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Abstract

The requirement for Non Destructive Testing of composite structures

is paramount in Aerospace to maintain structural integrity. There are

several established Non Destructive Testing and Inspection methods

available dependant on the individual requirements of the structure

and situation. Most established non contact methods require an unin-

terrupted line of sight to the structure to produce an accurate report

of the underlying condition. Methods using contact sensors, such as

ultrasound, require some form of surface preparation or a couplant to

provide accurate readings. Within the Maintenance Repair and Over-

haul (MRO) environment, such requirements results in the removal

of a component from the maintenance and repair processes, as well

as surface preparation to conduct an inspection. This additional time

results in a detrimental impact in regards to both financial costs and

the time taken to conduct the full maintenance and repair processes.

This thesis will focus on the development and application of a tooling

system utilising contact temperature sensors which is compatible with

the MRO environment, requires minimal surface preparation and is

unaffected by line of sight issues created due to the repair process

(such as bagging films and breather materials). Once thermal data has

been captured, data analysis should be conducted in order to indicate

areas of interest (e.g. delaminations and disbonds) as well as to infer

useful material properties (i.e. fibre orientation). The indications

will be presented in such a manner visually, so as to require minimal

training for operators to adopt.

Representative composite structures are thermally profiled within sim-

ulations and experimentally, to produce library data of expected ther-



mal responses as well as for use in training Machine Learning algo-

rithms for classification of defects. The methods developed are then

tested using data previously unseen by trained algorithms or within

the library data, to score their performance.

The thesis presents a two part tool capable of heating a composite

sample and record the resultant thermal response, without impact

from the vacuum bagging process or a requirement for special surface

preparation. It is shown to successfully present impact damage within

composite sandwich structures in an areal form familiar to existing in-

spectors. The tooling in conjunction with an experimentally captured

Mean Temperature profile library successfully indicates fibre orienta-

tion of biaxial 5 harness satin weave carbon fibre reinforced polymer

laminates common within aerospace. This method is performs with

an overall accuracy of 87-93% on samples with artificially introduced

Gaussian noise. The analysis of transient thermal conductivity profile

within a sample is demonstrated to successfully indicate delaminations

of maximum acceptable tolerances within composite structures. This

method utilises machine learning algorithms in the form of Support

Vector Machine (SVM), and Random Forest (RF), achieving overall

accuracy of 90% with SVM. Existing methods of tap testing produce

accuracy between 73-81%.

The main contributions of this Thesis can be summarised as: the

design and creation of a versatile contact-based thermography tool

that can be used for a variety of NDI tasks; the development of a

contact-based thermography technique that utilises contact temper-

ature sensors to assess impact damage; the creation and validation

of a mean temperature response library capable of identifying the

fibre orientation within a composite laminate panel based on its ther-

mal response; the development of a contact temperature sensor based

thermography method to indicate delaminations within a composite

laminate utilising step heating and machine learning.
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Chapter 1

Introduction

1.1 Overview

The use of thermography within the aerospace industry on composite laminates

to identify defects and inter-ply delaminations has proven attractive due to its

ability to scan large surface areas quickly without the need of physical contact or

a couplant between the sensors and the scanned surface. The established tech-

niques for performing thermography of composite structures within the aerospace

industry, such as Modulated Thermography [1] - MT also known as \Locked-in",

Pulse Thermography - PT and Step Heating Transient Thermography - SHTT,

rely on the heating the part under test and then analysing the thermal response

obtained via an Infrared (IR) camera [2]. These methods can be conducted in-

situ using re
ection or transmission of heat through the component (Figure 1.1)

and analysing the part heat conduction [3]. There are bene�ts and limitations

for each of these techniques. For transmission inspection techniques, the ability

to identify deep delamination defects due to a thermal pro�le generated from the

entire thickness of the sample under inspection is achievable. However, these do

not provide high resolution clarity of defects for the same reason, as the temper-

ature response contains the e�ects of the complete thickness of the structure. In

contrast re
ective thermography provides high resolution of surface defects due to

1



Figure 1.1: (a) Transmission set up thermography. (b) Re
ection set up ther-
mography.

the returned temperature pro�le being generated only by structural components

within a sub sub surface depth. This does however trade resolution for the ability

to detect deep delaminations. It has been demonstrated that detecting delamina-

tions in samples thicker than 3mm using re
ection can prove di�cult [3], whereas

transmission methods detected most lateral sized defects in thick panels (up to

5.9mm [3]). As weight is one of the main considerations when constructing an

aircraft [4], laminates rarely exceed 3mm in thickness, if a thicker sti� structure

is required a sandwich structure consisting of two laminates separated by a core

is the currently accepted method [5]. Such sandwich structures are commonly

used where a covering is required, this thesis will examine the sandwich struc-

tures inspected as part of the Maintenance Repair and Overhaul (MRO) process

of a V2500 nacelle as it enters Collins Aerospace PSC MRO. The major com-

ponents (Figure 1.2) of the nacelle consist of the thrust reverser, the inlet and

the fan cowls, these components are separated from the nacelle and delivered to

mechanic inspector cells. Each of these cells specialises in a component type (i.e.,

thrust reverser cell; fan cowl cell; inlet cell). For the purposes of this thesis the

major component that will be concentrated on is the fan cowl of a V2500.

It has been demonstrated that re
ective PT is able to penetrate into the struc-

ture and is capable of detecting 
uid ingress and disbonds between the laminate

skin and core as well as glue in�ltration [6]. Re
ective PT and MT methods pro-

vide the ability to detect the main defects that are of importance to the aerospace
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Figure 1.2: Nacelle major components breakdown of V2500, image courtesy
Collins Aerospace.

industry. Ongoing development of automated classi�cation and characterisation

algorithms for speci�c use with these techniques provides several options in re-

gard to algorithms which can be used to successfully indicate and even classify

defects, as will be discussed further in Chapter 2.

As a stand alone inspection method being carried out by an operator IR vision-

based PT is a well developed and and widely supported method. It does however

rely on an unobstructed surface, emissivity and re
ection conditions to be con-

trolled. In order to have such conditions within an active MRO environment a

component under inspection will require preparation and a controlled environ-

ment to obtain the best results. It can also be time consuming with scan areas

being limited to the resolution achievable from the IR capture device. To address

these bottlenecks, this work aims to investigate and develop a system which can

be utilised within the current MRO environment. It will also address the time

aspect associated with inspection by proposing an automated method to capture

and analyse the data generated using the transmission inspection method. The

aim of this research is to achieve this by adopting the principles of traditional

image based IR thermography, replacing the sensing modality from contact free

pixels of IR images with contact temperature sensors.
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1.2 Aims, Objectives and Challenges within the
MRO

As will be explored within this thesis thermography as an inspection technique

requires a method of thermal transmission/re
ection and a method of capturing

the thermal data from the structure being inspected. Currently, the accepted

capture method for this technique is that of an infrared camera. This method

works well as high resolution images capable of recording the change in thermal

pro�le of the inspected component are now readily available from o� the shelf IR

cameras, which are able to connect with most available computers. As part of the

maintenance or repair process, the fan cowl will undergo a drying cycle in order to

remove any 
uid ingress by means of heat (80� C) and vacuum, a thermal pro�le

can be captured during this stage. However, the use of the existing thermal

Figure 1.3: Drying cycle lay up of breather on top of composite sandwich
structure contained within a vacuum bag upon a tool surface.

transmission within the drying cycle aspect of the maintenance process proves

problematic if we are to utilise an infrared camera as this part of the maintenance

process requires the application of consumables on the surface of the component

as seen in Figure 1.3. A breather cloth material, which is highly porous with a

high strength in compression, provides the main barrier to IR cameras obtaining

surface temperatures of the fan cowl. This is due to the high volume of air within

the breather material acting as a thermal insulation layer. The introduction of a

breather material is required for two reasons, �rstly, to provide an air-path across

the surface of the fan cowl within a vacuum bag and secondly to provide a medium

to absorb any 
uid within the fan cowl. On top of the breather, a vacuum bag is

4



applied to create an airtight seal around the component to produce the vacuum

when suction from a pump is introduced.

These layers of consumables can overlap and crease during application result-

ing in a non uniform layer of thermal insulation. To demonstrate the e�ect of

the breather material upon the captured IR images (Figure 1.4), 3 transmission

heated set-ups of the same composite sandwich panel were created:

ˆ Position (a): No breather Material was present.

ˆ Position (b): Two layers of breather material present on the right hand side

of the sandwich panel, the left hand side free of breather material.

ˆ Position (c): Surface completely covered in breather material.

(a) (b) (c)

Figure 1.4: IR images of carbon �bre laminate sandwich panel transmission
heat 80� C applied to back surface. Top central temperature reading (indicated
by red box) from centre of image, minimum and maximum temperature readings
annotated 'LO' and 'HI' respectively
(a) Sandwich panel top surface free of consumables, (b) Sandwich panel showing
half of top surface free of consumable and half covered in two layers of breather
cloth, (c) Sandwich panel showing full top surface covered in breather cloth.

All 3 transmission heated set-ups were heated by a heater mat set to 80� C. A

Fluke Ti95 IR Camera recorded a maximum temperature reading from the Car-

bon Fibre Reinforced Polymer (CFRP) composite sandwich panel in Position (a)

54.2� C (Figure 1.4(a)). As seen in Figure 1.4(b), Position (b) demonstrates the

impact of two layers of breather cloth, representing an overlap of the consum-

able, to the surface the IR camera reading. It is immediately apparent that the
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Fluke Ti95 IR is unable to capture the thermal pro�le or temperature changes

on the surface of the composite in the right hand half of the sandwich panel.

This is due to the contrast between the insulated surface of the right hand half

and the left hand half which is free of breather material. In Position (c) where

the surface is completely covered (Figure 1.4(c)), the thermal pro�le has changed

completely and become non-uniformed in its thermal spread when compared to

the surface temperature of the sandwich structure beneath the breather material

(Figure 1.4(a)).

A further barrier to obtaining thermal imaging data using IR cameras comes

from the environment that the drying cycle takes place. The fan cowls, once

prepared with the consumable lay up described in Figure 1.3 are placed within

an industrial oven, where heat is introduced to the component via air convection

at a temperature of 80� C for a 2 hour dwell period. As the accuracies of IR

cameras are in
uenced by the temperature of the environment in which it is

situated in [7] the reliability of temperature readings obtained from placing such

a device within the industrial oven during a drying cycle can not be assured.

It is proposed that thermal readings will be obtained from the surface of the

fan cowl during the drying cycle process via contact temperature sensors applied

directly to the surface of the fan cowl. The readings from the contact sensor can

then be used as a part of a feedback loop to maintain the temperature of a trans-

mission heat source during the drying cycle. Contact sensors will be arranged

within an array re
ective of the array of pixels produced by IR thermography

images used in established methods. With an array of temperature readings,

captured examination and data analysis can be conducted, based on established

methods to infer the material properties of the component.

1.3 Automatic Non Destructive Inspection Eco-
nomic Bene�t

In the production of composite structures for aerospace, rigorous testing and

quality assurance must be performed. The same level of certi�cation and standard
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requirements are applicable for maintenance and repair processes [8, 9]. This

applies to Non-Destructive Testing (NDT) of composite structures, however Non-

Destructive Inspection (NDI) methods do not require quali�cation in accordance

with Civil Aviation Authority (CAA) [10, 11]. This interpretation of the CAA's

de�nitions and regulations of Testing and Inspection allows for the use of NDI

to indicate the presence of defects within an aerospace structure, provided that

any quali�cations of the defect are carried out by a quali�ed NDT method in

accordance with BS EN 4179 [9]. This requires a quali�ed and certi�ed NDT

technician to conduct the testing. EN 473 \Non-destructive testing - Quali�cation

and certi�cation of NDT personnel - General principles" [12] describes the 3 levels

of NDT quali�cations that a technician may obtain along with the duties and

responsibilities associated with each level.

ˆ The initial certi�cation, level 1, is that of a competent person whom is able

to perform testing and record the results under the supervision of a Level

2 or Level 3 operator.

ˆ A Level 2 operator may select NDT techniques, set up and verify NDT

equipment, perform and supervise tests, as well as interpret and evaluate

results according to applicable standards, codes, or speci�cations.

ˆ A Level 3 operator is authorised to carry out all of the responsibilities of

a Level 2 operator as well as establish and validate NDT instructions and

procedures.

For an aerospace facility to carry out NDT in accordance with the legislation

and standards [9, 10, 11, 12] it requires the minimum of a level 2 operator on

site or access to one. In order for the same aerospace facility to carry out NDI

on aerospace components it must have a competent person trained in the NDI

method, however they do not require a quali�cation [11].

In order to train up to Level 2 an operator must have between 40 and 152

hours of training along with 640 to 1920 hours of industrial experience [12]. As

shown in Table 1.1, depending on the NDT technique an aerospace facility wishes

to use, the costs for simply covering the hourly wage of the inspector (£10.75 [13])
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Table 1.1: Costs and timescales to train operators to NDT Level 2 certi�ca-
tion, created from data obtained in UK National Aerospace NDT board [10] and
PayScale.com [13] 2018.

NDT Technique
Training
(hours)

Industrial
Experience

(hours)

Hourly
Wage

(£ GBP)

Total Cost
(£ GBP)

Acoustic Emission
Testing

128 1920 10.75 22,016

Eddy Current Testing 80 1920 10.75 21,500
Leak Testing

(Pressure and Tracer
Gas methods)

104 1920 10.75 21,758

Magnetic Particle
Testing

40 640 10.75 7,310

Penetrant Testing 40 640 10.75 7,310
Radiographic Testing 152 1920 10.75 22,274

Ultrasonic Testing 144 1920 10.75 22,188
Visual Testing 40 640 10.75 7,310

range from£7,310 to£22,278. Based on a 40 hour work week, it would also take

17 - 52 weeks to train personnel for each technique. If a company were to train

only one individual up to Level 2, they introduce a single point of failure should

that person become unavailable due to illness, holidays, or new employment. In

this scenario, workload and shifts would also generate a bottle neck for NDT.

Qualifying employees for Level 1 certi�cation would reduce the time and costing,

however, a Level 2 would still be required to supervise ultimately until level 1

employees achieved Level 2 certi�cation. At a cost of£22,188 and one year of time

to certify to a Level 2 quali�cation in Ultrasonic testing, a site such as Collins

Aerospace Prestwick Service Centre (PSC) MRO where 162 mechanic inspectors

conduct inspection of the nacelles and nacelle components across six business

unit cells, over a two shift rota a minimum of twelve mechanic inspectors would

be required to provide one quali�ed and certi�ed NDT Level 2 tester at each

cell per shift. However, as each cell requires more than one NDT method, for

example, a composite cell could require ultrasonic testing and visual testing to

verify the successful completion of a patch repair, and if the nacelle component

is part of the acoustic lining, it will also require acoustic emission testing making

the number of quali�ed testers required three per shift. With the consideration of
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employee turn over and costs associated with certifying mechanic inspectors with

level 2 NDT quali�cation, it creates an economic business challenge to use NDT

methods for all repairs and evaluations of damage at an MRO. Therefore, with the

development of an inspection method which provides the necessary information

required to select a certi�ed repair method or to declare a component damaged

beyond repair, which can be quickly adopted by operators, it would make sense

as a business case to utilise this method.

A full nacelle or individual components will arrive at PSC MRO either as part

of scheduled maintenance or as a drop in piece of work after either suspected

damage or veri�ed damage has occurred. Once the component is accepted and

work begins, an inspection of the component will occur, and this consists of a

visual inspection and an impact resonance inspection in the form of the coin

tap test. Using this form of impact resonance, an experienced inspector can

indicate the presence of defects within a composite sandwich structure depending

on depth and sti�ness of the structure [14], however, this is a subjective and

non-quanti�able inspection. It has been observed that impact resonance (tap

testing) could detect defects with a circumference as low as 8 mm in diameter in

a perspex test, increasing in size to 10 mm for an aluminium test piece [15]. It

was concluded that this increase in the minimum detectable defect corresponded

to the increase in sti�ness between the two materials [15]. When comparing

the sti�ness of Aluminium to that of CFRP the latter is more than twice as

sti� (69 GPa Aluminium, 150 GPa CFRP) suggesting that the minimum defect

circumference that can be reliably detected is larger than 10 mm. The largest

allowable defects within some areas of laminate for a fan cowl on the V2500 are

5.1 mm [16]. As this is smaller than the diameter for which the impact resonance

inspection method has been shown to reliably detect in structures with a lower

sti�ness, it can be assumed that there is a likelihood that defects out of the

allowable limit are not being detected using this inspection method. A result

of this is that within these areas certi�ed NDT methods must be carried out to

provide assurance that defects out of the allowable size are not present. This again

requires removal of the component from the maintenance and repair process and
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surface preparation of the component, as well as waiting for access to an operator

quali�ed to the appropriate level and of the desired testing method.

Tap testing as an inspection method requires the inspector to inspect single

points and is subjective to individual interpretation when using a manual tap

test hammer. It has been demonstrated with transmission set-up thermography,

using 
ash (pulse thermography), that defects down to 4 mm2 can be detected

within laminates up to 5.9mm in thickness [3]. As an inspection technique, PT

in the transmission set up provides indications of smaller areas,4 mm2 compared

to 10.18 mm2 tap testing, of damage. Thermography as an inspection method,

unlike the manual tap testing method, is not subjective to the individual inspec-

tor interpretation but rather the calibration of the equipment and condition of

the sensors. Two inspectors should arguably come to the same conclusion regard-

ing a defect using the same thermography equipment and method, whereas two

inspectors may return di�erent results using the same tap testing hammer. As

the maintenance process of the V2500 includes the drying cycle which requires

heat transmission into the component, there is the opportunity to utilise this heat

transmission to form part of the inspection using transmission-based thermogra-

phy. Doing so would remove the subjectivity of the current inspection method as

well as an opportunity to use signal analysis and machine learning to automate

the classi�cation of the indicated areas of defects and damage.

Currently, no sensor data is utilised in the monitoring of the 
uid levels within

the drying cycle process, the progress of this is monitored visually by removing the

component from the oven, stripping it down of consumables and visually inspect-

ing the breather material for signs of 
uids. This requires operators to prepare

the component in vacuum bagging with consumables, move the component into

the oven, run a drying cycle, then remove the component from the oven, strip it

of consumables and visually inspect the breather cloth. This process is conducted

on average 3 times with a V2500 fan cowl within the PSC MRO facility. As seen

in Figure 1.5 the operator hours required to perform a single drying cycle is 0.66

hours, the chargeable hourly rate for an operator as of 2018 is$140 US Dollars,

resulting in a cost of$92.40 US Dollars. Should the component require three full
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drying cycles this increases to 1.98 hours and a cost of$277.20 US Dollars.

As the component requires removal from the oven to remove the consumables

and perform the visual inspection of the breather material, the component re-

quires a cool-down period within the oven to allow for safe handling. Should the

process require repeating a new ramp up, dwell and cool down are all required

within the oven totalling 3.5 hours. In the typical 3 drying cycle process, this

Figure 1.5: The oil drying cycle process in steps with time in hours.

results in an oven time of 10.5 hours, consisting of 6 hours of dwell heating, 2.25

of ramping up to dwell temperature, and 2.25 of cooling. If 
uid levels within

the component could be monitored during the drying cycle processes, it would

be possible to continue the drying cycle until the 
uid levels are reduced to an

acceptable level. This would remove the need to run consecutive drying cycles

and thus only a single ramp up, dwell and cool down periods would be required

per complete removal of 
uid. This would reduce the full process time within the

oven from 10.5 hours to 9 hours, with a reduction of resource use of 1.5 hours

(14.28%). Figure 1.6 shows the process steps and time in hours for a new process

with an automated shut-o� linked to a 
uid level indication within the compo-

nent. It can be seen here that regardless of the drying cycle dwell time, there is a

reduction of operator hours required due to the removal of the repeated vacuum

bagging and addition of consumables stage step as well as the visual oil check.

This results in a typical cost savings of operator hours of the monetary value

of $207.20 US dollars per drying process per unit. The PSC MRO site during

the 2018-2019 period performed the oil drying process on 72 V2500 fan cowls.
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Were a new automated 
uid detection process, with the cost and time savings

described above, to be used during this period, a cost saving of$14,918.40 US

dollars could be realised on operator time alone. The reduction in ramp up and

ramp down within the oven would save 108 hours of oven use, increasing capacity

by 12 units across the year. Reducing the requirement for separate preparation

of drying cycles when more than one cycle is required, also reduces the generated

waste of consumables by up to two-thirds. This has not only an economic bene�t

but also an environmental one.

Figure 1.6: The new oil drying cycle process using sensor to detect 
uid presence
in steps with time in hours.

The V2500 fan cowl surface will take an experienced operator on average

approximately 20 minutes to inspect both the inner skin and outer skin. This

is conducted prior to the drying process and also again once the drying process

has been completed to identify if any damage has occurred during the drying

process. There is the possibility in cases of extreme 
uid ingress within the

sandwich structure, that during the drying cycle that high volumes of trapped


uid within the cells of the core expand under temperature and apply pressure

from within the sandwich structure. This pressure can result in weak adhesive

bonds between the laminate skin and core to come apart resulting in a disbond

between the skin and core. As the coin tap test requires a tapping hammer to

make contact with the surface of the component being inspected, it is not possible

to carry out the pre-drying cycle inspection nor the post drying cycle inspection

for defects of a V2500 fan cowl once it has been prepared within a vacuum bag
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for the drying process. This is due to the consumables used in the preparation

resulting in a physical barrier preventing impact between the hammer and the

surface under inspection.

The proposed inspection method could be performed whilst the V2500 fan

cowl was prepared for the drying process within a new heated surface tool which

utilised transmission heating through the component alongside an applied vacuum

to draw out 
uids, which would allow for a more lean process overall. Such

a method would allow for the unit to be received, cleaned, bagged, inspected,

then dried and inspected again before the bagging material and consumables

are removed. Currently, a unit can be received, cleaned, inspected, and then it

joins a queue for the drying process. An added bene�t of inspection post vacuum

bagging is that the bag will act as a barrier to the MRO environment, keeping the

unit free from contaminants. There is also the possibility of a mid drying process

inspection without removing the component from the vacuum bag. The main

bene�t would again be seen in the form of operator time, should the component

be able to see a reduction in inspection time through an automated method, a

cost saving will also be realised. Inspection time of 40 minutes (20 minutes pre

and post-drying process) per unit at the$140.00 per hour rate charged for an

operator would cost$93.33 US Dollars per unit. Over a year, assuming the rate

of units maintains at 72, this would result in$6700.00 worth of chargeable hours

used in the inspection of the components. As the inspection method would be

automated, the chargeable operator hours would be cut to zero, adding to the

previous cost saving, resulting in a new total cost saving of$21,638.40 over the

year.

1.3.1 Summary

A business case analysis has been conducted to consider the bene�ts to the ex-

isting process of preparing a V2500 fan cowl for Maintenance Repair and Over-

haul should the introduction of a contact temperature sensor system capable of

analysing the thermal pro�les in such a way as to indicate defects. It has resulted
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in the prediction of a cost saving of$21,638.40 US Dollars over one year and

an increase in capacity for the process by 12 units per year due to time savings.

In order for the new method to be successful, it needs to satisfy the following

requirements:

ˆ Must be performed using a temperature of 80� C as the heat source to �t

seamlessly within the current drying process.

ˆ Must utilise contact temperature sensors to obtain temperature readings

directly from the component surface and mitigate interference from con-

sumables.

ˆ Must provide a repeatable inspection method, which is not subjective.

1.4 Original contribution to knowledge

The objective of this thesis is to explore the analysis of the thermal pro�le from

transmission through a contact sensor based capture method which can be applied

directly to the surface of the component. The theory of traditional IR image based

thermography will be utilised and applied in practice to the proposed contact

sensor based thermography. This direct application will allow for more accurate

readings of the surface temperature as it is una�ected by the introduction of

consumables used during the maintenance and repair process within an MRO.

The proposed method of applying the sensors to the surface of the component will

also provide the ability of the system to be used for a wider range of applications

where thermal data is required, such as the curing of repairs. The particular

area of interest for Collins Aerospace from this research is in the indication of

poor quality adhesive bonds (disbonds) between laminates and core, previous

repair �bre orientation detail, and delaminations within laminates. There is an

abundance of knowledge around the use of non-contact thermography using IR

imaging. The area which has been identi�ed to explore further is that surrounding

the inspection of large aerospace structures of changing geometries with an in-

line inspection system that can utilise existing tooling and methods. The major
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bene�t of such a system is the introduction of a quality assurance method which

can be automated as part of the process without a signi�cant impact on the

process time, resulting in a signi�cant reduction in operator time and increasing

capacity across the same calendar period.

The limitations placed upon MRO environments when compared to an Orig-

inal Equipment Manufacturer (OEM) in terms of the ability to control processes

are far more stringent. This is due to the parts being worked upon already being

in existence, so the processes are created around the parts. Within an OEM the

production of the part is considered alongside the development of the part allow-

ing for a holistic approach to inspection and production. The MRO environment

must accommodate the various parts they receive, 
exibility while retaining the

use of existing equipment is key. The receipt of new families of components into

an MRO requires new methods which can be costly and limited to a single family

of components as they are typically physically customised. As a result of this

it is di�cult to accept ad hoc work if the physical tooling at the existing site

is not transferable. By exploring transferable sensors and instead customising a

software process inspection method to components, an inline process monitor-

ing/inspection system could be introduced that is transferable to any component

entering the MRO.

As the method is that of inspection and not testing, there is also interest

surrounding the use of the developed technique within an Aerospace MRO envi-

ronment due to the strict legislation surrounding such methods for human oper-

ators to complete. There is further work which could be conducted surrounding

the ethical and legal rami�cations of certifying a Machine Learning process to

carry out certi�ed testing under various international aviation authority legisla-

tion. However, this is not within the scope of this thesis, where only the technical

aspects will be investigated.

The thesis contributions can be summarised as follows:

i Develop a versatile contact-based thermography tool that can be used for

a variety of NDI tasks.
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ii Proposed and developed contact-based thermography technique that utilises

the tool to assess impact damage [17], by visually displaying areas of inter-

est.

iii Creation and validation of �bre orientation mean temperature response li-

brary, to identify �bre orientation of a part of unknown origin and history by

comparing its thermal response to that of the mean temperature response

library [18].

iv Proposed and developed contact-based thermography model to detect de-

lamination utilising incremental step heating [19].

1.5 Methodology

In order to test the hypothesis of producing indications of defects within CFRP

aerospace components with a non-destructive inspection method, inspired by im-

age based IR thermography techniques, from temperature data captured from

contact temperature sensors this research will progress through Technology Readi-

ness Levels (TRL) 1-6, as dictated by Collins Aerospace policy.

TRL 1-2 will consist of background research as to the feasibility of the use

of contact temperature sensors in this manner, and will make up the majority of

Chapter 2 in the form of a literature review.

TRL 3 (proof of concept) will take place in the form of experimental capture

of temperature readings using contact temperature sensors on a sandwich panel

with known damage in the thermal transmission set up to identify if the basic

principle of thermography, being that damage results in measurable variations in

thermal conductivity within a structure, are identi�able (Chapter 3).

TRL 4-5 (validation) contained in Chapters 4 and 5 will seek to validate and

develop the method through data analysis and process development to provide a

useful indication as to the characteristics of the CFRP under inspection.

TRL 6 (Prototype Demonstration) is in the form of a physical prototype

tooling set up and analysis software which will be developed throughout the
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content of this thesis.

1.6 Thesis Structure

The Thesis continues in Chapter 2 with a background of non-destructive testing,

which goes on to focus on thermography, temperature contact sensors and the

use of machine learning in the classi�cation and identi�cation of defects. Chap-

ter 3 introduces the development of a prototype contact temperature sensor array

created to capture the surface temperatures of the samples used to test the pro-

posed thermography methods. The Chapter continues by demonstrating that

image-based thermography techniques can be used in association with tempera-

ture data captured from contact temperature sensors, and through data analysis

impact damage and disbonds between core and laminate skins can be detected

using a low temperature thermal transmission set-up. In Chapter 4 the use of

transient thermal structural dissipation and data analysis is explored as a form

of characterising material properties within CFRP laminate structures. This is

continued in Chapter 5 where further investigation is conducted in exploring the

application of this method in indicating inter-ply inclusions of laminates in the

form of delaminations. The thesis ends with Chapter 6 with the conclusion of the

research and a discussion on further work which may result from this research.

1.7 Publications related to Thesis research

The work conducted in Chapter 3 is contained in:

[M1 ] Gillespie DI , Hamilton AW, Atkinson RC, Bellekens X, Michie C, An-

donovic I, Tachtatzis C. Defect Detection in Aerospace Sandwich Compos-

ite Panels Using Conductive Thermography and Contact Sensors. Sensors.

2020; 20(22):6689.

The methods developed within Chapter 3 were applied and used in:
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[M2 ] Mills JA, Hamilton AW, Gillespie DI , Andonovic I, Michie C, Burnham

K, Tachtatzis C. Identifying Defects in Aerospace Composite Sandwich Pan-

els Using High-De�nition Distributed Optical Fibre Sensors. Sensors. 2020;

20(23):6746.

The work conducted in Chapter 4 sections 1-4 is contained in:

[M3 ] Gillespie DI , Hamilton AW, Kruckenberg T, Neilson B, Atkinson RC,

Andonovic I, Tachtatzis C. "Geometrical thermal analysis as a form of Fi-

nite Element Analysis enhancement". In 17th International Conference on

Manufacturing Research 2019 Sep 12 (pp. 187-192).

The work conducted in Chapter 4 section 5 is contained in:

[M4 ] Gillespie DI , Hamilton AW, McKay EJ, Neilson B, Atkinson RC, An-

donovic I, Tachtatzis C. Non-Destructive Identi�cation of Fibre Orientation

in Multi-Ply Biaxial Laminates Using Contact Temperature Sensors. Sen-

sors. 2020; 20(14):3865.

The work conducted in Chapter 5 is contained in:

[M5 ] Gillespie DI , Hamilton AW, Atkinson RC, Bellekens X, Michie C, An-

donovic I, Tachtatzis C. Composite Laminate Delamination Detection Using

Transient Thermal Conduction Pro�les and Machine Learning Based Data

Analysis. Sensors. 2020; 20(24):7227.
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Chapter 2

Background

Non destructive testing of composite structures is a well established area of re-

search. This chapter will examine the literature and state of the art within several

non destructive methods, discussing the bene�ts and limitations of each. As this

thesis will explore thermography based inspection methods, this chapter contin-

ues with further discussion surrounding consideration of heat sources and their

compatibility within the MRO environment for inspection. With the control of

the heating methods and their compatibility with both the proposed method of

inspection and environment within the the MRO examined, the selection of non

silicone rubber heater mats is discussed. This is followed by an overview of the

available contact surface temperature sensors available. The bene�ts and limita-

tions of each sensor type is discussed and the down selection of a contact surface

temperature probe in the form of Resistance Temperature Detector is explained.

The Chapter concludes with an overview of existing Machine Learning methods

and their successful application within existing IR based thermography inspection

methods.
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2.1 Ultrasonic Non Destructive Testing / In-
spection

The most widely used Non Destructive Testing/Inspection (NDT/NDI) technique

employed for composite structures is that of Ultrasonic/Ultrasound [20]. This is

actually a family of techniques which utilise ultrasound frequencies (above 20

kHz). The most commonly used technique of ultrasound inspection is that of

pulse echo. The premise of this technique is described in its name, whereby a pulse

of ultrasound is generated by a transducer, typically piezoelectric, and injected

into the sample under inspection. The same transducer switches to a receiving

mode to `listen' for the echo generated by the pulse from within the sample. Fig-

ure 2.1 shows that the amplitude of the echo can then be used to determine the

intensity of the echo giving a Time of Flight (ToF) within the structure, which

can be used to calculate the thickness [21]. Inspection/Testing of structures with

a known thickness and material density will result in the identi�cation of defects

within the structure via the setting of gates at the maximum depth of the sample.

Readings within the range of this gate would be from a re
ection within the sam-

ple, which is indicative of a defect. Ultrasound inspection can also be conducted

Figure 2.1: Pulse Echo ultrasound non destructive inspection method. ToFh

and ToFd as time of 
ight homogeneous and time of 
ight defect, respectively.

in a transmission set up where the pulse is generated from a transducer on one

surface of the sample and a separate receiver is located on the opposite surface.

Similar to pulse echo, with a known thickness and known density of the sample,

the expected attenuation resulting from the signal travelling through the sample

can be calculated. Any discrepancies to attenuation would be produced through

some form of inclusion within the sample modifying the acoustic properties [22]

as displayed in Figure 2.2. Generation of ultrasound signals has been successfully
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Figure 2.2: Transmisson ultrasound non destructive inspection method. Re-
duction in Attenuation displayed on right in form of reduced pulse.

achieved and utilised in inspection from several di�erent sources. As a sound

wave is a vibration within a medium, ultrasound signals can be generated from

any source which can produce a vibration at a frequency above 20 kHz, either

internally or externally, which can be transmitted. The most commonly used is

a piezoelectric transducer, which will generate a force when an electric charge is

applied. This is also true in the opposite, with the piezoelectric material gener-

ating a measurable electrical charge proportional to the force applied [23]. This

two-way generation of controlled vibration and of sensing a measurable voltage

from vibration makes for ideal ultrasound transducers which can operate in both

a transmission and receiving capacity.

It has long been known that attenuation within CFRP composites increases

in line with frequency [24]. This is also true in regard to voids, the correlation

between void content and attenuation can be used to measure the void content

within a CFRP sample [25, 26, 27]. However as �ller materials in sandwich

structures are in essence a layer of voids used to provide sti�ness but also be

lightweight, these also impact attenuation. Such is the impact of sandwich struc-

tures on the attenuation of sound waves that they are commonly used within

aerospace structures to provide noise reduction both within the aircraft and to

meet the noise level requirements of engines [28]

The ultrasonic frequency ranges typically used within composite structures of

between 2 MHz to 10 MHz, experience high attenuation of sound in air resulting

in signal loss when an poor contact exists between the sample and transducers. To

mitigate the signal loss due to attenuation, a couplant can be used to transmit
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the ultrasonic signal. The most reliable methods of coupling the ultrasound

transducer to the sample, in order to transfer the mechanical energy, is via full

submersion or the use of water jets [29]. For structures where the ingress of

moisture will have a negative impact on the structural properties the use of air as

a couplant has been investigated with promising results [30, 31, 32]. However an

unobstructed line of sight between the transducer and sample under inspection

is required, as well as the maintaining of a controlled distance between both.

A non-contact ultrasonic method without the requirement of a physical cou-

plant has been achieved via introducing mechanical excitement within the sam-

ple under inspection through the application of lasers [33, 34, 35, 36]. When

compared to contact ultrasonic methods, non contact ultrasonic laser methods

provide low sensitivity and are heavily a�ected by environmental noise [37]. As

the MRO environment is one of varying workloads and processes, the removal of

background noise which would impact the laser ultrasonic method is not feasi-

ble without considerable modi�cation to existing processes, which would require

signi�cant investment into new processes and infrastructure. When presenting

Figure 2.3: A scan example of a pulse echo signal.

the ultrasonic readings captured, there are several options available. For single

point inspections, the Amplitude Scan (A-Scan) [38] presents a 1 dimensional line

plot of the strength of the echo from the transmitted ultrasonic pulse over time

(Figure 2.3). As the speed of sound within the structure under examination can

be known, the Time of Flight (ToF) of the pulse can be used to calculate the

thickness of the structure. An operator can also use the ToF of the A-Scan to
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identify defects within a structure due to the pro�le of the A-Scan presenting a

strong echo generated from defects [39].

For local inspection and testing of structures the A-Scan provides a high

level of detail of the underlying structure, however over larger structures it is a

time consuming process. By arranging an array of pulse echo transducers, each

generating their own A-Scan, the collated A-Scans can be presented together

in a top-down view presenting the intensity of the echo generated in a colour

palette or a corresponding degree of brightness to intensity of the echo [40]. Such

Brightness Scans (B-Scans) provide a report of the echo strength captured by the

array along a single dimension (Figure 2.4). Visually, this presentation is more

Figure 2.4: (a) A scan example of a pulse echo signal rotated 90� for a singley
coordinate (b) B scan example displaying composite of 10 A scans displayingy
and z axis.

intuitive to interpret as it can be described as a `slice' of the structure viewed

side on. Describing the A-Scan as measurements in thez-axis and the B-Scan as

measurements in thez-axis andy-axis, thex-axis can be introduced by capturing

a series of B-Scans and their translation in regards to each other. This results in

the generation of a C-Scan report (Figure 2.5(b)) which presents a top-down view

of the structure under inspection or testing [41, 42, 43]. As the C-Scan produces a
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report with known areal dimensions, it allows for a report to be directly compared

to the component under inspection or testing.

Figure 2.5: (a) B scan example of a pulse echo signal for a single row ofx
coordinate 4, displaying a possible defect aty coordinates 3 and 4 (b) C scan
example displaying composite of 10 B scans displayingx and y axis for z axis
values greater than 3.

2.2 Broadband Terahertz Spectroscopy

The Terahertz (THz) spectral range sits between microwave and Infrared (IR)

30 � m and 30 mm [44]. Due to this it has been possible to utilise some techniques

developed for microwave and IR. However systems are still complex, requiring sev-

eral components to function. THz are a non-ionising radiation allowing for safe

use around human operators, unlike X-ray. The three THz generating methods

are electronic, laser and optical. Electronic generation and detection as a method

is the more mature of the three due to the transfer of similar established methods

within microwave. The use of optoelectronic systems allows for greater access to

the range above 1 THz, at which point it has been observed that many important

spectroscopic features occur [44]. Through generating THz pulses from ultra fast

(femtosecond) lasers it is possible to detect from simultaneous broadband spectra

and perform THz spectroscopy. This allows for the detection of both amplitude
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and phase, providing simultaneous properties for both the absorption and dis-

persion of the samples under testing. However, the generation of THz pulses

from lasers is a costly and complex process currently involving sensitive systems

which may not be suitable for some industrial applications, such as mechanical

workshops.

The use of THz Time Domain Spectrometry (TDS) in re
ection mode has

been shown to be successful in detecting multi layer delaminations [45]. That is

to say delaminations which are independent of each other within a sample but

overlap each other within the z-axis when considering in 3D space. Depth and

thickness of these defects were able to be calculated to the� m scale with a 5%

margin of error. This level of detail, while impressive, adds no bene�t in an

environment where a defect area once identi�ed will be removed and replaced in

its entirety.

TDS has a strong sensitivity to moisture, which results in precise moisture

detection [46]. This is of particular interest within the area of composite sandwich

panels within aerospace components, especially those located within areas of the

aircraft that come in to contact with 
uids (e.g. hydraulics, oils and fuels). As

sandwich panels contain voids within the �ller area in the form of honeycomb or

foam �llers, they are susceptible to trapping moisture within these voids. This

can lead to damage to the structure through the shrinking and swelling of the 
u-

ids due to signi�cant temperature changes in 
ight separating the laminate panels

from the sandwich �ller. As TDS can be used in both re
ective and transmission

set up for inspection, it is able to detect sub-surface defects within the laminate

structure to a high spatial resolution in the re
ective method, providing quanti-

tative details of depth. However due to the loss of propagation of the THz pulse

when entering the voids of the �ller section, this level of detail and ability to de-

tect laminate defects is limited to the front laminate, this being the laminated in

the direct line of sight of the re
ective transmission and capture set up [46]. Such

is the level of detail obtainable through TDS on composite laminate structures

that it is possible to detect low impact damage to the skin of composite aircraft

components such as bird strikes, hail, or tool damage during maintenance [47].
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Due to the nature of low velocity impact damage, they can present without vi-

sual indication upon the surface of the composite laminate while subsurface cracks

and damage can be extensive [48]. When compared, imaging results produced

from Time Domain performed better than that of Frequency Domain, providing

qualitative and quantitative detection of defects.

It has been shown that material properties within Carbon Fibre Reinforced

Polymers (CFRP) are a�ected by �bre orientation within the structure [49, 50].

Amongst these is the electrical conductivity of the structures [51]. As such, the

quality of readings achievable has been shown to be impacted by the alignment of

the THz emitter and the �bre orientation of the sample undergoing inspection [52,

53, 54]. Further to this impact of electrical conductivity of composite laminates on

the penetration of THz through the structure, subsurface inspection still requires

more development to achieve comparable results to the established NDT/NDI

techniques for CFRP [55, 56]

2.3 Heat Transfer

The process of heat transfer within the three basic phases of matter (solid, liquid

and gas) has long been understood through Fourier's law of heat conduction [57].

The transfer of heat as energy due to the collision between particles which are

excited by a heat source, as seen in Figure 2.6, can be classi�ed as:

ˆ Convection - Energy transfer between a solid and a moving 
uid (liquid/gas)

which are at di�ering temperatures. The convection heat 
ux (q), the rate

at which this energy transfer occurs, can be described as:

q = h(T2 � T1) (2.1)

Where h is heat transfer coe�cient, T2 is the 
uid temperature, and T1 is

the temperature of the solid.

ˆ Conduction - Energy transfer between solids where there is an imbalance
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Figure 2.6: Convection heat transfer, through 
uid/gas; Conduction heat trans-
fer, through solids; Radiation of electromagnetic waves, example.

in energy, this occurs in the direction from the higher energised particles

within the solid to the lower energised particles. Fourier's law describes the

conduction heat 
ux in 1 dimension for the direction of travel (qx ) as:

qx = k
dT
dx

(2.2)

Where k is the thermal conductivity of the solid, dT is the change in tem-

perature, anddx is the distance in 1 dimension.

ˆ Radiation - Is the energy transfer through the emission of electromagnetic

waves [58]. This transfer occurs from all bodies which have a temperature

above absolute zero, and requires no speci�c medium to transfer. The

Radiated heat 
ux (q) transferred in this way is described by the Stefen-

Boltzmann law:

q = ��T 4 (2.3)

Where � is the Emissivity coe�cient, � is the Stefen-Boltzmann constant

and T is the surface temperature of the object radiating heat.

Modeling these energy transfers within a known space domain can be calculated

through the �nite element method. This is achieved by splitting the space domain

through Discretization into smaller sub domains, known as �nite elements, with

nodes associated with each �nite element. Figure 2.7 displays the breakdown
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Figure 2.7: Example of FE method for a square space domain with quadrilateral
elements.

of a square Space domain into 4 �nite elements with 9 nodes. Once the nodes

have been created the one dimensional energy transfer equations can be applied

between nodes and an approximation calculated for the element described by the

nodes through a shape function. For example in the instance of Finite Element

1 in Figure 2.7, described by nodes 1,2,4,5, the approximation heat 
ux for the

�nite element can be described as:

q = N1q1 + N2q2 + N4q4 + N5q5 (2.4)

Where N is the shape function andq the heat 
ux. This �nite element method

is the basic principles for FE thermal analysis conducted in FE software like

ANSYS. It is possible to measure the magnitude of the thermal energy within a

material due to the relationship between temperature and electromagnetic waves.

For example, in the case of iron ore undergoing a smelting process, where tem-

peratures reach in excess of 1250� C [59], the changes within the electromagnetic

spectrum are within the range of visible light and the human eye can perceive the

temperature as the metal glowing in a range of colours. Further, the character-

istics of the thermal radiation are in
uenced by surface properties from where it

emits, Kirchho�'s law [58]. Of these properties, emissivity coe�cient is regarded

as how e�ective the surface can emit thermal radiation. This is described as a

ratio (0 to 1) of the thermal radiation emitting from the surface of an object in

comparison to that of a perfect black body object [60].
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From Planck's equation [61] the spectral radiance (B) of electromagnetic radi-

ation can be used to infer temperature given a black body in thermal equilibrium.

B(v; T) =
2hv3

c2

1

e
hv

k B T � 1
(2.5)

Planck's equation and Fourier's law allow for both the quanti�cation of IR data

and its analysis.

2.4 Thermal NDT

The Non Destructive Inspection (NDI) method of thermography has developed

from the nature of transient heat 
ux (Q) changes across a sample when thermal

energy is applied [62]. These changes occur due to the changes in the structure

(defects) impacting the di�usion of the thermal energy. Technological advance-

ments over the years have made the use of Infra-red image capture of areas of

interest the accepted method for Thermography inspection. This has been largely

due to the development of of uncooled Focal Plane Array (FPA) [63] resulting in

the system being able to capture data without the need of cooling systems. More

recently the advances in data analysis and processing have allowed for the use of

increasingly more complex algorithms, for example solving inverse heat conduc-

tion to characterise defects [62]. Active Thermography models can be classi�ed

into three areas:

ˆ Type of thermal stimulation, e.g., electrical, optical, mechanical, etc.

ˆ Arrangement of the sample and the heat source i.e. `onesided' re
ection

based thermography and `two sided' transmission based thermography.

ˆ Size and shape of stimulated area i.e. point-by-point, line scanning and

areal.

Processing the temperature data from scanned samples in its most basic form

is achieved through calculating the di�erential in temperature between readings
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assumed to be sound and scanned areas. The contrast between these readings

can be assumed to indicate areas of interest and are generally visible on stan-

dard IR camera equipment. Processing techniques also have an impact on the

heating times required to obtain areas of interest. The use of Signal to Noise

Ratio (SNR) allows for the analysis of a single IR image that captures at the

optimum observation time. This allows for short or pulsed temperatures to be

used as heat sources to identify larger defects. A clearer image can also be cap-

tured with shorter heating times as it limits the lateral heat di�usion within the

sample. With the availability of increasingly more complex data processing algo-

rithms and a�ordable powerful processing computers [62] along with researchers

and engineers who are able to process this data [64], the noise associated with

thermal non-destructive inspection can be repressed to allow for sharper images

and increasingly more accurate defect identi�cation.

It is possible to apply external sources of heat such as Lock in Thermography

(LT) and Pulsed Thermography (PT) as well as the option to generate internal

sources of heat within the samples through mechanical excitement such as Vi-

brothermography (VT) [65]. LT and PT both make use of a heat source which

is external to the sample under inspection in order to analyse how the thermal

energy di�uses within the sample[66]. Where they di�er is in the form that the

heat wave takes between the heat source and the sample. LT makes use of an

amplitude modulated heat wave in steady state (Figure 2.8(a)), where as PT

uses a single pulse to inject heat into the sample (Figure 2.8(b)). Using optical

sources for external heat application, such as lamps, can provide a fast non con-

tact method of introducing thermal energy. However due to the nature of the heat

source in the rays and the resultant heat pro�le inferred from emissivity, they are

subject to the same restrictions as other forms of light, and as such the emissivity

of the inspected sample is heavily impacted by re
ection, surface roughness and

conditions (e.g. dust) [67, 68]. As VT generates heat from within the sample,

using ultrasonic transducers to induce vibrations/excitement (Figure 2.9), this

removes the loss of thermal energy into the sample via re
ection as can be the

case with optically heated samples. However as the source of thermal energy is
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Figure 2.8: Waveform of (a) Amplitude Modulated in steady state, Locked in
Thermography (b) Short single pulse, Pulse Thermography.

Figure 2.9: VT generation of heat within a composite laminate sample with
inter-ply defect (a) At rest (b) Vibration exciting ply layers (c) Generation of
heat due to friction between ply layers.

generated through the vibration of the sample, the sample must be immobilised

to ensure that the transducer transmitting the ultrasonic wave has good contact.

The use of a coupling agent is also required to ensure the transmission of ultra-

sonic waves and to prevent damage at the injection points due to misalignment of

the transducer [65]. Both optical and vibration as forms of thermal energy within

thermography require short time periods (a fraction of a s), high energy injections

of heat as longer time periods of high energy heat being released into composite

samples increase the risk of inducing damaging to the area [69]. The identi�cation

of delaminations, disbonds, excess adhesive and crushed core within composite

Carbon Fibre Reinforced Polymer (CFRP) sandwich panels, has been compared

for two sample panels of thickness 2.5cm and 7.6cm and for two densities of hon-

eycomb utilising X-ray, C-scan ultrasonic, Pulse Thermography PT, LT and VT

with varying success in identi�cation [65]. In that study X-ray inspection of the

samples was only able to successfully detect the honeycomb walls of the sandwich

�ller structure as well as disbonds and excess adhesive. The ultrasonic C-scan
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inspection could detect all defect types and honeycomb walls. Accompanying

ultrasonic C-scan with B-Scan cross sections also allows for a quanti�cation of

the defect depth within the samples. To compare PT, LT and VT the same two

sandwich structure samples were inspected, for PT, a raw thermogram captured

at 2.5s was used as it provided the best thermal contrast of the defects. When

three processing methods were applied to the PT raw thermogram, Di�erenti-

ated Absolute Contrast (DAC) , First Derivative (FD), Thermographic Signal

Reconstruction (TSR) and Second Derivative (SD) TSR, FD results produced

the clearest indications of all defects with the exception of delaminations, SD

clearly indicates the delaminations and honeycomb cells [65]. As these methods

use the same raw thermogram it is possible to capture all defects clearly within

the sample.

A two-sided transmission based step heating method to accurately predict the

thickness of stainless steel samples using an inexpensive halogen bulb with a

gradual temperature increase, has been demonstrated to account for the gradual

temperature rise from the halogen bulb heating source [70] by utilising a modi�ed

one-dimension formula of heat transfer [71] and half the rise time of the Greens'

function [72]. Provided that the thermal di�usivity of the sample is known using

the modi�ed one-dimensional formula the thickness of the sample can be inferred.

Conversely, if the thickness is known, then the thermal di�usivity can be inferred.

The presence of a large amount of random errors occur when the sample process

times are short, longer processing times provide better results, between 0{+3.7%

for all sample thicknesses until the thinnest sample size of 5.09mm where an er-

ror percentage of +7.3% is produced [70]. In this work the authors argue that

the accuracy of this technique is related to the process duration and not that of

the thickness, while the random errors are directly related to the low power of

the heating lamp [70]. As the heating source in this instance is a halogen bulb

separated from the part by an air gap there will be a loss of heating from the

source into the atmosphere due to convective heat transfer.

Similar to the aerospace industry, the wind energy industry are producing

larger composite structures more than ever before. The construction of a wind
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turbine blade, similar to that of an aerospace wing structure consists of the skin

being supported by sti�eners running along length of the structure. The wind

turbine blade joins the upper and lower shell via two shear webs via an adhesive

bond. The turbine blades can have rotor diameters up to 180 m and weigh no

less than 30 tons each [73], such loads apply enormous pressure to the adhesive

joins. A method of inspecting the quality of these joins via transmission thermog-

raphy has been proposed, where heat is transmitted to the back surface of the

shear web via heating the air of the internal cavity through electrically heated

wires [74]. This then thermally conducts through the structure of shear web,

adhesive, and skin structure. Reading the resultant temperature pro�les along

the structure a quantitative `Adhesive Quality' value analysis algorithm is pro-

posed that can identify the adhesive boundary and predict thickness [74]. This

demonstration shows that data obtained through a conduction to convection to

conduction heating method can be used to infer the quality of a large composite

structure.

There have been several experimental comparisons between MT and PT meth-

ods of thermography. Comparisons are required of these techniques on laminate

structures to outline the advantages and disadvantages, to to make an informed

choice as to which method would best suit a particular Quality Assurance (QA)

process. MT as a technique uses thermal waves, as such the phase frequency

is directly linked to the defect depth. As the amplitude and phase images are

not impacted by re
ection upon the surface, and the phase image is not im-

pacted by emissivity variations, no surface treatments are required to enhance

the testing. As the phase image is created from variances in the phase angle

no post-processing to the image is required. Another bene�t to the phase angle

and not thermal pro�le creating the phase image is that the inspected part is not

required to increase temperature as much as is required by PT. It is noted that as

PT uses temperature changes resulting from pulse heating, it should be possible

to measure the width of defects, if these are close to the surface [75]. For deeper

defects post-capture processing to the image is generally required due to the 2D

transfer of heat (in the x and y axis) as it travels through the laminate (z axis).
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The emissivity coe�cient of the surface of the part being tested is required for

PT to quantify any defects found, a surface treatment can be applied in order to

improve the emissivity coe�cient as well as reducing re
ection to and from am-

bient sources. It has been noted that if quantifying the dimensions of the defect

is not a priority and only the indication of a defect, then PT is able to provide

indications of defects and greater depths than those achievable by MT [75].

It has been demonstrated that it is possible to apply pre and post-processing

procedures that have been developed for pulse thermography in a step heating

thermography method [76, 77]. The use of Thermographic Signal Reconstruction

(TSR) , and early detection methods can be used with the Step Heating method

and compared with PT. Similar to PT, TSR can be applied to Step Heating in or-

der to produce thermograms of the log-log scale. It is noted that PT thermograms

can be normalised by one value taken shortly after heat deposition has started

to account for the impact of non-uniform heat deposition. This normalisation to

a single value can be unreliable in the case of Step Heating due to the very low

Signal to Noise Ratio (SNR) at the beginning of a heat deposition, However the

logarithmic derivatives are automatically normalised. This method con�rms the

TSR processing technique used in PT is able to be applied to Step Heating to

detect and image arti�cial delaminations within composite materials.

The time evolution of the contrast created by defects show that for both PT

and Step Heating, the in
uence of thermal resistance decreases as the contrast

tends to zero. However this is much more pronounced within PT making it a more

accurate method for quantifying the depth of a defect using an early detection

approach. Further analysis of this technique suggests that pulse heating provides

an accuracy 2.2 times greater than step heating [76, 77]. It is suggested that this

is due to the low SNR within the �rst images captured when the Step Heating

method is used, which in turn negatively impacts the normalisation procedure.

However, if no data processing is carried out a better image can be seen with Step

Heating due to the thermographic sequence persisting within shallower defects

better when compared to PT. The method veri�es that the theoretical �ndings

of TSR methods developed for PT can be successfully applied to Step Heating
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thermography methods with minor alterations and produce accurate indications

of defects. Through the monitoring of thermal decay after inducing heat into a

laminate it is possible to identify sub-surface defects. This has been demonstrated

via an automated detection and classi�cation method by processing the thermal

decay, utilising pulsed thermography was in a re
ection capture setup [78]. It

should be noted that as the laminates were not isotropic materials that traditional

simpli�ed models could lead to misleading interpretations of defect depth within

�nite samples. However, if the defects were larger than their depth this model

would give a realistic approximation of thermal propagation and produce accurate

defect depth estimates. As the samples were based on laminates common to the

aerospace industry where the thickness rarely exceeds 3 mm and the tolerances

of classi�ed defects within these laminates are typically several millimetres, a less

sensitive model would be suitable. The thinness of aircraft laminates also sits

within the limits of penetration of the re
ective thermography setup [79].

2.5 Heat source, considerations

In order to examine a sample in the transmission set up a heat source and capture

method are required. For transmission of thermal energy several options are

available. The use of an industrial oven, while available and the current method

of injecting thermal energy into the V2500 fan cowl during the drying process,

raises issues when utilising a contact temperature sensor to detect variations in

thermal conductivity via surface temperature. This is due to the thermal energy

being introduced to the sample via convection within the con�ned volume of

an industrial oven. As this method requires the entire sample structure to be

contained in a con�ned volume of air which is then heated, all surfaces which

are exposed to the heated air become thermal injection points. For uniform

application of thermal energy this is an ideal solution, however, as the contact

surface temperature sensors will provide temperature readings of the temperature

that they themselves are experiencing. As the sensing tooling surface would also

have to be within the oven, the reading captured by the contact sensors is likely to
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be that produced within the sensing tooling surface itself due to convection from

the air temperature within the oven. To ensure that only through transmission

temperature recordings are collected the heat source must be one which can be

controlled and applied to the heated side of the sample only, thus ruling out

use of an oven. As the �nal requirements of this research are for the inspection

process to be implemented as part of the drying process, the heat source must

also be capable of producing and maintaining a steady 80� C as per the drying

cycle requirements.

2.5.1 Heat lamps

The use of heat lamps in composite repairs is commonplace within an MRO due to

the ease of mobility and directional heating allowing for their use in a wide range

of components. This optical method uses IR radiation generated from a halogen

bulb, transferring it from the lamp to the structure via convection. Temperature

can be controlled via distance of the lamp from the structure in conjunction with

controlling the bulb via a thermocouple providing feedback from the surface of

the component. This is achieved by setting a dwell temperature for the surface

to reach, allowing for an overshoot within pre-set parameters, typically 5-10� C.

Once the surface temperature is within the overshoot range, power to the lamp is

cut o� until the surface temperature drops to within another pre-set parameter,

this time at or just below the dwell temperature. Areal coverage can be controlled

via a shutter to limit the diameter of the beam created by the heat lamp as it

reaches the surface of the structure being heated [80].

The use of heat lamps in IR thermography is accepted source of introduc-

ing thermal energy in both the re
ective and transmission set-up [81, 82, 83, 84]

however, as discussed within Chapter 1 the line of sight for IR radiation is im-

peded by consumables within the drying process. This may result in the uneven

application of heat to the surface due to the consumables.
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2.5.2 Laser

Another optical method of heat transfer, which is now common within several

industries, is that of lasers. Due to their ability provide accurate, focused energy

to the surface of structures is an rapidly growing research area with promising

results. Focused laser radiation will generate heat within the surface at the focal

point, such is the intensity of the heat generated within the focal point that it is

possible to machine CFRP at high speeds to fractions of a millimetre [85]. Due to

this narrow focal points achievable by modern day lasers their use in NDT/NDI

allows for indication of defects at the sub millimetre [86, 87]. However, expanding

the diameter of the laser to cover larger areas has an obvious impact in that it

is no longer focusing the laser radiation, and as such generating heat to the

intensity when focused. To cover larger areas with a single laser the use of a

line scanning, or 
ying dot technique is required [88, 89, 90]. Although these

techniques can be extremely fast and accurate, as with the heat lamp heated

methods of thermography, they rely on a clear line of sight to the structure under

inspection.

2.5.3 Induction heating

Induction heating of a structure is achieved through two e�ects of placing a fer-

rous structure within an oscillating magnetic �eld. Firstly, the induction of eddy

currents within the structure will occur, as the structure is electrically shorted

the eddy currents will generate heat. The secondary heating e�ect occurs due

to hysteresis, where rapidly inverting magnetic �elds create electrical resistance

within structures that have magnetic properties. It has been shown that induc-

tion heating within CFRP composite laminates can generate temperature changes

along the length of CFRP �bres [91], however these are considered minimal.

Where joins are present between �bres, when comparing parallel �bre orienta-

tions to perpendicular �bre joins, it is possible to create a `circuit' within the

laminate and generate heat, which concentrates at these joins [92]. This requires

for such closed-loop �bre `circuits' to be present in order to generate heat via
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induction [93]. As the control of �bre orientation and placement during manufac-

ture involves multiple ply layers of varying �bre orientations, add to this repair

patches, the continuity of �bres within a large composite structure is unlikely

exist to the extent that could support a uniform controlled application of heat.

2.5.4 Microwave

It is possible to generate thermal energy within a structure through introducing

electromagnetic energy to the structure via microwaves. As the thermal energy

is converted from the electromagnetic energy, there is no form of convection or

conduction resulting in an energy saving when compared to heat transfer meth-

ods [94]. This form of heating results in either volumetric or surface heating

depending on the material properties. In the instance of dielectric materials,

microwaves can produce volumetric heating within the structure due to dielec-

tric loss heating [95]. Carbon is highly microwave absorbent [96] and as such

microwave as a heat inducing method of CFRP layered structures such as sand-

wich structures may result in the thermal energy concentrating within the initial

layer of CFRP laminate. The use of microwave heating in thermography has

the bene�t that as the thermal energy originates within the structure itself, any

discontinuity presents as uneven heating, with defects and inclusions showing as

cold spots when examined[97, 98, 99].

2.5.5 Vibration/Acoustic

The use of ultrasonic/ultrasound waves in NDI/NDT as a method where the

attenuation of the sound wave is used to characterise the condition of the material

under inspection has been discussed. Ultrasound waves are vibrations within a

medium, this vibration can also be used to induce heat within a structure. The

simplest method of this can be seen when two vibrating surfaces meet, the friction

at the contact points will generate heat. This generated heat can be detected

within defects where the contact surfaces of a defect are close enough so as to
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be undetected by other methods [100] where the close contact may present as a

solid structure. As the resonance within the material will alter in areas where

the structure di�ers, it is possible to target the resonance frequency of defect

areas to enhance their detection[101]. Similar to other heating methods where

thermal energy is induced within the structure, the heating of the structure is

non-uniform. In this method the thermal energy is concentrated in defective

areas and is dependant on the contact areas for the quantity of thermal energy

produced. As such, the temperature will be non-uniform across a structure, and

theoretically non-existent in a perfect structure.

2.5.6 Heater mats

Composite patch repairs on aerospace structures can be conducted in situ with the

use of localised heating to cure the repair area with non-silicon heater mats [102].

Due to the 
exibility of the heater mats, they can be applied directly to the surface

of curved surfaces and held in place via the vacuum bagging required for the

consolidation of the patch repair. A uniform, easily controlled temperature can be

produced across the surface of composite structures [103]. A wide range of shapes

and sizes of heater mats are available, which allow for targeted, controlled heating

of a structure under vacuum and in the presence of consumables associated with

the vacuum process.

2.6 Contact sensors for thermal detection

The introduction of sensor systems to the surface of composites during the cur-

ing process can have negative impact on the mechanical properties of the cured

laminates[104]. There are alternatives in the form of product health monitor-

ing systems which can be cured within the composite systems that have shown

negligible and sometimes improved material properties of the cured laminate

[105, 106, 107, 108]. However, the introduction of any changes to the mate-

rial within an aerospace structure has to undergo intensive testing to be certi�ed

39



Table 2.1: Contact Temperature sensors bene�ts and limitations table

Sensor Bene�t Limitation
Thermistors -Low cost -Susceptible to `Aging'

-Fastest response time -Low Accuracy
Thermocouples -Simple to produce -Dependant on secondary

-Cheap Temperature sensor
-Large Temperature range -Susceptible to electrical
-Robust and magnetic interference

-If sheathing required
poor thermal contact
can occur
-Cable drift
-Replacement time

Resistance -High accuracy -Self heating
Temperature -Linear TCR (negligible)

Detectors -Interchangeable sensors
(Class A and B)

Fibre -High resolution -Requires bonding
Bragg -Single sensor to structure for

Grating accurate readings
Rayleigh -High resolution -Each probe

Back scatter -Single sensor requires calibration
optical �bre -Cheaper than FBG Requires bonding

to structure for
accurate readings

for use on aircraft [109], this is a costly endeavour both �nancially and in time

requirements. An alternative to altering the materials within a component is to

modify the method of curing, thus retaining the material certi�cation as in the

case of Same Quali�ed Resin Transfer Moulding (SQ-RTM) [110]. This mod-

i�cation to curing methods while retaining material certi�cation opens up the

possibility of inspection tooling which can serve as post curing tooling or as cure

tools providing that non obtrusive sensor devices are utilised without impacting

material properties.

2.6.1 Thermistors

Thermistors are Thermally sensitive Resistors made of solid semi conducting ma-

terials where their electrical resistance value is dependant on temperature, an
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increase in temperature results in a non linear decrease in resistance [111]. The

changes in resistance against temperature of thermistors can be plotted as a curve

of speci�c resistance versus temperature and as such the temperature of the ther-

mistor can be inferred from a given resistance reading. When compared to other

thermal contact sensors, thermistors are the lowest cost and o�er the fastest re-

sponse time [112]. However, thermistors are susceptible to time related changes

to their electrical characteristics, known as \Aging" [113] and commercially avail-

able thermistors often have an accuracy of� 1� C [114]. When considering the use

of thermistors the lower stability of the sensor when compared to other sensors

(e.g. RTD) must be considered. In applications where cheap highly responsive

temperature sensors are required for short periods of time and accuracy is the

least important characteristic, thermistors are the strongest candidate.

2.6.2 Thermocouples

The Seebeck e�ect results in a measurable voltage or Electromotive Force (E) be-

ing produced between two metals which are joined via a junction point (e.g. a

weld). This is produced when a temperature di�erence is present between the

junction point and the free ends of the wiring. As it is the di�erence in tempera-

ture between two points that is being measured and not the absolute temperature

at the junction point, a second absolute temperature reading is required to infer

the absolute temperature at the junction point. This is achieved through the

maintained known temperature of 0� C at the free end. However, as this temper-

ature is unlikely to be 0� C, or maintaining such a temperature within an MRO

environment is not practical and the use of cold junction compensation is required.

This is achieved through a temperature reading obtained from a secondary tem-

perature sensor at the cold end of the thermocouple, which is used to determine

the missing voltage generated within the thermocouple when compared to that

of a thermocouple with a cold end at 0� C. Accuracy of thermocouple systems

depends on maintaining an accurate temperature sensor for the cold junction

compensation.
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Thermocouples are simple to produce and thus cheap, robust in nature as well

as able to operate in a large temperature range (-270� C to 3000� C [114]). In ap-

plications where thermocouples require isolation from the sample being measured

(e.g., corrosive chemicals), various sheaths can be used depending on the tempera-

ture range required. It is possible that electrical and magnetic �elds can interfere

with electromotive force through the introduction of external noise [115, 116].

Application of physical shielding from the e�ects of both electric and magnetic

�elds as well as environmental conditions can result in a poor thermal contact

between the junction point and sample. This can result in temperature distur-

bance errors.

As this sensor type relies on an uninterrupted wired connection between the heat

source and the free ends of the wiring, the wiring itself is part of the sensor. Any

damage to the wiring itself results in complete replacement of the thermocouple

from end to end. In an environment where the thermocouple is wired through

long or complex routes, replacement can be a time consuming process. It also

leaves the thermocouple susceptible to cable drift, intermediate junctions, and

incorrect cable speci�cations impacting the readings captured [117].

2.6.3 Resistance Temperature Detectors

Resistance Temperature Detectors (RTD) are able to provide high accuracy tem-

perature readings through the electrical resistance properties of pure metals. The

electrical resistances of pure metals, such as platinum, have a linear increase

against temperature [118, 119]. By calibrating a recording device with resistance

against time for the RTD, the temperature of the RTD can be inferred based on

the resistance reading. The relative resistance change per unit of temperature

change within an RTD, Temperature Coe�cient of Resistance (� or TCR ), is

calculated as shown in equation 2.6.R denotes resistance andT temperature.

� (T) �
1
R

dR
dT

(2.6)
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RTDs when crafted from pure metal Platinum are able to infer temperatures

within the ranges 13.8033 K and 1234.93 K with an accuracy of� 1mK [120].

This is due to the high stability of pure metals used in the production of RTDs

and the previously discussed linear increase of electrical resistance against tem-

perature. During fabrication of an RTD it can be calibrated to the International

Electrochemical Commission (IEC) standard 60751:2008 [121]. This standard

classi�es RTDs into either class A or class B.

ˆ Class A RTDs have a temperature range between -200� C and 650� C and

ˆ Class B RTDs a temperature range between -200� C and 850� C.

Under this standard, a TCR of 0.00385� 1K is required, leading to RTDs of this

standard being referred to as 0.00385 type. By sharing the same TCR it is possible

to e�ectively change out RTDs within a system without calibration provided that

they meet IEC Standard 60751:2008.

As the use of a current within the RTD is required, they are susceptible to

`Self Heating', which can be calculated as:

SelfHeatingError =
I 2R

�
(2.7)

Where I is the measurement current,R is the measured resistance and� dissi-

pation constant. Through maintaining a constant measurement current the self

heating error can also be accommodated for. Pt100 RTD element temperature

sensors produce self heating of less than 0.5� C/mW [122]. This self heating error

in the range of and ambient temperature of 22� C to the oil drying cycle steady

state temperature of 80� C, would result in a self heating of between 0.00010857� C

to 0.000130897� C. Such a low self heating range can be considered negligible for

the intended application within this thesis. Additionally in this thesis a dedicated

RTD module provides a constant current source to mitigate against self heating

e�ects.
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2.6.4 Fibre Bragg grating

Within optical �bres that have been created with Fibre Bragg Grating (FBG), the

refractive index within the core is such that it periodically changes, as opposed

to within untreated optical �bres where this is uniform. The result of this is

that when a light formed of many wavelengths is introduced to the optical �bre,

there will be wavelengths that are in phase with the grating and will be re
ected

back when it reaches the FBG. The light wavelengths that are not in phase will

continue to be transmitted along the optical �bre. This produces two spectra

of light, the re
ected spectrum and the transmitted spectrum. When strain is

introduced to the optical �bre, it deforms the �bre and the grating within the

core. This deformation to the grating changes the pro�le of the grating and in

turn the spectrum which will be re
ected. By examining the re
ected spectrum

changes against time the strain within the optical �bre can be inferred. As the

coe�cient of thermal expansion for the optical �bre can be quanti�ed the strain

that it will undergo against temperature and time can be calculated. This allows

for the calculation of temperature from the strain readings within the optical �bre

that has been calculated from the spectrum changes [123, 124, 125].

FBG is a sensor method that uses strain to produce data, it requires bonding

to the structure that is undergoing strain in order to undergo the same strain

and operate correctly [126]. It is possible to bond FBG directly into or onto

the structure which is undergoing inspection, however bonding into the structure

requires a material change and as discussed this is a costly process requiring

certi�cation within the aerospace industry. Bonding directly onto a sample to

record strain can result in damage to the sample and optical �bre during removal

of the sensor and adhesive. Bonding to an external tool which sits upon the

sample surface would measure the strain which the tool undergoes. FBG does

o�er a high resolution of temperature readings across a sample when compared

to other single point contact sensors due to the ability to apply multiple gratings

to a single �bre.
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2.6.5 Rayleigh backscatter in optical �bre as a high reso-
lution temperature sensor

Rayleigh backscatter can be measured through Swept Wavelength Interferometry

(SW) [127]. Unlike FBG this method does not rely on a material change to

the optical �bre and as a result the spatial resolution which can be achieved is

not limited to the quantity of gratings which can be created within the �bre.

The random 
uctuations within the index pro�le of an optical �bre produce a

Rayleigh backscatter that is unique to that optical �bre. This individual Rayleigh

backscatter can be mapped at a known temperature/strain to form a calibrated

function of the scatter amplitude across the length of the �bre. Swept-Wavelength

Interferometry (SWI) can then be utilised to measure the Rayleigh backscatter

of an optical �bre as a function of length [128]. Any changes within the length

of the optical �bre due to stretching, will result in a measurable change of the

Rayleigh backscatter, and therefore the length calculated. As the co-e�cient of

thermal expansion for the glass �bre is also known, the temperature change can

be inferred.

This method as a temperature sensor results in a higher resolution than is

achievable with other contact sensors. It is also cheaper to produce sensors than

the comparable method of FBG as the optical �bres only require calibration of

the Rayleigh backscatter with length and no physical modi�cation. However, it

does have the same limitations as FBG regarding bonding the sensor to either

tooling or sample under inspection.

Table 2.1 outlines the discussed bene�ts and limitations of the contact surface

temperature sensors within this section.

2.7 Machine learning applications in Non De-
structive Inspection and Testing

The coining of the term machine learning is often credited to Arthur Samuel [129]

who developed what would become the min-max algorithm. Machine learning can
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be used to provide prediction of results or classi�cation into groups based on in-

puts in the form of features [130]. As a method it can be separated further into

sub methods of Supervised, Unsupervised and Reinforcement learning [131]. Su-

pervised algorithms generate models to predict or classify inputs after training on

data which has been labelled with the correct classi�cations or predictions [132];

Unsupervised algorithms are provided with unlabelled data in order to �nd pat-

terns within the data sets [133]; Reinforcement learning which utilises a trial and

error sequence of events, these sequences are rewarded or punished depending

on their outcome, producing a model from the highest scoring sequence [134].

Of these sub methods, the supervised algorithms are most commonly used for

machine learning applications for Non Destructive Inspection or Testing, as ulti-

mately the objective is to produce classi�cations of either `Defect' or `No Defect'

and data sets obtained for either known manufactured defects or from established

NDI/NDT techniques can be produced. The orientation of �bre reinforcement

within a Fibre Reinforced Polymer (FRP) component has a substantial impact to

the wear rates [135] and strength [136]. The use of Pulsed Thermal Ellipsometry

(PTE) combined with an Arti�cial Neural Network (ANN) has been sucessful

in providing estimates of the �bre orientation of Randomly Orientated Strands

(ROS) within the surface of laminates [137]. Through application of image pro-

cessing techniques [138] this method is also able to assess the �bre orientation of

continuous �bres within a laminate with a single point heating source.

Three image post processing techniques: Dynamic Thermal Topography (DTT)

[139], Pulsed Phase Thermography (PPT) [140] and Principal Component Ther-

mography (PCT) [141], along with image binarising using an automated threshold

selection based on the Otsu method [142] can be used to create a line envelope.

Samples undergoing such a process produce numerical features which can be used

as inputs in an ANN. The outputs of the ANN provide classi�cation of the samples

into one of four classes with a 45� range used to represent the �bre orientations of

0� , -45� , 90� and +45� . Demonstration of this method resulted in an output layer

of four neurons each responsible for recognising the individual four classes [137].

A strong argument for using ANN in quantifying defects captured in thermo-
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graph is their ability to handle non-linear problems from data that is noisy or

incomplete [143]. This would include the thermal variations within a material

that are not in themselves linked to a defect. This is of interest as it aerospace

components within the MRO environment will have thermal variations across the

structures due to geometry changes, such as reinforcement for rib structures, or

ply variations due to repairs. Training of a neural network (NN) to detect de-

fects within an Aerospace structure, based on training data alone, requires noise

addition to the simulation data along with �ltering as if it were experimentally

captured. However, it has been demonstrated that even with the addition of data

sets created via simulation, a poorer performing model will result when compared

to that of one trained on experimentally captured data [143]. It has been argued

that using NN inputs of raw temperature and contrast data alone will not pro-

duce reliable classi�cations between defect free areas and those which contain

defects [144]. The production of clear di�erences between the classi�cation of

defects and defect free areas can be improved when the input data was enhanced

by the thermal running contrast data curve [144]. As previously discussed [143],

it has been shown that a NN can reliably identify defects within the samples with

noisy input data.

As seen above the literature is �lled with machine learning for the classi�cation

and identi�cation of defects within thermography using IR camera data. The

outcome of this research is to establish a non-IR system that can identify defects

within a composite structure. In material classi�cation for robotics, there is an

abundance of research that uses single point probes in conjunction with heating

elements and machine learning to identify and classify materials through thermal

pro�les [145, 146, 147, 148, 149]

It has been demonstrated that through short duration (0.5 s to 1.5 s), the in-

cidental contact between a single point probe and the resultant transient thermal

temperature/time curve, that a ML system can identify materials with a high

accuracy (84% at 0.5 s and 98% at 1.5 s) [146]. As the ideal future process for

this body of work requires to produce no added time to the current process by

utilising existing non image based sensors further exploration of robotic sensors
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in this area is of great interest.

Within Non Destructive Inspection methods utilising thermography, it can

be di�cult to di�erentiate between defects and temperature artefacts, such as

non-uniform densities within a structure, requiring the experience of a trained

operator[150]. Semi-Automated techniques such as Signal to Noise Ratio (SNR)

algorithms require a known `sound' area to use as a base. Within structures of an

unknown condition, it can not be assured which areas are of `sound' condition.

SNR is also best used as an evaluation method when some extent of the defect

and location data is known. To create a more automated technique based on

SNR algorithms, utilisation of a Mean Shift (MS) �ltering to tune spatial and

range resolutions within samples so as to allow for MS segmentation into areas

of interest (defects) and areas not of interest (sound) can be used [150]. This has

been achieved through the creation and use of a weighting map of the scanned

area, which modulated the MS vector to better detect edges. The improved MS

�ltering method application to several processing techniques is commonly used

within IR thermography. Of the processing techniques tested, First Derivative

(FS) has been shown to produce the best results in both laminate and honeycomb

sandwich structures [150].

One method of identi�cation of defects within a vision based system is that

of a Random Forest (RF) algorithm using Variance of Variance (VOV) features.

This feature selection method measures the variance of pixel intensity across the

image, due to normal surface conditions, then in turn allows the RF to iden-

tify any variations outwith the general variation [151]. Within Aerospace vision

based NDT techniques such as Fluorescent Penetrant Inspection (FPI) , require

an operator to treat the surface of component with 
uorescent penetrant, then

visually inspect the surface under ultra violate light. Where surface defects, such

as cracks, exist the penetrant dye will pool and produce strong 
uorescent re-

sults, easily drawing the eye of the operator. Through feature extraction of Peak

Brightness, Haar Features, Area of Bright Regions, Average of bright pixels and

Standard deviation of bright pixels a RF algorithm can be trained which performs

to the standard of a trained and certi�ed human operator[152].
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Support Vector Machine (SVM) algorithms make use of hyperplanes which

split and cluster data to provide a classi�cation. The SVM is compatible with

small data sets [153] and can be applied to both classi�cation and prediction

problems. For time series data, the use of SVM algorithms to predict outputs

has been shown in some cases to out perform NN when using the Mean Absolute

Error as a performance indicator [154].

Of the discussed methods, the literature demonstrates that all are suitable for

the classi�cation of defects within composite structures. However, consideration

must be given to the certi�cation of the method within a real world environment.

The Aerospace industry is a highly regulated area, and as such inspection and

testing methods must be fully understood. The use of NN based methods may

fail in it's attempts for certi�cation due to the `Black Box Problem' [155]. This

is the problem of the NN not providing a clear description of it's decision making

process to achieve the result, as both SVM and RF methods are more transparent

in their selection methods they have the ability to be scrutinised. This Thesis

will focus on the use of RF and SVM based methods, due to this criteria as the

method aims to be applied to a working MRO facility.

2.8 Summary

When considering the selection of an appropriate inspection method to build

upon, the environment in which the proposed method is to be applied to and

procedures it is to be used in conjunction with are of most importance. The

main bene�t of using the contact method of Ultrasonic Inspection comes in the

form of high resolution areal reports of components. However as this method

requires unobstructed access to the component's surface it does not lend itself

well to integration into the existing process without adding considerable time

and cost.

High levels of detail surrounding the material properties of a sample can be

produced through the application of Broadband Terahertz Spectroscopy. However

the method is still not an established technique, as of the writing of this thesis,
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widespread industrial adoption of the method is still to be realised [156]. As such,

most available equipment is in the form of experimental equipment designed for

the development of the method.

Thermography as an inspection method within the problem statement is an

obvious choice due to its compatibility with the process methods it is to be used in

conjunction with already utilising heat. The method is also able to provide high

resolution areal reports of the component in the form of IR images, and provide

detailed material characteristics through data analysis. Through modi�cation of

the capture method used within thermography from an array of temperature data

obtained from pixels within an IR image to an array of temperature data obtained

from contact temperature sensors, the established data analysis methods can in

turn be modi�ed and built upon to produce useful reports.

The main bene�t of thermography as an inspection method within the scope

of this thesis is realised in the compatibility of transmission-based heating with

that of the required oil drying cycle. A suitable heat source that is able to provide

the required areal heat coverage for a drying cycle as well as produce the thermal

energy pro�les necessary for thermography is needed. Of the options discussed,

non-contact methods are ruled out again due to the consumables present within

the vacuum bag set up on the component resulting in an unpredictable heating

pro�le directly to the surface. The proposed method will make use of a direct

contact heat source to assure uniform areal heating to the component when under

inspection, as well as providing the opportunity to be used as a heat source for

the oil drying cycle.

To make use of the thermal pro�le generated within the component due to

transmission heating, contact temperature sensors are considered. All of the con-

tact temperature sensors considered lend themselves to integration within the

proposed methods vacuum set-up, and a high level of resolution can be achieved

with both Fibre Bragg grating and Rayleigh back-scatter in an optical �bre. How-

ever both of these sensor types are costly and di�cult to replace within a tooling

surface. The single point contact temperature sensors require placement of each

point within an array of known distances to produce the required temperature
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array. Consideration has to be given to the environment and application of the

method, as such the sensor must be robust and easy to replace whilst also pro-

ducing accurate temperature readings. As thermistors are susceptible to `Aging'

through repeated use, which impacts the accuracy of the readings produced, their

consideration as a contact sensor must be done so in the knowledge that calibra-

tion of the sensors must be carried out prior to use. Accuracy over time is also

an issue with the application of thermocouples due to `cable drift' and possible

electrical and magnetic interference from intermediate connections between the

sensor and capture device.

The Resistance Temperature Detector provides accurate temperature readings

through a linear Temperature Coe�cient of Resistance, and this Temperature

Coe�cient of Resistance is maintained across all RTDs which are manufactured to

the same standards. As such, it is possible to replace an RTD with another of the

same class without need for calibration. RTDs are a low cost contact temperature

sensor which are common to the MRO environment. For these reasons they

make an ideal candidate for application in the proposed method as the contact

temperature sensor.

Investigation into existing methods of data analysis and machine learning for

established IR based thermography suggests that as the methods are based largely

on Fourier's transform equations and the interaction between temperature points

at known Cartesian coordinates. Provided that the proposed transmission based

method within this thesis utilises both it should be amenable to the application of

similar data analysis and Machine Learning methods. As the proposed method

will not achieve the same level of resolution of which IR image thermography

is capable, investigation into inferring useful indications from between capture

points will be required for more complex inspection.

With the selection of heating methods, contact temperature sensors and anal-

ysis considered, a method to examine sample with these methods is required.

Chapter 3 will discuss the development of a tooling system capable of conducting

thermography inspection using contact temperature sensors.

51



Chapter 3

Tool Design and Validation

Identi�cation of defects through contact-based temperature sensing necessitates

the construction of a versatile and 
exible apparatus that permits the injection of

heat into the components of various geometries and a mechanism to measure the

component temperature pro�le in an accurate and repeatable fashion. Since the

intention is to utilise techniques similar to image-based IR thermography, where

temperature changes and intensity are recorded as changes in pixel intensity [78],

it is proposed that the apparatus should gather temperature measurements from

contact temperature sensors in a grid-like fashion similar to that captured IR

thermography. The proposed inspection techniques are targeting defects in thick

structures often containing honeycomb cores. These target structures are typical

for most aerospace components and therefore transmission based thermography

techniques are adopted as these have been shown to be more appropriate for this

speci�c class of structures (described in Chapter 1). Taken these constraints in

consideration, the developed apparatus consists of a heated surface which is used

to inject heat into the component under inspection and a second surface that

contains an array of temperature sensors to measure the thermal response of the

component as illustrated in Figure 3.1. This chapter proposes the design and

testing of two sensor tooling surfaces; Section 3.3.1 provides an overview of the

construction and implementation of the hybrid airpad sensor tooling, including
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Figure 3.1: Proposed setup to capture thermal transmission through a compos-
ite structure, sample sandwiched between a heat source and corresponding sensor
array, within a vacuum bag setup.

the issues identi�ed when used. The second surface utilises a Printed Circuit

Board (PCB) array which is discussed in Section 3.3.2. The bene�ts of the PCB

array tool over the hybrid airpad array tool resulted in its selection for use in

experimental data capture within this thesis.

3.1 Heated Tooling Surface

As the proposed method will require the application of the heated tool directly

to the sample, consideration must be given not only the control of temperature

within the tool but also the environment in which it is to operate. Due to the

cyclic loading which will occur through the application of the heated tool surface

to samples, as well as undergoing repeated vacuum loads it is desirable for the

tooling itself to remain 
exible. Furthermore, the heat source must allow for the

setup to be applied directly in the oil drying cycle process without modi�cation

following the inspection step.

3.1.1 Heat Lamps

As discussed in Chapter 2 there are several options available for use as a heat

source within a transmission setup. Heat lamps directed to the rear surface of

the component, however, these would require an increased energy consumption
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to overcome the insulation and uneven consumable placement may result in an

unknown and uneven thermal application on the component surface.

3.1.2 Laser heating

Excitement via laser provides rapid and accurate heating to the focal point of

the laser. This does provide the opportunity for focused inspection at the focal

points, however heating of large areas requires either multiple lasers or high energy

consumption to power a large diameter focal point.

3.1.3 Inducion Heating

Induction heating within CFRP as a method has been discussed within the back-

ground of this thesis, which was discounted as a heating method applied directly

to a CFRP sample due to the minimal temperature changes and di�culty in con-

trolling areal temperature zones due to the quasi-homogeneous nature of CFRP.

However, within a homogeneous ferrous structure, targeted heating with this

method can be achieved through coil design and power control [157, 158, 159].

There is an opportunity to utilise induction heating of ferrous tooling surfaces,

such as steel, allowing for a tough heated tooling surface. It should be noted

that the coe�cient of linear thermal expansion for ferrous metals such as steel,

between 10.8 to 12.5 10� 6m=(m� C), is high. When compared to the coe�cient of

linear thermal expansion for CFRP materials, -0.8 10� 6m=(m� C), which are of-

ten described as "negligible"[160], a signi�cant di�erence is observed. Interaction

between these vastly di�erent coe�cients of linear thermal expansion, especially

when considering trapped geometry surfaces within the tooling, has the poten-

tial to cause damage to the samples through a mismatch of geometry developing

under temperature. Due to the complex nature of induction heating, the associ-

ated �nancial investment to set up the method is high when compared to other

methods [161].
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3.1.4 Resistance heating

The use of CFRP's electrical resistance to control heating of laminates for cur-

ing has been investigated with some success [162, 163, 164]. This is achieved

through the application of electrodes to opposite ends of a CFRP laminate and

introducing an electrical current. The electrical resistance within the CFRP will

produce heat as a by-product of the electrical resistance, the temperature of which

can be controlled through changes to the electrical current. Issues arise in pro-

ducing uniform temperatures across laminates when the �bre orientation is not

uniformly parallel within the laminate and the �bres perpendicular to the elec-

trodes [165]. As a heating technique this method also requires that the electrodes

be attached directly to the �bres, a requirement which would require some degree

of destruction to a cured laminate if it is to be considered as a heating method

for the proposed methods. This is due to the resin system providing a barrier to

the �bres. As there is requirement for small, controlled areal coverage to allow

for compatibility between the 3 inspection methods, as well as the di�culty in

producing uniform temperatures in laminate plies of varying orientation, direct

resistance heating applied to the laminate under inspection would not appear to

be an appropriate heating option. However, with consideration given to the �bre

orientation, electrodes could be cured into a CFRP tooling surface in sections

which would provide the strip heating required to produce heating pro�les which

are compatible with all 3 proposed inspection methods within this thesis.

3.1.5 Microwave heating

Microwave energy can be used to generate heat from within the structure through

the excitation of the molecules within the structure. CFRP, however, is highly

microwave absorbent, applying microwave energy in a transmission setup will

result in the back surface of a CFRP sandwich panel absorbing the majority of

the microwave energy acting as the heat source for the remaining structure. This

unbalanced injection of heat may result in thermal damage. Finally, the compo-

nents under consideration are heterogeneous with metallic honeycomb structures,
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making the heat injection process complex.

3.1.6 Mechanical heating

Mechanical excitation could be applied directly to the surface of a component via

a dielectric transducer to generate heat within the structure itself. This is known

as Vibration or acoustic heating, the vibrations within the structure generate

heat via friction, however, this will result in a concentration of heating within

an area of defects where inter-ply interactions exist and hence not suitable for

controllable, spatially uniform heating method.

3.1.7 Heater mats

Heater mats are widely available within the MRO environment and commonly

used for targeted heating of patch repairs. They are 
exible, rubber housed,

sectional areas which are compatible with vacuum set ups and resistant to con-

taminants. A similar ramp response rate to that of industrial oven heating is

produced by the heater mats, due to both utilising electrical resistance as the

source of heat. Set-up and application of heater mats is achieved quickly through

direct application of the heater mat to the area requiring heat, and control is

achieved through contact sensor feedback.

Considering that the main objective of the thesis is to investigate the feasibility

of detecting defects in carbon �bre parts in the MRO environment, the selection

of the heated tool surface is not as critical as long as it provides a spatially

uniform heating stimulus. The remainder of the thesis utilises heater mats to

provide the heating stimulus and in particular an 100W 150� 150 mm 240 V

RS heater mat, which can reach maximum temperature of 180� C and 150� C in

continuous use [166]. The algorithms and analysis proposed in this thesis can be

fundamentally transferred to setups with alternative heating sources without loss

of their applicability.
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Figure 3.2: 150mm by 150mm heat zones 1-5(Red) and probe locations (Blue
x) on 300mm by 300mm laminate panel.

3.2 Heater mat tooling surface

The �nal heated surface consists of a heated surface that can be arranged in a

variety of ways and utilising multiple heater mats to facilitate the experimental

needs. In particular:

ˆ Section 3.6 utilised 4 heater mats arranged in a 2� 2 array (positions 1-4

as shown in Figure 3.2) and controlled simultaneously to emulate a single

heater mat of 300� 300mm.

ˆ Chapter 4 utilise one heater mat which is shifted through positions 1-5 as

shown in Figure 3.2.

ˆ Chapter 5 utilise 1 heater mat which slides across thex-axis of the panel

surface at 18.75mm increments and more details are given in the chapter.

In all cases, the heater mats are held in contact with the bottom tool surface

through vacuum. The Samples sizes fabricated are 300� 300 mm and 500� 500

mm, these are industry standard sample dimensions based on the areal require-

ments of testing apparatus. During the validation and testing of the proposed

methods within this thesis, the physical placement of heater mats into the correct

locations is appropriate due to the limited number of arrangements they can be
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situated in upon the samples (300� 300 mm and 500� 500 mm). However,

when considering the �nal application upon the V2500 fan cowl (approximate

dimension 3000� 1800 mm) a signi�cant increase in the required heat sources,

where by any time savings realised in the use of the proposed inspection methods

would be lost during the physical application of the heat sources. A tooling sur-

face with controlled sectional heating requires consideration to realise the time

and cost savings associated with the proposed methods. Given that all developed

techniques employ fundamentally the same physical heated surface, an alterna-

tive heating method could be utilised to provide controlled temperature pro�les

via modular heat zones and satisfy the requirement of all three NDI methods.

Figure 3.3: Heated areal requirements for Impact detection only.

Of the three proposed methods within this project, the simplest to achieve

regarding areal heat coverage is that of impact detection for composite sandwich

panels (Section 3.6). Over a 300� 300 mm areal surface Figure 3.3 displays the

required heated areas, which can be seen to be full coverage of the 300� 300 mm

area. This could be in the form of a singular heat source with full coverage, or

an array of smaller heat sources used in collaboration with each other to produce

a single heat source.

In Chapter 4 the requirements for �bre orientation indication are a centrally

located heat source to obtain temperature pro�les which are indicative of a con-
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Figure 3.4: Heated areal requirements for �bre orientation indication only.

centration along thex-axis, y-axis or a combination of both and how that pro�le

relates to known ply �bre orientation pro�les. As is seen in Figure 3.4 this can

be achieved by heating a 150� 150 mm square within the centre of the sample.

For the delamination detection method (Chapter 5), the method utilises tem-

perature against time pro�les generated as a result of the transient thermal con-

duction due to structural dissipation within the sample. This has been success-

fully demonstrated in detecting delaminations from probes located within 93.75

mm of the centre of a 150� 150 mm heater mat. Within this 93.75 mm, two

separate heating groups exist:

ˆ The transmission group, where the main factor for heating comes in direct

transmission of thermal energy through the thickness of the sample via the

heat source.

ˆ Conductive group, where the transient thermal conduction due to structural

dissipation impacts the temperature pro�les of the sample within these

areas.

Probes from both heating groups can be described as existing in a 75 mm column

within the y-axis relative to the heater mat. To achieve a reading for each probe

from both heating groups across the sample and ensure that a delamination of 40
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� 40 mm, the minimum allowable, can be identi�ed a 150� 150 mm heat source

is required to move along thex-axis in 75 mm increments. Figure 3.5 displays

this in a 150 mm section in they-axis and 75 mm strips in thex-axis representing

the movement of the heated area.

Figure 3.5: Heated areal requirements for delamination detection only.

When the required heated areas for all three methods are overlaid, the result is

seen in Figure 3.6. It can be seen that the 75 mm strip sections will �t to the width

of both the 150 mm sectional width required for the �bre orientation indication

method and the 300 mm width required for the impact damage detection method,

when used 2 times and 4 times respectively. Moreover, it is noted that in the

y-axis half of the bottom row of 150 mm tall 75 mm wide strip section covers

the bottom half of the 150 � 150 mm �bre orientation indication heated area

requirement where they over lap, this is repeated along the top row of the 150

mm tall 75 mm wide strips section in regards to the top half of the 150� 150

mm �bre orientation indication heated area requirement. From this it can be

reasoned that the smallest dimensions of a shape which when arranged equally

across a 300� 300 mm area of composite structure which is to undergo any one

of the three methods is 75 mm in they-axis and 75 mm in thex-axis. Figure 3.7

displays this in a 4 row� 4 column array of heated areas. When all heated areas

are under temperature a full 300� 300 mm areal heat coverage is achieved as is
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Figure 3.6: Heated areal requirements for all three methods, overlay.

required for the impact detection method. Heating only the heated strips within

Figure 3.7: Heated areal requirements for impact detection, strip heating.

the 150 mm� 150 mm section at the centre of the 4� 4 array of heated areas, as

seen in Figure 3.8, provides the 150 mm� 150 mm areal heat coverage required

in the �bre orientation identi�cation method for the sample.

For the �nal of the three proposed methods, delamination detection, the re-

quired heating areas can be achieved by heating a 150 mm wide section of 2

columns from the 4� 4 array of heated areas. This 150 mm wide 2 column

section can be incrementally moved along thex-axis by heating an additional
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Figure 3.8: Heated areal requirements for �bre orientation identi�cation, strip
heating.

Figure 3.9: Heated areal requirements for delamination detection, strip heating.

column and removing the initial 1st column, maintaining the 2 column width.

Utilising a 4 row � 4 column of 75 mm wide� 75 mm tall array of heated areas

which can be controlled individually would allow for all three proposed methods

to be conducted from a single heated tool. A cooling interval between methods,

and in the instance of the delamination detection method between incremental

heated area movement along thex-axis, would be required to allow the tooling

surface to return to ambient temperature to perform as expected.
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3.3 Sensing Tooling Surface

There is a number of considerations which must be taken into account when

designing the sensing tooling surface to ensure that the tool is �t for purpose in

the MRO environment. The most established IR-thermography techniques [167]

rely on Fourier transform, which necessitates prior knowledge of the distance

between temperature probe points and accurate pro�le of temperature versus

time. To ensure consistency between inspections and reduce the need to calibrate

sensors based on placement, the sensors can be �xed within a tooling surface and

their locations relative to each other will be known and measurable. There are

multiple options to maintain the temperature sensors in place:

ˆ Manual Placement held in place with adhesive. This approach will result in

increased labour in the process, also risks damaging the part surface upon

removal, and is prone to human error.

ˆ Template based tooling surface that holds the temperature sensors in posi-

tion; this approach would be expensive to manufacture and requires bespoke

molds for individual parts. There is a number of possible materials to use

such as aluminium, plastic, or carbon �bre. Metallic tool surfaces could

result in heat absorption, which may increase data processing complexity

because the thermal response of the tooling surface must be taken in con-

sideration. Plastic tools could lead to warping through multiple process

cycles. On the other hand, carbon �bre tools are more appropriate since

the material is thermally stable, however, rigidity remains still an issue.

ˆ One approach for sensor integration is to utilise a hybrid construction com-

bining the strengths of non-silicone rubber materials and carbon �bre. This

combination provides a semi-
exible, thermally stable surface which miti-

gates the before-mentioned issues.

ˆ Glass �bre Printed Circuit Board (PCB) provides a thermally stable tooling

surface upon which contact temperature sensors can be mounted. These
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are available in a range of thicknesses and dimensions which result in semi-


exible options. As these are printed from design �les, the produced PCBs

dimensions are the equivalent of any created from the same design. This

also allows for the accurate placement of sensors upon the printed mounts.

Initially a hybrid non silicone rubber and carbon �bre construction was tri-

aled as described in Section 3.3.1 however a number of issues were identi�ed.

Ultimately, the remainder of the thesis utilises a glass �bre PCB which was con-

structed and implemented as described in Section 3.3.2.

3.3.1 Hybrid Airpad and Carbon Fibre Tooling Design

Silicone contamination in composites such as graphite/epoxy, during MRO op-

eration has a signi�cant impact during processing, resulting in adhesive related

failures [168, 169, 170]. Such contaminants can prevent bonding between lami-

nates or result in areas of weakened bonds. These weak bonds can go undetected

during inspection as the di�erences between weak bonded areas and homogeneous

regions are negligible, it is not until a stress is introduced that the bond fails.

A non-silicone rubber such as airpad HTX [171], which is typically used in the

production of pressure caul sheets, would be appropriate to house the temper-

ature sensor array mitigating the risk of silicone contamination. This material

was chosen over other non-silicone rubber options such as airpad FMSC [172]

as it eliminates the need to use a permanently bonded release �lm. Further-

more, the non-silicone requirement is imposed by the clean room facilities used

to manufacture the airpad array and prohibits the use of silicone to avoid con-

tamination of adhesives. The airpad array was fabricated and cured within the

Collins Aerospace Prestwick Service Center, which is a live MRO facility process-

ing in-
ight aerospace components, making it crucial to follow site fabrication

guidelines.

A number of possible contact temperature sensors have been considered for

the implementation of the tool as described in Section 2.6. For this construc-

tion, RTD Tolerance Class A Pt100 thin �lm sensors [122] were selected as they
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provide a linear response in the temperature range that the tool will operate (0-

80� C). Additionally, their physical footprint is small but manageable for human

handling and integration with the tooling surface. It is anticipated that other

contact temperature sensors could have been used in this construction without

a�ecting the results and conclusions drawn in relation to the defect detection and

identi�cation, which is investigated in the remainder of the thesis.

The airpad HTX was marked out with the probe positions 1-64 and spaced

37.5mm apart both in the x an y axis. The spacing of 37.5mm was used to re-


ect the mean spacing between taps performed by an inspection operator when

inspecting a component, and this is the established method for tap testing in-

spection. Within a sample size of 300� 300 mm, the available area allows for the

�tting of 64 probes whilst maintaining constant spacing. This results in a grid

of 8 � 8 probes. With acceptable defects allowed within the V2500 of 40� 40

mm [16] this spacing is the lowest resolution capable of capturing defects outside

of tolerances. A higher resolution set up could be created for lower tolerances,

however for this application the extra cost associated with construction time and

materials justi�ed maintaining the 37.5mm spacing.

Careful consideration must be given when embedding RTD sensors on the

airpad array, as the curing process increases the risk of short circuiting the RTD

pins. To reduce this risk, at each of the probe locations, two slits were cut and the

individual pins threaded through separate slits (Figure 3.10). This was repeated

for all of the 64 probe locations as seen in Figure 3.11(a).

The non silicone HTX material provides a non-stick, resilient surface both to

thermal loads and Petrol, Oil and Lubricants (POLs). However, airpad HTX will

shrink during the curing process a�ecting the RTD locations. In order to keep

the RTDs in the speci�ed locations, the airpad is reinforced with a thermally

stable material. The reinforcement utilised consists of CFRP tape strips posi-

tioned between the RTD probe locations. Each strip utilised a single ply CFRP

unidirectional, arranged in a two ply construction of orientations 0� and 90� (Fig-

ure 3.11(b)). The non-symmetrical nature of this lay-up provides a semi-
exible

tooling surface which can be deployed in components with curved surfaces.
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