowski 2008) that the earliest form
of composite materials were bricks made up of clay and straw reinforcement.
Ancient Israeli people found that the used of straw together with clay improved the
strength of the brick thereby preventing the development of cracks in the brick.
History records show that there are many examples including bamboo reinforced
mud walls, bonded laminated wood by Egyptians (1500 B.C.), forging swords using
laminated metals by Japanese samurai warriors (1800 A.D.), proving the existence of

composite materials for hundreds of years (Kaw 2006).

The modern 20" century developments in the field of composite materials
started with the introduction of fibreglass and concrete around the 1930’s. The
world of civil engineering has been completely transformed with the introduction of
steel bars in concrete marking the start of a new era in the construction industry.
Research in the development of fibreglass has led to the development of a whole new
range of composite materials with the introduction of fibres made up of carbon,
boron and aramids (compounds made up of carbon, hydrogen, oxygen & nitrogen)
(Kaw 2006).

The 21% century has seen the development and utilization of advanced
composite matrix systems made up of fibres, metals and ceramics in a specialised
system for specific applications. Thus composites have found their way into
everyday life of ordinary man in the 21% century. Wood is by far the best example
for naturally occurring composite. It is made up of fibres of cellulose in a matrix of
lignin (Kaw 2006). Concrete is a perfect example for artificial composite and is the

largest man-made structure.



2.1.2 Why Composites?

With the present day advancement in the field of science and technology, traditional
materials such as steel, aluminium and magnesium are not preferred. Specific
applications such as trusses used in space crafts and satellites need material that can
operate at extreme temperatures of the order of —160°C to 100°C. The solution is
typically in the form of composite materials such as epoxy graphite composites.
These days, composites are preferred in the transport industry due to their improved
strength and performance characteristics. Currently there is ever growing pressure on
the aircraft manufacturers to look for alternative technologies to reduce the overall
mass of the aircraft without compromising the stiffness and strength of its parts. The
notion is that, reduction in weight contributes to a reduced fuel consumption leading
to overall reduction in emissions into the atmosphere. This has led to the
development of the current day advanced composite materials.

2.1.3 Definitions & Classifications

From the previous sub-sections in this chapter, it has been established that a
composite is a material obtained as a result of the mixture of two or more materials
having distinct constituents exhibiting different mechanical / chemical / structural
properties and are present in proportions greater than 5%. The constituent that is
present in a larger proportion appears to be present continuously in the microscopic
level but not always present. Thus this constituent exhibits the desirable property
which is enhanced by the addition of other constituents to form the composite
material. Matthews and Rawlings (1999) define this primary constituent as the
‘matrix’ and the secondary constituent as the ‘reinforcing phase or reinforcement’.
Thus in a composite material, the matrix could be ‘metallic, polymeric or ceramic’
and the reinforcement could be ‘fibrous or particulate’ (Matthews and Rawlings
1999; Baker, Dutton et al. 2004; Kessler 2004; Kaw 2006; CMH-17 2012).

In this research, polymer matrix composites (PMCs) with continuous fibres
were used for research and are of prime focus in this review. A positive and
preferential attribute of the fibrous reinforcements is its variable aspect ratio which is

derived from the ratio of the length of the fibre to its cross-sectional dimension. As a



preferred material, the fibre composite is termed as ‘unidirectional’ when all fibres
run along the ply in one direction and the corresponding two directional random
weave fibre composite is referred to as ‘bidirectional woven’ composite (Matthews
and Rawlings 1999; Campbell 2004; Kessler 2004; CMH-17 2012; Hexcel 2013).
Currently multi-layered polymer fibre matrix composites (PMC) are used at large
due to the flexibility of stacking these layers of composite materials in a specified
sequence. These multi-layered PMC’s are referred to as ‘laminates’ and the layers as
‘plies or laminae’ (Chawla 2001; Baker, Dutton et al. 2004; Kessler 2004; Morgan
2005; Kaw 2006; CMH-17 2012).

For the design of fibre composite material, it is important to understand the
fibre characteristics such as elastic modulus, strength and density so that the fibres
could be arranged in a sequence to produce the desirable material properties. The
following is a flow chart explaining the different types of fibres which form the

reinforcements in the composite material.

Fibres

Synthetic Natural

Organic Inorganic Eg. Cotton, Wool,

Silk, Wood, Jute,
Hemp

Eg. Aramid, Carbon

Eg. Glass, Alumina,
Poly-ethylene Boron, Silicon based

Figure 1 Classification of Fibres (Matthews and Rawlings 1999, Chawla 2001)
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2.1.4 Matrix & Reinforcement

It has been established that the way the composites are designed and manufactured
plays an important role in determining the engineering properties of the material.
From literature it is understood that introduction of layered reinforcements either in
the form of fibres or particulates produces strong materials with refined engineering
properties. The following is a table comparing the mechanical properties of fibres

and their monoliths.

Table 2 Mechanical properties of fibres and their monolithic counterparts
(Matthews and Rawlings 1999; CMH-17 2012)

Young’s Tensile/Flexural
Reinforcement modulus Strength

(GPa) (MPa)

Alumina: fibre (Saffil RF) 300 2000
monolithic 382 332

Carbon: fibre (IM) 290 3100
monolithic 10 20

Glass: fibre (E) 76 1700
monolithic 76 100
Polyethylene: fibre (51000) 172 2964
Monolithic (HD) 0.4 26

Silicon carbide: fibre (MF) 406 3920
monolithic 410 500

It can be inferred from the table (Table 1) that the fibres exhibit better
strength in comparison with their monolithic counterparts. The major problem is
their brittleness and susceptibility to surface damage. These materials can sustain
high stress rates and when they fail, they are catastrophic. Research suggests that
these failures are usually initiated from the initial damage and grow rapidly under
certain loading conditions thereby suggesting that the failures are dependent on not
just the type of damage, but their geometry, location and working environment as

well.
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When considering the design of the laminate, there are factors such as
flexibility, weight fraction (w) and density (p) to be considered apart from the
strength of the component. With fibre composites, flexibility is an important attribute
and is dependent on the Young’s modulus (E;) and diameter (D) of the fibre.
(Barbero 1998; Baker, Dutton et al. 2004)

Thus flexibility of the composite may be expressed as equation (1),

flexibility o Eflm 1)

As a general guideline, the weight fractions can be estimated using equations (2) —

()

Wy _ PiVy _ Py
We = — = = —7 2
s We pPcVe Pc f ( )
Where
74
And W= pV 4)

where W — Weight, V — Volume, p — Density, w — Weight fraction, v — Volume
fraction and subscripts f and c represent fibre reinforcement and composite

respectively.

wW,, — . 5
m We pcVe Pc m ©)
where
Vm
Vyy = — 6
m = ®)

and subscript m represents the matrix.

Equation 6 can be further generalised into a single equation that determines the

required composite property — X.
XC = vam + vaf @)
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Thus it should be noted that most properties of the composite which need to
be determined are complex in nature and work in synergy with its constituents and
does not fully balance the above equation of the law of mixtures. It is important to
have good bond strength for the composite to bear and transfer the load from the
matrix to the fibres. The greater the interspatial bond strength; the better the load
bearing capacity of the composite laminate. However, it should be noted that this
greater bond strength does not always yield a strong component and will tend to
develop failures such as debonding, fibre pull-out and or delamination.

2.1.5 Benefits of Composites

With their excellent engineering performance characteristics, composites have
established themselves fully and are now a common sight in this modern world. The
following is a table illustrating the applications of composites in the modern world
(Table 3).

Table 3 Some applications of Polymer Matrix Composites
(Matthews and Rawlings 1999; Baker, Dutton et al. 2004)

Industrial Sector Examples

Aerospace Engine Nacelles, rudders, ailerons, wings, full fuselage and wing
assemblies, antennae, tail-planes, helicopter blades, landing gears,
front and rear landing gear doors, turbine blades, seats, floors, floor
beams, interior panels, fuel tanks, rocket motor cases, nose cones,
launch tubes.

Automobile Body panels, cabs, spoilers, consoles, instrument panels, lamp-
housings, bumpers, leaf springs, drive shafts, gears, bearings.

Boats Hulls, decks, masts, engine shrouds, interior panels.

Chemical Pipes, tanks, pressure vessels, hoppers, valves, pumps, impellers.

Domestic Interior and exterior panels, chairs, tables, baths, shower units,
ladders.

Electrical Panels, housings, switchgear, insulators, connectors.

Leisure Motor homes, caravans, trailers, golf clubs, racquets, protective

helmets, skis, archery bows, surfboards, fishing rods, canoes, pools,
diving boards, playground equipment.

The main reason for the success of composites is due to their low density
which can be appreciated when Young’s modulus (E/p) and tensile strength (o+/p)
(both per unit mass) are considered (Barbero 1998; Baker, Dutton et al. 2004;
Kessler 2004; Morgan 2005; Kaw 2006; CMH-17 2012). Thus higher Young’s
modulus and tensile strength would lead to the reduction in the weight of the
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component without affecting the mechanical properties of the laminate. This
reduction in weight is an important factor especially in industries where moving
components are in use. Improved efficiency through reductions in energy and
operating costs is found to be the norm.

Other reasons which have led to the continued and increased use of PMCs in

various industries are

e The manufacture process (viz., thermosetting, thermoplastic)

e The ability to design a component with required engineering properties
e The choice of polymers, fibres and their lay-up sequence

e The ability to make complex geometry parts

e Durability & wear resistance

e Damping characteristics

e The non-interference of electrostatic noise & low electrical-conductivity

¢ Incredible corrosion performance due to chemically inert matrix components

The following is a chart illustrating the various materials currently in use based on

their Young’s modulus and density.

000 F

Composites <

Stiff —» —~

s
[=}
o

10|

Porous Metals
Ceramics and alloys

YOUNG'S MODULUS (GPa)

Ik Polymers

™~ Rubbers

<— Flexible

‘ Foams

0.01

100 300 — 1,I000 ‘ 3,000 I10:000 130,000
<— Light DENSITY (kg/m3) Heavyy —>

Figure 2 Material Selection Chart classifying various material systems based on Young's modulus and
density. Source: Cambridge University (University)
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2.2 Defects occurring in Composite Materials

A defect can be defined as a flaw or imperfection found in a homogenous and/or
heterogeneous material with known constituents. An imperfection can be classified
as a defect when the flaw affects the engineering performance of the material leading
to failure of the component. As with any component, a majority of the defects occur
in-service over a period of time while the others might have occurred during
manufacturing process. In order to estimate the fitness level of the structure it is
necessary to inspect the material first and then have an understanding of the defects.
With composites, this is a huge challenge as the laminate tends to be non-

homogenous and anisotropic in nature.

Typical defects found in composites are:

Delaminations, disbonds, impact damage, voids, porosity, barely visible impact
damage (BVID), inclusions, fibre breakage, cracks, matrix cracking, core crushing,
kissing bonds, ingress of moisture, fibre and ply misalignment, fibre waviness,
erosion, incorrect cure, core splices, improper fibre splicing and incorrect stacking
sequence (Adams and Cawley 1988; Baker, Dutton et al. 2004; Composites 2013;
Kapadia 2013).

Defects occurring in composites are also classified under the following types

e Fibres
e Matrix
e Manufacture

e [n-Service

2.2.1 Fibres

The most common type of fibre defects occur when the fibres are broken and or
bundled up creating resin-rich or resin-starved areas in the finished composite
laminate. This could result in wavy fibres which might result in the reduction of
tensile and compressive strengths of the laminate being made. Thus defective fibres
introduce stress concentration spots in the finished laminate (Adams and Cawley
1988; Kaw 2006; Composites 2013; Kapadia 2013).
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2.2.2 Matrix

Storage and contamination are the two main reasons which cause problems to the
PMCs. The issue with thermosetting materials is that prior to their manufacture they
need to be stored at manufacturer specified temperature and humidity conditions as
excess humidity will degrade the mechanical properties leading to the development
of porosity. Storage at a higher temperature means that the resin will start curing and
will become difficult to use for production which will lead to severe deterioration of
mechanical properties of the finished laminate. In both cases, porosity develops
during curing and might accumulate to form a void which becomes the internal stress

concentration spot.

Contamination on the other hand will lead to a weak fibre-matrix adhesion
affecting compression, tension, inter-laminar shear and fatigue performance of the
material (Baker, Dutton et al. 2004; CMH-17 2012; Composites 2013; Kapadia
2013).

2.2.3 Manufacture

Fibre misalignment in the same layer or between layers, ply misalignment or missing
plies, incorrect stacking sequence and ply-end discontinuities are the most common
defects possible during laying up the composite before curing. Now these defects
develop resin-rich or resin-starved areas deteriorating the strength of the material.
Foreign body inclusions such as bagging film, dirt and debris also develop as stress
concentration centres in the finished laminate. Care is also necessary to cure the
sample at a particular temperature, pressure and time as mentioned by the
manufacturer. A bad cure could be because of an over cured and/or under-cured
material which develops cracks and or delaminations and disbonds (Composites
2013; Kapadia 2013).

2.2.4 In-Service

Forces such as impact, cyclic and or static degrade the engineering performance of

these laminates. Exposure to high temperatures, humidity levels and chemicals also
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affect the performance of the materials. The immediate damage formed is referred to
as a barely visible impact damage (BVID) leading to matrix cracking, delamination,
debonding and fibre breakage (Kapadia 2013). These defects affect the material
properties in different ways. Cracks occurring in the fibre and the matrix can allow
water to seep in; delamination reduces the compression strength leading to fibre
buckling and breakage leading to failure of the component (Adams and Cawley
1988; Composites 2013; Kapadia 2013).

The following is a table (Table 4) describing the in-service phenomena and
the damage caused due to those phenomena (Adapted from Net Composites

Webpage (Composites)).

Table 4 Defects developing from in-service phenomenon

In-Service Phenomena Damage Produced
Vibration / fatigue / creep Fibre fracture

Impact / shock / high rate loading Fibre disbond, delamination
Lightning strike Matrix cracking
Environmental conditions (heat, humidity), Dents, scratches, punctures,
loading history crush damage, abrasions
Chemical / bacterial degradation Delamination / disbond
Galvanic corrosion Sandwich core crushing
Poor maintenance (tool drop) and repair Sandwich skin delamination

2.2.5 Impact Damage

This research is partly focused on detecting surface and sub-surface defects
occurring due to impact. With the increased use of PMCs, there is an urgent need to
understand their behaviour in structural components especially in the Aerospace
industry. As said previously, it is necessary to understand the performance of these
advanced materials at extreme conditions, and with this comes the task of estimating

damage without causing further damage to the structural component.

Impact damage in aircraft is a serious issue, whether it be caused by ground
vehicles/service equipment or hail / bird strike which could cause significant

structural damage, it is highly important that these defects be characterised before
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they become catastrophic. This research primarily focuses on low speed impact and

high speed impact and methods to detect damage.

Significant damage could be caused at high velocity. Debris being lifted up
by aero-engines during take-off is a perfect example for high velocity impact
especially with the fuselage and engine skins primarily made of composite materials
(Matthews and Rawlings 1999; Baker, Dutton et al. 2004; Duell 2004; Kim,
DeFrancisci et al. 2009). Sub-surface damage could also be developed over a period
of time due to blunt impacts caused by ground vehicles / service equipment. This
damage occurs on the aircraft skin panels when the impact from luggage belt loaders,
walkway bumpers and or aero-bridges (Figure 3) exceed the failure threshold energy
which then develops into a significant damage (Kim and Kedward 2000; Kim,
Kedward et al. 2003; Kim, DeFrancisci et al. 2009). The current work is an effort to
replicate these high and low velocity impact damage to replicate real-life scenarios.
This is achieved with the help of ballistic and Charpy testing as suggested in the
literature the details of which can be found in Chapter 3 (Duell 2004).

Figure 3 Ground Equipment, Luggage Carts and Cargo Containers
(Kim, DeFrancisci et al. 2009)
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2.3 NDT of Composites

In the real-world, it is an accepted fact that all materials in the field of engineering
are susceptible to have flaws in them. The previous section in this chapter
established that these flaws/defects are either introduced during manufacturing
process or ‘in-service’. The challenge is to develop suitable techniques to inspect and
determine these defects without destroying or damaging the material. A flaw is
characterised as a significant defect when the defect leads to the failure of the
component. A lot of factors such as defect size, geometry, location, component
operating environment and or loading conditions characterise a defect. Hence it is of
utmost importance to identify innovative inspection routines that detect these defects
before they become sizeable and lead to catastrophic failure of the system. NDT is
currently being used to determine the defects on these advanced PMCs as these

techniques do not affect the serviceability of the material.

Traditionally NDT was developed to inspect metallic components. With the
increased use of PMCs, some of these traditional NDT methods are used on

composites as well. The main inspections that dominate the NDT world are

e Visual Inspection

e Dye Penetrant Inspection

e Magnetic Particle Inspection
e Ultrasonic Testing

e X-Radiography

e Vibration Methods

e Eddy Current Testing

As these methods were developed primarily for metallic components, it is
quite hard to fit these methods to detect defects in PMCs. Of these methods, dye
penetrants are not desired as it is difficult to remove the penetrant. As PMCs are non-
conducting in nature, magnetic particle inspection and eddy current testing have
limited use especially in cases where the fibres are conducting in nature. Thus the
most frequently used traditional NDT methods are Ultrasonic Testing and X-
Radiography (Matthews and Rawlings 1999). Apart from traditional methods,

Thermal testing (Thermography) is gaining importance as it is non-contact and non-
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radioactive and can be fairly easy to use. In this section, the primary focus is on
traditional NDT techniques currently in use to determine defects in PMCs.
Thermography will be discussed in separate section (Section 2.4) as it is the prime
focus of the thesis.

2.3.1 Ultrasonic Testing

Ultrasonic testing (UT) is an inspection technique in which sound / stress waves are
used to assess the condition of the material. The wavelength (1) of the stress wave /
mechanical wave / vibration is the ratio of the velocity of the sound (c) wave

travelling through the material to the frequency (f) of the stress wave / ultrasound.

Thus

A= (8)

~la

The frequency range in terms of traditional homogenous materials is between
20 kHz and 20 MHz. With PMCs the frequency of testing range drops down
significantly due to signal attenuation and hence the testing frequency is limited to
around 5MHz (Kapadia 2013). It is for this reason that the ability to detect defects of

small sizes is difficult.

Ultrasound propagates in different modes in solids (Matthews and Rawlings

1999; Kaw 2006; Kapadia 2013).The following are the most important modes

e compressional / longitudinal waves — particle vibration is along the direction
of propagation

e shear / transverse waves — the particles vibrate at right angles to the wave
direction

e surface waves — the particle vibration is restricted to a certain depth from the

surface of the object under inspection.

The working principle is simple; when the ultrasound travels through the
material, the wave gets modified due to the change in material characteristics in the
presence of defects and or boundaries of the surrounding area of the component. As

the ultrasound wave hits the boundary of the defect part of the wave is reflected and

20



the remaining is transmitted through the defect boundary. The amount of reflected
wave is dependent on the angle of incidence and acoustic impedance (Z) which is

represented as
Z = pc )
where p — density of the material, ¢ — velocity of the wave.

During testing, the ultrasound is introduced into the component to be
inspected and the transmitted and received/reflected signals are monitored. The
ultrasound is transmitted using a probe which is usually made of piezoelectric
transducers. The function of this piezoelectric material is to generate vibrations using
an electrical pulse during transmission and to convert the vibrations back to electrical

impulses on receiving the reflected sound waves

In case of composites, the common techniques used to detect flaws are
manual ultrasonic testing, pulse-echo, through-transmission, ultrasonic spectroscopy

and acoustography.

Manual Ultrasonic Testing:

A probe is manually moved by the operator on the surface of the component which is
coated with a coupling fluid. The coupling fluid acts as a layer which prevents
attenuation of the ultrasound signal. It should be noted that the amplitude of the
signal transmitted and received by the probe is affected by the pressure applied by
the operator causing inconsistency in the results obtained. Thus manual testing
requires qualified inspection personnel and with the help of a set of operating
procedures and recognised calibration, it should not pose a problem. The main
advantage in this method of testing is that it is suitable for fieldwork as the kit is
small and portable bearing in mind that only small area can be inspected. It should be
noted that clearing the coupling fluid layer is difficult and hence advanced

techniques are used to inspect the composite material.

Pulse-Echo Ultrasonic Testing (PEUT):

With the establishment of pulse-echo immersion ultrasonic testing (PEUT) as an
NDT technique, PMC materials are being inspected by this method increasingly. In
this method both the part and the transducer are immersed in water. The transducer is
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positioned above the component to be inspected and an ultrasound pulse is applied to
the sample. The direction of the ultrasound in this case is normal to the surface of the

component.

to test-set

transducer
ultrasenic
specimen beam

-

Figure 4 Set-up of Ultrasonic Testing (Kapadia 2013)

It can be seen from the above figure (Figure 4) that the ultrasound travels
through the material until it hits the boundary and reflects back. Now it can be seen
that the reflection could be from the back-wall of the component and also from the
boundary of the defect whichever occurs first along the path of the ultrasound. Based
on the time taken for the reflected wave to the probe, the defect is identified and then
measured. The test takes into account the delay due to travel of ultrasound in water

and the distanced travelled in water is referred to as waterpath.

As with any testing, it is important to present the result in an understandable
format. The results from most ultrasonic methods are presented in the following

scans

e A — Scan: represents echoes of different features along the path of the
ultrasound at a point. (See Figure 5 which shows main ultrasound impulse
(@), surface of the component (b), defect (c), and back-wall of the component
(d))

e B — Scan: the A-Scan obtained at each point is combined together to form a
2D “slice’ section through the inspected component. (See Figure 6)

e C — Scan: can be interpreted as a ‘Plan’ view of the component. (See Figure
6)
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Figure 5 A-Scan from a typical Pulse-Echo UT test of CFRP Panel
(Matthews and Rawlings 1999; Kapadia 2013)

composite surface

" . .
% delaminations

delaminations

Figure 6 B-Scan (above) & C Scan results representing defects present in CFRP Panel (Kapadia 2013)

The main advantage of pulse-echo testing is the ability to detect sub-surface
damage such as delamination, voids, porosity, foreign body inclusion and ingress of
moisture. As long as the defects are present along the ultrasound path and are not
deflected due to attenuation and or fibre orientation, good results can be obtained by
this method. It should be noted that detection is only possible in samples the
thickness of which is well known as the detection is dependent on the pulse length of
the ultrasound and hence near surface defects could be easily missed (Adams and
Cawley 1988; Matthews and Rawlings 1999; Morgan 2005; Kapadia 2013).

When inspecting composites, it is quite possible that defects such as cracks
could be missed due to the stacking sequence of the composite. A variation to the
pulse-echo can be achieved where the scanning probe instead of being normal to the

surface is now inclined in this inspection type. Scanning is done by keeping the
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probe in the calculated inclined angle () and either the component or the transducer
is rotated along the axis B normal to the surface of the part being inspected (See
Figure 7 below). This technique is referred to as Back-Scatter technique (Matthews
and Rawlings 1999; Kapadia 2013).

acoustic beam
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Figure 7 Set up of Back-scatter technique using Pulse-Echo (Kapadia 2013)

The back-scatter techniques can be used to inspect for defects such as
porosity, fibre waviness and laminar cracks. This technique also helps to check the

stacking sequence of the component.

Through Transmission Ultrasonic Testing:

As the name suggests, two probes are used on opposite surfaces of the component
where one probe transmits the ultrasound and the other receives the signal. This
technique uses a water jet system where the water jet forms the coupling fluid for

transmitting and receiving the ultrasound.

water supply —l
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|

transmitter water jet receiver

— |

specimen <~

Figure 8 Through-transmission testing using a water jet system (Kapadia 2013)
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Typically, C-Scan results obtained from through-transmission technique are
used to detect flaws including delamination, inclusions, fibre volume fraction and
cracks (as long as they are along the path of the ultrasound). The biggest
disadvantage with this technique is that it does not provide information on the defect
depth. Care should be taken when aligning the probes as both surfaces of the

component need access.

Ultrasonic Spectroscopy:

This technique can be better understood based on the through-transmission
technique. In this case the probes are in direct contact and frequency of the
transmitted wave is compared with the received wave. Whenever a defect is present
along the path of the ultrasound, the frequency of the transmitted wave is altered
especially in the harmonic mode which is dependent on the change in vibrations of

the fibre-matrix.

2 —_— =L pitch transducer

direction of
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5 s ‘ ‘ | b affected wavelength
\ 4
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Figure 9 Ultrasonic Spectroscopy set up showing wavelength difference due to presence of defects
(Kapadia 2013)

This technique helps detecting defects when the pulse length is smaller than
the thickness of the specimen. Based on a calibration scale, each independent
frequency can be isolated and compared to determine the change in amplitude due to
the presence of a defect. However, for thin samples, the pulse length is bigger
causing interference which needs to be assessed carefully. This technique is helpful
in detecting delaminations, under cured matrix and porosity. However it should be
noted that the results could only be interpreted from a large database of similar
inspections as the received signal is easily attenuated due to the structure of the
composite (Adams and Cawley 1988; Matthews and Rawlings 1999; Kapadia 2013).
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Acoustography:

Acoustography is a recent development in the field of NDT which combines acoustic
emission technique together with ultrasound with the help of an acousto-optic (AO)
sensor. Thus ultrasound is generated by the probe and is allowed to transmit through
the sensor using a system of lenses after the component is tested. In other words, the
ultrasound is passed through the material first and then the resulting wave is detected
and measured by the sensor system for the acoustic emission system. The acoustic
emission system works on the principle that the when a stress wave passes through a
defective material, the amplitude and frequency of the wave changes in the presence
of the defect. With high frequencies, it is possible that the stress wave cannot be
heard and hence a suitable amplification system is needed to identify the defects. It
should be noted that this acousto-ultrasonic technique only provides information of
the condition of the tested component to a mere average and the location of the
defect is only possible with simultaneous movement of the probe and the sensor
(Adams and Cawley 1988; Matthews and Rawlings 1999; Morgan 2005; Kapadia
2013).

Typical defects detected by acoustography include voids, delaminations,
cracks, impact damage and inclusion. The advantage of this technique over
ultrasonic testing is the speed of inspection. However, the image obtained by UT has
a better resolution when compared to acoustography where the image is slightly
grainy (Kapadia 2013).

2.3.2 X-Radiography

X-Radiography is the measurement of the absorbed and unabsorbed electromagnetic
radiation which is obtained when a beam of X-rays are bombarded on to a test
sample. The measurement is usually in the form of film which is placed behind the
part. The radiation after passing through the part to be inspected is exposed to the

film which is then developed to obtain a shadow image.
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Figure 10 Set up of X-Radiography system (Kapadia 2013)

The radiation intensity (1) is dependent on the incident radiation (lo),
thickness (x), density (p) and coefficient of linear absorption (i) of the material to be

inspected as per the following relationship, (Matthews and Rawlings 1999)

I'= 1, exp(—px) (10)

In practice, as X-rays pass through the test sample the radiation becomes
attenuated in presence of defect along the path of the x-rays. The evaluation of the
results is by comparing a sound defect free sample with that of a sample with defect.
The limitation of this traditional method is that it produces a 2D image and does not
provide details of the depth of the defect. Again it should be noted that only defects

with volume and occurring perpendicular to the x-ray beam are detectable.

An alternate method is the micro-focus system where the x-rays are emitted
close to the focal spot of about 100um or less which produces sharp images thus
detecting small defects (Matthews and Rawlings 1999). Radio-opaque penetrants are
used to enhance the contrast of the x-ray image when conventional radiography does

not produce a useful result.

One of the recent developments in the field of radiography is computed
tomography (CT) where multiple images are taken by rotating the test sample around
an axis at calculated angles and reconstructed to form a 3D image. This 3D image
could be assessed from the information provided in any image plane thereby
characterising the defects in the test sample (Adams and Cawley 1988; Matthews
and Rawlings 1999; Kapadia 2013).
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Radiography though used to detect defects such as delaminations, cracks and
fibre alignment, cannot detect delaminations caused due to impact and can only do
so in the presence of a penetrant. The major drawback is the hazardous nature of the
ionising radiation on the health of the personnel. Proper personal protective gear is
needed to shield the technician from harmful radiations as specified by the ‘national
regulatory body on radiation protection’. Further, the chemical penetrants used to
enhance the image contrast are hazardous and have to be adhered to COSHH
(Control of Substances Hazardous to Health) (Matthews and Rawlings 1999;
Kapadia 2013).

2.3.3 Vibrational Methods

Vibrational methods have found use in PMCs as alternate testing methods as it does
not need any coupling fluid and or is not classified as a radiation hazard. Typically
low frequency methods of vibration are used to excite structures. Now these

vibration methods could be

e Global — involves measuring natural, damping frequencies monitoring the
condition of the structural integrity of the entire test sample from a single
point.

e Local — involves exciting the component and measuring the vibrational

response of the test sample around the region of excitation.

Global Methods:

The properties of natural / damping frequencies entirely depend on the material
properties including structure, size and shape. When a test sample is vibrated using
an actuator, the sample resonates at specific frequencies which are natural to the
sample. These frequencies are termed as modal frequencies. On comparison of these
resultant frequencies, samples with defects can be easily distinguished. Thus from a
single point excitation, the condition of the entire sample can be determined. A
simple example is the ‘railway wheel-tap test’ (Matthews and Rawlings 1999;
Morgan 2005). These modal frequencies can be effectively measured with analysers

using a time based Fast Fourier Transform (FFT). The main limitation with such
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testing method is that the influence of the defect is spread across the entire test

sample making the test less sensitive in detecting the exact location of the defects.

Local Methods:

The simplest version of local test method is a traditional tap test where a coin or a
hammer is used to strike the test sample at a predetermined point and the sound
resonating from the sample is monitored. The difference in sound indicates the

difference in local stiffness of the test sample indicating the presence of flaws.
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Figure 11 Force-time and force-frequency records illustrating the difference between sound and
defective areas of adhesively bonded structure
(Matthews and Rawlings 1999; Kapadia 2013)

The local method can be grouped into the following groups based on the type of

excitation.

Mechanical Impedance Method:

A continuous harmonic tap test is a good example for the mechanical impedance
method. A piezoelectric actuator with a contact tip slightly resting on the test sample
is excited at a pre-determined frequency by supplying a sinusoidal voltage to the

actuator. Changes in the amplitude and phase of the vibration indicate the presence
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of a defect. Again, as in previous methods, a set of results indicating sound material
are needed to identify defective samples (Matthews and Rawlings 1999; Kapadia
2013).

Membrane Resonance Method:

This method is similar to the mechanical impedance method. However, this is a non-
contact method and monitors local vibrations in the test sample. The layers of
delamination collectively constitute the membrane which is constrained along the
edge of the delamination. Thus when stress wave is applied on to the sample surface
using a probe, the resonant frequencies differ thereby differentiating the response
between the sound and the delaminated regions of the test sample (Matthews and
Rawlings 1999; Kapadia 2013).

In all these low frequency vibration methods, the sensitivity of these tests is
low especially for deeply buried defects. On the contrary, for the defects occurring in
thin samples, the local stiffness values vary making this test method unreliable. This
IS mainly due to the fact that with the reduction in laminate thickness increases its
flexibility. Thus the difference in contact pressure and boundary conditions of the

test sample will increase measurement errors.

2.4 Infrared Thermography

Infrared thermography deals with studying the temperature gradient and making
appropriate measurements of the flow of heat thereby assessing the condition and
working performance of the equipment and the structural integrity of the material
under inspection. It has been noticed that anomalies and or defects present in the
equipment alters the thermal pattern of the equipment. In order to identify these
anomalies, a complete understanding of the normal working environment of the
equipment needs to be established. The thermal patterns change due to the presence
of anomalies which can be interpreted from the difference in the associated heat flow
patterns. Maldague, Jones et al. (2001) define this study of heat flow patterns

through infrared images as Thermography.
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2.4.1 Science of Imaging

Blount (1707) interprets Image as “an artificial resemblance either in Painting or
Sculpture”. From Blount’s interpretation, we can define an image as a two
dimensional (photograph) or a three dimensional (model / object / prototype) visual
representation of an object. An image reproduces a person or an object in the form of
a photograph or a virtual / graphical / actual model (rendered by computer
softwares’). These images help in assessing the nature and characteristics of the
object and form a reference for future work modifications. Recent advancements in
science and technology have paved way to the development of a whole new area of
imaging coining the term ‘Imaging Science’. Imaging science is a technologically
advanced discipline concerned with generating, collecting, duplicating, analysing,
modifying, evaluating and visualising various characteristics of the image (Hornak
2002). This branch of science attracts research and researchers across various fields

including Science, Mathematics, Engineering, Computer Science and Psychology.
The discipline of imaging science includes various factors which depends upon

e The human visual system

e The image details

e The capturing device

e The processing of the image

e The image — reproduction and display

As the factors suggest, the person responsible for producing the image should be
experienced in order to provide an image of high quality. The visual system, the
objects needed in the image alongside the subject under study (could be emitted /
reflected energy of various forms), the capability of the image capturing device
(including technologies relating to optics, electronic detectors and sensors), the
format of the image (film / electronic data), and finally the reproduction of the object
in a suitable format (physical / digital image) is what forms the process cycle of
imaging. 3d imaging, animations, optics, astronomical imaging, digital imaging —
conversion — restoration, photography (analogue and digital), holography, infrared
imaging and ultrasonic imaging are some of the various subfields of imaging science

which are constantly in development for acquiring high quality images.
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2.4.2 Infrared Radiation

Infrared radiation is a part of the electromagnetic spectrum with wavelengths
between 0.7 micrometre (um) and 1 millimetre (mm). In general, the
electromagnetic spectrum is defined as the range of all possible frequencies of
electromagnetic radiation. Visible spectrum (Latin for “appearance” or “apparition”)
with wavelengths between 390 and 750 nanometres (nm) is also a part of the

electromagnetic spectrum.
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Figure 12 The Electromagnetic Spectrum (Pratt 2013)

Figure 12 illustrates various frequencies of the electromagnetic spectrum.
Though the image shows an accurate classification scheme, it should be noted that in
reality the electromagnetic energy zones of the spectrum overlap neighbouring
zones. It can be seen that the Infrared zone starts at 700 nm (0.7 pm) just below the

red end of the visible spectrum. Thus the literal meaning of the term Infrared and
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was derived from Latin meaning below red (Latin meaning of “Infra”) *. It can be
noticed that the human visible spectrum is only between 380 nm and 760 nm. Thus
all other frequencies associated with gamma rays, X-rays, Ultraviolet, infrared,

microwaves, radio — waves and or long waves are invisible to naked eye.

2.4.3 Discovery of Infrared

It was observed that when a thermometer was left under sunlight, the temperature
increased. This explains that a part of the visible radiation is absorbed by the surface
of the thermometer, thereby increasing the temperature of the thermometer causing
the mercury to rise in the glass bulb. However, this phenomenon was unexplained in
the 18™ century. In 1800, Sir William Herschel (1738 — 1822) accidentally
discovered “heating rays™" (Ring 2000).

Being a British astronomer, and having interests in constructing telescopes,
Herschel discovered that, though he used filters to look at the sky, the use of certain
filters increased the temperature on his eye. This made him demonstrate a simple
experiment using a prism. Herschel passed visible sunlight through a glass prism to
measure the temperature across the various colours of the visible spectrum (a
phenomenon discovered and published by Sir Isaac Newton in Opticks 1704)%. He
noticed that the temperature rose as he measured temperatures from the violet end to
the red end. When he measured the temperature beyond the red end, he saw that the
temperature continued to rise and as he moved further down, the temperature went to

ZEro.

In 1800 William Herschel published his results in his series of papers
describing the experiments he used to find the invisible heat radiation which led to
the discovery of infrared radiation. In 1840, John Herschel coined the term
‘thermogram’ for the first time. With keen interests in photography, the first known
solar thermogram was produced by John Herschel, son of the inventor William

Herschel.

! Ring, E. F. J. (2000). "The discovery of infrared radiation in 1800." The Imaging Science Journal
48(1): 1-8.

2 Opticks : or, A treatise of the reflections, refractions, inflections and colours of light. Retrieved 11
September 2016. https://archive.org/details/opticksortreatis1730newt
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Figure 13 An experiment by Sir William Herschel leading to the discovery of "heating rays"
(Ring 2000)
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Figure 14 The first solar 'Thermogram' by Sir John Herschel (1840) (Ring 2000)

2.4.4 Infrared Thermography — Principles

Engineering science poses a range of challenges in a working industry especially in
the maintenance of the equipment. There is a constant need to address maintenance
issues and thermography, being a non-contact, non-destructive, non-intrusive
thermal mapping is a perfect tool to analyse the performance characteristics of the
machinery and aid in assessing its condition during preventive maintenance. The
effective use of the technology mainly depends on the understanding of the material
under inspection, the working environment and more importantly the technology
itself.
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Thermography or Thermal Imaging may be defined as a technique used to
record the heat radiated by an object and analyse the objects characteristics and
condition with reference to its temperature patterns. For example, this technique is
currently used as a diagnostic tool in the field of medicine to study blood flow and
detect the occurrence of tumours and other related problems of the human body.
Thermography is a highly innovative non-contact technology that has made its way
through different industries including Medicine, Civil Construction, Energy,
Aviation, Materials, Automotive and Transport in order to determine the condition of

the object under operating conditions.

There are three primary ways of heat transfer in isotropic (materials with
similar material properties in all orientations): Conduction, Convection and

Radiation.
Conduction:

Heat transfer in a material with closely packed molecules through direct contact can
be referred to as conduction. Conduction predominantly occurs in solids and or
fluids (liquids & gases). Let us consider a one dimensional heat transfer across a wall
with thickness ‘s’ and surface area ‘A’, with temperatures on either sides of the wall
to be Ty & T, (Figure 15)(Carslaw and Jaeger 1959; Vollmer and Mdéllmann 2010).

Then the heat transfer due to conduction Q4 can be defined as
Qcona = Kk A =~ A (T =T)) = teona-A* (T1 = T2)  (11)
where the heat transfer coefficient is,
Acond = E (12)

and k is thermal conductivity of the wall.
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Figure 15 Heat transfer across a wall: Conduction (Vollmer and Méllmann 2010)
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Thus heat transfer across a wall can be measured in terms of heat flux when
the surface area A, and the temperature difference is known. This condition is true in
the case of solids and liquids, though the rate of conduction would be much lower in
terms of liquids.

In general, for a three dimensional heat flow in a solid, the temperature T at a
point P (x,y,z) will be a continuous function of x,y,z and time t (Carslaw and Jaeger

1959). This can be represented as

2mp 10T
V4T Kat—O (13)

where

2m _ 0°T | 0°T | 9°T
VT = Py + 2y + Py (14)

and k, the thermal conductivity of the material which is dependent on the material

properties; a — diffusivity, p — density and C — the specific heat capacity

a
K = p_C (15)
In solids and most liquids, the inter-atomic forces are much higher than in
gases restricting the movement of molecules. Due to their internal structure, the
movement of free electron and lattice waves enable the transfer of heat from higher
temperature to a lower temperature as in metals. This transfer of energy vibrates and

or excites the molecules changing the kinetic energy of the molecules.

In the case of gases, there is a huge movement of molecules as their inter-
atomic forces are weak thereby allowing the gas molecules to vibrate. This
movement of molecules in turn transfers the kinetic energy acquired from the higher
energy region and passes them on to the neighbouring molecules. Since there are
multiple collisions occurring randomly, the Kinetic energy transferred to the
molecules is much lower. Thus conduction in gases occurs through the collision of
gas molecules. However, in case of solids, these molecular movements are restricted
and it can be understood that only atoms vibrate in the crystal lattice of the molecule.

This phenomenon of atomic vibrations in solid-state physics leads to the concept of
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phonons (Janna 2000; Vollmer and Mdéllmann 2010). This concept holds true for

non-metals where the movement of valence electrons is restricted.
Convection:

Convection may be referred to as the process of heat transfer by a fluid in motion
(Carslaw and Jaeger 1959; Janna 2000; Vollmer and Mdéllmann 2010). Consider a
heat radiator in the house. Hot water from the boiler enters the radiator. As the water
circulates, the heat from the radiator is transferred to the room due to natural air
circulation in the room. This transfer of heat from radiator to the room due to flow of
fluids is referred to as natural convection. Let us consider a fan blowing wind over a
heat exchanger. The air gets heated up as it passes through the heat exchanger due to
collision of the air molecules with a body at higher temperature. This type of heat
transfer is referred to as forced convection. Vollmer and Mollmann (2010) describes
convection as a process of transfer of heat between a solid and a moving fluid
(Figure 16). If Qconv is the heat transfer due to convection between a solid at
temperature Ty and the fluid in motion T, can be assumed to follow the following

relationship,

Qconv = Qeony " A - (Tl - TZ) (16)

where, acony IS the heat transfer coefficient for convective heat transfer (Carslaw and
Jaeger 1959; Vollmer and M6llmann 2010).
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Figure 16 Heat transfer between a solid and a moving fluid: Convection.
(Vollmer and M6llmann 2010)

Radiation:

The transfer of heat through electromagnetic radiation of various wavelengths is
referred to as radiation (Carslaw and Jaeger 1959; Vollmer and M6llmann 2010). A
system is always surrounded by its working environment. Let us assume that the

surrounding temperature is uniform and constant. Assuming, an object with
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temperature T, be in a surrounding with temperature Ts, (Figure 17) the heat

transferred due to radiation can be computed using the formula
Qrad =€e-0-A- (To4 - Ts4) (17)

where € — is the emissivity of the object (will be described in the following section),
o — is the Stephen — Boltzmann’s constant and is equal to 5.67 x 10° W (m*K**
(Carslaw and Jaeger 1959; Vollmer and Mdllmann 2010).
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Figure 17 Heat transfer between a solid and its environment: Radiation.
(Vollmer and Méllmann 2010)

Theoretically the heat radiates from an object at higher temperature and is
absorbed by the environment at a lower temperature. It is to be noticed that the
radiated heat is derived from a different set of equations and is dependent on the
emissivity of the object. Further the Stephen — Boltzmann’s constant has to be
introduced due to the non-linearity in heat transfer in solid medium. In other words a

linear temperature is difficult to establish in the process of radiation.

2.4.4.1 Infrared Waves

In order to understand the concept of radiation, it is necessary to understand the facts
governing the electromagnetic (EM) spectrum. As we know, the EM spectrum is
made up of gamma rays, X-rays, Ultraviolet rays, Visible light, Infrared rays,
Microwaves and radio frequency waves (in the increasing order of wavelength.
Periodic changes or disturbances which occur continuously during a time period is
referred to as “wave” (Vollmer and Mo6llmann 2010). The time taken to complete
one full cycle or oscillation is the “period of oscillation (t)”” and the distance covered
depicts the “wavelength (A)” of the wave. Thus the speed of the wave (c) can be

determined using the formula

c===v-4 (18)



where v =1/t (s or Hertz)

The propagation speed of the wave depends on the material it passes. For
example, sound waves can only propagate in the presence of matter. The speed of

light through vacuum is approximately 300,000 km/s.

Infrared (IR) waves are a part of the EM spectrum which occur at the red end
of the visible light. Typically, in the EM spectrum, the waves propagate due to
magnetic and electrical disturbances and travel perpendicularly with each other along
the direction of propagation (Figure 18). The amplitude of the wave is determined
from the maximum disturbance of the wave (Janna 2000; Vollmer and Mo&llmann
2010).

Figure 18 Illustration of IR waves in an EM spectrum (Vollmer and Méllmann 2010)

Blackbody Radiation:

A blackbody is defined as an instrument that is capable of absorbing the entire
energy incident on it at different wavelengths and directions and emits all the energy
absorbed until it reaches thermodynamic equilibrium. The blackbody follows
Kirchhoff’s laws and acts as a perfect radiator of energy. The following holds true

for a perfect blackbody (Maldague, Jones et al. 2001; VVollmer and Méllmann 2010)

e “A blackbody absorbs every incident radiation, regardless of wavelength and
direction.”

e “For given temperature and wavelength, no surface can emit more energy
than a blackbody.”

e “Radiation emitted by a blackbody depends on wavelength, however, its
radiance does not depend on direction, and that is, it behaves like a

Lambertian radiator.”
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Though precise experimental blackbodies existed, it was Max Planck who
introduced the famous Planck’s constant ‘h’ in 1900 to explain the measurement of
radiation with the help of a blackbody. Max Planck described that the distribution of
radiance (L) of the spectra is determined by rate at which energy was emitted at a
stated temperature (T) by the blackbody as a function of its wavelength (1) and can
be represented by

2hc?
Ly(T) = —F— (19)
A5(e2KT—1)
where h=6.626076 x 10>* J. s — Planck’s constant
¢ =2.998 x 10° ms™ — speed of light
K =1.381 x 102%J. K™ — Boltzmann’s constant

The above equation holds true for a perfect blackbody. However for energy

emitters other than the blackbody, the equation becomes
Ly(T) = & Ly(T) (20)

where ¢ is the emissivity of the material (Maldague, Jones et al. 2001; Vollmer and
Mollmann 2010).

Emissivity:

Emissivity of a material is the ratio of the amount of energy emitted by the surface of
a material to that of the energy emitted by a perfect blackbody under the same
temperature and energy exposure conditions. It has been universally accepted that
only a blackbody can emit the entire absorbed radiation incident on it, has a value of
1 and all other materials have emissivities between 0.1 and 1. Emissivity is a

dimensionless quantity and hence has no units.

2.4.5 Pulsed Thermography — Principle

Over the years Pulsed thermography (PT) has become a popular thermal evaluation
tool in the NDT industry. A short thermal excitation or pulse between 3ms to about

4s made it robust enough to carry out inspection in the engineering industry
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(Maldague, Beaudoin et al. 2001; Shepard 2007). The process involved heating up
the part to be inspected with the help of a pulse and recording the surface
temperature decay of the part. It has been seen that the pulse energy generated the
necessary thermal gradient which then due to diffusion passed through the surface of
the material being inspected. Any discontinuity present on the path of diffusion
changed the rate of diffusion. Thus on the thermal image, the areas with
discontinuities appeared with a different temperature. It was also noticed that deeper
discontinuities appeared later with a lower contrast. Maldague, Beaudoin et al.
(2001) say that the propagation time (t) and contrast (C) are a function of the depth
of the defect (z) and can be approximated from the following equations

t= - (21)

a being thermal diffusivity and is equated to a = ﬁ , k being thermal

conductivity, p being density of material, and ¢ being specific heat

and

1
23

C

IR

(22)

It can be seen that time is directly proportional to the square of the depth and
contrast is inversely proportional to the cube of the depth of the discontinuity. The
authors say that this phenomenon is due to the diffusion of the pulse heat in all
directions in the material. In order to find a defect the rule of thumb is that for a
homogeneous isotropic material “the radius of the smallest detectable discontinuity
should be at least one to two times larger than its depth under the surface”
(Maldague, Beaudoin et al. 2001; Shepard 2007; VVollmer and Mdéllmann 2010).

There are two primary arrangements used in pulse techniques, (Maldague,
Beaudoin et al. 2001)

(@) Reflection mode — where the pulse thermal source and the infrared
camera are on the same side of the inspection sample when the anomaly

is close to the heat surface
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(b) Transmission mode — where the pulse thermal source is on the front side
and the infrared camera on the rear side when the anomaly is close to the

rear surface
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1. Sample.

2. Subsurface discontinuity.

3. Thermal stimulation source.

4. Infrared detection and processing system.
5. Surface temperature profile.

6. Observation area.

Figure 19 Basic arrangements for a pulsed thermography system (Maldague, Beaudoin et al. 2001)

The reflection mode is more preferred as access to the rear side of the
material under inspection may not be accessible. It was also noticed that the depth of
the discontinuity could not be established using the transmission mode as the time

taken by the thermal wave to reach the back surface was always the same.

2.4.6 Lock-in Thermography — Principle

The typical arrangement of a lock-in thermography system is similar to that of a
pulsed thermography system. However, in case of a lock-in system, instead of single
pulse, multiple pulses (or a modulated lamp) at calculated time intervals is fired and
the camera captures images on a continuous basis (Giorleo, Meola et al. 2000;
Maldague, Beaudoin et al. 2001; Breitenstein, Warta et al. 2010). This periodic
exposure of heat is harmonic in nature and develops a harmonic excitation in the test
piece. This harmonic excitation inside the test material increases the temperature at
the surface of the material on a constant basis. In this research, Lock-in is set-up
where the harmonic excitation is achieved through sinusoidal vibrations from a

mechanical actuator.

42



Let us consider the material to be homogeneous and the harmonic
progression of heat passes through the material at a set frequency and amplitude over
a period of time. As the material is homogeneous, the shift in phase angle due to the
simultaneous heating of the surface appears to be the same. When a defect / anomaly
is present in the path of the heat wave, the phase change occurs thereby increasing or
decreasing the rate of heat flow. The infrared camera then records the surface
temperature over a time period and the images are analysed as a function of time for
each pixel (x,y). Several modulation cycles are run and several images are acquired
using the thermographic camera. With the help of Fourier transform function, each
pixel is analysed to determine the phase and amplitude of the pixel finally producing
a pair of images. One image is the amplitude image which is dependent on the
intensity of illumination of the lamp, absorption and emission of the surface of the
material. The other image gives the phase angle based on change in temperature. Let
us consider four modulations Si(X,y) — S4(X,y) where (x,y) defines the pixel where the

modulation can be obtained from the temperature signal and can be represented as
T(t) = Ty + S(t) (23)

where T, is the average temperature (Maldague, Beaudoin et al. 2001; Vollmer and
Mollmann 2010).

The amplitude image A(x) and phase image #(x) can be constructed using the

following relations

ACey) = JIS106y) = S50 )12 + [S2(x, ) — Sa(x, )] (24)

51(%3’)—53(95,3/) (25)

¢(x’ y) = arCtan [SZ (xJ/)—SAL(x'y)

It can be inferred from the above equations that the phase image is
independent of the illumination intensity on the surface of the sample (Maldague,
Beaudoin et al. 2001; Vollmer and Moéllmann 2010). Typically, lock-in
thermography requires a signal to be accumulated over many cycles in order to
obtain an acceptable signal-to-noise ratio (SNR). Thus the thermoelastic stresses

generated in the sample due to cyclic excitation can be estimated using the equation

2
AT = ——2¢ 4+ L (26)
pCc 0T pCe
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where T — absolute temperature, p — density, C. — specific heat capacity at constant

strain, o — stress, € — strain and Q — the heat input.

Partially differentiating eq 26 gives,

AT = — kTA(0y40y) (27)

and
K =— 28
= oC (28)

which is similar to eq 15 above and k — the thermal conductivity of the material, a —
diffusivity, p — density and C — the specific heat capacity (Breitenstein, Warta et al.
2010; Addepalli and Tinsley 2015).

2.4.7 Recent advances in Thermography

Chatterjee, Tuli et al. (2011) compared pulsed, lock-in and frequency modulated
thermal wave imaging (FMTWI) techniques on a CFRP laminate. It was shown that
the pulsed images showed better SNR in comparison to other methods. It was also
shown that the FMTWI technique overcame the “blind frequencies” issue faced by
lock-in technique. All the tests were performed at a similar energy level and were
time dependent. It was shown that shallow defects of the composite sample were
detected more easily due to the higher SNR. It was also noted that the noise found in

the thermal images was governed by the composite material’s non-uniform structure.

There is research establishing the fundamentals of pulsed phase
thermography (PPT) which is a combination of pulsed and lock-in thermography
techniques (Maldague, Beaudoin et al. 2001; Maldague, Galmiche et al. 2002). They
discuss the use of Fourier transformation to invert data obtained from PPT. It was
reported that the inversion of PPT data resulted in the early detection of the defect.
However, the data obtained resulted in an increase in noise in the thermal image
thereby becoming sensitive to defect size. Calibrations and comparisons were made
on samples with flat bottom holes at different depths. Improvement in the signal was

obtained using pulsed thermal “shaping”. The research suggested that advancements
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to improve the signal could be performed using direct polynomial fitting function in
MATLAB.

Subsurface defects on sample made up of Plexiglas were assessed
quantitatively by Montanini (2010) using Lock-in and PPT. Based on preliminary
investigations to evaluate the distance of the camera, heat source and heating cycles
required, measurements on the Plexiglas sample with drilled in flat bottom holes at
different depths were made for specific frequency amplitude response (Lock-in
method), pulse duration and sampling rate (PPT). The data from PPT was found to
be more effective as it was found to be independent of localised heating and surface
emissivity issues thereby affecting only the surface topography and not the phase.
Post-processing of the data obtained from the tests demonstrated that the thermal
diffusivity measurements yielded better results addressing the problems faced by
both Lock-in and PPT. The limitation of the Lock-in method is that low frequency
heat flux is required to detect deeper defects and multiple tests are needed to detect
all the defects. In the case of PPT, the surface needs to be heated to a much higher
temperature in order to locate deeper defects. This increase in temperature may
damage the test sample and also affect the data obtained from the test. Effort has
been made to estimate the size of the defect and found that shallower defects were
off by 2% and deeper defects to about 28%. It was concluded that defect size
estimation for artificial defects (flat bottomed holes) would be different to that of
natural defects (delaminations, disbonds and inclusions) and are dependent on

variables such as thickness of the defect and orientation of the fibres in the material.

Research has been carried out by Dudzik (2009) to enhance the detection of
defects found in the sub-surface of plexiglass material. An algorithm based on the
standard deviation obtained from the thermal image has been tested to improve the
sub-surface area detection for a material which has a low thermal diffusivity. It was
found that the use of algorithm to determine the statistical detectivity ratio detected
control defects even when the plexiglass sample was non-uniformly heated. There
were limitations reported during this research which included selection of defect
area, the size of the defect, selection of a suitable thermogram with proper thermal
contrast, the SNR associated with the detector of the camera and the associated
uncertainties. Despite these limitations the author claims that defect detection over
an area under different heating conditions was fairly easy and suggested that this
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method could be adapted to portable systems enhancing the NDT applications in the

industry.

Giorleo, Meola et al. (2000) in their publication on the defect detection
techniques using lock-in thermography describe inspection methodology on carbon-
epoxy samples with all possible kinds of defects that occur either during
manufacturing process or during their service. The analysis of different defects
produced by varying the weave and orientation of the laminates of the composite
material, introducing inclusions, excess or lack of resin and or adhesives at certain
areas and delaminations was performed to mimic most defects occurring in
composites materials. It was found that the lock-in method successfully detected a
range of defects. However the limitations lie with the depth of the defect and the
diameter of the defect in addition to the thermal diffusivity of the material. The only
other benefit from the method is the capability of detection of the depth of the defect

faster as it does not involve much post-processing techniques.

Research has been carried out on the comparison of an analytical model with
that of actual experimental data obtained by subjecting carbon — epoxy composite
material to fatigue testing (Toubal, Karama et al. 2006). It was seen that the model
output and the experimental data obtained from the tension load testing were similar
to each other. A thermographic system was used to detect external surface
temperature of the sample subjected to cyclic loading thereby predicting the extent of
damage and its evolution. Fatigue growth modes were studies and it was reported
that at the first stage, multiple modes of damage occur leading to rapid growth in
damage. The damage growth is slow and steady forming the second stage of failure.
The composite material damage now grows rapidly leading to the fracture of
independent fibres of the material. Thus the characteristics of the formation,
evolution, accumulation and failure of the material have been studied on carbon —

epoxy composite materials.

Brady and Kulkarni (1996) in their research used pulsed video thermography
(PVT) to determine the distribution of thermal diffusivity (two dimensional) over the
surface of three types of materials. The results obtained were compared with those
obtained using laser flash diffusivity testing. Variables which were unavailable or

difficult to obtain were found using numerical, experimental and other methods such
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as parameter normalization. The tests were carried out on low carbon steel, plastics
and carbon-carbon composites and the results when compared with that obtained
from laser flash testing differed by 15%. It was suggested that the difference in
results obtained could be because of the fact that the resolution of the PVT is finer
than that of the laser technique. Moreover the benefit of PVT was its ability to obtain

contour plotting data from a single test.

A new method termed HELTHY was introduced by Nino, Ahmed et al.
(2009). HELTHY stands for “Heat Emitting Layer for THermographY”. As the
name suggests, heating elements were introduced in the welding process which acted
as a heat source to carry out thermographic inspection. Aerospace grade samples
made up of glass and carbon fibre with variable thickness were studied from the
surface temperature maps (direct temperature measurement) and phase images
acquired from Lock-in mode. Defects were introduced during the welding process to
investigate the detection of defects using a C-Scan, surface temperature
measurement and Lock-in mode. Better results were obtained from thermographic
inspection in comparison to ultrasonic testing methods as the process obtained well
defined thermal images with details of defect shapes and dimensions.

Effort was taken to use thermography in the active mode to detect most
defects occurring in composite materials with sandwich structures by Dattoma,
Marucuccio et al. (2001). Defects caused by infiltration of the glue, water ingress
and disbonds were introduced in glass reinforced plastics (GRP). Further
thermography was also applied for a GRP wind-turbine blade. Cooling rates of
reference materials and samples with defects were monitored. Defects were then
identified from the intersection point of the cooling curves of both reference samples
and samples with defects and conclusions were made accordingly. Satisfactory
results were obtained from the tests even when there was a fine layer of powder on

the surface of the wind-turbine blade.

Thermography has been successfully implemented to detect sub-surface
defects of simple geometries. However, defects with complex geometries have
always been a concern. Krishnapillai, Jones et al. (2005) focussed on setting up a
finite element analysis (FEA) model to address the problem of ‘complex non-

axisymmetric geometries’. A thermographic experiment was conducted on a carbon
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composite laminate with flat bottom holes drilled at various depths. The data
obtained from the thermogram was analysed and a mathematical model was set up
using MATLAB. The data thus obtained was used to model samples on NE-
NASTRAN. A calibration model was also modelled which helped in comparing the
data obtained from the actual model. With the relevant thermal properties of the
materials known, the authors (Krishnapillai, Jones et al. 2005) demonstrated defects

such as delaminations and or disbonds can be simulated accurately.

In another independent study authors Krishnapillai, Jones et al. (2006) came
up with a 2d numerical finite element model to look at sub-surface defects such as
delaminations. Assumptions that there is no real lateral flow of heat and non-
conservation of heat flux have been made to the finite element model. Only plate
structures that are flat have been considered for modelling which constitute sub-
surface defects that lie parallel to the surface. The finite element models were built
on samples modelled by Maillet, Houlbert et al. (1993) in this investigation. A
comparison of 2d approximation modelling and 3d finite element modelling was
carried out. It was noticed that the size of the defect with respect to the area does not
change in the 2d numerical model whereas in the 3d finite element model, the defect
size increases. This probably is due to the effect of diffusion of heat laterally in the
sample. Thus the authors prove that the 2d model does not accurately model the true
surface of the defect. They suggest that precise experimental data needs to be
incorporated into to finite element model in order to simulate the exact the defect
prediction there by helping improve the SNR to achieve thermal images with
superior contrast. It was noted that the use of Teflon and other inserts to create
artificial defects (delaminations and other sub-surface defects) might not be suitable
for use in the thermal model due to disparity that exists between the actual and
theoretical thermal property values of the material itself.

Sakagami and Kubo (2002) carried out experimental investigations of pulse
and lock-in thermography. Pulse thermography was carried out on various samples
ranging from steel to ceramic with artificial defects (flat bottom drilled holes) at
different depths. They noticed that the thermal conductivity had a huge impact on the
ability to detect the defects of each independent material they tested. The technique
was also applied to determine corrosion protection of oil storage tanks and to
identify cavities and demineralisation of human tooth. Lock-in thermography was
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used to detect cracks by a technique termed as ‘singular method’, where in the
temperature rise near the cracks was detected as the sample was introduced into an
electrothermal field. Results obtained from a steel plate with flat bottom drilled holes
using lock-in thermography were also presented.

In another study, a carbon fibre composite plate with flat bottom holes drilled
to its back surface was tested by both lock-in and pulse transient thermography with
identical excitation energies. Pickering and Almond (2008) found that the pulse
thermography images of shallow defects had a better signal to noise ratio (SNR) in
comparison to the lock-in method. However, the SNR for deeper defects were found
to be approximately the same for both the techniques. It was also seen that increasing
the energy of excitation would improve the SNR of the thermal image obtained by
both the techniques. They noted that lower excitation energy levels would mean
lower SNR. This would mean that some frequencies at that level might be
completely masked in a lock-in system which will cause the defect to disappear from
the image. This issue of defect disappearance at lower frequencies is due to the phase
change that occurs due to the lock-in method and is referred to as “blind frequency
effect” (Bai and Wong 2001; Pickering and Almond 2008). The authors suggested
that by using magnitude data obtained during the inspection this issue of “blind

frequencies” could be avoided.

There is research suggesting the application of pulse thermography to detect
defects in composite joints that were adhesively bonded. The authors, Schroeder,
Ahmed et al. (2002) used pulsed thermography to investigate the performance of the
bonds in a pick-up truck box made up of composite materials that were adhesively
bonded. Continuous bonds were identified using thermal imaging in most parts of
the box except for the headboard due to additional fixtures that were found in the
assembly line. This issue with the fixture attachments limited the amount of force
applied to the headboard bonds during testing and was effectively highlighted by
pulsed thermal images. This study was undertaken primarily in the production line
and hence no in-service defects were addressed. The authors claimed that pulse
thermography gave an exact insight to the ‘correctness’ of the manufacturing process
giving supporting data as to where the defect zones were and how the process could
be improved. Further, pulse thermography could be used to locate anomalies such as
disbonds in the production line if they were to occur. The authors suggested that
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there was a possibility of using this technology to assess the quality of the part

produced by introducing it in an actual, live production line.

Defects such as delaminations, impact damage and fatigue failure were
introduced into different aircraft materials including composites, sandwiches and
metals and was tested using Lock-in thermography (Meola, Carlomagno et al. 2006).

Various conclusions were discussed in the paper and the key points are as follows,

e Sub-surface defects close to the inspecting surface were identified at low
lock-in frequencies.

o Real defect shape could be obtained for deeper defects at higher exposure
frequencies.

e Fibre rupture in case of impact damage can only be found if the part to be
inspected has had a strong impact.

e Light colour pattern (magnifying the image around the pattern using close-up
lenses) from the image indicated the presence of adhesive layer and probably
the possibility of the adhesive to run into the cut edges and or honeycomb
structure of the sample.

e The effect of hole elongation with and without lateral constraints was clearly
visible in the thermal image.

e Laser weld beads obtained at different weld speeds were subjected to lock-in
analysis. It was seen that the welds which were processed at high speeds were
completely visible whereas the ones with low speed parts of the weld
vanished over the top surface of the weld. This effect was noticed because of

the strong influence of heat transfer in the melted zone of the material.

Meola, Carlomagno et al. (2006) thus suggest that lock-in thermography is
useful in detecting defects, their geometry and impact damage. Further, this
technique could identify damage associated with the performance of the material
with respect to the defects in the internal structure such as the presence of excess

resin, behaviour of composite fibres and choice of welding speeds.

50



2.5 Current study

The previous sections presented a detailed overview of basic concepts of composites,
their susceptibility to damage and related thermal and other NDT methods to detect
them. This section mainly focusses on identifying the supporting literature for the
experimental work undertaken as part of this thesis. To detect and characterise the
condition of composite laminate, it is necessary to understand and expand knowledge
on the techniques that are being applied through existing literature. This overview is
limited to the establishment of not just thermography as a tool, but also to understand

the creation of damage due to impact.

2.5.1 Thermography for subsurface inspection

The motivation for the initial part of this work and to support the hypothesis that
pulsed thermography is suitable for certain type of sub-surface defects; a literature
search to determine the applicability of the technique for composite defect and
damage characterisation was undertaken. In order to present various applications of
pulsed thermography, it is essential to present the technique used for this work.
Pulsed thermography in the reflection mode with post processing using
thermographic reconstruction (TSR) technique has been used for the work presented
in Chapter 4 (Maldague 2001; Shepard 2007; Omar and Zhou 2008; Genest,
Martinez et al. 2009; Addepalli and Tinsley 2015; Zhao, Tinsley et al. 2016)(See
Appendix 1).

Shepard (2007) in his paper titled “Flash Thermography of Aerospace
Composites” presented the results obtained using pulsed thermography, where the
results were post-processed using the Thermographic Signal Reconstruction method
or TSR (Addepalli and Tinsley 2015; Zhao, Tinsley et al. 2016). The working
principle is as follows; the component for inspection is flashed instantaneously over
a short pulse using two xenon flash lamps and the surface temperature decay profile
is simultaneously recorded by an infrared camera. For a homogeneous material, the
surface temperature decay is found to be even and is directly dependent on the
materials heat diffusion characteristics. As soon as the heat wave is interrupted due

to a sub-surface anomaly, the diffusion characteristics change which is then observed
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on the surface temperature map of the component as a hot spot or a cold spot. The
heat equation for a semi-infinite homogeneous plate can be represented as (Shepard
2007)

T(t) = T(0) = CQ = (29)

where T — Surface temperature, t — time, Q — energy per unit area, k — thermal

conductivity, p — density of the material and C — the materials specific heat capacity.

When a natural logarithmic plot for a pixel representing a sound area is
obtained using the above equation (Eq. 26), a linear profile with a slope of -0.5 is
obtained. It was noticed that when another plot from the surface pixel from a
defective area was plotted, the logarithmic temperature profile now deviates from the
one plotted before thus confirming the presence of a subsurface anomaly as seen in

Figure 20 below.
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Figure 20 Log time temperature plot showing pixel temperature decay profile of the parent material
and damage (Shepard 2007)

The plot in Figure 20 shows two temperature decay profiles; the blue curve
indicating the characteristics of a sound area. Once the part was flash heated, there is
instantaneous temperature rise followed by a linear temperature decay in the
logarithmic domain. After a set time ‘t’, the temperature deviates from linearity
which is confirmed with the change in slope of the curve. This change is mainly due
to the fact that the heat has diffused through the material thickness and has now
reached the back wall. This time is referred to as t* throughout this work and in line
with the findings of Shepard (2007) and Zhao, Tinsley et al. (2016). When the same

is applied to the defect area, the deviation occurs much earlier due to the fact that the
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defect in this case holds more heat indicating change in heat diffusion characteristics

as represented by the red curve in Figure 20.

2.5.2 Impact damage — an overview

There is a continuing concern in the composite industry with regards to damage
caused due to impact and methods to maintain them as repairing composites is a
difficult process when compared with that of metallic parts. Impact damage to
composite materials has been widely studied, especially to understand its mechanics
(Ball and Almond 1998; Shyr and Pan 2003; Craven, Sztefek et al. 2008; Kim,
DeFrancisci et al. 2009; Azouaoui, Azari et al. 2010). It has been found in the
literature that even low energy impact in the order of a few joules of energy causes
damage at a macroscopic scale. Several researchers’ have investigated this issue with
low energy impact and have established the mechanics of impact damage itself. One
of the prime areas that have been identified in case of impact damage is the
occurrence of barely visible impact damage or BVID (Li, Hu et al. 2002; Corum,
Battiste et al. 2003; de Morais, Monteiro et al. 2005). Further, studies have shown
that the type of impact especially in the case of a controlled event, the damage
created varies with the indentor’s geometry (Mitrevski, Marshall et al. 2005). The
research further suggested that the greater the contact area of the indentor; smaller
the damage caused. In other words, a sharp pointed indentor pierced through the
laminate where as a hemispherical indentor created a surface crush damage and did
not pierce though the laminate. To understand the impact event, several studies exist.
Further, to compliment physical damage creation numerical modelling has also been
taken up (Pavier and Clarke 1995; Kim and Kedward 2000; Sohn, Hu et al. 2000; Li,
Hu et al. 2002; Kim, Kedward et al. 2003; Duell 2004).

Though multiple studies exist that perform controlled impact damage, the
assessment methods vary. The primary need to characterise impact damage is to
understand the performance of such damaged parts when subjected to normal
operation. This has been monitored through mechanical tests such as compression
after impact and fatigue test to capture damage growth (Schubel, Luo et al. 2007;
Craven, Sztefek et al. 2008; Azouaoui, Azari et al. 2010; Gunasekera 2010;
Schmutzler, Alder et al. 2014). All of these mechanical tests destroy the laminate and

thus are not directly suitable for in-situ inspection scenarios. However, with the
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advent of NDT techniques, it is now possible to characterise impact damage using
traditional and advanced NDT methods (Adams and Cawley 1988; Marty, Desai et
al. 2004; Yan, Drinkwater et al. 2009; Garnier, Pastor et al. 2011; Kapadia 2013).

For the purpose of this research, impact damage assessment using multiple
thermography methods has been considered. The suitability of composite laminate
damage detection using thermography is well established (Schroeder, Ahmed et al.
2002; Awvdelidis and Almond 2004; Gleiter, Spiessberger et al. 2008; Ibarra-
Castanedo, Susa et al. 2008; Feuillet, Ibos et al. 2012; Grys 2012). Further there is
evidence of techniques such as lock-in, transient and PPT methods that are being
used to detect damage occurring in composites (Brady and Kulkarni 1996; Bai and
Wong 2001; Giorleo and Meola 2002; Avdelidis, Hawtin et al. 2003; Choi, Kang et
al. 2008; Burrows, Dixon et al. 2010). However, the ability to detect near surface and
certain types of barely visible damage is a challenge in itself.

2.6 Epilogue

This chapter presented the basic concepts of the material together with a review of
literature identifying the gap in knowledge especially when it comes to establishing
the applicability and suitability of thermographic techniques. Further, the review
identified that there is a huge disparity between various techniques where full
damage characterisation is required. Though the limitations of traditional and
advanced NDT techniques are understood, there is lack of understanding of suitable
methods that could identify barely visible damage. There is significant evidence of
thermography as a suitable tool to evaluate the condition of composite laminate
when subjected to damage. However, the limitations with respect to the type of
damage have not been fully established. Further, this work attempts to further our
understanding of the impact event itself similar to the studies presented by authors
such as Giorleo, Meola et al. (2000); Meola, Carlomagno et al. (2006); Meola and
Carlomagno (2009); Meola and Carlomagno (2010). This chapter identifies impact
damage, particularly in the aerospace context, where advanced techniques like the
thermography methods explored in this thesis could lead to improved diagnostic

procedures.
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3 METHODS & MATERIALS

This chapter presents the methodologies that were used to determine the condition of
the composite material and includes creation of both manufacturing defects and
controlled damage creation methods, sample manufacturing process and various
techniques used to evaluate the apparent defects and damage that were introduced in
a controlled way. It should be understood that most of these defects and damage
were created to test the limitation of the existing techniques and to demonstrate the
strength of each of those NDT methods.

3.1 Research Methodology

With the ever increasing use of composites in primary aircraft structures, it is
important to understand their behaviour especially when ‘in-service’. This work
presents those approaches that are able to determine damage occurring during
service and their potential detection ‘in-situ’ that could become part of preventive

maintenance schedule of the system.

Initially, a literature review was carried out to understand various NDT
techniques and their ability to detect a range of defects and damage. The aim was to
identify non-contact techniques that were capable of performing large area
inspections with reduced inspection and analysis downtimes. Infrared thermography
was chosen as an overall technique that showed promising results especially in
defect and damage detection in the case of advanced composite materials. The
literature presented evidence of both the working principle where the rate of decay of
temperature was dependent upon the laminates material properties such as
diffusivity, density and specific heat capacity and their suitability to detect sub-
surface anomalies. Techniques such as pulsed thermography, TSA and transient
thermography were used for defect and damage detection. To illustrate the suitability
of these techniques, various preliminary tests were designed and performed to
address both the strength and limitations of those systems. The data was then
compared with traditional and advanced NDT techniques such as x-ray, UT and

LDV tests to fully characterise the defects and damage occurring in CFRP laminates.
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The initial preliminary tests were carried out on field derived samples with
artificial sub-surface defects and other scrap samples. Later, a full parametric study
was taken up to look at the sub-surface defect’s occurrence during manufacturing
with an interest to mimic representative defect materials that could be introduced and
their detectability using pulsed thermography.

The next study was used to determine a range of barely visible impact
damage (BVID) occurring due to impact. To determine representative in-field

damage scenarios the following impact tests were undertaken:

e A fully controlled impact tests using a modified Charpy tests; representing a
low speed impact using with a controlled surface
e A ballistic gas-gun ballistic impact test using stones; representing a high

speed impact event with irregular surface impact.

The laminates were then subjected to pulsed thermography, TSA and
vibrational analysis. It should be noted that the entire impact event was captured
using the transient thermography technique where the infrared radiometer measured
the temperature difference caused during impact from the non-impact side of the

laminate.

As part of the damage detection methods, LDV measurements were carried
out as a case study for a set of laminates before and after impact testing to observe
and record any changes that may have occurred due to the impact itself. Further the
suitability of both pulsed and TSA methods for specific damage types were
investigated to help propose those methods that could determine the condition of the

laminate.

For the entirety of the experimental investigation, at least 3 laminates with

similar defect and damage levels were produced to ensure repeatability.
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3.2 Experimental Methods

This section describes various experimental methods that were adapted as part of this

study. The following are the methods that were used as part of the current study

e Preliminary tests
o Pulsed Thermography
o X-Radiography
e Parametric Study — Composite laminate with defect inserts
o Pulsed Thermography
o Pulse-Echo Ultrasonic testing (PEUT)
o 3D modelling using Ideas10
e Impact Study — Composite laminate (as manufactured)
o Transient Thermography
o Pulsed Thermography
o Thermo-Stress Analysis (TSA)
o Vibrational Analysis — using LDV

3.2.1 Preliminary tests

The preliminary tests involved the use of EchoTherm pulsed thermography system to
understand the working principle of the technique itself. These tests were used as a
base line to establish detection capabilities and analysis parameters. This established
the procedure to optimise the data acquisition settings and the related analytical tools
to characterise defects. Once the working parameters were established, the technique
was implemented on field samples representing the tail plane section, the details
including problem description and results are described in Chapter 4, Section 4.1
below. In order to confirm the damage occurring in field samples, x-ray inspection

data was used as a validation tool.

3.2.2 Parametric Study

The preliminary tests established the testing method, but still required further

analysis to establish the limitations of the system, especially with the depth and type
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of defects occurring through the material thickness. Hence defects that were more
likely to occur during the manufacturing stage were selected. Three types of
materials in two geometrical shapes were selected for this study. The analogy is to
select different thicknesses and insert these defects at the lay-up stage at set layers

and set locations before cure. The type of materials used were

e Steel Shims
e Teflon
e Bagging film

The geometrical shapes chosen were

e Circular dots — having two diameters 6mm and 8mm

e A 25mm square part — with a 6mm and 8mm rectangular material taken off
from the square part.

See Figure 21 below for the CAD model of the geometric shape and location of the
defects.
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Figure 21 CAD drawing of the defects introduced at the lay-up stage (all dimensions in mm)

58



» @ S
I e "i- I
, | o
PTFE Metal Shim  Bagging Film

Figure 22 Inserts of PTFE, metal shim and bagging film

Three different laminate thicknesses, 3mm, 6mm and 9mm were chosen and
the defects were introduced at various thickness intervals during the manufacturing
process, the details of which can be found in the results section. The laminates were

then cured in a hot press to make the final sample.

As part of the parametric study, the samples post-manufacture were subjected
to inspection using the pulsed thermography system and the PEUT system to detect
the previously introduced artificial defects. This parametric study was designed to
capture the capability of the thermography system and validate the data obtained
from the inspection with the data from the pulse-echo UT system. At the same time,
this method was used to demonstrate the limitations of the system in the area of
detection of deeply buried sub-surface defects.

3.2.2.1 Computational Modelling

A separate study was undertaken to reconstruct the actual inspection into a
theoretical model. Section 4.2.2 presents the study which helped to clarify the

limitations of the pulsed thermographic inspection technique.

3.2.3 Impact Study

From the review that identified gap in knowledge, it was understood that a
representative in-field sample with damage during operation was needed. It was also

established that the most difficult form of damage that cannot be easily identified is
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the BVID. Hence to understand the response of CFRP laminates to impact the

following methodology was proposed,

A controlled definite impact using a modified Charpy with a hemispherical
indentor of 24mm diameter; as suggested in the literature, was setup to create
damage for three low energies; 4.5J, 8J and 12J.

A controlled in-definite impact using a ballistic gas-gun to replicate real life
scenario was setup to perform high speed impact for low energies; 4.5J, 8J
and 12]

Two sample thicknesses, 3mm and 6mm were selected for the impact test.
Three impact trials for each type of impact (Charpy and gas gun), two
different layup sequences and each energy level (3 levels as above) were
chosen for the parametric study.

All samples were subjected to microscopy for visual damage detection,
pulsed thermography and TSA for surface and sub-surface damage
measurement.

A set of samples were selected, where the sample’s modal frequencies were
measured using a LDV. These selected set of samples’ resonant frequencies
were measured in the “as manufactured” condition in the first instance. Once
the impact was carried out, the sample’s modal frequencies were measured
again using the LDV to monitor any shift in frequencies due to the creation of
the damage. This shift in modal frequencies has been explained through the
use of a theoretical model as seen in section 4.5.

Figure 23 The modified Charpy impact test setup with infrared and high speed camera
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Figure 24 The ballistic gas gun

Figure 25 Sabot with stone that was introduced into the gas gun barrel for impact test

3.3 Composite laminate sample manufacture

This section describes the manufacturing process of Carbon Fibre Reinforced
Polymer (CFRP) composite laminates including the choice of lay-up / stacking
sequence and the equipment used to make them. Further on, the method of
introduction of different defects into the laminate panels and various NDT methods

used to detect and characterise the defects has been presented.

The composite laminates for this research were manufactured using 600mm
wide uni-directional 1220GSM (grams per square metre) carbon fibre prepreg with an
epoxy resin content of 35% manufactured by Advanced Composites Group Ltd.
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Please refer to Appendix 2 for carbon prepreg material properties as supplied by

Advanced Composites Group Ltd.

As described in the previous chapter (Chapter 2) multiple layers of continuous
single layer fibres are laid to a predetermined stacking sequence. The orientations in
which the prepreg layers were laid consists

e (° - Consider this as the direction along which the continuous UD fibres
occur in an X-Y coordinate system. (See Figure 26)

e 45°-This layer all the fibres are at 45° (anti-clockwise) to the 0° layer

e 90° - All fibres in this layer are perpendicular to the 0° layer.

e 135°- All fibres in this layer are at 135° (anti-clockwise) to the 0° layer

Figure 26 Carbon prepreg layer orientation

For this research, two different stacking sequences were taken into consideration
to understand the behaviour of the laminate panel. This research was spilt into two
parts and the stacking sequences remained the same.

1. Parametric study — where steel shims, Teflon and bagging film offcuts of
defined geometries were introduced at different depths in the composite
laminate during the lay-up process. The details of the exact location and the
layers where they were introduced can be found in the results section
(Chapter 4) and Appendix 3 below.

2. Impact study — where virgin samples without defects were subjected to
impact and then inspected for the damage caused during impact. Two
thickness, 3mm and 6mm were made for the impact study. Both low speed
Charpy impact and high speed ballistic stone impact experiments were
undertaken as part of this thesis. Appendix 4 presents the measured charpy

angle and velocity of gas-gun for the actual impact tests.

62



Figure 27 Representative parametric insert sample (120x120mm) (left) and impact sample
(200x100mm) (right)

3.3.1 The Stacking Sequence

Two major types of sequences were used to look at the variation in strengths of the

laminates. The following are the sequences,

a. A quasi-isotropic layup (QI) — This was primarily chosen based on the
existing literature so that the work could be comparative in nature. The
sequence was [45°, 135°, 0°, 90°]s. Based on the thickness requirements the
layup was set to be symmetric around the centre of the stacking sequence.
The detailed stacking sequence to make up 3mm and 6mm samples can be
found in Appendix 3 below. It should be noted that this stacking sequence
was only considered for the impact tests.

b. A case-specific layup (TWI) — This layup was chosen based on consultation
with experts from industry. Though it was a fairly regular layup, a majority
of the sequence was laid in such a way that at least two thirds of the layers
were in the 0° & 90°, the remainder being 45° & 135°. The sequence was
symmetric around the centre of the sample. The detailed sequence can be
found in Appendix 3 below. It should be noted that all parametric samples
which had inserts, representing manufacturing discrepancies and those for

impact testing were made from this sequence.

3.3.2 Composite manufacture using hot press

The prepreg stacked up samples were manufactured using the in-house hot press as
seen in Figure 28 below. Two metal plates were first coated with a mould release
agent, Frekote supplied by Henkel. Atleast three coats of the release agent were

applied before the prepreg material was laid up on one of the metal plate with the
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release agent. The second plate was then closed carefully so that the layers were not
disturbed.

The prepreg material was then introduced into the hot press for the curing
process. The cure pressure was set to 2 tonnes and cure temperature to 120°C. The
cure time was 60 minutes for the samples. These settings were based on the prepreg
material supplier information. The hot press cooling function was set to 30°C and
was water cooled. Care was taken especially during the sample introduction as the

hot plate was allowed to heat up to 120°C.

Figure 28 Hot Press

Figure 29 The hot plate (left) and the control unit (right)
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3.4 Multiple inspection systems

This section presents the various methods that were employed to detect and

characterise defects and damage that were introduced into the samples.

3.4.1 Pulsed Thermography System — EchoTherm

The pulsed thermography system used was a commercially available unit by the
trademark EchoTherm® manufactured and supplied by Thermal Wave Imaging Inc.,
USA. The system consists of an integrated computer control unit and houses the
capacitor banks that power 2 xenon flash lamps. These flash lamps are enclosed in a
hood system on which sits an advanced, cooled, quantum detector based, infrared
radiometer and goes by the commercial name Phoenix manufactured by Cedip —
FLIR Systems. The radiometer is a 640 x 512 pixel, indium antimonide (InSb)
detector based; Stirling cooled system with ability to acquire data at 100Hz at a full
frame size of 640x512 pixels. The detailed specification sheet can be found in

Appendix 5 below.

Figure 30 EchoTherm pulsed thermography system in use.

The pulsed thermography working principle is as described in sub-sections 2.4.5 &
2.5.1 presented in Chapter 2 and is setup to acquire data in the reflection mode.
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3.4.2 FLIR Titanium Infrared Radiometer — Transient & TSA Mode

A FLIR Titanium mid-wave cooled, InSb infrared radiometer was used to make
stress measurements, as part of the transient and thermos-elastic stress analysis

(TSA). The following is the specification of the radiometer (Table 5).

Table 5 FLIR Titanium infrared radiometer specifications

Name & model FLIR - Titanium
Detector Name & Type | InSb, Quantum

Equipment Type Cooled

Operating wavelength | 3-5 um

Operating Temperature | 5°C - 300°C

Frame rate 100 Hz — 1.4kHz (based on windowing)
Pixel pitch 15 um

Sensitivity 15-20 mK

Software controller Altair, Altair LI, Cirrus

Figure 31 FLIR Titanium infrared radiometer

The same camera system was used in the transient mode where the impact
event was recorded on the back surface of the laminate. To achieve a high frame rate
acquisition, windowing option was selected. Standard procedure of using a two point
black body calibration procedure was followed to perform the non-uniformity
correction for a specific window size and acquisition frame rate. The details of the

calibration process can be found in the appendix (Appendix 6).
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3.4.3 Pulse-echo immersion ultrasonic inspection system

The pulse echo immersion UT method employs a single transducer that does both
transmission and reception of the sound signal. The working principle is as described
in section 2.3.1. The equipment used for this research is a commercial system with
the name USL Scanner manufactured by Ultrasonic Sciences Ltd and the test setup

can be seen in the image below (Figure 32).

Figure 32 Pulse echo immersion UT testing setup using USL Scanner

As seen in the image above, an ultrasonic probe controlled by a robotic
coordinate measuring machine (CMM) arm scans the laminates that are fully
immersed in deionised water. The entire scan is controlled by the in-house software,
which includes the positioning of the system, and scan settings. The specifications of

the scanner can be found in Table 6.

Table 6 USL Pulse Echo Scanner specifications

Name, model & Serial Number | USL Scanner; 3381
Certification Number & Date | 6154; 22/05/2013
Scan Procedure ASTM 317-11
Probe Frequency 5Mhz

Probe Serial Number 056772

Probe Size 0.75” ¢ (dia)

Beam Focus 6” Spherical
Ultrasound Velocity 2880m/s

Scan Step Imm

Preamp Gain; Gain 10dB; 7dB
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3.4.4 Laser Doppler Vibrometer (LDV)

A Polytec PSV-400 laser doppler vibrometer (as seen in Figure 33) was used for the
vibrational analysis. The system consisted of a laser scanning head, a computer

controller, junction box and a signal generator unit.

Figure 33 The Polytec PSV-400 laser doppler vibrometer

A typical LDV measurement setup is as shown in Figure 34 below.

Scanning head

Vibrating object

Excitation

Function generator

Reference channel

02 0. 03 1

7 05
Tmale]

Vibrometer channel

Figure 34 PSV LDV experimental setup

The working principle of the LDV can be summarised as below;

e A shaker is used to vibrate the sample. A periodic signal from the generator
is fed to the shaker. As the signal is small, an amplifier unit is used to

amplify the signal to enable periodic vibration.
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e Using the software interface, scan points are defined on the sample. This is
possible through the inbuilt digital camera on the scanner head.

e A measurement beam from the interferometer is positioned on the predefined
scan point using on board mirrors. The beam is thus scattered back to the
scan head.

e Now the laser beam which is backscattered from the object surface interferes
with the reference beam in the scanning head.

e The interference is now recorded by a photodetector that superimposes the
data onto the digital image.

e Additionally, a decoder provides a voltage which is directly proportional to
the velocity of vibration of the sample and is then digitized.

e This data is now presented as modal frequency maps using the Fast Fourier
Transformation of the time signal to the frequency spectrum, thus
reconstructing the natural modes of vibration of the sample being vibrated.

The following are the settings used for the vibrational analysis;

Table 7 Settings used for vibration testing using LDV

Channels Vibrometer + Ref 1
Filters High Pass -100Hz
Frequency (bandwidth) 10Hz

Sample Frequency 25.6KHz

FFT 6400 lines
Trigger Analogue — Ref 1
Trigger Level 1% (rising)
Pre-trigger -20%

Vibrometer Range VD-03 100mm/s/v
Maximum Frequency (Vibrometer) | 1.5MHz
Generator (Active) Sine Waveform
Frequency (Generator) S5Hz

Amplitude (Generator) Sv

Steady State Time 5s

69



3.5 Epilogue

This chapter presented the research methodology together with various experimental
methods that were used as part of this study. This chapter included the description,
specifications and settings of the actual test equipment that were used for this study.
Only common test settings were presented, with specific setting being introduced in
the next chapter (Chapter 4). It should also be noted that some of the preliminary test
setups and results acquired from the tests are presented in Chapter 4 for better
readability.
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4 RESULTS

This chapter deals with the main body of work undertaken as part of this thesis. It
consists of preliminary experimental work, confirming the working principle of
pulsed thermography followed by a parametric study on composite laminates
confirming the working limitations of the system. As part of the parametric study,
the laminates were manufactured by introducing inserts made of steel shims, Teflon
and bagging film into the layup. The last part of this chapter presents the results
obtained from parametric impact testing on composite laminates with low energy

impacts using a modified Charpy and a gas gun ballistic testing.

For the entire work presented in this chapter, thermography remains the main
inspection technique to evaluate the condition of the test samples. However, other
conventional techniques such as x-radiography, PEUT and LDV have been used to
validate the results obtained from the thermography system.

The main aim of this work is to understand and determine the applicability of
pulsed thermography in the area of field maintenance. With the increased use of
composite materials in the aerospace industry, it is of utmost importance to
understand their maintenance requirements by identifying damage as it occurs in the
most efficient way and carry out necessary repair thereby increasing the service-life
of such advanced components. It is also the notion that pulsed thermography can be
an ideal solution for ‘in-situ’ defect and damage characterisation in composite

laminates.

As part of this work, other thermography techniques such as passive and thermo-
elastic stress (TSA) measurement have been used to characterise the defects and or
damage both during their creation (high-speed live monitoring) and post damage

creation stages.
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4.1 Field reference samples investigation — Preliminary tests

In order to represent field sample, samples ADAT1 and ADAT3 were sourced from
a commercial airline company. The samples were inspected using X-Ray and Pulsed
Thermography methods. The objective of the inspection was to establish the ability
of pulsed thermography to detect artificially introduced sub-surface defects in the
sample. This thermal investigation was then validated against conventional X-

Radiography to confirm the results obtained from the pulsed thermography system.

Sample Description:

The samples were a cut section of a tail plane wedge of a commercial airliner
(300x320mm). The sample was made up of glass fibre reinforced polymer (GFRP)
composite outer skin and wood/paper honeycomb material (Nomex®). Figure 35 and
Figure 36 show a representative image of the tail plane wedge with the cut edge
revealing the internal honey comb structure. The sample was sealed to prevent any

additional damage to its internal structure.

Figure 35 Tail plane wedge (a) top view; (b) side view

Figure 36 Tail plane wedge, side view
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411 Sample: ADAT 1

Problem Description:

a) To detect sub-surface defects present in the artificially manufactured samples

using pulse thermography.
i.  Figure 35 & Figure 36 show a representative sample to be tested

ii.  Radiograph of the sample (Figure 37) with the location of the defects

indicated by arrows.

b) The test was conducted on an EchoTherm system. (Please refer to Section
3.4.1 for construction and working principle of the pulse thermography

system)

Figure 37 Radiograph image of ADAT 1 with red circular markers indicating the defect location

Pulse Thermography Experimental Settings:

The following are the details of the experimental settings and images

acquired from the inspection.

Table 8 Pulsed thermography experiment settings

Sample Number ADAT 1
Pulse length 25 ms
Frame rate 60 Hz
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No. of frames captured 1179

Capture time 19.67 s

Image Sampling — Frame no. | 358

Image Sampling — Time 597s

The sample surface was flashed instantaneously using the flash lamps for a
pulse length of 25ms and the infrared radiometer recorded the changes in surface
temperature just before the flash to the set time of 19.67 s (post flash) acquiring 1179
frames at an acquisition rate of 60Hz. The regions of interest have been represented
by red circular markers in the X-ray image (Figure 37). The data obtained from the
pulse thermography system was represented in terms of thermograms and time-
temperature log plots which were evaluated using the Mosaigq software. The
following thermogram was obtained for the time at which the temperature gradient
deviated from the linear decay profile for a sound area on the parent material which
is referred to as t*. The frame at which the sampling was done can be inferred from
the RAW graphical data. (Represented by a red vertical dotted line. See Figure 39).

Figure 38 RAW image of ADAT 1 sampled at 5.973 seconds
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Figure 39 Log plot representing the RAW image for ADAT 1; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress

Result description:

The green box in Figure 38 focuses on the region of interest in the sample. The
colour markers on the image represent the position of the defect and defect free areas
and correspond to respective curves in the log plot. Figure 38 shows the infrared
image obtained at a sampling time of 5.973s (t*) (Shepard 2007) for an acquisition
rate of 60Hz.

It can be inferred from the log plot (Figure 39) that the pulse energy was
targeted on the sample and there was a rapid rise in the surface temperature due to
the heat dissipated from the flash lamps. The mode of heat transfer by which the
energy heated up the surface of the sample was radiative in nature. It was noticed
that after about 83ms, the surface temperature of the sample started to cool down as
the heat diffused through the upper skin of the sample. The Red & Cyan curves,
represented by respective markers form the thermogram, represent the surface
temperature decay profile over time and are dependent on the material characteristics
of the upper skin of the sample. Further the log plot (Figure 39) revealed that
temperature decay characteristics changed indicating that the heat has now diffused

though the upper skin, which is referred to as t*.

As the heat diffused through the defect area, the temperature pattern on the

surface of the sample changed thereby changing the profile of the curve. This is due
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to the fact that the heat wave either conducts quickly or gets trapped causing
localised hot or cold spots over a period of time. In this case, it was noticed that
three different defects could be identified in the thermogram corresponding with the
defects highlighted in the X-ray image (Figure 37). Though the X-ray image showed
the defect locations, it failed to identify and characterise the defects. The
thermogram on the other hand gave additional information helping characterise the
defects. It was noticed that one of the defects was at a higher temperature and the
other at a lower temperature than the overall temperature of the sample.

Analysis:

Literature suggests that the zone where there is localised heating on the surface of
the sample represents an area having different heat diffusion characteristics (Green
marker) (Schroeder, Ahmed et al. 2002; Shepard 2007). This is because of the fact
that localised heating seems to occur at the very beginning of the acquisition
suggesting that the defect occurs early on and that the location is in-between the
laminate layers of the skin of the sample. The gaps in the skin act as heat barriers
preventing the flow of heat through that region causing a localised increase in
temperature. Thus this defect was classified as a delamination defect as it appeared

in-between the laminate layers of the composite skin.

The second defect represented by the Dark Blue marker acted as a heat sink
dissipating the heat quickly through the material. This is represented by the darker
patch in the thermogram and continues to cool with an extended t* than the parent
material indicating that the defect occurs at the boundary of the top skin. This defect
can thus be classified as a disbond. It should be noted that disbond and delamination
are quite similar in the x-ray image whereas the thermogram gives two different
temperature prints clearly distinguishing the difference between the two defects.
Thus the delamination temperature curve (Green curve) is higher than the defect free
zone curve (Red curve) and the disbond temperature curve (Blue curve) is lower than

the defect free zone (Red curve).

The third defect represented by the Black curve (Figure 38) could be because of the
presence of a different material in the honey comb structure. This may be either a
problem of water ingress in the material or excess adhesive in those cells of the
honeycomb structure. The RAW image clearly highlights all the subsurface defects
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as indicated by the radiograph and with additional details of the possible type of
defects occurring in the sample. Additionally, if the material’s thermal conductivity
was known, the depth of the defects could be established thus improving the

inspections data.

The first derivative image (1D) (rate of change of time and temperature) also detects
the defects. This 1D image and data are acquired at the same sampling time (5.973s)
as the RAW image. The colour markers are representative of the position and
characteristics of the defects identified previously from the RAW image. The
following is the data obtained for the 1D condition (Figure 40-Figure 41).

Figure 40 1st Derivative (1D) image of ADAT 1 at 5.973 seconds
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Figure 41 Graph representing the 1D data of ADAT 1; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress

It can be inferred from the above graph that the characteristics of the parent material
are superimposed on each other. However, the defects show a different pattern when

compared with the parent material confirming them as defects.

The following is the second derivative (2D) image and graphical data obtained at

5.973 seconds as before (Figure 42-Figure 43).

Figure 42 2nd Derivative (2D) image of ADAT 1 at 5.973 seconds
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Figure 43 Graph representing the 2D data of ADAT 1; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress

As before, it can be noticed from the 2D graphical plot that the parent material
represented by the Red and Cyan curve show a decline in temperature, whereas the
defect curves show a different pattern and is representative of the samples damage
characteristics. The 2D plot for the parent material show a complete peak directly
corresponding with the t* confirming that the heat has completely diffused through
the upper skin. Now the delamination curve (Green curve) peaks significantly ahead
of the 2D peak of the parent material, confirming its occurrence through thickness of
the upper skin whereas the disbond peak does not yet occur indicating that the peak
would be much later than the parent material. This indicated the need for an
extended data capture to investigate the disbond further. However, taking in view the
qualitative nature of the data, the results were found to be sufficient to yield

conclusive results where all defects were identified by the inspection.
Conclusion:

Thus it can be seen from the above data that more information on the defect
characterisation has been obtained from pulse thermography in comparison with the
x-ray image. There is a clear distinction in the type of the defects introduced in the
sample. The following is a table summarising the types of defects found in ADAT1

sample.
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Table 9 Defect classification markers

Colour markers Defect classification

Red —— | Defect free area

Green Delamination

Dark Blue — | Disbond

Black —— | Excess adhesive / water ingress
Cyan Defect free area

4.1.2 Sample: ADAT 3

In order to validate the results obtained from ADAT1, ADAT 3 another tail plane
wedge similar to ADAT1 and had defects manually introduced at different locations,
was used to repeat the pulsed thermography inspection. The following are the

inspection results obtained from ADATS3.

Problem Description:

a) To detect sub-surface defects present in the artificially made samples using
pulse thermography and confirm if they are in line with the findings of
ADATI.

i.  Figure 35& Figure 36 show a representative sample to be tested

ii.  Radiograph of the sample (Figure 44) with the location of the defects
indicated by arrows.

b) The test is conducted on an EchoTherm system. (Please refer to Section 3.4.1

for construction and working principle of the pulse thermography system)
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Figure 44 Radiograph of ADAT 3 with red circular markers showing the defect location

Pulse thermography experimental settings:

The following are the details of the experimental settings and images

acquired from the inspection.

Table 10 Pulse thermography experimental settings for ADAT 3

Sample Number ADAT 3
Pulse length 25ms
Frame rate 60 Hz
No. of frames captured 1179
Capture time 19.67s
Image Sampling — Frame no. 358
Image Sampling — Time of capture | 5.97s

As before, the setting used to acquire data for ADAT 1 was used to acquire
data for ADAT 3. The sample surface was instantaneously heated with a 25ms flash
and the infrared radiometer recorded the surface temperature profile of the sample.
The data was acquired at 60Hz for a time of 19.67s accumulating a total of 1179
frames (post flash). As before, the time t* at which the change in slope of the parent

material occurred in case of ADAT 3 was found to be at 5.973 seconds matching
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with the data time for ADAT 1. The following are the RAW, 1D and 2D data
acquired for ADAT 3 from the thermographic inspection (Figure 45-Figure 50).
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Figure 46 Log plot representing the RAW image for ADAT 3; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress
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Figure 47 1st Derivative (1D) image of ADAT 3 at 5.973 seconds
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Figure 48 Graph representing the 1D data of ADAT 3; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress

83



Figure 49 2nd Derivative (2D) image of ADAT 3 at 5.973
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Figure 50 Graph representing the 2D data of ADAT 3; 1&5 — No defect, 2 — delamination, 3 —
disbond and 4 — excess adhesive/water ingress

Result description:

This experiment has been conducted with the same settings as in the case of ADAT
1. Hence a similar colour marking system has been adapted. As before, the green box
(Figure 45) focuses on the region of interest in the sample. The different colour
markers on the image represent the position of the defect and defect free areas and

correspond to respective curves in the log plot.
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Again, it can be noticed that three different defects were identified in the
thermographic image corresponding with the defects highlighted in the X-ray image.
As before, the X-ray image only showed the defect locations and did not provide any
additional information. The major differences in the case of ADAT 3 were due to the
location of the defects. In other words, the parent material’s temperature decay was
found to be similar to that of ADAT 1. Additionally, the delamination (Green marker
& curve) and the disbond (Blue marker & curve) exhibit similar characteristics. The
1D and 2D data show that the delamination is almost close to the back wall and
hence the change is slope isn’t that prominent. However, the thermogram shows a
sharp distinction between the parent material and defect. Thus the inspection data
clearly highlighted all the subsurface defects with clear distinction of the defects than
that acquired from the X-ray data.

Conclusion:

Thus it can be seen from the above data that more information on the defect
characterisation has been obtained from pulse thermography. The data was found to
be in close agreement with the data obtained for ADAT 1. It was also noted that the
intensity levels varied from the previous inspection and is a combination of the
factors such as, the nature of sample, the location of the defects and the variations in
the flash heating of the samples. These changes are fully observed in the 1D and 2D
plot above. The following is a table summarising the types of defects found in
ADAT3 sample.

Table 11 Defect classification markers

Colour markers Defect classification

Red — | Defect free area

Green Delamination

Dark Blue — | Disbond

Black —— | Excess adhesive / water ingress
Cyan Defect free area
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4.1.3 Discussion

The field maintenance study carried out on samples obtained from a
commercial airline establishes the working principle of pulsed thermography even
though the defects were artificially introduced into the sample. As per the results
presented above, the samples ADAT 1 and ADAT 3 reveal similar type of defects.
They also follow similar heat diffusion patterns. It can be noted that the RAW
thermal image of both the samples ADAT1 and ADATS3 reveal the most prominent
defects. The heat diffusion characteristics when plotted in a log time — temperature
(log t-T) curve show the change in slope of the defect from the sound area much
ahead of the t* of the samples. From the above samples, after repeated trials, a time
of 20 sec seems to be an optimum inspection setting. The analysed data detects the
damage at t* sampled for maximum contrast. This was confirmed from the 1D and
2D data as presented in the results above. This preliminary testing also established a
methodology for determining the optimum test setting the pulsed system needs to be

configured to.

4.2 Parametric study

The parametric study to understand the defect detection capability of EchoTherm
Pulsed Thermography system was carried out as described in Section 3.1. The results
presented in the preliminary tests (Section 4.1) were based on field maintenance
samples. Those samples were artificially manufactured externally and complete
information on the manufacture of those samples is unknown. It is thus necessary to
perform tests that are systematic in nature to understand the detection capability of
the pulsed thermography system and to establish its limitations.

This section will primarily focus on a systematic parametric approach to
determine the working limitations of the system together with its strength which aids
the system to confirm the defects. For this a set of samples with various inserts made
of different materials were designed. These inserts were introduced at the lay-up
stage into the prepreg material at specific locations and pre-determined depths. These

samples were then press cured using a hot press to manufacture the samples. A range
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of samples having different thicknesses having different material inserts were thus

designed to perform this parametric test.

The following are the materials inserted into 120GSM UD carbon fibre to make up

samples of 120 x 120mm

e Sheet shim inserts

e Teflon inserts

e Bagging film inserts
It should be noted that the selection of these three materials was based on literature
that identified the most common defects that occur during manufacture as explained
in Section 2.5.1 above. The following are the results obtained from the study.

4.2.1 Experimental results

This section deals with the experimental results obtained by inspecting the laminates
with inserts using pulsed thermography and pulse echo immersion ultrasonic testing.

4.2.1.1 Sheet metal defect inserts

As described in the previous chapter mild steel shim defects of 20um thickness were
introduced into 120 x 120mm UD carbon fibre composites. Refer section 3.3 for lay-
up procedure, Figure 21-Figure 22 for defect morphology and Appendix 3 for the
stacking sequence. Only TWI layup was used for this study.

Table 12 3mm laminates with steel shim inserts; defect location and tests performed

Sample Defect Material Defect Defect NDT tests
Thickness Dimensions Location carried out
in mm in mm from surface
inmm
3 Mild steel shim, | =6 - circular | 0.5 PT?
Thickness: 20 um | defect 1.0 Immersion UT*
15
3 Mild steel shim, |=8 - circular | 0.5 PT
Thickness: 20 um | defect 1.0 Immersion UT
15

¥ PT — Pulsed thermography
* UT - Ultrasonic testing

87




3 Mild steel shim, | 6 & 8 cutoffs — | 0.5 PT
Thickness: 20 um | slotted 1.0 Immersion UT
aperture 1.5
Table 13 Pulsed thermography experimental settings. Sample: 3SS2
Sample Number 3SS2
Pulse length 25ms
Frame rate 30Hz
No. of frames captured 450
Capture time 14.68s
Image Sampling — Frame no. 21
Image Sampling — Time of capture | 0.7s

The settings for the inspection can be referred from Table 13. The test was carried

out at 30Hz acquisition frame rate for 14.7s (450 fms). The following results were

obtained from the thermographic inspection.

:

Figure 51 RAW Thermal image - Sample: 3SS2 (120x120mm); Sampling time: 0.7s
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Figure 52 Log t-T plot for the RAW data; Sample: 3SS2; 1 — No defect; 2,3 — 0.5mm depth; 4,5 —
1.0mm; 6,7 — 1.5mm.

Analysis:

From the log t-T plot (Figure 52) the t* for the 3mm thick laminate was estimated at
3.97s. The thermogram above (Figure 51) shows the defects at depths 0.5mm and
1mm which relate to the defects on the right and centre of the laminate respectively.
The third set of defects were barely visible on the left hand side which were at a

depth of 1.5mm from the surface of the laminate.
The following observations can be made from this result:

e It was observed that the thermogram at t* did not show the defects and hence
the sampling time of 0.7s was used to get the best contrast for the defects.

e It can be seen from the temperature decay characteristics that there is a
different profile between the sound and defect areas; for defects occurring at
0.5mm depth (represented by Green & Navy Blue curves).

e As the heat wave hits the 1% set of defects (Green & Navy Blue marker),
them being metallic in nature; tend to conduct the heat much faster than the
sound area pixel. Thus the temperature profile was found to be cooler than
the parent material.

e There is also distinction of the 2" set of defects represented by the Yellow

and Dark Green markers and thus are clearly visible on the thermogram.
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e The 3" set of defects are found to be much deeper and hence the temperature
profile for the defects on the left side appear to follow the parent material
indicating that the thermal wave has lost its intensity mainly due to the depth

location of the defects.

Thus the inspection of the laminate with mild steel shim insert of thickness
20um, though showed three set of defects, the signal to noise ratio (SNR) was only
ideal to clearly distinguish two sets of defects. Further, it should be understood that
the defect thickness and depth of occurrence play a vital role in improving the SNR.

Hence the third set of defects showed a profile similar to that of the parent material.
UT Results:

Immersion pulse echo UT was performed on the above laminate using the USL
scanner with a 5Mhz probe as per the settings mentioned in section 3.4.3. The

following time of flight image was obtained.

Table 14 Sample thickness measurement from PEUT - Sample: 3SS2

Sample Number 3SS2

Measured Sample Thickness | 2.52mm
Waterpath 149.4mm

Figure 53 Time of flight (ToF) image for 3mm laminate (120x120mm) - Sample: 3SS2
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The results from the PEUT technique measured the laminate thickness to be
2.52mm. However the time of flight or ToF image did not detect the defects and thus
the results were found to be inconclusive. Further this laminate in particular was

found to be quite noisy indicating that the manufactured quality was not optimum.
Conclusion:

The 3mm laminate with sheet metal insert results indicate that pulsed thermography
detected all defects. However, the temperature profiles of the 3rd set of defects
occurring at about 1.5mm depth were not fully detectable. This helped reach the

detection limits of the system and hence a 6mm laminate was not manufactured.

4.2.1.2 Teflon defect inserts

Teflon inserts (500um thick) were introduced into 120 x 120mm UD carbon fibre
composites. 3mm, 6mm and 9mm thick samples were made in the hot press. Refer to
section 3.3 for lay-up procedure, Figure 21-Figure 22 for defect morphology and

Appendix 3 for lay-up sequence. Only TWI layup was used for this study.

3mm laminates with Teflon inserts:

The following are the details of the defect type and locations for the 3mm laminate.

Table 15 3mm laminates with Teflon inserts; defect location and tests performed

Sample Defect Material Defect Defect NDT tests
Thickness Dimensions Location carried out
in mm in mm from surface
in mm
3 Teflon =6 - circular | 0.5 PT
Thickness: 500 um | defect 1.0 Immersion UT
15
3 Teflon =8 - circular | 0.5 PT
Thickness: 500 um | defect 1.0 Immersion UT
15
3 Teflon 6 & 8 cutoffs — | 0.5 PT
Thickness: 500 um | slotted 1.0 Immersion UT
aperture 1.5
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Pulsed Thermography Results:

The settings for the inspection can be referred from Table 16. The test was carried
out at 30Hz frame rate for the acquisition time of 14.7 sec (450 fms). The following

is the thermographic data from the inspection.

Table 16 Pulsed thermography experimental settings. Sample: 3TF1

Sample reference no. 3TF1
Frame rate 30 Hz
No. of frames captured 450
Capture time 14.68s
Image Sampling — Frame no. 8
Image Sampling — Time of capture | 0.27s

Figure 54 RAW Thermal image - Sample: 3TF1 (120x120mm); Sampling time: 0.27s

92



Intensity

9.00

8.60

8.20

7.80

7.40

7.00

~ oo g~ w NP

3 1 39 130 439

Frame Number

Figure 55 Log t-T plot for the RAW data; Sample: 3TF1; 1 — No defect; 2,3 — 0.5mm depth; 4,5 —

1.0mm; 6,7 — 1.5mm

Analysis:

From the log t-T plot the t* was estimated at 3.97s which is exactly the same as seen

in the case of 3mm laminate with steel shim insert. Based on the above results

presented in Figure 54, the following observations were made;

As before, the thermogram was obtained for best contrast and not at t*.

The set of defects closest to the surface at a depth of 0.5mm is on the right
side of the sample and represented by Green and Navy Blue markers.

It was noticed that the 1% set of defects were closest to the laminate surface.
Further, Teflon is non-conducting in nature and hence showed higher
temperature decay profile in comparison with the parent material which is
represented by the Red marker on the thermogram and Red curve on the log
thermal plot.

The 2" set of defects (represented by Yellow and Dark Green markers) occur
at a depth of 2mm from the laminate surface and located around the middle
section showed a good contrast on the thermogram. It was observed that the
temperature decay curve was found to be quite close with the sound areas of

the laminate and did not show a huge difference.
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e For the 3" set of defects (represented by Pink and Orange markers) occurring
on the left hand side were located at a depth of 1.5mm. These defects are
clearly identified in the thermal image through a good contrast difference, but
did not show a huge difference in the thermal profile when compared with

sound areas of the laminate.
UT Results:

The following is the ToF image obtained from the PEUT immersion test.
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Figure 56 Time of flight (ToF) image for 3mm laminate (120x120mm) - Sample: 3TF1

Table 17 Sample thickness measurement from PEUT - Sample: 3TF1

Sample Number 3TF1

Measured Sample Thickness | 2.56mm

Waterpath 147.4mm

The UT results in this case clearly picked up all the defects. The ToF image
showed the three sets of defects with a slight colour gradient suggesting that the

defects occur at different depths.
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Conclusion — 3mm laminate with Teflon inserts:

Thus all three sets of defects occurring at 0.5mm, 1mm and 1.5mm were

easily detected using both pulsed thermography and immersion ultrasonic testing.

Further the UT results validated the pulsed thermography results.

6mm laminate with Teflon inserts:

The following are details of the defect and their depth locations.

Table 18 6mm laminates with Teflon inserts; defect location and tests performed

Sample Defect Material Defect Defect NDT tests
Thickness Dimensions Location carried out
in mm in mm from surface
in mm
6 Teflon =6 - circular | 2.0 PT
Thickness: 500 um | defect 2.5 Immersion UT
3.0
6 Teflon =8 - circular | 2.0 PT
Thickness: 500 um | defect 2.5 Immersion UT
3.0
6 Teflon 6 & 8 cutoffs — | 2.0 PT
Thickness: 500 um | slotted 2.5 Immersion UT
aperture 3.0
Pulsed Thermography Results:
The following are the pulsed thermography experimental settings:
Table 19 Pulsed thermography experimental settings. Sample: 6TF1
Sample reference no. 6TF1
Frame rate 12 Hz
No. of frames captured 310
Capture time 25s
Image Sampling — Frame no. 11
Image Sampling — Time of capture | 0.92s
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Figure 57 RAW Thermal image - Sample: 6TF1 (120x120mm); Sampling time: 0.92s
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Figure 58 Log t-T plot for the RAW data; Sample: 6TF1; 1 — No defect; 2,3 — 2.0mm depth; 4,5 —
2.5mm; 6,7 — 3.0mm

Analysis:

For the inspection of 6mm thick Teflon insert sample (6TF1), the inspection was
carried out at 30Hz initially. It was noticed that not all control defects were visible in
the thermal image. This is due to the fact that the diffusion of heat through the
composite material is much slower than in the metals as they are non-conducting in
nature. In order to achieve complete penetration of the heat through the sample and

96



the surface temperature data to be captured, the acquisition frame rate for this sample

was reduced to 12Hz.

As before, from the above figures, (Figure 57-Figure 58) all the control
defects, both dots and the slotted aperture inserts are visible in the thermal image.
These defects follow a similar cooling pattern to that of the 3mm thick Teflon
sample, 3TF1 mentioned in the sub-section above. Though the thermogram in Figure
58 clearly indicated all the control defects, it was noticed from the log plot that the
temperature decay pattern is very close to the sound area of the sample and the t* in
this case was at 16.68s. As before, the thermogram was acquired for a sampling time
of 0.92s which achieved the maximum thermal contrast that clearly identified all
embedded defects.

UT results:

The following results were acquired using the PEUT system.
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Figure 59 Time of flight (ToF) image for 6mm laminate (120x120mm) - Sample: 6TF1

Table 20 Sample thickness measurement from PEUT - Sample: 6TF1

Sample Number 6TF1

Measured Sample Thickness | 5.12mm
Waterpath 147.5mm
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As before, the UT ToF image detected all Teflon defects introduced into the
laminate validating the pulsed thermography data. There is also difference in
amplitude measurements between different sets of defects confirming their variation

in depth of the laminate.

Conclusion — 6mm laminate with Teflon inserts:

Thus all Teflon inserts at depths 2mm, 2.5mm and 3mm were detected by

both the pulsed thermography and immersion UT testing.

9mm laminate with Teflon inserts:

The following are the details of the Teflon inserts and their locations:

Table 21 9mm laminates with Teflon inserts; defect location and tests performed

Sample Defect Material Defect Defect NDT tests
Thickness Dimensions Location carried out
in mm in mm from surface
in mm
9 Teflon =6 - circular | 3.5 PT
Thickness: 500 um | defect 4.0 Immersion UT
45
9 Teflon =8 - circular | 3.5 PT
Thickness: 500 um | defect 4.0 Immersion UT
45
9 Teflon 6 & 8 cutoffs — | 3.5 PT
Thickness: 500 um | slotted 4.0 Immersion UT
aperture 45

Pulsed thermography results:

The following are the setting used for the inspection of 9mm thick laminates with

Teflon inserts at locations as specified in Table 21.

Table 22 Pulsed thermography experimental settings. Sample: 9TF1

Sample reference no. 9TF1
Frame rate 8.56Hz
No. of frames captured 240
Capture time 28s
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Image Sampling — Frame no. 12

Image Sampling — Time of capture | 1.4s

Figure 60 RAW Thermal image - Sample: 9TF1 (120x120mm); Sampling time: 1.4s
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Figure 61 Log t-T plot for the RAW data; Sample: 9TF1; 1 — No defect; 2,3 — 3.5mm depth; 4,5 —
4.0mm; 6,7 —4.5mm

Analysis:
Due to the thickness of the laminate, the acquisition frame rate was reduced to

8.56Hz for a maximum time of 28s. The t* in this case was estimated around 19.85s.

It should be noted that the accuracy of this back wall time measurement is reduced
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due to the reduced frame rate. Further extended data capture beyond 30s meant that
the heat wave is completely dissipated and thus there is reduction in the surface
temperature. This also meant that the data beyond this point was not physically
possible for the current system establishing the limitation of the system.

All buried defects were identified by the inspection. However, the set of
defects occurring at a depth of 4.5mm are just faintly visible on the thermogram and
have the same pattern as the sound area.

UT results:

The following are the results obtained by the immersion UT system:

Figure 62 Time of flight (ToF) image for 9mm laminate (120x120mm) - Sample: 9TF1

Table 23 Sample thickness measurement from PEUT - Sample: 9TF1

Sample Number 9TF1

Measured Sample Thickness | 7.5mm
Waterpath 143.6mm

The UT results picked up all the Teflon inserts in the 9mm thick laminates. It
was observed that there was a loss in thickness measurement based on the waterpath
suggesting that there was attenuation of the ultrasound in the material. However, all
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defects were detected by the UT system, confirming the findings of the pulsed

system.
Conclusion:

The Teflon inserts at different depths in 3mm, 6mm and 9mm samples were
successfully detected by both pulsed thermography and immersion pulse echo
ultrasonic testing techniques. This test further looked at the system limitations,
where defects beyond the depth of 4.5mm will now be difficult to detect. Further, a
reduced capture rate and increased capture time meant the accuracy of the results is
reduced. In a real life scenario, this would also mean that some deeper defects might
be missed and hence where possible higher capture rate needs to be employed. The
limitations of the system to detect defects made of Teflon are restricted to a depth of

4.5mm.

4.2.1.3 Bagging film defect inserts

Bagging film inserts (20pm thick) were introduced into 120 x 120mm UD carbon
fibre composites as before. 3mm & 6mm thick samples were made in the hot press.
Refer section 3.3 for lay-up procedure, Figure 21-Figure 22 for defect morphology
and Appendix 3 for lay-up sequence.

3mm laminate with bagging film inserts:

The following are the details of the bagging film defects that were introduced into

the 3mm laminate.

Table 24 3mm laminates with bagging film inserts; defect location and tests performed

Sample Defect Material Defect Defect NDT tests
Thickness Dimensions Location carried out
in mm inmm from surface
inmm
3 Bagging film =6 - circular | 0.5 PT
Thickness: 20 um | defect 1.0 Immersion UT
1.5
3 Bagging film =8 - circular | 0.5 PT
Thickness: 20 um | defect 1.0 Immersion UT
1.5
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3 Bagging film 6 & 8 cutoffs — | 0.5 PT

Thickness: 20 um | slotted 1.0 Immersion UT

aperture 1.5

Pulsed thermography results:

The inspection settings and results for the 3mm laminate with bagging film at set
locations is as follows:

Table 25 Pulsed thermography experimental settings. Sample: 3BGF1

Sample reference no. 3BGF1
Frame rate 30 Hz
No. of frames captured 450
Capture time 14.68s
Image Sampling — Frame no. 44
Image Sampling — Time of capture | 1.47s

Figure 63 RAW Thermal image - Sample: 3BGF1 (120x120mm); Sampling time: 1.47s
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Figure 64 2" derivative (2D) Thermal image - Sample: 3BGF1 (120x120mm); Sampling time: 1.47s
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Figure 65 Log t-T plot for the RAW data; Sample: 3BGF1; 1 — No defect; 2,3 — 0.5mm depth; 4,5 —
1.0mm; 6,7 — 1.5mm

Analysis:
Figure 63-Figure 65 present the pulsed thermography inspections results of the 3mm
laminate with bagging film defects inserted at locations as per Table 24. For this

sample, the t* was estimated as 3.97s as seen with other 3mm thick laminates. The
following observations were made from the results:
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e The inserts close to the surface at 0.5mm are on the right hand side of the
thermogram and are clearly visible on the thermogram. As expected, these set
of defects exhibit a higher temperature profile (represented by Green and
Navy Blue markers) than the parent material (Red marker).

e Even the 2™ set of defects occurring in the middle section of the laminate are
visible showing a slightly higher temperature decay profile (represented by
Yellow & Dark Green markers) than the sound areas of the parent material.

e However, the RAW thermal image fails to identify the 3™ set of defects
occurring at 1.5mm depth. A further investigation revealed that a 2"
derivative image Figure 64) showed this defect clearly. This feature was
found to be only appearing in this type of defect.

e There was no indication of defect in the log t-T plot as the RAW data failed
to identify the 3" set of defects, although a 2D image clearly identified it.

UT results:

The following results were acquired from the UT inspection of 3mm laminate.
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Figure 66 Time of flight (ToF) image for 3mm laminate (120x120mm) - Sample: 3BGF1

Table 26 Sample thickness measurement from PEUT - Sample: 3BGF1

Sample Number 3BGF1
Measured Sample Thickness | 2.62mm
Waterpath 147.4mm
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As before, the UT results picked up all the defect inserts validating the pulsed
thermography results. The ToF image (Figure 66) show the depth variation in terms

of colour map.
Conclusion:

The 3mm laminated with bagging film inserts were detected by the pulsed
thermography and UT inspection results. Although the RAW thermal image did not
identify the 3 set of defects occurring at 1.5mm depth, the 2" derivative analysis
did identify the defect. Further a 6mm laminate with defects at depths 2mm, 2.5mm
and 3mm was manufactured. The laminate RAW thermal and 2" derivative data did
not detect any of the defects. However, the presence of the defects was confirmed
from the UT data, suggesting that the limitations of the system to detect bagging film
type defects is restricted to depths of 1.5mm. This is primarily due to the heat
diffusion characteristics of the bagging film. It should also be noted that the
thickness of the film was under 20um suggesting that their inclusion in deeper
laminates will go undetected.

Conclusion — Parametric study:

This section, as defined in the methodology in Chapter 3 introduced steel shims,
Teflon and bagging film defects. The results showed that while, the limitations for
the steel shims and bagging film was at 1.5mm depth, Teflon showed good results
with a detectability of 4.5mm from the surface thereby establishing the limitations of
the pulsed system. Further the UT results validated the findings of the parametric
study. A detailed set of findings is presented in Chapter 5.
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4.2.2 Thermal Modelling

A Finite Volume Method (FVM) solver was used to simulate the pulsed
thermography experiment. A geometric model was designed in Siemens NX-Ideas
and a mesh density of 10 elements per smallest defect (rule of thumb) was used to
resolve the smallest geometric detail. Thermal material properties were used for the
CFRP, PTFE and Air (Appendix 7). It was assumed that the CFRP laminate material
was homogeneous. In order to understand and validate the thermal results obtained
from the parametric defect study (Section 4.2.1), thermal modelling approach using
Ideas TMG was used. A preliminary test using a GFRP laminate with PTFE and
representative air gap was modelled. The laminate was designed to be 4mm thick
and had the PTFE with airgap at about 2mm, and as part of the model, a 1kW heat
flux was applied onto the top surface of the model as seen in Figure 67 below.

Figure 67 The model with the slotted aperture insert - wire frame mode
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PTFE inserts with air gaps buried at mid-point in 4mm GFRP 1kW uniformly

applied to top

S L
Surface Selection  Individusl surface for 25ms

Figure 68 Ideas model showing the laminate with the slotted aperture insert at 2mm from the top
surface.

The model was run for the above specifications and the following are the results

obtained from the model.

Figure 69 Laminate thermogram at sampling time 28ms
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observed that the thermal model detected the sub-surface defect as early as 28ms.

The decay profile continued to show the defect on the surface temperature model.
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Figure 72 Log t-T plot for the laminate with PTFE; 1 — GFRP, 2 — Air Gap, 3 - PTFE

Figure 72 shows the log t-T plots for three selected points on the irradiated
surface, directly above the defect-free GFRP, above the PTFE and above the air
gaps. Adgain, these curves indicate good discrimination between the sound and
defect area. The initial observation showed that the GFRP surface temperature for a
sound area node showed a higher temperature than the air gap and PTFE. This model
was obtained from a basic model with relevant boundary conditions as required. This
clearly showed not only the ability of the software to reproduce a pulsed
thermography model but also confirmed the experimental approach as a viable

technique for detecting defects in composite samples of 4mm thickness.

This initial trial provided confidence in building further simulations of CFRP

samples used in the parametric study, namely, 3mm and 6mm thick laminate.

Figure 73-Figure 74 show the geometric model of the laminate with defects.
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Figure 73 3mm laminate model with PTFE defects at different depths; top view

Figure 74 3mm laminate model with PTFE defects at different depths; side view

3mm laminate — computational model:

The following are the results obtained for the 3mm laminate with PTFE and air gap
type defects at depths 0.5mm, 1.0mm and 1.5mm.
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Figure 75 3mm laminate (120x120mm) with PFTE and air gap inserts; thermography sampling at 0.5s

(b)
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(©)

Figure 76 Log t-T plot for the 3mm laminate model with 1 — CFRP (Red curve); 2 — Air gap (Green
curve); 3 — PTFE (Blue curve); Defect depth: (a) 0.5mm, (b) 1.0mm and (c) 1.5mm below surface

Figure 75 illustrates good contrast between the laminate and defects obtained
at 0.5 sec. Figure 76 (a)-(c) show the resultant log t-T plots for a 25ms pulse on the
upper surface for defects at 0.5, 1.0 and 1.5mm below surface. Three points were
selected: above the defect-free CFRP, above the PTFE and above the air gaps. The
results indicate that defects in a 3mm sample are easily detectable by the

thermography system with a sensitivity of +0.2°C.

6mm laminate — computational model:

A further simulation was undertaken for a 6 mm CFRP sample, with PTFE/air
defects buried at three levels; 2.0mm, 2.5mm and 3.0mm. Figure 78 shows the log t-
T plot for the sampled points above the defects located at 2mm below the surface.
Though we see the slotted aperture defect, we now observe the lack of discrimination
relative to the defect free point, suggesting that pulsed thermography would struggle
to detect defects at this depth.

The following are the results obtained for the 6mm laminate with PTFE and
air gap type defects at depths 2.0mm, 2.5mm and 3.0mm (Figure 77-Figure 80).
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Figure 77 6mm laminate with PTFE and Air gap inserts; computed thermogram at 3s

1
2
3

Figure 78 Log t-T plot for the 6mm laminate model with 1 — CFRP (Red curve); 2 — Air gap (Green
curve) and 3 — PTFE (Blue curve); Defect depth — 2.0mm

Figure 79 Log t-T plot for the 6mm laminate model with 1 — CFRP (Red curve); 2 — Air gap (Green
curve) and 3 — PTFE (Blue curve); Defect depth — 2.5mm
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Figure 80 Log t-T plot for the 6mm laminate model with 1 — CFRP (Red curve); 2 — Air gap (Green
curve) and 3 — PTFE (Blue curve); Defect depth — 3.0mm

Figure 78 — Figure 80 are the log t-T plot for the 6mm laminate with the
individual defects occurring at depths 2.0mm, 2.5mm and 3.0mm. As before the
CFRP is represented by the Red curve and the PTFE and air gap by Blue and Green
curves respectively. It was observed that there was slight change in their thermal
profile which is associated with their depth location. However, the trend line follows
the sound areas curve represented by the Red curve. It was observed that the air gap
defect appearing closest to the surface had an overall higher decay profile in
comparison with the laminate profile. However, the computed thermogram does not

identify all the buried defects as indicated by the time temperature plots.

Thus these straightforward computations illustrate the challenge with pulsed
thermography and clearly explain the limits of the results that are experimentally

obtained from the parametric study in section 4.2.
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4.3 Impact Studies — Preliminary Experimental trials

This section primarily presents the results obtained from the impact study. As
mentioned in chapter 3, this section reports the approach used for the main study.
This section establishes the test setup and the data obtained, together with
preliminary analysis confirming the detectability of damage through the use of
thermography based systems. It should be noted that in most cases, scrap samples

and offcuts were used to perform these tests.

4.3.1 Preliminary Charpy Trials

Introduction:

Impact studies are carried out on UD carbon fibre composites to understand
the behaviour and fracture mechanics of the material. The samples are monitored
during impact and the following report is a summary of the findings.

Sample Description:

The sample is made from a 300GSM UD Carbon fibre provided by Amber
Composites. The sample is out of shelf life and is currently used as trial samples to
set-up the Charpy impact test. The samples were fabricated using the hot press. The

following are the curing process settings

Table 27 Hot press cure settings for preliminary tests

Cure cycle time 45 mins
Cure temperature 120°C
Cure pressure 2 tonnes

Experimental Set-up:

The impact experiment was carried out on Sample 1 using a modified Charpy
impact tester. Figure 81 shows the initial experimental setup. A hemispherical
indenter of 14mm diameter was attached to the conventional Charpy impact tester
(Figure 82). A custom fixture as seen in Figure 82 was fabricated to hold the test

sample in place. The fixture was designed based on British Standard —BS 1SO
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18352:2009 (Uncontrolled) with the title ‘Carbon-fibre — reinforced plastics —
Determination of compression after impact properties at a specified impact energy

level’. The sample was held by elastic bands tied vertically on both the edges.

The Cedip Titanium 560M infrared camera was placed behind the fixture directly in
line with the indenter position at the centre (Free standing position, 0°). A computer

then drives the infrared camera through camlink.

—

Swing Arm -
i Charpy Tester

Test Sample

High Speed N
Camera ~
~

:
\ ~
impact hammer
O ———
[Safety shield -
Impactor
S

IR Camera

Carbon composite

Figure 82 Indenter attached to the hammer on the left; and the infrared radiometer and test sample
arrangement on the right
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Sample 1:

The sample (as seen in Figure 83) was manually laid up. The stacking
sequence is [0°,90°,0°],s. The sample was fabricated in the hot press as described
previously. The cured thickness of the sample was 3mm and the overall dimensions
of the sample were 150mm x 150mm.

Figure 83 Digital image of CFRP Sample 1; Size 150x150mm

The Impact Test:

The sample was subjected to impact test. The swing arm of the Charpy was
raised by an angle of 20° and allowed to impact the sample. Care was taken not to

allow the indenter to bounce for a second time.

The impact energy that was given to the sample was calculated to be 12.7J. (See

Energy calculation below)

Energy Calculation:

Mass of hammer, m = 23.53kgs
Acceleration due to gravity, g = 9.81 m/s
Length of the arm, r = 0.91m

Angle of inclination, o = 20°

Energy, E=mx g xrx (1-cosa)=23.53x%9.81%0.91 % (1-cos 20)=12.67J
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Research showed that when a material is subjected to dynamic loading, there
are structural changes occurring as a response to the load acting on the sample. This
response is both physical and usually associated with change in temperature. The
advancement in the field of infrared thermography (IRT) has made it possible to
capture this change in temperature. Thus IRT can be used at every stage of
manufacturing monitoring the processes critically thereby assessing the condition of
the equipment as well as the material / product being made. Thus IRT has
established itself as an effective condition monitoring method to prevent failure.

During impact, many physical and mechanical changes occur simultaneously.
The potential energy stored in the Charpy hammer translates into Kkinetic energy
when the hammer is released from the previously calculated angle. As the indenter
attached to the hammer head impacts the sample, the kinetic energy is then
transferred to the sample. In response to the energy acquired from impact, the
composite material tries to flex. This flexing causes the stress to build up thereby
causing the fibres to move. This movement in fibres causes friction which generates
heat. Advancement in camera technologies has made it possible to capture such
small changes in temperature. Initially there is a localised cooling followed by
increase in heat due to flexing of the sample. This is described as the thermos-elastic
effect. As the energy level increases, there is a large flexing of the sample causing
the shock wave to develop stresses of higher order. This physical dislocation causes
the fibres to bend beyond the elastic limit and as a result causes fracture. This has
been described by various researchers as the thermoplastic effect. As a result of
thermoplastic effect, microcracks appear in the sample and mostly occur along the

back surface where the flexing is found to be maximum.

The Cedip Infrared camera was set to operate at a capture frequency of
916.1Hz with an integration time of 901us for a reduced window size of 256x88

pixels.

Note: The camera integration time is set in microseconds (us) as prescribed by the
manufacturer. Whereas the sampling time as seen for images below is represented in

milliseconds (ms) due to disparity in sampling time.

The following settings (Figure 84) were incorporated to the camera to capture
the change in temperature caused due to the flexing of the sample.
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File -

File C:A\Users\Pavan\Desktop\charpytriall410 LED PCBOS.ptw
Date Thursday, June 28, 2012
Time 15:56:22.764
Frames 1933
Size 84.3 MB
Camera =
Camera Jade
Serial number 125407
Format 256 = 88 (14 bits)
Frame rate 916.1 Hz (1 ms)
Sub sampling 1410
Integration time 901.00 ps
Lens 1 mm
Aperture F/2.0
Filter Open
GPS location n/a
Qrion No
Radiometric data
Calibration None
E missivity 0.99
Background temp 19°C
Transmission 100 %
Atmosphere temp 13°C
Distance 0.50 m
FPa, temperature -196.1 °C
Housing temp 288°C n/a
Temperature range  n/a
Detector
‘Windowing left=192, top=212 , width=256, height=88
Pixel size 25 pm 2
Pixel pitch 30 pm T
Cut on 3.7 pm
Cut off 4.8 pm
NUC table 4
Extra
Tools C:A\Users\Pavan\Desktop\charpytriall\Tools\10 LED PCBOS. ¥
< T »
Comment
Subsampling 1:10 Frames ‘ 0K ‘

‘7Eancel ‘

Figure 84 Settings of IR camera for transient thermography

The experiment was carried out and the sample was impacted with a
hemispherical indenter. The impact energy was calculated to be about 12.67J
(approx.). The camera was activated to record the data before the impact took place
until the rate of cooling of the sample was steady. Figure 85 to Figure 88 show the

results obtained from the test.

Ready 0100 ps , Open 0, 1309 3309 O

Figure 85 Charpy initial trials - Thermogram at the time of impact; t=0ms
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Figure 86 Charpy initial trials - Thermogram at the time of impact; t=1.09ms
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Figure 87 Charpy initial trials - Thermogram at the time of impact; t=2.18ms
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Figure 88 Charpy initial trials - Thermogram at the time of impact; t=9.824ms
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It was observed from the above set of images (Figure 85-Figure 88) that the
impact produced a change in the surface temperature of the sample. It should be
noted that the image is acquired from the back surface of the laminate and not the
actual impact side. Hence there is no immediate rise in back wall temperature. From
the Figure 85 and Figure 86, a band of heat in the horizontal direction was observed.
The sample constituted of two third layers in the 0° direction (horizontal along the
surface of the sample). It was speculated that this pattern was due to a majority of
plies occur in the 0° direction.

However, from Figure 87 and Figure 88, it is not clear if the orientation of the ply
has caused such a pattern to develop. More over a significant amount of heat starts

developing sometime after 2ms.

From the above results, it was concluded that understanding the thermal behaviour
especially from the back wall is a challenge in itself. Hence it was decided to
fabricate a sample with all the plies in 0° orientation to help understand the
behaviour of the sample under impact.

Note:

The temperature scale is a digital temperature level scale.

Sample 2: UD Carbon OSL 90

The sample 2 was made with all plies in the 0° orientation. The fabrication of the
sample was in hot press similar to Sample 1. The stacking sequence was [0°]ss and
the thickness of the sample was 2.7mm. This reduction in thickness of the sample
was due to the spreading of the fibres during fabrication under pressure. Two

different samples were made to a size of 150mm x 150mm.

For the impact test, the sample was placed with the fibres running vertical to
the plane of impact and held to the fixture by elastic bands on either side as before. It
was agreed to reduce the impact energy as there were chips & cracks seen on the
impact side. The idea of low energy impact is to prevent damage on the impact side
and maximise damage occurrence on the back side due to flexing of the sample. The

following changes were made to the impact test:
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1. The diameter of the hemispherical indenter was increased from 14mm to

24mm (based on suggestions by Meola and Carlomagno (2010))
2. The impact energy was reduced to about 10.28J (inclination angle = 17°)

The Cedip camera was set to 924.2Hz with a viewing window of 288 x 80
pixels and integration time of 1000us. The remaining settings for the Cedip camera
were as similar to the previous acquisition settings used for Sample 1. The live

monitoring of the impact test using the Cedip camera produced the following results.
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Figure 89 showed the development of a cold spot and registered a drop in
temperature. This was illustrated using the thermogram on the left and the graph on
the right. The graph is a plot of the digital temperature level plotted against each
pixel on the line obtained using the line profile tool. It was observed seen from the

graph that the drop in digital temperature level is about 60 units.

As soon as the shock wave hit the sample a narrow band with huge
temperature gradient developed together with alternating cooling (Figure 90). This
can be described as the thermoelastic effect due to the flexing of the sample. The
green line (2) in the graph clearly indicates the cooling effect surrounding the impact
area. It should also be noted that the rise in temperature is along the length of the

fibre instead of just the impact site as seen previously (Sample 1).

Figure 91 clearly shows that the sample is now under the thermoplastic region
characterised by rise in digital temperature within 6ms. This indicated that the
sample has fractured and developed a gap that has caused the temperature to rise and
conduct to the back surface of the sample. It should also be noted that this hot zone is
parallel to the orientation of the fibre and is significant at the area where impact
occurred. We also notice a second hot zone to the left of the impact site starting to
evolve after 6ms. This can be confirmed by both the thermogram and the graphical
plot presented in Figure 91 and Figure 92. This gives rise to two possible

explanations

a. This rise in temperature in the second zone could be due to the induced stress

trying to move in the sample

b. This could also be due to a secondary impact which occurred within 6

milliseconds before the hammer retracted.

In Figure 93 we can see a third set of heat tracks appearing to the right of the
impact site. This could be the heat generated as a result of the crack developed due to
impact. The visual inspection of the front surface showed that a crack was formed in
the front surface along the orientation of the fibre. Even after about 13ms, localised
heating and cooling spots / tracks can be found confirming that the stress wave

moves parallel to the orientation of the fibres in the sample.
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Similar results have been seen by Meola and Carlomagno (2010). It can be
inferred from the above results that the development of initial cracks to the actual
fibre breakage is quite fast and is directly related to the amount of heat generated
during impact. Secondly, it can be said that the movement of the shockwave has also
resulted in the formation of delamination. The speculation would however be the

size and location of the delamination.

The possible way to check for the exact response of the composite due to

impact is to incorporate the following additions to the experiment:

1. Capture the impact data from the impact side using a high speed camera —
this will answer the previous question of whether the sample bounces on

to the hammer to develop a secondary damage.

2. Calibrate the resolution of the camera and derive a pixel to actual spot

temperature relation thereby approximating the exact location of impact.

3. Carry out microscopy & Pulse thermal inspection to check for indications

of cracks, microcracks, fibre breakages and chips.

4. Carry out a TSA test to compare the results obtained with pulsed

thermography.

4.3.2 Preliminary TSA trials

In order to establish various testing techniques that help characterise impact damage,
TSA inspection was identified. To establish the suitability of the technique for the
impact testing methods, a carbon fibre sample with impact damage was used as an
initial trial specimen to illustrate the strength of the technique. The laminate was of
the size of 200mm x 150mm with a thickness of 6mm. The impact was created using
a drop test machine; the details of the impact test were unknown. The damage
created showed clear signs of crush damage and it is estimated that the impact
energy could be between 20J and 30J.
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Figure 94 TSA experimental setup

The following are the settings used to setup the TSA test.

Table 28 TSA capture settings

Description Settings

Synchronisation frequency | 9.998Hz

Acquisition frequency 25Hz

Acquisition length 500 frames

Figure 94 shows the experimental setup for the TSA technique where the
sample was excited using a mini electrical shaker at a synchronous frequency of
~10Hz. The IR camera looked directly at the impact side of the composite laminate
from a distance of 500mm (note the image in Figure 94 is a representative image and
not an exact measure of the distance). The mini shaker was controlled by a function
generator and the frequency was set to 10Hz (sine wave). The sample was clamped
to the table using a bench-top vice on one end and the other end rests against the

shaker that has a rubber tip which excites the sample.
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Figure 95 Cedip camera settings for TSA measurement

The following is the result obtained on testing the impacted carbon fibre laminate.

Secondary

Figure 96 TSA image showing crush damage on the composite laminate at a synchronous excitation

frequency of 9.998Hz
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Figure 96 shows the module image obtained as a result of combination of the
phase image and the amplitude image. Though the image is noisy, it clearly shows
the primary impact damage in the centre of the image together with peripheral
features which could be interpreted as secondary damage. The typical impact
damage centre is characterised by a higher temperature pixel value indicated by the
pink scale, whereas the surrounding areas on the sample show a darker image in the
black to blue scale. As explained in the literature, this characteristic image is
obtained as a result of heat developed due to the friction between damaged fibres at
the crush area caused due to the sinusoidal vibration of the shaker. It should be noted
that a significant change in temperature stress value does confirm the presence of

primary damage.

It can be seen from the image (Figure 96) that there are areas where the
temperature stress is higher than the sound area of the sample, especially at the
periphery of the primary damage. This could be interpreted as secondary damage
that was created as a result of the impact event. A better understanding of the impact

event can only be understood from the live capture of the entire impact event.

Conclusion:

Though this preliminary trial clearly showed the impact damage, it is an
understanding that the damage, in terms of thermal stress intensity, can only be
noticed above a certain degree of damage. This trial though highlights the damage
clearly, shows the strength of the TSA technique for damage occurring at higher
impact energy levels and hence the damage due to lower impact energy could be a
challenge in itself. The suitability of the technique can only be understood from the

following parametric impact test presented in Section 4.4 below.
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4.4 Impact Studies — A parametric approach

Based on the preliminary tests, a range of impact tests were designed to understand
the mechanics of impact and the materials resistance to such impact. It was decided
that only low energy impact will be taken up for this research to understand the
boundary when a measurable damage is created and then identified by transient,
pulsed thermography and TSA methods, together with pulse echo ultrasonic testing,
vibrational methods and microscopic images. This study is aimed to work at the
boundary at which there is confirmation of the damage creation and the ability of

various techniques to detect and characterise them.

This section presents the results obtained when 3mm and 6mm laminates
were subjected to impact testing. The laminates were made up of two different lay-
up sequences (Appendix 3) and impacted with 3 low energy impact energy levels

using a modified Charpy test and a ballistic gas gun testing.

Table 29 Impact test parametric study parameters

Impact Method Faminate Thickness Lay-up -Impact Energy
in mm inJ
Charpy 3 Quasi-Isotropic | 12
Charpy 3 Quasi-Isotropic | 8
Charpy 3 Quasi-Isotropic | 4.5
Charpy 3 TWI 12
Charpy 3 TWI 8
Charpy 3 TWI 4.5
Charpy 6 Quasi-Isotropic | 12
Charpy 6 Quasi-Isotropic | 8
Charpy 6 Quasi-Isotropic | 4.5
Charpy 6 TWI 12
Charpy 6 TWI 8
Charpy 6 TWI 4.5
Gas-Gun 3 Quasi-Isotropic | 12
Gas-Gun 3 Quasi-Isotropic | 8
Gas-Gun 3 Quasi-Isotropic | 4.5
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Gas-Gun 3 TWI 12
Gas-Gun 3 TWI 8
Gas-Gun 3 TWI 4.5
Gas-Gun 6 Quasi-Isotropic | 12
Gas-Gun 6 Quasi-Isotropic | 8
Gas-Gun 6 Quasi-Isotropic | 4.5
Gas-Gun 6 TWI 12
Gas-Gun 6 TWI 8
Gas-Gun 6 TWI 4.5

Charpy Set-up — A recap:

Based on the preliminary testing, minor modifications were made to the test setup.
This included the use of a high-speed digital camera capable of recording the entire
impact even on the visual spectrum at a resolution of 1024 x 128 pixels and an
acquisition speed of about 9000fps (frames per second — maximum) . At the same
time, the IR camera was used at a reduced window size of 280 x 156 pixels to

acquire data at 524Hz (maximum). The following is the modified Charpy

experimental setup.

\
~

AN

Figure 97 Modified Charpy Test Setup - now includes a high speed digital camera
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Figure 97 above shows the typical experimental setup of the Charpy testing which

now includes the high speed digital camera.

Gas-gun ballistic testing setup:

The gas-gun testing was set up in the ballistics chamber as illustrated in the images

below.

Figure 99 The gas-gun with sabot and stone
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Figure 100 Experimental setup of gas-gun testing - view 1
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Figure 101 Gas-gun experimental setup - view 2

Figure 98 to Figure 101 show the typical ballistic testing setup. Figure 98
shows the gas-gun housed in the operators room. This testing unit is separated by a
climate controlled chamber that contains the gun firing end. The sabot with the stone
is loaded into the gas gun as illustrated in Figure 99. The gas-gun has a barrel which
carries the sabot to the impact chamber where the sample is housed at the exit of the
gas-gun. A high speed camera and an IR camera are used to capture the events
occurring in the impact side and non-impact side respectively (Figure 100-Figure
101).
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Note: As part of health & safety regulations, care was taken during the experimental
setup in the chamber and in-between test samples changes. During the actual gas-gun
firing, the chamber was sealed and no one was allowed to enter the chamber and the
researchers were directed to remain in the operator’s area. Due to regulations
covering the use of firearms, only a licenced user was allowed to operate the gas-gun
with the assistance of the laboratory technician. No lone working was permitted and
proper signs were displayed together with restricted entrance to the testing area
during the impact test.

441 Results

This section presents the results of the parametric impact testing. It consists of the

following results.

1. Enlarged image of the damage area obtained from Leica microscope (with

damage size)

2. Series of images obtained during the impact event using the IR Camera in the
transient mode operating at reduced window size and high speed acquisition
showing the damage creation and heat imprint that remains for a few seconds
post impact. This should confirm the creation of the damage.

3. Pulsed thermography inspection of the impacted composite laminate.
4. TSA inspection of the impacted composite laminate.

The results presented below are for the parameters described in Table 29 above and
include the results of both 3mm and 6mm laminates when subjected to both Charpy

and gas-gun testing at three distinct energy levels as established previously.

All laminates manufactured were of the size of 200 x 100mm and were laid
up as per stacking sequences mentioned in Appendix 3. The following is the sample

naming nomenclature.
If the sample name is 3Q120d12JC2, then it can be identified as

e 3 —denotes the thickness of the sample, in this case 3mm
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e QI —denotes the type of layup sequence, in this case Quasi-lsotropic

e 20d — Will denote the angle of impact, meaning this was a Charpy test

e 12J—denotes the impact energy, in this case 12 J

e C —denotes that the impact system was using a swing-arm Charpy device
e 2 —denotes the trial number, in this case trial 2

Thus if the sample name is 6TWI12JS1 will indicate that the laminate is a
6mm laminate having a TWI layup and was impacted with an energy of 12 J. The S
indicates a stone impact using gas-gun and the laminate is the 1% trial in the series.
For each of the sample variations, three samples were used. Due to the large datasets,
only the best images with maximum contrast were used in this section. However, for
the actual conclusion of the results, all three trials were considered and averaged to

arrive at the final test result.

4.4.1.1 3mm Quasi-isotropic — Charpy

The following are the set of results obtained from the 3mm quasi-isotropic CFRP
laminate during and post impact for energy levels 12J, 8J, 4.5J using the modified

Charpy impact tester.
Impact energy 12J; Sample: 3Q120d12JC2

As described above, this is a 3mm quasi-isotropic sample and was impacted using
Charpy setup for an impacted energy of 12J obtained when the Charpy head was
released at an angle of 20°.
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Microscope image:

The following is the image obtained from the microscope post impact.

D1:2.97 mm

Figure 102 Sample: 3Q120d12JC2 - microscopic image with damage dimension

The microscopic image of the sample shows areas of deformation, indicated
by the depression in the centre of the sample together with the actual size of the
damage. It shows that the damage about 3mm has been created when the Charpy
indentor impacted the sample at the estimated impact energy of 12J. The damage,
though visible, had been well rounded and no severe crush damage has been found.
In other words, though the sample surface has undergone a plastic deformation due
to the impact energy, no fibre breakage or crush damage has been found on the

sample surface.

Transient thermography results:

As described in the preliminary tests (Figure 97), the infrared camera was setup in
the transient mode and the entire impact event was recorded. It should be noted that
the infrared camera only recorded the back surface of the laminate and following are

the results obtained.
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Figure 105 Sample: 3Q120d12JC2 at Frame - 1
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Figure 106 Sample: 3Q120d12JC2 at Frame - 2
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Figure 107 Sample: 3Q120d12JC2 at Frame - 4
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Figure 108 Sample: 3Q120d12JC2 at Frame — 8

The images above (Figure 104 to Figure 108) were acquired at an acquisition

frame rate of 542.1Hz for a window size of 288x156 at a camera integration time of

Ims. It can be seen from the above set of images that just after the impact event,

there is a stress concentration around the fibres, which had direct contact with the

indentor head. The initial impact stress beyond the strength of the fibre has led to the
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plastic deformation stage with a possible fibre breakage as observed in the
preliminary trials in section 4.3. Thus the resultant of the impact led to the
deformation of the sample. It should be understood that the various features that
constitute the impact event in CFRP are, the initial impact noise, the shock wave
propagation through the material including the flexing of the laminate, creation of
damage itself, and heat generated as a result of this complex process. Though the
impact event can be suspected to have been completed at the first frame, the heat
generated from the front surface has not completely been transmitted to the back
surface and is dependent on the thermal conductivity of the material. Hence the heat
continues to rise on the back surface until it becomes a circular area with a higher
temperature. It can be seen that Frame 1 shows the temperature rise along the fibre
orientation as seen in the preliminary tests in section 4.3.1. This temperature rise
along the fibre orientation continues to rise until the heat generated due to contact

between the indentor and the laminate reaches the back surface of the laminate.

Pulsed thermography results:

The sample 3QI120d12JC2 post impact was subjected to pulsed thermography
inspection as per settings established in the parametric study section 4.2. The

following is the result obtained from the inspection.

Figure 109 Pulsed thermography result; Sample: 3Q120d12JC2; Size: 200x100mm; 2D Image;
Sampling: 90fms
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Figure 110 Pulsed thermography result; Sample: 3Q120d12JC2; RAW Thermal plot;
1&3 —sound area, 2 — damage area

It can be seen from the digital image and the microscopy image that the
damage is an indentation on the surface. A careful visual surface inspection did not
yield any severe damage such as delamination or crush damage either on the front or
the back surface. The sample was completely intact and no surface breaking damage
was found, for all trials. When subjected to pulsed thermography, for a t* of 3.975s,
neither the RAW thermal nor the 2D image yielded strong contrast confirming the
presence of damage. This is because of the fact that the impact event ended up in the
form of an intact dent and did not create a severe delamination and or surface
breaking damage, indicating that the thermal diffusion in that area is quite similar to
that of the non-damage area. Though the transient thermography captured the flexing
of fibres due to the initial impact shock wave, it has not caused major damage.

But even with this barely visible impact damage, pulsed thermography does
show some indication of damage presence does not however validate the damage
created. This can also be seen with the high noise level in the thermogram. It should
be noted that in the real world, this type of damage could be missed without knowing
the exact location of the damage. This is primarily due to the high level of noise due

to the structure of the laminate itself.

Further the RAW thermal logarithmic time temperature plot as seen in the

image above shows that the damage is barely noticeable. The damage does not show
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a high contrast as indicated in the field samples (Section 4.1) and parametric insert

samples (Section 4.2).

Stress analysis results:

The thermoelastic stress method was applied to the impacted sample 3Q120d12JC2.

The excitation frequency was set to 10Hz and the camera acquisition setting was set

to 50Hz. See figure below for full details.

The TSA experimental setup is as described in section 4.3.2. The following is the

result obtained from the thermoelastic stress analysis method.

Camera
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Figure 111 Camera settings for the TSA analysis; Sample: 3Q120d12JC2
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Figure 112 TSA map of Sample 3Q120d12JC2
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Several trials were attempted to capture the above result. It was observed that
other than a small change in the weave pattern, there was no indication of any
damage. It should be noted that the intensity of the stress map was similar to the
sound area thus failing to provide a clear distinction between the damage and the
sound area. The tests in this case were inconclusive, suggesting that the stress build
up on the damage area did not create any friction between fibres as the fibres were

still intact, as suggested by the pulsed thermography results presented above.
Conclusion:

In conclusion, though the surface damage can be identified from the visual
inspection, pulsed thermography data does show some indication of the damage
created. The transient thermal data clearly shows the creation of the damage based
on the thermal stress map in terms of change in temperature coinciding with the
impact event itself. However, the TSA results do not show any strong indication of
localised stress for this low speed large surface area Charpy impact that could appear
due to the excitation as seen in the preliminary tests established in section 4.3.2.

Impact energy 8J; Sample: 3Q116d8JC2

The following are the results obtained for the 3mm quasi-isotropic layup laminate

subjected to an 8J Charpy impact.

Microscope image:

It can be inferred from the image (Figure 113) obtained from the microscope
that the damage indentation is quite similar to that of the 12 J Charpy impact as
presented above. Again a similar visual dent or dislocation appears on the surface of
the sample, suggesting that the sample has undergone plastic deformation as
indicated by previous results confirming the damage creation methodology as
established previously.
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Figure 113 Microscopy image of 3Q116d8JC2 with damage dimensions

Transient thermography results:

The thermal data was captured during the Charpy impact event, similar to the 12J
event described above (Acquisition: 542.1Hz; Window size: 288%156 pixels;

Integration time: 1ms). The following are the results obtained from the test.

6620
6510
ss00
6400
6as0
sar0
6460

140 1d6 px

| Col.. | LabeiTip | Lo.. | H\”.i
None

Tz

3

Label | Min (D) | Max(DL) | Mean (.. |Span(DL) | Sum L) |Length (.
1 5458 5498 548039 40 u13 59
« m

- Profile |

Figure 114 Sample: 3Q116d8JC2 at Frame — 0
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Figure 115 Sample: 3Q116d8JC2 at Frame — 1
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Figure 116 Sample: 3Q116d8JC2 at Frame — 2
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Figure 117 Sample: 3Q116d8JC2 at Frame — 3
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Figure 118 Sample: 3Q116d8JC2 at Frame — 8

As before, the above images (Figure 114 to Figure 118) show the thermal
stress build up due to the impact event. As before, stress patterns along the fibre
orientation appear and quickly disappear into a circular damage area. However, in
this case, Frame 1 showed a localised drop in temperature which can be confirmed
with the plot on the right indicating the pixel temperature as represented by the red
line passing through the damage. This pattern was noticed in the repeat trials for the
sample at 8J impact energy level indicating the difference in the impact
characteristics. It was also noticed that the temperature from the fibres to the local

circular area occurred much faster than the 12J impact sample.

Pulsed thermography results:

The following is the pulsed thermography result obtained from the sample
3Q116d8JC2 with the setup as established for the 12J sample.

Note: For the remainder of the 3mm Charpy results, only 2" derivative image
together with RAW thermal logarithmic time temperature plot will be used to present
the results as they show better evidence of damage. The conclusion of the results was
based on comparing RAW, 1D and 2D data.
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Figure 119 Pulsed thermography result; Sample: 3Q116d8JC2; Size: 200x100mm; 2D Image;
Sampling: 90fms
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Figure 120 Pulsed thermography result; Sample: 3Q116d8JC2; RAW thermal log t-T plot;
1&3 —sound area, 2 — damage area

From the RAW thermal log t-T plot, it was observed that the data pattern is
quite similar to the 12J Charpy impact sample with the t* occurring at 3.975s. In this
case, the pulsed thermal image does not clearly show the damage. The marker was
placed based on an estimated damage location and hence cannot be used to deduce

the results. Thus pulsed thermography results are inconclusive in this case.
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Stress analysis results:

The following is the data obtained for the 8] Charpy impact 3mm quasi-isotropic

sample the setting of which remained the same as the 12J sample.
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Figure 121 TSA stress map of Sample 3Q116d8JC2
The above image is the average image obtained from exciting the sample at
10Hz for an acquisition length of 2999 images. The image again fails to show any

localised stress similar to the previous results (12J sample).
Conclusion:

Similar to the 12J impact sample, the 8J impact sample does show a physical
deformation on the surface of the sample and corresponds to the data obtained from
the transient thermal measurements indicating the creation of damage but fails to be
identified by both the pulsed thermal and TSA methods.

NOTE:

Due to the nature of the damage created by the Charpy and the challenging nature of
the detection using other thermal methods, only results showing damage will be
presented for the remainder of the 3mm Charpy damaged laminates. Also note that
each sample set will only present the results with a clear conclusion summing up the

observations from the results obtained.
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Impact energy 4.5J; Sample: 3Q112d4.5JC3

The following is the data obtained for the 4.5 Charpy impact on the 3mm quasi-

isotropic laminate.

Microscope image:

-ty
e

Figure 122 Microscopy image of 3Q112d4.5JC3 showing damage site — no visible damage

In this case, the damage is barely visible both visually and through the
microscope. There is no visual deformation as seen in the previous cases (12J & 8J

impact) and the size of the damage is relatively small (~0.7mm).

Transient thermography results:

The following are the results obtained from the transient thermography data

capturing the impact event. The acquisition settings remain the same.
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Figure 123 Sample: 3Q112d4.5JC3 at Frame — 0
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Figure 124 Sample: 3Q112d4.5JC3 at Frame — 1
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Figure 125 Sample: 3Q112d4.5JC3 at Frame — 2
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Figure 128 Sample: 3Q112d4.5JC3 at Frame — 5
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Figure 129 Sample: 3Q112d4.5JC3 at Frame — 6
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Figure 130 Sample: 3Q112d4.5JC3 at Frame — 8

From the above set of images, it was observed that at a lower energy there is
first drop in temperature as observed in the 8J impact case. This temperature
continues to drop until the first stress on the fibre appears in Frame 5. Further, it was
seen that the lower and higher temperature areas continue to appear side by side as
the damage stress, now past the thermoelastic zone continues to grow from Frame 5
— 7. At Frame 8 it changes to a faint overall temperature pattern not completely
circular as seen in the previous cases. However the temperature around the damage
region continued to rise which can be inferred from the temperature pixel profile plot

as seen in the images above.
Conclusion:

This 4.5J impact has not produced any visible damage other than a small indication
on the surface. The transient images provide more information on the impact event

as a whole which can be characterised by a low temperature zone around the impact
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area together with the high temperature areas progressing with the impact shock
wave. The pulsed thermography and the TSA data did not detect the damage created

at this low energy impact level.

4.4.1.2 3mm TWI - Charpy

The following are the set of results obtained from the second lay-up type referred to
as TWI. This lay-up is different in that the majority of the fibres are oriented in the
0° and 90° direction. The detailed sequence can be found in Appendix 3 below. As
before, this section reports the finding of the 3mm laminate when subjected to 12J,
8J and 4.5J Charpy impact energy levels. It should be noted that the structure of this
section is similar to the previous section (4.4.1.1.).

Impact energy 12J; Sample: 3TW120d12JC3

The following are the set of results obtained from the sample 3TW120d12JC3 when
subjected to an impact of 12J energy. As the results will follow the above pattern, all

the findings will be explained in the conclusion section of this sample.

Microscope image:

B D1 :4.06 mm ;

Figure 131 Microscopic image of 3TWI120d12JC3 with dimension of the damage
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Both the visual and microscopic images show a good level of damage that is
clearly visible. It was also noticed that all trials had similar effects indicating that the

damage creation is dependent on the laminate’s stacking or lay-up sequence.

Transient thermography results:
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Figure 132 Sample: 3TWI120d12JC3 at Frame — 0
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Figure 133 Sample: 3TWI20d12JC3 at Frame — 1
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Figure 134 Sample: 3TWI120d12JC3 at Frame — 3
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Figure 135 Sample: 3TWI20d12JC3 at Frame — 7
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Figure 136 Sample: 3TWI120d12JC3 at Frame — 8
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Figure 137 Sample: 3TWI120d12JC3 at Frame — 12
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Figure 138 Sample: 3TWI20d12JC3 at Frame — 20

It can be seen from the above set of images that the temperature response
time is much longer with the 12J impact. As before the individual stress
concentrations along the fibre orientation is very clear until it hits Frame 8 where
two localised areas of high temperature form on the thermogram. These then form
into a single circular area showing a higher temperature range than the surrounding

damage free area as the heat diffusion reaches the back wall (as seen in Frame 20).

Pulsed thermography results:

Figure 139 Pulsed thermography image; Sample: 3TWI120d12JC3; Size: 200x100mm; 2D image;
Sampling: 90 frames
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Figure 140 Pulsed thermography image; Sample: 3TWI120d12JC3; Log t-T plot;
1 —sound area, 2 — damage area

As before there is no clear distinction between the damage and the sound area
of the sample as seen from the log time temperature plot above. However, with
image analysis, the damage appears on the thermal image. The pattern is quite
similar to that of the transient thermography results showing twin concentric areas of
damage. It should be noted that the overall noise level on the thermogram and the
close behaviour in terms of the time temperature cure makes it challenging to

establish the feature as damage.
Conclusion:

The damage created with the TWI laminate shows a changed feature when compared
with that of the QI laminate. It was also observed that the transient results different
with more prominent peaks together with a secondary peak were observed in this
case, confirming the hypothesis that the laminate stacking sequence governs the level
and type of damage created. Though pulsed thermography results show the damage,

TSA method did not yield any conclusive results.
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Impact energy 8J; Sample: 3TWI116d12JC2

Microscope image:

D1:1.03 mm

Figure 141 Microscopic image of 3TWI116d8JC2 with dimensions of damage

The deformation formed as a result of impact is barely visible from the

microscopic image above and does not show any additional indications confirming

the presence of damage in the laminate.

Transient thermography results:
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Figure 142 Sample: 3TWI116d8JC2 at Frame — 0
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Figure 143 Sample: 3TWI116d8JC2 at Frame — 1
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Figure 144 Sample: 3TWI116d8JC2 at Frame — 2
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Figure 145 Sample: 3TWI116d8JC2 at Frame — 3
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Figure 146 Sample: 3TWI116d8JC2 at Frame — 6
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Figure 147 Sample: 3TWI116d8JC2 at Frame — 7
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Figure 148 Sample: 3TWI116d8JC2 at Frame — 25

Conclusion:

For the 3TWI laminate with an 8) Charpy impact, the microscopic image a barely

visible deformation on the laminate’s surface. Though the transient thermography
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results show the creation of damage, both the pulsed thermography and TSA systems

were not sensitive enough to detect the damage and thus the results are inconclusive.

Impact energy 4.5J; Sample: 3TWI112d4.5JC3

Microscope image:

Figure 149 Microscopic image of 3TWI112d4.5JC3

The microscopic image does not show any indication of damage and hence the result

is inconclusive.

Transient thermography results:
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Figure 150 Sample: 3TWI112d4.5JC3 at Frame — 0
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Figure 151 Sample: 3TWI112d4.5JC3 at Frame — 1
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Figure 152 Sample: 3TWI112d4.5JC3 at Frame — 2
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Figure 153 Sample: 3TWI112d4.5JC3 at Frame — 3
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Figure 154 Sample: 3TWI112d4.5JC3 at Frame — 4
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Figure 155 Sample: 3TWI112d4.5JC3 at Frame — 6

Conclusion:

For the 4.5] Charpy impact on 3mm TWI laminate, only transient thermography data
shows the localised temperature rise along the fibre direction and follows the same
heat diffusion pattern as observed before. All remaining inspection methods
including microscopic evaluation, pulsed thermography and TSA methods do not
detect the damage. This leads to a possible conclusion that the damage created is so
small that it is beyond detectability threshold of the detection systems. One possible
way of detecting this change could be through sample sectioning and microscopic
evaluation for localised cracks. Due to the nature of the work, only selected NDT
techniques have been applied for damage detection.
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4.4.1.3 3mm Quasi-isotropic (QI) — Gas-gun

These experiments were intended to illustrate the ability of thermographic inspection
techniques to detect damage due to high speed stone impact, the velocities and
calculated energy for each impact can be found in Appendix 4. The following are the
results obtained for 3mm QI layup laminates subjected to dynamic impact testing
using a gas gun. The settings and result reporting style follows the previous section
44.1.1.

Impact energy: 12J; Sample: 3Q112JS2

Microscope image:

‘ &
g ’.'E\'

Figure 156 Microscopic image of 3Q112JS2

The above microscopic image shows the major damage created due to the gas
gun impact testing using a stone of mass 6.7g and was set to impact at a velocity of
60m/s as described at the start of the section 4.4. The impact event created severe
crush damage together with fibre breakage for an estimated area of 25.58 sq.mm as
illustrated in the image above. Previously, the Charpy had a well-defined
hemispherical indentor head creating a standard defined load condition as described
in the literature and hence no surface breaking damages occurred and the laminates
were left with surface dents. However, in case of the gas gun, stones were used to
achieve the damage, and the rough surface of the stone has created localised high
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stress at the impact area. There is existing evidence that the damage type created is
dependent on the impactor shape (Mitrevski, Marshall et al. 2005). As the stone has
sharp edges, the area of contact is a point load as opposed to a surface load, which
explains why crush damage was created in this case.

Transient thermography results:

The following results were obtained during the impact event. As described in the
earlier parts of section 4.4, the impact event was observed from the back surface of
the laminate with the acquisition frequency of 542.1Hz and a window size of

288x156 pixels for an integration time of 1ms.
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Figure 157 Sample: 3Q112JS2 at Frame - 0
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Figure 158 Sample: 3Q112JS2 at Frame - 1
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Figure 159 Sample: 3QI12JS2 at Frame - 2
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Figure 160 Sample: 3Q112JS2 at Frame - 3
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Figure 161 Sample: 3Q112JS2 at Frame - 8

The above transient thermograms for the 12J gas-gun impact test do show a
similar stress pattern occurring along the fibre orientation initially as see with the
Charpy samples above. However, the heat shape pattern is irregular at the heat
diffusion takes place indicating that the back wall heat pattern is dependent on the
impactor type and geometry. For the Charpy it was circular due to the hemispherical

indentor, whereas for the gas-gun, it reflects the irregular shape of the stone. It was
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also observed that the temperature at the impact area was higher in comparison with

the Charpy impact.

Pulsed thermography results:

Figure 162 Pulsed thermography results: Sample: 3Q112JS2; Size: 200x100mm; 2D image;
Sampling: 55fms
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Figure 163 Pulsed thermography results: Sample: 3Q112JS2; Log t-T plot;
1 —sound area, 2 — damage area

The pulsed thermography results clearly show the damage created due to the
impact event. This can also be seen in the log t-T plot above where the damage has a

higher heat capacity (indicated by green curve & marker) than the sound area of the

laminate (indicated by red curve & marker).
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Stress analysis results:
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Figure 164 TSA result for 3Q112JS2

The TSA image above clearly shows the crush damage with the centre of the
damage showing the highest stress value which can be inferred from the stress
profile peak from the stress vs pixel plot on the right. The red area represents the
stress profile marker drawn across the damage and the grey marker along the non-
damage area.

Conclusion:

The above results clearly relate the damage formation indicated by the transient
thermograms to both pulsed and TSA results. It was observed that the damage is a
surface breaking crush damage. Previously, in the case of Charpy damage for the 12J
impact energy level, there was indication of deformation on the surface; however,
the material was intact and did not produce any surface breakage. This confirms the
theory that the type of damage created is dependent on the impactor geometry.
Further its detectability by TSA shows the techniques strength to identify this type of
damage. The damage in this case is confirmed by visual — microscopic, transient,
pulsed and TSA methods. It should be noted that, due to the random nature of the
impact event in relation to the mass of the stone and velocity of impact, the damage
creation and its characteristics were observed to be varying for the same energy of a
similar impact event. The above results only present the observations of one trial

only, and the damage characteristics across other trials were found to be consistent.
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Impact energy: 8J; Sample: 3QI18JS1

Microscope image:

D3 :7.27 mm

D2 :8.94 mm

Figure 165 Microscopic image of 3QI8JS1 with dimensions of damage

As before, the stone (m=5.9g; v=52.07m/s) impact on the surface has created the

crush damage with cracks occurring along the fibre orientation for the impact energy

of 8J.

Transient thermography results:
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Figure 166 Sample: 3QI8JS1 at Frame — 0
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Figure 167 Sample: 3QI8JS1 at Frame — 1
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Figure 168 Sample: 3QI8JS1 at Frame — 8
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Figure 169 Sample: 3QI8JS1 at Frame — 16

As mentioned previously, the damage creation characteristics are different to
the 12J gas gun impacted laminate. In this case, 2 areas of temperature stress

concentration were observed.
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Pulsed thermography results:

Figure 170 Pulsed thermographic image; Sample: 3Q18JS1; Size: 200x100mm; 2D image;
Sampling: 55fms
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Figure 171 Pulsed thermographic image; Sample: 3Q18JS1; Log t-T plot;
1 —sound area, 2 — damage area

From the pulsed thermography data, the damage is clearly visible, also
confirmed by the log t-T plot above. The image also shows two distinct hot spots and
can be correlated to the transient thermography data validating the damage
occurrence in the laminate. The crush damage has also caused further sub-surface
damage as indicated by the thermogram above.
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Stress analysis results:
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Figure 172 TSA image with stress map plot on the right showing peaks for various damage areas

The TSA stress map (Figure 172) above clearly show regions of localised

stress caused due to the excitation frequency. It should be noted that the damage

shape almost matched the visual — microscopic image. The primary and secondary

damage indicated by the line profiles 1 & 2 (red and green peaks on the plot), there is

also a third peak (label 4) with a similar stress value (indicated by yellow peak) has

been observed in the data. Now this third damage is so small that it has only created

a surface damage and has not been picked by either the transient or the pulsed

thermal data sets. There is also a scatter of stress spots which relate to the spread of

damage on the laminate’s surface due to the impact itself as observed on the visual

image.

Conclusion:

The damage created at this energy level has been detected by all the methods.

However, it is worth mentioning that the transient thermal data showed a noticeable

difference in the laminate’s back wall temperature rise. Additional damage features

were observed in the TSA data set demonstrating the strength of the technique in

detecting surface breaking damage.
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Impact energy: 4.5J; Sample: 3Q14.5JS1

The reminders of the results follow the previous samples and hence the observations

will be presented at the end of each sub-section.

Microscope image:

D2:1.84 mm

D1:9.87 mm

Figure 173 3QI14.5JS1 laminate's microscopic image with damage measurements

Transient thermography results:
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Figure 174 Sample: 3QI14.5JS1 at Frame — 0

171



asos »
o2 @4 @8 g8 100 10z 104 108 08 MO M2 14 1S 1E 120px

Label | Min (L) | Max(DL) | Mean (... | Span (DL) | Sum L) | Length (. | Col.. | Labei Tip | Le.. | Hi. | €
1 4510 4584 4529.55 4 90591 28 . None A
< i ] v
- profile |

@2 94 @5 g 100 02 104 108 108 HMA MZ M4 B He 1znp;
Label | Min(DL) | Max(®L) | Mean (. | Span(DL) | Sum (DL) |Length (.. | Col.. | Label Tip | Lo | Hiun | C
1 511 4558 452405 47 90481 F3) B rone T P
T i ] »
« Profie |

Figure 176 Sample: 3Q14.5JS1 at Frame — 8

Pulsed Thermography results:

Figure 177 Pulsed thermography image; Sample: 3Q14.5JS1; Size: 200x100mm; 2D image;
Sampling: 55fms
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Figure 178 Pulsed thermography results; Sample: 3Q14.5JS1; Log t-T plot;
1 —sound area, 2 — damage area

Stress analysis results:
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Figure 179 TSA stress map of 3Q14.5JS1 with a profile plot on the right

Conclusion:

Again, for this laminate with 4.5J gas-gun impact, the damage is clearly visible in all
tests. Crush damage together with cracks and fibre breakage can be observed in the
microscopic image which can be validated by both pulsed and TSA inspection
methods. However, it should be highlighted that the transient thermography data
showed damage and maintained a profile as observed in the microscope, pulsed and
TSA images. It was also observed that, due to the low energy of impact, the heat
intensity at the back wall did not show a huge distinct rise as observed previously,

but still sensitive enough to show the stress associated with the damage creation.
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4.4.1.4 3mm TWI — Gas-gun

This section presents the last set of results from the 3mm thick laminates subjected
to ballistic impact testing at 12J, 8J and 4.5J energy level. As the results follow the
same trend, only images will be presented and any additional information will be
reported under the conclusion section for each of the samples.

Impact energy: 12J; Sample: 3TWI112JS3

Microscope image:

D1:3.79 mm

D4 : 4.02 mm B D3 256 mm

D5 :0.92 mm

R

Figure 180 Microscopic image of 3TWI112JS3 laminate with damage measurements

Transient thermography results:
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Figure 181 Sample: 3TWI112JS3 at Frame — 0
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Figure 182 Sample: 3TWI112JS3 at Frame — 1
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Figure 183 Sample: 3TWI112JS3 at Frame — 8

Pulsed Thermography results:

Figure 184 Pulsed thermography results; Sample: 3TWI12JS3; Size: 200x100mm; 2D image;
Sampling: 23 fms
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Figure 185 Pulsed thermography results; Sample: 3TWI112JS3; Size: 200x100mm; 2D image;
Sampling: 55 fms
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Figure 186 Pulsed thermography results; Sample: 3TWI12JS3; Log t-T plot;
1 —sound area, 2 — damage area
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Stress analysis results:
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Figure 187 TSA stress map for 3TWI112JS3 with profile plot on the right

Conclusion:

The 3mm TWI laminate has shown some resistance to the 12J stone impact. Also the
chip formed was much smaller when compared with that of the 3mm QI laminate.
This can be evidenced by the transient thermogram results where the standard fibre
stress characteristics observed in previous cases is missing. Moreover, a careful
study revealed that there were secondary contact areas that appear at a low contrast
in the data. The pulsed thermography system does struggle to identify the damage at
the set frame indicating that the damage created was much shallow than the previous
cases. This can be evidenced by looking at the 2D image at Frame 23 and Frame 55
to identify the damage created. Only the primary damage was picked up by the
pulsed system, whereas the TSA system picked up the second damage (label 2) and

is in line with the microscopic image.
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Impact energy: 8J; Sample: 3aTWI8JS3

Microscope image:

/'- D1:3.03 mm

Figure 188 Microscopic image of 3TWI8JST1 laminate with damage measurements

Transient thermography results:
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Figure 189 Sample: 3STWI8JST1 at Frame — 0
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Figure 190 Sample: 3TWI8JST1 at Frame — 1
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Figure 191 Sample: 3aTWIBJST1 at Frame — 20

Pulsed Thermography results:

Figure 192 Pulsed thermography results; Sample: 3aTWI8JST1; Size: 200x100mm; 2D image;
Sampling: 39ms
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Figure 193 Pulsed thermography results; Sample: 3TWI8JST1; Log t-T plot;
1 - damage area, 2&3 — sound area

Stress analysis results:
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Figure 194 TSA stress map for 3aTWI8JST1 with profile plot on the right

Conclusion:

From the above results, the following can be observed; the damage creation was
confirmed from the transient thermography results. The pulsed data only presents the
primary damage, as anticipated whereas the TSA stress map above clearly picked up

indications of all damage and is in agreement with the microscopic image above.
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Impact energy: 4.5J; Sample: 3TWI14.5JS3

Microscope image:

%3; D2 : 1.06 mm
B D3 1.07 mm

Figure 195 Microscopic image of 3TWI4.5JS3 laminate with damage measurements

Transient thermography results:
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Figure 196 Sample: 3TWI4.5JS3 at Frame — 0
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Figure 197 Sample: 3TWI4.5JS3 at Frame — 1
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Figure 198 Sample: 3TWI14.5JS3 at Frame — 12 (Particles flying off)
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Figure 199 Sample: 3TWI4.5JS3 at Frame — 15
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Figure 200 Sample: 3TWI4.5JS3 at Frame — 304

Pulsed Thermography results:

—_———

Figure 201 Pulsed thermography results; Sample: 3TWI14.5JS3; Size: 200x100mm; 2D image;
Sampling: 6 fms
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Figure 202 Pulsed thermography results; Sample: 3TWI4.5JS3; Log t-T plot;

1 — damage area, 2 — sound area

Stress analysis results:
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Figure 203 TSA stress map for 3TWI14.5JS3 with profile plot on the right

Conclusion:

The transient thermography results for the sample 3TWI14.5JS3 differ from the rest

of the samples presented so far. The rise in temperature on the back surface is

minimal and more evidence of the particles flying off from the front surface is

noticed indicating the possibility that the stone used in this case disintegrated when it

hit the laminate surface thus indicating that the damage created is minimal. The

pulsed thermography results only indicated a low temperature rise at the damage

location and hence were unable to characterise the damage. However, the TSA

method acquired promising results where the damage is clearly picked up. The
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improved sensitivity of the system meant, even a superficial damage that has not
shown any crush or fibre breakage has now been picked up — as indicated in the

image above (Figure 203).

Conclusion — 3mm laminate with impact damage:

This concludes the assessment of all 3mm thick laminates subjected to both
Charpy and gas gun tests for energy levels 12J, 8J and 4.5J. A detailed analysis of

the results is presented in Chapter 5 below.

4.4.1.5 6mm Quasi-isotropic — Charpy

The following are the results obtained from Charpy impact test performed on 6mm
thick quasi-isotropic laid UD carbon fibre laminates. It should be noted that the
transient thermography results did show any temperature rise on the back surface of
the laminate as seen in the 3mm thick laminates. A detailed discussion has been
presented in Chapter 5 explaining reasons as to why a back surface temperature rise

was not seen in this case.
Impact energy: 12J; Sample: 6QI 20d 12J C

Microscope image:

D1:1.15 mm

Figure 204 Microscopic image of 6Q120d12JC3 laminate with damage measurements
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Transient thermography results:

No sharp temperature rise captured from the live Charpy test.

Pulsed thermography results:

Figure 205 Pulsed thermography results; Sample: 6Q120d12JC3; Size: 200x100mm; 2D image;
Sampling: 55 fms
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Figure 206 Pulsed thermography results; Sample: 6Q120d12JC3; Log t-T plot;
1 — damage area, 2&3 — sound area

Stress analysis results:

No indication of damage, as there was no surface breaking damage in this case.
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Conclusion:

The results obtained for the sample 6Q120d12JC3 showed a low contrast indication
of the damage area as seen in the microscopic image above. The transient results did
not show any temperature rise in any of the 3 trials carried out on similar samples.
Further, neither the pulsed nor the TSA method yielded any promising information
that would characterise the damage, indicating that the impact energy was entirely
absorbed by the laminate itself and thus the shock wave did not produce any
noticeable damage. This is mainly due to the strength of the laminate and its impact
resistance properties. The only way this could be classed as damage is by performing
mechanical tests such as compression after impact or interlaminar shear tests to

measure the drop in material strength.
Note:

This scenario was found consistent with laminates 6QI116d8JC, 6Ql112d4.5JC,
6TWI20d12JC, 6TWI16d8JC and 6TWI12d4.5JC and hence the results for these
laminates have not been presented.

4.4.1.6 6mm Quasi-isotropic — Gas gun

The following are the results obtained for 6mm quasi-isotropic layup laminates
subjected to gas-gun impact. As before none of the laminates recorded a sharp rise in
back wall temperature from the transient thermography mode and hence those results

have not been included in this section.
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Impact energy: 12J; Sample: 6QI 12J S

Microscope image:

D4 : 7.69 mm

p "
L4 D2 : 5.52 mm

2

Figure 208 Microscopic image of 6Q112JS1 laminate showing damage area 2
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Pulsed thermography results:

Intensity

Figure 209 Pulsed thermography results; Sample: 6QI112JS1; Size: 200x100mm; 2D image;

Sampling: 17 fms
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Figure 210 Pulsed thermography results; Sample: 6Q112JS1; Log t-T plot;
1 — damage area, 2&3 — sound area
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Stress analysis results:
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Figure 211 TSA stress map for 6QI112JS1 with profile plot on the right

Conclusion:

The ballistic impact on 6Q112JS1 laminate showed two damage areas as seen in the
microscopic image above. Further the damage was picked up by both pulsed and
TSA thermography methods. It was observed that the thermal stress intensity from
the TSA results showed less contrast due to the low severity of the damage itself.

This can be validated through the reduction in the stress values complementing the

impact resistance of the laminate.
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Impact energy: 8J; Sample: 6QI 8J S

Microscope image:

D2 :2.04 mm

Figure 212 Microscope image of 6QI8JS1 with damage measurement

Pulsed thermography results:

Figure 213 Pulsed thermography results; Sample: 6QI8JS1; Size: 200x100mm; 2D image;
Sampling: 23 fms
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Figure 214 Pulsed thermography results; Sample: 6QI8JS1; Log t-T plot
1 - damage area, 2&3 — sound area

Stress analysis results:
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Figure 215 TSA stress map for 6QI8JS1 with profile plot on the right

Conclusion:

The above results detect the damage created on 6QI8JS1 laminate when subjected to
an 8J ballistic impact test. Both pulsed thermography and TSA methods have

detected the damage.
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Impact energy: 4.5J; Sample: 6Q1 4.5J S

Microscope image:

D1 :8.83 mm

D2 :3.05 mm

Figure 216 Microscope image of 6QI14.5JS3 with damage measurements

Stress analysis results:
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Figure 217 TSA stress map for 6Q14.5JS3 with profile plot on the right

Conclusion:

The pulsed thermography inspection did not detect the created impact damage as the
damage dimension was much smaller and no serious surface damage was observed.

However, the TSA method showed promising results where all near surface damage
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were detected, as seen from the TSA stress map above (Figure 217). Further the
results clearly showed the localised stress concentration that cracks were formed and

may be classed as damage thus proving the applicability of TSA method.

4.4.1.7 6mm TWI - Gas gun

The following are the results obtained from ballistic testing carried out on 6mm
laminates for energy levels 12J, 8J and 4.5J. As before, transient thermography did

not produce any noticeable results and hence were not included below.
Impact energy: 12J; Sample: 6TWI 123 S

Microscope image:

D1:7.40 mm

' 4
D2 :5.36 mm

Figure 218 Microscope image of 6 TWI112JS1 with damage measurements

194



Pulsed thermography results:
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re 219 Pulsed thermography results; Sample: 6TWI112JS1; Size: 200x100mm; 2D image;
Sampling: 44 fms
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Figure 220 Pulsed thermography results; Sample: 6TWI12JS1; Log t-T plot;
1 — damage area, 2&3 — sound area
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Stress analysis results:
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Figure 221 TSA stress map for 6TWI112JS1 with profile plot on the right

Conclusion:

As before, the 12J stone impact on the 6mm TWI laminates did not produce any
temperature rise on the back wall as seen in the case of the 3mm laminates. The
damage created also varied across different laminates for the same energy level. The
data presented in Figure 219 and Figure 220 only picked up low contrast indication
of the damage. This again concurs with the previous statements that the stone
disintegrated before passing on the impact energy and that the laminate was showing

better impact resistance characteristics. The TSA image picked up the damage easily.
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Impact energy: 8J; Sample: 6TWI 8] ST

Microscope image:

y

’

D2 :4.83 mm

D4 : 2.54 mm
D3 :3.73 mm /

/

Figure 222 Microscope image of 6TWI8JS1 with damage measurements

Pulsed thermography results:

Figure 223 Pulsed thermography results; Sample: 6TWI8JS1; Size: 200x100mm; 2D image;
Sampling: 24 fms
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Figure 224 Pulsed thermography results; Sample: 6TWI8JS1; Log t-T plot;
1 - damage area, 2&3 — sound area

Stress analysis results:
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Figure 225 TSA stress map for 6TWI8JS1 with profile plot on the right

Conclusion:

In the case of the 8J impact both the pulsed and TSA thermography methods
identified damage easily. The TSA image coincides with the microscopic visual

image thus confirming the creation of damage due to impact.
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Impact energy: 4.5J; Sample: 6TWI 4.5J S

Microscope image:

D2:1.16 mm AR R

Figure 226 Microscope image of 6TWI4.5JS2 with damage measurements

Stress analysis results:
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Figure 227 TSA stress map for 6TWI14.5JS2 with profile plot on the right
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Conclusion:

For the 4.5J impact, the damage created was so small that the pulsed system did not
pick up any damage indications. However, the TSA method picked up the damage. It
should be noted that the intensity of the damage identified by the TSA method is far
less sensitive than the microscopic image. The TSA data still confirms the creation

of the damage.

4.4.1.8 Epilogue

This section on impact damage presented the results for 24 sets of laminates that
encompasses two lay-ups, two thicknesses, two impact methods and three impact
energy levels. All laminates were subjected to inspection using both pulsed
thermography and TSA methods. It was observed that TSA showed better response
to laminates having surface breaking damage in comparison with pulsed
thermography. Even a BVID caused by a 4.5J stone impact was picked up by the
TSA method establishing the strength of the technique in detecting surface breaking
damage. Further transient thermography results were included in the narrative. All
observations support these results were included in the narrative. Due to the
elaborate and pictorial nature of the results, a detailed discussion summarising the

findings of the parametric study has been presented in Chapter 5 below.
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4.5 Impact Studies Comparison — vibrational analysis

In order to provide a validation that the impact has definitely changed the material
characteristic by creating a damage, vibrational analysis to determine the modal
frequencies of the sample were identified using a laser doppler vibrometer (LDV).
Vibrational analysis is a traditional condition monitoring technique that helps
determine the structural integrity of the test sample and has been adapted for this

section to provide validation against the results presented in Section 4.4.

This section presents the initial results obtained from a theoretical model to identify
if there is any shift in resonant frequency of the CFRP laminate due to the presence
of the damage. Then a random error estimation exercise was performed to identify
the error in measurement. It is the notion that, if the resonant frequencies exceed this
error, this will establish the theory that this shift in frequency is in fact due to the

presence of the damage.

4.5.1 Theoretical modelling — vibrational analysis

Similar to the theoretical modelling as presented in section 4.2.2, a Finite Element
Method (FEM) solver was used to simulate the vibrational analysis study to
determine if there is any shift in modal frequency of certain vibrational modes due to
the presence of damage. The geometric model was designed in the Siemens NX-
Ideas package and a mesh density of 10 elements to resolve for damage. For the
model, the material properties of CFRP and air gap were used (as per Appendix 7).
As before the CFRP material was assumed to be homogeneous. The samples with
and without damage were designed to match a 3mm laminate and had the
dimensions 200x100x3mm. The only difference between the no-damage or virgin
plate and the plate with damage was a centre cut out from the sample. The
dimensions of the cut-off are 20x2.5x3mm.

The following are the mesh models for the virgin plate and the plate with cut-off.
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Figure 228 Mesh model of virgin CFRP laminate; Size: 200x100x3mm

Figure 229 Mesh model of CFRP laminate with centre cut-off; Size: 200x100x3mm; Cut-off size:
20x2.5%3mm

As seen in Figure 228 and Figure 229, only one edge was restrained and normal
mode dynamics analysis was used to determine the modal frequencies of both the
virgin and damage plate. The following are the results obtained on solving the above
model.

Table 30 Modal frequencies of virgin and damage CFRP laminate as computed from NX-ldeas

Sample - Virgin plate | Sample - With Damage
Modes i in Hzg i i in Hz )

1 1.64 1.63
2 6.8 6.78
3 10.18 10.03
4 22.28 22.27
5 28.59 28.58
6 43.18 43.12
7 44.53 44.19
8 56.39 56.12
9 60.54 59.64
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10 71.85 71.83
11 84.27 83.94
12 95.05 94.86
13 108.64 108.55
14 117.19 115.94
15 120.41 120.36
16 133.41 133.27
17 141.96 140.1
18 155.42 155.3
19 157.84 156.98
20 160.39 160.3
21 193.05 192.78
22 198.35 197.7
23 206.59 203.39
24 213.7 213.63
25 233.45 233.18
26 236.58 236.17
27 246.05 245.16
28 264.2 261.64
29 265.06 262.1
30 271.96 271.76
31 279.11 279.07
32 288.39 287.89
33 305.2 303.22
34 331.95 326.94
35 340.64 338.97
36 347.87 347.32
37 350.17 347.71
38 354.17 353.98
39 385.52 385.15
40 397.94 397.31
41 402.07 397.51
42 408.97 404.9
43 416.51 415.93
44 421.76 421.25
45 426.2 422.02
46 440.25 439.89
47 455.85 455.25
48 464.71 459.6
49 493.83 486.12
50 494.45 493.02
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Discussion:

A close look at the computed values from Table 30 revealed that certain higher
modes such as 34, 48 and 49 showed a significant shift of 5-8Hz. It should be noted
that the shift in modal frequencies is entirely dependent on the geometry and location
of the damage together with its vibrational frequency. The close match at lower
frequencies in this case shows that the sample’s resonant frequency has not changed
much due to the presence of this type of damage. However, the computational model

suggests that certain higher modes could indicate the presence of damage.
Conclusion:

These computations do show a slight shift in modal frequencies especially in the
higher modes as evidenced from Table 30. This provides the necessary evidence to
take up the vibration testing for laminates subjected to impact.

45.2 Random Error Estimation

As with any technique, it is necessary to understand the various errors and
uncertainties associated with the inspection. To understand these aspects, the
experimental setup needs to be understood to calculate the random error in

measurement by the LDV system.

Figure 230 The Polytec PSV400 Laser Doppler Vibrometer
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Figure 231 Test sample for the LDV measurement, clamped to a bench vice. This image also shows
the laser spot on the sample together with the bench top shaker

Figure 230 and Figure 231 show the test setup used for the LDV
measurement. It can be seen that the sample is clamped on the lower end using a
bench vice and the bench top electro-dynamic is located on the top end of the
laminate being inspected. The samples were then marked to show the vice grip area
so that the sample could be re-introduced into the vice at the same level. Care was
also taken to make sure the same number of turns was used to secure the sample in
place. However, due to the abstract nature of the test setup, the random error that
may be caused during every loading and unloading of the sample needs to be

estimated to increase the accuracy of measurement.

To establish the random error a range of measurements were carried out. The
test sample was introduced into the above setup and the scan was initialised based on
the settings, as mentioned in Chapter 3. Three trials were performed for the sample
before the sample was unclamped in order to obtain any changes in-between
measurements. The sample was re-introduced into the setup for a second time,
keeping the positional accuracy and the clamping force the same as the previous
setup. Again, three trials were conducted, before unclamping the sample. The sample
was re-introduced for a third time and same acquisition process was followed. It
should be noted that for understanding the random error, the same sample was used

for acquiring all trials.

To provide a rationale to the data and to calculate the random error, a sample
was identified as mentioned earlier and was tested three times. It was made sure that
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the sample was completely removed and re-introduced to provide a scenario where
different samples could be introduced at a later stage and that the data acquired

during future testing does not include the random error due to loading and unloading

of the test sample.

The following are the results obtained from the LDV measurement and can

be summarised below.

Table 31 shows 8 modes identified during the LDV data analysis and their respective peaks. This data
represents three sample loading conditions with three trials under each loading condition

Modes Sampling 1 in Hz Sampling 2 in Hz Sampling 3 in Hz
Trial1 [Trial2 |Trial3 [Avgl |Triall |Trial2 |Trial3 |Avg2 |Triall |[Trial2 |[Trial3 |Avg3
1| 125.00] 129.69| 129.69| 128.13] 125.00] 125.00] 125.00] 125.00) 129.69| 129.69| 129.69| 129.69
2| 190.63] 190.63] 190.63| 190.63| 190.63| 190.63| 190.63| 190.63| 190.63| 190.63| 190.63] 190.63
3| 245.31] 250.00] 225.00] 240.10) 245.31] 245.31| 220.31] 236.98 245.31| 225.00| 225.00] 231.77
4| 429.69] 450.00) 425.00f 434.90] 445.31| 445.31] 445.31| 44531 429.69| 425.00] 425.00) 426.56
5| 629.69] 629.69| 629.69| 629.69 629.69| 629.69| 629.69
6
7
8

979.69| 979.69| 979.69| 979.69| 975.00] 975.00] 975.00{ 975.00) 975.00{ 975.00] 975.00] 975.00
1029.69] 1050.00] 1025.00] 1034.90| 1025.00) 1025.00{ 1025.00] 1025.00| 1025.00| 1025.00| 1025.00| 1025.00
1425.00| 1425.00] 1400.00| 1416.67| 1420.31| 1420.31] 1420.31| 1420.31] 1420.31| 1425.00| 1420.31] 1421.88

Peak Fr

Vibration Modes

Figure 232 Graph showing the averaged trials under each loading and analysing at 8 modal
frequencies

The above results were derived from looking at modal frequency images to
establish the error in the LDV measurements. For this exercise, only the 1% trial from

the first loading condition has been used to isolate 8 modal frequencies. The

following are the 8 modes identified for this analysis.
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Figure 234 The modal form with full spectrum at the bottom; Sample: 3TWI120d12JC1; Mode — 2
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Discussion:

In order to understand the random error created from the data, the results and the
analysis of the data needs to be established. The scan setup has been discussed in
Section 3 and in this section it is more to do with the analysis part of the data. When
the acquired data was post processed, major modal frequency peaks were identified.
Each of these frequencies represented a specific characteristic waveform of the
sample, which was reconstructed in the form of modal images presented above
(Modes 1- 8 represented by Figure 233 - Figure 240 ). It can be understood from
literature that for a metallic plate the peaks are very sharp and streamlined. However,
for a composite laminate, there is a lot of noise that is added to the LDV data. Hence

the peaks were manually identified based on the modal frequency image.

Each of the modal frequency images (Mode 1- 8) clearly show the band
frequency at which sampling was carried out. This was tabulated against the
respective mode. Thus for each trial, frequencies were identified manually from the

frequency map and then tabulated.

It can be seen that 5 out of 8 modal frequencies were found to be either same
or within a difference of +5Hz. It should be noted that mode 5 wasn’t considered for
this error identification as sampling 2 did not identify the peak modal frequency. It
should be noted that the sample used here was a post Charpy impact sample
3TWI20d12JC3T.

4.5.3 Damage changes modal frequency — a hypothesis

It is well known in literature that when a metallic component develops damage such
as cracks, the modal frequency of the material changes. This relates back to the old
railway track testing where maintenance engineers did a tap test using a hammer to
determine the soundness of the rail track (Adams and Cawley 1988; Kapadia 2013).
The analogy that a damage changes the modal frequency in a test sample has now
been adapted to this vibrational analysis to confirm the presence of damage. Thus,
for the validation of this statement, a test was performed where a sample with no

defect was first inspected using the LDV. The sample was then impacted using a
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modified Charpy test, as indicated in the previous section. The impacted sample was

then inspected using the LDV.

The following are the results obtained.

Table 32 Modes and modal frequency comparison between the sample 3TW112d20JC3T before and

after impact
Modes Sample - No Damage Sample - Impact damage
in Hz in Hz
Trial 1 | Trial2 | Trial3 | Avg. | Trial1 | Trial 2 | Trial 3 | Auvg.
1 100 98.75 98.75 99.17 125 | 129.69 | 129.69 | 128.13
2| 197.63 195 195 | 195.88 | 190.63 | 190.63 | 190.63 | 190.63
3| 252.63| 252.63 | 252.63| 252.63| 24531 250 225 | 240.10
4 425 | 422.69 | 422.69 | 423.46 | 429.69 450 425 | 434.89
5 625 | 622.69 | 622.69 | 623.46| 629.69 | 629.69 | 629.69 | 629.69
6 950 | 945.63 | 945.63 | 947.08 | 979.69 | 979.69 | 979.69 | 979.69
7 99531 | 99531 | 99531 | 995.31 | 1029.69 1050 1025 | 1034.89
8 | 1395.31 | 1395.69 | 1395.69 | 1395.56 1425 1425 1400 | 1416.67
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800

Modal Frequency in b
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400

200
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Figure 241 Vibration Modes vs modal frequencies (average values) of the laminate before and after

impact

It can be observed from the table (Table 32) that modes 1, 6, 7, 8 show a

change in frequencies between 20Hz and 40Hz. Though there is a small change in

frequencies between modes 2, 3 and 4, they weren’t considered for this analysis as

they were within the margin of the random error estimation of £5Hz. It is also worth
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mentioning that the higher modes do show a greater difference which is mainly due

to the influence of damage orientation, location and the vibration mode shape.
Conclusion:

Based on the random error in experimental data capture of £5Hz, it can be
noticed that the difference in modal frequencies is greater than 25Hz confirming the
hypothesis that this modal frequencies change is due to the presence of damage and
is in line with the theoretical model. It should be noted that in order to establish the
damage created, the random error measurement was performed on the damaged

laminate to capture the maximum variation due to the presence of the damage.

4.6 Epilogue

This chapter primarily presented results obtained from the preliminary experimental
tests, the parametric study on material defect inserts and concluded with the
systematic study on characterising impact damage using multiple thermography
techniques. This chapter has provided not just direct results, but also presented initial
experimental trials, validated test setups and a range of experimental results that help
detect and characterise defects and damage occurring in CFRP laminates. Further,
each set of results provided analysis and or observations that were evident from the
test results. It was observed that pulsed thermography was sensitive for sub-surface
defects and certain surface breaking damage. However, TSA has shown better SNR
and increased sensitivity where it picked up the smallest of the damage created by
4.5] stone impact which wasn’t picked up by other techniques. This chapter also
presented the detection limitations of both pulsed thermography and TSA where the
former could only detect certain types of defects not exceeding 4.5mm and the latter
being less sensitive to non-surface breaking damage. Due to the large amount of
images and plots, a comprehensive discussion of various findings of the work has

been presented in Chapter 5 below.
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5 REVIEW OF WORK

The primary aim of this thesis was to look at the applicability of detecting near and
sub-surface artificial defects and damage occurring in CFRP laminates using pulsed
thermography and TSA measurement. With the ever increasing use of these
advanced composites as primary airframe structures, it is pivotal that suitable
technologies are developed to perform in-field maintenance. Few of the challenges
faced by the aviation industry, are looking at the applicability of these advanced
techniques where accessibility and fidelity are key. Further the traditional methods
have had disadvantages such as mobility, surface preparation and longer inspection
lead times. Additionally, the techniques are mostly either contact based or that the
non-contact methods are invasive and need highly skilled operators. The work
presented in this thesis is an effort to address the needs of the industry to adapt to a
rapid, non-invasive large area inspection system that could be employed in-field and
provide those critical decisions in a timely fashion such that inspection downtimes
are significantly reduced thereby reducing operator’s burden and the associated

maintenance and breakdown costs.

The literature review (Chapter 2) defined various concepts of not just the use
of composites but also the presented scenarios of how damage may be created in
field. Further, it also presented various NDT techniques that are now in use together
with the need for the use of thermography in specific areas. Currently, thermography
is perceived as a qualitative inspection tool with low fidelity. In fact, the current
British Institute’s NDT personnel certification and training programmes show
thermography as a condition-monitoring tool as opposed to an NDT tool. Thus the
current thesis is a representation of not just the detectability of defects and damage

but their limitations as well.

The literature identified the gap in knowledge that exists in the area of
detection limitations and a full deployment for in-field scenarios. In addition, the
suitability of the TSA technique and its ability to be deployed in field has been
demonstrated in this work. Thus parametric studies to detect manufacturing defects
and in-field damage were proposed using the research grade infrared radiometer in

multiple modes to fully characterise those anomalies.
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5.1 In-field samples

To understand and explore the applicability of thermography, in-field samples with
artificially introduced defects were used as a starting point of this research. The
results presented in Section 4.1 show that for a tail plane wedge with defect inserts, it
clearly highlighted those defects that are most likely to occur in such scenarios. The
results also presented a set of capture parameters that were ideal to detect all defects.

Further, the results present three distinct areas which correspond to;

1. The presence of delamination occurring in-between the fibre glass layers.

2. The presence of disbond occurring between the fibre glass skin and the
honeycomb structure.

3. The presence of blocked honeycomb cells representing the scenario of water

ingress.

The 2D radiograph has highlighted all defects but has failed to distinguish
between the three types of defects as characterised by the pulsed thermography
system. It should also be understood that performing an X-ray inspection in-field
would be a very complicated process and an expensive setup when compared with
the pulsed thermography system. The ability to reduce any radiation hazards, faster
inspection down times directly supports the in-field applicability, suitability and
robustness of the thermography system. For the purpose of this thesis, the results
presented in section 4.1 were used to confirm the working principle of the pulsed

thermography system.

5.2 Manufacturing defects — a parametric study

With the working principle of pulsed thermography established through ‘in-field’
samples, it was identified that it was essential to understand the limitations of the
system. Multiple studies indicated the suitability of pulsed thermography to detect
sub-surface damage was proposed. However, there is limited information on the
limitations of the system in terms of detectability of defects occurring at controlled
depth. Thus a full parametric study was identified which included both experimental

work and theoretical validation of the results acquired by the system.
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Based on the literature, publicly available information and practitioners’
knowledge, the parametric study was designed. For this study only defects occurring
at the manufacturing stage were considered. From field experts it was established
that the most common types of inclusions were metallic cutters/blades, bagging films
and air gaps especially in scenarios of automated cutting and lay-up. This
information formed the basis of selecting the three material inserts; steel shims,
Teflon and bagging film. The detection capability of the system became the main
driver where the thickness of the laminates and the defect depth location was varied
to arrive at the limitations of the system. The following table (Table 33) shows the

detection capability and limitations of the in-house system.

Table 33 Pulsed Thermography detection capability

Defect Inserts

Steel Shims | Teflon | Bagging film
0.5 ° ° °

3mm Laminate 1.0 °
15
2.0
6mm Laminate 2.5
3.0
35
9mm Laminate 4.0
4.5

Sample Defect Depth in mm

It has been illustrated from Table 33 that the detectability limitations of the
pulsed thermography system are limited to 1.0mm in case of steel shims; 1.5mm in
case of bagging film and 4.0mm in the case of Teflon. Based on the above set of

results, the following conclusions can be made;

e For steel shims of 20um thickness, the detectability of the pulsed
thermography system is limited to 1.0mm. The main reason for this
conclusion is that, this result is directly dependent on the material
characteristics of the steel shim. The thickness of the metal insert is so small
that by the time the heat wave arrives at the 1.5mm deep insert, the intensity
is lost and hence the inability of the system to detect it. This issue of intensity

affects the contrast and thus the signal response from the 1.5mm deep insert
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is almost non-existent. The reason this thickness of 20um was considered was
to see if blade offcuts could be picked up. This also means that, thicker metal
parts embedded into the laminate might be easily detected by the system.

e Similar conclusions could be made for the bagging film type inserts. Again
the thickness of the material was 20um. As before, both the 0.5mm and
1.0mm inserts were easily picked up in the RAW thermal image. The 1.5mm
deep defect was only picked up in the 2D image indicating that the noise of
the laminate was quite high masking the contrast of the defect in the first
instance. This feature was found only in the case of the bagging film defect
and not the steel shim insert indicating that the material conductivity was key
in this image and signal improvement was achieved through the use of 2"
derivative of the RAW image as seen in the 2D image (Figure 64). In other
words, the heat wave when hit the steel shim, them being conductive in
nature diffused the heat much faster. However, the bagging film material
being non-conductive in nature provided the necessary insulation to heat
diffusion. This meant that, the SNR improved in the 2D image thereby
picking up the defect. When a 6mm laminate with defects at 2.0mm, 2.5mm
and 3.0mm depths was tested, none of the defects were identified even in the
2D image establishing the limitation of the pulsed thermography system to
1.5mm for bagging film inserts.

e The conclusions for the Teflon inserts differed completely. For all 3
thicknesses; 3mm, 6mm and 9mm the inserts were clearly detected to depths
up to 4.0mm. It should be noted that the thickness of the Teflon off cuts was
at 500um. Again, due to the thick nature of the insert, the defects were easily
detected up to depths of 4.0mm indicating that thick insulating materials

show a sharper contrast.

This parametric study clearly established the limitations of the pulsed system
with respect to the defect depth. This study also established the strength of the
technique in detecting near and sub-surface defects and more appropriately their
suitability to detect and characterise defects occurring in advanced composite

materials.
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5.3 Impact damage assessment — a parametric study

The major part of this research was focussed on the creation and detection of impact
damage on composite laminates. Research by Meola and Carlomagno (2010) and
(2009) provided the starting point of the impact parametric study where the authors
used a modified Charpy and transient thermography to detect the rise in back wall
surface temperature of GFRP and CFRP laminates when subject to impact. This
study was designed based on this work and thus a parametric approach to understand
the influence of laminate thickness, lay-up sequence and most importantly to
understand those type of damage that are barely visible (BVID). Detecting visible
damage due to impact and their characterisation using other NDT techniques exist.
However, the ability to detect low energy impact damage is a challenge in itself. The
necessity to characterise BVID type damage became the prime focus of this research
where there is still lack of understanding as to how this damage could be detrimental

to the performance of the laminate, especially in the high end application areas.

Based on the literature and practitioners knowledge, it was identified that a
parametric study to investigate BVID was needed. This study also took into
consideration the influence of indentor or impactor shape as indicated by Meola and
Carlomagno (2010) and Mitrevski, Marshall et al. (2005). Thus the impact event was
performed by using a low speed charpy impact that had a defined hemispherical
impactor and a high speed ballistic gas-gun that used irregular surface stones to
replicate both laboratory and real-field scenarios. The primary focus of this study
was to deploy thermography in multiple ways to help detect and characterise impact

damage.

As presented in Chapter 4, thermography was deployed in the transient,
pulsed and TSA modes. Whilst transient mode at high frame rate acquisition was
used to capture the damage created during the impact event, pulsed and TSA
methods were used as post-impact NDT techniques to detect the damage created.
TSA was exploited as part of this study to highlight its applicability to successfully
detect surface breaking damage, even for a small crack that is barely visible on the

surface of the laminate.

The following table (Table 34) summarises the detectability of transient, pulsed and

TSA techniques to detect impact damage on composite laminates;
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Table 34 Impact damage detectability matrix

Sample Transient Thermography | Pulsed Thermography | TSA

Charpy
3Q120d12JC
3Q116d8JC
3Ql12d4.5)C
3TWI20d12JC
3TWI116d8JC
3TWI12d4.5)C
6QI120d12JC
6Q116d8JC
6Ql12d4.5JC
6TWI120d12JC
6TWI116d8JC
6TWI12d4.5)C

Gas-gun
3QI12JS
3QI18JS
3Ql14.5JS
3TWI12JS
3TWI8JS
3TWI4.5JS
6QI12JS
6QI8JS
6Ql14.5JS
6TWI12JS
6TWIBJS
6TWI4.5JS

Based on the results and the summary from Table 34, the following

observations and conclusions can be made;

For low speed Charpy impact:

e Transient thermography results showed stress in individual fibres only for the
3mm laminates.

e Further pulsed thermography only identified the damage created at 12J
impact energy, indicating that the plastic deformation of the laminate due to
impact was identified only for the upper energy level and that all other
energies went undetected. This could be because of the fact that, though the
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fibres underwent stress, they haven’t fully developed into a detectable
damage.

As the damage was characterised by deformation, visual detection especially
for the 4.5) impact was a challenge as the laminate was found to be resistant
to the impact. However, the transient thermal data does confirm the stress
acting on the fibre through a resultant thermal stress value.

As the damage was not surface breaking, the TSA did not detect any
indication of the damage even for higher energy impact of 12J.

There was no instantaneous back wall temperature rise for any of the 6mm
laminates indicating that the rate of transfer of stress onto the laminate and
the resulting damage formed was much less in intensity. It can be understood
that this impact resistance of the laminate was contributed by the increased
strength of the laminate due to added material thickness. This is quite evident
with the 4.5J impact where there is no surface deformation.

Neither the pulsed system nor the TSA system picked any damage that may
have been created on the 6mm laminate due to the impact suggesting that the

laminates remain undamaged.

For high speed ballistic gas-gun impact:

Due to the thickness, material properties and strength of the laminate, only
3mm laminates showed a back wall temperature rise for the gas-gun stone
impact with limitation to the 4.5J impact TWI sample. This laminate seemed
to show resistance to impact and only a small damage was created, which
was picked up by the TSA method.

As the damage was surface breaking, the pulsed system picked most of the
damage created due to impact except for 4.5J impact on 6mm laminates (both
QI and TWI samples).

It has been noted for this type of impact damage, TSA has been the most
promising technique as it has proved that it is highly sensitive and is capable
of picking up even damage created at a 4.5J impact on 6mm laminates which
have not been picked by other techniques.
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5.4 Epilogue

This chapter presents an overall review of the work undertaken as part of this
research. The previous chapter (Chapter 4) presented results and immediate
observations. Due to the length of the results chapter, it was necessary to present an
overview of key findings from this research for better readability and critical
reasoning. This chapter has presented the applicability of various thermography
techniques and their suitability for ‘in-field” ‘in-situ’ applications. As part of this
chapter separate sections were established to provide an overview of two major types
of defects and damage and together with their detectability. It was determined that
pulsed thermography was more suitable for sub-surface defects and TSA was more

suitable for surface breaking impact damage.
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6 CONCLUSIONS & FUTURE WORK

With the increased use of CFRP laminates across industries, it has become the prime
focus to understand the performance of these non-traditional materials especially in
the presence of defects and damage. Though these materials are light weight and
offer better corrosion and abrasion resistance, they are still susceptible to a range of
degradations during service that directly affect their performance. Further, the lack
of understanding of the behaviour of these materials and complex repair strategies
control their applicability in complex engineering structures. This work is an attempt
to deploy thermographic techniques in determining the condition of the laminate
when subject to artificial introduction of defects and damage. To replicate real-life
scenarios, parametric studies were undertaken to detect sub-surface artificial inserts

and impact damage characterisation (creation and detection).

6.1 Conclusions

A detailed list of findings has been presented in Chapter 5. The following is the

summary of the major conclusions from the research;

e Pulsed thermography is an effective technique to detect sub-surface defects.

e The detectability of the defects through pulsed thermography is dependent on
the type of material, their thickness and more importantly their thermal
material properties.

e Pulsed thermography limitations of detecting low energy impact damage
have been limited to 8J.

e TSAis an effective technique to detect surface breaking damage especially in
the case of high speed stone impact.

e TSA has shown improved SNR even for an energy as low as 4.5) which is
representative of scenarios such as stone impact on aircrafts establishing this

technique as a robust ‘in-field” inspection technique.
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This research also adapted techniques such as radiography, computational

modelling in case of pulsed thermography and vibrational analysis case study to

confirm damage caused due to impact.

Therefore the experimental work undertaken has validated the original aims

and subsidiary objectives as identified in chapter 1 which are

To establish Pulsed Thermography as an effective technique to detect sub-
surface defects in advanced composite materials

To explore and exploit the Thermoelastic Stress Analysis (TSA) technique as
an alternate inspection tool to detect damage that are hard to detect using
pulsed thermography especially in the case of surface and near-surface

damage.

6.2 Recommendations & Future Work

The following are the list of recommendations and future work directions based on

the work undertaken as part of this thesis;

The work presented in this thesis has been extended to look at the automation
of the pulsed thermography inspection, which has now been extensively
developed, the findings of which have been published as Addepalli and
Tinsley (2015) titled “Active thermography in through-life engineering” (See
Appendix 1).

Another direction where the work has been extended is in developing the
Thermographic Signal Reconstruction (TSR) algorithms in C++ software
domain to characterise impact damage and enhance damage visualisation
through coefficient cluster analysis. This work has been published as Zhao,
Tinsley et al. (2016) titled “A coefficient clustering analysis for damage
assessment of composites based on pulsed thermographic inspection” (See
Appendix 1)

Research is being undertaken to represent damage detection ‘in-situ’ through

the use of fully automated part presentation, inspection and data analysis
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through the use of advanced signal and image processing techniques and
super-resolution techniques.

(Submitted works:

[1] W Witwit, Y Zhao, K Jenkins, S Addepalli, “Video super-resolution using
discrete wavelet transform and new edge-directed interpolation”, Submitted
to IEEE transactions on Circuits and Systems for Video Technology [22
September 2016]

[2] S Addepalli, Y Zhao, L Tinsley, “Thermographic NDT for through-life
inspection of high value components”, In: Through-life Engineering Services:
Perspectives and Developments, Springer International. Accepted [In Press]
July 2016

[3] S Addepalli, R Roy, D Axinte, J Mehnen, “’In-situ’ inspection
technologies: Trends in degradation assessment and associated technologies”,
Procedia CIRP, Submitted [August 2016].)

There is need to further analyse the data sets obtained from the transient
thermography deployed to capture the impact event. Quantitative analysis of
the transient thermographic results during impact has the potential to reveal
plastic deformation and damage.

A controlled environment could help reduce the interferences during data
acquisition, especially the TSA analysis as reflections reduce the SNR
providing weak results.

Future work could look at phase information from pulsed thermography by
looking at the frequency domain of the image using Fourier analysis which
could extend the ability of the technique to potentially detect deeper defects.
It is recommended that the impact samples be tested with mechanical tests
such as compression/tension after impact and interlaminar shear tests to
correlate damage created with loss in performance.

The TSA experiments could be extended with larger excitation sources to
investigate cyclic fatigue and corresponding damage growth.

The existing experiments used a single excitation frequency to facilitate an
acceptable SNR in the TSA experiments. It would be interesting to undertake
further vibrational analysis using more complex excitation sources such as

‘chirp’ envelopes.
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Appendix 1
The following book chapter is published as Addepalli and Tinsley 2015.

Chapter 8
Active Thermography in Through-Life

Engineering

Sri Addepalli and Lawrence Tinsley

Abstract With the increased use of high-value components in aerospace industries,
theme is huge emphasis on reliability as their failure in service could lead to cata-
strophic failure of the system. Thus, there continues o be increasing dependency of
such high-value components to undergo critical maintenance routings in order to
reduce the probability of Tailure. The prediction of Remaining Useful Life (RUL) 15 a
critical factor in estimating the service cost It has direct impact upon prodoct and
service pricing. With increasing maintenance costs, manufacturers have adopted a
range of echrigques such as non-destructive festing (NDT) to help assess the ser-
viceability of these high-value components, where a component is inspected for
quality without causing damage to the pat. This allows for inspection of entire
batches, instead of sample subsets. In service-focussed business models such as the
aergspace sector, high-value components are required to perform for an optimum life
cycle, balanced betwesn maximising opemton hours and a confidence in its safety.
NDT has become a Key process in determining the curment state of degradation
during the component’s use, allowing estiration of remaimng life and detenmination
of mpairs required. Detection of defects and anomalies is still a major challenge in
the development of NDT practices in advanced manufaciuring processes even maore
sowith theintmsduction of new materials for higher reliability and performance. This
research looks at expanding the NDT practices in maintenancs by identifying the
emerging challenges and suggesting areas of research for a robust development of
NDT technigues and improved compoenent degradation analysis. Active thermao-
graphic NDT is a recent technique that has become more widely mcluded in NDT
processes over recent vears. However, due to its shallow depth and lower resolution
limitations, it has not been exploited to its full potential in mainftenance mutings.
Current challenges mvolve the further development of thermography as a quanti-
tative techmque as opposed o its taditonally qualitative implementations. This
chapter focusses on the detection of damages cansed due to component degradation
using the pulsed active thermogmphy echnique. Ttalse presents anovel approach on

5. Addepalli (&) - L. Tinsley

EPSRC Centre for Through-Life Engineering Services, Cranfield University,
Cranfield, Bedfordshire ME43 DAL, UK

c-mail! pn.addepalli@eranfield ac uk

i Springer International Publishing Switzerland 2015 17

L. Rodding and B. Roy {eds.), Thraouwgh-bfe Engleering Services,
Drecision Engineering, DOT 100079 TE-3-319-12111-6_8

231



The following Journal is published as Zhao, Tinsley et al. 2016

MITAE Inrernatanal 23 (2016) 589-57

Contents lists avallable at Sclence Direct

NDT&E International

jourmnal homepage: www. elseviercom/locate/ndteint

z
NDT:E
Innrnational

A coefficient clustering analysis for damage assessment of composites
based on pulsed thermographic inspection

@f;lirh

Yifan Zhao*, Lawrence Tinsley, Sri Addepalli, Jérn Mehnen, Rajkumar Roy
Thoraegh-Lfe Exgioeerig Serdoes bedinee, Coeleld Maomsforudey, Oraliel! Ushemsly, Craglaid MG 0AL LN

ARTICLE |NF O ABSTRACT

Aicle kbsmay:

Recehed 29 Rdvwuary 2015
Fecedeed in revisad Sonm
T April 20%6
Acceped 9 une 2005
Awailatie cndine 11 June 2015
B pwaordlss

DT

WMo pty

Amipac T dama g aseesemenT
Dedam inarbon

This paper introducss 2 melfident dwstering analysic method o detest and quantitatively mezmur=
damages acowrming in campasits materiak using pulssd thermagraphic inspection. This methad is hased
an fitting 2 knw arder palynamial madsl for =mperature decay curves, which (2) provides an snhanosd
visual mnfirmation and size mezmurement af the damage, () provides the referenaes paint far sound
miaterial far further damags depth mezsurement. () and redugss the burden in @mputational time. The
perdarmance al the propased methad is evaluated through a practial cass study with carban fivre nes
infared palymer ((FRP) laminat=s which wene subjeded to 2 drop impact test with varying snergy
levels A nove]l method far reducing an entine thermag ram sequence inbo a single image is intaducsd,
which provides an enhanced visualization af the damags arsa.

& 2016 Elsevier Lid All rights reserved.

1 Intreducton

Compasite materials are well known for their g strengt heto-
walght ratios, low density and cormsion resitant properties in
comparisen with traditenal metallic compoenents As such, they
are applied in a wide varety of contexts, increasingly in auto-
motive and aerospace sectors; where there i a huge requirement
I improve system pefomance thiowgh weight rediection With
the nsing price of aviation fueel and attitede towards environ-
mental iswes modem alreraft manufacturers are looking eut for
innovative solutions that can offer better parformance without
oompromisng the strecteral integrity and safety features of the
aireraft. This the current genemtion of alrcrafts are seeing large
intreduction of composite components that censtitute te about
0% by weight of the aircraft in pars such as engine casings wing
sactions, tail plane, contml stisctunes and fuselage |1). However,
oomposites are abio well known for their vl nerability to impact
damage and their difficulty to epair compared to metal based
COMPenents. An impact or strike on the surface may cause strisc-
teral damage that may be exhibited with only a small sweiface -
sual profile - this is known as barely visible impact damage (EVID)
|21 Even though the damage i “barely wisible” on the swiface, the
damage to the structure could severaly affect its properties and
perfermance, which may not be apparent from the surfice profile
of the impact.

Avarietyof impact sources exist, such as stones, hall bind strike

* Conmsponding Juhor.
E-mardl gdtracs: yitan 2h ao@eranfieldacuk (V. Zhao ).

tonps) e Sl arr 100 16 n SNt 201606 003
(F53-5595)0 3015 Elsevier LL ATl Mights ressred

and even accidental drop of workmen tools during mainte nance
that can cawse impact damage. Lite rat wre suggests that bird strikes
account for up to BOE of service damage 1o composites inm the
samdpace sector [1) While the swiface may appear sound, thene
may be significant damage hidden in the internal stricture, and
may met be appreciated on the suiface becaise of a difficult re-
latiemship between appearance of surface features and structural
imtegrity of the part [4.50 When the composite strctune |s sub-
Jected tooa minor impact damage that is barely visible on the
surface, the damage even at the micre scale can progness to sig-
nmificant structural damage that affects the s rength, dirabiiny and
stability of the composite laminates |&).

In the aviatien industry, mueltiple non-destrective testing or
NDT met s are @ mployed, ranging from direct viswal inspection,
dye-penetrant, magnetic particle, eddy cument. adiegrply
advanced methods such as 30 computed tomagraply, wltrasos nd
and thermography to capture the health and strecteral integrity of
the compenent without creating or intensifying amy further da-
mage to the compenent that s being inspected. This diversity of
inspection methods requires a range of skills and expertise, pro-
viding results with differing margins of emmor between them.

Thermegraphy has been attracting increasing attention over
recent decades as the method inveles i apid, robest, soen-cen-
tact, non-invasive inspection. Thermography can be divided into
rwo modes: passve and active. The passive mode applies where
deviations from normal operation exhilit a chamge in themal
contrast to be observed by an infrared imager, while active ther-
maography imvelves the input of an extemal beat that generates a
measurable thermal contrast This particularly applies where an
inspected part & not in wse and is in themal equilibriem with is
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Appendix 2

UD Carbon prepreg material database.

CONFIDENTIAL \
ADVANCED COMPOSITES GROUP MATERIALS ‘.":-&
Advanced

DATABASE
VTM 260 Product Range for Marine Applications -
Composites Group

J34AGIIB560 umecocomposites
High Strength Carbon Fibre UD Material : Nominal 56% Vf (35% RW)

1) 300 gsm VTMZELTTOO0 (24k)

Material T700

Crven Vacuum Bag Cure Cycle 5 hrs @
B0°C
Test Conditions

Property Test Method | Units 20°C dry
0* Tensile Modulus D 3039 GPa 1
¢ Compressive Modulus DEas5 (MOD) GPa 118
30° Trans. Tensile Modulus D 3039 GPa 9.1
530° Trans. Comp. Modulus D&ss (MOD) | GPa
0° Tensile Strength D 3039 MFa 2575
¢ Compressive Strength DE35 (MOD) MPa 1235
%0° Trans. Tensile Strength D 3035 MPa 40
30° Trans. Comp. Strength D&35 (MOD) | MPa 181.7
0* Tensile Strain to Failure D 3039 k] 21
0* Comp. Strain to Failure D&Ess (MOD) % 0.96
30" Trans. Tensile Strain D 3039 %
90° Trans. Comp. Strain DE35 (MOD) % 1.7
In-Plane Shear Modulus D 3518 GPa 3594
InFlane Shear Strength D 3518 MFa 85T
Maj. Tensile Poisson's Ratio D 3035 - 0.32
Maj. Comp. Poisson's Ratio DE35 (MOD) - 033
Min. Tensile Poisson’s Ratio D 3035
Min. Comp Poisson’s Ratio D&35 (MOD) - 0.02
Flexural Modulus CRAG 200 GPa 1284
Flexural Strength CRAG 200 MFa 1833
ILSS D 2344 MFa BE.6
All UD data normalised to 56% fibre volume fraction (except for ILSS and In-Plane Shear).

Checked by: Mike Davies Date: 8™ Movember 2011

All ststmants, lechnical information snd mcommesdafions costsined In Bis dats skest are givan in good el and are based on Sext beilevedd io ba relatle, bet Bair soceracy
and completersss arw not guarastsss. Thay @< nol conatfubs an offer o sy person and shall sol Sa deamed 1o form S basis of sny sstsequant confract, nor & conalitete sy
warmanty or reprosanisSon a3 to quality, merchartstiity or Atnans for perpose. ANl products sce soid subject o seler's Stardard Terms and CosdMons of Sels. Accorfingly, S
user shal Satermine S sulstilty of Ba products for Sairinlerded s prioric parchase and shall axsums all dsk and IsiByin connecticn Bhermwii IEtis B responsl bRy of
thoss wishieg io sull Herms mads fom or smod ying B products to infors B user of e properies of Ba products end B purpoaas for which they may be sultsth, ogeer
with sl precautiosary massires requind in handiing Sioss products. The informaSon contsired barsin |3 urder conatent restew and Batis o B modified Fom Sme i e,

(B Copright 2004 - The Advanced Compan Bas Groug. Al rights reserved.
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Appendix 3

3mm thick laminate - Stacking sequence to make up for a 3mm thick laminate

assuming a post-cure thickness of 0.125mm per ply

Table 35 A 3mm laminate stacking sequence

Ply no Quasi isotropic layup | TWI layup
1 45 45
2 135 135
3 0
4 90
BT -
5 45 0
6 135 90
7 0 0
8 90 0
T -
9 45 45
10 135 135
11 0 0
12 90 0
T om -
13 90
14 0
15 135 135
16 45 45
17 90 0
18 0 0
19 135 90
20 45
21 90
22 0 0
23 135 135
24 45 45
% of 0 degree 25 58.33333333
% of +/- 45 degree 50 33.33333333
% of 90 degree 25 8.333333333
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6mm thick laminate:

Table 36 A 6mm laminate stacking sequence

Ply no

Quasi isotropic layup

TWI layup
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36 45 135
37 90 45
38 0
39 135
40 45 90
41 90 0
42 0 0
43 135 135
44 45 45
45 90 0
46 0 0
47 135 135
48 45 45
% of 0 degree 25 50
% of +/- 45 degree 50 41.66666667
% of 90 degree 25 8.333333333

9mm thick laminate:

Table 37 A 9mm laminate stacking sequence

Ply no Quiasi isotropic layup | TWI layup
1 45 45
2 135 135
3 0 0
4 90 0
5 45 90
6 135
7 0
8 90 45
9 45 135
10 135 0
11 0 0
12 90 90
13 45 0
14 135 0
15 0 135
16 90 45
17 45
18 135
19 0
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20 90 0
21 45 45
22 135 135
23 0 0
24 90 0
25 45 90
26 135 0
27 0 0
28 90 135
ok -
29 45 45
30 135
31 0
32 90 90
ok -
33 45
34 135
35 0 135
36 90 45
1ot -
37 90 45
38 0 135
39 135 0
40 45 0
41 90 90
42 0
43 135
44 45 45
45 90 135
46 0 0
47 135 0
48 45 90
49 90 0
50 0 0
51 135 135
52 45 45
53 90 0
54 0 0
55 135 0
56 45 0
57 90 45
58 0 135
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59 135

60 45

61 90 90

62 0 0

63 135 0

64 45 135

65 90 45

66 0

67 135

68 45 90

69 90 0

70 0 0

71 135 135

72 45 45
% of 0 degree 25 55.55555556

% of +/- 45 degree 50 33.33333333

% of 90 degree 25 11.11111111
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Appendix 4
The following are the Charpy test settings:

Table 38 Charpy impact test parameters

Sample Name | 1mpact Angle | Actual Impact Energy in Joules
3Q120d12JC1 19.5 12.82
3Q120d12JC2 19.5 12.82
30Q120d12JC3 19.0 11.50
3TWI20d12JC1 19.0 11.50
3TWI20d12JC2 19.0 11.50
3TWI20d12JC3 19.0 11.50
6Q120d12JC1 19.0 11.50
6Q120d12JC2 19.0 11.50
6Q120d12JC3 19.0 11.50
6TWI20d12JC1 19.0 11.50
6TWI120d12JC2 19.5 12.82
6TWI120d12JC3 19.0 11.50
3Q116d8JC1 16.0 8.25
3Q116d8JC2 16.0 8.25
3Q116d8JC3 16.0 8.25
3TWI16d8JC1 16.0 8.25
3TWI16d8JC2 16.0 8.25
3TWI16d8JC3 16.0 8.25
6Q116d8JC1 16.0 8.25
6Q116d8JC2 16.0 8.25
6Q116d8JC3 16.0 8.25
6TWI16d8JC1 16.0 8.25
6TWI116d8JC2 16.0 8.25
6TWI116d8JC3 16.0 8.25
3Q112d4.5JC1 12.0 4.65
3Q112d4.5JC2 12.0 4.65
3Q112d4.5JC3 12.0 4.65
3TWI12d4.5]C1 12.0 4.65
3TWI12d4.5JC2 12.0 4.65
3TWI12d4.5]C3 12.0 4.65
6Q112d4.5JC1 12.0 4.65
6Q112d4.5JC2 12.0 4.65
6Q112d4.5JC3 12.0 4.65
6TWI12d4.5]C1 12.0 4.65
6TWI12d4.5]C2 12.0 4.65
6TWI12d4.5JC3 12.0 4.65
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The following are the test settings for the ballistic gas-gun impact experiment

Table 39 Gas-gun experimental settings

Ssample Name Ma?fl Zﬁ;cone Velo;:rityr/n (/)Sf gun Actualilnnj][c))i(itesEnergy
3QI112Js1 5.7 65.00 12.04
3QI112Js2 6.7 60.00 12.06
3QI112Js3 8.7 52.50 11.99
3TWI12JS1 75 57.00 12.18
3TWI12JS2 8.1 55.00 12.25
3TWI12JS3 6.7 57.85 11.21
6QI112JS1 6.7 57.85 11.21
6Q112JS2 6.7 57.85 11.21
6Q112JS3 7.2 58.00 12.11
6TWI12JS1 5.7 65.00 12.04
6TWI12JS2 6.0 63.00 11.91
6TWI12JS3 8.4 53.50 12.02
3Q18Js1 5.9 52.07 8.00
3Q18JS2 49 57.14 8.00
3Q18JS3 4.8 57.74 8.00
3TWI8JS1 4.4 60.30 8.00
3TWI8JS2 4.2 61.72 8.00
3TWI8JS3 45 59.63 8.00
6QI18JS1 49 57.14 8.00
6Q18JS2 5.1 56.01 8.00
6Q18JS3 4.8 57.74 8.00
6TWI8JS1 4.6 58.98 8.00
6TWI8JS2 4.1 62.47 8.00
6TWI8JS3 5.1 56.01 8.00
3Q14.5Js1 3.8 48.67 4.50
3Q14.5]S2 4.0 47.43 4.50
3Q14.5JS3 3.6 50.00 4.50
3TWI4.5JS1 3.2 53.03 4.50
3TWI4.5)S2 3.1 53.88 4.50
3TWI4.5)S3 3.4 51.45 4.50
6Q14.5JS1 3.6 50.00 4.50
6Q14.5]S2 3.6 50.00 4.50
6Q14.5JS3 3.2 53.03 4.50
6TWI4.5JS1 3.4 51.45 4.50
6TWI4.5JS2 3.4 51.45 4.50
6TWI4.5JS3 3.4 51.45 4.50
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Appendix 5

EchoTherm® System Specification

Input Power: 120/ 240 VAC, 50/60Hz, 20A (worldwide compatibility)
Variable Flash Power Output: 10KJ (nominal max.) adjustable in 8 steps.

Precise Flash Control: min. 2.0ms duration (adjustable in 0.1lms increments -
requires optional Precision Flash Controller).

Nominal Shot Size: 12” x 9”. Nominal Capture Duration: 5 sec. per shot.

Integrated Illumination Head: 2 xenon flash lamps in optimized reflectors for
uniform heating, access door for on-the-spot part mark-up, universal camera
mounting bracket, LCD image display —26” x 14” x 11”.

Data Acquisition & Analysis System: Integrated rackmount design or portable,
ruggedized lunchbox design. Dual core processor implementation, 2GB RAM,
250GB HDD, DVD+R/ RW, Gigabit Ethernet, USB 2.0, IEEE1394, Windows XP
Pro.

High-Speed Digital Data Capture: up to 16 bits @ 60Hz and > 1KHz (RS-422,
LVDS, IEEE1394, Camera Link, etc.).

Integrated Intelligent System Control: multiple trigger 1/0 capability (TTL, OC),
synchronized capture, filtered and protected power distribution for all connected
components (UL)

Plug-n-Play compatibility: with IR cameras supplied by major manufacturers —
FLIR Systems (Indigo, Inframetrics, Agema), CEDIP, Raytheon

Multi-Format / Wavelength FPA Support: 640x512, 320x256, 160 x 128; InSb,
MCT, QWIP, Microbolometer, PtSi, etc.

Integrated TSR® Processing: for advanced data analysis and evaluation capability
- MOSAIQ® and EchoTherm® software.

Quantitative Measurement: depth/size of feature, coating/material thickness,
thermal properties, Temperature vs. Time profiling, etc.

Active X Automation Interface: for customizable user front end applications, and
automated report generation.

Smart Configuration: Stand-alone; Portable; Fully Automated (optimized for rapid,
wide-area inspection).

Umbilical Length: 10m standard (max. 15m).

Open Architecture Design: for simple, low-cost upgradeability
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Appendix 6
NUC Procedure for CEDIP Titanium Camera — Two-point correction method using a

black body

1. Turn ON the camera and the laptop. Make sure that the data transfer card is
in position and the camlink cable is connected to the camera and the laptop.

2. Allow the camera to settle down before opening the Altair software.

3. Open the Altair software and choose the working directory.

4. Click the LIVE camera icon (A) in the Altair window for the laptop to

communicate with the camera and open a Live image window.

H T ———
I o T e g

Figure 242 Altair software interface

5. At the bottom of the software window, make sure to check the Temperature
tab (B) and click on an existing NUC table (C)

Altair - Live - C:Wocuments and Settings\NDTWy Documents\Richar d\LED headtight\

cMEXas d 0.2
P HE@on &R AAA-T + |~ -O-0 k- NEXK ENE
D headligh

ts and SettingsWNDTWy DocumentsWRichard\LED headlight\

Figure 243 Altair software with camera live feed
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6. Use the Temperature tab and select the appropriate temperature range.

7. To set the overall temperature range of the camera, move the slider in the
NUC selection to match the operating environment’s temperature. Make sure
to note the Integration time.

8. Now set the temperature on the “Live” window of the camera to the
operating (Working environment) temperature and make a note of the digital
temperature reading. The temperature scale can be changed between digital
and Celsius degree scale by clicking on the DL tab just below the
temperature scale.

9. Use the windowing tab in the bottom tool bar to window down the pixel size
of the image. Define the size of the window for custom settings.

10. Minimize the Altair software window and start the CIRRUS software.

11. Now click the tab marked “Xc”(1) to show the digital level — DL for the

camera.

e
NUC 1:100Hz-1300ps-Open =  a@ff == §f 3 ZodUL i)

F@(H) 100 A nlE @ BHEM e
ITfus) 1300 . 1'!1' ’ %

@ [ 250001 | 5:75K [1576K- | COIR [160MHz| 320240 | Gemirind @

Min. [ 7756
Max. [ 8733
Mean| 8195
Sid. [ 1941

Figure 244 Cirrus Control interface with digital temperature level window

12. The main screen now shows the current NUC applied to the camera (2)

=101 x|
@—> NUG|1:100Hz-1300ps-Open | = o == 4 G SodUL )
FO (He) [ @ BN e

rum3 o 20 O v 8E

@ [ 250001 | 575K [1576K- [ COIR [16.0MHz[ 320240 | Geminied @3

Figure 245 Cirrus control window

Note:
i.  The current setting for the camera in this case is

a. Frequency — 100Hz
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b. Integration time - 1300us
c. Filter — No filter
ii.  Depending on the camera there will be 3 — 6 NUC values. “None”
indicates no correction is applied and “Open” mean that there is no filter
applied to the camera.

o1
° NUC 1:100Hz-1300ps-Open  »  aff «ee §b G ZodUL i)
o aHz) 100 e @ P oM
o ITus) 1300 T RN T=K""

@ [280007 [ S:75K [T576K- | COR (16.0MH: [ 20240 | Gemininé @

Q_e)

Figure 246 Cirrus control window with annotations

13. Now carry out the following steps to input settings to the CIRRUS software.

a. Select the NUC to replace from the available list (2)

b. Select an appropriate frequency. (3) This should be noted even when
it does not affect the main work area

c. Specify the integration time (IT) (4) which was noted previously from
the Altair software

d. Leave the Filter Wheel window option as Open as there are no filters
applied in this case.

e. Click “op” to update NUC & BPR (Bad Pixel Replacement) settings

()

|Dpen: Open j J Flemnvel

‘Upen: Open
1:M4_3.98-4.02_060%
2:HP 4.70_085%

™ Use Internal Peltier Black-Bady during Nue & Bpr

Figure 247 Filter window to select for any filters

=[] x|
--. % @ Zaﬂy}'b
i n M P
ooz o] 0 b S
e T

@ [ 250001 [ 575K [1576K- [ COIR [16.0MHz| 3207240 | Geminivd @

NUC 1:100Hz-1300ps - Open -
F@ [Hz] 100 * [ Max g'\.
IT(ps) 1300

Figure 248 Cirrus control window
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14. The following window will open,

ﬂ

7 ¥ Mon Uniformity Corection

{ T 0K I
7 @ 2 poirts (G ain & Offset will be updated) Cancel

1 paint [Only offset will be updated)

¥ | Keep Previaus Gain

Methad
" Integration time method

| € +/-5% of | ntegration time

<‘| Cﬁ 3 -T-|m[n e T;|1=,.nn T

" Black body method [Needs 2 temperature sources)

Average Frames (10 A::lw

Backup
I Save the Nuc table in Flash Memary (10 s time consuming)

| Save Current NUC Save Status: @ Saved

1 Bad Pixel Repl

€ | Feset the curent list (D1 pivels will be removed)

This area is useful for performing NUC

& Update the curent [ist (O1d pirels wil be kept]

Method
W Fesponsivity (Beyond Gain = 1.0 +/- &3 _|:| %
¥ Offset (Bepond Mean Level +/- |30 _|:| #

™ | Noisy (Bbove iMean + Coef, * Std-Dey.]

50 _IZI Accumulated Frames Cosf. |30 =i

Figure 249 NUC Control window

Now do the following settings

a. Tick the “Non Uniformity Correction” box (6)
b. Choose the Type as “2 points” (7)
c. Choose the Method as “Black body method” (8)

d. Finally choose the average frames as 10 (9). This will make sure that
the result retained for each point is the average from the image
measurements.

e. And make sure not to tick the Bad Pixel Replacement option

f.  Now click “Ok” to start the NUC process.

15. A new window will now open prompting you to expose the camera to the
low temperature reference in front of the lens. For this case, use the lens cap

and over the lens. Make sure it is not influenced by external temperatures.

\:/ Please expose the black body in front of the lens at the lowest temperature.

Click Ok to proceed.

OK I Cancel |

Figure 250 NUC confirmation window for low temperature exposure
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a. Now click Ok. The following window will open prompting you to

expose the camera to the high temperature reference (Blackbody).

Please expose the black body in front of the lens at the highest temperature.
Click on Ok to proceed.

OK ‘ Cancel |

Figure 251 NUC confirmation window for high temperature exposure

b. Click Ok. Now the camera will perform the NUC and will now
update the NUC.

Note:

c. Make sure the lower and upper temperature references are 30% and
70% of the over temperature range (working environment) of the
camera.

d. The NUC performed has not been saved. Once you verify the NUC

results, save the setting using the option “Save Current NUC”
Saving a NUC
There are two ways of saving the NUC.

1. Saving the NUC to flash memory — Can be done by clicking the option “Save
Current NUC” from the NUC & BPR option.

2. By saving NUC from camera to the PC — this can be done from the following

steps

a. Select the NUC to be saved from the drop down list (2)

b. Click the NUC BPR preferences button (12)

c. Inthe “NUC” file box access the file path and save the NUC with a
file name. (with .coe extension) (13)

d. Click “Get” to transfer the NUC from the camera to the PC (14)

e. In case you wanted to load an existing NUC from the PC to the
camera then click “Put” and will transfer an existing NUC from the

PC to the camera (15)
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Table Label o |
N I LI Label: I Cancel |
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v Synchronize Freq. / Integ. / Multi-Focal Lens / Filter on NUC table
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Suta Wpdate Offset with [Rtermal Shutter ever -

I—_Nuc Eonlfjig File g I@ o
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@——DIE:\‘I 300IT open. coe .. Get  Put

Figure 252 Cirrus control window with NUC & BPR preferences control window
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Appendix 7

The following are the snapshot of the modelling process together with boundary

conditions used for running the Ideas solver.

Mesh generation for PTFE and air gap:

BB 1-DEAS 11 NX Series m2: My Team : Kelvin - C:\pavant.mf{ - [I-DEAS Graphics] [Layout: C:\apps\UGSPLMV-DEAS! 1\ideas\classicldeas xmi] - [I-DEAS Graphi]

\3k File Edit View Optons Tools Window Help

A enN® 1|7
b HH
=z X v

EEECIEEL T
HEY® o] =7

NSO » =g

e
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e

Bevse $¥4ES
o
o

Eleamats: 17080 = | BEnter background color name or no. (0-BLACK] o
Bloerspective ore e
Ffis - e el

< g

FQugo=

Figure 253 Defect materials meshed separately; Green - PTFE; Blue - Air gap

[ 1-DEAS 11 14X Series m2: My Team - Kelvin - C\pavant.mft - [-DEAS Graphics] [Layout: C:Lapps\UGSPLMA-DEAS! \ideasiclassicidens xmi] - [I-DEAS Graphi]

33 File_Edit View Options Taols Window Heip _la x|

4+ 44

EEHe w25 :rHMHM
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Figure 254 Model showing defect materials with mesh; orthogonal view
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Material properties for CFRP:

Examine Material

MNarne |ABS 30-40%_CAREBOMN_FIBER

Mumber |22

DescripTi0n|D8M, LNP, RTF. THERMOFIL

Material Type Show Properties

Sirnulation v

TMG ~|

"o |

Yersion Contro

Reset ‘

Appy |

[ Show Current Version Only [ Sort Alphabetically

Cancel ‘

||50Tropic j |S’ready state j
Material
Entity Version “ariability Yalue Meter (N) « ;
Properties (Required) ke ‘“jé
THERMAL CONDUCTIVITY 1= Constant 0.546601 T MAEASEC C
THERMAL CONDUCTIVITY 2  Constant 0.461518 JM-EASEC
THERMAL CONDUCTIVITY 3 Constant 0.692259 J MK SEC
THERMAL CONDUCTIVITY 4 Hull Mull J MK SEC
Properties (Optional)
MASS DENSITY 1* Constant 1273.27 EILOGRAM-
MASS DENSITY 2  Constant 1190.24 EILOGRAM-
MASS DEMSITY 3 Constant 1411.67 FILOGRAM/ METER™3
MASS DENSITY 4 HNull Mull EILOGRAM-
COEFFICIENT OF THERMAZL I1* Constant 2. 16=-005 1-CELSIUS
COEFFICIENT OF THERMAL 2  Constant 1.08e-005 1-CELSTUS
COEFFICIENT OF THERMAL I3  Constant 2.72-005 1-CELSIUS
COEFFICIENT OF THERMAL 4  Null Mull 1-CELSIUS
SPECIFIC HEAT 1* Constant 2093.4 J RGE
SPECIFIC HEAT 2 Constant 2093.4 J RGAE
SPECIFIC HEAT 3 Constant 2093.4 T RGAE
SPECIFIC HEAT 4 Hull Mull J G
EMISSIVITY 1*  Null Mull UNITLESS X
LESORPTIVITY 1*  Null Mull UNITLESS «

i
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Material properties for Air gap:

Examine Material

Narne |AIR_CORRECTED

Mumber |25

Descrip’rion|

Material Type

Simulation v TMG ~|

Show Properties

Yersion Contro

0K ‘ Rese‘r‘ Cancel ‘

Apply |

||50Tropic j |S’ready state j
Material
Entity Version “ariability “alue Meter (N) «
Properties (Required) ke ‘“jé
THERMAL CONDUCTIVITY 1* Constant 0.0257 J M EASEC C
Properties (Optional)

MASS DENSITY 1* Constant 1.205 EILOGRAM-

COEFFICIENT OF THERMAL f1* Constant 1.172-005 1/CELSTIUS

SPECIFIC HEAT 1* Constant 1005 T RGAE

EMISSIVITY 1* Constant 1 UNITLESS

LBSORPTIVITY 1* Constant 1 UNITLESS

SPECIFIC HEAT ABOVE PHAS 1* Null Mull J/EGAE

SOLAR TRANSMISSIVITY 1*  Null Mull UNITLESS

S0LAR SPECULAR REFLECTIV1* Null Mull UNITLESS

SOLAR ABSORPTIVITY 1% HNull UNITLESS

PHASE CHANGE TEMPERATURE 1x Null Mull ¢

LATENT HEAT PER UNIT MAS 1* HNull Mull I EG

REVERSE SIDE EMISSIVITY 1* HNull Mull UNITLESS

REVERSE SIDE SOLAR ABSOF 1%  Null Mull UNITLESS

REVERSE SIDE SOLAR SPECL1*  Null Mull UNITLESS

IR SPECULAR REFLECTIVITY 1* Hull Mull UNITLESS

IR TRANSMISSIVITY 1*  Null Mull UNITLESS X

REVERSE SIDE IR SPECULAF 1* HNull Mull UNITLESS « -
1

[ Show Current Version Only [ Sort Alphabetically
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Material properties for PTFE:

Examine Material

Narne |FLUOROCARBO N_PTFE

Mumber |41 Locked  Details

DescripTi0n|D|><ON, DUPONT USA, FURON, HOECHST. LNF. ICI FILMS B

Material Type

Sirnulation v

Show Properties

TMG ~|

||50Tropic j |S’ready state j
Material
Entity Version “ariability “alue Meter (N) « ;
Properties (Required) ke ¥
THERMAL CONDUCTIVITY 1= Constant 0.470171 J M EASEC %
THERMAL CONDUCTIVITY 2  Constant 0.213451 JM-EASEC
THERMAL CONDUCTIVITY 3 Constant 1.21146 JM-E-SEC
THERMAL CONDUCTIVITY 4 Hull Mull JM-E-SEC
Properties (Optional)
MASS DENSITY 1* Constant 2325.08 EILOGRAM-
MASS DENSITY 2  Constant 941.116 EILOGRAM-
MASS DENSITY 3 Constant 3958.16 EILOGRAM-
MASS DENSITY 4 HNull Mull EILOGRAM-
COEFFICIENT OF THERMAL I 1* Constant 0.00010638 1/CELSTIUS
COEFFICIENT OF THERMAL 2  Constant 2.52=-005 1-CELSIUS
COEFFICIENT OF THERMAL I3  Constant 0.00044206 1-CELSTUS
COEFFICIENT OF THERMAL 4  Null Mull 1-CELSIUS
SPECIFIC HEAT 1* Constant 1004.83 J-RGE
SPECIFIC HEAT 2 Constant 962.964 J-RGAE
SPECIFIC HEAT 3 Constant 1004.83 T RGAE
SPECIFIC HEAT 4 Hull Mull J G
EMISSIVITY 1*  Null Mull UNITLESS X
LESORPTIVITY 1*  Null Mull UNITLESS « -
1

Yersion Contro

[ Show Current Version Only [ Sort Alphabetically

Cancel ‘

"o |

Reset ‘

Apply |
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Mesh parameters:

:@_ﬂ Define Mesh

tesh Type

@& Free Free Options. |
. IMapped Element Color IYELLOW 2]
Mapped Options. .

Elerment Lengthy  [2:001 Physical Froperty  |SOLIDT [2]]

Elernent Family  [Solid = .
ementamty” ol Material [ABS 80-40%_CARBON_FIE j

Element Type %Jj
Assign above attributes from elemen i
L
Beam Cplions I Seed above attributes from current group

Set As Defau\tsl Lse Defau\tsl

® Part  Other

Apply | Reset | Cancel |

Generated mesh:

& NXSerfes m2: My Team : Kelv
{2k Fle Edt View Opftions Tools Window Hep

FfTosale elemmnt visibility OFF ~| &l p
| =T

Fheee vsmntey o I

[Toggls element vizibility ON «| 8 -
e » "I

t parameters fox radatin smulstion Qo & 0=
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Applied thermal boundary conditions:

@Thermal Boundary Condition - Modify

Name |\FLU><,ON,SURFACE

Element Selection

Group ~| [TOPSURFACE_ELEM 2| Skefch

Boundary Condition Type Flu -

" Constant | |[ Wim "2 | J

® Time Yarying

Table Multiplier 2880
Data Table TABULAR DATA 1 ﬂ Create Table

G | lcr |
i ’— J

0K | Apply ‘ Reset ‘ Cancel ‘

@ Initial Temperature - Modify

Name "INITIAL TEMPERATURE 1

Elernents Sketch
isible hd Select

Temperature |20

QK Apply ‘ Reset ‘ Cancel |
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Boundary conditions confirmation:

EEroEAS 11 X Series m2. My Team | Kalvin ; Ci\pavant. mf1 - [LDEAS Graphics]  [Layout; C:\appy\UGSPLMU-DEAST 1\idean\classicidsar.smi] - [I-EAS Graphi]

{2k Fle Edt View Opftions Tools Window Hep

Heat Alux( Wim'2 )
1000E+00

Tabular Data - Modify

5000E-01 L
&
000000
0.000E+00 3000602 £ 000E-0:
Time(s)
Disriss
oegle elemeat Visibility OFF
1uv nd
o 1ty o |
o t visibility OO 4
S E
+Qo & o=

Solver control parameters:

il
@; Solver Control

Current FE Study DEFAULT FE STUDY

[~ Restart

(" Steady State Solution

@ Transient Solution

Restart ConTroI...l

[™ No temperature calculation

[v' Process geometry entities in groups

Solver Parameters .. |

Advanced...l
[nitial CondiTionS...|

1

QK

Apply | Reset |

Cancel |

254



@ Transient Analysis Parameters

Start Time (8 sec EndTime (006 sac

Integration Coritrol

Method |Baokward j

Tirne Step |Number of Time Steps j ‘500

iy FE)

Convergence Contro

[teration Limit 100

Relaxation Factor 1
@ Update Radiative Conductancaes when dT = 1

" Convergence when Temperature Differsnce <

Periodic Convergenoe...‘

Results Cutput

® At Constant Time Interval 0001

" At Specified Times

Flow Options... Additional Options...
oK Apply ‘ Reset ‘ Cancel ‘
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