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Pipework plays many important roles in various engineering applications.
In a real component, inherent damage such as imperfections of materials
and damage from the manufacturing process are not unusual. These small
Imperfections or damage can grow and beconie cracks which lead to structure

failure particularly when the structure is subjected to fatigue load.

In Linear Elastic Fracture Mechanics (LEFM), the Stress Intensity Factor
(SIF) is used to assess the damage severity of the crack-like flaws on a cow-
ponent which requires knowledge of the Haw shape. dimensions, component
geomnetries as well as the stress states surrounding the cracks. It is demand-
ing to calculate the SIF in real components as the crack often occurs in a

complex stress field and the geometry of the component is often complex.

In this thesis, a technique that uses the non-adiabatic thermoelastic response
from a standard Thermoelastic Stress Analysis (TSA) systemn to evaluate the
severity of the damage is proposed. The theoretical hasis of the new approach
is described. A procedure for finite element simulation of TSA incorporating
non-adiabatic behaviour is also developed to be used as a basis to understand
the behaviour of the non-adiabatic response around the sub-surface damage.
Both TSA and FEA are used to examined severity of the sub-surface flaws
in details. It is found that a unique relation between the phase response
from TSA and a dimensionless parameter (the ratio between the thermal
diffusion length and the ligament length) can he used to identify the level of
the contribution that made to the surface material which can then be related

to the damage severity in terms of sub-surface stress.

In this investigation. attention lias becn paid to the analysis of damage on
the inner surface of a cvlindrical section which can not be observed from the

outside surface. This means that the approach can be used to determine the



damage severity of the internal damage of the pipework or pressure vessel

components.

As composite materials have been widely used in Marine applications re-
cently, Glass Reinforced Plastic (GRP) pipe is employed in pipe network and
tubular structure. However, information about strength behaviour and stress
analysis in this pipe component is very rare particularly on tee-intersection
where the most complex stress occurs. A preliminary study of stress analysis
of GRP and steel pipe structure is included in this thesis to demonstrate that
TSA technique can also be used on large cylindrical structure component in

both composite and mietallic pipework structure.
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Chapter 1

Introduction

Pipework is used extensively in the offshore and marine industries. The pipes are mainly
used in Auid transmission systems as well as in tubular construction of load-bearing
structures, such as the foundation of an offshore platform. The pipework is usually
designed conservatively to sustain internal pressure load and unexpectedly large deflec-
tions, as well as to prevent failure under severe loading couditions during sea service.
However. fatigue failure can occur as a consequence of progressive daimage from material

imperfections and cracks under fluctuating stresses.

In most engineering structures, existing flaws from the manufacturing process as well
as material discontinuities are inevitable. It is well-known that these defects are a
primary cause of failure of load-bearing structives. When thie structures or coniponelts
are in service, they are generally subjected to fatigue load under severe conditions.
If the small defects and/or material imperfections happen to exist in the regions of
high stress concentrations, these situations will cause the propagation of cracks and
lead to unexpected structural failure. Counsequently, prediction of damage levels in
those components is a vital element of structural assessment for safe design and timely

nmaintenarice.

To assess the integrity of a structure in service. taking full-field measurements that
relate to the stress distribution in a component is an attractive proposition. The full-
field stress analysis can be used to locate the peak stress or high stress gradient regions of
the component under service loads. [t is critical to identify these locations because these
are regions where cracks usually initiate and propagate. Consequently, they hecome the
potential failure locations in the structure. Full-field stress analysis can be achieved using
various experimental techniques. Thermoclastic Stress Analysis (TSA) [1] allows reliable
and rapid assessment of fuil-field stresses in a structure under dynamic loading. TSA
is essentially an optical technique that allows collection of high resolution stress related
data from practically any structure, even those with complex geometries. Modern TSA

systems use a focal plane array IR (infra-red) detector in coujunction with high speed

14
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digital signal processing that enable collection of data in virtually real time. TSA is
based on the measurement of the small temperature change in a material or component
caused by the thermoelastic effect in a linear elastic solid. The technique has been
successfully used in a broad range of engineering applications such as in nnclear power
plant components [2], automotive industries [3], and marine industries [4], as well as in
aviation industries [5]. In fracture mechanics, TSA has been proved to be an effective
technique to determine Stress Intensity Factors (SIFs) from crack tip stress fields [6]. A
review of the relevant literature associated with TSA studies of structures is given in

Chapter 2.

As the need for energy conservation inspires the use of lightweight materials in engi-
neering structures, applications of composite materials in components used in offshore
and marine applications is becoming popiular. One of the most successful applications
is in the field of tubular construction and pipework. This is because the performance of
the plastic pipes is superior to conventional metallic pipes in many aspects, particularly
regarding weight saving and corrosion resistance. There is a reluctance to use GRP
pipes in some high integrity applications because not only are they costly to fabricate,
but also their mechanical behaviour is not well documented when compared to that of
conventional metallic pipes. Therefore, a study of composite pipe performances is vital
to establish reliable design data or a design procedure using this material. Little research
work has been dedicated to the behaviour of pipe-intersections which are necessary in
all pipework applications. For practical uses of GRP intersections. a general recon-
mendation from international standards such as BS 7159 (Code for practice for design
and construction of glass-reinforced plastics (GRP) piping systems for individual plants
or sites) is that the strength of the joint shall be equal or superior in strength to the
pipework. However, a simple theory for predicting the stress distribution on the com-
posite tee-section is not available. Consequently, considerable effort in devising a testing
procedure that produces reliable experimental stress values is necessary. Application of
conventional strain gauge techniques would he laborious and therelore a full-field optical
technique is more attractive for this application. To demonstrate that TSA can be used
for stress analysis on large cvlindrical structure such as pipework and to show that TSA
is an effective full-feld technique for stress analysis in both metal and composite pipes,

Chapter 3 of this thesis examines the application of TSA on GRP pipes.

The objective of this research is to explore and develop an approach so that TSA can
be used as a tool to determine the extent of an internal surface flaw. Therelore, in this
thesis, a new approach for sub-surface damage analvsis using TSA is devised. The TSA
equipment is used to obtain the thermoelastic response from a component containing
internal damage. The data is collected from the undamaged surface and then evaluated
to obtain the extent of internal damage. The approach exploits non-adiabatic conditions
caused by the large stress gradient developed in the neighbourhood of the internal dam-

age. This non-adiabatic condition results in nonlinearity in thermoeclastic response and
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a time-lag between the applied stress change and resultant temperature change. Since
the TSA data contains both the amplitude of the temperature change and the phase of
thermal response in relation to the applied stresses, the effect of non-adiabatic belhav-
iour can be evaluated over a range of load frequencies and related to the damage extent
enabling a new approach for damage detection and evaluation. The theoretical basis of
the new approach is that of classical thermoelasticity incorporating a generalised heat
conduction equation. Therefore, the thermoelastic response under both adiabatic and
non-adiabatic conditions can be described. A preliminary feasibility study is presented

in Chapter 4 that shows the non-adiabatic response can be related to damage severity.

The approach is devised for a standard IR system designed for TSA in which the IR
signal, S is described as a linear relationship with the magnitude of the sumn of the

principal stresses, A(oy1 + 090 + 033) [7):
Aoy +om+og3)=AS (1.1)

where A is a calibration factor. It can be seen that the relationship does not contain
any useful information about nou-adiabatic behaviour because the system is designed to
measure only the adiabatic temperature change. To make use of the new approach, the
relationship has to be described by time dependent parameters, therefore, the phase re-
lation can be identified. The underlying theory is presented in Chapter 5. Moreover, the
TSA system must be able to supply both the signal response and the phase relationship
between the thermoelastic response and the excitation stress. Modern TSA systerns can
supply this information effectively as they use advanced digital signal processing tech-
niques. To show how the IR signal can be used for non-adiabatic behaviour analysis, a

derivation of a time dependent signal output is given in Chapter 5.

In order to study the effect of non-adiabatic behaviour in a thermoelastic problewn, a
mathematical model of the phyvsical situation ueeds to be established so that the effect
of individual parameters in the governing equation can be investigated. The derivation
of the mathematical model is also given in Chapter 5. Since the exact solution for real
geometries of damage is arbitrary and may be laborious to obhtain. a munerical simulation
technique was chosen as the most efficient approach. A procedure for Finite Element
(FE) simulation of TSA incorporating non-adiabatic behaviour using a commercial FE
software package, ANSYS, has been developed aud is presented in Chapter 6. The
approach has been confirmed by comparisons bhetween the FE simulations and TSA on a
range of case studies. First, the approach was applied on a bar specimen containing an
idealised damage in the form of a througl slot. This situation allows the simple damage
geometry to be modelled using two dimensional (2-D) analysis. Details are presented in
Chapter 7. Second. a more realistic speciinen of a flat plate with a series of semi-circular
part-through slots has been tested and compared with the siimulations (see Chapter 8).
Finally, tests were carried out on a pressured steel cylinder containing artificial part-

through damage (see Chapter 9). The part-through damnage in a cylindrical section
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is of most interest because this type of damage models that experienced in pipes and
is most frequently found [8, 9, 10] but cannot be detected visually from the outside
surface. The work described in Chapter 8 and 9 demonstrates the potential of TSA for

non-destructive assessment of sub-surface damage.

In summary, the thesis combines new applications of TSA on damage and stress analysis
in pipe structure. Both metallic and composite pipework were studied. In metals an
evaluation of the non-adiabatic behaviour from the thermoelastic response in the neigh-
bourhood of damage has been carried out and theory has been developed to describe
this. A non-adiabatic response can also be derived from the other complex stress regions
such as pipe connections or pipe intersections where the crack is often initiated. How-
ever, the same approach cannot be used in composite pipe because of the low thermal
conductivity of the materials. In addition. the potential failure site of composite pipe
is at the joints [11]. Therefore an approach for stress factor evaluation at the joints is

introduced as an alternative.

There are 10 chapters in this thesis. Chapter 1 is an introduction which is dedicated to
the background information for this research. Chapter 2 provides a review of previous
work related to TSA applications, particularly in the ficld of fracture mechanics and
damage analysis to point out the potential of using TSA for damage assessment. In
Chapter 3. the application of TSA to large pipe sections is introduced. TSA is used
to study the stress distribution intersections of various component pipes with different
nozzle to running pipe ratios and demonstrates the techuique is viable for large scale
structure. The work n this chapter provides confirmation that it is worthwhile exercise
to pursue TSA as a damage assessnient technique for cylindrical structures. In Chapter 4.
the results of a preliminary feasibility study on damage assessment are presented. In
Chapter 5, theoretical development of classical thermoelastic equations and generalised
heat conduction is described. This emphasizes thie use of a new relationship in damage
analysis. A description of the mode of operation of a commercial infra-red system
designed for TSA is also included in this chapter. In Chapter 6. a nnmerical simulation
of the non-adiabatic thermoelastic effect is developed using FE simulation software. The
simulation is validated by comparisons with results from the published literature and
with the TSA results. In Chapter 7, thermoelastic work under non-adiabatic conditions
ol a specimen with idealised damage (a bar specimen with a central through crack)
is presented. The results are compared with the numerical simulation developed in
Chapter 6 and a rclationship that defines the non-adiabatic thermoclastic response is

presented.

In the real world, the damage is arbitrary in shape aud location: therefore a more real-
istic damage type is studied in Chapter 8, in the form of part-through damage in a flat
aluminium plate. In Chapter 9, the approach is applied ou the more complex geometry

of a cylindrical section component. where a pipe sample containing damage on the inside
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surface has been manufactured and tested. Chapter 10 provides an overarching discus-
sion in the context of future development of the findings in this thesis. In Chapter 11, an

overall summary of the achievements and conclusions of this research work is presented.



Chapter 2

Previous work and motivation for

current studies

2.1 Introduction

It has been stated in the introduction chapter that the ultimate goal of the work in
this thesis is to use TSA for damage and stress analysis on pipework. In pipe system
cracks develop from sub-surface flaws. The standard equipment used for TSA is briefly
described in Section 2.2. Then a brief sunmary of the classical approach based on Linear
Elastic Fracture Mechanics (LEFM) for surface flaws is deseribed in Section 2.3, How-
ever. the main purpose of this chapter is to bring together information from other TSA
studies to identify the potential of using TSA as a damage assessiment tool. Therefore,
previous studies to analyse crack tip stress fields arve reviewed and a detailed description
of the related TSA work on this topic is given in Section 2.4. However, the existing
approaches cannot be applied to the problem of a sub-surface Haw or defect. Therefore
further development of the technique is required. Recently. it has been reported that
TSA can be used to reveal a hidden crack [12]. nevertheless, the technique was not used
to evaluate the severity. Instead. in this thesis, a new approach is developed in order
that TSA can be used to assess the damage extent. The proposed approach is based
on the use of TSA to evaluate non-adiabatic hehaviour from the thermoelastic response
which has been successful in an internal stress evaluation. A swmmary of TSA appli-
cations on part-through crack problems as well as internal stress evaluations is given
in Section 2.5. Previous work related to the non-adiabatic thermoelastic response are
also reviewed in Section 2.6. As TSA is a fuli-field and non-contacting approach. this
make in-service inspection or taking measurements on a complex structure possible. A

munber of successful TSA applications ou real structures is exemplified in Section 2.7.

In order to demonstrate the application of TSA to large structural pipework, particularly

for marine applications. the application of TSA on composite pipes is investigated in

19
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this thesis (see Section 2.8 and 2.9). The application of TSA to composite materials
is well-documented [13]. Several papers about TSA of composite material are available
[14. 15, 16]. In general, most of the studies have focused on material characterisation
and work on real components was limited to only ideal specimens. The applications of

TSA to composite materials is discussed further in Section 2.10.

2.2 DeltaTherm system

In general, the main component of a TSA system is the [R detector used to measure
the thermal emission associated with the thermoelastic temperature change. Tlhe means
by which the thermal emission from the test specimen is converted to a voltage signal
is described in detail in Chapter 5. For this section of work it is only necessary to
understand how the voltage signal is processed into a digital image. Since the magnitude
of the useful signal is very small. a special technique for noise rejection and correlation

is used to process the electrical signal into ‘thermoelastic signal’, S (see Equation 1.1).

The first commercial TSA instrument was released the early 1980s and named SPATE
(Stress Pattern Analysis by the measurement of Thermal Emissions) [1]. The system
contains a single point Cadmium Mercury Telluride (CMT) IR detector. The thermal
variation is measured and processed one point at a time. A full-field image is achieved
by using scanning mirrors. The IR signal was correlated by an analogue lock-in signal
processing systen1. The disadvantage of the syvstem is that the data acquisition time
is relatively long. A single full-field stress image could take 1-2 hours. In 1994, a
modern TSA system was presented by Stress Photonics and named as DeltaTherm.
The system uses an [ndinm Antimonide (InSh) Focal Plane Array (FPA) detector and
an advanced digital processing unit. As a result, the systemn reduces the operating time
for thermoelastic testing considerably. The DeltaTherin system is the system used in all
of the work in this thesis! and is therefore described in detail in this section. A diagram

of DeltaTherm system is shown in Figure 2.1,

In Figure 2.1, the IR detector receives input from IR radiation associated with temper-
ature variation caused by the thermoelastic effect on the specimen. The input data is
then passed into the signal processing unit to correlate with the reference signal. As a
result of the correlation IR background noise is climinated and the thermoelastic data
is obtained in terms of magnitude and phase. The reference signal can be obtained ei-
ther directly from a strain gauge attached to the specimen or from a function generator
from the load cell of the servo-hydraulic testing machine. The resulting correlated data
is passed through the personal computer to display as a colour contour stress map in

virtually real time ready for post processing and further analysis.

"In Chapter 3 and 4 DT1000 (1258 x 128 FPA detector) was used. A higher resolution system, DT1400
(256 x 256 FPA detector), was available later and used in the rest of the work in this thesis.
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Fioure 2.1: A schematic diagram of the DeltaTherm system

The DeltaTherm system uses a focal plane array detector to measure the temperature
variation on the target surface. Each detector (pixel) measures the IR radiation at a
specific point on the surface and converts the photon striking the detector into electri-
cal signal proportional to the number of photons. All points in the visible frame are
monitored by the array of sensors. The data is read out by row from the array of de-
tectors into an analogue to digital converter. As the data is interrogated by row, there
is a slightly different phase with respect to the load/stress cycle. However, it has been
reported that the correction can be made at the output stage [17]. The sampled images
are then transmitted to the signal processing unit to be processed before sending to

display on the computer monitor.

The DeltaTherm system processes the data using digital a Fast Fourier Transform (I°'IFT)
analvser. It functions in a practically identical manner to the analogue type lock-in
analyser used in SPATE and determines the magnitude and phiase from the sampled
signal. This is done by correlating the sampled signal with the reference signal using

the following function [17]:

5 N
B, = ﬁ Z Y, sini (1) (2.1)

n=1

where By is the amplitude of the signal. Y, is the sampled signal, N is the number
. . D) . . . . . . .

of samples. and sin3(n) = 57 (n — %) is a reference or weight function. The resulting

processed signal is the signal that is in-phase with the reference signal and termed the

X-signal in the DeltaTheri software (scee FFignre 2.2 (a)) and denoted Sy in this thesis.
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2.3 Application of LEFM to surface flaws

The process described by Equation 2.1 also removes any input caused by background ra-
diation, i.e. the in-phase signal is derived using only the input at the reference frequency

of the applied stress.

The other output obtained from the correlation is the signal which is correlated with
an offset-reference signal (shifted by 90 degrees from the reference signal). This out-of-
phase data is known as the Y-signal (see Figure 2.2 (b)) in the DeltaTherm software,

denoted Sy in this thesis, and can be described as:

N

2
B, = N Z Y., cosf(n) (2.2)

n=1

The resulting absolute magnitude of the signal output is known as R-signal (see Fig-

ure 2.2 ()} in the DeltaTherm software and can be calculated from:

R=+/B?+ B? (2.3)

and the phase angle between the reference signal and the instantaneous temperature

response is obtained from:

B,
= tan™' [ =° 9.4
— o

8

and can be plotted as phase image as shown in Figure 2.2 (d). The phase image provides
the phase angle of each data point relative to a reference datum. This datum is set by
the operator by adjusting the phase setting on the system. Ideally, it should be set to

synchronise with the load signal.

This cross correlation techinique is very useful in that the out-of phase correlation, B.,,
component in the TSA image can be used to identify the localised out-of-phase signal

caused by heat conduction [1].

2.3 Application of LEFM to surface flaws

As stated in Chapter 1, small defects such as surface flaws can propagate and cause
structural failure under a normal operating loads. Compounents need to be inspected
at appropriate times to assess their integrity. This can be done by using any suitable
non-destructive evaluation method to define damage locations and estimmate geometric
detail of the defect. To assess the integrity. knowledge of the stress field in the vicinity
of the crack-tip is required. In practice. the stress intensity factor approach is widely

used. The shape and size of the defects obtained from the inspection are compared
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FIGURE 2.2: Typical images from DeltaTherm system: (a) maximised X image, (b)
minised Y image, (¢) R-image and (d) phase image of the same data

with established standards or handbooks such as [18], [19], [20] and [21]. As most of
the techniques used to obtain Slk's are based on analytical and numerical methods only
idealised crack/flaw geometries are available. Finally, the SII' as well as geometric factors
from the handbooks for the particular crack shape are obtained. These parameters are
essential to predict the growth rate and fatigue life of the components. However, it
should be pointed out that most of the analytical solutions of the SIk's in the standard
handbooks are derived for infinite or semi-infinite plates and they are based on the
function of crack size, shape and far-field stress. Consequently, the crack-tip stress field
is not expressed explicitly in a closed form and applications of the analytical solution

are quite limited.

In pressure vessels and piping, a number of approaches have been proposcd to solve the
SIF problem for various circumstances. Atluri and Kathiresan |22] used a displacement
hybrid FE method to solve three dimensional-crack problems on surface flaws in thick-
walled reactor pressure vessels. Raju and Newman [23] used a three dimensional I'E
method. Their FE results cover a wide range of crack shapes and sizes for both internal
and external locations and are generally regarded as one of the most accurate solutions
[24]. Nishioka and Acluri [25] developed a new 3-D alternating method. The solution

was shown to be an inexpensive FE procedure for a routine evaluation of the SIiI's for a
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flaw in pressure vessels. Chen et al. [26] modified the conventional body force niethod

to evaluate SIFs for surface flaws in cylindrical pressure vessels.

Nevertheless, these available SIF solutious are not always adequate for particular en-
gineering applications. A complex situation occurs when the cracks initiate in a non
uniform stress field such as that caused by residual stress or thermal stress. This malkes
SIFs evaluation more problematic and special treatment is required [27]. Furthermore,
it has been argued in Ref [28] that fracture in real applicatious is irregular and may
not strictly fit with generic configurations and could introduce errors in the growth data
as well as the estimated fatigue life. A sihmilar issue has been also emphasized in Ref
[24]. It can be concluded that some difficulties in damage severity evaluation in LEFM
for actual cracks can be attributed to the irregularity of the actual crack front and the

complex stress field due to the complicated boundary conditions.

Full-fleld experimental analysis such as TSA can be considered as an alternative tech-
nique to achieve a better understanding of the problem. The experimental results can

also be used to validate any numerically proposed solutions.

2.4 TSA applied to through-cracks

The non-contact features of TSA and the ability to obtain relatively high resolution full-
field stress data directly from the component has made it an attractive technique for
crack-tip studies. An extensive review by Tomlinson and Olden [29] describes four main
approaches available to determine SIFs from the crack tip stress data. Firstly, Stanley
and Chan proposed a method that related the thermoelastic signal to the Westergaard
equation under mode I [6] and mode II [30] loading. Secoud, Stanley aud Dulieu-Smith
[31] introduced an approach based on the isopachic contours around the crack tip region
for mixed-mode analysis. Third, Lin et al.  [32] suggested a method based on the
equilibrium and compatibility equation with J-integral concept. Fourth, Tomlinson et
al. [33] proposed a concept using Muskhelishvili’s stress field equations. A step further
in the application of TSA to fracture mechanics has been recently carried out by Diaz
et al. [34], where TSA was used to measure the SIFs during fatigue crack growth. The
considerable effort in these works has meant that the technique of using TSA to evaluate
SIFs in through cracks has becounie widely recognised and the reliability of the technique

in fracture mechanics applications has been confirmed.

The studies mentioned above were aimed to identify the SIFs from a through crack.
These works are mainly based on the use of LEFM stress feld equations to define
the stress fleld near the crack tip in an infinite body. The thermoelastic response is
obtained directly from the surface which can be monitored directly as shown in Figure 2.3
(a). When a surface law (sec Figure 2.3 (h))or a part-through crack in a body of

finite thickiless is in question. these techniques are not applicable. This is because the
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2.5 TSA applied to part-through cracks and internal stress

thermoelastic response from a surface flaw can be obtained only from the free surfaces,
i.e. either the damaged side or undamaged side. Furthermore, a direct relationship
between the stress field on the free surfaces and the part-through crack does not exist.
Therefore, further investigations using TSA to evaluate damage severity of surface faws

is required and is one of the objectives of the work described in this thesis.

2.5 TSA applied to part-through cracks and internal stress

TSA has been used to evaluate the SIF from surface cracks [35]. T this investigation the
TSA data was obtained directly from the damaged side of the plate and the solution of
node I STF was derived from the Westergaard equations. The derived SIFs is an approx-
imation as the characteristics of a surface crack are not the same as those of a through
crack. Therefore, the Westergaard equation is not adequate for this boundary condi-
tion. However, the author showed that TSA has great potential as a non-destructive
technique for damage evaluation of complicated stress states where there is no available

closed form solution.

Generally, it is understood that TSA gives no indication of subsurface stress because
the temperature change is observed from the specimen surtace only. However, Lesniak
[36] showed that it is possible to measure internal stress by using TSA. He developed a
thermal model to study how heat created by the internal stress conducts to the surface.
This heat transfer model is analogous to A.C. circuit analysis. He also concluded that
the method can be applied to TSA to detect internal damage in materials. Therefore, it
is possible to obtain internal stress information by observing the thermoelastic response

from the surface resulting from heat conduction from within the material.

For crack detection, Silva et al. [12] nsed SPATE to detect a lidden crack in an alu-
minium flat plate. A series of specimens with different damage severities were tested to
identify the sensitivity of the techmnique. All 1.6 mm-thick specimens were machined to
simulate a part-through crack. The rectangular part-through cracks were made by the
electro-erosion process. Damage severities were varicd by a parameter representing the
crack depth, «a, to thickness, #, ratio (see Fignre 2.3). SPATE was used as non-destructive
evaluation tool to detect the part-through crack frow the face without a crack. The lo-
cation of damage was observed by a perturbation of the stress distribution along the
crack axis. According to their results the crack of depth to thickness ratio, «/t, of 0.375
(see Figure 2.3) was the shallowest crack that can be detected by the technicue. It was
also expected that the in-service induced crack may produce a greater thermoelastic
response because the actual crack front is sharper than the simulated crack and hence
results in a very high stress gradient. Therefore. stress at the crack front is much more

extreme and as a consequence, shallower defects niay he observed.
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FiGure 2.3: Crack descriptions

The work in Ref [12] indicated that TSA could be applied to subsurface crack detection.
A preliminary feasibility study, described in Chapter 4, confirms the findings of Ref [12].
Chapter 4 also shows that care must be taken when TSA is used to interpret the results
at the region of high stress gradient such as cracks or notchies, as these regions are prone
to non-adiabatic behaviour in TSA and may lead to some error in the interpretation.
A theoretical derivation of the TSA signal in Chapter 5 shows how the non-adiabatic
condition can bias the thermoelastic signal. Therefore, a further investigation of using
TSA for subsurface flaw detection is necessary. In this thesis the study of non-adiabatic
behaviour is carried out in order to understand the physical effect of the damnage extent
to the detected thermoelastic signal as well as the ability to evaluate the severity from

the damage.

2.6 Non-adiabatic behaviour in TSA

Non-adiabatic behaviour has been analysed using several numerical approaches. Dunn
[37] used a finite difference technique to solve the two-dimensional heat conduction
equation, where the leat input terin (heat generated in the body) was calculated from
the stress field obtained from the FE model. Offermann et al. [38] used the FE technique
to quantify the solutions of a simple two dimensional model of a bar with a centre hole,
where non-adiabatic behaviour was observed over various load frequencies. Another
recent study of the non-adiabatic cffect has been carried out by Inoue and Kishimoto
[39]. The Boundary Element Mecthod (BEM) was used in their study. They showed
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that under non-adiabatic conditions, heat diffusion effects lead to an underestimation of

stress concentration.

Recent studies of the non-adiabatic behaviour [39, 40] focused on correction procedures
to recover the adiabatic thermoelastic response so that TSA data taken under non-
adiabatic conditions can be used for stress analysis. In this study, the non-adiabatic
behaviour was investigated in order to relate the non-adiabatic thermoelastic response

to the damage severity of the sub-surface Haw.

It has been shown that more detail of internal stress conditious can be assessed from the
non-adiabatic behaviour [36]. For this reason, the non-adiabatic behaviour created from
the damage beneath the surface could lead to some relationship between the signal re-
sponse and the extent of the damage. Therefore. fully understanding the non-adiabatic
behaviour in the thermoelastic effect is essential. To do this it is necessary to revisit the
theory to understand the nature of the heat transfer as a result of the stress gradient
and thermal conductivity as well as the theory hehind the TSA via IR detecting systein.
This will enable better interpretation of the thermoelastic response to elicit detailed in-
formation on non-adiabatic behaviour. In the author’s knowledge, there is no published
information on the use of TSA in damage evaluations of part-through crack-like Haws by
considering the undamaged surface. Moreover, analytical solutions to relate the three-
dimensional stress distribution around arbitrary damage to the thermoelastic response
do not exist. Therefore. it is necessary to develop a suitable numerical simulation pro-
cedure to solve for a three-dimensional case. Ref [38] has provided some information on
the use of FEA to model the non-adiabatic hehaviour on their specimen, however, the
procedure necessary to reproduce such a simulation is unclear. Therefore, in Chapter 6

a detailed account of using FEA to obtain the thermoelastic response is provided.

2.7 Practical applications of TSA on curved shell struc-

tures

As the objective of this work is to apply TSA on actual pipework structure, under pres-
surised load in particular. further considerations in this review are to justify the tech-
nique based on real applications on full-scale structure whicl features complex geometry
as well as comnplex operating loads. Under dynamic pressurised loading, there is only one
reported work on TSA used in conjunction with this type of loading condition. Stanley
and Chan [41] carried out TSA work on a thin free-formed pressure vessel end. They
showed that the technique can provide stress distribution of a thin-walled structure un-
der a simulated in-service loading. The design of the pressure loading system used by
Stanley and Chan forins the basis for the design of pressure loading system used in
the work described in Chapter 9. For the applications of TSA nnder full-scale testing,

marny TSA applications have shown the that TSA possesses some advantages over other
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experimental tecliniques, examples are the measurement of the stress distribution on
large tubular welded tee joints and cross tee joints of an off-shore platforn [1] and in
nuclear power plant components [2]. These works demonstrate the reliability and prac-
tical viability of the technique. Therefore, it can be seen that the approach possess great
potential for a novel application on any pressurised cylindrical structure. Moreover. the
pipework is often subjected to a cyclic load when it is in service, therefore, it nay be

possible to perform an in situ thermoelastic measurement.

2.8 GRP pipes in marine applications

GRP piping systems have been used successfully over the past 20 years in the offshore
industries. This type of piping is expensive to manufacture but possesses key advantages
over typical metal or alloy pipe systems in that it is highly resistant to corrosion and is
lightweight. However, composite piping systems have not been widely adopted by ship

building industries where these advantages could be realised.
o te)

The nature of pipe networks in ships is generally more complex than that has been
found in ordinary engineering plants. This is because the routing of the pipework is
more compact within the limited space available among mainy machines in a single con-
partment. In addition, a large number of complicated pipe intersections and connections
are required to allow access for machinery maintenance. Under service loading, complex
stress distributions are developed at those intersections according to the joiut geometry.
Apart from the pipe weight. loads are applied from a combination of internal pressure
and moment force due to pipe deformation. others are from the vibration transmitted
from the machinery to which the pipes are connected. Consequently, failure may oceur
if the pipework is not properly designed. It has been reported [42] that a cinrent ap-
plication of plastic pipes in commercial vessels to replace steel pipework in non-critical
areas is cost effective. On that account, the practice of using GRP pipe in critical areas
could be expected to produce similar savings. A rigorous study of the practicality and
economics of using GRP pipes in ships had been carried out [42] and demonstrated the

feasibility of the approach in both cost and structural terus.

2.9 GRP pipe intersections

Pipe intersections are necessary in any pipe network to facilitate the introduction of
branch pipes and nozzles. The intersections are generally the weakest part of the
pipework network and are usually subjected to complex loading conditions. A large
amount of work has been dedicated to investigating the stress distribution around the
metallic pipe intersections subjected to various loading conditions using both experimen-

tal and numerical methods. However. there is little data on the behaviour of intersections
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in Glass Reinforced Plastic (GRP) pipe. To the author's knowledge, only oue extensive
experimental investigation on composite pipe intersections is reported in the literature
[43].

In Ref [43] the strength of the tee-section components was assessed using conventional
strain gauge technique and tests destruction. Four types of tee-sections were rmanufac-
tured to meet the BS 7159 requirement for the offshore use. Strain gauges were attached
to both the inside and outside surfaces around the joints to observe the behaviour of the
sections under in-plane bending and pressure loading. Elastic strain distribution around
the intersection profiles due to pressure, in-plane and out-of-plane bending loads was
reported extensively based ou their experimental results. The conventional strain gauge
technique is very laborious for this application as a large number of strain gauges are
required to observe the strain behaviour around the pipe intersection profile. Morcover.
In practice, making all connections to meet all dinensions required by the standard
would be difficult since most of the GRP/FRP pipe-connection fabrications have to he
carried out by hand lay-up particularly on-site fabrications. It was also argued in Ref
[43] that the strain gauges did not supply sufficient data to identify the maximun stress
because of the high stress gradients involved at the surface discontinuity. Therefore,
introducing a high resolution full-field technique such as TSA to analyse the stresses in
such structure allows both a convenient and eflicient means of performing stress/strain

analysis.

Considering that numerical techniques such as FE simulations are currently in favour, the
FE analysis of GRP pipe intersection is very limited. Ouc of the very few investigations
using FEM was carried out by Xue et al. [44]. They used three dimeusional FE to
estimate the stress and strength of FRP tee sections subjected to internal pressure.
Incompatible element types were used in the model to deal with the problem of dillerent
principal directions of the material at the interface of branch and nozzle regions. The
analysis showed the reinforcement at the joint was necessarv. as the streugth criterion

derived from the Tsal-Wu strength criterion [45] was exceeded in all cases.

In the current work the piping sections are reinforced at the joint by over-lamination
with Chopped Strand Mat (CSM) wmaterial which is wrapped around the joint. This
reinforcement, will affect the stress distribution at the joint considerably because hoth
the localised stiffness at the veinforced region and the geometry at intersection area
will change substantially. In this case, detailed FEA may not be the most preferable
option since hand lay-up fabrication at the reinforcement region results in highly non-
uniforin geometries and material properties. This issue was also mentioned i Ref [43].
An experimental approach is a more realistic solution for the stress analysis in this
situation. Therefore, the objective of this work is to assess the applicability of TSA in

obtaining the stresses around composite pipe intersections.
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2.10 TSA for composite materials

TSA has a unique feature over other experimental techniques in that botl stresses on
the component surface and internal damage such as delaminations can be identified
simultaneously. The applications of TSA to composite materials have been monitoring
damage evolution on composite materials (46, 47], measuring stress concentration factors
[46], determining complex stress in the composite structure [4, 48] and detecting sub-
surface damage on a large wind turbine blade [49]. In this current study, TSA is used
to observe the stress distribution ou composite pipe sections particularly around the
counection region where 1ot ouly a complex stress distribution occurs but the material

properties around this region are highly heterogencous.

To apply TSA to orthotropic materials where the mechanical properties vary with di-
rections, the governing equation (Equation 1.1) needs to be developed for an anisotropic
elastic solid [13]. For orthotropic materials, the temperature change (AT) due to the

thermoelastic effect can be expressed in the following form:

T
AT = ———(wpAoy, + v Aoy) (2.5)
P Cp

where T is the absolute temperature, p is the material density, ¢, is the specific heat at
constant pressure, o, and o, are the coefficients of thermal expansion in the directions

of the principal material axes and Ag, and Ao, are the stress changes along the axes.

Similar to the case of isotropic materials, when the temperature change is measured
using an IR detector, this expression can be rewritten in terins of thermoelastic signal

(S) and calibration constants (A*). Equation 2.5 can be expressed as:

A"S = (o Aoy + oAcy,) (2.6)

Equation 2.6 shows that data related to the stress (in the principal material directions)
can be obtained. This theoretical development has been validated by experimental
work [13]. Further development of the thermoelastic theory for composite materials has

improved the accuracy of the technique [50].

The applications of T'SA to composite materials may be separated into two categories:
damage evaluations and stress/strain analysis. In a damage characterisation study.
Mackin et al. [46] used TSA to monitor damage evolution of the fatigue damage on double
notch samples of several composite svsterns. The in-phase images (see Section 2.2) were
used to measure redistribution of stress caused by the fatigue damage and the out-of-
phase images were used to identify the level of damage. Thev concluded that the heat

froni frictional work influences the thernmoclastic signat and this causes the phase-shift in
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thie phase image and hence alters the magnitude of the in-phase images. Cunningham et
al. [47] conducted a similar investigation on fatigue damage on a composite sample with
a centre hole. They also found that thermoelastic data was affected by the lucrease in
temperature fromn friction and viscoelastic heating. In this study on the composite pipe
sections, it is believed that the same phenomenon will occur around the joint area of the
pipe section but the CSM used as a reinforcenient material is relatively thick around
the joint area therefore the above effect may not he observed as the CSM lias a very low

thermal conductivity.

Apart from the damage evaluation on composite structure, TSA can also be used to
determine stress distribution quantitatively. Dulieu-Smith et al [4] have demonstrated
that TSA can be applied to obtain full-field stress distribution on a complex GRP struc-
ture (2 GRP tee joint commonly used in marine applications). Reasonable agreement
between the TSA and FEA was achieved. Another quantitative work on foam-cored
sandwich construction composite tee joints carried out by Dulieu-Barton et al [48] also
demonstrates applicability and usefuluess of the technique to determine stress distribu-
tion on the real GRP structures. These works established TSA as a means of validating

FE simulations.

A study of the effect of ply lay-up on the thermoclastic response of laminated composites
has been carried out by Cunningham et al. [51]. Their uvestigation shows that the resin-
rich layer plays an important role i quantitative stress analysis. They concluded that the
thermoelastic response obtained froni a component with a resin-ricli layer is a function
of the global stiffness of the component. A similar inding was made by El-Hajjar and
Haj-Ali [16]. They proposed a method to measure the surface strain on a pultruded
composite component by taking advantage of an in-planc isotropic surface layer with an
assumption that the surface layer is responsible for the thermoelastic response. They

verified their results with FIE simulation and a good agreement was obtained.

2.11 Justification for current work

In view of damage and stress assessiment on composite pipe component, very few stud-
ies have been dedicated to the stress analysis in the actual component particularly on
GRP pipe intersections. The conventional strain gauge technique is laborious and is not
sufficient to evaluate the distribution ol stress at a complex region. FEA can be con-
sidered to be a good option for full-field analysis on a complex structure. However, for
the stress analysis of a GRP pipe interscction the approach may not be suitable. This
is because the accuracy of tlie physical response of the FE model depends on a good
approximation of various iuput parameters such as geometries, material properties and
boundary conditions which are difficult to achicve in GRP pipe intersection. Therefore,

TSA is proposed as an experiniental technique for this purpose.
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According to the above review on damage assessmient. it can be concluded that tra-
ditional methods to obtain damage parameters in fracture mechanics rely upon the
effectiveness of the detection technique to estimate the geometry of the defects and the
accuracy of the methods used to evaluate the fracture parameters. It has been pointed
out that difficulties occur when the defect shape is irregular or the flaws occur in a
complex stress field. Since the exact solutions for particular cases are not available,
experimental techniques need to be developed not only to provide a comparative valida-
tion of the existing techniques but to gain more knowledge about the behaviour of the

defect.

A new approach is proposed here hased on TSA. TSA provides full-field data that can
be directly related to the stresses and provides the opportunities to obtain detailed
information from the actual structures. The approach has the potential to provide
sub-surface information from cracks and damage. To implement the approach. it is
necessary to understand the non-adiabatic thermoelastic response. To achieve this it will
be necessary to develop a generic FE computational model to simulate the thermoelastic
effect under non-adiabatic conditions. To demonstrate the effectiveness of the approach
TSA will be used on a variety of specimens with sub-surface defects. This has not been
attempted in any previous studies. To demonstrate the approach in a practical context
in a pressurised pipe section. internal damage is also analysed using TSA. This is a new
contribution to the field of TSA. Furthermore, considerable design effort was required

to develop the pressurisation facilities, which are also described in this thesis.



Chapter 3

Demonstration of TSA on pipe

components

3.1 Introduction

It has been mentioned in Chapter 2 that using conventional strain gauges to obtain
the stress distribution around the complex geometry of a composite pipe is laborious.
Therefore in this chapter, T'SA is introduced as an experimental stress analysis tech-
nique for this application. The objective of this work is to demoustrate that TSA is an
effective tool for stress evaluation, particularly in a real structure. In this work, full-
scale GRP (Glass Reinforced Plastic) pipe intersections manufactured from of-the-shelf
filament wound tube, were tested using a rig specially designed for full-scale pipe test-
ing. To obtain quantitative stress values, it is necessary to calibrate the thermoelastic
signal. Therefore, a calibration procedure for the pipe-intersection material is devel-
oped. A stress factor approach is also proposed to allow a quick evaluation of the
pipe-intersection. This is compared with the results obtained from the similar pipe-
intersection made from steel. An FE stress analysis of the stress distribution around the

pipe-junction was also carried out for comparison with TSA.

3.2 Fundamental theory

It has been mentioned in Section 2.10 that the classical thermoelastic equation for TSA
defined in Equation 1.1, i.e. A4S = A{o(| + g22) is not applicable for orthotropic mate-
rials. For orthotropic materials the theory must be modified hecause the temperature
change, AT, caused by the thermoelastic effect does not siimply relate to the stress
change but is also related to a combination of the coefficients of linear thermal expan-

sion in each principal material direction and the stresses change in those axes. Tn a

33
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biaxial stress system, the thermoelastic temperature change, AT. can be expressed as

[13]:

T
AT = ———(a,Ac), + o Aoy) (3.1)

Cp

where, a, and a, are the linear coefficients of thermal expansion in the principal material
directions and Ag, and Ag; are the stress change in the corresponding directions. For

TSA using the DeltaTherm system, Equation 3.1 can be rewritten as:

ATS = (apAo, +aAoy) (3.2)

3.3 Specimen descriptions

Plain cylindrical GRI scctions were produced using a filament winding technique by
Halyard so that a balanced, synmetric winding was obtained with an angle of 67.57 to
the axis of the ceylinder. The fibre content of the wound pipe was approximately 709,
the resin material was polyester. Tee-joints were produced by cutting the tube sections
that form the running pipe to a length of 900 mm and then cutting an appropriate
hole in the running section to accommodate the branch pipe. The branch pipe was
adhesively bonded to the running pipe and then overlaminated with E-glass/polyester

chopped strand mat (CSM) material to form a rigid connection, see Figure 3.1. Four

/J ;SM i Branch pipe

CSM
\ i i
Running pipe

Ficuris 3.1 GRP pipe connection

GRP pipe scections were usced in this work and are shown in Fignre 3.2, The dimensions
are given in Table 3.1; T-01, T-02. T-03 and T-01 denote the pipes. Two different
wall thickness were studied. which gave three branch to rminning pipe outside diameter
(d,/D,) ratios. It should be noted that hecawse the cylindrical secetions were formed
on a wandrel of fixed diameter the thicker wall provides a different d,/D,, ratio. For
comparison a welded steel tee-joint was also cluded and is denoted T-05. The steel

tee-joint was coated with two passes of matt black paint prior to testing.
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FiGurE 3.2: GRP pipe specimens

TaBLE 3.1: GRP and steel pipe specimen dimensions

Specimen | Running pipe(mm) | Branch pipe(mm) | Wall thickness | Dia. ratio

Reference OD 1D OD 1D (mm) (I—‘g‘h)
T-01 (GRP) 127 119 64 56 4 0.5
T-02 (GRP) 127 119 127 119 4 1.0
T-03 (GRP) 161 145 124 107 9 0.77
T-04 (GRP) 124 107 124 107 9 1.0
T-05 (steel) 140 127 76 63 6 0.5

3.4 Loading rig

To simulate the operating load experienced by a pipe scction in a laboratory environ-
ment, it is necessary to have a test facility that can accommodate the pipe scction
specimen and distribute the load from a standard test machine inco the branch pipe
specimen in various directions. The pipe testing facility was designed and built [52] to
allow a full-scale pipe section with a branch to be tested on a typical test machine. The
rig was designed to be able to load the pipe specimen in both in-plane and out-of-plane
directions. Moreover, the base of the rig can be adjusted to position the applied load on
the branch of the specimen. As a result, an oblique branch can also be tested. I'igure 3.3
shows a simple bending load configuration on a perpendicular junction which is used in
this experiment. The photograph shows the specimen assembled with the rig mounted
on the testing machine. It can be seen that , in this configuration the load can be applied

directly through the branch pipe.

3.5 Thermoelastic calibration of pipe materials

Before the full-scale bending tests were performed, two experiments had to be carried

out to obtain calibration constants for the relavent materials, e, the CSM and filament
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Supporting rod

FIGURE 3.3: Bending rig used in the experiment

wound material. The specimens was not coated with the matt black paint as the surface

emissivity of the material is relatively high.

3.5.1 CSM specimen

Four CSM coupons (4mm X 40mm x 200mm) were made from the materials used to over
laminate the tee joint and supplied by the pipe manufacturer. Firstly it was decided
to perform a tensile test to mechanically characterise the material. A tensile test until

failure was performed to obtain the behaviour of the material. Due to the limited number

of specimens, two of the CSM specimens were tested. A strain gauge was mounted onto

the specimen in the direction of applied load to record the strain during the test.
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Tensile test of CSM specimens

coupon 1
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FIGURE 3.4: Stress-Strain curve from the tensile test of the two CSM coupons: loading

rate = 1 mm per second.
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The stress-strain curve obtained from the tests is given in Figure 3.4 and shows that the
yield stress of the material is approximately 60 MPa or less. Although the failure stress
and strain are substantially different, there is a good agreement in the elastic range.

The two tests were considered sufficient to establish the elastic range of the material.

To obtain the calibration factor for the CSM specimen, the CSM coupons were loaded
cyclically at 4.5 &4 kN which results in 28 £+ 25 MPa, i.e. below 60 MPa. A typical
thermoelastic image is shown in Figure 3.5. The box indicated in the figure is the area
where the data was interrogated and the test results from all the tests are provided in
Table 3.2.

The average signal and standard deviation values provided in the table are the average
values within the rectangular region shown in the image. It can be seen that the results
were repeatable within an error of approximately 5%. The averaged thermoelastic signal
(S) was used with the calculated stress [53] and a calibration factor of 0.052 MPa/U

was obtained.

FIGURE 3.5: An example R-image observed from the CSM specimen

TaBLE 3.2: Thermoelastic signal (R-signal) from each specimen under load 4.5 £4 kN
Specimen no. | Signal (U) | SD | Coef of variation
1 1155 90.4 0.08
2 1145 91.3 0.08
3 1123 92.7 0.08
4 1180 95.2 0.08
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3.5.2 Pipe section

As the manufacturer did not supply a straight pipe section, a section of straight pipe was
cut from a tee specimen of 4 mm thickness and 127 mm outer diameter for the calibration
test of the pipe. A diagram of the filament wound pipe is shown in Figure 3.6.
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FI1GURE 3.6: Orthotropic cylinder: 1 and 2 are the principal stress directions

The pipe was subjected to a cyclic load of —4.4 + 3kN (compression) in the axial
direction at 10 Hz using the sanie rig as described in Figure 9.10. This yields Av,pp = 3.8
MPa which is high enough to produce a good signal quality for general glass/polyester
materials. The filament wound pipe was considered as an orthotropic material with
principal material symmnietry axes in the direction of circumferential and axial directions.
i.e. direction 1 and 2 respectively in Figure 3.6. The thermoelastic equation for this

case can be expressed as:

A™S = a1Acy + aaAos (33)
where Aoy and Aoy are the stress changes in the direction of the principal stress axeses

and a1; and oo are the linear coefficients of thermal expansion in the correspouding

directions which can be obtained by the standard tensorial transformation as:

a1l = ap cos?g + ay sin’e (3.4)

Qo = sin?¢ + oy cos®p (3.5)

where ¢ is the angle between the principal stress direction and the fibre direction, i.e.

7

22.5 degrees (see Figure 3.6)
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As the cylinder was loaded in uniaxial compression Ag; in Equation 3.3 can be elimi-

nated and Aoy = Aoapp so that:

A**S — a~2

Q11

Avapp (3.6)

where A* = 4
Q11

In this work, the coefficients of linear thermal expansion o, and a; are obtained by using
a formulation proposed in Ref [54]:
Ef(.Yf Vf + Emam‘/m

v, = 3.7
ap ErV, < EnVin (3.7)

ar = (1 +vp)Vi+ an Vi (1 +vin) — vy, (3.8)

Upt = l/fo + Vm‘/m (39)

where F is the Young’s modulus, v is Poisson’s ratio and V is the volume fraction
and the subscripts f and m denote the fibre and matrix respectively. Since the exact
material properties of the materials (E-glass/polyester) used to make these specimens are
not available and a range of typical material properties values for polyester is relatively
large, the material properties used in the calenlation are assumed from generic values
from Ref [55] and shown in Table 3.3.

By substituting the assumed material properties in Equations 3.7 and 3.8, and then
substituting the results into Equations 3.4 and 3.5. the coefficient of thermal expansion
in the principal stress dircctions can be obtained as: o) = 11.06 % 1()_6/1\' and gy =
22.24 x 1046/1{. Therefore the calibration factor A conld be determined.

An example of the therinoelastic data in terms of R-image from the calibration test on
the GRP pipe is shown in Figure 3.7. The box in the image indicates where the average
data were interrogated for this calibration exercise. The averaged signal from six tests

was calculated to assess the repeatability of the results and given in Table 3.4.

TaBLE 3.3: Material properties using in the coeflicient of thermal expansion (CTE)
calculation

Material properties unit ‘
Young’s modulus of fibre. £ 30 GPa
CTE of fibre, ay 5x1078 et
Volume fraction of fibre, V¢ 0.7 -
Possion’s ratio of fibre, vy 0.27

Young’s modulus of matrix, F,, 3.5 GPa
CTE of matrix. oy, 60x1070 e°C-1!
Volume fraction of matrix. V;,, 0.3

Possion’s ratio of matrix. v, 0.37
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TABLE 3.4: Thermoelastic signal in the box area shown in Tigure 3.7 under a cyclic
load of —4.4 & 3kN

Specimen no. | Signal (U) | SD | Coef of variation
1 517 79.1 0.15
2 495 90 0.18
3 482 91 0.18
4 490 88.2 0.18
5 480 79.3 0.16
6 504 77 0.15

It was found that the signal was relatively noisy. The coefficient of variation of cach
data set was approximately 16.7%. A similar irregularity in the signal was also obscrved
in an experimental validation performed by Stanley and Chan [13]. With the average
thermoelastic signal, S, of 485 U acquired from the test, the thermoelastic constant,
A** of 0.02 MPa/U was calculated from Equation 3.6.

FIGURE 3.7: R-image of a pipe section under compressive load

3.6 Experimental arrangement

3.6.1 Load arrangement

Figure 3.8 shows the loading configuration used for the tee-joints. To achicve this, the
rig was set up in the configuration shown in Figure 3.3 (a). The rig was rested on the
lower jaws of the test machine, four pins were used to secure the tee-joint in the rig.
This allows for fine adjustments during the set-up and eliminates any misalignment.
The load P was applied towards the running pipe (see Figure 3.8). The free-end of the
branch pipe was placed against the top jaw of the test machine. The load applied to

each specimen is given in Table 3.5 ; in all cases the loading frequency was 10 Hz.
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FIGURE 3.8: Load arrangement for in-plane simple bending

TABLE 3.5: Load sctting for the in-plane bending test
‘ Specimen | Mean Load (kN) | Load Range (kN) ‘

T-01 0.5 0.9
T-02 0.5 0.9
T-03 1.0 1.5
T-04 1.0 1.5
T-05 6.0 10.0

3.6.2 Detector setting

The area of interest for the thermoelastic stress analysis is around the connection. The
stress distribution on the uppermost surface was analysed first. To obtain a view of
the junction area two approaches were investigated (see Figure 3.9) using the pipe con-
figuration T-04. Firstly the detector was tilted at an angle of 30° so that hoth the
running pipe and the brauch pipe could be observed divectly. The second approach was
to use a front coated mirror positioned at a 45° above the arca of interest. This meant
that the DeltaTherm detector could remain upright during the tests. Figure 3.9 shows
DeltaThern1 iimages from both approaches and it can be clearly seen that the quality of
the image from the mirror is poor. It should be also noted that the colour scale between
both thermoelastic images iu the figure are different. Line plots were taken from the
data from the uppermost surface and are also given in the figure. Here it can be seen a
clear indication of significant signal attenuation due to the use of mirror. The minimuin
values of each line plot signifies the location of joint region. Therefore it was decided

that the Deltatherm detector would be positioned in a tilted configuration.
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Ficere 3.9: Top: Viewing angle and TSA image from cach viewing angle, Bottom:
Line plot from different view angles along the topmost surface
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3.7 Results

3.7.1 Simple bending test results

A typical DeltaTherm image is shown in Figure 3.10. Alongside the DeltaTherm daca
a photograph of the tee-joint is given with the viewing angle identical to that of the
DeltaTherm detector. In the DeltaTherm image the stress concentration at the pipe

junction can be seen clearly.
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Ficure 3.10: Typical DeltaTherm image and photograph of the tee-joint from the
same viewing angle

To analyse the data, line plots were taken from each of the five joints along the line
indicated in Figure 3.10; these are given in Figure 3.11 (a). In cach casc the line was
taken from 150 mm away from the branch pipe and ended at the junction. As the
loads used in each test were different and T-05 is the steel joint, these plots arce not
directly comparable. However, all five plots show a linear region of decreasing negative
signal. Four of the five plots then show a sharp decrease in signal in the proximity of the
junction. The thickest pipe with the d,/D, ratio of 0.77 docs not show the pronounced

departure from the linear decrease.

It was expected that the discrepancy of signal response should be obscrved at the re-
inforced region due to the different material properties between CSM and wound pipe
as the calibration factors are different. However, there was no change in signal at the

‘overlaminated region’.

3.7.1.1 Stress factor evaluation

In order to compare the results, a simple “stress factor” approach was used. In the
running pipe away from the junction (approx 100 mm from the starting point of cach
line plot in Figure 3.11) the pipe will be in simple bending. Therefore only one stress in

the axial direction will exist as if it was a straight pipe loaded in simiple bending. The
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FIGURE 3.11: Line plots of TSA data: it appears that the linear region starts from the
beginning of the line plot until approximately 100 mm away from the starting point.

Note: d/D = dy/ Dy inTable 3.1

linear region shown at the start of the line plot in Figure 3.11 could be regarded as the

equivalent signal from the situation. Extrapolating a best-fit line through this data will

provide a signal value equivalent to that which would be obtained for a plain pipe in

simple bending. Dividing the actual signal by these values gives a stress factor value for

each point in the line plot and a means of comparing the data (see Appendix A.7). A

plot of stress factors is shown in Figure 3.12. Here it can be seen that the smallest wall

thickness of GRP pipe, with the greatest d,/D, ratio, provides a stress factor of 1.63. A
stress factor of 1.50 results from the GRP configuration with d,/D, = 0.5 for the thin

pipe and d,/D, = 1.0 for the thick pipe. The smallest stress factor is reported for the
thickest pipe with d,/D, = 0.77 which was 1.20.

Stress Factor
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16 4

14 -
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—— T-02 (d/D=1.0)
—— T-03(d/D=0.77)
——— T04 (d/D=1.0)
—— T-05 (d/D=05)

Distance from branch junction (equivalent to approximately 150 mm)

FigurE 3.12: Stress Factors derived from TSA results
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3.8 Discussion

It has been shown that both calibration factors (A and A™) can be obtained by using
calibration procedures described in Ref [53]. However. the CSM material will act as
strain witness on the wound material and a complex calibration approach needs to be
adopted based on the strain in the joint and not the stress. The over laminated region
starts approximately 100 mm into the line plots shown in Figure 3.11. At this point
there is no change in the signal, so a question must be posed: if the thermoelastic re-
sponse is different for the CSM and woven material, why are the two materials providing
practically identical signals. One explanation may be that the matrix is dominating the
response from both. In the running pipe away from the junction the pipe will be in sin-
ple bending. Therefore only one stress in the axial direction will exist. As the winding
angle was 67.5° from the axis of the running pipe and the resin content of the CSM was
estimated to be greater than 70% this is a likely explanation. Further work is required

to verify this.

As there is no data in the literature with which to compare the TSA data, it was
decided to build a simple finite element model in ANSYS for each joint configuration. A
SHELL93 (8-node-structural shell) element was used and the added thickness of the CSM

rag neglected. Material properties weve calculated by using the fibre volume fraction for
the wound structure and laminate theory. The applied load range given in Table 3.5 was
used and stress sum data was produced from the FEA in order to compare with TSA
data. Figure 3.13 shows a TSA plot from a T-01 joint and the equivalent FEA model.
The FEA stress sum data shows excellent correspondence with the TSA gualitatively,
even though the effects of the CSM overlaminated region and the cocfficients of thermal
expansion have been neglected. For comparison stress sum line plots were obtained from
equivalent positions (see Figure 3.10) in the FEA model: these are given in Figure 3.14.
The plots show similar characteristics to the line plots given in Figure 3.11. The stress
s is shown to be very small in T-02, T-03 and T-0D4. To compare with the TSA data
stress factors were derived in a practically identical manner to those derived from the
TSA data and are given in Figure 3.15. These shiow a very close correspondence to the
TSA data.

Tu order to obtain quantitative stress data, it is necessary to calibrated the thermoelastic
signal. However, the nou-uniforin and noun-homogeneous of the reinforcement material
(CSM) around the pipe junction may cause some difficulty in TSA interpretation. Fur-
ther work is required to study the effect of the thickness as well as non-uniformity of
material properties of the resin-rich region to the thermoclastic signal. Figure 3.16 shows
a proposed approach to obtain strain and thermoelastic data information at various lo-

cations with different material properties.

The FE models of the speciiens are also needed to be validated. Strain gauge measure-

ment can be used to verify the results. A muuber of strain gauges can be mounted on
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FIGURE 3.14: Line plots from FEA corresponding to the plot on Figure 3.11

the specimens at the approximate positions shown in Figure 3.17. Consequently, global

behaviour of the specimens can be used to verify the I'E model.

Following the logical step of the GRP pipe stress analysis is to study the stress distribu-
tion of the Tee intersection under various load conditions. As pressure rig and bending
rig are available, the GRP pipe can be tested at various loading conditions. Howcver,
developing a calibration technique is considered to be more important for GRP pipe

work.
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3.9 Conclusions

In this chapter, experimental stress analysis using TSA on GRP pipes under in-plane
bending loads has been completed. The results showed that accurate stress data can
be obtained from the GRP components using TSA. Stress factors obtained from the
GRP components showed that the composite-pipe joints outperform a similar steel joint.
The stress factors for the steel and the composite-pipe joints of similar geometry were
different, indicating that the manufacturing techunicque causes a change in geometry that
enhances the composite joint performance. In general. the results from the FE simulation
showed excellent correspondence with the TSA results, qualitatively. To ensure that the
FE models are correctly representing the actual behaviour of the GRP specimens, these
models need validation. Due to the fact that an analytical solution is not available and
may not be possible, in the future the FE models should also be validated against the

results from strain nmeasureinent using strain gauges.

The main purpose of this chapter was to show that TSA can be used for stress analysis on
large cylindrical structure components such as pipework. The work has shown this can be
successfully achieved and therefore pursuing TSA as a technique for damage assessment
on pipe structure is worthwhile. Therefore the remainder of this thesis concentrates on

developing the theory and application of TSA to damaged metallic pipework structure.



Chapter 4

Preliminary feasibility study

4.1 Introduction

The objectives of the initial experiments described in this chapter are to demonstrate
that typical sub-surface flaws can be detected using TSA. In Chapter 2, it was de-
termined from the literature that SPATE could be used to detect sub-surface flaws of
a/t = 0.375 [12]. In this chapter the idea will be explored in further detail. It is known
that sub-surface stresses can be revealed by non-adiabatic behaviour [36]. Non-adiabatic
behaviour occurs when the loading frequency is not sufficient to minimise heat couduce-
tion [56]. Therefore. the thermoelastic response over a range of loading frequencies will

be studied.

In general damage in materials is of arbitrary configurations. The geometry of the
damage determines the damage severity and hence stress gradient around the damage.
To examine the effect of damage geometry to the thermoclastic respouse, two tvpes
of artificial sub-surface faws were machined in fat alnuminium alloy plate specimens.
The DeltaTherm system (DT1000) was used to record the thermoelastic response from
both the damaged and undamaged side of the speciiien. A brief description of the
DeltaTherm system’s mode of operation is described inn the following section with more

details provided on IR thermography in Chapter 5.

4.2 Experimental work

4.2.1 Test specimens

Two aluminium plate specimens of 5.3 mm thickness were fabricated. The width of the
plates was 340 mm and the length was 460 mm. Diagrams of the test specimens are

provided in Figure 4.1 with a cross-sectional view across the damage.

50
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Figure 4.1 (a) shows a drawing of ‘specimen 1° containing three part-through slots ma-
chined using EDM. The slot width was 0.8 mm. The profile of the slot is semi-circular
and each of the slots was machined using an clectrode of diameter 20 mm. This nieans
for different depth slots there are different slot lengths. For comparison purposes. a di-
mensionless parameter of the ratio of the flaw depth and the thickness of the specimen.
a/t, was established to give three defect extents : a/t = 0.75. 0.50 and 0.25. Figure 4.1
(b) shiows a diagrain of ‘specimen 27 that contains three flat bottomed part-tlirough holes
of diameter 10 mm positioned along the centre line of the plate. Three flaws of a/t =

0.75, 0.50 and 0.25 were machined.

Essentially, the specimens were initially “damaged” by the machining of the simulated
flaws therefore it was necessary to determine the maximum load range to prevent spec-
imen failure during testing. As the crack-like slot in specimen 1 is much more severe
than the flat bottomed hole. the STF for this speciien was calculated. To do this, the
circular profile slot is approxinated to a semi elliptical surface crack for which there is
a solution in the literature [57]. An empirical formula derived in Ref [58] for a mode
I elastic STF was used to calculate the maximum SIF at the middle of the crack frout
of the most severe damage (a/t = 0.75). Full details of the calculations are provided
in Appendix A.3. The maximun tensile stress that the specimen 1 could endure was
calculated as 12 MPa assuming that the flaws are cracks and the critical SIF for the

crack opening mode (Kj¢) of the material is 50 MPa,/m.
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4.2.2 Testing arrangement and damage nomenclature

Prior to the test each specimen was coated with a very thin laver of matt black paint
to enliance the surface emissivity. The specimen was then mounted in an Instron servo
hydraulic test machine using a jig designed to spread the load uniformly across the width
of the plate. the loading configuration is shown in Figure 4.2, The plate was sccured
tightly using 14 studs with threaded ends with two steel reinforcement strips at either
end of the specimen. A set of thicker steel strips were attached between a universal
joint and the reinforcement strips by pins to ensure a uniform load distribution across
width of the plate. The universal joints connected the steel strip to the test machine
hvdraulic grips. This arrangement also allows thie test speeimen to move freely and

hence climinates any bending causced by the possibly of test machine grip misalignment.

Test machine
load cell (top grip)

Universal
joint

/Specimen

Reinforcement
strip

Actuator
ﬁ , . (bottom grip)

Ficure 4.2: Test coufignration of the plate specimen

Specimen 1 was tested first. The DeltaTherm system (DT1000) was used to record the
thermoclastic respouse from both faces of the plate, ie. damaged and non-damaged

sides. The operating distance of the detector was approximately 800 mm in order to
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observe all three damage sites at the sanie tinie. As a consequence, the resolution of 1.8
min per pixel was achieved. The detector operated at the sampling rate of approximately
200 frames per second, which is recommended by the manufacturer as an optial value
for most experiments [59]. The electronic shutter was set at 35 % to provide a good
signal to noise ratio for the test. All integration images were captured using integration
time of 30 seconds and accuinulation time of 8 seconds. The details about setting the
integration and accumulation times are described in the DeltaVision software ouline

manual [59].

Initially, a load of 12 + 10 kN was applied according to the limited stress range de-
termined previously to prevent the specimen failure. However, the noise level in the
thermoelastic data was too excessive and prevented any meaningful readings. This indi-
cated that the stress level in the specimen was too low for this particular camera setting
and the calculation based on semi-elliptical cracks described above is conservative for the
EDM slots. Therefore, the load range was increased until an acceptably high signal to
noise ratio was achieved (i.e. the coeflicient of variation in the signal was approximately
less than 10 %). As a consequence. the specimen was tested under a constant amplitude
sinusoidal tensile loading of 25 + 20 kN. This is equivalent to Ao = 22 MPa.

To study the influence of loading frequency on thermmoclastic response, the loading fre-
quency was varied from 6 Hz up to 24 Hz. The loading frequency of 24 Hz was the
niaximum that could be achieved at this load range dune to the limitations of the test

machiue.

After trial and error during the experiment. it was found that load range could be
slightly reduced to 20 £ 15 kN (Ag = 17 MPa) provided that the electronic shutter of
the DeltaTherm systemn was increased to 53% which maintained a good signal to noise
ratio, so that higher loading frequencies could be applied. Therefore, the non-adiabatic
beliaviour over a larger frequency range was investigated. The settings for each test are

summarised in Table 4.1.

TaBLE 4.1: Summary of test settings

Experinental Specimen 1 Specimen 2
settings back side | front side | back side | front side
Load range (kN) | 25 £ 20 20+ 15 20+ 15 20+ 15
Aonom (MPa) 22 17 17 17
Load freq (Hz) 6-24 6-30 6 30 6-30
Ele. Tris (%) 34 53 53 53

To examine the thermoelastic response at particular damage locations in more detail,
positions of interest were identified and are indicated in Figure 4.3 (a). Three on the
back side are identified as points 1. 2 and 5 and two on the front side are identified as
point 3 and 4. In specimen 1 Points 3 and 4 are at the tips of the slot on the front

surface of the plate. and poiuts 1 and 2 are at the corresponding positions on the hack
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surface. These four positions are similar in specimen 2 (Figure 4.3 (b)), i.e. points 3 and
4 are at the edge of the hole and point 1 and 2 are at the equivaleut positions on the
back surface. Point 5 is only defined in specimen 1 represeuting the projected position
of the deepest front profile of the slot { i.e. equivalent to the crack-tip for growing into
the plate) on the back surface. The average values of point 1 and 2 and point 3 and 4

were used as a single data point for the back aud front surfaces respectively.

Point 3 Point 4
Front surface

///%/mfm////////

Back surface

Point l P01nt 5 Point 2

(a) Specimen 1

Point 3 Point 4
Front surface

///// ////////

Back surface

Point l (b) Specimen 2 P01nt 2

FIGure 4.3: Damage nomenclature
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4.3 Results

Typical thermoelastic data plots in terms of X, Y and phase images captured from the
damaged and undamaged side for both plates are shown in Figure 4.4, 4.5, 4.6 and 4.7.
In each figure, the image was recorded at loading frequency of 10 Hz. A line plot is
taken along the damaged site (shown as Line 1 in the X-image). Line plots were also

taken from the Y and phase image at the identical locations.
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FIGURE 4.4: X, Y and phase images from specimen 1 and line plots along line 1 on the
damaged side

Figure 4.4 shows the image from the front side of specimen 1. Away from the tip of the
slots, the signal is fairly constant. The signal increases rapidly up to the tips of the slots.

At the tip of the severest damage i.e. a/t = 0.75 the highest X signal is obtained while
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the least damage produces lower signal. The signal drop around the middle of each slot

indicates that very low stress occurred.

In terms of the Y-image and phase data, the maxima occurs at the most severe damage
site while the minimum occurs at the shallowest slot. A decrease in the Y signal at the
crack tip is also observed. These provide further evidence that heat conduction is taking

place in the region of high stress gradient near the damage sites.
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FiGUeRE 4.5: X, Y and phase images and from specimen 1 and line plots along line 1
on the undamaged side

In Figure 4.5 the data was captured from the other side of the specimen (i.e. the
undamaged surface). Despite a small perturbation of the X signal at o/t — 0.75, without
the prior knowledge of the damage location, it is difficult to identify the locations of
damage in the X image. In the line plot of the in-phase data, the signal appears to

be constant along the damage site. However, in the Y and phase data the signal at
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the damage locations departs from the zero condition and the location of the damage
can be clearly identified. The trend is that the more severe the damage, the higher Y
signal. However, at the position of point 5 shown in Figure 4.3, a decrease in signal
is observed. This characteristic is evident when a/t = 0.50 and becomes more obvious

when the damage is more severe i.e. a/t = 0.75, to the extent that the signal becomes

negative.
1500 ——————
a/t=0.25 f\
S N L
S a/t=0.50 a/t=0.75
e 0
-500 A
-1000 1
| ——— X-signal
1500 i —
120 100 80 60 40 20
Pixel
400 1
200
= a/t=0.50 a/ft=0.75
= o J\'\, \I/vw’vf\w\p " Ww]w‘/s}\%‘f,\ 1
\] J
200 | 7 [ 3"
T v
- 1 Y-signal )
L . : = Y-image
120 100 80 60 40 20
Pixel
80
60 |
w40
o 29 at=0.25 aft=0.50 alt=0.75
k=2 0 WMM\WW,WMM
g -20 |
& -40 1
-80 - :
120 100 80 60 40 20 Phase image
Pixel
Figure 4.6: X, Y and phase images and from specimen 2 and line plots along line 1

on the damaged side

In Figure 4.6, data captured from the front side of specimen 2 (sce Figure 4.1(b)) is
shown. The data was recorded at load frequency of 10 Hz. It can be seen that the trend
of the X-image is similar to that observed from the specimen 1, i.c. the signal away
from the flaw is fairly constant with high signal to noise ratio, but the signal near the

edge of the holes increases rapidly up to the edge of the holes. The signal increases with
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a/t ratio at the damage site. The finite signal at the middle of each flaw represents the
signal from the flat bottom of the hole carrying a tensile stress. In terms of the Y and
phase image, the strength of the out-of-phase signal at the edge of the flaws is similar
to what was observed from the first specimen (see Figure 4.4) because these are the
high stress gradient regions. The gradient of the out-of-phase signal on specimen 2 was
expected to be smaller than that on specimen 1, however, it is not noticeable from the

plots as the resolution of the plots is too low.
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FiGure 4.7: X, Y and phase images and from specimen 2 and line plots along line 1
on the undamaged side

TSA data recorded from the undamaged side of the specimen 2 is shown in 4.7. As
expected, the X image shows only a very small indication of the damage; only at the
severest damage sites can a change in Sy be observed. This might be caused by local

deformation. Again, the Y image can be used to identify the damage site. In this plate,
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however, the gradient of the out-of-phase signal is not as large as that observed for

specimen 1.

To study the influence of the loading frequency on the thermoelastic response, a number
of images captured at 6, 12, 18 and 24 Hz are presented together for both plates in
Figures 4.8, 4.9, 4.10 and 4.11. X and Y images are shown as well as line data across

the damage sites.

Figure 4.8 shows data captured from the damaged side of specimen 1. A comparison of
the X and Y images shows that the damage can be seen in the X data and the signal
increases with «/t at the damage site. In the Y data away from the damage the signal
is zero with some out-of-phase behaviowr at the damage site.  As loading frequency
increases there appears to be little effect on the X image. However. in the Y image the
out-of-phase data reduces with increasing loading frequency. The line plots in Figure 4.8
provide more detailed information on the effect of loading frequency. The iu-phase data
clearly shows that changes in frequency in the range of 6-24 Hz has little effect on the
response. The increase in signal at the edges of the damage with increasing damage
severity is apparent with the maxinmum average signal of 1150 for a/t = 0.75, 935 for
a/t = 0.50 and 732 for a/t = 0.25. The out-of-phase data away from the damage is zero.

At the damage sites the readings are non-zero, indicating a non-adiabatic response.

In Figure 4.9, a similar comparison plot of the iu-phase and the out-of-phase lmages
captured from the undamaged side of the same plate is showi. It appears that the
influence of loading frequency on the in-phase signal is insignificant. The in-phase sig-
nal for various load frequencies is virtually the same. On the other hand, a change
of the out-of-phase data at the damage locations is very noticeable when the loading
frequency increases. The out-of-phase signal at the damage site increases with the load-
ing frequency. but it does not change away from the damage. This indicates that the
non-adiabatic response is influenced by the change of loading frequency and it can he

observed readily from the undaniaged side of the plate.

According to the experimental results, the out-of-phase signals at the damage of o/t =
0.75 and a/t = 0.50 are much greater thau that observed from o/t = 0.25. The waxima
of both a/t = 0.75 and a/t = 0.50 are virtually the same at the same loading frequency.
These are 220 at 24 Hz, 180 at 18 Hz, 150 at 12 Hz and 50 at 6 Hz. However, the shape
of each plot is completely different in that there is a sharp drop in the out-of-phase
signal between the two peaks for ¢/t = (.75 while only a single peak is observed at the

damage of a/t = 0.50.

In Figure 4.10, thermoelastic data readings were taken from the front side of specimen 2.
When the loading frequency increases. the iu-phase data is virtually unchanged, which
iniplies that adiabatic conditions are maintained. In terms of the out-of-phase data.
increasing loading frequency causes a reduction of the Y-signal at the damage location.

The reduction of the maguitude of the out-of-phase signal at the edge of the holes is
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easily distinguishable, particularly at the severest damage site. There is no influence
of increasing loading frequency on the out-of-phase signal at the nominal region. This

finding is similar to that for specimen 1.

In Figure 4.11, the data was captured from the back side of the plate. A comparison of
in-phase and out-of-phase images on the top of the figure shows that damage locations
can be detected clearly only at the severest damage from the in-phase image, but all
damage location can be seen in the out-of-phase image. There are similar trends in
the line plots to those for specimen 1, i.e. a double peak of Sy at the severest damage
and a single peak at those with less severe damage. However, it is noticeable that the

out-of-phase signal at the damage site of specimen 1 is wmore localised.
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FIGURE 4.8: Thermoelastic response influenced by load frequency. The data was taken
from the damaged surface of specimen 1
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4.4 Analysis of Results

In order to study the thermoelastic response in more detail around the damage over a
range of frequencies, data point interrogation was carried out at the locations shown
in Figure 4.3. In Figures 4.12, 4.13, 4.14 and 4.15, the thermoelastic response at these
locations are plotted against loading frequency. These plots show the influence of both
damage extent and loading frequency on the thermoelastic responsc at various points

around the damage.

The nominal signal (Spom) was taken from corresponding points on line 2 in the X-image
as shown in Figure 4.4, 4.5, 4.6 and 4.7. S,om and Sy are plotted together in Figure 4.12
to show the consequence of the damage on the in-phase thermoelastic measurement. In
each of the plots shown in the figure, the value shown is an average of the two reading
positions. Figure 4.12 (a) and (b) shows the reading from the damaged side of specimen
1 and 2 respectively. From these plots, it can be seen that S,om and Sy is essentially
constant over the range of loading frequency for each specimen. In Figure 4.12 (c) there
is a clear reduction in thermoelastic signal over the frequency range. In Figure 4.12 (d)
Sy reduces slightly, with the reduction most prominent for the severest damage. In all
cases the severest damage gives the highest signal. This analysis clearly shows that a
non-adiabatic response is occurring on the undamaged side of the plates as a consequence

of the subsurface damage.

| n—al =
| @ 1 . =]
1400 14001 Ay ey
12004 1200?—‘ |
1000 1 “e=e=e Srom 1“];_/__(‘\3 == Snem
J —%—a/c=0.75 W —=—a/t=0.75
o &0 [ o o — S sihER Jnl
&0 a/t=0.50 oL SRR M TIPSR SRR == J
4001 —&—a/c=0.25 400 1 | e a/-0 “|
2001 2004
0 0+
4 6 B8 10 12 14 16 18 20 2 4 X 6 8 10 12 14 16 18 20 22 24 26 28 30 |
Load Hz Loed f Hz)
requency (Hz) (a) ‘ requency (Hz) (b) ‘
1000 5 T T 1000
800 X0
800 1 80
700 S — || 700
€00 4 il }\—-4_\. . ==+$=+= Snam &0
o 5004 ’ -a/t=0.74 o 50
400 A —s—a/t=0.5 400
207 —&—a/t=0.24 g
200 —
100 4 100
0 v v T T T T T v T T \ o]
4 6 8 10 12 W 16 18 20 2 24 26 4 6 8 101214 16 18 2022 24 26 28 30
Load frequency (HY) (C) Load irequercy (H4) (d)
|

FIGURE 4.12: Influence of load frequency to the in-phase signal at positions 1-2 and
3-4 in Figure 4.3



4.4 Analysis of Results 67

The Syom value was then used to normalised the results by dividing the signal obtained
from damage sites by the average value of Syom. These values can be considered as a
‘stress factor’. A plot of the stress factor and corresponding phase change observed at
point 1 and 2 is shown in Figure 4.13. It should be noted that the phase information
is not changed by this operation. Points 1 and 2 are on the undamaged face of the
plate and therefore represent readings that might be taken from a subsurface flaw. In
specimen 1 this point is projected from the intersection of the slot and in specimen 2 this
is the edge of the hole at the maximum stress concentration. The data from specimen 1
is plotted in Figure 4.13 (a) and (b) and that from specimen 2 is plotted in Figure 4.13
(c¢) and (d). In Figure 4.13 (a) all stress factors fromn all damage severities decrease at
practically the samie rate as the loading frequency increascs. The stress factor of the
severest damage is always the highest and that of the least damage is always the lowest.
The most interesting plicnomenon in the test results can be observed in Figure 4.13
(b) where the phase angle increases dramatically with loading frequency for all damage

severities.

The stress factor obtained from the undamaged side of specimen 2 is shown in Figure 4.13
(¢) and shows only a slightly change over the frequency range. Likewise the phase angle
( Figure 4.13 (d)) appears more constant and does not show the same trend observed in

specimen 1.

When similar information is analysed at the central position of specimen 1 (i.e. position
5 of Figure 4.3), the behaviour of the damage «/f = 0.50 and a/f = 0.25 are nearly the
same as observed at position 1 and 2 (see Figure 4.14 (a) and (b)) but the stress factor
at a/t = 0.75 tends to increase with load frequency and the phase angle for a/t = 0.75
is shifted down by approximately 20 degrees, but has the sane gradient as the plot of
a/t = 0.50. When a/t = 0.25 there is an initial increase in phase angle which then

beconies constant at around 10 degrees.

Figure 4.15 shows similar plots as shown i Figure 4.13 but the thermoelastic data was
observed from the front side instead. As expected. the stress factor (Figure 4.15 (a)) at
the edge of the severest EDM slots is the largest and those of a/t = 0.50 is larger than
those of a/t = 0.25. The trend of the stress factor is relatively uniform over the loading
frequency range. The same trend is observed in the other specimen as well. In terms
of the phase angle, the data from all damage sites appears to converge to zero degrees

when the loading frequency increases.
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4.5 Summary

In this work it was shown that surface damage can be readily observed in the in-phase
thermoelastic response. The magnitude of the thermoelastic signal is dependent on the
damage severity. The magnitude and phase of the signal from the surface damage does
not vary, demonstrating that an adiabatic respouse is obtained when cbserving surface

damage.

The purpose of the thesis is to determine if sub-surface damage can be evaluated using
TSA. To this end two types of sub-surface damage have been studied in this chapter: the
severe case of a part-through crack-like flaw and a less severe case of a part through flat
bottonied hole. The thermoelastic response on the surface of the plate at the damage
site (i.c. the undamaged side of the flat plate) was shown to be highly dependent on
loading frequency. Close examination of the respouse from each damage tvpe showed
that the out-of-phase (Y-image) was more sensitive to the damage than the in-phase
data. This can be attributed to the fact that the Y-image is a sine-function of the phase

angle [59] and in all cases the damage caused a departure from a zero phase angle.

It is known that non-adiabatic behaviour causes changes in the phase of thermoelastic
data and it is clear from the work in this chapter that the magnitude of the phase change
is related to the damage severity. Therefore it can be concluded that the non-adiabatic
response call be used to determine the severity of sub-surface damage and the approach

is worth pursuing.

The work on the undamaged side of the specimens in this chapter has shown that the
response from sub-surface crack-like flaws is highly dependent on loading frequency. The
response froni thie flat bottomed holes was less dependent on loading frequency. There-
fore as the crack-like flaw is the most responsive and probably the most representative

of actual damage, the remainder of the thesis will concentrate on this type of dainage.

It has been indicated in this preliminary work that the effect of heat diffusion in the
neighbourhood of the damage causes localised non-adiabatic behaviour. In order to use
this effect to study the damage severity it is necessaryv to develop a thermoelastic equa-
tion that includes the effect of thermal diffusion. This is done in Chapter 5. Chapter 5
also shows how the DeltaTherm system respoud to the effect of heat diffusion and how
this can be included in the standard TSA equation. To solve this equation, a finite ele-
ment approach has been developed and is described in Chapter 6. The preliminary work
has also indicated that the out-of-phase response to damage is complex. To understand
this further a simpler test specimen has been designed containing a -one-dimensional’
damage type. The work on this speciimen is described in Chapter 7 and used as a basis

for studies of damage of the type in specinien 1 which iy given in Chapter 8 and 9.



Chapter 5

Development of non-adiabatic

theory and its application in
standard TSA

5.1 The thermoelastic effect

A volumetric deformation of any substance in nature is always accompanied by a tew-
perature change. A compressive load produces an increase in temperature whereas a
tensile load produces a decrease in temperature. The phenomenon is caused by the
mechanical-thermal conversion of energy known as the thermoelastic effect. first de-

scribed theoretically by Lord Kelvin [60).

A hundred years later, Biot [61] applied thermodynamic theory to improve understand-
ing of the thermoelastic effect. He carried out a detailed investigation into the irreversible
thermodynaniics of the phenomenon. The study of the eutropy change as the mater-
ial deformed with the applied load lead to development of the classical thermoelastic
equation. According to his developinent, the change in temperature, AT, caused by the
volumetric deformation, A(ey; 4 €22 + €33), of the material can be obtained from the

energy balance equation which may be described by the following expression [61]:

TyE o

=pc. AT
@=re +1—21/

A ey + €20 + €33) (5.1)

where
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5.1 The thermoelastic effect

Q is the amount of heat absorbed by a unit element,
o is the material density,
Ce is the specific heat at constant strain,

AT is the temperature increment caused by the thermoelastic effect (AT =T — Ty),
T is the absolute temperature,

Ty is the specimen temperature at free stress state,

E is Young’s modulus,

v is Poisson’s ratio,

o is the coefficient of linear thermal expansion.

If adiabatic deformation is assunied, Equation 5.1 can be reduced to a linear relationship

between temperature change and change in the first strain invariant:

T() Eao
AT = ————— Afer1 + €90 + €3 5.2
e (L= ) (€11 + €22 + €33) (5.2)
Equation 5.2 can be developed to obtain a linear relationship between the temperature
change, the first stress invariant. A(o1; + 022 + o33) by replacing ¢, with the specific

heat at constant pressure, ¢,. as follows:

oy T
AT = ~20A (011 + 09y + 03y) (5.3)

oy

Equation 5.3 is the standard form of the thermoelastic equation used in TSA for isotropic
homogeneous materials under elastic and adiabatic deformation. A review of background

theory and derivations of thermoelastic effect can also be found in Ref [62].

To make Equation 5.3 valid in practice. i.e. for TSA. the specimen is cyclically loaded
at a certain frequency to ensure that the transport of heat caused by a non-uniform
temperature field is insignificant. However. adiabatic conditions may not be achieved
if the temperature gradient is very high or the thermal conductivity of the material is

large [56], unless very high load frequencies are used.

In general, regions of high stress gradients occur in the neighbourhood of crack tips
or other stress raisers. Moreover, most engincering structural materials are metals, so
high thermal conductivity is to be expected. These situations result in non-adiabatic
thermoelastic conditions so. Equation 5.2 or Equation 5.3 does not sufficiently describe
the temperature distribution. The thermnoelastic equation can be developed further to
account for the existing heat transfer hetween voluime elements by applying the Fourier

law of heat conduction to the thermoelastic equation [61].

According to the law of heat conduction. the rate of heat absorbed by an element without

an internal heat source can be expressed as:
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4@ _

i VAT (5.4)

where ¢ is time, k is the thermal conductivity and

2T 82T 8T

2 =
Vi = da? + oy + a0z

By differentiating Equation 5.1 with respect to time and combining with Equation 5.4,
the generalised heat conduction equation for the thermoelastic effect without an internal

heat source is obtained as follows:

8’_T+ aTo E O(ey + €92 + €33)
Jt 1-2vr ot

EV2T = pe, (5.5)
It can be seen that Equation 5.5 ig in the form of a heat diffusion equation containing
an effective heat source (second term on the right hand side) caused by the thermal-
mechanical interaction, i.e. the thermoelastic effect. The rate of the heat generation
depends on the rate of volumetric deformation. Equation 5.5 can be rewritten by re-
placing the heat capacity with the specific hieat at constant pressure and replacing the

first strain invariant with the first stress invariant i.c.:

: or 0 29 + 03
AVPT =pey —+aTy (011 + 02 + 033)

ot ot (5.6)

Since, Equation 5.6 is derived from the entropy balance equation. it is valid for either
adiabatic or non-adiabatic conditions. In the case of adiabatic conditions, as the heat flux
becomes insignificant ( EV2T =~ 0), Equation 5.6 can be integrated over a time period
from the initial state to the final state of deformation and hence reduced to give a linear
relationship between AT and the change in the fivst stress invariant, A (o171 + g9 + d33),

resulting in Equation 5.3.

In the case of non-adiabatic conditions (V2T # 0). heat transfer problem exists. There-
fore, the temperature change caused by the change of the stress can be obtained by
solving Equation 5.6. Equation 5.6 can be solved analytically for certain problems such
as a plate subjected to pure bending vibration [63, 64]. For more complex problems it

is preferable to use mumerical techniques to obtain the solutions.

In summary, the development of the classical thermoelastic equation and the generalised
lieat. conduction equation for thermoelasticity has been described. The former can be
used to describe the thermoelastic effect under adiabatic conditions. i.e. Equation 5.2 or
Equation 5.3. On the other hand. if the material is undergoing non-adiabatic conditions,

Equation 5.6 must be applied.
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5.2 Principles of IR thermal detecting for TSA

To apply TSA in practice, a component is generally loaded cyclically at a certain fre-
quency so that the heat conduction in the material becomes insignificant. Under this
loading regime, there exists a very small temperature fluctuation caused by the ther-
moelastic effect. which can be detected by a highly sensitive thermal sensor. According
to a literature review by Rocca and Bever [65]. carly measurements of the thermoelastic
effect were made by thermocouples or other temperature-measuring systems which were
considered as contacting sensors. These techniques could not provide a full-field mea-
surement. It was Belgen [66] who first introduced the IR radiometer for temperature

related stress measurement to achieve a full field non-contacting approach for TSA [1].

The fundamental basis of the technique is the fact that all substances with a temperature
above absolute zero will release thermal energy in the forn of electromagnetic radiation.
The hotter the substance is, the the niore thermal radiation it emits. If an IR detector
is used to mieasure this thermal radiation and assumed to behave linearly, ie. the
relationship between input thermal radiance and electrical output is linear, the electrical
output from the detector can be calibrated to provide the temperature value. Therefore
the IR detector can be used to quantify surface temperature from the emitted thermal

radiation.

To correlate the temperature change with the thermal radiation, it is assumed that the
stress-associated temperature oscillation. AT is very small compared to the reference
temperature, Ty (i.e. AT <« T). The relationship between the photon flux striking
the detector and the temperature of the speciien surface can be obtained by divid-
ing Planck’s law with the energy carried by each plioton and integrating between the
associated operating wavelength of the IR detector. The relation can be simplified to
[67]:

Ny =eBT" (5.7)
where N, is the photon flux striking the detector (considered between the operating
wavelength), e is the surface emissivity, B is a physical constant depending on the
detector, T is the surface temperature and 7 is a constant which can be determined

numerically or experimentally (see Ref. [67]).
Differentiating Equation 5.7 with respective to temperature gives:

dN/\
dT

=neBT"! (5.8)

It can be seen from Equation 5.8 that the relationship between the change of the number
of photons detected, dN,. and the temperature increnient, d7, is temperature depen-

dent. However, by assuming that the mean temperature of the specimen surface. T,
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does not change appreciably with time during a standard TSA practice and the temper-
ature change due to the thermoelastic effect is very small (AT = dT), the relationship
between the number of photons and the small temperature increment becomes linear,

and can be written in the form:

ANy =neBT} AT (5.9)

Assuming a linear relationship between the signal output or thermoelastic signal, S, and

the change of photon flux from the IR radiation, gives:
S=ZAN, (5.10)

where Z is denoted as a detector response factor.

Substituting Equation 5.9 into Equation 5.10, the relationship between S and AT is
obtained:
S=ZneBT} AT (5.11)

Under adiabatic deformation, AT from Equation 5.3 can be substituted into Equa-

tion 5.11. The following relationship of S and AT is obtained:

1 1
Agr = — - | S
! (/ILBZT(;"_1> <T09A)

A

(5.12)

where Aoy is the change of the sum of the principal stress, Aoy + o9 + 033) and K s

the thermoelastic constant, I{ = ﬂ’{—‘ All constant parameters in both brackets may be
o
grouped together and denoted as calibration constant, A. so that a more familiar form

of thermoelastic relation can be obtained as shown in Equation 1.1.

To demonstrate that the signal response. S, contains information about the amplitude
of the thermal response and tlie phase relative to the stress change, it is necessary to

express Equation 5.11 in terms of time-variable and an example is given below.

A uni-axial tensile stress generated by sinusoidal load (see Figure 5.1) can be written
as:

0 = Om+ogsin(wt) = o, + g,e™" (5.13)

where, o,, is & mean of the sum of the principal stress, o, is the amplitude of the sun
of the principal stress. w 1s the angular velocity (w = 27 f), f is the loading frequency,

and t 1s time.
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o = o, + ogsin(wt)

FIGURE 5.1: A beam under uniform sinusoidal load

From Equation 5.3, the heat generation rate associated with the stress change can be

described as [65]:

e AT o (o + o + o)
q=pC dt = 0 dr

where ¢ is the rate of heat generated by the thermoelastic effect.

(5.14)

By substituting, ¢ from Equation 5.13 as the first stress invariant in Equation 5.14, the

heat generation term becomes:

g=—-aTywogsin(wt — g) = —jaTywo, e (5.15)
The temperature response is the integral of the lieat generation rate, therefore the tem-
perature change associated with the stress change can be described in terms of a Fourier
sine series as:

AT = KTyo,sin{wt —7) = KTyo, e/ Wt=) (5.16)

The normalised relationship between excitation stress (Equation 5.13), heat gencration
rate (Equation 5.15) and temmperature response (Equation 5.16) under adiabatic con-
ditions is shown in Figure 5.2. The figure shows that under adiabatic conditions the
temperature response is always lagging the stress excitation by 7w radians which corre-

sponds with the negative sign in the standard thermoelastic equation (Equation 5.3).

To express relationship of the signal output as a function of time, Equation 5.16 is

substituted into Equation 5.11 to give:

S = (Z neB 5"_1) KTyo,sin(wt — ) (5.17)

In general practice, the thermoelastic data is collected for a period of time and the
signal corresponding to the magnitude of the stress change is then averaged to obtain
the thermoelastic signal output as the mean value. Therefore. Equation 5.17 can also

be rewritten in a simpler formn of the thermoelastic equation as Equation 1.1.
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stress
+ heat_generation
@) temperature

FIGURE 5.2: Stress, heat generation rate and temperature relationship in thermoclas-
tic effect under adiabatic conditions [36]

Under non-adiabatic conditions, the temperature response must be obtained from the

energy balance equation i.e. Equation 5.1 which can be rewritten in the form:

Q=pc, AT +aT) Aoy (5.18)

By rearranging, Equation 5.18 becomes:

AT =-KTyAor + o (5.19)

Jyes
The first term on the right hand side represents the thermoelastic temperature change
and the second term may be considered as an ‘added temperature’ contributed from the
conduction of heat. The added temperature can be positive or negative depending on

the direction of heat transfer during the load cycle.

By substituting AT from Equation 5.19 into Equation 5.11, the relationship between

the measured stress and the signal output under non-adiabatic conditions is obtained as

Q ( 1 1
Aoj+ — = - ' 5.2
T ZBz1p ) \Thek)? (5.20)

A

follows:
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It can be seen that the standard equation for TSA (Equation 1.1) can not be used to
quantify the sum of the principal stresses from the thermoelastic signal accurately. This

is because the transportation heat biases the instantaneous temperature change.

Similar to the derivation of S as a function of time under adiabatic conditions, the
temperature response under non-adiabatic conditions must be obtained to substitute
into Equation 5.11. Since the generalised heat conduction equation is in the form of a
non-homogeneous partial differential equation. analytical solutions becouie laborious to
derive, particularly for a non-uniform stress field. However, for a simple case such as a

cantilever beam under bending, the solution of Equation 5.6 can be obtained analytically.

Figure 5.3 shows a simple cantilever beam subjected to a sinusoidal force, I, applied
at the edge of the beam of thickness 2L. Desiderati and Salerno [68] provide a solution
for the temperature variation in the y-direction, i.e. the temperature across the cross

section, at distance z; is as follows:

(1+)) (4 1o Fy21 ;
T(y,t) = [Cle Y Che -‘f—a—oﬁ—l—y} et (5.21)
pepJ
where
N P -
012—022{0 0-fo-z /.}
2pc, - J-cosh(d) (1+ 7)

9=1- (Lﬂ)
it

= thermal diffusion length,

2k

pey - w

L = beam half thickness, and

J = Moment of inertia of the beam cross section.

F = Fyc™

2L

Ficure 5.3: Cantilever heam subjected to a sinusoidal load [68]
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From Equation 5.21, the temperature response at the surface of the beam, i.e. at y =

L, becomes:

(1+5) a4 ’ i
" v g M}e}wt (5.22)

T(L,t):{CleTj'L+Cge T
pepd

By substituting Equation 5.21 into Equation 5.11 as AT, the thermoelastic signal output

in this case can be expressed as follows:

T4+ Che - (5‘23)

CET)N —+), Ty Foz L]
S:ZHGBTOTI'71 {Cle 3 L L 0 L0 <1 e]wt

pcpd

It can be seen from Equation §.23 that under non-adiabatic conditions, the magnitude
and phase of the thermoelastic signal output at a point is affected by the thermal dif-
fusion length, which is the function of loading frequency and material properties. By
changing the loading frequency, a different thermoelastic response is obtained. This in-
dicates non-adiabatic behaviour in the thermoelastic response can be monitored by the

signal response from a standard TSA system.

5.3 Summary

It has been shown that non-adiabatic behaviour can be described by the generalised heat
conduction equation developed above. Derivations of the signal response from a generic
TSA system have been presented and shown that a non-adiabatic thermoelastic response
can be monitored by a standard TSA system. This understanding is essential for de-
veloping an approach to detect and assess the sub-surface damage in whicl localised
non-adiabatic behaviour is significant. In the following chapter, an FE simulation pro-
cedure is developed based on the generalised heat conduction equations. Therefore, the

two full-field approaches can be compared and validated.



Chapter 6

Numerical simulation of the

thermoelastic effect

6.1 Introduction

In the feasibility study in Chapter 4 it was shown that it is possible to assess sub-surface
damage using TSA. This work also demonstrated the complex nature of the response
and the requirement for a detailed knowledge of the underlying theory to interpret the

data.

It is shown in Chapter 5 that the governing equation of generalised heat conduction
equation for thermoelastic effect is in the form of a non-homogeneous partial differential
equation (PDE), i.e.

: T 7] o 2
VAT = p Cp or +aT) (711 + 022 + 033)

ot ot (6.1)

To solve this equation for general cases it is necessary to use a nunierical approach. In
this chapter, a finite element (FE) approach, capable of solving problems governed hy
PDEs in various complex domains, is developed for the thermoelastic problem. The FE
analysis was performed using a conunercial FE package, ANSYS. Tlie software has many
FE analysis capabilities ranging from a simple linear analysis to a complex transient
non-linear analysis. There are a large number of element types in the software library,
however a standard element suitable for the thermoelastic problem that governs this
work does not exist. Therefore a procedure to perform thermoelastic simulation by
adapting the standard facilities in ANSYS is described in this chapter. The simulation
procedure is validated by comparing the results with other published work as well as

with experimental data.

30
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6.2 Simulation procedure

To deal with the coupled problem of the thermoelastic effect, the FE analysis is sepa-
rated into two steps. Firstly, standard FE structural stress analysis was performed to
determine the sum of the principal stresses resulting from the applied load range, using
linear elements. Then, the lheat generation rate is calculated from the results of this
model and applied to a thermal harmonic model. A schematic representation of this

procedure is presented in Figure 6.1.

In the structural stress analysis, the simulation process starts with geometrical modelling
and discretization. At this stage the model is constructed numerically, then the solution
domain is discretized into elements and nodes. A static analysis is carried out based
on the loads, boundary conditions and mechanical material propertics defined for the
problem. The next step is to process the solutions so that the sum of the principal
stresses is calculated at each node in the model. Now, the thermal harmonic analysis
can be carried out using an identical model to that in the structural analysis. The heat
generation rate is calculated at each node and loading frequency using the following

relationship (see Section 5.2):

Gg=—-aTh w%sin(wt - g) (6.2)

It is important that the FE mesh is the same so that all loading data from the individual
nodes can be transferred into the thermal analysis routine. The post processing of the
thermal analysis extracts the magnitude and phase of the thermoelastic respouse at
cach node in the model. After finishing this step the results are written into a data
base file. Then. the next loop is started i.e. the thermal load corresponding to the next
load frequency is defined and used as a new set of thermal loads and another solution is
obtained. Therefore, the number of loops for thermal analysis depends on the number of
loading frequencies required. Essentially at each frequency the FE simulation is solving
for the stress terms and integrating over the time equivalent for the period of the cycle.
Therefore the output gives a AT value for a given frequency to include the ‘@’ term in
Equation 5.19.
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6.3 Validation of the simulation procedures

In order to validate the shmulation procedure, the numnerical solutions from the current
model is compared with that from other published work and with experimental results.
Firstly. a comparison is made with the FE model used in Ref [38]. A simple ~hole in a
plate” model (see Figure 6.2) which is identical to that in Ref [38] was used. A PLANE2,
a 2-D 4 node solid element, was used to create the structural model. A quarter of the
specimen was modelled (see Figure 6.2) as in Ref [38] and wnaterial properties are the
same as those used in Ref [38] (sce Table 6.1). The model was subjected to a stress
range (Ac) of 25 MPa as used in Ref [38].

| (
A G' o +
= 7
A—F'{ ? A=A o‘
— L= |

ENLARGED VIEW

—— = e —

———region of FE model

FINITE ELEMENT MODEL

T T 1 T T A
£
4

FIGURE 6.2: Geometries of the sample specimen and FE model

As illustrated in Figure 6.1, the first part ol the simulation process deals with the
construction of model geometries. diseritization of the model as well as defining the
material propertics. Although ANSYS provides an adaptive meshing tool necessary for
handling any complex geometry. a “mapped meshing™ or “structured mesh™ strategy
is preferable in this sitnation. This is because the structured mesh technique allows
complete control of mesh transition and mesh density. Therefore a finer mesh can be
used in the region of expected high stress gradient, e.g. close to the hole, providing an

improved quality model.
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TABLE 6.1: Material propertics of steel using in the FE simulation

Material Properties of steel Value | Unit
Young’s modulus, E 210 | GPa
Poisson’s ratio, v 0.3 -

Specific heat at constant pressure, ¢, 460 | J kgT'K7!
Thermal conductivity, k 50 WmlK™!
Density, p 7860 | kg m~3
Coefficient of linear thermal expansion, o | 12E-6 | K™}
Reference temperature, Ty 293 | K

The next step is to apply the load and boundary conditions to the model and obtain
the solution. The boundary conditions at the edges A-B and C-D are set as fixed in oue
direction and free in the other as shown in Figure 6.3. A pressure load of 25 MPa is

applied on the edge D-E of the solid model.

Y
!

B E
>
IA » 7 p=25MPa
. >
Z——
JANNVANRVANRVANRYANRYAN

FIGURE 6.3: Boundary conditions and applied load on the model geomnctries

The final stage of structural analysis is obtaining the nodal results. The principal stress
data is extracted from a default data base file generated by ANSYS. Then the heat

generation rate at each node and frequency is calenlated for the thermal analysis.

In the thermal analysis. the construction of the model geometry and the discritization
procecdure is carried out in the same mailer as structural modelling. The element type
used in the thermal modelling was a PLANESS, 2-D 4-node thermal element. Since the
effect of convection and heat conduction through the paint are neglected in this model,
adiabatic boundary conditions were applied to the model. Then the thermal analysis
is performed as described iun Section 6.2. An example of the simulated thermoelastic
response is shown in Figure 6.4. giving contour plots of hoth AT aud phase at a loading

frequency of 10 Hz.

A comparison of the contour plot of AT at 1. 20 and 1000 Hz from the current work and
Ref [38] is given in Figure 6.5: there is excellent agreeneut. It should be noted that the
amplitude of the thermoelastic respouse plot from this siimulation is the absolute value,

which is equivalent to the R signal from the DT systemn. Therefore. the AT values in the
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[0 4]
ot

compression stress zones remain positive. To validate the results, the solutions obtained
from various loading frequencies along the path A-B (see Figure 6.3) are compared in
terms of both AT and phase data and shown in Figure 6.6. The curves show a very
good correspondence with the results reported in Ref [38], hence validating the modelling

approach against the literature and indicating it is correct.

.001334 .024501 .047687 .070833 .0594
.012917 .036084 .05925 .082417

-390 -45 0 45 S0
-67.5 -22.5 22.5 £7.5

FIGURE 6.4: Contour plots from the FE simulation at a loading frequency ol 10 Hz
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To emphasize the validity of the simulation procedure, the model was used to predict
AT and compared with TSA measurements from the DeltaTherm system. The specimen
used in the experiment was a steel bar of 6 mm thick. 40 mm width and 300 1mm
length. The specimen was machined with a central hole of 12 mm diameter as shown in
Figure 6.7. Prior to the experiment, the surface of the specimen was coated with a thin
layer of matt black paint to enhance the surface emissivity. It is essential that the paint
coating should be thin and even so that the study of non-adiabatic behaviour is not
affected by the paint thickness [56]. During the experiment, a tensile load of 9 + 8 kN
was applied using a servo hydraulic testing machine. The thermoelastic response was
then taken at the following loading frequencies: 1. 2. 5, 10 and 20 Hz. A calibration
factor was determined so that the suin of the principal stresses was used to obtain AT

in Equation 5.3.

To obtain AT from the DeltaTherm system, R-signal was used because the R-signal is
independent of the phase setting. Therefore, it can be related directly to the absolute

temperature change on the specimen surface.

unit in mm

FIGURE 6.7: Dimecusions of the specimen

The calibration factor, A, (see Equation 1.1) was determined using the following rela-

tionship [53]:
AOpa])p

Sll()Ill

where Ao,y is the known applied stress range, ie. 66.67 MPa and Spom is the ther-

A (6.3)

moelastic signal taken in the region of a uniform stress from the experiment with the
loading frequency of 20 Hz, i.e. 3800 U, Uncalibrated signal unit. From this, 4 was

determined as 0.01754 MPa/Uncalibrated signal unit.

The FE simulation was carried out using the same material properties given in Table 6.1.
Tlhe procedure of the simulation is exactly the same as described in the previous sim-
ulation except that the dimensions of the specimens and applied load were changed to

correspond with the test speciien and the experinient.
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The distribution of AT and phase data at 1 aud 20 Hz from both techniques are showi in
Figure 6.8. It can be seen that the agreemeut between the two techniques is very good.
It is important to note that the phase data between the numerical result and TSA is
offset by 90 degrees. This is because the reference datum of both techniques is different
and offset to each other by 90 degrees. In the DeltaTherm system, the load signal from
the testing machine load cell is used as a reference datum. In numerical simulation. the
heat source (see Figure 5.2) is considered as a reference datum. As a consequence, the
phase offset of 90 degrees is expected between the two techniques. This can be observed
easily in the uniform stress region where zero degree phase data is measured from the
TSA but -90 degree is predicted by the FEA.

To compare the results of both techniques in detail, AT and the corresponding phase
response along the path A B and C- D for all load frequencies are plotted and shown in
Figure 6.9 and Figure 6.10 respectively. For comparison purposes, phase data from the
numerical results was offset 90 degree i1 this plot. It cau be seen that both AT and the
phase data from FEA agree very well with those froomn TSA. Quantitatively, there is a
small discrepancy of the AT values between two techniques at the edge of the hole. This
may be a contribution from a small amount of motion of the specimen. In terms of phase
signal, it is evident that, phase data from TSA is rather noisy and a slight phase shift
is observed for the 20 Hz curve in Figure 6.9, Moreover, the largest discrepancy in the
phase data is observed at 1 and 2 Hz. Likewise, in Figure 6.10, the largest discrepancy
between FEA and TSA is observed at 1 and 2 Hz. Nevertheless, the trend of each curve
in the phase plot corresponds well with the FEA, i.e. the largest phase shift is observed
at the edge of the hole at the lowest loading frequency and the smallest phase shift is

observed at the highest loading frequency.
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FiGure 6.8: Comparisons of contour plot of AT and phase at 1 Hz and 20 Hz: TSA

(left) and FEA (right)



91

6.3 Validation of the simulation procedures

B
—>
=

A ™ i
>

AN AN AYIVANIVANIVAN
035 - 025 1
TSA results (path A-B) FEA results (path A-B)
003y,

Phase difference (deg)

AT K)
ejﬂ

| .
0104 'iu:%%“%‘
o

0054 | —— 5H

o0 1Hz M
—=— 2Hz

10Hz
—— M0Hz
Q.00 - - : - - - . | 0.00 - T T T - T .
0 2 4 6 8 10 12 14 [ 2 4 [ 8 10 12 14
Distance from the hole (mm) Distance from the hole (mm)
2 20
TSA results (path A-B) | FEA results (path A-B)

>

1]

=

8

f=

o

Q

=

hel

@

172}

Q

: z
—— 2k
10 B
10 Hz
—— 20Hz

p:t) T T T T T T -0 T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 1?2

Distance from the hole (mm) Distarce from the hole (mm)

FIGURE 6.9: Comparisons of AT and phase response along path A-B: TSA (left) and
FEA (right)



6.3 Validation of the simulation procedures

AT (K

Phase difference (deg)

C

VANNRVANRVANRVANRVANVAN

0.10
TSA results (path C-D)
008 +
I
ows? o GhasgBaRsss
7 Py
004+ —
—— 1Hz
p¥ G- 2Hz
A —— SHz
0021 & 10+
A - Wtz
7 =
000 +— &g T v
0 5 10 15 20
Distance from the hole (mm)
200 —
TSAresults (path C-D)

Distance from the hole (mm)

Ficure 6.10: Comparison of AT and phase response along path C-D: TSA (left) and

010 —
FEA results (path C-D)

<
5

Distance fram the hole {mm}

o]
1801 g4 FEA results (path C-D)
o
160 {
}_ ¥ l
S 140
3 =N
S ix]
g
§ 10
=
5 8 \ o 1H
@ 1 2He
g% | o 5H
[H il 0T
—— 0 He
20 \4
& 3
0 O B=EN-8—0—0 000G 000050
} T : T |
0 5 10 15

Distance from the hcle (mm)

FEA (right)



6.4 Parameters that influence non-adiabatic behaviour 93

According to the above comparisons with other published work as well as the experinient,
it can be concluded that the simulation procedure is valid to predict thermoelastic
response in a component. In the following section. the siimulation technicue is used to
examine the influence of material properties. loading frequency and stress gradient on

the non-adiabatic behaviour in order to justify the potential of the proposed approach.

6.4 Parameters that influence non-adiabatic behaviour

A parametric study was carried out using mumnerical simulations to examine parameters
that influence non-adiabatic behaviour. i.e. material properties, loading frequency and
stress gradient. Three materials are chosen in this numerical analysis i.e. an aluminium
alloy, mild steel and PMMA. The generic material properties are given in Table 6.2
[55, 69)].

TaBLE 6.2 Material propertics used n the munerical sinulations

| Materials | Al alloy 6082 | Mild steel | PMMA |
Modulus of elasticity (GPa) 70 207 2.4
Poisson’s ratio 0.33 0.29 0.35
Density (kg-m™3) 2700 7860 1190
Coef. of linear thermal expansion (x107%) 24 12.4 70
Heat capacity(J-kg™ - K1) 896 460 1400
Thermal conductivity (W-m™! - K1) 180 50 0.17

The model used in this analysis is shown in Figure 6.7, parametric siimulations were
carried out by changing the material properties. Loacding frequencies of 1, 2, 5. 10,
20, 30 and 1000 Hz were used. The loading frequency of 1000 Hz was used to predict
the thermoelastic response for adiabatic conditions. The stress range applied to the
aluminium and steel model was 66.67 MPa and 6.67 MPa for the PMMA model. Contonr

plots of AT and phase data at 1 Hz and 30 Hz for cach model are given in Figure 6.11.

As expected, among these models. the maximum attenuation of AT occwred on the
aluminiun model and no attenuation of AT is observed in PMMA. The attenuation is
also observed in the steel model, particularly at the edge of the hole. In order to see
the trend of the non-adiabatic beliaviour in the thermoelastic response, the solutions
along path A-B and C-D for all the loading frequencies and for each material are given

in Figure 6.12 and Figure 6.13 respectively.

In Figure 6.12. line data is plotted across the steepest stress gradient close to the edge of
the hole, which then reduces along up to the edge of the plate. It can be seen that, at the
relatively low stress gradient (middle zone of the curves), the attenuation of AT is not
significant. The attenuation is increased as thie edge of the hole is approached for all toad
frequencies. This confirms that the larger the stress gradient, the more non-adiabatic

the behaviour.
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In terms of the effect material properties, the aluminium model shows largest attenuation
of AT while less attenuation occurs in the steel model and theve is no attenuation on the
PMMA model. This confirms that specimens made from materials with higher thermal
diffusivity/conductivity are more prone to non-adiabatic behaviour. In view of the use

of non-adiabatic behaviour for sub-surface damage evaluation, the higher the thermal
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FIGLRrE 6.11: Thermoelastic response of an aluminium, mild steel and PMMA
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diffusivity of the material, the greater the ability to detect small level of damage. With
a low thermal diffusivity material such as PMMA, the approach of using non-adiabatic
behaviour may not be applicable because the material exhibits adiabatic behaviour even

at low loading frequencies.

In Figure 6.13, similar behaviour is observed, i.e. greatest attenuation of AT occurs in
the aluminium model at the lowest loading frequency (1 Hz). This attenuation decreases
when loading frequency is increased. At the same loading frequency, non-adiabatic

behaviour reduces in materials with smaller thermal diffusivity.
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FI1GURE 6.13: Thermoelastic response on path C-D
Based on the parametric study carried out in this scction, it can be observed that:

e The attenuation of AT occurs at the largest stress gradient location in a material.

e The most severe attenuation occurs in the most conductive material at the same

stress gradient and loading frequency.

e The attenuation is caused by heat conduction to the surrounding material and can

also be observed by the corresponding phase response.
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o For the same material, the lower the stress gradient, the lower the loading frequency

1s to achieve adiabatic behaviour.

o Adiabatic conditions can be achieved at a very low loading frequency if the con-

ductivity of the material is very low.

o Loading frequency and stress gradient are the important parameters when consid-

ering non-adiabatic behaviour in a material.

6.5 Conclusions

In this chapter, a procedure to simulate the thermoelastic effect using ANSYS lLias been
developed. The simulation procedure was validated by comparing the simulation results
with results from the literature and experimentally using the DeltaTherm system. The
simulation procedure can be applied to any FE model to study the thermoelastic re-
sponse. A parametric study of thermoelastic effect on aluminium, steel and PMMA has
been carried out. It has been shown that non-adiabatic behaviour can be influenced by
various parameters. By applying the simulation procedure, the thermoelastic response
can be predicted provided that material properties, loading frequencies, houndary cou-

ditions and detailed dinmensions are available.

In the following chapters. the approach developed in this chapter will be used to simulate
the thermoelastic response from complex specimens. It will e used as a basis to better
understand the response from these specimens aud enable a wider range of loading

frequencies to be studied as there are no restrictions associated with the testing machines.



Chapter 7

Studies on idealised damage

7.1 Introduction

The preliminary work described in Chapter 4 has demonstrated that it is feasible to
assess suib-surface damage using the thermoelastic response. It has been shown that
non-adiabatic behaviour causes changes in the phase of the data and that the out-of-
phase response can reveal sub-surface damage. However. the work in Chapter 4 has
demonstrated that the thermoelastic response from defects that are representative of
actual damage is very complex. In order to uuderstand the nature of the thermoelastic
response from sub-surface damage it is necessary to assess a simpler defect geometry.
The objective of this chapter is to examine in detail the response from the neighbourhood
of idealised damage to demonstrate that this can he used to assess the damage severity

in terms of the sub-surface stress.

In this chapter, TSA is used to examine the thermoclastic response fromn sub-surface
machined notches in simple bar specimens. In Chapter 6, it has been shown that the
thermoelastic response is influenced by the stress distributions, loading frequency and
material properties. Therefore, the experimental work described in this chapter was
designed to examine the effect of specimen material and loading frequency on specimens
with identical stress distributions. The FE modelling approach developed in the previous
chapter is validated on tlie notches by comparing the results with those from the TSA.
A means of identifving tlie contribution to the surface thermoelastic response from the
sub-surface is developed. This is used to indicate the stress level at the notch and hence

provide an insight into the damage scverity.

98
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7.2 Experimental work

7.2.1 Test specimens

As in the numerical study in the previous chapter three types of materials were cho-
sen based on their thermal propertics: aluminium alloy, mild steel and poly methyl
methacrylate (PMMA), ie. one with a high thermal conductivity, one with a smaller
theral conductivity and one with a practically zero thermal conductivity. Three spec-
imens were manufactured from each material with different damage severities so that a

parametric study of the effect of damage could be carried out.

To reduce the complexity of the stresses and allow simple two dimensional-numerical
simulations, each specimen was of a uniform rectangular cross-seetion as showu in Iig-
ure 7.1. A crack-like notch was made in the metal specinens by electro-discharge wire
erosion machining (EDM) to give a through uotch at the centre of the specihmen with
a finite notch radius of 0.175 nnn. For the PMMA specimen the noteh was macliined
using an end mill to give a notch radius of 0.750 mm. Although cacli specimen has a
through crack-like flaw, this flaw can be considered as a part-through sub-surface defect
if observed from the surface normal to the plane that contains the defect, i.e. plane
x-y shown in Figure 7.1. Similar to Chapter 4, the damage severity is delined by a di-
mensionless parameter «/t {(damage length to specimen thickness ratio). Three damage
severities were obtained by machining notches to different depths i1 the three specineus
of the same material. Details of the specimen diniensions are given Table 7.1, with the

niaterial propertics for each specimen provided in Table 7.2.

X
20
z
2t=20 2a
}?‘i : :
27 i
notch
ALL DIMENSIONS IN mm
DETAIL

FIGURE 7.1: Specimen dimensions
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TABLE 7.1: Specimen diniensions

| Materials | Al alloy 6082 Mild steel PMMA |
Severity Index, a/t 0.25 | 0.50 | 0.75 | 0.25 | 0.50 | 0.75 | 0.25 | 0.50 | 0.75
Defect length, a [mm] 5 10 15 5 10 15 5 10 15
Thickness, t [mm] 20 20 20 20 20 20 20 | 20 | 20
Notch radius [mm] 0.175 | 0.175 | 0.175 | 0.175 | 0.175 | 0.175 | 0.75 | 0.75 | 0.75
TapLi 7.2: Material propertics
Materials Al alloy 6082 | Mild steel | PMNMA
Modulus of elasticity (GPa) 70 207 2.4
Poisson’s ratio 0.33 0.29 0.35
Density (kg:m ™) 2700 7860 1190
Coef. of linear thermal expansion (x107%) 24 12.4 70
Heat capacity(J-kg™! - K™1) 896 460 1400
Thermal conductivity (W-m=! - K=!) 180 50 0.17

7.2.2 Experimental arrangement

The undamaged surface (v-z plane in Figure 7.1) of each specimmen was coated with a thin
layer of matt black paint to enliance the surface emissivity. The specimen was assembled
into the end jigs shown in Figure 7.2. This arrangement allows the test specimen to move
freely and hence eliminates any possible bending that may be caused by misaligniuent
of the jaws of the testing machine. The specimens were loaded in uniaxial tension with
the applied load ranges given in Table 7.3. Tlese applied load ranges were selected
during testing as the minimum load required to ensure that signal noise was maintained
at less than 10% of the overall signal. The intention was to keep the load as small as
possible to minimise plastic deformation at the notch. The extent of the plastic region
was estimated using a simiple SIF approach by taking the maximum stress in the cycle
and assuming a sharp notch; this is given as a percentage of the ligament length, i.e.
{t —a) in Table 7.3. It can be seen that the largest plastic zone occurs in the steel
specinien with the largest notch, but even in this case it is only 1% of the ligainent

length.

The DeltaTherm 1400 was used in this experiimient. The detector was positioned as
shown in Figure 7.3, so that the thermoelastic signal from an undamaged face (i.e. the
x-y plane (see Figure 7.1)) at a remote region {away from the damage site) and at the
damage site could be captured simultaneously. This results in the TSA image having
resolution of approximately 0.4 mm per pixel. For each specimen thermoelastic data

was recorded at the following frequencies: 2. 3. 5, 10, 20, 30 and 40 Hz.

The AT values associated with the sum of the principal stress away from the notch are
calculated using Equation 5.3 with thie material properties given in Table 7.2 and are

also given in Table 7.3: these will be used to normalise the FEA results (see Section 7.3).



TABLE 7.3: Applied loads and calculated temperature change for cach speciinen

‘ Materials | a/t

| Max load (kIN) | Min load (kN) | Ag(MPa) | AT (K) | Plastic zone size (% of ligament) ‘

0.25 7 1 20 0.058 0.03
Al alloy | 0.50 7 1 20 0.058 0.10
(6082) | 0.75 7 1 20 0.058 0.54
0.25 115 05 36.7 0.037 0.11
Mild steel | 0.50 11.5 05 36.7 0.037 0.44
0.75 75 0.5 23.3 0.023 0.99
0.25 0.7 0.1 2 0.025 0.01
PMMA | 0.50 0.7 0.1 2 0.025 0.02
0.75 05 0.1 1.3 0.016 0.05
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FIGURE 7.3: Detector viewing arrangement



7.2 Experimental work 104

7.2.3 Results and discussions

The results are presented in the form of signal magnitude, i.e. the R-signal data from the
DeltaTherm system. This is because the R-data is not affected by the phase setting and
is therefore equivalent to the absolute temperature change (see Equation 5.19). As the
R-data is independent of the phase setting, any changes in the R-signal can be attributed
directly to non-adiabatic behaviour. The drawback of presenting data this way is that
negative stresses cannot be identified. Furthermore as the R-signal is directly related
to the absolute temperature change it can be compared directly with the AT values
obtained from the FEA. Examples of R-image and phase data are shown in Figure 7.4
for the aluminium alloy specimen, Figure 7.5 for the steel specimen and IMigure 7.6 for
the PMMA specimen with a/t = 0.50 at 2 or 3 and 40 Hz (readings at 2 Hz could not
be obtained for the PMMA).

R-image

degiee

FIGURE 7.4: Aluminium alloy specimen (a/t = 0.50)
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FIGURE 7.5: Steel specimen (a/t = 0.50)

Phase-image
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FiGurE 7.6: PMMA specimen (a/t = 0.50)
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In the R-image for the aluminium alloy (Figure 7.4), it is very clear that the response at
2 Hz is very different to that at 40 Hz. At 2 Hz there is an increase in signal magnitude
local to the damage site and at 40 Hz there is a decrease. In contrast tlhie R-images
for the PMMA are practically identical at 3 Hz and 40 Hz, both showing a decrease in
signal magnitude locate to the damage site. In the phase images for the PMMA| there
1s no localised phase shift at the damage site, however. there is an indication of phase
shift gradually across the specimen. For the steel speciimen. there is a similar trend in
the R-image between 2 Hz and 40 Hz to that of the PMMA specimen. However. there
is a much greater difference in signal magnitude around the damage region between 2
and 40 Hz.

As each material gives a different response (i.e. has a different thermoelastic constant)
and the applied stresses were different. for comparison purposes, the magnitude of the
thermoelastic response must be normalised against the response away from the damaged
region and plotted as stress factors in an identical manner to that described in Chapter 4.
However, the phase of the signal is not affected by applied load range (in the elastic

region); therefore phase data can be compared directly from specimen to specimen.

To compare the thermoelastic data from eacli test. an interrogation line along the centre
line of x-y plane from a position coincident with the notch tip to a distance 20 mm away
from notch tip was defined, as shown 1 Figure 7.3. The stress factor and phase data
aloug the interrogated line for 2, 10, 20 and 40 Hz for aluminium, steel and for 5, 10, 20
and 40 Hz for PMMA are plotted and shown iu Figure 7.7, Figure 7.8 and Figure 7.9
respectively. The reason for using 5 Hz instead of 2 Hz for the lowest loading frequency
in PMMA specimens for this experiiment is that the 5 Hz is the lowest loading frequency
that the DeltaTherm system could be used to measure the thermoelastic signal from
the PMMA specimen with «/t = 0.75. It is lmportant to note that in an adiabatic
situation the temperature change would be 180 degrees out of the phase with the stress
change (see Equation 5.16). For presentation purposes the 180 degree phase lag has
been omitted in Figure 7.7, 7.8 and 7.9 and hence the negative phase cliange is sliown
in the phase data. For all materials the shallowest notch, i.e. o/t = 0.25, gives the
smallest variation in stress factor and phase. With tlie deeper notches the stress factor
increases and the phase changes are more pronounced particularly over the range 2 20
Hz. This is except for tlie phase response from the PMMA specimens in which all the

phase changes are relatively small.
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From all the plots for the PMMA (Figure 7.9), the thermoelastic response shows that
the material behaves in an adiabatic manner at a relatively low loading frequency. The
trend of the stress distribution for eachh PMMA speciien shows that the signal response
is frequency independent. As the dimensions of the specimens and the through notch
are very similar, therefore under adiabatic conditions, the trend of the stress distribntion
fron all specimens is expected to be similar to that of the PNINMA specimens. Although
adiabatic behaviour is exhibited frow the stress factor plots in Figure 7.9. there are
variation in the phase data. which does not coucur with the implied adiabatic condi-
tions. An inspection of the plots shows that the a gradient across the 20 mm leugth
is particularly pronounced at 5 Hz for a/t = 0.25 aud for all specimens in the 40 Hz
plot. After consultation with the equipment manufacturers it was deterniined that this
variation in phase could he attributed to line by line data collection and the sampling

rate of the detector and not non-adiabatic bhehaviour.

It can be seen that, on the metal specimens. particularly at relatively low load frequen-
cies, the curves change shape at cach frequency setting. To provide a clearcr inter-
pretation of the data Tables 7.4. 7.5 and 7.6 provide values of maxinum stress factor
value and its location relative to the ceutre of the notch for each a/t. Starting with the
PMMA specimens it can be seen that the stress factors are relatively constant across the
frequency range giving averages of 1.16 for «/t = 0.25. 1.78 for a/t = 0.5 and 3.58 for
a/t = 0.75. There is a variation when «/t = 0.75 but this could be attributed to signal
processing difficulties (sec above) rather than non-adiabatic behaviour. The position of
the maximum signal is also coustant at 6.0. 5.5 and 4.0 unu from the notch tip for a/t
= 0.25, 0.5 and 0.75 respectively. Accepting that the notch in the PMMA is slightly
different from the notches in the steel and the aluminiun, the values for the maxinmim
stress factor and the maxiinun signal position obtained for the PMMA can be used as
the ‘adiabatic values’ for each geometry. For the a/t ratio ol 0.25 there is little difference
in the value of the maxinnm stress factor across the frequency range in the alumininn
alloy specimens. It is clear from the position of the maximum stress factor adiabatic
conditions are achieved at 10 Hz and ahove. For the steel specimen when a/t = (.25 it
appears adiabatic conditions are achieved at all frequencies. The phase angle reading
given in Table 7.7 indicates that the variation of pliasce data is within the range of noise.
i.e. about & 2 degrees. For a/t = 0.5, a shmilar trend is shown for both the steel and
the aluminium as with a/t = 0.25. However. the steel stress factor is much lower than
that of the aluminium and the PMMA. Furthermore the position of the maximum stress
[actor, although constant. is further away froni the notch. The most interesting results
are these given for the a/t = 0.75, here the ahuninium does not appear to achieve adia-
batic conditions and the stress factor values are once again mch lower than those given
by the aluminium and the PMMA. An explanation for the differences between the steel
and the two other specimens may be the additional heat generated by the larger plastic

zone in the steel specimen (sce Table 7.3).
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TABLE 7.4: Maximum stress factor and its locations for speciinens with a/t = 0.25

Materials Al alloy 6082 Mild steel PMMA
Load freq (Hz) | SF(Max.) | Pos.(inm) | SF(Max.) | Pos.(mum) | SF(Max.) | Pos.(uun)
2 1.11 0 1.17 7.0
) 1.08 2.0 1.12 7.0 1.13 6.0
10 1.12 6.2 1.07 7.0 1.18 6.0
20 1.12 6.2 1.12 7.0 1.21 6.0
40 1.10 6.8 1.15 7.0 1.12 6.0

TABLE 7.5: Maximum stress factor and its locations for specimens with a/t = 0.50

Materials Al alloy 6082 Mild steel PMMA
Load freq (Hz) | SF(Max.) | Pos.(mmn) | SF(Max.) | Pos.(mm) | SF(Max.) | Pos. (1)
2 1.59 0 1.30 6.2
3] 1.60 0 1.30 6.2 1.73 0.5
10 1.45 5.4 1.30 6.2 1.78 5.5
20 1.46 5.4 1.40 6.2 1.83 5.5
40 1.49 9.4 1.40 6.2 1.78 5.0
TABLE 7.6: Maximum stress factor and its locations for specimens with o/t = 0.75
Materials Al alloy 6082 Mild steel PMMA
Load freq (Hz) | SF(Max.) | Pos.(mm) | SF(Max.) | Pos.(mum) | SF(Max.) | Pos.(mm)
2 2.51 ] 2.78 0
S 3.39 0 3.08 3.1 3.29 4.0
10 3.60 0 3.08 3.1 3.47 4.0
20 3.38 0 3.08 3.1 3.71 4.0
40 3.04 3.0 3.08 3.1 3.8 4.0

TABLE 7.7: Phase angles at notcli-tip for specimens with a/t = 0.25

PMMA

Phase (deg)

Materials Al alloy 6082 | Mild steel
Load freq (Hz) | Phase (deg) | Phase (deg)
2 -1.2 3.2
) 5.3 2.7
10 5.2 0.8
20 4.0 1.2
40 2.8 1.5

-7.0
-5.3
-7.1
-4.2

TABLE 7.8: Phasc angles at notch-tip for specimens with o/t = 0.50

PMMA

Phase (deg)

Materials Al alloy 6082 | Mild steel
Load freq (Hz) | Phase (deg) | Phase (deg)
2 -9.4 18.6
) 6.9 12.4
10 16.7 9.8
20 17.3 6.9
40 14.4 3.4

-8.0
-8.0
-10.4
-9.5

It is clear from this work, taking into account the erratic phase respounse from the PMMA
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TABLE 7.9: Phase angles at notch-tip for specimens with a/t = 0.75

Materials Al alloy 6082 | Mild steel PMMA
Load freq (Hz) | Phase (deg) | Phase (deg) | Phase (deg)
2 -25.4 2.0 =
5 -12.3 25.5 -10.2
10 0 29.4 -1.5
20 14.7 23.9 -15.4
40 274 18.4 4.2

specimens, the PMMA data shows no real phase change and demonstrates that for
materials with low thermal conductivities the approach described in this thesis cannot be
used to ascertain the damage severity in components made from similar materials. This is
because the heat transfer due to the thermal gradient is not significant in a material with
a very low thermal conductivity as demonstrated in the parametric study in Section 6.4.
In view of this, the remainder of this analysis in this chapter will concentrate mainly on

the aluminium and steel specimens.

At low loading frequencies, an out-of-phase signal is observed from a much larger area
around the damage than at higher frequencies. Figure 7.10 show a comparison of phase
difference of the aluminium specimens at 2 and 20 Hz. This shows that at higher
loading frequencies the non-adiabatic behaviour becomes more localised. This is because
adiabatic conditions are achieved at the lower stress gradient regions, i.e. away from the
notch. As the loading frequency is increased the damage can be located by examining
the phase difference in the signal. This pattern could be used to locate the existence of
sub-surface damage. Therefore an interesting feature of the work is the observation that

phase change can be used to precisely locate the damage at higher frequencics.
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FIGURE 7.10: A comparison of the non-adiabatic response regions at 2 Hz and 20 1]z
on the aluminium specimens

By inspecting Tables 7.7-7.9 it can be seen that at the lower frequencies, it is not
always the deepest notch that gives the greatest phase change. In fact it is difficult to
discern any relationship between the frequency and the phase in the data. This warrants

further investigation. As changes in the phase must be an indication of non-adiabatic
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behaviour and in view of the difficulties in obtaining accurate and constant phase data.
(as illustrated in Table 7.7 to Table 7.9) in the next scction it was decided to study
the thermoelastic response numerically using the approach described in the previous

chapter.

7.3 Numerical simulation of thermoelastic effect on damaged

specimens

By taking advantage of symmetry only a quarter of the specimen was modelled, which
was constrained at the boundaries as shown in Figure 7.11. The damage severity and
notch radius of individual models were defined using the values eiven in Table 7.1, For
each material tvpe, three models with damage severities of a/t = 0.25, 0.50 and 0.75
were produced. The material propertics used in the aunalysis were taken from Table 7.2

and the model was constructed as described in Chapter 6.

) 20mm
S
4 . EEE i HESEEREEE0REEET
S B | ﬂEilmlHlHHHlll!-_,P
v Y S

Model 1: aft = 0.25 t=10 mm
Model 2; at = 0.50 P= Applied load
Model 3: a/t =0.75

FE model —>

AN A ANEVAN JAN

Ficunre 7.11: Geometries of the models for TSA

In this analysis the model contains a small radius notch, where a large stress gradient
exists. therefore model discretization is essential. The mesh transition and density of
the mesh around the notch must be fue enongh to capture the high stress/thermal
eradient. In view of this. convergence tests (see Appendix A.2) were carried out prior

to the simulation in order to ensure the optimum nesh size.
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To compare the TSA and the FEA results, both data sets were normalised against values
obtained from the area of uniforin stress away from the notch. The TSA data was
normalised using the signal away from the notch and plotted as stress factors. The FE
data was normalised against AT (see Table 7.3) calculated from the applied stress away
from the notch and the material properties. Examples of the results from the simulation
are given in Figure 7.12, using data from the path E-F shown in Figure 7.11, at 2 and
5 Hz for the aluminium and steel speciens. It can be seen that the correspondence of
the results from TSA and FEA is excellent in most cases. The trends of the stress factor
curves and the phase data are the sanie. However, sowe discrepancy can be observed at
the location of the notch tip. Therefore, a detailed examination of the data at locations
close to the notch tip has heen carried out to observe the trends in the data from both

techniques for all loading frequency range.

To compare the FE results with the TSA at specific locations. four points on the surface
around the damage site were selected from locations on the x-y plaune of the aluminium
specimen and steel specimens with ¢/t = 0.75. Readings were taken coincident with the
notch tip and 0.67 mm, 2 mm and 4 mm away from the notch tip (see Figure 7.13 ) for
frequencies from 2 to 40 Hz. The normalised thermoelastic signal maguitude from TSA
and the normalised temperature response from FEA are plotted in Figure 7.14. The plot
shows that the experimmental data is behaving as predicted by Equation 5.6 providing
confidence in the phase readings given in Figure 7.15. To further confirm the validity
of the phase readings given in the experiments, the corresponding phase data are also
provided in Figure 7.15. In this figure, the agreement at the noteh in the phase data
from the FE and TSA for the steel specimen is poor. The only explanation in this case
may be that of the largest plastic zone estimated in the steel specimen with o/t = 0.75
in Table 7.3 which contributes extra lieat and is not cousidered in the FE simulation.
For the aluminium specimen at the notch and in all other cases the agreements are very

good. confirining the validity of the FIE simulation.
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7.4 Damage Analysis

In all of the work described in this chapter it is difficult to identify any relatiouship
between the damage severity and the non-adiabatic thermoelastic response. However,
it is clear that non-adiabatic behaviowr is frequency dependent. To fully investigate
the non-adiabatic behaviour at the notch. FE simulations were carried out over a wider
range of loading frequencies, i.e. from 1 Hz to 1000 Hz. than were available from ex-
perimentation. It is assumed that 1000 Hz is sufficient to achieve fully non-adiabatic
behaviour in all specimens. Inspection of thie experimental results show that material
properties and the notch depth play a significant role in the response. In order to elin-
inate the influence of material properties and notch depth. it was decided to plot the
pliase data from the surface at the notch (see Figure 7.13) against the thermal diffusion
length, 7 = m%f (f is the loading frequency), divided by the ligament length. ie.

the distance hetween the notch tip and the surface. (f — a). The plot of thie phase data

obtained from FE simulations agaiust this quantity is shown in Figure 7.16.

In Figure 7.16 a very revealing trend emerges. There are three distinct curves represeit-
ing each notch depth. The zero poiut in this curve vepresents fully adiabatic behaviour
at high frequencies. It is difficnlt to see the PNIMA! results in Figure 7.16 as they are
grouped around the zero position so a zoomed plot is also provided in Figure 7.16. This
clearly shows the PMMA points on the curves according to their notell depth. As the
quantity v/(t — a) increases, the non-adiabatic behaviour in the specimen is also inereas-
ing. The turning point at 0.25 in all three curves is an important feature. Accepting that
the non-adiabatic contribution to thermoelastic signal comes from beneath the surface
then the turning point could indicate when a greater proportion of the sigual is ob-
tained from beneath the surface. Therefore, taking signal readings from when ~/(t — a)
is greater than 0.25 opens up the possibility of obtaining data that is directly related to

the sub-surface stress.

'The notch radius of the PMMA models are the same as aluminium and steel models to eliminate
the effect. of different geometries, i.e. the noteh radius.
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re 7.17 shows a plot of the
experimental data obtained for the steel and the aluminium. A ‘best fit’ curve is also
provided for each notch depth and it can be seen that there are three distinct curves.
The loading frequency for the 2 Hz and 40 Hz conditions are indicated in the plot. The
underline and non-underline label represents the loading condition for the aluminium
and steel specimen respectively. With the exception of the aluminium a/t = 0.75 notch,
the 40 Hz conditions lies in the range 0 < v/(t —a) < 0.25. Likewise, the 2 Hz values all
lie above «/(t — a) = 0.25 with the exception of the a/t = 0.25 for the steel specimen.
For comparison the FEA data is presented in the same way in Figure 7.18 and shows
identical trends. However, the magnitude of the phase change in the experimental data
is much greater than that given by the FEA. The only physical explanation for this is
the omission of the plastic zone characteristic at the notch in the FEA. However, the
means by which the DeltaTherm system software obtains the phase is also questionable

and could be contributing to the difference.
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FIGURE 7.17: Phase response from TSA

Equation 5.19 in Section 5.2 shows that thermoelastic signal obtained under the effect of
non-adiabatic behaviour is biased by the extra heat content caused by heat conduction,
i.e. from the sub-surface in this case. Therefore, a subtraction of TSA signal between
the one obtained at high frequency (more adiabatic) and one obtained at low frequency
could be used to reveal the contribution caused by the additional heat content from the

sub-surface and may provide an opportunity for stress analysis at the notch.
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FIGURE 7.18: Phase response from FEA

To investigate if subtracting the two signal data sets will provide data rclated to the sub-
surface stress, the remaining R signal from subtracting the data at 40 Hz away from the
data at 2 Hz is given in Figure 7.19. The remaining R signal from the aluminium speci-
men with a/t = 0.25, 0.50 and 0.75 is shown in Figure 7.19 (a), (b) and (c) respectively.
Similarly, the remaining data from steel specimens with a/t = 0.25, 0.50 and 0.75 is
shown in Figure 7.19 (d), (e) and (f) respectively. In all of the plots a peak in remaining
R signal is evident at the notch, with the exception of the a/t = 0.75 aluminium data.
To assess if this peak is related to the stress, results from the FEA static analysis at the
subsurface are also show in the figure. For the aluminium a/t = 0.25 and a/t = 0.50
and the steel a/t = 0.75, a sharp increase in signal is evident at the notch of a similar
nature to that given by the FEA. For these specimens it can be seen in I'igure 7.17 and
Figure 7.18 the 2 Hz reading is in the ‘non-adiabatic’ region, i.e. v/(t —a) > 2.5 and the
40 Hz is in the ‘adiabatic’ region, i.e. v/(t —a) < 0.25. For the steel where a/t = 0.25
the increase in the thermoelastic data is barely apparent; in Figure 7.17 and Figure 7.18
both the 2 Hz and 40 Hz reading are located in the v/(t —a) < 0.25. When a/t = 0.50
in the steel specimen there is an increase in the signal at the notch but not as sharp as
that seen in the FEA. In this case the 2 Hz reading is positioned very close to v/(t — a)
= 0.25 indicating only a small contribution from the subsurface to the surface response.
Finally for a/t = 0.75 in the aluminium specimen the thermoelastic response is negative
compared to that given by FEA. In Fignre 7.17 and Figure 7.18 the 2 Iz and the 40 iz

values are both in the region where v/(t — a) > 0.25. Moreover, the 2 Hz condition is
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located further away from the turning point which indicates severe non-adiabatic condi-
tion. However, the flaw can still be observed. Interestingly. it can be seen that if the two
points are located nicely each side of the turning point such as aluminium specimens of
a/t = 0.25 and 0.50 and steel specimen of a/t = 0.75, the subtracted R-signal is very

well represent the severity of the sub surface stress.

Although the thermoelastic data in Figure 7.19 is not calibrated, when interpreted in
terms of the data given in Figure 7.17 and Figure 7.18 it clearly shows that there is
potential to reveal the subsurface stress using the non-adiabatic response. The niagni-
tude of the thermoelastic signal difference between a mainly adiabatic signal i.e. wlen
v/(t —a) < 0.25 and a mainly non-adiabatic signal v/(t — a) > 0.25 could be used as a

measure of the damage severity.



7.4 Damage Analysis 123

TSA
O >
FEA
X r ————— >
r4
00 - 400 1 1
aluminium (aft = 0.25) B0 10¢ ’ steel (alt = 0.25) b 60100
- 40100
a 200 @ L 400108
g) - E LS
Q a k=) &
® e (g o F
E’ g 14 4+
= g Ity
S 2 205108
g =
@ X0 . 250 4
4 o  subraced daa Bcil g ‘ Aot
—0— siess [+
(a) Ref cpposiatha notch 89 | L goou10t (d) L goetce
“000 | «00 1 . : . . {
0 10 2 3 20 50 0 10 20 3 @ s
Distanca (mm) Distanca {mm})
200 4000 1
aluminium (ait = 0.50) X100 steel (a/t = 0.50) 4 b B0t
=) ¥ 4000108
= 20 & —
= # =)
ol =
- ¢ - =
J 4.2 &
r o %
8) + o
0 c
.% b 2zoa0 E’
c
5 200 g -2000
4 400108 400x108
&
(b) B00108 (e) GO 10%
4530 4 4300 +
0 1 20 ) 0 5 0 10 2 » 40 %
Distance (mm) Distance (mmy)
000 2000
alurrinium (ak = 0.75) Etled Steel (a/t = 0.75) 8 GOGK 107
—_ = oh
2 400100 g | 2 0000
5 %% § o0 ol,
= [+
3’ 200010 k'] o lo 203108
= [} T
o | e & x 8 o D, 0. &0 &
T pOREEEy i & o o fipetie, © W ¢
£ % § £ 0‘59%15 %, 58 §
£ € ® & ©
E 200010 £ 20010
3]
&z & x0q
£00¢108 40108
(C) B00108 (f) r B0
2300 4000 1
0 10 2 3 20 5 0 10 20 » 20 50
Distanca (mm} Distance {(mm}

FIGURE 7.19: Sub-surface heat contribution on aluminium and steel specimens
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7.5 Conclusions

The work in this chapter has demonstrated that materials with low thermal conductiv-
ities such as PMMA do not exhibit a non-adiabatic responses even at very low frequen-
cies, hence the approach described for damage severity evaluation can only be applied

to materials with high thermal conduction.

Experiments have shown that there is no dircet relationship between the phase change
in the thermoelastic data. notch depth and loading frequency. An FE model has heen
produced that simulates the thermoelastic response over a larger range of frequencies
other than those available from experiments. This has been validated against experi-
mental data and shown to be in very close agreement. The FE model has been used
as a basis for identifying the contribution that is made to the surface signal from the
sub-surface of material. A new parameter (v/(t —a)) has been developed and it is shown
that when this is plotted against phase change can indicate the level of contribution to
the response from the sub-surface. /(¢ — a) = 0.25 was slhiown as the turning point in
the curves and subtraction of one data set from ~/(f — ¢) = 0.25 can provide data that

is related to the sub-surface stress and hence provide a measure of damage severity.

The naterial is shown to have an important effect on the interpretation of the data.
Hence. the next step in the work will examine only one material type. The damage
examined in this chapter concentrates ou idealised damage. Therefore the next chapter

of the thesis will examine more realistic damage.



Chapter 8

Detection and evaluation of

damage in flat plates

8.1 Introduction

It has been shown in the previous chapter that the proposition of using TSA to detect
and evaluate sub-surface damage is viable. Before moving on to the problem of internal
sub-surface flaws on a curved shell structure of a pipe section, the next logical step is
to test the approach on a more realistic shaped defect in the form of a sub-surface flaw
in a flat plate. This is to investigate hehaviour of the thermoelastic respouse of such
damage on a simple plate structure and to confirm the applicability of the approach
on a realistic sub-surface law. Therefore. in this chapter. a study of the nou-adiabatic
belhiaviour of a sub-surface flaw in the form of a sani-circular slot of a similar form to

those described in Chapter 4 is carried out.

In Chapter 7 it was shown that the material thermal conductivity played an important
role. To study the thermoelastic response from a wider range of damage severities. the
work in Chapter 7 indicated a material of relatively lugh conductivity is preferable. This
is because the higher the conductivity of the material. the smaller the level of damage
that can be detected. Therefore. an aluinium allov was clhiosen to be the test specimen
material. In this chapter. six damage severities of «/t = 0.15, 0.20, 0.40, 0.60. 0.80
and 0.85 (see Chapter 4) were iuvestigated. As in Chapter 4 and 7, TSA was used
to observe the thermoelastic respouse from the undamaged surface of the specimen at
various loading frequencies. The thermoelastic response was also investigated using the

numerical simulation technique developed in Chapter 6.
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8.2 Experimental work

8.2.1 Test specimen

An aluminium flat plate of 10 mm thickness. 340 nun width and 450 nun length was
fabricated. Surface flaws were introduced in the plate by the EDM techuique. The
semi-circular slots of width 0.175 mu1 were machined using a electrode of radius 15 mm.
Locations of each slot and its dimensions are shown in Figure 8.1. A dimensionless
parameter of damage severity is defined in the same way as in the preliminary study in

Chapter 4, i.e. a/t is referred to as the ratio of the slot depth to the plate thickness.

8.2.2 Experimental arrangement

The specimen was coated with a thin layer of matt black paint to improve and standard-
ise the surface emissivity. The specimen was then mounted into the servo hydraulic test
machine. As the speciinen was the same width as the specimens used in Chapter 4 it
was mounted in an identical manner as described in Section 4.2.2. A loading of 15 4+ 14
kN. equivalent to Ao = 8.23 MPa was applied for all frequencies: 2, 5, 10, 20 and 30 Hz.
The loading frequency of 30 Hz is the maxinnun frequency that the testing machine can
achieve for this test. The DeltaTherm (DT1400) detector was positioned at a distance
so that all damage locations could be observed in one reading. This results in an himage
resolution of approximately 0.83 mm per pixel. The detector operated at a sampling
rate of 142 frames per second. The electronic shutter was adjusted at 35% to provide a
good signal to noise ratio for the test. Based on these settings. an average thermoelastic
sigal of 1260 U was obtained at a uniform stress region ou the specimen. The average
signals (Save), standard deviation (SD) and cocflicient of variation from each test reading

at a uniform stress away from the damage arc given in Table 8.1.

TaBLE 8.1: Thermoclastic signals at a uniforin stress region

Test No. | Freq. (Hz) | Signal, Sae (U) | SD | Coef of variation
1 2 1273 123 9%
2 5 1247 124 10%
3 10 1187 124 10%
4 20 1347 119 3%
5 30 1233 140 11%

8.2.3 Results

An example thermoelastic response in terms of R-image and phase image from the
experiment at 5 Hz is shown in Figure 8.2. A sct of R-images and phase images around

the damage regions at these loading [requencies are given in Figure 8.3 and Figure 8.4
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respectively. By inspecting only the R-image, the smallest level of damage that can be
observed is a/t = 0.40. On the other hand. in the phase image, the damage of a/t = 0.20
can be also detected at 5 Hz and 10 Hz. A general characteristic of the phase profile
around the damage is that the change of phase become more localised wlen the loading
frequency increases, once again indicating that the phase response can be used to locate

the damage.

For a/t = 0.20 and 0.40, the phase change at the damage approaches zero at a loading

~—— 340 mm ———
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FIGURE 8.1: Technical drawing of the speciinen. The enlarged detailed C shows a
cross-sectional view of the danage at a/t = 0.60
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frequency of 10 Hz, which indicates that the condition at the damage zone is becoming
more adiabatic. To visualise the phase behaviour at the damage site, the phase signal
at the middle of the notch location (see Figure 4.3 position 5} was plotted in Figure 8.5.
The phase data of the damage a/t = 0.15 is not included in the plot because it can not
be identified by TSA. For the damage of a/t = 0.60, 0.80 and 0.85 there is no sign of
adiabatic behaviour at the notch tip within the range of 2-30 Hz. To further examine
the thermoelastic response from the damage numerical simulation is necessary because

of the limitation of the testing machine.
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FIGURE 8.5: Phase signal at the back surface opposite to the notch tip
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8.3 Numerical and experimental investigation of subsur-

face damage in a flat plate

8.3.1 3-D modelling of damage in a plate structure and FE simulation

Modelling a crack like flaw in three dimensions is much more demanding than in two
dimensions. In a 3-D model, the mesh transition at the region of expected large stress
gradient. i.e. around the notch, must be controlled effectively in three dimeunsions in
order to avoid an irregular element shape (i.e. taper. skew. large aspect ratio or warping,
element) which is a fundamental source of error. Sowme wmodeller software packages
specially designed for FE sinmulation in fracture mechanics can be used to mesh a crack
model automatically. as well as provide automatic refinement process at the region
with various cracks geometries. Examples of FEA crack software are Zencracks! and
Structural Reliability Technology (SRT) FEA-crack 2. However, the main purpose of
these software packages is to mesh the crack front with a special element type to obtain
a good SIFs approximation at the singular point and tliey are not suitable to simulate

thermoelastic effect at a notch.

The approach used here is to build a solid model from scratcli and mesh the model
manually. A damaged section of the specimen is defined as shown in Figure 8.6. It
is agsumed that the the damaged section is subjected to the same stress distribution
experienced at the remote region away from the damage zone. A solid model was
then constructed as a quarter of the damaged section containing the flaw as shown
in Figure 8.7. The meshed model was constructed ensuring that the resulting stress
distribution in the notch region was smooth and continuous across the element. The
meshing process was carried out by trial and error of changing element size as well as
moving the nodes, particularly in the notch region until there was no excessive eleient
distortion in the model. As a result. meshing the damage in order to obtain a high

quality mesh is a time consuining task.

The steps to simulate the thermoelastic effect are the same as desceribed i the Chapter 6
except 3-D elements were used. A 3-D structural solid element (SOLID45) was used for
the model in the structural analysis and a 3-D thermal solid element (SOLID70) was
used for thermal harmonic analysis. The applied load on the model is equivalent to the
cyclic tensile load on the specimen of 15+ 14 kIN or Ao = 8.2 MPa. Material properties

of the specimen used in the simulation arc given in Table 8.2

Due to the fact that meshing process was carried out manually, the higher o/t ratio.
the too many elements are required to maintain a good quality mesh. As a results.

a model of the damage larger than of a/t = 0.60 for this damage dimensions has not

'hitp://www.zentech.co.uk/zencrack. htm
http://www .srt-boulder.com/soltware. htm
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FIGURE 8.6: A defined damaged section iu the specimen for FE idealisation

been meshed successfully. Therefore. only two FE models were created, 1.e. the model
with e/t = 0.40 and «/t = 0.60. The former is sclected in order to examine if the I'E
model can be used to predict the non-adiabatic behaviour of this type of damage. The
later is chosen to perform further analysis of non-adiabatic behaviour at higher loading

frequencies, that can not be done experimentally.

TABLE 8.2: Material propertics of aluminium alloy using in the FE simulation

‘ Material Properties of aluminium | Value | Unit
Young’s modulus, E 70 GPa
Poisson’s ratio, v 0.33 | -

Specific heat at constant pressure, ¢, 896 | J/ kg K
Thermal conductivity, k 180 W /mK
Density, p 2700 | kg/ m?
Coefficient of linear thermal expansion, a | 24E-6 | 1/K
Reference temperature, Ty 293 K
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Ficurre 8.7: FE model of a quarter of the damaged section defined in Iigure 8.6
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8.3.2 Results and damage analysis

Figure 8.8 shows contour plots of the sum of the principal stress plotted fromn both
calibrated TSA data and 3-D FEA results (static analysis). The boxes indicated in
the TSA data correspond to the damaged-section dimensions defined in Figure 8.6. To
compare the results between two approaches, the thermoelastic data obtained from the
line profiles indicated in the figure are plotted together with the data obtained from
the FE model at the equivalent location in terms of stress factor and phase data and
given in Iigure 8.9 and Figure 8.10 for o/t = 0.40 and o/t = 0.60 respectively. From
both figures, it can be seen that the simulation results agree well with the experimental

results.
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F1GURE 8.8: Locations of the profiles where the data is interrogated

To analyse the sub-surface stress from the sub-surface flaw, phase data is plotted against
the proposed characteristic length (v/(t —a)). TSA data from Figure 8.5 and 1°I5 results
are plotted in Figure 8.11 and Figure 8.12 respectively. In Figure 8.11, the curves
representing the damage of a/t = 0.20 and 0.40 reach a turning point at y/(t —a) ~ 0.2
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Ficure 8.9: FE results compared with TSA (a/t = 0.40)

and 0.26 respectively. The curve of the damage with a/t = 0.60 appears to reach
the maximum phase change at a frequency of 30 Hz, but this cannot be confirmed
experimentally. This requires FE simulation. Thercfore additional FE simulation was
carried out to simulate the thermoelastic response of a/t = 0.60 at the following loading
frequencies: 50, 100, 200, 500 and 1000 Hz. This additional simulation results are also
included in Figure 8.12. It can be seen that for the damage extent of a/t = 0.60, the
loading frequency required to diminish the contribution of non-adiabatic behaviour is
higher than 40 Hz. To show the agreement between the TSA data and the FE prediction,
the data for the damage of a/t = 0.40 and 0.60 are plotted in Figure 8.13.

To show the contribution of the sub-surface stress, the approach for damage analysis

introduced in Section 7.4 is applied. For the damage with a/t = 0.40, v/(t—a) = 0.26) is



8.3 Numerical and experimental investigation of subsurface daniage in a flat plate 138

2Hz 80 - 2Hz

Stress Faclor
Phase diflerence (deg)

05

a0

[ 5 10 15 2 % 30 » 0 5 10 15 ) 2% kg %5
Qstance from the natch (mm) QOistance from the notch {mmy)

0 S5Hz

SHz

o

Stress Faclor
Phase difference (deg)
>

05

[s10]

0 5 12 15 2 % kd kY] 0 ) 10 15 b4 p-] Y 35
Distanca fromthe nolch (mm) QOistance fram the notch (mmy}

20 Hz

20 \

151

Stress Faclor
>
Phase difference (deg)
c

2 -
05 <

o o TsA |

o FOA

® L 1

00 T T T T T T T 1 T T T T T ™ —
a 5 1© 15 Fal > 0 45 0 5 10 15 = 25 © 35
Gistance fromthe noich (rmm) Distance from the nolch {mm)

Ficure 8.10: FEA results compared with TSA (a/t = 0.60)

obtained from both FEA and TSA as a turning point of phase response for this damage.
The R-signal at 2 Hz (v/(t — a) > 0.26) was subtracted from the R-signal at 30 Hz
(v/(t —a) < 0.26). The remaining R-signal is plotted in Figure 8.14 (top) along with
the internal stress obtained from FEA at the tip of the slot. It can be seen that the
remaining R-signal clearly shows a contribution of subsurface stress. A similar procedure
was applied for the R-signal from a/t = 0.60, i.e. the R-signal from 2 Hz was subtracted
from that of 30 Hz and the remaining R-signal is plotted in Figure 8.14 (bottom). Here,
the remaining R-signal curve does not show a similar trend as obtained in the previous
curve (a/t = 0.40). This is because the R-signal used for the subtraction was positioned

in the ‘more non-adiabatic’ zone.
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FIGURE 8.13: TSA and FEA results at the same loading frequency range

8.4 Conclusions

It has been shown that non-adiabatic behaviour from defect with more realistic geome-
tries can be predicted successfully using 3-D FE simulation. However, the use of an FE
approach for this complex geometry is time consuming, due to the complex meshing
required, especially for the cracks or very sharp slots in a large structure. Therefore,
a more efficient technique for modelling and meshing a damaged geometry needs to be

developed.

From the thermoelastic work carried out in this chapter, it can be seen that the non-
adiabatic thermoelastic response for realistic defects is much more complicated than that
of idealised damage as described in Chapter 7. However, the validity of the proposed
approach has been demonstrated and it can be seen that the subsurface stresses at
the damage site can be predicted by subtracting the adiabatic response from the non-
adiabatic response and hence a damage severity factor can be determined. In the next
chapter, this approach of using non-adiabatic behaviour to assess the damage will be

applied to a pipe structure.
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Chapter 9

Detection and evaluation of
damage in a pressurised

cylindrical component

9.1 Introduction

Following on from the work on the flat plates describec in the previous chapter, the
next logical step is to apply the approach of using TSA to detect and evaluate damage
to a cylindrical component, i.e. a pipe section with internal-surface flaws. To perform
an experiment on such a component. two difficulties have to be overcome: first, a cyelic
pressure must be applied to the specimen and secondly. surface flaws must be created
oun the inner surface of the pipe compounent. The hrst difficulty has been addressed
in previous work by the author described in Ref [70] by the design and fabrication
of a pressure rig which can be used with an existing servo-hydraulic testing machine.
However, some modifications have been made in the course of current work to improve
the functionality and performance of the system. The second problem was solved by
cutting a pipe specimen in half and machining an EDM slot on the internal surface and
then welding the pipe back together. Details of the manufacturing of the specimen are
discussed in this chapter. The TSA experiment was then carried out on the "damaged’
pressurised pipe specimen and the non-adiabatic thermoelastic response used to identify

the damage.

The objectives of this chapter are: frstly, to describe the work on upgrading of the
pressure transimission rig and provide a full validation (described in Section 9.2 9.3)
and secoudly. to demonstrate the applicability of the devised approach damage charac-
terisation on pressurised components. The design of a specimen with internal flaws is
described in Section 9.4. The detail of the experimental procedure. results and discussion

are provided in Section 9.5 and 9.6 respectively.
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9.2 Pressure device modification

The rig was designed and built for the purpose of using TSA to investigate the stress
distribution on an enclosed pressurised structure under dynamic loading. The function
of the rig is to transform the force applied by a servo-hydraulic testing machine actuator
ito fluid pressure. This is achieved by utilising a heavy duty hvdranlic ram. A pho-

tograph of the rig assemblies and hvdraulic cirenit diagram is provided in Fignre 9.1.
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FI1GURE 9.1: Pressure rig assemblies and circuit diagram

Essentially, the rig is composed of three components: pressure ram, hand pump and
test specimen arrangement. The pressure ram is used to apply cyvclic pressure load to
the specimen. Both sides of the ram are fixed with the grippers into an Instron 8800
servo-hydraulic test machine. The hand pump is included in the design to allow the
operator to control the mean operating pressure in the syvstem manually. Moreover, it
is used to flush and circulate hydraulic oil in order to remove any entrapped air bubbles
from the system. The last component is the test specimen asseinbly which consists of
the support fixture and the specimen. This is explained in detail in Section 9.3.1. The
pressure rig described above needed to be modified to improve its performance so that
a larger cyclic stress could be applied. The objective of the modification was to increase
the so called bulk modulus of the hydraulic system. A shortcoming of the previous design
was the deformation of the type SAE 100R2 hydraulic hoses shown in Fignre 9.2. When
these were subjected to internal pressure of near to 10 bar, the radial deformation of
the hoses was approximately 1 mmi,which was too large for the intended purpose. Also,
there was a small leak at the pressure relief valves (see Figure 9.1 (circuit diagram)) at

high pressure caused by the low quality of the valve seat.

Both deliciencies cansed a displacement of the test machine hydranlic actuator of up to
10 mmavhich was too large as this restricted the tests to low loading frequencies of up fo

a maximum of 3 Hz only. The reason for the restriction was that the piston displacement
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design and it was replaced by SAE 100R10 o pre

exceeded the operational envelope of the testing ma
(see Figure 9.3).

went excessive liose expansion.

chine at higher loading frequencies

& msTRON Performance Envelope Plot

Sustema:

Reliense:

10

Cote: 3tay-02

Y
. { \
£ | RN
a N
e | N
& L : SN
E NN
- 1 ! g
R T ‘\\ —
« [ i .
a r N \\ .
L N -\
\ N
VN
i
0 b ¢
F it :
3l 1 "n wh
Fraguancy 1Hz)

Ficurre 9.3: Envelope performance |

Applied load
(Fnax= 24kN)

|

slot (Instron 8802)

[l _leIinder
loe—— & Pressurised specimen -—
SAE 100R10 SAE 100R10
hose hose
A
- :‘ N —1
Hand pump ¢ 55,
withreservoir ~ ~ \__/ Stopvalve
)
£

Ficure 9.4: Simplified hydvaulic cireuit

To eliminate these deficiencies. the hydraulic circuit has heen simplified by removing the

safety valve and manifold (a diagram of the modified cirenit is provided in Figure 9.4)
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and all hoses have been changed to a stronger type (SAE100R10). This type of hose
consists of very high density wire reinforcement: 4-spiral plies of heavy wire wrapped in
alternating directions as shown in Figure 9.2. The use of fixed copper tubes instead of
hydraulic hoses is probably the best option to solve the problem, but this would have
resulted in a less portable design. Therefore, this option was not pursued. Although
the safety relieve valve has been removed from the systen, safe operation is maintained
provided that the test machine control system liniiters are set to restrict the movenient

of the actuator within a safe operating range.

The rig was tested after the modification. The movement of the actuator was reduced
to 2 mm when the maximum testing-load is applied. This is well within the range of
operational envelope of the test machine and allows testing at higher loading frequencies
of up to 10 Hz. One minor difficudty still exists in that it is impossible to remove all of
air bubbles from the oil. However, with careful assembling this has been minimised and

has a negligible effect on the results.

9.3 Test rig validation

9.3.1 Test specimen and fixtures

In order to validate the rig a simple test specimen was chosen. It is of a cylindrical form
and is shown in Figure 9.5. The specimen was cut from a typical seamless low carbon
steel pipe of 75 mm internal diameter and 5 min thickness, a section of the specimen has
been machined at both ends to remove the cutting edges and provide a smooth contact

surface.

O

350 mm

@75m

A

—= P85 mm

NS

FIGURE 9.5: The steel pipe specimen for validation test
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A set of support fixtures was designed so that when the specimen was subjected to
an iuternal pressure, the longitudinal stress was minimized. This was achieved by an
open-end configuration as shown in Figure 9.6. Two steel plates are used to prevent
the aluminium plugs from slipping out when the pipe is subjected to internal pressure.
This configuration allows free deformation in both radial and axial directions and as the
specimen is not constrained axially the longitudinal stress is eliminated. O-rings were
used to prevent leakage between the pipe-ends and the almninium end-caps. A standard
o-ring groove was machined in cachh aluminium cud-cap.therefore the maximum load
achicevable is dictated by the o-ring performance. This means that the test can be
performed for a static pressure of up to 80 bar. That is to say the maximum load that

cail be applied to the piston rod of the ram is limited to 24 kN,

To independently evaluate the stress in the speciimen. a two-gauge orthogonal strain
gauge rosette was bonded to the surface of the cvlinder along the principal stress axes
4 g (24 [RIST}) N M 7 [R1810)
in orcer to record the hoop strain (€,00p = "—F‘—) and the axial strain (e, = —1/%‘—).
~ Connection

port

— Gap
between
pipe and
aluminium
end-plug

Pipe specimen

Tie rod o
=

\-.

_/ Aluminium plug

__— Steel plate

O-ring

Frounre 9.6: Cross-sectional view of the speciinen assembly
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9.3.2 Hydrostatic validation

The rig and test specimen were assembled and tested. Figure 9.7 shows the test setup. In
the first place, the static load was increased gradually to ensure that the internal pressure
and stresses developed in the specimen can be controlled effectively by the Instron test
machine control panel. The surface strain from the strain gauges was monitored and

recorded via a computer controlled data acquisition system.

Strain gauge

FIGURE 9.7: Pressure test set-up

The strain developed due to the hydrostatic internal pressure was recorded and is given
in Appendix A.4 and plotted in Figure 9.8. Taking v = (0.3, it can be seen that e, is

approximately —0.3 (€noop),as expected.

Stresses in both principal directions at each load step can be calculated from the mea-
sured strain. They were calculated using the classical stress strain relationship with the
stress in the z direction is zero (normal to the specimen surface) and assuming E = 207
GPa and v = 0.3 [69]:

E
T2 (€z + vey) (9.1)

Ohoop = 1

E
Oaxial = m (éy + I/Gz) (92)

The values obtained from the gauges were compared with theory, for a thick-walled

cylinder the stresses are as follows [69]:
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FI1GURE 9.8: Strain data
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Tradial = [ (2 12 (9.4)
Taxial (open end) = 0 (95)

where opep is the hoop stress, gpdial is the radial stress and o, is the axial stress.
pi is internal pressure, 7, is the inner radius. v, is the outer radius and 7 is the radial

position where the stress are calculated.

The internal pressure was calculated simply by:

P

Ao

(9.6)

P =

where P is the applied load and A, (= 3117 mm?) is the cross sectional area of the

piston of the heavy duty hydraulic ram.
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In theory. in this configuration. a.gia at 7 = 1, is zero as the cvlinder is under internal
prossure and g, is zero as the eylinder is not constrained axiallv. The calculated and
measured values at the surface of the evlinder are plotted in Figure 9.9 and show a good
agreentent. The small divergence from theory may be caused by the misalignment of the
strain gauge to the principal directions. So it can be concluded that the rig is working
properly and the stress developed in the specimen can be controlled directly from the

test machine control panel.
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FiGure 9.9: Hoop and axial stresses derived from strain gauges compared with theory

9.3.3 TSA validation

In ovder to verify that the pressure rig is capable of applying a cyclic pressure for TSA.

it 15 necessary to carry out two tests:

o o sitple colpressive test on a cvlinder of the same material

o a cvelic pressure test using the cvelic pressure resting facilities of the rig
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The experimental scttings for both the compression and pressure tests are summarised
i Table 9.1. In both cases to enhance the surface emissivity. the pipe surface was coated

with a very thin layer of matt black paint.

TanlLr 9.1 Summary of the test setup

‘ Setting | Compressive test | Pressure test
Load (kN) 12 £ 10 10 £ 6
A,y (MPa) 15.9 28.9
Loading frequency (Hz) 10 10
Electronic Iris a7 47
Tmage type AC Integrate AC Integrate

The aim of the compressive test is to evaluate a calibration factor, A from the ther-
moclastic equation (Equation 1.1) for the pipe material. By loading an identical pipe in
uniaxial compression as shown in Figure 9.10 a uniaxial stress field is obtained and the
calibration factor cau be determined as:

A”'\n
A= 'II

S (07

where, Aoy, is the applied stress change due to the applied cyclic load.

Ball bearin
g\ \¥S‘reel rod (connected

1o the upper grip)
Small fiat plate ——*

—-.—Specimen

Flat Plate

~+——Test machine actuator

Ficure 9.10: Compressive loading

The specimen was loaded between flat plates as shown in Figure 9.10 to give Aoy, =
15.9 MPa. Figure 9.11(a) shows a DeltaTherm image of the compressive test. The
image shows a stress concentration at the base of the pipe due to the contact region
hetween the flat plate and the specimen. Clearly the end of the evlinder is not perfectly

scare and this results in the non-uniform stress distribution at the end of the pipe. A
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reasonably uniform signal distribution is achieved away from the end of the pipe. The
average signal was obtained from an area indicated by the rectangle in Figure 9.11(a) as
203 + 42 uncalibrated units, i.e. coefficient of variation of 20%. The calibration factor
was calculated from Equation 9.7 as 0.0784 MPa/U.

- Intesrogate -~—Box Stats — - Interrogate - — Box Stats-
79.3  ||Max 702 ﬁd'il 2967, ||Max: 637, ﬂl
% 123 |[Min: 343, & % 109 [Min: -122. :{
Y: 51 |Avg: -204.6 R v 81 iAvg: 332 iR
||STD: 41.7 Phase STD: 80.1 | Phase
| DC | pC
(a) compressive test (b) pressure test

FIGURE 9.11: Sample of captured images [rom the experiment

In the cyclic pressure test, the same specimen as the previous hydrostatic test was used.
The test setting was identical to the hydrostatic test but a cyclic load of 10 £ 6 kN
(Ao = 28.87 MPa) was applied. An average signal of 332 £ 90 units was obtained from
the region indicated in a rectangular box shown in Figure 9.11(b). The coefficient of
variation was 27%. Using the uncalibrated signal from the pressure test (S,ye = 332 U)
and the calibration factor, the stresses in the pressurized specimen can be be evaluated
by applying Equation 1.1. The principal stress in longitudinal direction is assnmed to
be zero due to the open-end configuration therefore a hoop stress of 26 MPa is obtained

from the thermoelastic data.

To validate the use of the rig for TSA, the load was applied through the ram and
controlled by testing machine control panel. The stresses on the wall of the cylinder
associated with the applied load was then evaluated. The stress results from the TSA
were compared with that from the strain gauge readings, theory and an ANSYS FE
model. Firstly, the thick-walled theory was applied to obtain Ao using on internal
pressure of 3.85 MPa, i.e. the range of cyclic pressure. Secondly, strain gauges were used
to determine the stress; it was assumed that the pressure change due to the cyclic load
produced the same strain at the corresponding static load. Thirdly, the FE approach
was also used to predict Aopgep, by modelling a ‘slice’ of the cross-scction of the pipe.

A quarter of the pipe cross-section was modelled in ANSYS using a 2-D plane clement
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(PLANE42) under plane stress condition (see Figure 9.12). The model was subjected
to internal pressure load of 3.85 MPa and the plaue stress condition meant there was no
stress in the longitudinal direction. The code and validation for this model is given in

Appendix A.5. All results are given in Table 9.2.

TABLE 9.2: Solutions for Amy,,,,, from various methods

‘ Methods | Adpoep (MPa) ‘ % errvor from TSA |
Thick-walled theory 27.1 +4 %
FEA 27.0 +4 %
Strain gauge 24.9 —49%
TSA 26.0

The stresses measured by the TSA technique agree well with the results obtained from
the other techniques. The TSA value is 4% less than tlie thick-wall theory. In comparison
with the thick-walled theory, the error observed from the strain gauge technique is of
the order of 8% and the error in the TSA technique is around 4%. This clearly shows
that the rig is providing the expected cyclic pressure and that the readings from the
TSA, although noisy, are giving sufficient signal to give an accurate value for the cyclic

stress in the pipe.
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FIGURE 9.12: FE model of stress distribution through pipe thickness
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9.4 Design of the damaged pipe specimen with simulated

damage

To test the approach demonstrated in Chapters 7 and 8 on pressurised pipework, a pipe
specimen with surface flaws needed to be fabricated. Steel is the material considered here
because niost of the pipework in mariue industries is made from steel. A longitudinal
crack-like internal surface flaw was simulated in the pipe by a part-throughh EDAI slot.
As a result of the findings on steel specimen in Chapter 7. two flaws of different damage
severities (a/t = 0.25 and «/t = 0.75) were chosen. i.e the one that give thie minimum
and maximum heat contribution from the sub-surface flaw (see Figure 7.19). As it is
not feasible to put the electrode inside a cvlindrical section. this specinen was made by
cutting the pipe in half along the pipe axis and then machining the EDM slot ou the
inner surface of the pipe as shown in Figure 9.13. Cross sectional views across the EDN
flaw are also provided in the figure. Finally, the pipe sections were welded together to
re-form a pipe specimen with internal surface Haws. Care must be taken at the weld
region during the manufacturing process so that no discontinuity or defect is formed
that results in a large stress concentration and so a butt weld was used to minimise the

possibility of this.

Because the pipe was cut aud welded back together. the prior circutar shape of the round
pipe deformed. Therefore, the internal end of the pipe was machined to reshape to a
circular shape. One inherent problen is that there is no standard o-ring size for the
customised pipe diameter. Consequently, the o-rings had to be made in-house and this
caused the maxinmum pressure rating to be invalid. Static test was carried out to ensure
safety and define the maximum pressure that the pipe assembly could withstand. From

these tests on the damaged pipe, the maxinuun pressure was approximately 3.5 MPa.
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FIGURE 9.13: Technical drawing of one section of a damaged pipe specimen
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9.5 Experimental work

Experimental procedures and the experimental arrangements for TSA was the same
as the validation test described in Section 9.3.2. i.c. the damaged pipe specimen was
assembled into the fixture shown in Figure 9.14, the speciimen surface was cleaned and
coated with a very thin layer of matt Dblack paint to enhance the surface cuissivity.
The cyclic internal pressure load 1.6 + 1.3 MPa (Ae = 18 MPa) was applied. The
thermoelastic data were recorded at a resolution of approximately 1 m per pixel. The
test was carried out at loading frequencies between 0.5 and 8 Hz. The loading frequency
of 8 Hz is the maximum loading frequency that could be attained with the non-standard

O-TINgs.

Hose connection

Internal surface flaws

C |

Figure 9.14: Damaged pipe assembly

9.6 Results and discussion

Figure 9.15 shows a typical contour plot of R-signal and phase data. [t can be scen
that. i1 geueral a relatively uniforun signal distribution is observed from the R-images.
No sign of internal damage is shhown. The non-uniforin contonr at the top and botton:
edges of the specimen was due to the discontinuity of stress distribution developed from

the weld path. This is more pronounced when it is observed from the phase image.

To cxamine the non-adiabatic beliaviour in the thermoelastic respouse from the pipe
section, a series of the thermoelastic images from the middle section (see Figure 9.15)
of the pipe were obtained. The signal magnitude and phase images from different load
frequencies arve provided i Figure 9.16 and Figure 9.17 for the Haw of a/t = 0.25 and
the faw of a/t = 0.75 respectively. In Fignre 9.16. both the R-lmages and phase iimages
across the loading frequencies when a/t = 0.25 show very consistent results with no
indication of the damage. This is as expected from Figure 7.19, hence demonstrating

that the technique can not detect defeets of a/t = 0.25 and less in steel.
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Ap,= 2.6 MPa .

-

Phase images

AR P TR TR AT

FiGuRrE 9.15: TSA results: R-images across the pipe shown no sign of internal damage
but phase image reveals discontinuity at the damage site of the damage with a/t = 0.75

In Figure 9.17, there is practically no indication of the damage in the R-image, apart
from at 8 Hz. However, the presence of the damage is clearly visible in the phase
data. As the frequency is increased the location of the damage is revealed in the phase
plots. The non-adiabatic behaviour can be observed clearly from the phase signal in
Figure 9.17, which indicates the presence of sub-surface damage. To observe the effect
of loading frequency with the thermoelastic response at the damage site, a line plot
across the flaw is shown in Figure 9.18 for each loading frequency. In order to examine
the trend of the phase data at the middle of the flaw due to the change of load frequency,
the value of the phase data at the middle of the flaw is plotted together and shown in
Figure 9.19. It can be seen that the phase response at the tip of the damage increases
with loading frequency and becomes constant at 5 Hz. A similar procedure to that
used in Chapter 7, to obtain the plot of phase data at the middle of the damage site
against the dimensionless parameter (y/(t —a)), was carried out and this plot is given in
Figure 9.20. According to this data, the trend of the curve obtained from a test across a
range of loading frequencies s consistent with the findings in Chapter 7 and Chapter 8.

Here, the curve turns at «/(t —a) =~ 0.7. The R-signal at 8 Hz is subtracted from the
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one at 0.5 Hz. The result is shown in Figure 9.21. It can be seen that the contribution
from the subsurface stress is very difficult to observed in this case. Two main reasons
can be contributed to this. Firstly the applied load is too small, i.e. only 7% of the yield
stress. Secondly, the stress distribution across the thickness is unot evenly distributed
and causes more complex situations to this approach. One solution to the former is to
increase the applied load range. The later requires an in-depth study on the influcnce
of nominal stress distribution to the damage zone. However, it can be seen that the
approach is very promising in that the damage can be observed from the non-adiabatic
behaviour, i.e. from the phase response. The behaviour of the phase response a the
damage is similar to what have been observed in the previous chapters, i.e. the turning

point was revealed from a series of tests at various loading frequencies.
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FIGURE 9.16: Results from TSA from various load frequencies (with a/t — 0.25)
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FIGURE 9.17: Results from TSA from various load frequencies(with a/t = 0.75)



9.6 Results and discussion 161

S = i i

3 . % N .? T~

- ' .'- . - .‘
i il

T ~ A —

B e e . T
e e —————
LTI T A ST S R TR T T o T T T T S O T B

30

2D o A —

Phase difference (degree)

0 10 20 30 40 50 60 70

Pixel number on the interrogation line
(Resolution is approx 1 mm per pixel)

FIGURE 9.18: Phase response in thermoelastic signal at the damage region
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FIGURE 9.21: Subtracted R-signal on the steel pipe specimen

9.7 Conclusions

A test rig designed for the purposed of applying cyclic pressure to piping component has
been upgraded and higher quality components have been installed. The rig has been
validated by testing under both static and dynamic pressures. Static tests showed that
the desired pressure load can be achieved by adjusting the testing machine control panel
and that the stresses obtained in the specimen correspond to the loading. The TSA
results from the cyclic test have been validated against theory and other experimental
data; an FEA has also confirmed the results. Therefore, it can be concluded that the
pressure rig is working well with the servo-hydraulic testing machine and can be used

for investigations of stresses in cylindrical sections using the TSA technique.

The TSA damage detection on the steel pipes with longitudinal artificial cracks has
shown that the TSA approach can be used to detect sub-surface damage successfully.
In this case study, the TSA technique was used to detect the damage of a/t = 0.75
by using the phase data. The characteristic of the thermoelastic effect was similar to
that found in the idealised damage and flat plate specimen, i.e. a phase shift at the tip
of the damage that increases with load frequency up to certain level before starting to
converge, i.e. contribution of sub-surface heat content becomes weaker. The severity
of the sub-surface flaw can also be qualified by the same approach used in the previous

chapters. Based on the experimental results, the location of the turning point of phase
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data is approximately 0.7, which is not consistent with the findings in the work done on
the idealised damage (Chapter 7) and the damage in a flat plate (Chapter 8). It can be
concluded that this value is also dependent on the geometry of the structure which causes
a noniinal radial stress distribution through the thickness whereas the nominal stress
distribution in the flat plate was uniform. However, this initial work has demonstrated
the potential for TSA to be used on actual pipe structures that experience a fluctuating

pressure loading.



Chapter 10

Recommendations for future work

10.1 Summary

The work in this thesis has demonstrated the possibility of using a standard TSA system
as a dainage assessment tool. The study explored the theory behind the TSA and a new
approach of damage identification and evaluation has been developed. The approach
exploits non-adiabatic behaviour in the thermoelastic data to assess the internal stress
caused by subsurface damage. This enables TSA to be used as a tool to examine sub-
surface defects in enclosed structures such as pipes and pressure vessels. In addition, a
feasibility study on the use of TSA to evaluate the stresses in a GRP Tece-intersection
pipe section was carried out. In the following sections some suggestions for future work

are made based on the findings on this thesis.

10.2 Damage Assessment in metal

The next logical step from the work done on damage evaluation using the non-adiabatic
thermoelastic effect is to apply the approach to veal cracks. It can be seen that the
comparison of results between TSA and FE simulation in Chapter 7 shows some dis-
agreement at the tip of the slots, particularly on the maximum damage extent. This
could he caused by the omission of plasticity in the FE simulation. Valuable research
work would be on the development of a nunerical technique to include the heat genera-
tion component, due to plasticity, which is not reversible, at the crack tip region. As the
real crack is arbitrary in shape and orientation. depending on the structure and stress
conditions. further study iuto the cffect of these factors on the non-adiabatic behaviour
is also worth pursuing so that the approach can be used to detect and characterise, as

well as evaluate of the sub-surface damage on real structure.
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In view of the FE simulation of the thermoelastic effect, the FE approach would be much
simpler if mesh modeller software were available so that a complex structure containing
crack can be modelled and meshed automatically. Figure 10.1 shows a solid mesh of a
complex structure containing a crack using ZenCrack software '. This will allow quick
evaluation of the thermoelastic response for a range of different crack dimensions as well
as crack orientations. This will allow an alternative hybrid technique of using FEA and

TSA to evaluate crack geometry.

The current work has demonstrated that it is possible to obtain sub-surface stress in-
formation from the thermoelastic response. To fully exploit this it is essential that a
calibration routine is developed that allows the determination of actual stress values

from the sub-surface stresses.

FiGure 10.1: Example of damage mesh in a complex structure

Ywww.zentech.co.uk/zencrack.htm
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10.3 Application of damage assessment to pipework

In Chapter 9 it can be seen how effective the damage assessment approach is when
used on a real enclosed structure. However, it was speculated that the nominal stresses
distributed across the pipe thickness plays an essential role in non-adiabatic behaviour
as well, therefore the effect of nominal stresses across the thickness containing damage
requires further study. This is because the nominal stress distribution on a pipe section
in a real pipework is much more complex, due to the complex routing and geometrics
as shown in Figure 10.2. The approach could then be extended to evaluate the crack at

the weld toe of a pipe intersection.

FIGurE 10.2: Example of pipework in an engine room



Chapter 11

Conclusions

In this thesis, the TSA technique has been advanced for use as a damage assessiment tool.
A new approach of damage evaluation using TSA has been developed. The approach
exploits the non-adiabatic thermoelastic effect, which can be observed via phase data
from a standard TSA systemn and used to assess the severity of subsurface damage. For
this purpose, the thermoelastic expression is expressed in terms of a generalised heat
conduction equation so that it can be used to describe the thermoelastic response in both
adiabatic and non-adiabatic conditions. An FE simulation procedure was also developed
in order to simulate the thermoelastic effect under non-adiabatic conditions. The ap-
proach has been validated by comparing experimental test results with the munerical
simulation over a range of case studies. The study of the non-adiabatic therinoelastic ef-
fect shows that for a particular damage extent there exits a condition in which the phase
shift is maximised and this can be used to identify the situation wlere non-adiabatic
behaviour starts to reduce. This can be observed clearly from the plot between phase
response against the parameter 4 /{t —a). The case studies carried out on typical surface
flaws in flat plates and internal sub-surface damage on cylindrical sections show that the
approach is applicable in practice. Further analvsis of subsurface stress was carried out
to show that, by using this new parameter {(v/(t —a)). the thermoelastic data containing
‘non-adiabatic’ components can be categorised. Thercfore, subtraction between the data
containing ‘more non-adiabatic component’ from the one containing a ‘more adiabatic
component’ is used to evaluate the contribution of the sub-surface stress and that can

be related to the severity of the sub-surface stress.

On the application of TSA on the composite pipe intersection, the study shows that
it is feasible to apply TSA as a stress analysis tool on large composite structures. Al-
though the work presented in this thesis does not contain the quantitative stress-strain
information from the specimens, a comparison of normalised signal from TSA with a
normalised stress from FEA indicates that TSA can be used to evaluate stress concen-

tration on this complex structure. The proposed “stress factor’ technique allows quick
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evaluation of pipe performance. If a calibration technique around the complex region is

available, detailed stress components from TSA can be obtained.
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A.1 Plastic zone size calculation

The plastic zone size in Chapter 7 was calculated using an approximated solution of a
finite width (W) specimen with a centre crack lengtl (2a) as shown in Figure A.1 fromn

Ref. [24].

1 /RN
Ty plane strain = 6_7T <_I> (Al)

T s

where o, is yield stress of the material, K is mode one stress intensity factor caleulated
from:

K, =K;=Coyra

C =1+0.0256 (%) — 1152 (%)) +12.2 (%)‘

o)

f i

=

A
Y

o)

Ficure A 1 The {inite width centre cracked specinen
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A.2 Convergence test of the Finite Element Model

To assure optimum mesh size of the model, the process of mesh refining was carried out.
The mesh was refined until the variation in the results is less than a specific value. In
this analysis, Von-Mises Stress convergence was used. An example of a convergence test
is shown in Figure A.2. The plot of the maximum Von-Mises stress at the notch tip

converges to a constant value of approximately 170 MPa.

180x108

j Convergénce test

170x108
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FIGURE A.2: Couvergence test of the model with a/t=0.25
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Stress Factor

FIGURE A.3: Stress factors plot on the side view of the damage

A sample of the stress distribution in terms of stress factor from FE analysis and TSA

is given in Figure A.3. The figure shows the mesh density at the notch is high enough
to capture the sharp increase of stress at the notch region.



A.3 Stress Intensity Factors calculation 180

A.3 Stress Intensity Factors calculation

There are a number of well known Stress Intensity Factor solutions available for various
situations. The following solution is for senii-elliptical surface crack in tension as shown

in Figure A.4 from Ref [58]. A Matlab script file [or the calculation is also given.

A

;‘
w‘

2c

FIGURE A.4: Diagram for a crack under Mode I
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O0<p<m

% This is an M-file to be run on matlab

% Stress Intensity Factors at maximum depth of semi elliptical crack

% Define Parameters

sigma=24.97 A
a=2.65 %
B=5.3 %
W=150 %
c=7 pA
angle=90 yA

Phi=angle*pi/180 %

nominal stress MPa

crack depth

thickness

plate width

half crack width

angle at max SIF max depth

change degree to radius

fw=(sec(((pi*c)/W)*sqrt(a/B)))"0.5 % FUNCTION QF PLATE WIDTH
fphi=((sin(Phi) "2)+({a/c) "2*cos(Phi)~2))~0.25 % FUNCTION OF ANGLE PHI
C4=1+(0.1+0.35%(a/B) "2)*(1-sin(Phi)) "2
C3=0.5-(1/(0.65+a/c))+14*(1-a/c) 24

C2=-0.54+0.89/(0.2+a/c)

C1=1.13-0.09*(a/c)

F=(C1+C2*(a/B) "2+C3#*(a/B) "4) *fphi*Cd*fw

Q=1+1.464*(a/c)"1.65

K=sigma*sqrt (pi*(a/Q))*F % SIF mode I
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A.4 Stress-strain data from pressure experiments

TABLE A.1: Static strain/stress measurement

Load Strain (ue) Stress (Pa)

(kN) | SG.1[ SG.2 SG1 | 8G2
1 10 | -2.7997 | 2.06E406 | 6.71E+01
2 18 | -5.9464 | 3.65E+06 | -2.03E+05
3 26 | -9.0931 | 5.24E4+06 | -4.05E+05
4 38 | -12.2398 | 7.73E+06 | -3.58E+05
5 48 | -15.3865 | 9.77E+06 | -4.35E+05
6 59 | -18.5332 | 1.20E+07 | -4.50E+05
7 68 | -21.6799 | 1.38E+07 | -5.90E+05
8 76 | -24.8266 | 1.54E+07 | -7.93E405
9 90 | -27.9733 | 1.84E+07 | -6.20E+05
10 100 | -31.12 | 2.04E+07 | -6.97TE+05
11 108 | -34.2667 | 2.20E+07 | -9.00E+05
12 121 | -37.4134 | 2.47E407 | -7.90E405
13 130 | -40.5601 | 2.65E+07 | -9.30E+405
14 140 | -43.7068 | 2.86E+07 | -1.01E406
15 154 | -46.8535 | 3.15E+07 | -8.35E+405
16 163 | -50.0002 | 3.33E+07 | -9.75E+405
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A.5 FEA of a pressurised steel pipe

Finite Element modelling details can be found in the comments in the code.

Note: To verify the FE model, an analytical solution is also available for a thick-walled
shell and pressure vessel. The stress distribution through the thickness in a pressurized

thick-walled cylinder with end caps ! is calculated by:

2
_ Di "o
U()——k.‘z*l <1+7’2'>

where, the ratio between inner and outer radius is defined by k& = r,/r;, p; is the internal

pressure and » is an arbitrary radius between 7; and r,.

IThis is a modelling of a pipe under pressure test on April 04 !to
compare with other solutions. 'units used in this model: mm, MPa,

and Newton

/filnam, pipe_section

/title, section pipe under pressure /PREP7

!|====define internal and external diameter

R_IN=75/2 !unit in mm

R_0UT=85/2

R_mesh=50 ! number of division to mesh radius direction

Inumber of devision to mesh thickness direction

T_MESH= 8
EX=207E3 !Young’s modulus unit in MPa
PRXY=0.3 'Poisson ratio

PRESSURE=3.849 ! applied pressure unit in MPa, Force/3117 sqmm.
I create only a quarter of the cylinder section
CyL4,0,0,R_IN,0,R_OUT,S0 ! model only a quater of the pipe
| ==============control mesh size LSEL,S,,,1,3,2

Iselect line curves

LESIZE,ALL,, ,R_mesh

LSEL,ALL

LSEL,S,,,2,4,2

!select line thickness

LESIZE,ALL,, ,T_MESH

LSEL,ALL

ET,1,PLANE42,1,,0,,,

'"PP Benham, RJ Crawford and CG Armstrong, Mechanics of Engincering Materials, 2nd edition,
Prentice Hall, page 386-387



A.5 FEA of a pressurised steel pipe

! define element type and keyopt(3)=0 for plain stress

MP,EX,1,EX ! Young’s modulus of linear material

properties
MP,PRXY,1,PRXY ! Poisson ratio
AMESH, ALL

/SOLU

I Solution section

ANTYPE,STATIC
DL,2,,UX,0
DL,4,,UY,0
SFL,3,PRES,PRESSURE ! apply pressure on line number 3 in the model

solve

ELEMENTS
MAT HNUM

jranneann|
£,

“\z

X

Mesh of a quater of the pipe section under

Plain stress condition

\,‘\‘x\ !
& ‘éx e‘i{:“\\
W N
%ga%
w@k’

R

a0

17

11

ANSYS 7.0

FIGurE A.5: FE mesh
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ANSYS 7.0
NODAL SOLUTION
STEP=1

SUB =1

TIME=1

S1 (AVG)
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.005809
SMN =26.994
SMX =30.9895

U

PRES-NORNM
3.849
3.849
26.994
27%.4938
27.883
28.328
2B.772
29.217
29.661
30.106
0. 55
30.995

BO0CREEER B

FEA solution of S1 under plain stress: internal pressure = 3.849 MPa

Hoop stress(MPa)

30

29.5

N
=]

N
©
o

28

27.5

27

26.5

FIGURE A.6: Nodal solution of S

FEA validation with thick-walled theory

T
— FEA
¢ Thick walled theory

37.5 38 38.5 39 39.5 40 40.5 41 41.5 42 42.5

FIGURE A.7: hoop stress plot from FEA and theory
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A.6 Coefficient of thermal expansion

According to the calculation of a1 and ass used in section 3.5 for the GRP pipe using
in the experiment. By using the formulation proposed by Schapery, the coef. of thermal
expansion in the principal directions of laminar are obtained?. Then it is necessary to
transform these values in to the principal stress direction occurred on the straight pipe.
By using the standard tensorial transformation and substitute the symmetric winding
angle from zero to 90 degrees, the relationship between coef. of thermal expansion in

both directions and winding angle can he plotted in figure A.8
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Winding angle with respect to hoop direction (deg.)

FiGUrRE A.8: Coeflicient of thermal expansion

2]. M. Dulieu-Smith, S. Quinn, R. A. Shenoi. P. J. C. L. Read, and $. 8. J. Moy. Thermoelastic
stress analysis of a GRP tee joint. Applied Composite Materials, 4:283-303, 1997.
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A.6.1 Matlab code for plotting CTE

Ef=80e12; %Young modulus of fibre

alpha_f=5e-6; /CTE of fibre

Vf=0.7; % Vol fraction of fibre

Em=3.5e12; % Young modulus of matrix

alpha_m=60e-6; % CTE of matrix

Vm=0.3; % Vol fraction of matrix

PRf=0.27; %Poisson ratio of fibre

PRm=0.37; % Poisson ratio of matrix
PR12=(PRf*Vf)+(PRm*Vm); 7% Poisson ratio of composite
alpha_p=((Ef*alpha_f*Vf)+(Em*alpha_m*Vm) )/ (Ef*Vf+Em*Vm)
% CTE parallel to fibre direction
alpha_t=(alpha_f*(1+PRf)*Vf)+(alpha_m*Vm* (1+PRm))-PR12*alpha_p
% CTE transverse direction

for i1i=1:1:90;

phi=i#pi/180; % winding angle in degree 22.5
alpha_ll=alpha_p*cos(phi) "2+alpha_t*sin(phi) ~2;
alpha_22=alpha_p*sin(phi) “2+alpha_t*cos(phi) " 2;
A11(i,1)=alpha_11

£22(i,1)=alpha_22

end

x=1:90

plot(x,A11,’b-’, x,A22,’b-—-");legend(’a_1_1’,’a_2_2")
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A.7 Stress factor approach

This section provides procedures to evaluate stress factor along the top surface of the
pipe adopted in section 3.7.1. The example shown here is the procedure to evaluate stress

factor for the steel pipe (T-05). A comparison with FEA is also given in Figure A.9.

Procedure to obtain stress factor plot:

1. The Uncalibrated signal from TSA is plotted and shown in Figure A.10 (top).

The figure also shows the linear range, which was used to calculate nominal signal

(SIIOHI) ‘

2. A best fit line along the linear region is extrapolated up to the joint region (see
Figure A.10 (top)). This could be considered as a reference signal due to a linear

stress condition on an equivalent straight pipe subjected to simple bending load.

3. The stress factor is the ratio between the signal output from TSA and the reference

line created previously. The stress factor is plot in Figure A.10 (bottom).

The stress factor from experiment is then compared with those evaluated from an FE
model and shown in Figure A.9. The discrepancy between FEA and TSA at the max-
imum stress shown in the figure is caused by the high stress concentration at the weld

path which cannot be modelled accurately in a simple FEA.
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FIGURE A.9: Stress Factor from TSA and FEA
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Ficure B.1: Damaged beam specimen dimensions
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Ficure B.6: Al plate specimen with nmltiple damage for FE valicdation
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Ficure B.7: Universal Joint
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Ficure B3.8: Universal joint connector
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