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ABSTRACT

This work aimed to develop non-destructive control procedures, either automated or semi-
automated, for evaluating the quality of thin welded joints using active thermography
techniques. After a thorough analysis of the state of the art of traditional non-destructive
control methods for thin joints, it was found that thermographic techniques can be used
both for a quantitative evaluation of the fusion region in RPW welds and for verifying
microstructural changes through the measurement of thermal diffusivity. After developing
a pulsed thermography testing procedure to measure the fused zone in RPW joints, this
was validated using well-established controls such as ultrasound and computed
tomography as references. In addition, using finite element models and Design of
Experiment (Response surface method) methodologies, a study was conducted on the
influence of test parameters on the error in the thermal diffusivity measurement, identifying
a testing procedure for selecting the most suitable parameters. It was also found that the
pulsed laser thermographic technique can distinguish different microstructures in boron
steels through thermal diffusivity, which was subsequently correlated with the ultimate
tensile strength, allowing for an estimation of the latter through the measurement of

thermal diffusivity.
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INTRODUCTION

n mechanical design, whenever there is a need to connect two components, it is
necessary to use a joint. This makes it virtually impossible to obtain any mechanical
component without a welded, glued, or bolted joint.
For this reason, joints are one of the dominant processes in all industrial sectors, especially
in the automotive and aerospace industries, where there is a strong push towards adhesive
and welded joints, as opposed to bolted joints, in order to lighten the structures. In these
fields, the use of joints is particularly massive (over 5,000 welds for an automobile frame
and over 2.5 million rivets for an airplane). Therefore, they have always been the subject
of research and development, both in terms of the manufacturing process but especially in
terms of quality controls.
Indeed, the mechanical design of joints is both a fundamental and delicate aspect, as
regardless of whether they are made of metal or composite, especially for glued and welded
joints, they represent one of the most significant design challenges. In fact, despite the
plethora of processes available to connect two components, it is only sometimes possible
to transfer knowledge from one family of joints to another, making their design
complicated and control vital.
Considering welded joints alone, there are different types of welds, each with different
characteristics. However, they are characterized by one common factor: they are processes
that take place at high temperatures to fuse metallic materials, often in environments where
control of the conditions is complicated and, in most cases, they are processed with a highly
manual component. This means that the actual welded joint can deviate significantly from
the designed one, with a wide range of possible defects that reduce its static and mechanical
fatigue resistance.
Due to these characteristics, welded joints require great attention in controls in production
and operation. Currently, various destructive controls are possible, but non-destructive
controls are critical.
Welds are subjected to superficial (penetrant liquids, magnetic particles, visual inspection,
induced currents) and volumetric (where the main techniques are ultrasonic and

radiographic) non-destructive testing. These techniques, although they allow the
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advantage of inspecting the joint without compromising its functionality in any way, have
some significant disadvantages, the main ones being:

e Long inspection times;

e Difficult to apply in-situ;

e Difficult to automatize;

¢ Difficult to have a 100% production check;

e Problem on thin joints.
Despite several advances in ultrasonic techniques, these limitations in the most widespread
non-destructive tests are of great importance and constitute an important brake on the use
of welds and adhesives in the industrial sector. In an economic-production context where
crucial goals are lightening structures, reducing processing waste, and continuous
improvement, the development of non-destructive testing procedures that allow automatic
verification of these types of joints in times compatible with production times is an essential
issue.
Active thermography, which originated as a surface non-destructive testing technique and
1s now increasingly widespread in the industry, therefore has the potential to overcome the
limitations mentioned. The use of active thermography presents several advantages,
including:

e Full-field inspection;

e Shorter inspection times;

e No contact with the component;

e Possibility of automating the inspection.
Currently, the use of active thermography as a surface technique for thermally high-
diffusive components 1s mainly due to the high energy densities necessary to achieve
greater inspection depths, which, in pulsed thermography, would correspond to high
power values. However, for thin joints using high-energy density sources, several
applications in the literature confirm the possibilities of this technique. Moreover, there are
no well-defined procedures that are automatic or semi-automatic. In addition, most of the
works in the literature on the control of welded joints aims to identify defects in the joint
or quantify the fused region, but, for example, no attempt has been made to identify and
quantify the heat-affected zone, which we know is a vital objective in weld control.
In this scenario, therefore, the present thesis work, incorporated into a wider research

project, aims to identify thermographic procedures, automatic or semi-automatic, that
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allow for a quantitative analysis of the fused region in thin welds and that allow for the

detection of microstructure variations in steels to identify the HAZ.

|  Quantification of
welded area
| P

ulsed thermography on
welded joints

on-destructive

p ) Qualitative and
thermographic procedure titative defect
forassessment of welded quantitative detects

joints analysis
Evaluation of
microstructure by
— thermographic methods

Quantification of heat

affected zone

Figure 1 Scheme of research activities conducted in thesis work.

These goals are indeed functional to the long-term goal of developing a unique procedure,
followed by a system that automatically verifies the welded zone, checks for defects, and
quantifies the HAZ of a thin weld.

The first chapter clarifies the importance of joints in mechanical design, explaining what
joint control consists of and with which methods, destructive and non-destructive, it is
currently carried out. In addition, the limitations of current non-destructive methods,
which we aim to overcome, are highlighted.

In the second chapter, after an introduction to the thermographic technique with a mention
of its physical principle, the most common analysis algorithms are treated to clarify the
potential of this technique applied to thin joints. Finally, this chapter is concluded with an
explanation of why active thermography could also be used to measure microstructure
variations following a heat treatment by exploiting thermal diffusivity variations.

In the third chapter, after an analysis of state of the art on non-destructive controls on thin
joints, with a focus on thermographic ones, case studies on resistance spot welds (RPW)

are presented. In the first case, from the analysis of 12 RPWs obtained with different
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process parameters according to a factorial design, a procedure was developed to relate
some thermographic features to the set of welding parameters used, using flash
thermography. In the second case, carried out in collaboration with the Bundesanstalt fiir
Materialforschung und -priifung (BAM) at their site, a semi-automatic procedure was
developed to quantify the fused area of RPWs, comparing it with established techniques
such as ultrasonics and computerized microtomography.

In the fourth chapter, two case studies are addressed after a significant review of
thermographic methods for measuring thermal diffusivity in opaque materials. First, after
a detailed study on the influence of test parameters on the measurement of thermal
diffusivity in the pulsed laser method, including with the aid of FEM simulations, a
procedure was identified for selecting test parameters based on the sensitivity required for
the diffusivity measurement. In addition, steel plates with different microstructures were
analyzed to verify the ability of the thermographic technique to distinguish a martensitic
structure from a ferritic-pearlitic one, finally identifying, through destructive tests, a
correlation between thermal diffusivity and ultimate tensile strength. In the second case
study, other microstructures with three different grades (bainite - bainite/martensite -
martensite) were analyzed to analyze the resolution of the thermographic technique used

to recognize different microstructures.
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Figure 2. Executive summary scheme.




CHAPTER 1

Joints in mechanical design

he design of mechanical joints and fasteners has traditionally focused on

individual structural components and their specific requirements. However, there

are numerous models and formulas based on fundamental principles that can
improve upon this traditional "rule of thumb" approach. Through continued study and use,
these formulas have become increasingly reliable and efficient. In recent years, finite
element methods and numerical analysis have further enhanced these formulas. The design
of mechanical joints presents a unique challenge because the behavior of a joint is often
complex and cannot be accurately predicted by a single formula. This can lead to defects
in the overall design if critical material characteristics of the joint components are ignored.
The main goal of a mechanical joint is to hold parts together and transfer a load from one
structural component to another. The joint must transfer this load across a mechanical
boundary without creating a detrimental stress gradient.
One disadvantage of a welded joint is that it can fail due to the propagation of cracks across
the heat-affected zone (HAZ). However, welded joints do not experience a high level of

stress concentration because the transition from one side of the joint to the other is smooth

[1].

c) vvvvvvvvvvvvvvv %
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Figure 3. (a) A scarfjoint. (b) A butt joint. (c) A lap joint with stress concentration.[1]
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When a mechanical joint has a lap configuration, as shown in Figure 3, it is impossible to
avoid stress concentration. The bonded length is AB, with the highest stresses likely to
occur at points A and B. The type of fastener used in a lap joint (such as a rivet, bolt, weld,
screw, nail, or glue) does not matter as long as the joint is rigid and secure and does not
need to be replaced [1].

The initial consideration to be analyzed by the engineer is to determine if the subject joint
is to be either a permanent or a detachable joint. A detachable joint is defined as a joint that
can be assembled and disassembled without any structural or geometric change to the
fastener.

A brief overview of the primary joining approaches is reported below [1].

Adhesive bonding. Adhesive technology allows for the joining of a wide range of
materials. Adhesive bonding involves bonding materials at the intermolecular or
interatomic level, enabling the joining of dissimilar materials such as ceramic to metal,
plastic to metal, and metal to metal. The aerospace industry has played a significant role
in various industries' growing use and application of adhesive bonding.

Brazing and soldering. Brazing and soldering are mostly used for oil coolers and radiator
seams. These methods are cheaper than welding and are suitable for low-stress and low-
temperature environments. Solder has a melting point below 840°F, while braze has a
melting point above 840°F. Soldered joints often use formed metal edges to transfer loads
across the joint.

Riveting. This involves using a rivet, a mechanical fastener with a head on one end and a
stem on the other, to join materials. The stem is inserted through holes in the materials to
be joined, and then the head is formed on the stem to secure the joint.

Threaded fasteners. The primary function of most threaded fastener joints, such as bolts
and screws, is to hold two or more objects together. Some bolting systems are used to bring
objects together during assembly, while others are used to resist shear forces. Threaded
fastener joints can be modelled as a series of springs. However, the stress distribution in
the fastener spring system is non-uniform, making the joint an unstable system where long-
and short-term effects can modify the distribution of stress and stored energy. In this
context, "bolt" refers to threaded fasteners typically used with a nut or in a tapped hole. In
contrast, "screw" refers to threaded fasteners with a sharp end, such as self-drilling screws

for metal or wood screws.
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Welded joint. Welding is a popular method of joining materials. Although it is being
replaced by adhesive bonding in some cases, there are nevertheless many applications for
which welding is the preferred and sometimes the only joining approach available. Many
types of welding techniques are available, including electron beam welding, MIG welding,
TIG welding, and friction welding. Another type of welding is resistance welding, which
uses heat from the resistance to electric current to fuse the welded materials. Resistance
welding is often used in manufacturing industries because it is fast, efficient, and can be
automated. Despite the emergence of alternative joining methods, welding is still the
preferred choice for many applications and is sometimes the only viable option. However,
an overview of the welding process advantages/disadvantages will provide insight into the

applications of all welding processes, as show in Table 1.

Advantages Disadvantages

Special equipment is necessary to detect
When properly formed, welds have ) ]
_ . weld defects, e.g., voids or occlusions and
strength equal to materials being joined. ‘ )
this approach is often not successful.

Temperature changes do not affect

strength and rigidity within joint service Residual stresses may be introduced.
range.
Provides good thermal and electrical Welding may cause joined objects to
conductivity. warp.

o ‘ Heat treatment of the metals being joined
When properly formed, joints are fluid . _
may change especially in the “heat

tight.
affected zone.”
Number of dissimilar metals that can be
Typically lighter than bolted joints. joined is limited. Disassembly of welded
joints is very difficult if at all possible.
May be utilized to build-up or construct Welding requires: skilled (certified)
configurations other processes cannot operator and relatively

form. expensive equipment.
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Can be designed to introduce no .
. ' Pre-welding surface treatment may be
additional stress concentrations by ‘
required.

properly grinding weld beads.

Table 1. Advantages and disadvantages of welded joints [1].

Welded connections offer advantages over mechanical fasteners, including strength,
stiffness, load-carrying capability, and cost-effectiveness. Modern welding techniques
include submerged arc welding, shielded metal arc welding, and gas metal arc welding.
However, controlling heat input during the welding process can be challenging. Residual
stresses in the heat-affected zone (HAZ) can lead to brittle failure. There are two main
types of welded joints: fillet and groove configurations. Groove or butt-type welds are
typically stronger. Welded joints can be designed using either elastic or plastic methods,
with a plastic design allowing for higher stress capacities. Welding can cause changes in
the microstructure of the metal in the HAZ, leading to reduced fatigue resistance. Factors
contributing to weld zone cracking include metallurgical and process variables, which must
be carefully controlled. Fatigue life 1s influenced by the initiation and growth of critical
cracks, and the fatigue strength of a joint can be reduced by intermittent longitudinal and
transverse welds. The design of butt joints is relatively straightforward, but the sizing of
fillet welds is mainly empirical. Weld line formulas are convenient and accurate for design
purposes. The design of lap joints depends on the rigidity of the connected members, and
regulatory bodies provide recommendations for lap joint design to ensure good fatigue
resistance. Beam-to-column connections can be stiffened or unstiffened, and simplified
formulas and design guidelines are available for selecting the optimal dimensions of the
joint components. The design of column base plates involves bearing pressure allowable
and plate bending criteria, and plastic hinge methodology can also be used. Cover plates
can be welded to form entire girders or to increase the strength of existing structural shapes,
using the same design formulas for both cases. New developments in welding technology
include explosive seam welding, explosive cladding, diffusion welding, and other
techniques that are superior to traditional joining methods. These types of welded joints

should be based on empirical data [1].

1.1 Welded joints assessment

Quality assessment in welding is an essential aspect of mechanical design, as the quality of

the weld can significantly affect the performance and reliability of the welded joint. Various
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factors, including the type of welding process, the welding parameters, the quality of the
base material and filler material, and the welder's skill determines weld quality.

Poor weld quality can lead to various problems, including reduced strength and stiffness,
increased deformations under load, and reduced fatigue resistance. It can also lead to
premature failure of the welded joint, which can be costly and dangerous in specific
applications. Therefore, it is crucial to ensure that the welds meet the required quality
standards to ensure the welded structure's overall performance and reliability.

By regularly assessing the quality of welds and implementing appropriate quality control
measures, it is possible to ensure that the welded joint is of high quality and can withstand

the expected loads and environmental conditions.

Notch centre Notch centre for
forFL ~.. .‘(HAZ (FL+2 mm)

Base
material

Base
material

Figure 4. Scheme of different areas in a welded joint [2]

In addition to testing the welds after they have been completed, it is also essential to
monitor the welding process to ensure that it is performed correctly. This may involve
automated weld inspection systems or implementing quality control checks during
welding. By taking a proactive approach to quality assessment in welding, it is possible to
reduce the risk of defects and improve the overall performance and reliability of the welded

structure [1].

1.1.1 Heat affected zone (HAZ)

The heat-affected zone (HAZ) in welding refers to the area of the base material that has
been heated to a high enough temperature to cause a change in its microstructure but not
enough to melt it (Figure 4). The extent of the HAZ depends on the welding process, the
heat input, the material's thickness, and the base material's chemical composition.

During welding, the temperature at the weld interface can reach up to several thousand
degrees Celsius. In comparison, the temperature in the HAZ can be several hundred
degrees lower. The cooling rate in the HAZ is much slower than at the weld interface,

leading to a longer time for the microstructure to transform. The microstructure in the
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HAZ can be affected by the formation of new phases or the precipitation of carbides or
other intermetallic compounds, which can alter the material's mechanical properties, such
as its strength, ductility, and fatigue resistance. This can significantly impact the welded
joint's overall performance, particularly under dynamic loading conditions.

One of the main problems with HAZ is that it can be a source of residual stresses. These
stresses can be caused by the difference in thermal expansion between the weld and the
base material, the formation of new phases or compounds, or the difference in cooling rates
between the weld and the base material. These residual stresses can lead to distortion,
deformation of the welded structure, or even brittle failure.

To minimize the negative effects of the HAZ, it is crucial to control the heat input during
the welding process and to choose the appropriate welding parameters and filler material.

The use of pre- or post-weld heat treatment can also help to reduce residual stresses [1].

1.1.2 Welded area

In welding, the effective melted area refers to the region of the base material that has
reached the melting temperature and has been fused with the filler material. The effective
melted area is an essential factor to consider in mechanical design, as it plays a significant
role in the overall performance of the welded joint.

One of the main reasons for measuring the effective melted area is to ensure that the weld
is sufficient to transfer the expected loads across the joint. The size and shape of the
effective melted area can affect the strength and stiffness of the welded joint and its ability
to resist deformation under load. A larger effective melted area will generally result in a
more robust and stiffer joint. However, the size of the melted area should also be balanced
against other factors, such as the base material's thickness and material properties, the
welding process's type, and the weld's desired aesthetic appearance.

Another reason for measuring the effective melted area is to ensure that the weld is free of
defects, such as porosity, slag inclusions, or incomplete fusion. These defects can weaken
the welded joint and reduce its reliability and durability. By measuring the effective melted
area, it is possible to identify and correct any defects that may have occurred during the

welding process [1].
1.1.3 Defects in welded joints

Defect detection in welding is a vital aspect of mechanical design, as defects in welds can

significantly affect the performance and reliability of the welded joint. Defects can occur
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during the welding process due to various factors, including incorrect welding parameters,
contamination of the base or filler material, or operator error.

Some common types of defects in welds include porosity, slag inclusions, incomplete
fusion, and underfill or overfill Figure 5. Porosity refers to small voids or bubbles in the
weld that can weaken the joint and reduce its fatigue resistance. Slag inclusions are non-
metallic materials that can become trapped in the weld and create stress concentrations,
leading to premature failure. Incomplete fusion occurs when the base material and filler
material do not fully bond, creating a weak point in the weld. Underfill or overfill occurs
when too little or too much filler material is used, resulting in a weld that needs to be

properly sized to transfer the expected loads.

; . Wy

Figure 5. Several examples of typical defects in welded joints[3].

Defects in welds can lead to various problems, including reduced strength and stiffness,
increased deformations under load, and reduced fatigue resistance. They can also lead to
premature failure of the welded joint, which can be costly and dangerous in specific
applications. Therefore, it is essential to detect and correct defects in welds to ensure the
welded structure's overall performance and reliability [1].

Various methods for detecting defects in welds include visual inspection, radiographic
inspection, ultrasonic inspection, and magnetic particle inspection. These methods can be

used individually or in combination, depending on the type and location of the defects and
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the material being welded. Regularly inspecting welds for defects and implementing
appropriate quality control measures can ensure that the welded joint is of high quality and

able to withstand the expected loads and environmental conditions.

1.2 Adhesive joint assessment

Quality assessment in adhesive joints is a crucial aspect of mechanical design, as the quality
of the adhesive joint can significantly affect the performance and reliability of the structure.
Adhesive joints are often used to join dissimilar materials, and the quality of the adhesive
bond is influenced by a variety of factors, including the type and surface preparation of the
materials being joined, the type and amount of adhesive used, and the curing conditions.

One of the critical points of quality assessment in adhesive joints is ensuring that the

adhesive has adequately wetted and bonded to the surfaces of the materials being joined.

Figure 6. Examples of typical defects in adhesive joints[4]

This is important because a poor bond can lead to reduced strength and stiffness, increased
deformations under load, and reduced fatigue resistance. In addition, poor bond quality
can result in premature failure of the adhesive joint, which can be costly and dangerous in

specific applications.
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Another critical point of quality assessment in adhesive joints is ensuring that the adhesive
has been adequately cured. Adhesive joints typically require a certain amount of time and
temperature to reach their full strength. If the adhesive is not cured correctly, it may not
achieve its full potential. This can lead to reduced performance and reliability of the
adhesive joint.

There are several ways in which adhesive joints can fail. One common failure mode is a
cohesive failure within the adhesive itself. A variety of factors, including excessive stress,
temperature changes, or the presence of chemical contaminants, can cause this.

Another mode of failure is an adhesive failure, which occurs at the interface between the
adhesive and one of the materials being joined. This can be caused by poor bonding
between the adhesive and the material, inadequate surface preparation, or improper curing
of the adhesive.

A third failure mode is an interfacial failure, which occurs at the interface between the two
joined materials. This can be caused by mismatched coefficients of thermal expansion,
differential movement between the two materials, or the presence of contaminants at the
interface.

The importance of adhesive joints in mechanical design cannot be overstated. They are
used in various applications, including aerospace, automotive, and construction, and play
a crucial role in the integrity and performance of many structures and systems. Therefore,
it is essential to understand the mechanisms of adhesive joint failure and to design and
manufacture adhesive joints that are reliable and resistant to failure. This requires careful
consideration of factors such as material selection, surface preparation, adhesive
properties, curing conditions, and thorough testing and quality control measures.

There are various methods for assessing the quality of adhesive joints, including visual
inspection, peel test, tensile test, and shear test. These methods can be used individually or
in combination, depending on the type of adhesive and the materials being joined. By
regularly assessing the quality of adhesive joints and implementing appropriate quality
control measures, it is possible to ensure that the adhesive joint is of high quality and able

to withstand the expected loads and environmental conditions.
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1.3 Traditional destructive and Non-destructive methods

1.3.1 Destructive test for joints

Destructive testing methods are widely used to assess the quality of adhesive and welded
joints, including their fatigue performance and the effect of defects on their strength and
performance. These methods involve physically breaking or cutting the joint to examine
its internal structure and properties. They can provide valuable information about the

joint's performance under various loading conditions and the presence of defects.

1.3.1.1 Metallographic test
One standard method is the metallographic method which is widely used for evaluating
the quality of welded joints. It involves preparing a cross-section of the welded joint and
examining its internal microstructure and properties under a microscope.
The first step in the metallographic method is to prepare a sample of the welded joint for
examination. This usually involves cutting or grinding the sample to a thin section and
polishing it to a mirror finish. The sample is then mounted on a microscope stage, and a
thin layer of contrasting material, such as a metal oxide or dye, is applied to highlight the
microstructural features of the sample.
The sample is then examined under a microscope, typically at magnifications of around
100-500 times. This allows the examiner to observe the microstructure of the weld,
including the grain size, the presence of defects such as porosity or inclusions, and the
distribution of elements within the weld.
The metallographic method is a valuable tool for identifying and characterizing defects in
welded joints and evaluating the weld's quality.

1.3.1.2 Tensile test
Tensile testing is a widely used method for assessing the quality of welded and adhesive
joints. It involves applying a tensile load to the joint until it fractures, allowing to determine
the strength and ductility of the weld and to identify any defects or weaknesses that may
be present.
The tensile testing process typically involves mounting the joint in a testing machine and
applying a tensile load to the joint using a set of grips or fixtures. The load is applied
gradually, at a constant rate, until the joint fractures or deforms beyond a specified limit.
The load-displacement behavior of the joint is recorded throughout the test. Various
properties, such as yield strength, tensile strength, and elongation, are determined from the

load-displacement curve.
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Tensile testing is a useful tool for evaluating the strength and ductility of welded joints, as
it allows to assess the ability of the weld to withstand tensile forces and to deform without
breaking. It is also useful for identifying defects such as cracks, inclusions, or porosity that

may be present within the joint.

1.3.1.3 Bending test

Bending tests are a widely used method for evaluating the quality of welded joints. They
involve subjecting the welded joint to bending forces, either in a three-point or four-point
configuration, until it fractures or deforms beyond a specified limit.

The bending test process typically involves mounting the welded joint in a testing machine
and applying a bending load to the joint using a set of fixtures or loading points. The load
1s applied gradually, at a constant rate, until the welded joint fractures or deforms beyond
a specified limit. The load-displacement behavior of the welded joint is recorded
throughout the test. Various properties, such as yield strength, tensile strength, and
ductility, are determined from the load-displacement curve.

Bending tests is used for evaluating the strength and ductility of welded joints, and to assess
the ability of the weld to withstand bending forces and deform without breaking.
Identification of typical defects such as cracks, inclusions, or porosity that may be present

within the weld, can be provided too.

1.3.1.4 Chisel test

Chisel tests are a destructive method used to assess the quality of spot-welded joints. They
involve applying a chisel-like force to the spot welded joint, typically in a shear or tensile
configuration, until the weld fractures or deforms beyond a specified limit.

The chisel test process typically involves mounting the spot welded joint in a testing
machine and applying a chisel load to the joint using a set of fixtures or loading points.
The load is applied at a constant rate until the spot weld fractures or deforms beyond a
specified limit. The load-displacement behavior of the spot weld is recorded throughout
the test, and various properties, such as yield strength, tensile strength, and ductility, are
determined from the load-displacement curve.

Chisel tests are useful for evaluating the strength and ductility of spot welded joints, as they
allow to assess the ability of the weld to withstand shear or tensile forces and to deform
without breaking. It is also used 1 for identifying defects such as cracks, inclusions, or

porosity that may be present within the weld.
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1.3.1.5 Peel test
Peel tests are a destructive testing method used to evaluate the quality of adhesive and
welded joints, including their fatigue performance and the effect of defects on their strength
and performance. These tests involve peeling the joint apart to measure its peel strength,
which is the maximum force required to separate the two materials being joined.
The peel test process typically involves mounting the joint in a testing machine and
applying a peel load to the joint using a set of fixtures or loading points. The load is applied
gradually, at a constant rate, until the joint fractures or separates. The load-displacement
behavior of the joint is recorded throughout the test, and the peel strength is determined
from the maximum load or force required to separate the materials.
It is used to identify defects such as voids, inclusions, or contaminants that may be present
within the adhesive or weld.
In fatigue testing, the adhesive or welded joint is subjected to repeated peel cycles, typically
at a constant amplitude and frequency, until it fractures. This allows for determining the
fatigue strength of the joint in the peel, which is the maximum stress it can withstand before
failing due to fatigue.

1.3.1.6 Shear test
Shear tests are a destructive testing method used to evaluate the quality of adhesive and
welded joints, including their fatigue performance and the effect of defects on their strength
and performance.
The shear test process consists in mounting the joint in a testing machine and applying a
shear load to the joint using a set of fixtures or loading points. The load is applied gradually,
at a constant rate, until the joint fractures or deforms beyond a specified limit. The load-
displacement behavior of the joint is recorded throughout the test, and the shear strength
1s determined from the maximum load or force required to cause failure.
The strength and performance of adhesive and welded joints, as they allow to the
assessment of the joint's capability to resist shear forces and deform without breaking, can
be evaluated by shear test. Moreover is used to identify defects such as voids, inclusions,

or contaminants that may be present within the adhesive or weld.
1.3.2 Non-destructive tests for joints

Non-destructive testing (NDT) offers a valuable alternative to destructive tests to assess the

quality of joints. Several methods are present, and the most suitable for this thesis's scope
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will be discussed later. Below is only a short description of the traditional NDT method

used to assess joints.

1.3.2.1 Visual test
Visual inspection is a widely used non-destructive testing (NDT) method for evaluating the
quality of welded joints. It involves examining the surface of the welded joint with or
without optical aids, such as hand lenses or borescopes, to identify defects or imperfections
that may affect the joint's strength or performance. Gross surface defects, such as severe
undercut or incompletely filled grooves, can be rejected immediately before further testing.
The appearance of the weld surface can also provide information about the weld quality.
Metallographic examination using a replica technique may be used to examine the
structure of the weld metal and the surrounding area. Visual inspection may also include
measuring various weld parameters, such as surface contour, and should be performed
before welding to check the form of preparation, cleanliness, and fit-up. Optical aids, such
as borescopes and closed-circuit television cameras, can be used to examine welds on

internal surfaces or in otherwise inaccessible areas[5].

1.3.2.2 Magnetic particles
Magnetic particle testing is a non-destructive method used to detect surface and near-
surface defects in ferromagnetic materials such as steel. The principle of the method is that
a specimen is magnetized, producing magnetic lines of force within the material. Suppose
these lines of force encounter a discontinuity, such as a crack. In that case, secondary
magnetic poles are produced at the faces of the crack. These poles can be revealed by
applying magnetic particles to the surface as a powder or liquid suspension. The best
direction for crack detection is when the crack is at right angles to the magnetic flux and
when it reaches the surface so that there is a local leakage of flux out of the specimen. The
specimen can be magnetized in several different ways, such as by using it as a keeper across
a permanent or electromagnet's poles or by passing a current through the specimen or a
bar threaded through it. Magnetic particle testing is useful because it does not require
special surface preparation and can detect cracks down to a few microns wide. However,
it is limited to ferromagnetic materials and may require several tests on complex shapes to
ensure complete coverage. The sensitivity of the method may also vary on complex shapes

due to variations in magnetization
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1.3.2.3 Eddy current method
Eddy current testing is a non-destructive method that uses alternating currents to detect
flaws in conductive materials. When a coil carrying an alternating current is placed near a
conductive metal specimen, eddy currents are induced in the specimen, which produces a
current in a secondary search coil or affects the current in the primary coil. The flow of
eddy currents in the specimen is disturbed by defects, which can be detected by measuring
the current in the search coil. Eddy current testing can be sensitive to flaws. However, its
accuracy is often affected by the metallurgical condition and dimensions of the specimen,
as well as the geometry of the coils. Differential coil probes are a type of eddy current
testing probe specifically designed to examine ferritic welds. These probes are
characterized by their minimal dependency on variations in conductivity and permeability
and operate at the lower frequency end of the range 100kHz-1MHz. To ensure accurate
and reliable results, the equipment is calibrated with a standard reference piece containing
slots of specified width and depth. Eddy current testing is also widely used for the
automatic and rapid inspection of tubes, wires, and bar stock made of ferrous materials,
with BS 3889: Part 2A: 1986 covering the inspection of ferrous pipes and tubes up to an
outside diameter of 60mm. One advantage of eddy current testing is that it can be applied
to non-metallic coated surfaces. However, the roughness of the surface may hinder efficient
examination. Additionally, eddy current testing has the capability for high-speed scanning,
provided that the computer has sufficient processing capacity to handle large amounts of
data. Eddy current testing can also be applied to non-metallic coated surfaces, but the
coating must be sufficiently thin to allow the eddy currents to penetrate. It is used for the
rapid inspection of tubes, wires, bar stock, and other products and can be automated for
high-speed production lines.
1.3.2.4 Penetrant methods

Penetrant methods involve applying a liquid to the surface of a specimen and allowing it
to soak into surface-breaking cracks and cavities. The excess liquid is then removed, and
any liquid that has entered cracks is made visible through a developer, fluorescence, or
seepage. These methods can be used to detect surface-breaking cracks on all weldments.
However, magnetic particle methods are preferred for welds in magnetizable materials.
Penetrant testing is commonly used on welds in non-ferrous materials, light alloys, and
austenitic and non-magnetic steels. It has the advantage of being able to cover the entire

surface area of a specimen in one operation. There are two main types of penetrants:




Non-destructive thermographic method for the evaluation of thin joints

fluorescent materials, which require a source of ultraviolet light for viewing, and dye
penetrants, which produce a coloured indication. Fluorescent penetrants can be further
divided into those that deposit material into the crack that fluoresces when dry and those
that are fluorescent liquids. Effective cleaning of the specimen is crucial for penetrant
testing, as contaminants can prevent the penetrant from entering cracks. Abrasive cleaning
methods should be avoided unless followed by an acid etch, as they can close the mouth
of a crack. Thixotropic penetrant liquids have been developed for in situ inspections on
vertical or overhead surfaces.

The use of post-emulsifiable penetrants has allowed for the automation of the process for
small components, resulting in standardized processing cycles. Components, such as
turbine blades and castings, are typically loaded into wire baskets and placed on a conveyor
rail. The total process time, including drying and development, is approximately one hour.
Fluorescent penetrants are more commonly used due to their greater sensitivity, although
both fluorescent and dye penetrants can be utilized. Automating the process for
components with a known history allows for the pre-cleaning process, a crucial factor in
the reliability of penetrant inspection, to be tailored to the contaminants present during
manufacture. However, pre-cleaning specimens with unknown histories is a challenge in
the penetrant inspection. Some dye penetrant processes can be applied at high temperatures
and are useful for examining preheated welds, partially completed welds, and weldments
with a slow cooling rate. The procedure for these applications involves soaking at reduced
temperatures for shorter periods.

1.3.2.5 X-Ray method

X-rays and gamma-rays are types of electromagnetic radiation that have a shorter
wavelength than visible light, infrared, ultraviolet, and radio waves, which allows them to
penetrate through many materials to some extent. They are absorbed and travel in straight
lines as they pass through a material. Suppose a source of X-rays is placed on one side of
a specimen and a sheet of photographic film on the other. In that case, the film will show
a darker image area under any cavities in the specimen due to the differences in the
intensity of the X-rays that pass through the solid material compared to the cavity. This
image will be a "shadow picture" of the internal structure of the specimen, with the image
of the cavity being a projection of the three-dimensional cavity onto the two-dimensional
plane of the film. However, a simple radiograph will not provide information on the

location of the cavity through the thickness of the specimen. To produce a radiograph, a
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source of X-rays or gamma-rays, a photographic film, and means of processing the film are
required. In addition, the film must be viewed on an illuminated screen of appropriate
luminance to "read" it. Gamma rays are similar to X-rays, and the same principles apply
to producing a gamma radiograph. Other particles such as neutrons, electrons, and protons
can also be used to produce photographic images similar to radiographs for specific
applications, and terms like "neutron radiography" are used even though these particles are

atomic particles rather than electromagnetic radiation.

1.3.2.6 Ultrasonic method

Ultrasonic flaw detection in welds involves using a small probe known as a transducer,
which is moved manually over the surface of the parent metal adjacent to the weld. The
transducer produces a beam of ultrasound which 1s transmitted into the metal and reflected
from any flaws or discontinuities present. The reflected ultrasound pulse is then picked up
by the same transducer, which acts as both transmitter and receiver in the process, known
as the pulse-echo technique. The effectiveness of this technique depends on a thorough
understanding of the beam direction, size, and underlying physical principles. The
transducer must be coupled to the metal surface using a layer of liquid, such as water, oil,
or grease. The results of the ultrasonic inspection are typically displayed on an oscilloscope
screen.

There is another application of ultrasound, in which a wide field source transmits an
ultrasound beam detected over a large area and is used to create an ultrasound image
similar to an X-ray image. This method is attractive because ultrasound can pass through
thick layers of fine-grain metal and does not involve ionizing radiation. Several systems
have been developed, including ultrasonic image converter tubes, computer reconstruction
methods, and acoustic holography. However, it should be noted that the wavelength of the
ultrasonic waves used for metal inspection 1s approximately 1 to 4 millimetres, so high-
resolution images cannot be expected. These methods have not progressed beyond the
laboratory stage, and methods using automated data collection and processing with
multiple probe systems such as SAFT will likely replace imaging tubes. Suppose an
ultrasonic transducer is made up of multiple elements, and each element is separately
activated by generating pulses. In that case, the ultrasonic beam shape and direction can
be controlled by appropriately phasing the pulses. By using similar electronic control of the

receiver pulses, an ultrasonic image can be created.
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One limitation of ultrasonic testing is that it is highly dependent on the surface finish of the
metal plate. If the surface is rough or uneven, obtaining a clear ultrasonic signal can be
challenging, making it difficult to detect defects accurately. In addition, ultrasonic testing
is not well suited for detecting defects that are oriented perpendicular to the surface of the
metal plate, as the ultrasonic waves will not be able to penetrate the material.

X-ray inspection is another standard method for inspecting thin metal plates. It is
particularly effective for detecting defects that are oriented perpendicular to the surface.
However, X-ray inspection is not suitable for inspecting metal plates that are too thick, as
the X-rays will not be able to penetrate through the material. In addition, X-ray inspection
requires radiation, which can be hazardous if not properly handled.

While destructive testing methods help identify defects and weaknesses in welded joints,
they are not suitable for testing in-service components or structures, as they permanently
damage the test specimen. Non-destructive testing methods, such as X-ray inspection or
ultrasonic testing, are often used instead to assess the quality of welded joints in these cases.
Most of the non-destructive techniques mentioned above are widely used in successfully
controlling welds. However, these techniques encounter significant limitations. Much of
traditional control is challenging to automate and often requires the preparation of the
specimen surface with long inspection times. This is a significant limitation in the
production industry where it is, therefore, necessary to perform sample analysis or, if it
were done on 100% of the production, it would require exceptionally prolonged times.
Another area for improvement, mainly for UT controls, is the inspection of thin
joints/sheets where it is difficult to obtain reliable results. Therefore, there is a need for the
development of a reliable control on thin joints, which allows a wide range of inspection,
with rapid post-processing and is compatible with production times and that is easily

automatable.
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CHAPTER 2

Why thermography?

n previous sections, it has been seen that both destructive and non-destructive

methods have limitations that prevent their automation or application to 100% of

production or have limitations of the technique, especially for thin joints. To
overcome these limits, thermography is an up-and-coming technique due to its
characteristics, which will be better clarified below in this chapter. Although thermography
appears as a surface control method, it is possible to inspect even a few millimetres of high-
conductive materials with some precautions. For low-conductive materials, such as
composites, thermography has also been used as a volumetric technique for some time. It
will be seen that active thermography does not require contact with the component, allows
full field control, is easy to use and automate, and especially allows a drastic reduction in

analysis times and is also suitable for inline controls

2.1 Basics of thermography

The body's temperature measures the level of agitation of the molecules that make it up;
that is, it is an intensive property defined by a scalar physical quantity, indicating a system's
thermal state. When two bodies at different temperatures are placed in thermal contact,
they will give rise to a flow of heat from the body with the higher temperature to the one
with the lower temperature; therefore, heat is one of the possible ways to exchange energy
between two bodies. Heat exchange can occur in conduction, convection, and radiation.
Since temperature is therefore linked to the molecular state of agitation, that is, to the
kinetic energy possessed by the molecule itself, it is easily understandable how heat
exchange occurs by conduction: in fact, this is due to collisions between contiguous
molecules that, during the impact, acquire or transfer kinetic energy, varying their state of
agitation, and therefore their temperature. The quantification of heat exchanged is
regulated, under stationary conditions, by Fourier's Law, which shows that it depends on:
the thermal conductivity of the material, the surface of thermal exchange considered, and

the difference in temperature.

daT
qx = _kAxE (1)
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where x indicates the direction of propagation of the heat flow, k is the material's thermal
conductivity, and T is the temperature. The substances considered optimal from the point
of view of thermal insulation will be those characterized by very low conductivity
coefficients. Convection, on the other hand, is a mode of heat transfer characteristic of
fluids and is therefore linked to the motion of these in the vicinity of the surface. In this
case, we must consider the movements of mass, fluid density, viscosity, velocity, and fluid
flows, which makes it a phenomenon far from trivial to study; for a simplified evaluation,
the relationship below is used.

qc = hA(Ts — Ty) 2)
In the above relationship, q represents the heat exchanged by convection, 4 is the surface
of thermal exchange, T is the surface temperature, T;is the fluid under consideration, and
h is the average convective exchange coefficient. The average convective exchange
coefficient considers that the flow can be natural or forced, its direction, Reynolds number,
Prandtl number, etc. This makes it difficult to determine the proportion of heat exchanged
by convection, which is why it is necessary to consider this aspect for outdoor

measurements.

2.1.1 Radiative heat exchange

Energy is transmitted through electromagnetic waves, which do not require a material
medium during radiation. A material emits it due to the rotational movements of its atoms
and molecules, which are always present in bodies at temperatures above 0 K, so this will
occur continuously. In addition, increasing the agitation of particles increases the
temperature and, therefore, the thermal emission. Electromagnetic waves are classified
according to their frequency and wavelength, which indicates the energy they carry.
Therefore, it is possible to obtain an electromagnetic spectrum that allows classification,
taking the narrow visible zone as a reference, which is characterized by a spectrum ranging
from red to violet, or vice versa, depending on whether the wavelength or frequency

increases, as shown in the figure below.
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Figure 7. Electromagnetic spectrum classification

Vector quantities that characterize the wave are placed on orthogonal planes. At the same
time, in the acoustic field, they have the same direction. However, the relationship between

the speed of light, frequency, and wavelength can still be defined analogously as:

A== 3)

The propagation of radiant energy can be considered from another perspective: in the field
of physics, it is known that electromagnetic radiation has a dual nature, that is, corpuscular
and wave-like, known as the wave-particle duality. In 1924, De Broglie proposed his idea
on atomic particles, which therefore possess wave properties in the same way that a photon
can be assigned a mass. Using Planck's constant (h = 6.6237 * 10-34 J s) and the

momentum of the particles (p = mc), the De Broglie wavelength can be defined as:

h
A== 4)

The wave-particle dual nature of radiation forms the basis of Einstein's theory of relativity
and the basis of spectroscopy science. In fact, as a consequence of the de Broglie principle,
when an electron moves from one energy level to another within an atom, a corresponding
(quantum) amount of energy is absorbed or emitted by the atom. However, a body that
emits radiation due to its temperature does not emit it throughout the spectrum; in fact,
the defined thermal radiation is only in the infrared field, so it is possible to connect infrared
radiation to the body's temperature. The relationship for calculating the amount of heat
exchanged by radiation is known as the Stefan-Boltzmann law and is reported below:

Gr = 0 Fy_p Af(TE =T 5)

The Stefan-Boltzmann law includes the constant o, which is the Stefan-Boltzmann
constant and is equal to 6 = 5.67 - 1078 [W/ m2 K“] , Fi,which 1s the view factor and takes

into account the portion of energy that leaves surface s and reaches surface r, As which

indicates the value of the emitting surface, 7 and 7, which indicate respectively the
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temperature of the source and that of the lower temperature body. The behavior of a body
concerning emitted energy and incident radiation on it varies depending on its state of
aggregation. In the case of a gas, it can only emit or receive radiation in specific discrete
wavelengths; in fact, a gas does not continuously absorb or emit thermal radiation, so there
1s a specific "signature" of the gas characterized by a line spectrum. Condensed bodies, that
1s, liquids and solids, emit in a continuous band, so the spectrum will not be lined, as for
gases, but continuous, indicating only the thermal condition of a thin surface layer of the
body. When an electromagnetic wave impinges on a body, three phenomena co-occur
reflection, transmission, and absorption. This means that, of the energy incident on a body,
a portion will be reflected from the surface, and another will be absorbed by the body,
increasing its temperature. At the same time, a final part will be transmitted through it. As
observed, in real bodies, these phenomena co-occur with different percentages, which
makes the study of these phenomena more complex; bodies characterized by this kind of
behavior are called: grey bodies. This implies that considering incident radiation with total
energy E, the situation described in Figure 8 will occur. That is, it will be "divided" between
a transmitted portion, a reflected portion, and an absorbed portion, proportional to
coefficients that will be characteristics of the struck surface and the body itself. It can then
be written that:

at+p+1t=1 (6)

—)
J |\

Figure 8. Scheme of the phenomena of reflection, transmission and absorption for incident ray.

2.1.2 Black body
Typically, all three phenomena co-occur reflection, emission, and transmission. Particular
bodies have zero reflection and do not transmit anything, only absorbing everything that

impacts them. These are known as black bodies. Black bodies do not exist. However, it is
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possible to simulate this behaviour with appropriate measures. A cavity can represent a
black body with a hole slightly wider than the width of the incoming wave; in this way,
once it enters, it will be reflected repeatedly by the internal surfaces until the reflected
portion is practically reduced to zero and can exit the orifice (Figure 9). This behaviour
simplifies the previous relationship because, for a body that behaves as a black body, the

reflected portion is zero, and the previous relationship becomes a = 1.

y Y

L

Figure 9. Artificial black body.

A black body can therefore be defined as a body with a unit absorption coefficient and a
zero-reflection coefficient.

Consider a surface element of a black body, which radiates in all directions with a constant

radiance [ [W/ m2stera d],the radiation flux dW emitted in all directions by the

infinitesimal element d4 is dW = [ o [dAcosp df

For a unit radius hemisphere, the flux density can be defined in the following manner:

aw
E=—=
dA

f(? IcospB 2w sinf df = nl (7
It then becomes necessary to define the volumetric spectral density of radiation, which is
a function of frequency fand absolute temperature 7. This is governed by a specific law
known as the Planck law; it is, in fact, possible to derive a significant quantity which is the

spectral radiance.
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Figure 10. Irradiance of black-body as function of wavelength.

Observing the dependence on temperature is possible because there are different curves,
each for a fixed temperature. It can be noted that the maximum value of the spectral
radiance varies with temperature. It is obtained at different A values; as the temperature
increases, the radiance curve has a maximum that shifts to the left, that is, to shorter
wavelengths. The curve with the maximum radiance in the visible field corresponds to
5000 K, that is, the temperature of the Sun's photosphere. It is possible to obtain a law for
the displacement of the maximum radiance value, well known as the Wien displacement
law. It can be said that the energy of the black body is not concentrated in any region of
the electromagnetic spectrum. However, at each temperature, it has a wavelength at which
the emitted radiation has a maximum. This wavelength follows the Wien displacement

law: AT = 2.8977685 - 1073mK .
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Figure 11. Wien law.
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2.1.3 Real surface
It should be noted that the black body is a useful theoretical construct but not a physically
realizable object. Real surfaces will exhibit different behaviour. Since a black body is an
idealized object that absorbs and emits all incident radiation without transmitting or
reflecting anything, it follows that it will correspond to the maximum radiant emission.
This is why the black body is considered a reference to the point of defining a critical
quantity, the emissivity, which indicates how much energy a body radiates compared to a
black body at the same temperature and for the same wavelength.
A body does not have a constant emissivity concerning wavelength (A). However, it can be
considered as such in certain restricted wavelength domains. The emissivity depends on
several factors such as:

e Material,;

o  Wavelength (A);

o Temperature (T);

e Observation angle (B);

e Surface roughness.
Generally, it can be observed that the emissivity increases with increasing temperature for
materials with high thermal conductivity, while it tends to have the opposite behavior, that
1s, it decreases with increasing temperature, in the case of materials with low thermal
conductivity.
Regarding the observation angle (), it can be observed that it decreases as the observation
angle increases. This has significant effects that must be taken into account as for curved
surfaces, a different signal could be observed between areas of the same body, although at
the same temperature; this variation in the detected signal would not be due to an actual
temperature variation on the body, but rather a consequence of the inclination of the
surface and therefore a variation in emissivity.
For a natural surface, several considerations can therefore be made that will be
fundamental to consider how a body's radiant emission is related to temperature.
The first consideration is Kirchhoff's theorem, which demonstrates that at a given
temperature and frequency (or wavelength, given the relationship A = c¢/v), the ratio
between the emitted power Pem and the absorbed power Pass is the same for all bodies, is,

the achievement of thermal equilibrium between two bodies in contact with each other is
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possible only if a universal function f (v, T) results from this ratio, independent of the nature

of the bodies themselves:
Pem
Pass

=fwT) (8)

Kirchhoff defined a black body as a body whose absorbed power P.is equal to 1 at every

temperature and frequency: from this, it follows that the function f(v, T) equals the emitted

power Pem. For this reason, it is, therefore, possible to say that for a black body, the

emissivity is equal to the absorption, so e=a. The previously written relationship becomes:

e+p+T=1 9

For an opaque body, it can also be considered that the portion of the transmitted energy is
zero, so the relationship can be further modified and becomes:

e+p=1 (10)

This equation shows how reflective surfaces have a very low emissivity, while rough,

oxidized, painted surfaces have high emissivity values.

2.1.4 The media

It must be considered that when making distance measurements between the surface under
investigation and the instrument to be used for irradiance, there will be an intermediate
medium, the air. In fact, it is impossible to ignore the presence of air between the detector
and the object of investigation since, as mentioned before, gaseous substances absorb and
emit discreetly, so this must be considered and evaluated in which bands of wavelengths
this occurs. Therefore, the atmosphere, which is to be considered a mixture of gases, will
have a behavior for which it will emit specific wavelength values. It will be entirely opaque
for some A and transparent only in some windows that will be called atmospheric windows:
that 1s, those values of wavelength for which the atmosphere is transparent, that is, with a
unitary coefficient T. Being able to define areas of "transparency" of the atmosphere, these
can be considered as areas for which the effect of the presence of gas between the detector
and the emitting surface can almost be neglected, so these will be the areas of main interest
in order to make measurements. Similarly, a series of values of A can be defined for which
the atmosphere is completely opaque, so it would be impossible for the waves emitted by

the emitting body to reach the detector since the intervening atmosphere would not allow
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them to pass. Figure 12 shows the transmission coefficient's value as a wavelength

function.
jIR Vicino—)lt— IR Medio —l¢ IR Lontano o

” 1 T T T T T T T T T T

g 0L -
g f

1

o 600

O

£ u

“

g 200 a
=

0 1 1 1 1 1 1
0 ] 2 3 3 7 15

s 3
Lunghezza d'onda (microns)
Figure 12. How change the transmission coefficient of atmosphere as a function of wavelength.

It is, therefore, clear that it is possible to consider the atmosphere transparent for
wavelengths between 8 um and 14 um and between 2 pm and 5 um. It will be precisely in
these ranges that the detectors will work, which will be discussed below. The thickness of
the intervening air is relevant: in fact, the transmissibility coefficient varies with the
thickness of this. This is synonymous with distance from the object of investigation; that
is, for measurements taken at great distances, the atmospheric windows may decrease, so
there will be a variation in the transmission coefficient due to the thickness of the air, which

must be particularly taken into account for measurements taken at significant distances.

2.1.5 IR Camera

The thermal imaging camera converts incoming information from radiant energy that has
struck its sensor into a two-dimensional heat map of the surface being observed. This is
accomplished through the use of physical principles. The camera's input is the thermal
energy emitted by the target, and its output is a series of electronic signals. These signals
are first focused onto the detector by the camera's optics and then amplified and
transmitted to the device that processes the video and displays the final two-dimensional
information on a screen. The input signal is processed by passing through the optical scan
module, which includes a lens, filters, and a chain of mirrors that directs the signal to a
series of optical relays equipped with an opening unit and filters. The signal is then focused

onto the detector, which converts it from an optical signal to an electronic one. The signal

30



Non-destructive thermographic method for the evaluation of thin joints

1s amplified by the preamplifier and converted into a 12-bit digital signal by the A/D
converter before being transmitted to the microprocessor via optical fibres.

Infrared cameras typically have sensors that are protected by optics that shield them from
the environment. In specific applications, filters may also be used to reduce the radiation
reaching the sensor at a given temperature and shift the sensor's saturation point to higher
temperatures. The optics and filters used in these cameras are transparent only at specific
wavelengths. The amount of radiation that reaches the sensor depends on the
transmissivity of all the windows through which it passes, as well as on the emission of the
optics themselves and the reflection effects caused by the surrounding environment.
Common materials used in constructing these optics and filters include fluorocarbons such
as silicon and germanium. These materials have good mechanical properties, are not
hygroscopic, and can be formed into lenses. Each material is transparent in a particular
infrared band but opaque in other electromagnetic spectrum areas. Therefore, the selection
of materials for use in IR cameras must be carefully considered to ensure that they are
appropriate for the desired range of wavelengths.

2.1.5.1 IR Detectors

Detectors are the primary component of infrared imaging systems. Their function is to
detect infrared radiation and convert it into a signal that can be interpreted. Theoretically,
any physical property sensitive to temperature can be used as a detector. Herschel created
the first infrared image system in 1840, and it used a liquid-filled thermometer with a
specially blackened bulb to absorb radiation as a crude monochromator to measure the
distribution of energy in sunlight. In 1929, Czerny developed the evaporograph, which
used the differential evaporation of a thin film of o1l on a dark membrane to detect infrared
radiation. Since then, the technologies used for detectors have evolved to include
increasingly sophisticated devices with high sensitivity and very high acquisition
frequency. Modern infrared cameras use a focal plane array (FPA) as a detector, an array
of pixels with micrometre-sized dimensions made of various materials sensitive to infrared
wavelengths. Most detectors do not have a response curve that covers the full range of
infrared wavelengths, so detectors must be carefully selected to match the range of
wavelengths used in a specific application. To evaluate infrared detectors, it is possible to
refer to the values of specific characteristic parameters, such as impedance, which is the

intrinsic characteristic of the detector that is measured using Ohm's law.
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Z = v [ohms] 11
=7 ohms (11)
The responsivity, that is the transformation ratio of the incident optical flow F:
av
Ry,==— [V-W™! 12
b= VW] (12)

Other parameters that can be used to evaluate infrared detectors include Noise Equivalent
Power (NEP), which is the amount of power induced by an optical signal whose amplitude
is equivalent to the intrinsic noise power of the detector. The related incident optical power
is called the noise equivalent power flow (FNEP). The Noise Equivalent Temperature
Difference (NETD) is another parameter that can be used to evaluate detectors, and it is
defined as the change in temperature of a large blackbody in the scene being observed that
causes a change in the signal-to-noise ratio of unity in the output of the detector. Detectivity
1s another parameter commonly used to evaluate infrared detectors. It is defined as the

ratio of the NEP to the square root of the detector's bandwidth.

D= 1
Fnep

W] (13)

To compare the detectivity of different detectors, the detectivity D* is often used. This
parameter is measured in units of W' cm Hz /2 and is obtained by scaling the detectivity
D to the unit-sensitive detector area and bandwidth. This allows for a more meaningful
comparison of the detectivity of different detectors, as it considers the detector's size and
the bandwidth over which it is sensitive.

Infrared detectors can be broadly classified into two main categories: thermal and
photonic. Thermal detectors are made of materials whose physical properties vary with
temperature, such that they produce a measurable signal when they are heated by incident
radiation. The response of these detectors is independent of the wavelength of the incident
radiation. Some technologies that have been used as thermal detectors include bolometers,
thermopiles, pneumatic detectors, pyroelectric detectors, and liquid crystals. Modern IR
cameras with thermal detectors often use an uncooled microbolometer made of a metal or
semiconductor material, which operates according to non-quantum principles. The main
advantages of these devices are their low cost, wide IR spectral response (limited only by
the entry optics and the presence of any filters), and the fact that they do not require cooling
(allowing for a compact camera design). However, their disadvantages include a slow

reaction to incident radiation (around 12 ms), a limited range of observable temperatures,
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detectivity that is only about half as good as that of photonic detectors, and average image
quality.

On the other hand, photonic detectors are semiconductors whose free electron states are
affected by incident radiation. When the sensor is heated by incident photons, its energy
releases electrons, increasing the density of free electrons and thus the detector's electrical
conductivity or output voltage. The response of photonic detectors depends on the
wavelength of the incident photons, as a certain amount of energy is required to move
electrons. Photonic detectors have a faster response than thermal devices, as no
temperature increase is required. They react to changes in IR levels with a constant
response time of around 1 ps. However, they require cooling, even down to cryogenic
temperatures using liquid nitrogen or small Stirling cycle refrigerator systems. The most
common materials used as photonic detectors are Si, InAs, InSb, HgCdTe, InGaAs, PtSi,
and layered GaAs/AlGaAs. These materials respond to IR by absorbing photons that
elevate the material's electrons to higher energy states, causing a change in conductivity,
voltage, or current. The sensitivity of these materials to IR increases when they are cooled
to cryogenic temperatures. Three leading technologies use photonic detectors in IR
cameras: systems equipped with point detectors (single pixel sensors) and mechanical
scanning for image formation, systems equipped with SPRITE detectors and mechanical
scanning for image formation, and cameras using IR focal plane arrays (IRFPAs) that
involve electronic scanning of the image. IRFPAs are the technology used in modern

thermal imaging cameras, and their development is currently in flux.

2.2 Active thermography

The previous section briefly described the physical principle of thermography and how it
is possible to perform temperature measurements. Nevertheless, when the thermographic
technique is adopted as NDT, it usually speaks about active thermography.

Active thermography is so-called because an external heating source is needed to introduce
energy to a specimen. In fact, due to local differences in thermo-physical properties
between a defective area and a "sound" one, an IR camera can observe a temperature
difference on the surface of the specimen. Disparate kinds of sources can be used to
generate a heat flux, as resumes the scheme in Figure 13, for example:

e Mechanical,

e Optical;
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Figure 13. Summary scheme of active thermography.

Optical heat sources are widely used for active thermography because they can be easy to
apply and, in cases of halogen of flash lamps, cheap and safe for the user. A preliminary
description of the physics of the phenomena and the thermal wave theory will follow,
which is necessary to better understand the two main thermographic techniques: lock-in
thermography and pulsed ones. A short description of the principal post-processing
algorithms will be presented, and the motivation for choosing thermography as NDT for

joints will be clarified, discussing briefly the potential application to evaluate HAZ.

2.2.1 Thermal wave theory

When a solid is superficially heated on the surface, a "thermal wave" starts propagating
through the material. Thermal waves described the first time by Fourier and Angstrom [6]
are visible in the infrared spectrum. Thus, it is possible to observe them using by IR camera.

2.2.1.1 Modulated thermal wave

Considering the hypotheses of a homogeneous semi-infinite media with a planar surface
heated with a pulse w, the analytical problem can be reduced in 1D, and it is possible to
write the following relation, which describes the temperature (7) behavior, through the

thickness, as a function of time ¢:
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_z 2z _z 2nz
T(z,t) = Tye *cos (T - a)t) = Tye Hcos (a)t - T) : (14)

where w = 2nf is in % and, f is the frequency in Hz and yu 1s the thermal diffusion length

| 2k |2« 15
Sl Pyl e (15)

Hence, it is possible to write the speed of the thermal wave in material related to thermal

expressed as reported below:

diffusion length and the propagation depth.

(D(Z) :T:‘l_l (16)

From this relation it is clear the inverse relation between frequency of modulated heating
and the inspection depth. It can be observed that p is inversely proportional to w, which
indicates that high frequencies limit analysis to regions near the surface; lower frequencies,
on the other hand, allow for deeper penetration but at slower speeds. For NDT
applications, it is interesting to note that thermal waves reflect off surfaces perpendicular
to the wavefront, such as defects containing gas or on the bottom surface, and then return
to the surface; this allows for the detection of discrepancies between the reflected
temperature field corresponding to the intact specimen and the one corresponding to the

defect [6]. A reflection coefficient R can then be defined that depends on the material,

specifically on the material's thermal effusivity e = /kpC, as well as that of the defect; it is

. e
expressed in terms of b = e—z
1

2.2.1.2 Pulsed thermal wave
In the same way as the modulated thermal wave, with appropriate assumptions, it is also
possible to write the T trend due to: Dirac pulse, semi-infinite body, adiabatic process,
Lambert’s surface, 1D flux in an homogenous and isotropic body. So, the solution of

Fourier heat equation in this case is [7]:

T(z,t) =T, + Le_& (17)

 kpCrt
in which Q is the energy density absorbed by the surface measured as [J/m’] and Ty the

initial temperature of the surface (z=0):

Q
e\t

T(0,t) =T, + (18)
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This simple relationship can calculate the cooling curve for isotropic homogeneous
materials. Suppose a defect has different thermophysical properties than the base material
(air gap, inclusion, interface, etc.). In that case, it is expected that the two cooling curves

will diverge when subjected to the same thermal load.

2.2.2 Thermal source

As previously mentioned, it is possible to provide thermal energy to the test specimen in
various ways, that is, by exploiting different physical principles depending on the use and
the object to be observed. Thermal excitation can be: internal when heat is generated within
the material, and the development of this is observed towards the surface, or external when
an external source provides it, and the thermal flow goes from the surface towards the core
of the material itself. Generally, the sources of thermal excitation are distinguished
according to the physical principle as electromagnetic, mechanical, and optical [8—10].

2.2.2.1 Mechanical source

Generally, it is possible to provide heating using mechanical excitation, internally or
externally. In the case of external mechanical heating sources, the most common is wear.
However, it is more diffused the internal heat production through vibration produced
exciting mechanically. In this case, the specimen is called vibrothermography. Using this
method, the sample is mechanically excited by sound or ultrasonic oscillations. The
excitations of the test sample are generated by coupling an ultrasonic transducer to the
sample. The propagation of waves in the material transforms mechanical energy into
thermal energy at the tips of the cracks. The energy dissipation between the defect and non-
defect areas is significant due to the effects of friction between them. The difference in
energy dissipation leads to temperature differences between the two areas, which are then
captured using a thermal infrared camera. Vibrothermography is again classified into two

categories: lock-in vibrothermography and burst vibrothermography.

2.2.2.2 Electromagnetic source
In electromagnetic excitation, parasitic currents induce current circulation phenomena
within the test specimen, generating internal heat that propagates to the surface. Magnetic

induction is governed by the Lenz-Faraday-Neumann law:
_d%s
dt

Where ¢ is the electromotive force, @5 is the magnetic field flux through the circuit

E= (19)

expressed in Weber. The defective and non-defective areas respond uniquely to the induced
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current and show different temperature differences due to magnetic excitation. This
temperature difference between the defective and non-defective areas is then detected with
a thermal infrared camera. The main disadvantage of electromagnetic excitation is that it

only applies to conductive materials.

2.2.2.3 Optical source

Optical sources provide only external heating using source as halogen and flash lamps,
lasers, solar hearing, etc. As introduced before, depending on the kind of thermal wave
generated, it is possible to define pulsed or lock-in thermography (modulated).

As cited previously, the optical source offers several advantages, like no contact with
components or easy application.

Depending on the relative position of the heated surface and IR camera, it is possible to
define two setup configurations: reflection and transmission modes. The first describes the
situation in which the surface observed corresponds to the heated one. Hence the IR
camera and the heating source are frontal to the inspected surface on the same side. This
configuration results in a compact setup, clearly indicating the moment at which heating
starts. The second one describes the layout where the observed surface is opposite to the
heated one. Thus the heat source and IR Camera are on opposite sides of the inspected
specimen. This setup has the advantage of permitting homogeneous heating of the
specimen because the position of the heat source is completely independent of the IR

camera one.

2.2.3 Lock-in thermography

Lock-in thermography (LT) involves generating a thermal wave on a sample through
periodic thermal excitation. The resulting temperature field is recorded in a steady state
using an IR thermal camera. Therefore, a sinusoidal thermal excitation with a certain
amplitude 1s provided. The material responds with a sinusoid of the same frequency but
with a different amplitude. It is strongly attenuated and dispersed out of phase with the
excitation. It is possible to determine the characteristics of the thermal wave, i.e. phase and
amplitude, by analyzing the temperature field during the application of heat and given the
thermo-physical characteristics of the material, which allows, through the relationships

previously stated, to link the phase to the depth investigated.
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Figure 14. Scheme of lock-in thermography using reflection setup[11]

It is possible to obtain phase and amplitude values for each pixel, obtaining amplitude and
a phase map. Phase maps are widely used for defect detection because they are less
influenced by inhomogeneous heating of the surface and more sensitive than an amplitude
map[6,12,13]. The results can be influenced slightly by the algorithm used to reconstruct
the signal [14,15]. Other advanced techniques have been developed based on the periodic

wave principle [16-20]. However, they will not be discussed in the present research work.

2.2.4 Pulsed thermography

Pulsed thermography is based on the mentioned principle of the pulsed thermal wave
generated by a heat source. Then it analyses the surface during cooling (reflection)/heating
(transmission) by an IR Camera. The thermal wave during its path through the component
will be interrupted by discontinuities which modify the characteristics of generated wave.
Thus, on the observed surface will be possible to observe a locally different thermal
behavior due to this inhomogeneities in the material that can be identified and localized.
Considering the hypotheses cited in section 2.2.1.2 and the relative equation, considering

a reflection setup, the behavior of media in cooling phase can be observed in Figure 15.

yi / T
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Figure 15. Scheme 3D matrix of temperature in time domain and the cooling curve correspondent to a pixel
in a spind area with coordinates (i,j) [21]
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In Figure 15 only the cooling part has been represented because it is the part that, for pulsed
thermography, is analyzed and on which the post-processing procedures are based.
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(2]
Saturated
thermograms
Tsat
T

T

ambient

oThermogram
sequence

Figure 16. Complete sequence and peculiar points of curve. 1) Cold frame 2) Saturated thermograms 3)
Early recorded thermogram 4) Thermogram sequence 5) Last recorded thermogram [21].

In Figure 16 are reported the essential parts of the curve. Usually, to reduce the influence
of the reflection, the cold frame is subtracted from all the sequences, and the following
steps are based on a temperature difference. he saturated thermograms must be avoided if
they are present because they have no information about the actual temperature behavior
at that time. They occur when the apparent temperature on the surface overcomes the
limits of IR camera calibration. The ERT (early recorded thermogram) is the first
thermogram that can be used for the analysis and the LRT (last recorded thermogram) is
the last one. Between these two thermograms there are all the frames which constitute the
thermogram sequence. If a defect occurs, the cooling curve corresponded to a defected are,

is different from the ones relative to a sound area. Deeper is the defect and higher is the

observing time needed z~t'/2 [6,21].
Several algorithms are present in literarure to highlight the difference between the signal
obtained by sound area and the signal due to a defected one, with the aim to identify the

defects. The main algorithms will be briefly presented in sections below.
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2.2.4.1 Max thermal contrast
The maximum temperature contrast is the most intuitive and immediate of the methods
presented for defect detection, consisting in identifying the frame, that is, the moment
when the difference between the detected signal value between the sound and the defective
zone is maximum. Therefore, the optimal detection time is indicated as the time when this
difference is maximum|[10,22-24].
AT (x,y,t) = Ta(x,y,t) — Tha(x, ¥, 1) (20)
More common is the ratio between this temperature difference by temperature in non-
defective area:
B AT (x,y,t)
" Tha(x,,1)

The optimal time at which Coz 1s maximum does not coincide with the time t at which AT

Con (21)

1s maximum. However, generally, this is found at a value of t that is lower [10,22-24].

2.2.4.2 Principal component thermography (PCT)

Principal Component Analysis (PCA) is a statistical technique used to identify data
patterns and present them in a way that highlights similarities and differences. Finding
patterns in the data can be challenging when the data size is large. PCA can be used to
analyze and visualize such data. After identifying patterns in the data, it is possible to
compress the data by reducing its size without losing much information .

The data acquired about the specimen is shown as a 3D matrix of images, with each image
made up of N, frames. Each frame comprises Nyand N, pixels, representing the horizontal
and vertical pixels. PCA is applied by converting the obtained 3D matrix into a 2D image
matrix.[22,25-27]

==

Figure 17. Scheme of recorded thermal sequence.
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Each frame with dimensions N,x N, can be represented as a dimensional vector X with

dimension N, N,.

X = (x1x2x3 ...xNxNy) (22)
In this process, the rows of pixels in the image are arranged to form a one-dimensional
image. The first V, elements in the dimensional vector represent the first row of the image.
In contrast, the subsequent N, elements represent the subsequent rows of the image. The
values in the vector correspond to the intensity values of the image. This procedure is
repeated for all V;images in the captured image sequence. The resulting 2D image matrix
has each row containing information about each image sequence frame and the column
containing the number of Nt image vectors. This matrix is known as a raster-like matrix.
After obtaining the 2D matrix of the infrared image sequence, the mean of the data is
calculated. The calculated mean is then subtracted from the data set to normalize it. This
normalized data is used to calculate the covariance matrix. The covariance matrix can be

calculated using the following equation:

1 T
C = XX (23)

In the equation above, X is the matrix obtained after normalization, and C is the covariance
matrix. Since the data is N,Ny dimensional, the covariance matrix has a size of N,N, X
N,NN;N;. Eigenvalues and eigenvectors can be found by diagonalizing the matrix
according to the following equation:
Cp = P71CP (24)
Where C is the covariance matrix, Cp is the matrix of eigenvectors diagonalized on the
diagonal, and P is the matrix with the eigenvectors as columns. Since the data is of size
NNy, the covariance matrix has NN, eigenvectors. The matrix CD is reordered to reorder
the eigenvalues in decreasing order. The same is done with the matrix P. To reduce the
size of the original matrix, the first K columns of matrix P are used to form the matrix PK.
The original matrix is converted to the new base using the following equation [22,25-27].
Cp = PIC (25)
The resulting image will be reconstructs using the matrix C,. The definition of K is based

on the desired ratio »

r= ;\4 : (26)
i=1€i
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As shown above, e;is the first eigenvalue of the diagonal matrix Cp. In most cases, the first
three principal components contain more than 95% variance. To address the issue of
calculating a large-size matrix, a method that performs the same operation but with lower
computation demands and more manageable data processing must be employed. Thus,
PCT based on Singular Value Decomposition (SVD) is utilized to overcome the limitations
of PCT [22,25-27].
In PCT using SVD, the initial step is to acquire the dataset for analysis, following which
the mean value is computed for the dataset. The calculated mean is then subtracted from
the dataset to normalize it. SVD is applied to the normalized data using the following
equation to calculate the decomposed matrices U, S, and V to obtain the principal
components.

A=USVT (27)
The decomposition matrix U is composed of orthogonal empirical functions representing
the data set's spatial variation. Each column of U gives the coordinates of the data set in
the space of the principal components. The matrix S is a diagonal matrix with singular
values on its diagonal, which are the eigenvalues of the corresponding eigenvectors of
matrix V. The eigenvalues in S are rearranged in decreasing order. The columns of matrix
V or the rows of matrix V" are the principal components or eigenvectors of the data set,
ordered by size in decreasing order. The first columns of matrix U are used to reconstruct
the data to reduce the redundancy of the original data set. The thermal image sequence
containing information about the sample is processed using SVD-based PCT. The 3D
Image matrix is converted into a 2D matrix using a similar method described previously to
construct matrix 4, consisting of N, as rows and N, N, as columns, as shown in Figure 7.
After obtaining matrix 4, the mean of each data point is subtracted to create zero-centred
data. Each matrix A column has all the image frame's pixel values. The mean image is the
average of the values of each column. After calculating the zero-centered data, the SVD
transformation is applied to find the eigenvalues and eigenvectors using the equation
A=USV"[22,25-217].
Once the three matrices U, S, and V" are obtained, the resulting image is constructed using
the first columns of matrix U, which are the orthogonal empirical functions giving the
coordinates of matrix 4 in the space of the principal components. This image, constructed
using the empirical functions of matrix U, shows good contrast between the defective and

non-defective areas, as well as reducing the redundant data of the original matrix 4 [22,25—
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27]. Even though PCT based on SVD is an efficient method for PCT, when dealing with a
large amount of data, there remains the issue of processing image sequences of large

samples.

2.2.4.3 Thermographic signal reconstruction (TSR)

Thermographic signal reconstruction (TSR) is an algorithm based on the analysis of the
cooling curve over time obtained experimentally, considered on a double logarithmic scale
[28-33]. The experimental log-log thermogram is then fitted with a logarithmic polynomial
of degree n:

log,o AT = agy + a, logqo t + ay(logot)? + - + a, (logo )™ (28)
with AT, the temperature increase over time t (thermogram) for each pixel (i,j). The curve
obtained analytically then replaces the entire sequence of temperature increase images AT
(i,7,t) with the series of (n + 1) images of the polynomial coefficients: ao(i,j), ..... an(i,j), from
which it is possible to reconstruct a complete thermographic sequence. Subsequently to
this operation, it is possible to analytically calculate the function's first and second
derivatives that approximate the experimentally detected thermogram, clearly reducing the
noise derived from the signal recorded by the experimental test [28-33]. This is useful
because it is based on the fact that the signal derived from the cooling of a non-defective
area of the material has a specific trend. At the same time, as already seen in the method
of maximum thermal contrast, in the case of defects, the curve deviates from that of the
healthy area, with a substantial variation evident in the analysis, therefore, of the first and
second derivatives. There will be a point where the derivatives between the healthy and
defective areas will be very different, so a map for the first derivative and a map for the
second derivative will be obtained, in which, for each pixel, the value of its derivative is
indicated. The fitting and derivatives of thermograms depend on the time domain
considered. It is necessary to define a temporal window to consider only the part of the
thermograms.
TSR's "classical" use involves selecting the best images from the derivative maps associated
with each depth range to detect defects qualitatively or to evaluate their depths based on
characteristic times quantitatively. In the latter measure, optimizing the degree of the
interpolating polynomial may be necessary. Empirically, it has been found that a degree of
11 may be satisfactory for defects similar to delamination, so it is used to calculate other

types of defects [28-33].
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2.2.4.4 Slope and coefficient R2
By exploiting the same principle, namely the difference between the sound area's cooling
curve and the defective area's cooling curve, the present algorithm has been developed to
evaluate the overall slope of the curve and the determination coefficient R’ [17,34,35]. This
algorithm always approximates the cooling curve in a log-log scale, and a linear regression
is performed. This means that a regression line with a particular slope will be obtained for
the non-defective area. In contrast, a line with a significantly different slope will be
obtained in the defective area. Theoretically, by examining the relationship seen in a
previous section, the slope of the regression line that should be obtained for the non-
defective area would have an angular coefficient of -1/2; this does not happen because the
assumptions on which the relationship was obtained are not verified in the actual case, so

there will be a deviation from this value.

log(AT) = —llog(t) + log < (29)
2 e\

The curve for the sound area will have a much more linear trend compared to the curve
for the defective area. It means that the regression lines obtained will have significantly
different slopes, with the regression line for the healthy area more accurately
approximating the experimental curve. To evaluate this, the determination coefficient R?
1s used, which is the proportion of data variability to the correctness of the statistical model
being used. This measure represents the fraction of variance in the dependent variable
explained by the regression. In simple linear regressions like the one in question, this is
expressed by the square of the Pearson correlation coefficient, which represents any

potential linear relationship between two statistical variables and is expressed as follows:

Oxy
Ox Oy

Pxy = = R?

where oxy represents the covariance between variables X and Y, while ox and oy represent
their respective standard deviations. The value of this coefficient is between 0 and 1, which
indicates that the regressors accurately predict the value of the dependent variable in the
sample. In contrast, 0 indicates that this is not the case. For the healthy area, values of R?
close to 1 are expected. This operation, performed on each pixel of the image obtained
from the thermal camera, allows the creation of a 3D matrix in which, for each frame, it is
possible to have a map of the R? coefficient value, allowing for the detection of the defect

[36]. In the same way, it is possible to obtain a map indicating the slope of the regression
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line related to the thermal signal detected, which, based on the principles mentioned

earlier, allows for the detection of the defect.

2.2.4.5 Pulsed phase thermography (PPT)
Pulsed phase thermography (PPT) is a well-known algorithm based on the principle that
every signal can be decomposed into individual components, each at a different frequency
and with a different amplitude [12,21] The Fourier transform is used to analyse the
frequency domain signal. Specifically, it is not possible to apply the continuous Fourier

transform (CFT) because the thermal signal recorded by the camera is discrete, so the

Discrete Fourier Transform (DFT) is used [12,21]

= i2mnk
E, = At Z T(kAt)e N = Re, +Im, (30)
k=0

In the equation above, n is the increment of frequency. However, one important term that
must be considered is At which is the sampling interval. This term is fundamental to
reducing the difference between CFT and DFT [12,21] Usually, for the evaluation of DFT,
a well-known algorithm is used: the Fast Fourier Transform that reduces computational
work to a factor O(N logN) [37].

Phase and amplitude for each frequency can be obtained to have two 3D matrices with

frequencies on one axis and phase and amplitude for each pixel [12,21]

Im
A, =+/ReZ + Im2 ¢, = arctg (R_en> (31)
n

Since thermal profiles are Hermite functions, because the real part is even, but the complex
part is odd, in the frequency domain, phase and amplitude are equal and odd;, for a thermal
sequence with N thermograms, phase and amplitude matrix has only N/2+/ valuable
frequencies.

It is essential to understand that the resolution in the time domain is defined by acquisition

frequency because the value of At is determined as follows:
_ 1
fs

In the frequency domain the resolution is connected to the length of the signal in the time

At (32)

domain: in fact, the value of Afis:

1 1

Af:N_At:m (33)
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This is why the length of the time window is essential for describing the thermal signal
from the back wall of the specimen and improving the resolution in the frequency domain.
That is important because the frequency of excitation is related to the depth inspected, as
written below, where: a is thermal diffusivity, z is the depth, and f is the frequency of

thermal excitation [12,21].

ZX [— (34)

2.3 Relation between thermal properties and hardness

As seen in the initial chapter of this thesis, to verify the quality of joints, in the case of
welds, it 1s also essential to assess the extent of the thermally altered zone. As already
defined previously, the HAZ is a volume of material involved in the welding, which has
changed its microstructure, compared to the base metal, because during the joining
process, it was subjected to a thermal cycle without reaching melting. It is, therefore, an
intermediate zone between the molten zone and the base metal.

As shown in Figure 18, where an example of low-alloy steels is shown, different structures
are formed in the vicinity of the joint, resulting from a precise thermal cycle. From the
same image, it is easy to see that different microstructures correspond to different
mechanical characteristics. The thermal cycles suffered by the HAZ lead to different local
mechanical characteristics of the joint concerning both the molten zone and the base metal.
As mentioned previously, the interfaces of the HAZ are those in which cracks are most

easily formed.
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Figure 18. Structural area within HAZ of a joint welded in low-alloy steel plotted as a function of temperature
and related to the iron-carbon equilibrium diagram [38].
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Figure 19. Hardness HVs distribution in plate A; BM-base material; HAZ-heat affected zone; WM-weld
metal[39].

The Figure 19 above confirms the variation of mechanical properties, specifically hardness,
in correspondence with the HAZ. Using the hardness profile, it is possible to identify the
extent of the thermally altered zone. However, as the microstructure varies, the mechanical
properties and the thermophysical properties change. In order to verify the thermal
treatments along the thickness, in Munidasa, Funak, and Mandelis at the beginning an
others later[40—46]have studied and verified the variation of conductivity, or thermal
diffusivity as the microstructure varies, as well as hardness. The photothermal technique
has been used to measure thermal diffusivity in the various works that have followed on
the subject. This technique allows for measuring thermal diffusivity in a small and localized
area, making it particularly useful for studying heterogeneous materials or materials with
a gradient in their thermal properties. The various works [40—46] confirm a relationship
between hardness and thermal diffusivity or, more precisely, an anti-correlation between
hardness and thermal diffusivity variation. In Figure 20, it is possible to observe how the

profiles have the same trend but are symmetrical with respect to a horizontal axis.
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Figure 20. Thermal diffusivity and hardness as a function of depth for quenched 1018 steel samples [40—46].

Using this principle, the questions that have been asked and attempted to answer are:
e Through thermographic measurements of thermal diffusivity, is it possible to trace
the same profile?
e (Can a single thermographic test quantify both the molten area and the heat affected
zone?
In the following chapters, a procedure based on laser thermography will be developed to
quantify the molten zone in some welds. On the other hand, various methods for
measuring thermal diffusivity through thermography will be discussed, and a study on their

potential will be presented.
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CHAPTER 3

Thermographic procedure for the
assessment of welded joints

n the previous section, a description of the active thermographic methods have been

presented, and the reasons why it is promising in assessing thin joints.

In the present chapter, the state of the art of non-destructive methods for assessing
thin joints will be presented, followed by a description of the main thermographic methods
presented in the literature for the evaluation of adhesive and welded joints. In particular,
the application on the resistance spot welded joint of thermographic methods will be

considered.

3.1 State of the art: NDT of thin joints

As it easy to deduce and considering that the destructive testing is not a suitable method
for continuously monitoring production, so various non-destructive testing (NDT)
techniques have been developed to evaluate the quality of thin joints [47].

For thin joints, as described in a previous section, must be considered the joints for which
the thickness is lower than 2 mm, especially for metals. Usually, to obtain these kinds of
connections, adhesive and some welding are used; the bolted ones are not so common
except the riveting, which is the most used.

To test the quality of glued construction under production and operational conditions,
various methods based on the interaction of physical fields or penetrating radiation with
the object being tested are used, including acoustic, thermal, optical, electrical, and
radiowave methods [48]. Among these methods, acoustic methods are the most prominent
for testing multilayered, glued construction made from polymer composite materials
(PCMs). These methods rely on the interaction of elastic vibrations and waves with the
unit or construction being tested across a wide range of frequencies [48]. Both traditional
and unique low-frequency acoustic methods can be used to test glued joints made from
PCMs. These methods often involve fluids to establish acoustic contact between the
transducer and the tested object. However, dry point contact is used in unique low-

frequency methods [48]. The shadow (transit) method, the echo method (including the
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principal and reverberation variants), and the stimulated vibration (resonance) method fall
into the first group, while the impedance, velocimetric, and free-vibration methods, as well
as the vibration-topographic and vibration-thermal methods, fall into the special low-
frequency group [48]. The low specific wave resistances of many PCMs make them easier
to match acoustically with fluids compared to metals, which can facilitate testing with the
first group of methods. Additionally, PCM objects’ elastic wave propagation velocity is
typically lower than in metals. It is easier to test PCM objects through fluid immersion,
where refraction is reduced at the fluid-object boundary. Several factors can hinder using
the first group of methods for testing glued joints made from polymer composite materials
(PCMs) [48]. These include the high coefficient of elastic vibration damping in the PCM,
significant differences in the acoustic properties of the layers in multilayered constructions,
and roughness and curvature in the surfaces of the unit and construction. The latter factor
1s significant in the contact variant of the transmission and reception of elastic vibrations.
To reduce the damping in PCM units, it may be necessary to lower the operating
frequency, which can decrease sensitivity. It is also often inappropriate or undesirable to
wet the surface of PCMs during testing. In such cases, elastic gasket seals or special
mixtures may be applied as contact media to establish acoustic contact between the
transducer and the material being tested when using the shadow method or the main
variant of the echo method [48]. The reverberation and resonance methods involve wetting
metal and PCM constructions from the metal side of the layer. If acceptable, surface
wetting of PCM surfaces with contact fluids may also be used. Below, we consider the
aforementioned acoustic methods in greater detail.

The shadow (transit) method [49] is typically implemented in two forms: amplitude and
temporal. When testing using the amplitude method, discontinuities can be identified
through the attenuation or disappearance of the received signal. On the other hand, the
temporal method involves detecting discontinuities through an increase in the duration of
the signal transit, as the ultrasound vibration (USV) path is lengthened due to the bending
of the material zone with significantly different characteristic impedance. This method can
be used to identify discontinuity zones in multilayered structures, as well as to detect
stratifications, voids, and areas of high porosity in PCM units and structures [48].

One advantage of the shadow method is its high level of reliability due to the absence of a
large uncontrolled zone. However, there are some disadvantages to this method, including
the requirement for two-sided access to the structure being tested, which may not always

be possible (e.g. during operation). Additionally, the accuracy of the test results can be
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affected by issues such as acoustic contact and transducer misalignment, particularly when
testing large-dimension objects. To address the issue of transducer misalignment when
testing large objects, clamps or specialized orientation systems may be employed [48].
The echo (reflection) method [50,51], involves the transmission of an ultrasonic pulse from a
transducer to the object under test, followed by the reception of the echo, or the pulse
reflected from the nonuniformities in the structure and the opposite side of the object, using
the same or a different transducer. By utilizing temporal scanning, the reflected signals can
be identified, and their arrival times can be recorded. In this form, the echo method is used
to detect areas of non-bonding and stratification in glued PCM structures with thicknesses
ranging from 4-10 mm to 100-200 mm [48]. When conducting echo testing on thick non-
metallic objects and structures, it is recommended to use lower frequencies (typically 200-
1250 kHz) due to the high attenuation of ultrasonic waves in non-metals [48]. However,
this shift to lower frequencies can decrease the test's sensitivity.

The stimulated vibration (resonance) method [52], used to test multilayered PCM structures, is
a variant of the resonance method commonly used for measuring the thickness of metal
objects. In this modified resonance method, variations in the resonance frequency of a
piezotransducer loaded with the tested structure indicate discontinuities. Additionally,
variations in the Q factor of the piezo element system can serve as an additional indicator
of discontinuities.

The resonance method can be applied to test glued structures in cases where other methods,
such as impedance testing, are ineffective. This method is used to detect discontinuities in
two-layered materials with single-sided access from the side of the thicker layer. However,
there are some disadvantages to the resonance method, including the difficulty or
impossibility of testing curved structures and the requirement for wetting the surface of the
structure being tested.

The free vibration method involves the application of shock excitation to an elastic structure,
causing it to vibrate freely. The resulting vibrations are then analyzed to identify variations
in the structure's vibration spectrum within the tested region. These variations, including
amplitude, frequency, and phase changes, may indicate the presence of defects or other
discontinuities in the structure. A variant of this method involves monitoring variations in
the vibration spectrum of a striker element, such as changes in amplitude or width, as
indicators of discontinuities. This method is commonly used to test structures that contain

rubber-like layers or other materials with high damping and low Young's modulus.
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However, it has the disadvantage of generating noise during testing, mainly when applied
to non-metal layers [48].

The acoustic-emission method involves recording acoustic waves produced during the
damage of the test object. This technique has been utilized to evaluate PCM units and
multi-layered bonded structures [270]. However, it is not commonly used in industry due
to the requirement for loading the test unit or structure and the complexity of the method.
In certain situations, specific recommendations for testing methods can only be provided
based on the results of tests on samples or on-site structures with artificial or natural defects.
The variant of the acoustic impedance method utilized to calibrate the defectoscope for use
with standard operative samples (OSSs) allows for the reliable detection of defects.
However, this variant also has some drawbacks, the primary disadvantage being the need
to produce and standardize a large number of OSSs for calibrating the defectoscope.
Another method which can be considered part of UT techniques, consists in guided waves
for which a recent example has been presented by Pineda Allen et al. [53], that proposed a
method for detecting debonding at adhesive joints using the nonlinear mixing of Lamb
waves.

Lamb waves are elastic waves that can propagate through solid materials. They are
characterized by their mode of vibration, which determines the shape of the wavefront and
the distribution of energy within the material. Nonlinear mixing of Lamb waves occurs
when two waves with different frequencies interact and produce new waves with different
frequencies. This process can be used to extract information about the material and its
properties [53].

This paper [53] examined the interaction between nonlinear Lamb wave mixing and local
debonding using experiments and numerical simulations. It was found that the wave
mixing technique can detect debonding at adhesive metal joints by observing the creation
of a combined frequency wave. The harmonics produced due to the contact effect at the
debonding were extracted from the frequency domain of the experimental samples and
used to validate a 3D FE model [53]. The presence of the combined harmonic was found
to be a reliable indicator of local debonding. In addition, the effect of debonding width on
mixed-frequency Lamb waves interacting with damage was studied in the frequency
domain. The numerical results indicated that the debonding width could be correlated with

the energy produced by debonding. This suggests that the proposed technique is also
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sensitive to different debonding widths within a specific range of d/A. The research also
better understood the nonlinear Lamb wave mixing process in adhesive joints.

Another recent study in which several NDT methods are applied to adhesive joints, has
been presented by Hean Gan et al [54]. In the presented paper, ultrasonic guided waves,
laser shock, high frequency C-scan and computed tomography have been explored to
assess the quality of kissing bond joint. The geometry of analyzed composite specimens

has been 333999.
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Figure 21. Scheme of the geometry of analyzed adhesive kissing bonds specimens [54]

For using guided waves, a modified geometry was designed to accommodate the
inspection of bonded joints while maintaining the dimensions of the joints themselves.
Figure 22(a) depicts the test samples’ dimensions for this inspection technique. Figure 22(
(b) and Figure 22(c) show the actual test specimens with transducers attached so that the
guided waves traverse the entire length of the sample, including the bonded joint, before
measurement. A total of six test samples were used for this NDT inspection, including two

without kissing bond defects and four with such defects.
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Figure 22. Test sample geometry for guided wave NDT [54]
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Figure 23. Block-diagram for measurements by guided waves [54]

In Figure 23, the scheme of measurement used for guided waves has been reported. It is
possible to observe that two different results can be obtained by each test: by teletest and
laser vibrometer. By Teletest, measurements are performed in the pitch-catch mode, with
transducers attached to the test sample to facilitate the process (see Figure 23). Transducer
1 (T1) serves as the input, while Transducer 2 (T2) measures the test sample's response to
guided waves [54]. The recorded signals are depicted in Figure 24. Figure 24(a) displays
the amplitude-time plot of the received signal for all test samples. Figure 24 (b) presents
the power spectral plot of the time signals shown in Figure 24 (a). Plots labelled "REF
Sample #" represent the response of the test sample without a kissing bond defect. In

contrast, plots labelled "Sample #" represents the test sample's response with a kissing bond
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defect. Power spectral plots are presented in the amplitude-frequency domain with boxes

for improved interpretability of the results.
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Figure 24. (a) Spectral plot of the time response in frequency domain (b) Time response of the test samples
obtained by Teletest [54]

In addition to the Teletest experimental test setup, a capacity laser vibrometer is utilized to

measure the test sample's behavior while applying guided waves. The laser-vibrometer is

focused on a point on the bonded joint, as shown in Figure 23. In this manner, the guided
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waves pass through the bonded joint before being measured by the laser vibrometer. The

excitation signal applied to T1 is the same as that used in the Teletest experiments [54].

(a) (b)
© 1074 REF Sample 1 %1077 REF Sample 1
10
5 2
g 1
-5
0
0 2 3 0 0.5 1 15 2 25
Time (s) <10°  Box 1/”7 Frequefcy (Hz) +10°
104  REF Sample 2 .10 | REF Sample 2 <—— Box 2

f -
o oo
N R

0
0 i 2 3 0 0.5 1 1.5 2 25
Time (s) <103 Frequency (Hz) %10°
| x10° Sample 1 x10°7 Sample 1
2
0 1
-1 0
0 1. z 3 0 0.5 1 1.5 2 25
Time (s) ©10-3 Frequeicy (Hz) %10°
4 X 1072 Sample 2 5 1077 Sample 2
0 %:“ 1
-1 0
0 -4 2 3 0 1 15 25
Time (s) «10°3 Frequeficy (Hz)|  x10°
© 104 Sample 3 x 1077 Sample 3
5 1
0 % ooy 05
-5 0
0 1_ 2 3 0 1 15 25
Time (s) <103 Frequeficy (Hz)|  x10°
104 Sample 4 %107 Sample 4
5 1
0 0.5 ?
-5 0
0 1T, 2 3 0 0.5 1 1.5 2 25
ime (s) «10-3 Frequency (Hz)  «10°

Figure 25. a) Time signal measured at bonded joint (b) Spectrum plot of the time signal measured at bonded
joint measured by laser vibrometer [54]

Measurements obtained using the laser vibrometer are depicted in Figure 25. Figure 25 (a)
shows the time signals of the guided waves measured at the bonded joint surface. In
contrast, Figure 25 (b) presents the spectrum plot of the time signal in the frequency

domain. Two boxes are placed on the frequency domain plots in Figure 25 (b) for
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improving interpretability of the results. It can be observed from the plots that the
frequencies of the highest peaks fall within Box 1 for test samples without kissing bond
defects. In the case of test samples with kissing bond defects, the frequencies of the highest
peaks fall within Box 2.

It is well established, in the literature, that plasma forms on the material surface due to
high energy impact within a small area when a material is subjected to laser shock [54].
This plasma generates a shock pulse within the material, which creates tensile and
compressive stresses as it reflects back and forth between the material surfaces. The test
sample surface vibrates as the shock pulse propagates through the material. This process

can be captured to study the material's behavior.
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Figure 26. Laser shock test setup used by Hean Gan et al. [54]
The laser-vibrometer 1s focused on the reflective side of the test sample (Figure 26),
ensuring that it captures the velocity of the test sample at the same point on the reflective
side where it is subjected to the laser shock pulse on the opposite side. The test sample is
subjected to one laser shock, and the laser vibrometer records the back-surface velocity.
Velocity measurement 1s continued until the back-surface velocity decreases to pre-shock
noise levels. Each sample is subjected to five laser shocks at five-minute intervals to obtain
the best results. The tests are repeated five times on each sample because there is no way
to obtain an averaged signal. It is necessary to subject the samples to several laser shocks
at a time to obtain the averaged back surface velocity but doing so, may damage the test

samples.
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Figure 27. (a) Back surface velocity in time domain (b) Back surface velocity spectral plot on frequency
domain [54]

The most favorable result from the five tests on each sample is presented in Figure 27.
Figure 27 (a) displays the back-surface velocity of the test sample in the time domain. A
spectral plot of the time signals in the frequency domain is presented in Figure 27 (b).

The same specimens by Hean Gan et al. [54], have been analysed through computed
tomography (XCT). XCT is a radiographic imaging method used in NDT that produces
2D cross-sectional and 3D volumetric images that can be analyzed to identify internal
structures, dimensions, defects, and density. The XCT setup involves an X-ray source on
one side of the test sample and an X-ray detector on the opposite side (see Figure 28). The

X-ray source generates an X-ray beam that passes through the test sample and is detected
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by the X-ray detector, which can detect variations in beam intensity caused by internal
features of the sample. The test is repeated at various angles relative to the test specimen
to create a stacked 2D image. These 2D images can then be further processed by adding
grey-scale values to create a 3D image that reflects the test material's density and geometric

properties.

X-ray Source

Test Sample X-ray_Dgtector
Figure 28. XCT setup scheme used by Hean Gan et al. [54]
The analysis of the generated 3D images involves examining the data in three orthogonal
CT slice views: top, right, and front (see Figure 29). These orthogonal views enable an

analysis of the entire cross-section of each sample.

Figure 29. Orthogonal Views of 3D XCT Image [55]. (b) Top-view CT slice. (c) Right view. (d) Front view.
[54]

UT C-scanning utilizes high-frequency sound within the ultrasound range to non-
destructively test the sample. For the SWAK test, high-frequency probes were used in an
immersion setup. Immersion testing involves immersing the sample in a medium, water,
and positioning the probe at a set offset before scanning over the surface with a 0° probe

(see Figure 30). The probe acts as a transducer and receiver in a pulse-echo practice.
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Figure 30. Immersion Tank Set Up [54]

Once the probe receives the reflected sound wave, an ultrasonic A-scan and C-scan can be
created to display the data. The ultrasonic A-scan is a conventional NDT technique used
to inspect materials and displays the reflected pulse amplitude (in dB) along the Y-axis with
time or distance presented along the X-axis. The A-scan presents information at a specific
point of interest within the material. In addition, an ultrasonic C-scan can also be created
to display information over an extensive range or sample surface (see Figure 31). The C-
scan representation consists of a two-dimensional scan of a specimen maps parameters,
such as reflected wave amplitude, as a function of location over the sample's surface. The
C-scan gives a plan view of the sample, including any defects, and is often an automated

process used to map out lamination-like indications.

Wim Scan Analyzer

0 Y immj

X ¢mm) 40 &0 0 100 120 120

Figure 31. C-scan of reference sample used in described work. [54]

Ultrasonic testing (UT) typically involves a tradeoff between wavelength and frequency.
As frequency increases, wavelength decreases, increasing sensitivity and attenuation of the
scan [54]. Attenuation refers to the energy lost through scattering and absorption within
the material. While increasing frequency can improve sensitivity, the internal fibres of
composite samples often result in high attenuation, significantly reducing signal

penetration. As a result, lower frequencies are often chosen for the inspection of composites
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in order to balance the need for penetration with the desire for sensitivity and resolution
[54].

The application of adhesive joints is more common for composite materials than metallic
ones, which are widely spread welded joints. For these kinds of joints, which can be very
thin, the NDT techniques usually used are visual inspection[56], ultrasonic test [57-65],
magnetic particle test[66—70], radiography test[71,72], and liquid penetration test[71,73].
Among all the welding processes, the first part of this research work has focused on
resistance welded joints, the most common welding method to join thin metal sheets,
particularly in the automotive industry[47,63,74-93]. In fact, for one car frame, an average
of 2000 welded spots are present. Thus, the assessment of these joints can be crucial. In the
literature, several works based on NDT methods of resistance spot welding are present
[47,63,74-93]. Hence, some of them have been summarized below.

Ultrasonic technique (UT) is a promising approach for the quality control of RSW joints
in the automotive industry [94], as it allows for cost reduction but requires qualified
operators [86], particularly when the complex material microstructure interferes with
ultrasonic wave propagation, making it challenging to interpret the results [95]. These
results are heavily dependent on the operator's experience [87], and the latter's efficiency
may be impaired by the task of repeatedly interpreting ultrasonic oscillograms for an
extended period of time [86]. Tools that assist operators in interpreting and classifying
ultrasonic oscillograms can contribute to improving the evaluation of RSW joints through
ultrasonic technique. The ultrasonic oscillogram obtained through the A-scan technique is
a plot of wave amplitude over time [86], where the ultrasonic beam reflects upon reaching
an interface, resulting in a series of echoes whose positions indicate the location of the
reflecting interface and whose heights are a function of sound attenuation, i.e., of the weld
nugget's microstructure [86]. With the aim to semi-automatize the UT procedure,
automatizing the classification of welding, in 2006, Martin et al. [96] extracted a ten-
component vector from each ultrasonic oscillogram and used a multi-layer feedforward
artificial neural network (ANN) trained with the Levenberg—Marquardt algorithm to
classify it, i.e., each ultrasonic oscillogram and its corresponding RSW joint, into four
possible quality levels [86]: (1) good weld, (i1) undersize weld, (i11) stick weld, and (iv) no
weld. To obtain a classification, two parameters of the weld nugget has been considered
[96]:
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o  Weld nugget microstructure. In the nugget a cast microstructure with coarser grain
than the base metal is present, hence the nuggets produce high attenuation than
base material. The HAZ, that is the small area between the weld nuggets and parent
material, showed a recrystallized microstructure with fine grains with low
attenuation for UT, thus its influence can be neglected (Figure 32 a-c).

o Weld nugget size. If the weld nugget diameter is smaller than the width of the

ultrasonic beam, an echo which is a part of reflections occurs at the interface

between the two sheets. A thick nugget produces higher attenuation (Figure 32 b-
d).

b) d)

Figure 32. (a) micrograph of a cross-sectioned good weld. (b) Macrograph of a cross-sectioned good weld.
(c) Micrograph of a cross-sectioned undersize weld. (d) Macrograph of a cross sectioned undersize weld [96].

Other cases of not-good weld are represented by sticked weld and no welded. The sticked
weld presents a cast microstructure but is thinner than the wed nugget of a good-welded
joint. In this case, the welded nugget is larger than the width of ultrasonic beam (Figure 33
a-b). In no welded joint there is no melting thus the grain is not as coarse as the grain of

cast microstructure, as it is evident in Figure 33 c-d.
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b) d)

Figure 33 (a) Micrography of a sticked joint and (b) the correspondent macrography. (c) The micrography
of a no welded joint and (d) correspondent macrography [96].

Subsequently, and considering that ANNSs are "black boxes" and lack explanatory capacity,
Martin et al. [88] proposed classification and regression tree (CART) and random forest
techniques as pattern recognition models for classifying ultrasonic oscillograms obtained
from RSW joints and demonstrated that CARTs resulted in an acceptable error rate with
high interpretability. In contrast, random forests reduced the error rate at the expense of
reduced decision interpretability compared to CARTs. Intending to save time on 2019,
Hua et al. [97] developed an in situ ultrasonic detection system comprising an electrode
with an embedded probe, allowing for rapid acquisition of the ultrasonic testing signal from
the RSW joint. In the presented work, as respect of previous [96], another classification

based on the nugget characteristics is presented and more levels are considered.

(b) Over-burning weld (c) Loose weld ¥

e R T e e
L mm

Figure 34. Nugget macro-structures of different welded joints analyzed by Hua et al. 13]
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In Figure 34 different situations are presented, and several cases of ineligibility are showed.
To increase the ratio between signal due to defected weld and background noise, a

frequency-domain analysis has been used to amplify the signal features.
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Figure 35. (a) Usual electrode for RSW and (b) electrod with embedded probe developed by Hua et al. [96]
The proposed method guarantees an error of 7% on the measurement of nugget diameter
and thickness. Something that must be evaluated as a cons is the increased time to produce
and change the electrodes, because of the embedded probe, the less versatility of system
that can be used only with that specific equipment and fixed dimensions, moreover the
measurements have been obtained only for good condition electrodes. In fact, one factor
that can influence the quality of joints in RSW is the wear of electrodes during the process.
Wang et al. [98] proposed a particle swarm optimization support vector machine (PSO-
SVM) to classify the maximum tensile-shear strength (MTSS) of RSW joints. Signal
processing and mathematical statistics methods were utilized to extract the features of
ultrasonic detection signals as input variables, and the MTSS of the RSW joints were used
as output variables. Wavelet packet analysis was employed by Qiuyue et al. [99], for UT
evaluation of the size and location of porosity in stainless steel RSW joints. In this paper,
the authors developed a method for detecting and quantifying porosity in spot welds using
ultrasonic waves and wavelet packet analysis. To do this, they first performed ultrasonic
testing on welded specimens with known porosity levels Figure 36 [99], and then collected
the resulting ultrasonic waveforms and wavelet packet decomposition to analyze them. By
examining the decomposed waveforms, they could extract information about the size and

location of any porosity present in the welds.
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Figure 36. Cross-section metallography along scanning line obtained from Qiuyue et al. [99].

Qiuyue et al. [99], found that their technique could accurately detect and quantify the
welds' porosity. They also demonstrated that the method could detect porosity in welds
with different geometries and locations within the weld. In addition, they compared the
results obtained using their technique with those obtained using conventional destructive
testing methods and found good agreement between them.

Overall, it is possible to conclude that the presented method could be used as a non-
destructive testing technique for evaluating the quality of spot welds [99]. It could be
beneficial for identifying and characterizing porosity in welds, as it allows for the detection
and measurement of porosity without damaging the welded material.

Liu et al. [89], for automatic identification and classification of ultrasonic echo signals
obtained from stainless steel RSW joints, using back-propagation neural network models.
Moghanizadeh [100], studied the relationship between the attenuation coefficient in low
carbon steel RSW joints and microhardness, and in turn, between microhardness and
welding quality, in light of the effect of heat input on two microstructural features (grain
size and phase content).

In his study, Moghanizadeh [100] introduces a technique for utilizing ultrasonic testing to
assess the physical characteristics of spot welds. Ultrasonic testing has been adopted as a
method to evaluate the quality of spot welds by measuring the welded material's thickness
and the weld nugget's size.

Moghanizadeh [100] starts by discussing the principles of ultrasonic testing and how it can

be used to measure the properties of spot welds. Ultrasonic waves are transmitted through

65



CHAPTER 3. Thermographic procedure for the assessment of welded joints

the welded material, and the time it takes for the waves to travel through the material is
used to calculate the thickness of the welded material. The size of the weld nugget can be
determined by analyzing the reflection of the ultrasonic waves at the weld interface.

The author [100] then presented the results of experiments conducted to test their method's
effectiveness. The experiments were conducted on welded specimens with known
thicknesses and weld nugget sizes. The results showed that the ultrasonic testing method
accurately measured the thickness of the welded material and the size of the weld nugget.
Moghanizadeh [100] discussed the limitations of ultrasonic testing for evaluating spot
welds. One limitation is that the accuracy of the measurements can be affected by the
presence of defects or inhomogeneities in the welded material. In addition, the method is
not suitable for evaluating welds with complex geometries or those that are located at a
depth within the material. Overall, it is possible to conclude that ultrasonic testing is a
valuable NDE technique for evaluating the physical properties of spot welds. It can provide
rapid and accurate measurements of the welded material's thickness and the weld nugget's
size, which can be useful for ensuring the quality and reliability of spot welds in
manufacturing and other applications.

Amiri et al. [101], investigated the relationship between ultrasonic testing results and the
tensile strength and fatigue life of three-sheet RSW joints using a single and dual-objective
neural network. However, evaluating the strength and fatigue performance of spot welds
can be challenging, as it requires destructive testing methods that can be time-consuming
and costly. The authors proposed a method for predicting spot welds’ static and fatigue
behavior using ultrasonic testing and machine learning techniques. They first conducted
experiments on welded specimens to measure the welds’ mechanical properties under
static and fatigue loading conditions. They also collected ultrasonic data from the welds
using pulse-echo testing, which involves transmitting ultrasonic waves through the welded
material and measuring the time it takes for the waves to travel through the material.

The authors then used the ultrasonic data and the measured mechanical properties of the
welds to train machine learning models to predict the static and fatigue behavior of the
welds. They found that the models could predict the welds’ static and fatigue strength

accurately and that the prediction errors were within acceptable limits.
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Figure 37. Comparison of the predicted mechanical properties (tensile strength (a) — fatigue life (b)) of spot-
welded joint with the actual values

The authors also investigated the effect of different parameters, such as the welded
material’s thickness and the weld nugget’s size, on the models’ prediction accuracy. They
found that the models were more accurate for welds with larger nugget sizes and thicker
welded material and that the prediction errors increased as the nugget size and thickness
of the welded material decreased.

Overall, their method can be used as a nondestructive testing technique for evaluating spot

welds’ static and fatigue behavior. It could be particularly useful for identifying and
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characterizing welds prone to failure, as it allows for predicting the strength and fatigue
performance of the welds without the need for destructive testing.

Another method consists of guided waves for which a recent example has been presented by
Pineda Allen et al. [53], that propose a method for detecting debonding at adhesive joints
using the nonlinear mixing of Lamb waves.

Lamb waves are elastic waves that can propagate through solid materials. They are
characterized by their mode of vibration, which determines the shape of the wavefront and
the distribution of energy within the material. Nonlinear mixing of Lamb waves occurs
when two waves with different frequencies interact and produce new waves with different
frequencies. This process can be used to extract information about the material and its
properties [53].

This paper examined [53] the interaction between nonlinear Lamb wave mixing and local
debonding using experiments and numerical simulations. It was found that the wave
mixing technique can detect debonding at adhesive metal joints by observing the creation
of a combined frequency wave. The harmonics produced due to the contact effect at the
debonding were extracted from the frequency domain of the experimental samples and
used to validate a 3D FE model [53]. The presence of the combined harmonic was found
to be a reliable indicator of local debonding. In addition, the effect of debonding width on
mixed-frequency Lamb waves interacting with damage was studied in the frequency
domain. The numerical results indicated that the debonding width could be correlated with
the energy produced by debonding. This suggests that the proposed technique is also
sensitive to different debonding widths within a specific range of d/A. The research also

better understood the nonlinear Lamb wave mixing process in adhesive joints.

According to Lindner and Deike [102], radiographic examination is an effective non-
destructive testing technique for the intermediate sheet area that is difficult to access and
1s suitable for use in the large-scale automotive industry. The above-mentioned authors
[102], described a method for detecting liquid metal embrittlement (LME) cracks using X-
ray. They conducted experiments on welded specimens with known LME cracks and used
X-ray imaging to collect data from the welds. They then analyzed the data to identify the
presence and location of LME cracks. As results, they found that their method was able to
accurately detect LME cracks in the welds, as it is possible to see in Figure 38, and then

discuss the potential applications for detecting LME cracks in industrial settings.
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Figure 38. X-ray results [102] of change of crack characteristic depending on the heat input in process

One advantage of using X-ray as a NDT method is that it allows for the detection of cracks
without the need for destructive testing, which can be particularly useful in situations
where the welds are part of a critical structure or component. In addition, X-ray imaging
can provide detailed information about the size and location of LME cracks, which can be
useful for identifying and characterizing welds that are prone to failure.

However, there are also some limitations to using X-ray as an NDT method. One
limitation is that it may not be suitable for evaluating welds with complex geometries or
those that are located at a depth within the material. In addition, the accuracy of the
measurements can be affected by factors such as the thickness of the welded material, the
size of the weld nugget, and the presence of defects or inhomogeneities in the welded
material. Thus, it is important to consider the limitations of the method and to take steps
to minimize any potential sources of error when using X-ray imaging to evaluate welds. It
is worth noting that the use of radiographic inspection for welding quality control in actual
production is limited due to the fact that X-rays are harmful to the human body.

Another method for non-destructively inspecting RSW joints is the magnetic technique,
which, although it does not provide as much morphology information as ultrasonic and
radiographic techniques, is convenient and low-cost [66,67,69]. Ma et al. [69] describe a
method for detecting defects in welds using magneto-optical imaging, which involves the
application of a combined magnetic field to the welded material and using a camera to
capture images of the resulting magneto-optical effect. They conducted experiments on
welded specimens with known defects and used the magneto-optical imaging method to
collect data from the welds. They then analyzed the data to identify the presence and
location of defects in the welds using the setup showed in Figure 39.
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The authors found that the magneto-optical imaging method was able to detect defects in
the welds accurately, and they discuss the potential applications of their method for
detecting defects in industrial settings. They also discuss the advantages and limitations of
the method, including its sensitivity to the size and location of defects and its ability to
distinguish between different types of defects.

Overall, the authors conclude that magneto-optical imaging is a promising NDT technique
for detecting defects in welds. It allows for detecting defects without the need for
destructive testing, and it can be used as a tool for ensuring the quality and reliability of

welds in manufacturing and other applications.
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Figure 39. Experimental and schematic diagram of the setup used. (a) Front of sample. (b) Back of sample.
(c) Schematic diagram of experimental platform.

According to Tsukada et al. [67], there are two main methods for conducting magnetic-
based testing: (i) the magnetic flux leakage test (MFL) (Figure 40), which uses the magnetic
flux leakage from the sample surface when a low-frequency magnetic flux is induced, and
(i1) the eddy current test (ECT) (Figure 41), which uses high-frequency electromagnetic

induction in conductive materials.
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Figure 40. Example of results obtained by Tsukada through flux leakage test. [67]
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Figure 41. Example of results obtained by Tsukada through flux leakage test. [67]
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The authors of the paper [67] conducted experiments to evaluate the performance of the
magnetic flux penetration and eddy current methods for the detection of weld defects. They
used both methods to inspect welds with various types and sizes of defects, including
incomplete fusion, lack of penetration, and porosity. They found that both methods
effectively detect these defects, with the eddy current method being more sensitive to minor
defects.

The authors also compared the performance of the two methods with the ultrasonic testing
method, another commonly used NDT technique for weld inspection. They found that the
magnetic methods could detect defects that were not detectable using ultrasonic testing.
Overall, the results of the experiments demonstrate the potential of magnetic flux
penetration and eddy current methods for the nondestructive testing of resistance spot
welds. These methods can provide valuable information about the quality and integrity of
welded joints, helping to ensure the safety and reliability of welded structures.

Tsukada et al. [70], developed an MFL system using a magnetoresistive sensor for non-
destructively testing RSW joints. The authors [70] propose a method for evaluating the
integrity of spot welds using a magnetoresistive sensor and magnetic flux leakage. The
technique involves using a permanent magnet to generate a magnetic field around the
weld, with the magnetoresistive sensor used to measure the magnetic flux leakage from the
weld. By analyzing the flux leakage patterns, it is possible to determine the presence and

location of any defects in the weld.
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Figure 42. (a) Contour maps of the magnetic field distribution above the spot welds, and its dependence on

the cycle time of welding: upper side. (b) Macrograph of cross-sectional spot welds, showing the dependence
on cycle time [70].
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Tsukada et al. [70] conducted a series of experiments to evaluate the proposed method's
effectiveness, using welds with artificially introduced defects and welds taken from actual
automotive components. The results in Figure 42, showed that the technique could
accurately detect the presence and location of defects in the welds with a high degree of
sensitivity [70].

Overall, the study [70]demonstrates the potential of the magnetic flux leakage method
using a magnetoresistive sensor as a reliable and accurate non-destructive testing (NDT)
technique for evaluating the integrity of spot welds.

Song et al. [103], used an imaging method to analyze the internal structure of RSW joints
based on the phase of a magnetic field using a wide range of frequencies from high to low.
Vértesy and Tomas [66], presented the adaptive magnetic testing (MAT) method, which is
based on the systematic measurement and evaluation of magnetic minor hysteresis loops,
as an alternative for characterizing the quality of RSW and found a good correlation
between the current welding value and the magnetic descriptors. For the ECT, Harada et
al. [68], used it to evaluate RSW joints whose internal microstructure could be visualized
using multiple frequencies and obtained a good correlation between the measured
magnetic field strength and the tensile-shear load. The ECT method involves the
application of a low-frequency alternating current to the surface of a sample and measuring
the resulting magnetic field using a series of sensors [68]. By analyzing the magnetic field
distribution, it is possible to infer the electrical conductivity of the material within the
sample, which can be used to identify defects or variations in the internal structure of the

spot weld.

Induction coil

Spot-weld

< { Current source U

L
><K% Detection coil// ’

( = T Reference signal
Sample =
 Lock-in amplifier ﬁ

PC

Figure 43. Measurement system for the internal structure analysis of a spot-weld used by Harada et al. [68]

The authors [68], conducted experiments to test the effectiveness of the ECT method for
the NDT of spot welds. They used a sample of two sheet metals joined by a single spot

weld as it. As showed in Figure 43, the sample was placed in a coil, and a low-frequency
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current was applied to the sample's surface. The magnetic field produced by the current
was measured using a series of sensors arranged in a circular pattern around the sample.
The data collected by the sensors were used to reconstruct an image of the internal structure
of the spot weld, which was then compared to a reference image obtained from destructive
testing of the sample [68].
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Figure 44. Map of the measured magnetic field strength for different frequency obtained by Harada et al.
[68].

The results of the experiments showed that the ECT method could accurately identify
variations in the internal structure of the spot weld, including the presence of voids and
cracks. The authors [68] concluded that the ECT method is a promising tool for NDT of
spot welds, as it allows for the non-destructive evaluation of the internal structure of the
weld without the need for physical access to the weld. They also suggested that further
research is needed to optimize the ECT method for NDT of spot welds, including
developing more advanced sensors and improved reconstruction algorithms.

All the described techniques can be applied to the thin joint as non-destructive methods
but, each one presents disadvantages. One of these, is that all the presented techniques
need contact with the surface of component, that is not always possible and can be a
problem in several industrial application. Another disadvantage that is present in the most

of presented works, is that these techniques are time-consuming. In fact, must be
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considered that, for example, in automotive industrial applications for a frame of a car
more than 1000 resistance welding joints are present thus, if the inspection time is not
compatible with the production time, a 100% control cannot be applied avoiding to
increase too much time and cost of production. In several cases there is a semi-
automatization of the control but is very specific for the kind of joint and process, hence a
more versatile control should be developed to fulfill this void in the non-destructive
controls.

In this direction, the thermographic technique can represent an opportunity because can
overcome several of the limits which are present in other techniques, and be challenging

with well-established techniques, which nowadays, are spreadly diffused.

3.1.1 Thermography on thin joints

In previous section, several methods and applications of NDT methods on thin joins have
been presented, in particular for adhesive and welded joints. For the peculiarities of
thermographic methods described in section 2.2.4, it is evident that this method can be
particularly interesting for thin joint. In fact, must be remembered that the thermography
is a superficial technique and can be considered a volumetric one only for low thermal
diffusive materials. Nevertheless, the principal limit of thermographic techniques for high
thermal diffusive material is the quantity of energy that can ensure a signal strong enough
to be detected by a thermal sensor after the path in the material (the thickness of specimen
in case of transmission configuration and double in case of reflection ones). In case of
pulsed thermography, in fact, another limit is the pulse duration that must be applied to
consider valid the pulse hypotheses, on which are based the most of algorithms, especially
for metal specimens with very low thickness. For these reasons, the thermographic method
can be suitable for inspecting thin joints, especially in cases of high energy density heat
sources such as the laser source.

In the literature, some uses of thermography as non-destructive testing for joints can be
found, both for low-diffusive [104—111] and high-diffusive materials[112-122]. Therefore,
some more significant ones will, be reported below.

In 2018 Leicht et al. [123], presented an interesting application of passive and active
thermography for defect detection in polymer joints. In the case of passive thermography,
the thermographic system has been integrated with the welding process, obtaining an
online evaluation. To analyze the data collected during the process, the differential picture

method has been applied. Differential pixels (DP) are calculated by determining the
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temperature difference between each current measurement (CP) pixel and a reference
image. The reference image was generated by averaging a number of thermographic
measurements (RP1) of a process with known quality, such as tensile strength. The method

1s illustrated in Figure 45.
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Figure 45. Schematic of the differential picture method illustrated by pictures with four pixels and different

grey values (1 to 5; top). Example for the measurement of an industrial part with a defect prior to welding
(bottom) [123]

Lock-in thermography has been applied in [124-126] . As described briefly in section 2.2,

this method produce results in terms of phase and amplitude maps.
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Figure 46. Differential pictures of infrared welded PVDF sheets. Half of the welded area has been blackened
with ink (arrows; a) in order gain a higher absorption of the infrared radiation on the surface of the weld

area. Additionally, sheets with two notches (indicated by arrows) in the weld area have been prepared to
simulate the effect of surface defects (b) [123].

In Figure 46, it is shown an example of surface defects revealed by passive thermography,

by infrared welding process using a PVDF.
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Figure 47. Photograph of an overlapping adhesive bond of PA66 with an air inclusion building the letters
‘SKZ’ (a) and phase picture of the OLT (lock-in frequency 6.2 mHz) of this specimen (b). The depth of the
air inclusions is rising from ‘S’ (1.0 mm) to ‘Z’ (3.0 mm). Phase picture (c) and amplitude picture (d) of an
equal specimen built from GFRP-PP (lock-in frequency 17.7 mHz) [123].

Air inclusions can be detected to a depth of 1.0 mm (labelled as "S") in PA66. Additionally,
the absence of adhesive around the area of the defects, which can be seen in the
photograph, is clearly visible in the phase images. In the phase image (Figure 47) of GFRP-
PP, the inclusion is slightly obscured by the reflections created by the fibreglass structures
of the composite, which slightly hinders the identification of the shape of the defects.
However, the defects are visible to a depth of 3.0 mm (labelled as "Z") in the amplitude
image, and the absence of adhesive application is no longer detectable. Therefore, it is
important to utilize both amplitude and phase images in order to detect defects in polymer
joints accurately.

Another interesting application of pulsed thermography to adhesive joints has been
proposed by Kostroun et al. [108], which examine the possibility of using active
thermography to test composite aircraft adhesive joints. After a measurement of thermal
diffusivity in thickness direction using the transmission flash method [127], pulsed
thermography with a reflection setup has been used to detect defects using a flash lamp as
heat source. To be able to calibrate the technique, a reference gauge has been produced
with geometry reported in Figure 48. In Figure 49, several thermograms of reference
sample after a pulse heating have been reported. It is possible to observe that, for long time

cooling, the image became blurred because of lateral heat flow.
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Figure 48. Schematic geometry of reference gauge used [108]

Figure 49. Thermograms obtained after pulse heating by flash lamp for different observation times of
reference sample. [108]

The Modified Differential Absolute Contrast (DAC) method has been utilized to process
the measured data to partially eliminate unevenness in the heat source, such as reflections
from the environment (e.g., IR camera, flash lamps) and variations in emissivity on the
surface. The DAC method compares the temperature of the tested area with the theoretical
temperature that would exist in the absence of a defect. This theoretical temperature is
calculated using the 1D form of the Fourier equation for heat conduction in a semi-infinite
medium based on the measured temperature at a point when the temperature defect is not

present [128].
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Figure 50. Comparison of NDE findings (top) with the actual condition of the adhesive joint (bo

to) [108]

Figure 50 compares the results of the Non-Destructive Evaluation (NDE) and the actual
condition of the adhesive joint. The top portion of the image displays an evaluated image
of the adhesive joint before the structural strength test. At the same time, the bottom part
shows the condition of the adhesive joint after the strength test and the resulting damage
to the wing. The colored circles indicate the corresponding defects in the joint. The NDE
measurement aligns well with the actual condition of the joint. The tiniest detected defect
(marked 1n red) has a diameter of approximately 3 mm. Given the resolution of the IR
camera, this size can be considered the smallest detectable defect in the adhesive joint for
the given test configuration. In addition to defects in the adhesive layer, the use of two
adhesives (EA9394 and C-resin) are visible in the image. The bottom half of the image also
shows two vertical cracks caused by a failure during the strength test of the wing
demonstrator [108].

The paper [108], presents a method for testing the quality of adhesive joints in thin-walled
composite structures of light sports aircraft using an IR camera. After the use of a reference
gauge that simulated an adhesive joint, it demonstrated sufficient depth resolution and
sensitivity to detect defects of at least 3 mm in size. The method was effective for detecting
defects in adhesive joints of wing skins, ribs, and load-bearing spar structures made from
thin CFRP. It can also identify manufacturing defects and inaccuracies such as adhesive
overflow, misaligned foam inserts, or overlapped composite layers. The results obtained
with this method are useful for both qualitative and quantitative evaluation of adhesive

joints. The readability of the resulting images can be improved through the use of higher
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resolution IR cameras or IR cameras with greater sensitivity and stability or by using more
powerful heat source [108].

Palumbo et al., in 2016 [107], used lock-in thermography for the evaluation of debonding
in composite adhesive joints, comparing the results with a well-established method as the

UT C-scan.

100 25

Figure 51. Specimen geometry used by Palumbo et al. [107]

In the research work [107], 12 single lap GFRP joints have been considered and a
hygrothermal aging procedure has been applied to simulate natural weather conditions.
Secondly, halogen lamps have been used as the heat source for the lock-in thermography,
and phase maps have been compared with C-Scan results after the definition of a threshold
for segmentation to obtain binarized maps, as showed in Figure 52.

In the reported study [107] ,the tests were conducted on single-lap adhesive joints by
ASTM D 3165, both before and after accelerated ageing, using both lock-in thermography
and ultrasonic testing (UT). The results of these tests indicated the presence of defects that
remained unchanged in size and shape. C-scan ultrasonic testing was also utilized to
validate the results obtained through thermography, and quantitative analysis was
performed using decision threshold values. The lock-in thermography results were
consistent with those of UT C-scan inspection and visual inspection after sample rupture.
In conclusion, lock-in thermography was demonstrated to be a valuable non-destructive
testing tool for evaluating a bonded composite assembly's initial condition and monitoring
its performance under various environmental conditions. Additionally, lock-in
thermography can provide information about the appropriateness of the manufacturing

process and suggest potential areas for improvement [107].
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Figure 52. Binarized phase images, binarized UT images and images of the broken joints of three of the

analyzed samples [107]

Another recent work by Wu et al. [106], describes an application of active thermography
to verify bonded joint structures in CFRP, using the super-resolution thermal imaging
[129-132]. The authors conducted experiments to evaluate the performance of the
proposed method. They found that it could provide high-resolution thermal images with
good accuracy and reproducibility, applying a super-resolution algorithm to the acquired
thermal images. The authors also conducted experiments to compare the performance of

the proposed method to that of a traditional destructive testing method. They found that
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the proposed method could provide similar results to the destructive method but without
the need for dismantling the joint.

Overall, the results of this study suggest that the proposed super-resolution thermal
imaging method is a promising technique for the non-destructive testing of adhesive-
bonded joints. It allows for evaluating the performance of such joints in a convenient and
non-invasive manner, with results comparable to those obtained using traditional
destructive testing methods.

An interesting work, which presents an application of a Thermoelastic Stress Analysis
[133—-138] as non-destructive method for a quantitative evaluation of bonded CFRP T-
joints, has been presented by Palumbo et al.[139]. This study used the thermoelastic stress
analysis (TSA) technique to evaluate debonded regions and analyze the mechanical
behaviour of adhesive T-joints under cyclic loading in carbon fibre-reinforced polymer
(CFRP) structures. Four T-joint specimens were produced using the Automated Fiber
Placement process and subjected to pull-off tests, during which the TSA technique was
used to monitor the joints. The TSA results demonstrated a strong correlation between the
thermoelastic signal and the elastic stiffness of the joints. They showed that TSA is more
effective than other techniques (such as the LT technique) in quantifying the extent of
debonded areas as is possible to observe in Figure 53. The TSA technique has several
advantages, including its ability to provide a full field map of a signal related to the
mechanical behavior of the joints and its sensitivity in detecting debonding under
operational loading conditions. However, there are some limitations to the technique,
including the need for good accessibility of the monitored area with an infrared camera, a
sufficient number of cyclic loadings to obtain a significant signal-to-noise ratio, and the
ability to detect TSA signal variations in thick composite structures with severe, hidden

damages.
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Figure 53. Binary maps of lock-in and TSA data (letter B indicates the bonded area).

The research works reported above, presented thermographic techniques applied to
evaluate adhesive joints, mainly in low thermal conductive materials. This aspect must be
considered because heat sources like halogen lamps or flash can easily be used in these
cases. In fact, for low thermal diffusive materials with reduced thickness, the hypothesis of
pulse heating is valid for heating times higher than for the conductive materials, as will be
discussed in the next chapter defining thermally thin and thermally thin components.

An interesting application of thermal methods to detect edge debonding in composite
patch, has been presented by Moradi et al. [140]. In this paper, to overcome one of the
limits described, a long pulsed/stepped heating has been applied to detect disbond defects
at the edge of the adhered carbon/epoxy patch on the aluminum plate. Thermal infrared
images of the patch, obtained through flash thermography inspection, were analyzed using
four widely-used techniques: principle component analysis (PCA), thermal signal
reconstruction (TSR), Fourier transform (FT), and one-dimensional wavelet transform (1D
WT). A novel method was also utilised to measure the area under temperature-time signals

(Thermal Signal Area: TSA). A comprehensive performance evaluation of all post-
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processing methods has been performed (Figure 54), both quantitatively and qualitatively
[140].
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Figure 54. The results of (a) PCA (1), (b) PCA (2), (c) PCA (1 + 2), (d) TSR, (e) phases and (f) amplitude of
Fourier transform, (g) 1D wavelets transform (ap- proximation at level 3), and (h) TSA [140].

The binary thresholding method impacted the comparison significantly, and thus two
commonly used thresholding methods, global and local, were employed. Results indicated
that the local thresholding method was more reliable, as demonstrated by its superior
performance measured by the RMSE, NLSE, PSNR, TIR, Ave., and TDR parameters.
Based on this, the TSR, PCA (1 + 2), and TSA algorithms produced more accurate results
when using the local thresholding method (Figure 55). To further improve the results, the
proposed method was combined with the one-dimensional wavelet transform, resulting in
low noise and a reliability of 96.18% for thermography inspection. The proposed method
was found to be particularly effective for minor debonding defects (5 x 5 mm”2) compared

to other methods.

84



Non-destructive thermographic method for the evaluation of thin joints

= 2

.} M,

(@) PCA (1) | (b) PCA (2)

4

s W« .. W e
(c) PCA (1+2) (d) TSR
=
: W ,
(e) Phases of FT (H Amplitude of FT
i = . - g t—
- ‘ wy .
(g) 1D wavelet (h) TSA

Figure 55. The binary results by local threshold value for (a) PCA (1), (b) PCA (2), (c) PCA (1 + 2), (d) TSR,

(e) phases and (f) amplitude of Fourier transform, (g) 1D wavelets transform (approximation at level 3), and
(h) TSA [140].

As discussed previously, despite the open issues about applications of active thermography
on thin welded joints, several research works are present in the literature that explore the
possibility of developing this technique to improve the use of thin welded joints.

Srajbr et al. [141] presented a work in which three different welded joints have been
realized by different welding process: two by MAG process and the last by laser powder
bed fusion (LPBF). For each one of these specimens some reference methods have been

considered among the usual NDT resumed in Table 2.
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Figure 56. Tested specimens with irregularities and process steps necessary for fabrication — a.)-c.):
Manufacturing of Specimen 1 (a.) Mechanical pre-treatment by milling, b.) Insertion of copper plate and c.)
Resulting cracks); d.)-f.):Manufacturing of Specimen 2 (a.) Drilled holes, b.) welding of intermediate layer
and c.) Welding of top layer. Below the Definition of parameters and nominal crack sizes for Specimen 3
[141].

Manufacturing Reference
Specimen number Defects
method measurements
1 MAG Cracks (realistic) VT, PT, MT, RT
2 MAG Voids (realistic and artificial) VT, PT, MT, RT
3 LPBF Cracks (idealized) CT-measurements

Table 2. Specimen with different defects and NDT-techniques to detects the defects [141]
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Figure 57. Results of reference measurements - a.) Specimen 1 with cracks and b.) Specimen 2 with inner
defects [141].

The photographs in Figure 57 illustrate various testing methods, which reveal the presence
of several different types of defects in the specimens. Specifically, specimen 1 exhibits
predominantly crack-like defects, while specimen 2 exhibits predominantly internal
defects.

The visual inspection of specimen 1 (Figure 57 a), reveals differences in surface appearance
across three areas where copper was applied and the presence of larger cracks on the

surface. This is further corroborated by the results of penetrant testing and magnetic
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particle testing, which show large colored areas and vertical cracks, respectively.
Radiographic testing also confirms the presence of cracks; however, no further inner
defects are visible on the radiographic image.

In contrast, the visual inspection of specimen 2 (Figure 57 b), reveals discolouration along
the entire weld and two surface voids. These voids are also visible in penetrant and
magnetic particle testing results. Radiographic testing of specimen 2 shows clusters of pores
at the end of the weld, indicating the presence of internal defects. Additionally, the
radiographic image reveals the presence of artificially introduced defects in the form of
drilled holes, which cannot be detected from the outside. These defects can be used to

evaluate the ability of thermographic testing to detect inner defects.

' | Depth of H
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Figure 58. Computer tomographic images of the semi-circular crack structures — a.) Illustration for the

determination of the parameters crack depth and crack width using the example of irregularity B8 and b.)
illustration of the crack structure and determination of the geometric parameters of irregularity B14 [141]

Computer tomographic measurements were conducted on specimen 3 to evaluate the
presence and characteristics of cracks. Figure 58 presents examples of the results of these
CT scans, including the most extended crack (B8) with a nominal length of 10 mm and the
parameters used to describe its contour, as well as the slightest irregularity and sample
measurements of its length and depth.

For each specimen, a different thermographic technique has been used and are resumed in
Table 3.

Specimen  Manufacturing

Defects Reference measurements
number method
Induction excited pulse-phase
1 MAG Cracks (realistic) thermography, Ultrasonic excited
thermography
’ MAG Voids (r.eah.stlc Induction excited pulse-phase
and artificial) thermography
Crack .
3 LPBF G der;?zs d) Laser-excited thermography
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Table 3. Specimen with different defects and applied thermographic methods [141]

a)L ’ Length of specimen 1,=300 mm
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Figure 59. Results of induction excited pulse-phase thermography — a.) Overview of test of the whole weld
and b.) enlarged picture of area with cracks. (c) Exemplary results of crack testing on a sample with cracked
areas using ultrasound-excited lockin thermography [141]

Figure 59 a shows the results of inductive pulse-phase thermography on specimen 1. The
phase image, obtained at a frequency of 5 Hz, reveals clear crack indicators as deviations
from the surrounding weld. These indicators appear as white lines crossing areas of the
lower phase and are visible in the enlarged image (Figure 59 b). The cracks are easily
identifiable as they stand out significantly from the rest of the weld. It is worth noting that
only transverse cracks are visible in the images.

In contrast, longitudinal cracks are not excited by the used test arrangement. In addition
to the crack indicators, the images also show black areas, such as those marked with a
yellow arrow. These silicate residues from the filler metal used in welding do not represent
any relevant flaw [141].

Figure 59 c presents the measurement results using ultrasound-excited lock-in
thermography on an area with cracks. This method involves modulating the excitation

frequency and power of the ultrasound excitation sinusoidally and applying a discrete
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Fourier transform (DFT) to obtain amplitude and phase maps. The phase map shows that
the crack contours appear as bright areas (indicated by red arrows). In addition, the image
reveals measurement disturbances caused by moving particles on the component's surface
(indicated by a blue arrow) and highly reflective areas (indicated by a green arrow). These
disturbances are likely due to the high mechanical load on the sample, which causes slag
residues and silicate particles to be dislodged and interfere with the measurement. Despite
these disturbances, the technique demonstrates its ability to detect cracks in welds [141].
Figure 60 presents the test results for specimen 2, which reveal both artificially introduced
defects (drilled holes) and realistic defects (cluster of pores). Both types of inhomogeneities
cause an accumulation of heat, as the flow of heat into the sample's interior is hindered.
This is indicated by a shift in the phases to lower values. As a result, the fields of pores near
the surface can be easily identified. In contrast, the deeper-lying artificial defects are only
hinted but can be detected by applying a measuring field and averaging the measured
values, as demonstrated in the enlarged section. The resulting diagram clearly shows the
individual holes [141].

Exemplary test results obtained through laser excitation of specimen 3 are presented below.
The laser had a pulse duration of 0.1 s and a nominal power equivalent to 22.5 W. The
measurement results were then processed using a discrete Fourier transform with an
evaluation frequency of 1.5 Hz. Figure 61 shows the results in the phase representation.
As shown in the images, all artificially introduced, idealized cracks are detectable.
However, the signature of the cracks decreases in strength as the size of the irregularities
decreases. While large cracks (e.g., B8) produce a clear and distinct signature, the

measurement signal for small cracks (e.g., B14) is very faint.
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Figure 60. Test result of induction excited pulse phase [141]
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Figure 61. Results of laser heated thermography at Specimen 3 [141]

In the study [141] specific defects have been created specimens and the authors found that
thermographic methods can effectively detect these defects. Of these methods, induction-
excited pulse-phase thermography was particularly successful in detecting cracks. At the

same time, ultrasonic excited thermography could detect lower-resolution cracks. Laser-
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excited thermography was able to detect artificial cracks ranging from 0.7-0.8 mm, but
further testing is needed to determine its effectiveness in detecting realistic defects. Overall,
thermographic testing methods appear suitable for detecting weld cracks. However, their
ability to detect inner defects is limited and depends on the excitation source. The
promising results of induction excited thermography suggest that it may be a viable
alternative for lower quality requirements, as only radiographic testing (RT) can detect
such defects.

Another interesting method described by Guo [142], that applied vibrothermography to

detect cracks in friction stir welded aluminium joints (Figure 62).
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Figure 62. Aluminium alloy plates welded by friction stir welded joint. (a) scheme (b) specimen photo [142]

Three different reflection setups have been used for the described work, with two different

positions of specimen, has showed in Figure 63
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Figure 63. (a)First experimental setup, (b) the second and (c) the third one. [142]

In the first experiment, the plate was supported at both ends and excited at a middle
position in the transverse direction, but no crack signatures were detected. In the second
experiment, the plate was horizontally clamped in a cantilevered way and excited at one
end, but no crack signatures were detected. In the third experiment, the plate was fixed in
an unsymmetrical way, and this time crack signatures were detected at the tip and notch
of the crack. The author [142], analyzed the resulting thermal images using various
information parameters Figure 64, including signal-to-noise ratio (SNR) and contrast-to-
noise ratio (CNR). They found that the third experiment produced the highest SNR and
CNR values.

(a)Cold image (t<0) (c)Raw image at t=4.867 s

- ~ (b)Raw image at t=0.95 s (d)Zoom-in Image of the
crack reglon

Figure 64. Vibtrothermography results. [142]
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The author [142] also applied wavelet image enhancement to the thermal images to further
improve the visibility of the crack signatures.

Runnemalm et al. [143] investigate the use of thermographic methods to analyze cracks in
welded joints through UV excitation. Thermographic inspections using UV excitation
were conducted on a laser-welded titanium plate with a butt weld of 3 mm thickness. The
plate contained eight artificial surface defects, referred to as "surface notches," of various
dimensions produced via electrical discharge machining in the weld seam and heat-affected
zone. The lengths of the notches ranged from 250 to 1030 mm, and the widths ranged from
80 to 400 mm Figure 65.

g S}

Notch 1 Notch 2 Notch 3 Notch 4 Notch 5 Notch 6 Notch 7 Notch 8

Figure 65. Scheme of the analyzed specimen. [143]

UV light from a mercury lamp was found to be a suitable excitation source for detecting
surface defects in welds through thermography due to the reduction in the number of
reflections on the surface compared to using a flash lamp excitation. While both excitation
sources were comparable for relatively large defects, smaller defects (250 mm in length and
80 mm in width) were only detectable using a mercury lamp excitation. Data for the
comparison were acquired 0.02 seconds after the start of illumination. Although a slightly
higher signal-to-noise ratio was achieved after 0.25 seconds, the effect of heating from the
mercury lamp appeared to reach a stable condition as the signal-to-noise ratio did not
change for longer illumination times. Using a mercury lamp as the excitation source was
found to provide fast data acquisition suitable for automated processes. The structure of
the weld influenced the results, with notches located in the weld seam exhibiting lower

signal-to-noise ratios than those located in the heat-affected zone [143].
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Figure 66. Example of Result of measurement of an MIG-welded steel plate with a long real crack in the
weld. The width of the crack is 270 mm. (a) The raw data image captured 0.25 s after start of excitation. The
crack is visible as a bright horisontal line in the middle of the image. (b) The raw data image after 0.25 s with
the first image subtracted to reduce influence from surface variations. [143]

Further study is needed to determine the effects of surface roughness, weld geometry, and
curvature on the results. Tests were performed to validate the method on two real cracks:
a 270 mm wide MIG weld crack and a 10 mm wide, 820 mm long fatigue crack. The MIG
weld crack was detectable in the raw data image. However, care must be taken to account
for emissivity variations due to the MIG weld's surface structure. The fatigue crack was
too narrow to be detected in a single image. However, the crack could be detected by
studying the time derivative of the image sequence during UV light excitation. UV light
sources, such as the mercury lamp used in this study, are commonly used in industrial
nondestructive testing applications without operator restrictions. However, safety
considerations must be considered during this method's implementation in an industrial
setting.

As discussed previously, resistance welding is one of the main processes for welding two
thin metal sheets together. In particular, one of the spreadly used in automotive industries
1s resistance spot welding. For the assessment of quality of these kinds of joints, there are
two different control that can be done: on-line process control or NDT, as discussed before.
In this regard, [144] presented a work about IR-based NDT for spot weld in automotive
industries.

While IR thermography has been explored for offline, post-processing inspections in a
laboratory setting, there have been no reports of online, real-time RSW inspection using
IR thermography. Previous attempts at using IR thermography for NDT inspection in the
automotive industry have been partially unsuccessful due to the requirement of treating the

weld surface to eliminate reflections and environmental interference. This step is not
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practical for high-volume production lines. The presented method [144] allows for real-

time (during welding) and post-processing inspections (after welds have been completed).
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Figure 67. Scheme of setups adopted (a)on-line and (b) active thermography. [144]

A particular IR thermal image processing method was developed that utilizes relative IR
intensity changes to reduce the impact of surface reflections and environmental
interference. For post-processing inspections, a special induction heater was used in place
of a flash lamp, resulting in temperature changes on the order of 10°C and significantly
improving the signal-to-noise ratio without needing surface painting. Real-time inspections
utilized the heat from the welding process (temperatures exceeding 1000°C). “Thermal
features” were identified through computational modelling and testing that corresponded

to different weld quality attributes.
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Figure 68. (a) Real-time IR image. B-c-d)Comparison of post-weld IR NDT measured weld nugget shape to
the destructive cross-sectional measurements [144].
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In 2016 Jonietz et al. [115], presented an exciting research work to determine the size of
the melted area in friction spot welded joints, which is usually related to the quality of the
final joint. Active thermography has been applied with two different setup configurations:
in reflection and transmission mode and used as heating source flash lamps and laser
squared shape heating.

One of the main advantages of the proposed method [115] is that, with both setup
configurations, no paint on the surface to uniform emissivity is needed except for flash
heating in reflection mode, contradicting results obtained by Runnemalm [145]. A
normalization of thermal data has been proposed to avoid coated surfaces and is reported

graphically in Figure 69.
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Figure 69. Normalization with transmission setup. Top Heat course at cen- ter of weld (digital camera-
values). The frame rate was 40 Hz. Left Thermal image at time of maximal intensity after 1 s of heating with
laser radiation. Right Thermal image after 75 s, taken as emissivity image. Bottom Division by the emissivity
image delivers emissivity- corrected data [115]
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The normalization method proposed is based on an intuitive, simple consideration: that
after several instants after the end of the heating, it is possible to see the difference in signal
on surface of the specimen that a variation of emissivity must cause because it is reasonable
to consider the body temperature homogeneous. Hence, by dividing each frame (after cold
frame subtraction) by one after the cooling phase, it is possible to reduce the influence of

emissivity in maps Figure 69 and Figure 70.

thermal image during laser radiation: normalized thermal image:

|

Figure 70. Normalization with reflection setup. Top left Thermal image with maximal intensity at end of

region of interest:

laser radiation (digital camera-values). Top right Thermal image after normalization by emissivity image
taken 2 s after stopping the laser radiation. Bottom Region of interest around spot weld for further data
analysis [115].

Another significant difference is about the heating time used for each heat source. For
flash, lamps are ~2 ms, but for laser heat source until 1 s has been used; hence, in the first
case, it could be correct to define it as pulsed thermography, but in the second one must be

defined as long pulsed/stepped thermography.
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Figure 71. Transmission setup with laser. Data taken during laser radiation 0.7 s after switching on the laser.
a Normalized thermal image of one sample with concentric rings. b Radial intensities of all samples, each
color represents one welding current. ¢ Radial intensities normalized at r = 0. d Detailed view of (c)
(shoulders) [115].

In Figure 71, the intensity curves obtained for specimens with different welding parameters
are presented and it is possible to observe that is a clear correlation among parameters and

curves thus on the diameter of welded area (Figure 72)
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Figure 72. Reflection setup with laser. A) Definition of parameters for analysis of thermal profiles. B)
Minima, ¢) maxima, and d) widths of the thermal profiles

99



CHAPTER 3. Thermographic procedure for the assessment of welded joints

Basing on a similar procedure, the same research activity has been persecute by Kastner et

al. [119],with a classification of spot-welded joints using convolutional neural networks.

Overall Workflow
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Figure 73. Overall workflow for research work by Kastner et al. [119].

As results, it has been possible to obtain a classification of quality of welded joints,

considering three different quality classes [119] as showed in Figure 74.

Front

Back

TT-
Reflection

Figure 74. Classification of welding quality. Specimens for the three different quality classes are shown and
their respective thermal image after preprocessing steps applied [119].

In 2019 Palumbo et al. [93] presented a thermographic procedure to assess the quality of
RSW joints. In the research work, a transmission setup was used, and a flash lamp was

used as a heating source. This method presents the same advantage presented in previous
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one, which is the possibility to perform experimental tests on the surface as it is. Recording
the heating and the consequent cooling phases in the centre of the spot after a fitting
procedure, based on the time when the minimum value is achieved by the curve, has been

possible to distinguish among three classes: stuck, good and over-welded as it is possible

to see in Figure 75.
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Figure 75. Comparison among the mean value of temperature over time for the three investigated
specimens [93].

This method thus, provides to a qualitative evaluation of the quality of the joint and has
been proved to be sensitive in changing of test parameters, better to the geometry of welded
area, more than mechanical load tests that showed comparable values for ultimate load,
for all theexaminated welded joined . The main disadvantage of this method is the
transmission setup configuration that imposes to have access to both surfaces of joint.
Recently Verspeek et al. [146], presented another approach to the assess of quality for
RSW. In this work [146], nine RSW joints have been inspected using halogen lamps, with
modulated and pulsed heating, and induction heating as heating sources. After the heating,
the FFT and SVD[147] have been used as analysis algorithms and the induction heating
showed best results in term of quality of images and capability to discern a good welded
joint (regular circle) from a not good ones (irregular circle). This method seems to be
qualitative and no other considerations about the welding are possible but is very easy to
automatize, especially reflection heating setup. An interesting result is that the shape of
welded area can be a hint to discern between a good or not good RSW joint.

In the next section, two study cases have been reported which are based on another kind
of resistance welded joint which is resistance projection welded joint. About this kind of
joining process, only rare works are present and involves welding with circular embossing

[148-150]. For the first time joints with rectangular embossing have been investigated
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developing a procedure for quantitative evaluation of welded area, easy to automatize,
applied on “as welded” surface conditions and with results comparable with well-

established NDT methods.

3.2 Non-destructive evaluation of resistance projection welded joints (RPW) by

flash thermography

3.2.1 Introduction

Resistance welding is widely used in automotive industries, in particular as joint in
bodywork [74,76,78,81,83,85,91,93,151-159]. One of the crucial aspects related to the
application of welded joints in industries is the possibility to assess their quality. Currently,
the only techniques used for quality controls of joints is carried out by traditional
destructive tests like Chisel or peeling tests (ISO10447). More important, nowadays, is the
possibility to check the quality of welded joints by non-destructive methods. In fact,
ultrasound tests (UT) are the most widespread for this kind of weld [57-
63,77,82,84,90,92,160-170]. This non-destructive technique is well-established but, for this
application, has limits: the control is based on a statistical approach, time-consuming tests,
contact between specimens and probe is required, some difficulties with thin specimens
may occur and the automatization can be expensive as discussed in previous section.

In the present case, specimens obtained by resistance projection welding process have
analyzed. In resistance projection welding process, two plates are forced in contact
between two electrodes, with a procedure comparable with RSW. The main difference
with respect to the RSW process is that, in case of RPW, one plate has an embossing. This
reduces the contact area and thus increases the electrical resistance. Consequently, the
applied force during the welding can be reduced. Eventually, the required processing time
1s shorter in comparison to the traditional RSW. Moreover, localized heating is developed
with a reduction of the heat-affected zone (HAZ) because higher temperature than in RSW
is reached, but in a smallest area. In Figure 76 is reported a qualitative representation that
shows the behavior of electric resistance and correspondent temperature distribution in
RSW and RPW, where it is evident that the reduced contact area, in RPW, results in a

high temperature in a small area, as opposed to the RSW process.
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RSW

Resistance Temperature
RPW

Resistance Temperature

Figure 76. Scheme of difference between RSW joints and RPW joints. Green curves show the resistance as

function of the distance from the contact area. Red curve shows the temperature distribution in depth
direction during the welding process

Additionally, the RPW joints present a smooth surface on one side with no strongly visible
signs of welding that makes it suitable for aesthetic applications. This is one of the biggest

advantages of this process for automotive industries.

Figure 77. (a) Embossing geometry for the inspected RPW joints (b) Front surface of joints without paint.

In Figure 77, the investigated joints geometry, the rectangular shape of embossing and also
the front side of the welded joint are shown. On the surface there are no scratches that,
instead, are typically of RSW joints.

In the present step, the aim is to develop a thermographic NDT procedure to allow the
quality inspection of RPW joints, in particular, to identify process welding parameters by
pulsed thermography after the application of PPT algorithm [6,12,171-175]. This work is
important for the future develop of automatized procedure for assessment of RPW and

recognize a correlation between process parameters and thermographic features.
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3.2.2 Material and methods

3.2.2.1 Specimens
The present case study investigated 12 welded joints with the same geometry. The
specimen has the embossed plate made in FeP04 (0.67 mm) and the smooth plate in FeP05
(0.70 mm), joined by resistance projection welding. The rectangular emboss measures 9

mm x 1.2 mm, as shown in Figure 78.
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Figure 78. Picture of one of the embossing on the investigated specimens

To evaluate the simultaneous effects of the welding parameters on the joint and the
interactions among them, a factorial plan has been used. The adopted design of experiment
(DOE) technique allows us to save time and reduce the total number of experiments
compared with the traditional procedure where the welding parameters are changed one
by one. In the proposed DOE, three parameters change (F, I, t) with two levels for each
for a sum of four combinations of parameters. Three replications for each set of parameters
have been obtained to evaluate the repeatability of the process too, so the total number of
specimens is 12 (Table 4).

Unlike RSW, where the surface of the welded joint has the same characteristics on both
sides, in RPW, one of the plates is embossed, so it is possible to define the front and rear
sides. The back side is where the embossed plate is the first, so the shape of the electrode
1s evident. The front side is the plate without embossing, and where the surface is
completely smooth. This aspect is very important because, in the application of
thermography to RSW joints, one of the critical aspects is the difference of emissivity in
the welded spot that generates a difference in the signal recorded by the IR camera that
does not correspond to a real difference of temperature, so it is necessary to compensate

this phenomenon. Instead, in this kind of joints the front surface is smooth and does not
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present strong inhomogeneities, which is one of the main advantages of this join technique
avoiding aesthetic defects. A thin paint layer with highly known emissivity has been used
to cover the specimen surfaces to avoid the influence of emissivity, the difference in
absorbed energy and to reduce the reflectivity too. Another important advantage of the use
of paint layer, is to increase the emissivity to a value ~95% resulting in a strong signal
easier to detect by the IR camera, with lower noise influence.

(I) Current (F) Force (t) Time

1D Replications
[kA] [kN] [ms]
J1_DOE_1 15 1.4 10 3
J1_DOE_2 13 1.4 12 3
J1_DOE_3 13 1.6 10 3
J1_DOE_4 15 1.6 12 3

Table 4. Welding process parameters

3.2.2.2 Experimental Setup
The experimental set-up is showed in Figure 79. The reflection mode has been used
because less space than the transmission mode is needed to fit and better reproduce an
industrial application and because the front surface is smooth and guarantees uniform heat
absorption. In fact, considered the geometry of inspected specimens, observe from the
embossed side can give problems for interpretation of signal because the “black body effect”
can influence the signal with a complex evaluation. On the other hands, observing the front
surface in transmission mode, it can create an inhomogeneous absorption due to the

embossing.

Figure 79. Experimental set-up in reflection configuration. (a) The front surface of specimen with black
coating. (b) The back surface of specimen with embossing.
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Flir X6540 sc

Figure 8(0. Schematic representation of experimental set-up used.

Two flash lamps (Hensel HP Pro 3000 J) have been used for the pulse heating with a pulse
time duration of ~3 ms, which is a good approximation for an instantaneous excitation
(Dirac pulse); 5 s after heating pulse have been recorded. As it is possible to see in the
diagram of the experimental set-up in Figure 80, the specimen is in the middle of two lamps
and in front of the IR camera (FLIR X6540 sc), and the distance of 140 mm between the
IR camera lens and the specimen was measured. To have a good spatial resolution, it is
necessary to have more pixels as possible on the region of interest (ROI). It is good to put
the IR camera closer as possible to the specimen, so a lens of 50 mm with a 12 mm
extension ring has been used to have an mm/pixel ratio of 0.055 mm/pixel. On the other
hand, to have a good time resolution and describe as well as possible phenomena, such as
the cooling down of metal specimens after pulse heating, a high frame rate is needed. To
achieve the frame rate of 910 Hz, a reduced acquisition window has been chosen (304 x
104 pixels) with an integration time of 0.5650 ms.

For controlling the thermal excitation and synchronizing it with the IR Camera, the PC,
flash lamps and the IR camera have been connected to the MultiDES System®, as is

showed in Figure 81.
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Figure 81. Scheme of system used for the experimental tests.
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3.2.2.3 Methods
For each test, a thermographic sequence of 5 s has been recorded that can be represented
by a 3D matrix (X, y, t). For all thermographic sequences, the same operations have been
carried out. First, a cold frame was subtracted from all the sequences to reduce background
noise and the influence of the reflection. Then, after the identification of saturated
thermograms, the early recorded thermogram (ERT) was identified, and the time axis was
shifted to have at time 0 the ERT; frames before ERT been neglected. The thermographic
sequence is needed to define the last recorded thermogram (LRT) that is strictly related to
which frequency is possible to have on the frequency axis (for phase and amplitude 3D
matrix) and not only depends on the maximum depth that is needed to investigate. In fact,
in the frequency domain, the maximum value of the frequency depends on the frame rate

(fmax = fs/2), but Af depends on the number of elements between f,,;, and fj., that
is N / 2+ 1, where N = LRT — ERT. For these reasons, it has been decided to use the same

fixed number of thermograms in order to be able to have phase and amplitude 3D matrix
with the same values of frequencies axis and to have the possibility to compare phase or
amplitude maps at the same frequencies, therefore depth, for each test. Because of the
characteristics of the fast Fourier transform (FFT) algorithm, N = 4096 algorithm, it has
been chosen because if N = 2, J(Nlog, N) operations are needed instead of & (V).

Using the MATLAB® software, the algorithm of PPT has been applied, providing two 3D
matrices: one for amplitude and one for phase. Attention has been focused mainly on the
phase matrix because reflection and inhomogeneous heating problems influence it less than
the amplitude map.

In order to evaluate the quality of the joints, and then identify characteristics that are
related to the process parameters, it was decided to analyze the trend of the phase signal
along a profile passing through the center of the embossing, then the welding. The profile
has been selected starting to the rear side where the embossing is clearly visible, considering
a line ~12 mm long, passing through the center of the embossing (9 mm long), as shown
in the Figure 82. To reduce the noise of the signal, an average among 3 lines for 216 pixels
has been considered: the pixel array passing through the center of the embossing and the
pixel arrays just above and just below. The value of the first element of the array has been
subtracted to all other values of the array, for each phase profile extracted. This procedure

allows us to have for all profiles “0” as the first value and the comparison among results.
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To carry out the analysis of the factorial plan by ANOVA, it is needed to identify “features”
that will permit to quantify the difference among the phase profiles. Two features have
been extracted from the phase profile: the minimum value of phase and the slope of profile
in the first part, as it is possible to see in Figure 83. A second-order polynomial fitting has
been applied to obtain the value of minimum in the profile. In particular, about 70 data
have been considered for each profile. From the polynomial equation, the value of the
minimum has been calculated. For the second feature, 30 pixels (from 37 to 67) have been
considered and a first-order polynomial and the value of angular coefficient has been used
as the second feature to quantify the slope of that part of phase profile.

The ANOVA has been performed to investigate the dependence among the features and
the welding process parameters since in this way, it is possible to understand if the

difference among the value of features can be attributed to the difference of welding

parameters or not.
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Figure 82. In yellow it is represented the line considered for the profile selection with length 12 mm.
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Figure 83. In the pictures it is showed the features selection. To the (a) Phase profile for f=0.444 Hz and the

selection of minimum between pixels 100 and 170. (b) Phase profile for f=4.884 Hz and selection of value of
slope between pixels 37 and 67.
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3.2.3 Results and discussion

Thermographic results do not show a symmetric thermal map along the weld from left to
right, Figure 84. In fact, immediately, by thermographic images, it is possible to see that
the signal in the left part of thermogram is different from the right side. Observing the
welding from the rear side, it is possible to see that the embossed plate is not perfectly
symmetric, and this could be caused by not perfect contact between the smooth plate and
embossed part and for a non-homogeneous distribution of force for all the length of
embossing. It is reasonable to think that, during the process, the heat follows the current
flow that starts to go through the plate from the part of embossing in contact and in the
part of the surface with a minimum radius of curvature.

As written above in section 2.2, the thermographic sequence has been post-processed by
the PPT algorithm, especially to reduce the noise that is present in the thermal image, as it
1s shown in Figure 84. In fact, in Figure 84(a), there is a thermal image after the cold frame
subtraction, and it is possible to see that the signal is noisy, and some paint spots are visible

as hot spots.
50 100 150 200 250 300 50 100 150 200 250 300
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Figure 84. Thermal image for the DOE_1_A at t=27.5 ms after the ERT. (b) after the application of PPT
algorithm, phase image for f=0.444 Hz for DOE_1_A.

In Figure 84 is possible to see a phase map that corresponds at the same test showed in
Figure 84 (a) but, the phase image is sharper than the thermal one, less noisy and that the
hot spot is not visible. The reason why the hot spot disappears is that the phase image in
Figure 84 (b) corresponds to a low frequency, then to a high depth section; in addition,
usually, the phase map obtained by PPT is lower influenced by non-uniform heating
[12,173,176] and for this motivation is used more than amplitude data.

For the first 25 frequencies (from 0.444 Hz to 10.108 Hz), as described in section 3.2.2.3,
phase profiles have been considered and four of them are shown in Figure 85(a), each one
correspondent to a different set of welding parameters (F, I, t) for the frequency 0.444 Hz.

It 1s possible to see in Figure 85 that the profiles have the same behaviour but there is a
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shift among the curves and the difference among the value of an absolute minimum of the
profile curve, can be used to distinguish curves, then welding parameters. In Figure 85(b)
are shown four profiles but for a higher frequency of 4.884 Hz, that means closer to the
surface than the profiles in Figure 85 (a). For the high frequency, the value of the minimum
of the curve, that for low frequencies shows the difference among different specimens, has
no relevant difference but, the behaviour of the profiles is different, especially in the first
part of profile where the profiles seem to have 2 different behaviours: DOE_1 and DOE_2
shows a different slope from DOE_3 and DOE_4.
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Figure 85. (a) Phase profile for different DOE at f=0.444 Hz. (b) Phase profile for different DOE at f=4.884
Hz.

The values of minimum (P,) have been assessed for the first 25 frequencies between pixel
100 and 170, while the slope values (P,) between pixel 37 and 67, as described in section
3.3. For each frequency, the ANOVA was performed for both indexes P; and P, and the
confidence level was fixed to 95%. In Table 3, the values of P1 and P2 for each specimen,
for the most significant frequencies, are reported. These two frequencies (0.444 Hz and
4.884 Hz) were chosen because they are the two frequencies for which the parameters
investigated showed higher significance, therefore P-value lower. The Pareto diagrams in
Figure 86(a) shows at frequency 0.444 Hz that the value of P, is influenced by the force (F)
and the current (I) but only for low frequencies; in fact, results show no significance for
higher frequencies. In Figure 86(5), the Pareto diagram for high frequency has been
reported: it shows that the value of P,, that for lower frequency has no dependence on
welding parameters, at high frequencies depends on the value of the force. It is interesting
that that dependence of P, from F starts to be significative from frequency f=5.332 Hz until
frequency f=10.220 Hz, and this could be useful for optimization of PPT parameters. There
is no parameter that shows a dependence from ¢ but does not mean that there is not. In
fact, in developing a factorial plan, it is very important the choice of values used for the

two levels of parameters, because, if the values are very close could be possible that the
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influence on the process it is not strong enough to be detected. The values of time in
welding parameters are 10 ms and 12 ms, which are very close, but the confirmation of this

hypothesis will be possible only after comparison with destructive standard testing.

Current Force Time Minat Slopeat Minat  Slope at
(kA) (kN) (ms) 0.444Hz 0.444Hz 4.884Hz 0.444 Hz

JI_DOE_1_A 15 1.4 10 -0.891 -33.03E-04 -0.306 11.08 E-04
J1_DOE_1_B 15 1.4 10 -0.735 -28.02E-04 -0.262 9.616 E-04
JI_DOE_1_C 15 1.4 10 -0.696 -29.19E-04 -0.263 6.571 E-04
J1_DOE_2_A 13 1.4 12 -0900 -34.13E-04 -0.268 1.681 E-04
J1_DOE_2_B 13 1.4 12 -0.881 -26.34E-04 -0.218 7.228 E-04
JI_DOE_2 _C 13 1.4 12 -0.788 -11.26 E-04 -0.287 22.68 E-04
JI_DOE_3_A 13 1.6 10 -0.766 -29.09E-04 -0.313 -1.878 E-04
J1_DOE_3_B 13 1.6 10 -0.687 -25.56 E-04 -0.210 4.038 E-04
JI_DOE_3_C 13 1.6 10 -0.645 -23.34E-04 -0.239 -0.620 E-04
JI_DOE_4_A 15 1.6 12 -0.544 -16.51E-04 -0.226 -10.59 E-04
JI_DOE_4 B 15 1.6 12 -0.560 -31.95E-04 -0.327 -7.739 E-04
J1_DOE_4_C 15 1.6 12 -0.603 -23.37E-04 -0.260 0.387 E-04
Table 5. Values of minimum and slope for 2 frequencies f=0.444 Hz and f=4.884 Hz.

Sample

Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response isP1 (min), a = 0.05) (response is P2(slope), a = 0.05)
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Figure 86. (a) Pareto chart of the standardized effects for values of minumum at f=0.444 Hz. (b) Pareto chart
of the standardized effects for values of slope at f=4.884 Hz.

Source  SeqSS  Comtribution AdjSS AdiMS F-Value P-Value
Model 0.134 77.93 % 0.134 0.045 9.41 0.005
Linear 0.134 77.93 % 0.134 0.045 9.41 0.005
F 0.098 57.19 % 0.098 0.098 20.73  0.002
I 0.034 19.73 % 0.034 0.034 7.15 0.028
t 0.002 1.01 % 0.002 0.002 0.37 0.562
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Error 0.0378 22.07 % 0.0378  0.0378
Total 0.1714 100 % 0.1715

Table 6. Analysis of Variance for value of minimum at f=0.444 Hz.

Source  SeqSS  Conmtribution AdjSS AdiMS F-Value P-Value
Model 0.000005 61.87 % 0.134 0.045 4.33 0.043
Linear  0.000005 61.87 % 0.134 0.045 4.33 0.043

F 0.000005 54.24 % 0.098 0.098 11.38  0.010
I 0.000000 5.43 % 0.034 0.034 1.14 0.317
t 0.000000 2.20 % 0.002 0.002 0.46 0.516

Error 0.000003 38.13 % 0.038 0.037
Total 0.000009 100 % 0.171

Table 7. Analysis of Variance for value of slope at f=4.884 Hz

3.2.4 Conclusions

In the present work active thermography has been applied to resistance projection welding
joints, in order to evaluate the quality of the joint and to find a thermographic NDT
procedure that can be used to identify welding parameters by thermographic features.

To find these features, a well-established algorithm has been used that is the pulse phase
thermography and profiles on phase maps have been analysed. It was demonstrated that
the pulsed thermography can be used for the evaluation of projection resistance welded
joint.

Phase maps for the first 25 frequencies have been analysed and the frequencies that
maximize results were chosen (0.444 Hz — 4.448 Hz) but probably will be possible to
optimize the parameters used for PPT algorithm. Two different indexes that can give
information about current (I) and force (F) used in the welding process were identified and
the ANOVA has been performed. Results showed that is possible to recognize two of three
welding parameters, with a confidence of 95%. In fact, in the phase contrast profile, the
value of min at low frequencies (P;) and the slope in the first part of welding (P,) at higher
frequencies, are sensitive to the variation of current and force. The considered indexes give
information about the two welding parameters (I, F) at different frequencies because they

depend on different depths.
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Time seems to have no influence on the features P; and P, but might be due to a too narrow
time range chosen but, it can be confirmed only after traditional destructive standard tests.
Next steps for the present work are:
* To assess the mechanical characteristics of welded joints with destructive traditional
test in order to relate them to welding parameters;
* Optimize the developed procedure to be able to maximize results and reduce
computational work more as possible;
* To perform the developed NDT procedure without coating to validate the method
on as is joints;
» Apply method to thicker specimens in order to verify that this technique can be
applied, and which are the limits.
* Apply different algorithms in order to find new features and evaluate which is more

convenient to use depending on applications.

3.3 Quantitative evaluation of the welded area in Resistance Projection Welded

(RPW) thin joints by pulsed thermography.

3.3.1 Introduction

With the aim to overcome the limits of current widespread non-destructive tests as UT,
Pulsed Thermography (PT) technique may constitute a viable alternative, since it has
several advantages: full field and non-contact technique, possibility of 100% of product
check instead of statistical approach, faster that UT control and more suitable for
automation, as discussed in previous sections.

In literature presented in Section 2.2, several applications of pulsed thermography as a non-
destructive method for the detection and quantification of defects in composites and in
metals, were reported. Usually, post-processing algorithms are needed to improve the
signal to noise ratio and permits to increase the chance to detect and quantify defects and
other anomalies. In the case presented, the slope algorithm has been applied, and the slope
maps have been analyzed.

Applications of thermographic techniques and procedures for the assessment of resistance
spot welded (RSW) joints are present [93,104,105,115,117,119] but, few works e regard
the resistance projection welded joints (RPW).

Hereafter, resistance projection (RPW) welded joints have been investigated with the aim

to quantify the welded area.
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The aim of the case study is to present a thermographic NDT semi-automatic procedure
for the quantitative evaluation of the welded area in RPW joints through the pulsed
thermography and the slope algorithm. The results were compared with those obtained
with well-established methods as UT and uCT techniques, which have been considered as
a reference. One of the main strengths of developed method, is the application on the

surface of RPW joints ‘as it’ is.
3.3.2 Materials and Methods

3.3.2.1 Specimens
Two specimens composed by two plates welded together through RPW process have been
investigated (Figure 87). The front plates are made in steel DC 05 (EN10130) and are 0.67
mm thick while back embossed plates are made in DC 04 steel and have two different
thicknesses: the first one 0.70 mm (J1) and the second one 0.90 mm (J2), as resumed in
Table 8. In Figure 4 is showed the embossing present on the back plate that has the length
of 9 mm and the thickness of 1 mm. One fundamental aspect is that all tests have been
performed on the surface as ‘it is’, without painting, with the goal to develop a procedure

that can be applied on situ.

Figure 87. (a) Front view of specimens J1 and J2. (b) Detail of embossing present on the back plate for
specimen J1. (c) Back view of specimens J1 and J2.
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ID Material Material Thickness Thickness Joint
(simple plate) (embossed plate) (simple plate) (simple plate) thickness

J1 DC 05 DC 04 0.67 mm 0.70 mm 1.37 mm

J2 DC 05 DC 04 0.67 mm 0.90 mm 1.57 mm

Table 8. Geometrical dimensions of specimens

3.3.2.2 Experimental set-up
Thermographic experiments have been carried out adopting reflection set-up (Figure 88).
A MWIR — Camera (INFRATEC Image IR 9830) with a cooled sensor and the NEDT of
25 mK has been used. Using extension rings and a 50 mm lens, a spatial resolution of 0.041
mm/pxl has been reached. The frame rate has been set to 480 Hz, using an acquisition
window of 304 x 200 pxI2 and an integration time of 640 ps. The thermal camera has been
aligned in front of the specimen in order to have best view as possible of area without
distortion of images. As heat source, diode laser (900 nm — 1080 nm) with a nominal power
of 500 W, equipped with a square shaped optic (19 x 19 mm?2) has been used, resulting in
a power density of ~ 138 W/cm2. As is possible to see in Figure 89(a), the heat source has
been positioned with the center in correspondence of the embossing on the back plate.
Each specimen has been heated for 40 ms. A dichroic mirror with an angle of 45° has been
placed between the thermal camera and the specimen to avoid the spatial distortion of the
laser beam square shape, Figure 89(b). The cooling after the pulse heating was recording

for 3 seconds.

| INFRATEC 1) /
Y ImIR 9830

e ‘____ @,23- :

-

Dichroic
mirror

Figure 88. (a) Reflection experimental set-up used for the pulsed laser thermography. (b) Particular of laser
excitation on front surface of specimen J1.
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Specimen
Dichroic 80 mm
mirror _220mm >
A
120 mm 45°

IR
Camera

Figure 89. (a) Laser square spot positioning and scheme of laser path. (b) Scheme of set-up used.

For the inspection with the ultrasonic technique (UT), the high-resolution pulse-echo
method using water as coupling media, has been adopted. In particular, a focusing
ultrasonic probe with a center frequency of 50 MHz and a focal distance of 1 inch (in water)
was applied, focusing on the back-wall echo of the upper plate ('smooth plate'). Figure 90a
shows one of immersion tank system with 7 degrees of freedom (DOF), whereby only 5
DOFs were required to adjust the probe and realize the region of interest. After fine
adjusting the ultrasonic probe, a scanning area of 5x13 mm? parallel to the specimen's
surface was scanned with a spatial resolution of 20 microns (Figure 90b). The raw data
(position synchronized A-Scans) is sampled and recorded for each position inside the
scanning grid. To avoid influences due to the outer shape of the specimen, the recording
of the data was synchronized to entrance echo of the sample. Moreover, D-Scans (depth

scans) has been obtained during the post-processing of the data.

(a)

Figure 90. (a) Set-up for UT measurements in immersion thank system 7 DOF. (b) Sample with scan
directions.
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Micro Computed Tomography (LCT) measurements were carried out on a GE v|tome | x
180/300 L using experimental set-up showed in Figure 91. We used the reflection target
and applied 200 kV acceleration voltage and 40 pA tube voltage resulting in 8W tube

power. A flat panel detector (2024 x 2024 Pixel) was used with a pixel pitch off 200um.

e —
y —

Figure 91. Set-up for uCT measurements with specimens and specimen positioning.

The source to object distance (SOD) was 20 mm and the source to detector distance (SDD)
was 500 mm. This yielded a magnification of 25x and therefor a reconstructed voxel size
of 8 um and a field of view (FOV) of 16 mm x 16 mm. Transmission images at 2000 angles
were acquired. For each angle, 3 projection, 1 s counting time were averaged. Including

the motor movement, the scan time per sample was 2h.

3.3.2.3 Methods
In the first step, after the investigation of the specimen J1, the raw data must be processed
to obtain binarized maps by using the slope algorithm, with the aim to measure the welded

area by means of pulsed laser thermography. Then the recorded data has been analyzed by
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using the slope algorithm. As it is known [17,177], considering the cooling curve over time,
the slope is calculated by fitting a fixed number of data (time window). It is obvious that
the value of the slope for each pixel is influenced by the considered time window, which is
related with the inspected depth [22,34,171,173,176,178-181]. In this way, several time
windows need to be considered to investigate the slope contrast over time (Figure 92). In
this work, 1440 slope maps, one for each considered time window, have been considered

for applying the proposed procedure, as described in this section.

Fitting changing time windows
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Figure 92. Changing in regression line considering different time windows.

The results have been compared considering the NSC [182] as written below:

S

NSC =m0 (35)

where S, and S, are respectively the signal relative to a non-welded area and the signal in
each pixel, and o, is the standard deviation in non-welded areas. In this way a sequence
with 1450 normalized signal contrast maps have been obtained.

In literature, especially for defect detection by thermography, an absolute value of 2 for the
NSC is used as a threshold for classify an anomaly as a defect. Thus, the same concept
has been used to proceed with binarization of each map, resulting in 1440 binarized maps
which look like the one in Figure 93 (g). In this case, the threshold value of -2 for NSC has
been used because, differently than for the defect detection, the welded area can be
considered as a plate thicker than the not welded one and the sign of NSC is the opposite.
In Figure 93 1s possible to see a scheme of the procedure used for data processing that

describes each step. Starting from raw thermal data (a) a frame before the heating has been
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subtracted resulting in AT curves(b). The base-10 logarithm of AT and time has been
calculated (Figure 9 c¢) and a 1* grade polynomial fitting in Log-Log scale has been
performed (Figure 9 d). Only the value of slope of each straight line, for each pixel, has
been considered to obtain the slope map (Figure 9 e). As described before, through
equation 4, a map of NSC has been obtained (Figure 9 f) and imposing the threshold of -
2, the binarization has been performed. This procedure, as explained in the first part of this

section, have been repeated for each of the 1440 considered maps.
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Figure 93. (a) As it is recorded signal for welded and non-welded area. (b) AT curves after cold frame
subtraction. (c) Log (AT) vs Log (t) representation. (d) Example of fitting procedure with a 1% grade
polynomial. (e) Example of slope map obtained and the selection of welded and non-welded area for the
NSC calculation. (f) NSC map and (g) binarized map considering a threshold of -2.

For each binarized map, the longitudinal central axis has been considered as a reference to
measure two profiles for each map: upper and lower profile as is possible to see in Figure
94). Hence, with a step size of 0.041 mm along the center line (dotted red line), a column

of pixels (vertical direction) has been considered for counting the number of pixels by
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starting from the center line; the count has been considered finished in presence of three
consecutive pixels with value 0.

This procedure has been applied automatically by using a MATLAB® script, for each pixel
of central axis, for both sides (upper and lower) and for each binarized map. The
application of this procedure gives noisy data (Figure 94 c) hence, for each semi-profile, a
4th order polynomial fitting (Figure 94 d) has been applied to define the contour of welded
area. In this way, is possible to describe continuously the boundaries of the area in which
the NSC value is over the threshold.
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Figure 94. Representation of procedure used for the calculation of profiles for thermal analysis. (a) The
binarized image with longitudinal axis that divides the map in “upper” and “lower” part. (b) A scheme of
procedure that shows how it works the measure of profiles. Red dots represent the value of measure for that
pixel column, and the red rectangular areas represents the three consecutive pixels with value 0. (c) Shows
the profile obtained from the binarized image considered. (d) In green the same profile shown in (c) but with
correspondent polynomial curve obtained by fitting procedure.

A suitable procedure is now necessary for detecting the best map among the 1440 collected
binarized maps capable of correctly describing the welded area in terms of the shape and
dimensions and to do that, a reference measurement of the welded area is necessary. To
have a reference measurement of welded area there are two different possible ways. The
first, it is to perform Chisel test destroying the specimens and obtaining a macrography of
welded area that can be measured. It is clear that is the only way to have a definitive
measure of welded area. Using this method, it is possible to obtain a real measurement of
welded area, but the main cons is that it is not possible obtain information about

mechanical properties of joints, which is the main aim of the assessment of the welded
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joints. In fact, the quantification of welded area in RSW it is spreadly used, but only for
the RSW joints a relation between welded area and mechanical resistance is widely known.
The second one is to compare measurement of welded area obtained by thermographic
method with well-established NDT as uCT and UT; the latter option has been preferred.

As output of UT, measurements D-scan (Figure 95) and C-scan (Figure 96) data have been
obtained but only D-scans have been considered. The C-scan allows the detection of
relative intensities at points in an x-y scan plane y and permits to investigate the entire
volume of the analyzed component (Figure 96). The depth scan (D-Scan) shows the
spatially resolved time of flight (Figure 95) and illustrates changes in the depth of the
reflective back wall or just the thickness of the sample. Here, the connected zone appears
as a region with certainly larger thickness than the original front plate. In Figure 95, an
individual grey value corresponds to the time of flight or the corresponding wall thickness.
In the considered case, it is difficult to define the boundaries of welded area from the C-
scan, because a threshold value should be needed. Hence, the D-scan has been considered

because of the clear distinction between welded and not-welded area.
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Figure 95. Example of D-Scan obtained for the specimen J1.
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Figure 96. Example of C-Scan obtained for the specimen J1.
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For the pCT results, projections obtained has been used to reconstruct the 3D volume using
the filtered back-projection algorithm [Feldkamp L A, Davis L C and Kress J W 1984
Practical cone-beam algorithm vol 1] embedded in the reconstruction software of GE.
Cross sections through the reconstructed volume are shown in Figure 97 b, for three

different positions.

Figure 97. a) A single projection acquired during the CT-scan, and b) CT-slices through the reconstructed
volume at three different cutting planes. The first slice (blue) shows the not heat affected area, the second
(red) regular melted area and the third (green shows an over-melting of the material (many splatters).

If for the resistance spot welded joint the value of the area can be considered to characterize
the quality of the joints, for the RPW it is not. In fact, considering the shape of embossing,
it 1s evident that the welded area cannot be significant enough, but the distribution is
needed: thus, the shape of the area. To compare the shape of the welded area, an approach
in line with that used for the analysis of thermographic maps has been adopted.

The criterion considered to process UT and puCT is here described. Starting for central axis
in the same plane considered for thermographic results, the length of welded area has been
measured considering the external boundaries in D-scan and CT that clearly separate the
welded area, from the non-welded area. In this way, it is possible to obtain, as for the
thermographic data, two profiles: an upper and lower profile. Joining these two profiles on
the central axis, a closed area is defined and considered the welded area. Contrary to

thermographic results, for UT and CT is possible to obtain only one area because, in the
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same plan of thermographic results, only one map for each method has been acquired. In
order to compare the thermographic data with the other ones, the proposed procedure
consists in the calculation of the percentage error as the relative error committed by
thermographic data with respect to the UT and uCT data. Then, every column of pixels
measured by thermographic results, with the correspondent measure from UT and pCT,

must be compared and a percentage error must be calculated as follow:

M -M ermy
Errory, [%)] = |——<lx TR I 100 (36)

Myr,ucr,

where Muyr, ucr « 1s the UT or pCT measurement and Mzuem « 1S the correspondent

thermographic ones.

This means that the percentage error can be calculated, for each considered profile
(upper/lower) and then for each x value (total 225 values) for each binarized map. Thus,
to identify the best slope binarized map, the map for which the average percentage error is
minimum can be considered and then, in this way, it is possible to identify the best time
window for the slope algorithm analysis.

Applying the same data evaluation to both samples considered (J1 and J2) with the same
thickness of the front plate and the same experimental parameters, the obtained optimized
period should be the same or very similar because the underlying physics is also the same.
Finally, the obtained contours were analyzed in terms of two geometrical parameters
significant for the quality assessment of the welding: the length of welding and the value
of welded area. In the D-Scan and pCT data, the length of welding has been measured on
the longitudinal axis of the welded area. The length of the welded area has been measured
considering the distance between the two intersection points along the longitudinal axis,
obtained with the polynomial fittings. The welded area has been evaluated calculating the
area between the two polynomial curves by using definite integrals between the two

intersection points evaluated as extreme points.

3.3.3 Results and discussion

To apply the method discussed in previous section, the first step needed is to define the
reference profiles from UT and pCT data.

Considering the pCT results, it is possible to see in the image obtained at the interface
between the two welded plate (Figure 98) in a frontal view of welding that, especially in
some areas, it 1s not clear how it is possible define the boundaries between welded and not-

welded area. In fact, several splashes are present on the right side and, especially in the low
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side, it is difficult from this view to understand if the area is welded or sticked. In Figure
99, it is clearly visible that the good welded area is present only in the center of section but,
after some voids, it is not clear if the material is completely welded or not. In addition, in
Figure 99 it is evident that voids can be created during the process especially because of
splashes during the force application. In fact, these splashed parts derive from the
embossing. Hence, considering the final thickness of welded zone and starting nominal
thickness of plates, there is a volume of material that is expulsed during the process creating
the splashed area. For these reasons, it has been impossible to identify the two profiles of
welded area from the CT results which, on the other hands, provided other information

about the process, as described.

Figure 98. nCT data for specimen J1 on the plan at the interface between the two plates and in the same
orientation of thermographic view.

Figure 99. CT of cross section in splashed area for J1.
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In Figure 100 (a,b), it is possible to see the normalized signal contrast maps and the
correspondent binarized map.

Figure 100 (c) shows the average percentage measure error, evaluated as described in
previous section as a function of the time window and then the cooling phase duration,
considering as a reference the UT results. It is possible to see that there are two different
curves: the red one for lower profile and the blue one for the upper profile. The behavior
of these curves shows that there is a minimum in percentage error that is slightly different
between the upper and lower profiles. To define the time window that minimizes both the
errors, in this case, the intersection between the two curves has been considered because,
obviously, the percentage error is slightly higher than the minimum for both individual
profiles, but it has the advantage to have the same value of the error for both the profiles,
which is easier to manage for measurement purposes.

As described in previous section, to obtain these profiles, only the boundaries of the area
with higher time of flight in D-Scan has been chosen and no evaluation inside of this area
has been done. Clearly, these profiles are not continuous but are made up of points with a

spatial resolution that depends on the UT measurement system described in Section
3.3.2.2.
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In Figure 101 are showed the areas obtained from thermographic measurements compared
with the ones obtained by UT measurements, used as reference. It is glaring that there are
some parts in which the thermographic results agree very well with the UT results, but in
some other parts, there are significant differences, especially at both ends of the welded
area. Nevertheless, a consideration can be done: the spatial resolution of thermography is
0.041 mm/pxl but for UT is 0.02 mm that results in a higher number of points that describe
each profile. At both the ends of the weld, the lateral heat flows are higher than the middle
part, where the heat moves predominantly in one direction. These phenomena can
influence the thermal signal in the edge parts of welded joint. As is visible in curves in
Figure 94, the minimum average error for each profile is < 20%, when the profiles showed

in Figure 101 are compared.
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Figure 101. Profile of welded area obtained by UT and by thermography compared.
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Figure 102. Profile of welded area obtain by thermography (t=0.294 s) compared overlapped on D-Scan
image for specimen J1.

The same procedure has been used for the specimen J2, taking the same threshold to
quantify the UT results in terms of spatial dimensions. Again, this size was used to estimate
an optimized period for the binarization of the thermographic results. Figure 104 shows
the direct comparison between TT and UT for the specimen. The agreement between both
areas is not as well as in case of Figure 101, especially in the left half. To discuss this result,
one should pay attention to the UT D-Scan in Figure 102. 1t is possible to see that,
differently from the D-Scan for J1 (Figure 102), the value of time of flight is not uniform
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in the entire area inside the boundaries. Instead, there are some inhomogeneities, especially

in the left side of Figure 103, that can represent some non-uniformity in the welded area.
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Figure 103. Profile of welded area obtain by thermography (t=0.312 s) compared overlapped on D-Scan

image for specimen J2.
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Figure 104. Profile of welded area obtain by UT and by thermography (t=0.312 s) compared for specimen
J2.
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Figure 105. Average percentage error of measurements on upper (blue) and lower (red) profiles vs time

window for specimen J2.
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In Figure 105, the error curves are reported, where it is possible to see a similar trend to
the previous ones, described above. The absolute value of the time window (0.312 s) is
comparable with the one obtained for the specimen J1, that confirm as it is mainly
dependent on the front plate thickness, considering the thermal source parameters
constants.

CT results obtained for the specimen J2 reported in Figure 106, confirmed that is hard to
define the boundaries between welded and not-welded area. In fact, the splashers are more
evident than in the J1 results and are evident some voids and the irregularity of welded
area contours. In Figure 107 voids and sticked parts are highlighted, and it is evident that,
especially on the side of welded area, it is very difficult to distinctly define the end of the

melted zone, making it impossible to unambiguously define a contour to be measured.

Figure 106. uCT data for specimen J2 on the plan at the interface between the two plates and in the same
orientation of thermographic view.
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Figure 107. CT results for a section of the J2 specimen with voids and splashes details.

Considering a qualitative comparison between J2 CT and UT results, it is interesting to
ascertain that, considering the D-Scan (Figure 103), in the center of welded area there is a
reduction of height of welding footprint that suggest a reduction of welded area. The
correspondent part in the CT results (Figure 108) shows two big lateral voids that suggest
a complete welded area in the middle but two small sticked areas external to the two voids,

which could explain the complete absence of that external part in D-Scan results.

Figure 108. CT results detail of the central part of the J2 specimen

Therefore, after considerations about shape of the welded area, the CT results, and the
comparison between thermographic and UT results, is possible to resume results about the
main geometrical characteristics of RPW, that are: length along the major axis and the

value of area enclosed between the profiles.
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ID Length UT Length Difference AreaUT  AreaTT Difference

(Lur) TT (L) (%) (Avr) (Arr) (%)
J1 9.1 mm 8.9 mm 2.2 % 11.0 mm? 10.0 mm? 9.1%
J2  9.0mm 9.0 mm 0.0 % 9.1 mm? 8.3 mm? 8.8%

Table 9. Measures obtained by the ultrasound (UT) and thermographic (TT) methods.

According with results showed in Table 9, is possible to see that for the measure of the
welding length, the thermographic and UT results are in agreement with a difference that
1s 2.2%. For the welded area, that is a parameter commonly used for the resistance welding,
for example in RSW, thermography underestimates the value for 9%. This is interesting
because, for engineering applications, the underestimation of welded area in joints allows
for safe operation and design. Compared to the previously illustrated methods present in
the literature, the method presented allows for obtaining the dimensions of the melted area
and a description of the shape comparable to that obtained with UT and CT in a semi-
automatic manner. The advantage of this method is that it has significantly reduced
operating times and does not require any contact or pre-treatment of the surface relative to
the welded joint. Additionally, a testing procedure has been defined that enables obtaining

repeatable measurement results.

3.3.4 Conclusions

In the present case study, a thermographic semi-automatic procedure for the quantitative
evaluation of both the shape and dimensions of the welded area in RPW joints, has been
presented. Laser pulsed thermography has been used and, with the goal of highlight the
difference between welded and not-welded area, the slope algorithm has been used and the
selection of the time window has been investigated. Normalized signal contrast maps, and
binarized maps have been assessed to obtain the best time window through a suitable
procedure based on the comparison between thermographic and well-established NDT
methods as pCT and UT results.

As discussed in Section 3.3.3, considering the UT results as a reference, a good matching
with UT results has been obtained and new data about the quality of RPW joints have been
acquired through uCT analysis. Indeed, the higher error in shape evaluation is localized
especially at the ends of welding or in areas where the shape changes rapidly. Considering
the results obtained from pCT, this behavior can be caused by the presence of splashed
materials outside the welded area but close to the boundaries, which can influence the heat

flux beahviour. Usually, for resistance welding joints, the absolute value of welded area is
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one of the most important parameters for the evaluation of quality of joint, and then, the
value of areas obtained by UT and thermography have been compared. The thermographic
results show a good agreement with D-Scan obtained by UT, with an error of ~10% for
the welded area and ~2% for length of welding; that confirms the capability of
thermography to assess adequately RPW, in according with a well-established technique
as UT and uCT, but with an underestimation of the welded area compared with UT results.
In conclusion, it is possible to assert that the developed thermographic semi-automatic
procedure is capable to correctly quantify the shape and dimension of welded area in RPW
joints, with localized errors for the shape obtained by UT and in good agreement with UT
for area and length measurements, with a strong reduction of testing time compared with
UT but especially with uCT. After a first calibration phase, the total testing time (test +
analysis) is only ~6 s and can be performed without any contact, in-situ and with no
preparation of inspected surface.
This procedure can be further improved in several ways: reducing analysis time, reducing
the measurement error and using low-power laser to reduce the costs for laser and safety
system too. To obtain these improvements the next planned activities are:
e Compare several algorithms for thermal data analysis in order to evaluate which is
the faster and which one can guarantee the minimum measurement error;
e Evaluate the mechanical resistance of welded joints to study the influence of
geometrical characteristics of welding on the mechanical properties;
e Develop a new procedure based on the long-pulsed heating to reduce the power of
the laser;

e Design a system to full automatize the control and suitable for on-site applications.
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Microstructure evaluation through
thermographic non-destructive
methods

ne of the present work aims is to verify the capability of active thermography to
discern different microstructures through thermal diffusivity measurement. In
the literature, several methods are present to measure thermal diffusivity by
active thermography. Most of all will be presented and discussed in this chapter to define
which could be suitable for the considered application. Developing a thermographic
procedure to discern different microstructures is a fundamental step for achieving the final

aim of measuring HAZ in welded joints.

4.1 Thermal diffusivity measurements by thermography

As described in the previous section, a critical goal for the welding assessment is to define
and quantify the heat-affected zone (HAZ). It is essential to define and localize the
boundaries of HAZ because, at the interface with the not-heat-affected zone, there is a
higher probability of cracks and defects [39,183,184]. The HAZ is characterized by a
different microstructure than the base material; hence, different mechanical properties
can result in an interface surface, which may occur cracks because of different behavior
under load conditions [185]. As discussed in section 2.3, in the literature, several works
described the anti-correlation between thermal diffusivity and hardness in steels [186—
194]; thus, the main idea is to correlate the microstructure to the thermal diffusivity and
then to the mechanical properties to evaluate the limits of HAZ due to the difference of
thermal properties between HAZ and base metal.

To obtain this result, an investigation of several non-destructive thermographic methods
to measure thermal diffusivity is needed, and an evaluation of the resolution of the most
suitable technique is necessary.

The next session will present an overview of principal non-destructive methods for

measuring thermal diffusivity by thermography
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4.1.1 Thermal diffusivity
The thermal diffusivity can be defined as the speed at which heat propagates. This is a
material property and depends on: density, thermal conductivity and heat capacity defined

as reported below:

o= (37)

pep

In the expression above, a in the thermal diffusivity, measured as m’/s, k the thermal
conductivity, p the density of material and ¢, the heat capacity of material. This thermal
property it is very important in phenomena of non-stationary heat propagation as the
thermal wave transmission in active thermography. In fact, in the case of thermal wave
through a material, the £ it 1s insufficient to describe the phenomena, but low density and
specific heat values are needed.

This property is related to the direction of heat propagation, precisely as the thermal
conductivity. Only in an isotropic and homogeneous material the thermal conductivity can
be considered constant, which is suitable for most metallic materials; instead, for
anisotropic materials, the thermal conductivity 2 and thermal diffusivity a, must be
expressed through a tensor. This property is strictly related to the microstructure of the
material and to the microscopic mechanism of heat transfer. In fact, as discussed in section
2.3, different microstructures and mechanical properties must result in different thermal
diffusivity values [40—46].

There are several methods for measuring thermal diffusivity by thermographic techniques.
However, only the most significative will be described in the next section and the methods

will discussed separately discerning periodic heating and pulsed or long pulsed one.

4.1.2 Thermal diffusivity measurements by lock-in thermography

In 2009 Mendioroz at al. [195], presented a method for measurements of thermal
diffusivity of thin plates and filaments using infrared thermography and laser heat source
in transmission set-up configuration. In the work , calculations for this isotropic and an-
1sotropic plates are present, heated by a modulated and tightly focused laser beam, showing
that the slope method is also valid for this kind of point-like heating.

Considering a slab of thickness / heated by a laser beam with a Gaussian profile of radius
a, power Ppand modulated heating with frequency f. The scheme of the problem is reported

in Figure 109 and, because of symmetry, can be written in Hankel space as
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Ty (r,2) = fooo 8Jo(67)[AeP? + Be~FZ]ds (38)
in which & is the Hankel variable, Jyis the Bessel function of the zeroth order and 2 =

5% + 02 being 0 = Viwa the thermal wave vector. 4 and B are constants which depends

on boundary conditions, heat flux continuity at the samples surface.

Laser
beam

Slab

Figure 109. Diagram of a slab illuminated by a focused light beam [195].

Considering the Gaussian distribution of power in laser beam, it is possible to substitute

the constants A and B and obtain:

—(8a)?
6 /s (1+H)ePleBzy(1-H )e Ple=Bz

B (1+Hp)(1+H,)ePl—(1—Hy)(1—H,)e Bl

Tac(r,2) = 2= [7 6 Jo(67) 5

where Hy=h,/kpB and H,=h;/kp. The heat conduction to the gas surrounding the slab is

|as (38

neglected due to its low thermal conductivity. Can be considered two main different cases:
thermally thin (I<<p) and thermally thick (I>>p) slab for isotropic slab [195].

For thermally thin, with a tightly focused beam it is possible to reduce the equation to:

_ bk [m 1 e =Ry
" 4mkl E,/JI’? +io] Vr °

where oy and o] are the real and the imaginary parts of ¢’. It is possible to see that the

T,e(r = ,a = 0) —iofr (39)

phase of the temperature has a linear dependance on » whose slope is my=-g;. Thus, the
natural logarithm of the amplitude multiplied by the square root of r has a linear

dependence on r too, whose slope is my, . 7r) = —ap. It can be noticed which both slopes

are affected by heat losses so, to avoid the influence of losses in measurements, it is
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necessary to consider the product my, . zr) X My = —f / q to obtain the thermal diffusivity

for slab [195]. Finite laser spot sizes (a # 0) only affect the shape of the temperature
amplitude and phase close to the laser spot, while at large  distances both slopes remain
unchanged [195].

For thermally thick, the temperature can be described by the following relation:

—(5a)?
e(a)/

Tac(r,z = 0) = =2 [ 5 Jo(67) -dé (40)

ho
B+
which has no analytical solution thus, from numerical simulations, several conclusions

have been obtained. In the absence of heat losses, the natural logarithm of the amplitude

multiplied by  and the phase shows a linear dependence on » with the slope m = —, / f / a-

The effect of heat losses is to change slopes in the same way as happens with thin slabs.
However, this change in slope is not the same for the amplitude as for the phase and

therefore their product does not give the thermal diffusivity of the sample my, . 77y X My #

-nf / a- Anyway, it is worth mentioning that the effect of heat losses in thick samples is
small even for samples of low thermal conductivity. Only at very low frequencies these

losses should be taken in account [195].

Acousto-optic Lens Sample
modulator
Laser |: IR

camera

Lock-in

module

Frequency reference

PC

Figure 110. Scheme of experimental set-up adopted from Mendioroz et al [195].

In Figure 110 the scheme of experimental transmission set-up used in the described work

[195].
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Figure 111. Example of results from Mendioroz et al. [195] work in which is reported the natural logarithm
of the amplitude and phase of the surface temperature at a modulation frequency of 0.12 Hz.

In Figure 111 is depicted an example of the experimental results obtained by Mendioroz
et al. [195], that shows the natural logarithm of the amplitude and phase of the surface
temperature of a 34 um diameter PEEK filament measured in vacuum (open squares) and
in air (solid squares) at a modulation frequency of 0.12 Hz.

One of the main advantages of the described method is that permits the evaluation of
thermal diffusivity in isotropic and anisotropic materials, considering if it is thermally thin
or not. The cons are that is in transmission and space and complex set-up is needed

In 2012, Boue et al. [196], presented a protocol for measurement of thermal diffusivity and
conductivity through the IR thermography. In the work ,a polymeric specimen has been
investigated and a Peltier module has been adopted as heating source using a transmission
set-up. Considering the equation of heat diffusion obtained applying the energy

conservation to the Fourier equation, it is possible to obtain:

pc%—V-(VT) =S 41)
where p is the material density [kg/n’], ¢ the specific heat [J/kgK], s represents the heat
source [W/nr’], T the temperature and ¢ the time instant considered. The solution to the
equation above, considering hypothesis of homogeneous material, uniaxial heat flux in

direction of thickness of the specimen and homogeneous heating distribution, can be

written as [196]:
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aT(z,t) 02T (z,t) _

5 k= = sz D) (42)
It can be assumed that, for a finite body with thickness d, the temperature on the upper
surface (z=0) is T,,e'“t with w angular frequency. In addition, the flux is assumed to be

zero for z=d, resulting in:

OS((i— 1 (z-d)

u ) eiwt (43)

T ~To = T wnay”
u

In the relation above, T, it is the starting temperature, i = vV—1 and y = /20{/ w that

represent thermal length diffusivity. Thus, it is possible to define a phase contrast defined
as the difference between the temperature signal on the heated surface and the opposite

ones.

B = arg(T,=q) —arg(Ty=o) = (44)
This expression is all the more correct the more the thickness d is bigger than the thermal
length diffusivity, thus the accuracy increases with higher values of the ratio d/u, which

can be considered suitable for values of ratio higher than 2[196].

It is possible to obtain the value of thermal diffusivity as:

a=2(L) (45)

2 \ap

E sample —— [ ]
[ Y

heating surface of
: . —
J a Peltier module
| e ) sample

r— > Alternative current
= — & amplifier [

computer

thermal tank

Peltier module on
the thermal tank

<+—— | Frequency generator

Lock in

Figure 112. Set-up scheme of described test in reflection mode by Peltier module [196].

In the research work of Boue¢ et al. [196], to the Peltier module a current with frequency f
has been applied. As showed in Figure 112, the back surface is in contact with the module
while the opposite surface, the frontal one, it is recoded by camera. It must be observed
that, in the recording window, the frontal surface is recorded but a part of Peltier module
too, in order to evaluate, and hypnotize reasonably, that the phase of the Peltier module

coincident with the back surface of plate. As values for ¢, (for the module phase) and ¢,
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(for the frontal surface), the average values are considered in inspected areas as highlighted

in Figure 113.

180.00
{2
. o '140 o0
Peltier module O 10000
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20.00

reference sample

1o
glass
plate

studied
sample

studied
sample

thermal tank eltier module

Figure 113. Scheme specimens positioning on Peltier module and indication of region if interest (circles on
thermal image) [196]

Adopting the previous relations, it is possible to obtain the value of the material thermal
diffusivity.

This method presents several cons as: the complexity of set-up, long time is needed for test,
the transmission set-up needs space, and it is needed to have a Peltier module with
dimension suitable with component to analyze.

Another method for measurement of thermal diffusivity by lock-in thermography has been
developed in 2014 by Giri et al. [197], which consists in the heating of the component by
a circular laser spot, generating a modulated thermal wave, than an analysis of phase map
in one direction on the heated plan, must be done. Using several tests with different values
of frequency for modulated heating, after the evaluation of slope of linear part of profiles,

it is possible to estimate thermal diffusivity.

Laser
EOM
Function |/IR Camera AAO/BizTes
Generator Sample
PC

Figure 114. Scheme of reflection set-up used for thermal diffusivity evaluation in work of Giri er al [197].

Considering the hypothesis of a modulated thermal wave with a pint-shape source,
unidimensional, in an isotropic and homogenous material, it is possible obtain the
following expression which relates the thermal diffusivity value with heating frequency and

with the value of the slope of phase profile in defined direction [197].

= (46)

(&)
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In the relation above, f is the heating frequency, the ratio % is the slope of linear part of in-

plane phase variation in the considered direction. A modulated heating is produced on the
surface of the component analysing the phase profile along a diameter in-plane, as showed
in Figure 115.
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Figure 115. (a)Phase image of the experimental test conducted by Giri et al., (b) linear part of the in-plan
phase [197]

It is possible to see in Figure 7115 how the behavior of the phase can be described as a
straight line in the area distant from the center of laser spot and how the slope of the signal
is related to the heating frequency. It is necessary to perform several tests with different
values of frequency to obtain relative phase values. Observing the values of the phase as a
function of the square of the correspondent slope value, it is possible to measure thermal

diffusivity through the relation reported above.

O]

16 4 -

14 -

= Data
Linear fit

-
N
1

10 e

8 -

6 « " Slope: 0.031
4 4 -
24 -

Angular frequency ‘o'

04 -

0 100 200 300 400 500
(@/L) 2

Figure 116. Modulation behaviour as a function of the square of the slope of the regression straight line.
[197]

In the work of Strzat kowski et al. [198], a laser heat source has been used for the heating
of surface in reflection mode. The phase value along the surface has been investigated and

through an easy relation, the value of in-plane thermal diffusivity can be measured.
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Through the heat diffusion equation 1D is possible to obtain the equation of thermal wave

relative to a point-shape heating for an isotropic and homogeneous material:

i(wt— ”—fx>

T(x,t) =Tye “ 47)
where x is the direction of propagation of thermal wave, the Ty is the starting temperature
on the surface, fthe frequency of modulated thermal wave and «a the value of thermal
diffusivity in x direction. Considering the propagation of thermal wave in x direction, it is

possible to write the relation that relates the thermal diffusivity with phase difference on

Acpz—\/gxzax (48)

Where a is the reciprocal of u which is the thermal diffusion length.

the surface:

LASER CAMERA REFERENCE

——

LOCK-IN

Figure 117. Reflection setup used for experimental phase in work of Strzalkowski et al. [198]

Considering the set-up in Figure 117, it is possible obtain thermal diffusivity analyzing the
phase variation in a specific direction on the surface. In Figure 118, it is evident the
symmetric behavior in side parts, thus a linear fitting of data can be used to obtain the value

of thermal diffusivity by the regression straight line slopes applying the equation (48).
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Figure 118. (a) Distribution of phase signal of thermal wave on surface (b) Values of phase along direction
1 and 2 with linear fitting of the curves obtained experimentally from Strzalkowski et al. [198].

An evaluation about the angle between laser source and optical axis of the IR camera it is

important because can results in a measurement error of thermal diffusivity.
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Figure 119. Measurement error in thermal diffusivity measurement as function of optical axis of IR camera
and laser source obtained from Strzalkowski et al. [198].

In Figure 119, it possible to observe that for angle lower than 5% the measurement error
estimated can be considered lower than 1%, although this value increases rapidly when the
value of the angle grows [198].

The method presented is very easy to apply and permits to reduce space needed for setup,
which is crucial especially for in-situ and on component applications. Another huge pro is
that is possible to measure the thermal diffusivity in two different directions in-plane with
only a measurement, which is interesting in case of anisotropic material.

In 2017 Nolte et al.[199], developed a laser method for the measurement of thermal

diffusivity through thermographic non-destructive methods. This method uses the laser
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heating on a specimen with a transmission set-up, thus heating a surface of specimen and
recording the opposite ones. The described technique consists in producing a modulated
heating on the specimen, considering several frequencies, and obtaining the behavior of
phase contrast as function of heating frequencies. The slope of this curve is related to the
thermal diffusivity.

Considering the solution to the heat diffusion equation:

aT(zt) k 82T(z,t)
at 9zz

s(z,t) (49)
with hypothesis of homogeneous isotropic material, thermal flux 1D in the thickness

direction and pulse w = 2xf, it is possible to use the following relation [199]:

T(0) = e el (50)
In the relation 50, 4 is the amplitude of heating excitation, d the thickness of body, u
thermal diffusivity length. The phase shift in thermal wave A¢@,..on the back surface of
specimen, the opposite ones to the heated surface by a point-shape heating source, can be
expressed as the ratio between d and u. The total phase contrast can be evaluated as the
difference between the thermal heating wave and system ones. Hence it is possible to define

b as showed below [199]:
— /E
b=d - (51)

P = Psystem — Pwave = Psystem — d/u = Psystem — b- \/7 (52)
The frequency value has been varied in a specific range and the related value of phase shift
has been plotted as function of heating frequency. Using a curve fitting on the obtained

data, through the b value, a correspondent value of thermal diffusivity can be obtained.

IR camera

TTL

sample

Eﬁ laser

Figure 120. Scheme of experimental set-up adopted by Nolte et al [199].
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In Figure 120 the experimental set-up scheme adopted by Nolte et al. [199] has been
reported.
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(a) thermal image (b) amplitude image (c) phase image

Figure 121. Images obtained for laser heating by Nolte et. al (a) of temperature, (b) amplitude and (c) phase
[199]

In Figure 121, the results obtained by thermal, amplitude and phase images are reported.
To evaluate the total phase contrast, an averaged value in the region with maximum

amplitude value have to be considered.
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brass, (b) structural steel and (c) stainless steel
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To verify the method, in the cited study [199], this one has been applied to three different
materials with results curves reported in Figure 122.

Observing the curves in Figure 122, it is possible to see how, through the experimental data
fitting, it is possible to obtain the value of b connected to the value of thermal diffusivity.
These values permit to have suitable measurements only if the value of thickness d>2u.
Moreover, considering that the model adopted is a 1-D model, the value of thermal
diffusivity obtained is the value in the thickness which is coincident with the value of a in
all directions, only in case of isotropic material.

The main cons of the method described is that several measurements at different
frequencies are needed to obtain a value of thermal diffusivity. Moreover, there is a big
limitation about specimens with the value of d comparable with the u ones.

The main advantage is in the use of laser which permits to manage efficiently and precisely
the heat source power on the surface of specimen.

One of the most interesting and recent works about the thermographic lock-in methods to
measure thermal diffusivity, has been presented by Salazar et al.[200,201] presented in
2020. In the cited work, a laser modulated spot heat source has been used but on a sample
with a constant speed on a straight-line trajectory.

This procedure is based on the theoretical model below, under the hypotheses of semi-
infinite opaque body, constant speed, Gaussian heat distribution in spot laser modulated
with a frequency f. Considering the solution of heat diffusion equation, it is possible to

write:

> 19T(#t) v OT(#t)
VTR - o e e

0 (53)
In the equation 53, « is the thermal diffusivity and v the relative speed between specimen
and heating source. Under these conditions, it is possible to obtain the temperature as

described below:

2{[x-v(t-D]*+y?}
a?+8a(t—7)

P, jt 1 e
2eVm3 )y Vt—1 a? +8a(t—1)

in which ¢ is the thermal effusivity, P, the laser power, a the radius of Gaussian profile

elotdr (54)

T(x,y,t) =

evaluated as the distance from the center of spot in which the signal value is 1/¢°. It is
possible to re-arrange the equation and write it as:

T(x,y,t) = 0(x,y)el®t = |g|eiPeivt 55)
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In the above equation, 6 represents the component in space of superficial temperature, |6 |
and ¢ the amplitude and angle, respectively.
Evaluating the amplitude and phase maps (Figure 123), it is possible, through the relations
that will be described below, to obtain thermal diffusivity in direction of motion and in the
| S
2} @
4L ] L

0 2 4 6 8

perpendicular ones too [200,201].
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Figure 123. (a) Amplitude map on the surface after heating by described technique. (b) The relative phase
map [200,201].
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Figure 124. With solid line the LN of amplitude (black) and phase (red) for static test. With dashed lines
results for moving sample obtained by Salazar et. al. [200,201].

In Figure 124 (a) can be observed that increasing the speed of specimen, the slope of linear
part of curve increases for logarithm of amplitude and decreases for phase; thus, it is
possible to relate the thermal diffusivity in this direction evaluating the product of slopes

obtained from phase and amplitude signals.
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nf
Mun(oly) X My =~ (56)

In Figure 124 (b), the dashed red line retains an axial symmetry, instead of logarithm of
amplitude. Hence, it is possible to obtain thermal diffusivity in direction of motion

applying the relation below through the slopes obtained only from phase results:

f 3”"11813 57)
31. 90+

To evaluate the developed method, in the considered work, a comparison among values
of thermal diffusivity obtained experimentally, applying the procedure described, and
literature results for AISI 304 has been carried out.

The main advantage of the presented method is the possibility to investigate large parts
and can be adopted in line, for example, during the motion of component in production
line.

Among all the methods for thermal diffusivity measurement by lock-in thermography, only
the most common have been reported and suitable with possible applications.

In the next section, pulsed and long pulsed method for measurement of thermal diffusivity

by thermography, will be presented.

4.1.3 Thermal diffusivity measurement by pulsed thermography

The methods for evaluating the thermal diffusivity using pulsed thermography are more
numerous than those that use lock-in, because they generally involve simpler
instrumentation compared to that of LT and shorter test times, requiring only a thermal
pulse.

The most common and well-established thermographic method to measure thermal
diffusivity has been presented by Parker et al. in 1961 [127]. This method, based on flash
thermography, is one of the reference methods; in fact, the standard ISO 22007-2 has been
based on this procedure. Considering the solution of the Fourier heat equation, under the
hypotheses of homogeneous body with thickness L, adiabatic heating after a Dirac pulse,
considering a one-dimensional heat diffusion 1D, it is possible to obtain the expression for
the temperature as a function of time ¢ and the distance from the heated source in depth

direction x.

1 2v e (=P n “t) nnx (L nmx
T(x,t) = —f T(x,0) dx + Z E L X cosTf T(x,0) cosde (58)
0
n=1
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in which the thermal diffusivity is reported with «. In case of pulsed heating with energy
density Q homogeneously distributed in infinitesimal layer indicated by g, on the surface

(x=0), it is possible to write [127]:
T(x,O):Q/pcg, 0<x<g

T(x,00=0, g<x<L

Considering initial conditions, it is possible re-write the equation as follows:

ng .
1+zz "”xsmn(ng//)) e I "“] (59)

that, for the back surface of specimen (x=L), because of the set-up in transmission mode,

T(x,t) =—

become:
Q N nin?
T = -5 1+22(—1)”xe e (60)
p n=1
Two dimensionless parameters can be defined as follows [127]
Tlat

v, e =T t)/Tm; w = (61— 62)

in which T7,, is the maximum value of temperature after heating. Combining the relations
reported above, after a few considerations, it is possible to obtain the value of thermal

diffusivity in x direction [127].
V=1+2 Z(—D"e-nzw (63)
n=1

Thus, fixing the value of '=0.5, and the value of w=1.38, it is possible to write the equation
as function of thermal diffusivity a and the value 7,5 that indicates the time instant for which
the back surface reaches the value of temperature 0.5 7,,[127].

1382 0.13912

- =
Tty s tos

(64)
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1
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Figure 125. Behavior of V value as function of time. Dashed line is in correspondence of half-rising time
necessary for thermal diffusivity estimation by Parker method [127]

The method is based on a flash test in transmission set-up, recording by IR camera the
opposite surface as respect of the excited ones. In this case, the curve, as showed in Figure
125, has an asymptotic behavior (in adiabatic conditions) which is considered as the value
T,». Consequently, the curve must be normalized, thus it is necessary to divide by the
maximum value of reached temperature, identifying the value of time for which the
variable V reaches the value of 0.5. It is sufficient to know the thickness L of the plate to
estimate a value of thermal diffusivity in x direction.

This method is spreadly used because it easy to apply and results are reliable, but some
correction is needed to consider the finite pulse, especially in case of thin samples.

To obtain the correct thermal diffusivity values for flash measurements in transmission
mode, a method has been developed by Azumi et al. [202]. This method consists of two
steps: the first, adjustment for an “effective” irradiation time using the center of gravity
pulse, and the second, the correction for the deviation in the parameter K from the ideal
value of 0.139 reported in equation 65. In fact, instead of the relation used before for Dirac
pulse, the following relation has been proposed:

KoL?
a =

(65)

tos

in which the value K is a parameter that depends on heating shape and duration, and it is
defined as #5/t,. Basing on different possible shapes investigated in several works [203—
207], the relation among Ky, t, that is the pulse duration and ¢ that is the characteristic rise
time defined as t.=L’/a, can be represented as K,=0.1388 + b t/t.. Thus, the dependence of

K, on t/t., which is denoted as b, can be changed by introducing a new time axis having
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the same scale but the different origin. After shifting the time axis, the parameter K, can be

considered as:

(smt) 4

K =
0 t,

g t,
where ¢, is the value of shift that can be obtained as follow:
, __j;t{f(ﬂ)dt’
g - T ! !
Jy f(&Dat

It is now possible to express thermal diffusivity by the following equation:

K 2

a= —gL

(t0.5 - tg)

10

f f
0 a% T 0 z
t t
(a) (b)

Figure 126. The pulse shaped assumed in calculations [202]

(66)

(67)

(68)

For shapes showed in Figure 126, the numerical values of K;and K, normalized for the

1deal case with K=0. 1388 have been calculated and resumed briefly in Table 10. With these

values, it is possible to obtain the corrected values of thermal diffusivity, considering finite

pulse, thus using a shift of the origin of time axis to take in account the relative duration of

pulse, as respect of half rise time [202].

Triangular pulse shape (a=0.25) Rectangular pulse shape
tos/T Ko/0.1388 K,/0.1388 Ky/0.1388 K,/0.1388
2 1.277 1.010 1.362 1.020
5 1.093 1.001 1.115 1.002
10 1.044 1.000 1.054 1.001
20 1.021 1.000 1.026 1.000
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50 1.008 1.000 1.010 1.000

Table 10. Values of K, and K, normalized for the value of ideal case, K=0.1388 [202].

Using this procedure, it is possible to correct the value of the measurement for thermal
diffusivity in transmission mode, considering a finite pulse width.
Based on the transmission set-up configuration, another method has been developed in
1996 by Brady et al.[208], which consists of the application of the finite difference method
to solve the conduction problem in materials, considering the convective exchanges too.
Considering the problem of heat transmission in a thin plate thermally insulated with a
surface heated by pulsed source, observing the opposite plate (Figure 127), the 1D model
can be reported as:
10T _ 0%T
adt  0x?
where T is the temperature at distance x from the heated surface, ¢ indicates the instant

(69)

after the start of heating pulse. Writing an energy balance between front and rear surfaces,

it is possible to obtain the boundary conditions needed to solve the problem [208].

q"=h(T-Ty,) — k Z—Z (rear surface) (70)
—k Z—z = (T —T,) (front surface)  (71)
Thus:
v (q" (@), 0<t<rt
T = { 0, t=>1 (72)

in which t is the heating duration of flash lamps. Supposing to have, as the starting
condition, the temperature of specimen equal to the ambient temperature T, .

The parameters connected to the thermal phenomena (g”, a, £ and 4) are difficult to obtain,
hence will be considered as unknown parameter in the relations which express ¢’ and

divided for the product of density and specific heat of material [208]:

o =2". H=2" K=X=q (73 — 74 — 75)

pCp pep’ pcp
After the substitution of described parameters, it is possible to solve di equations of heating
transmission with numerical methods: in the presented work [208], the finite difference
method. The solutions obtained through numerical methods are compared with
experiments changing the values of Q”, H and K until a correspondence between

experimental and numerical curves is obtained.
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Figure 127. Experimental set-up adopted by Brady et al. [208]

Using the described procedure pixel by pixel, it is possible to obtain a map of thermal
diffusivity in the component, although the finite difference method can be very
computationally demanding. In the work presented by Brady et al. [208], three different
materials have been considered, but only the map obtained for steel specimen has been

reported in Figure Figure 128, as an example.
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Figure 128. Example of thermal diffusivity map obtained for steel in research of Brady et al. [208]

An interesting method developed by Krapez in 2004 [209,210], after several works on the
thermal properties of materials [211-214], is based on a pulse excitation in time but
periodic in space, as well as in a work of Batsale (2005) [215], using a grid mask to generate

a periodic illuminated pattern, in a specific direction of plate, as well represented in Figure

151



CHAPTER 4: Microstructure evaluation through thermographic non-destructive methods

129. The method permits, through the application of the Fourier transform in space, to

evaluate simultaneously the value of thermal diffusivity in z and x directions.

Sample

Grid-like mask with
periodic openings

N
IR camera |
y @
~ Flash lamp

Z

Figure 129. Setup scheme in transmission mode adopted to generate a periodic heating pattern on the
surface in x direction [209].

To generate the space-periodic heating is possible to use a mask grid with specific geometry
as showed in Figure 129.

The heat transmission model has been considered with the following hypotheses: planar
infinite plate, thermally anisotropic, homogeneous, uniform thickness, uniform
temperature at starting time, linear behavior of thermal losses on surfaces, Dirac pulse

heating with a periodic spatial distribution (Figure 130).

Sample

Rear face
Front face

Heat losses
coefficients :

by, 4

Heat input distribution

Qlx, ¥)Q,(2)

Figure 130. Representation of heating model considered by Krapez et al. [209]

The heat equations in the model, initial and boundary conditions are:

aT 0°T 0°T
pC—= k +kya—yz

d oT
3t = K gez W["z@a (76)
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H%%z®=9g%%&2 (77)
oT
—k,— = —hoT(x,y,0,t) (78)
=0
OT
— =—-nT(x,y,Lt) (79)

Through the Fourier-Laplace transform defined as following:
t'=c0 x'=+c0 Y'=+00

7:W(a’x; Wy, Z,P) = f f f T(x',y', z1t) ><ei“’xx'ei“’yy'e‘pt'dt’dy’dx’ (80)
t'=0 x'=—0 y'=-—o0

it is possible to obtain:

= d aT
Q()—F@E] (81)

*ﬂzzl

(pCp + kyw? + kyw?) e

in which, T(z,t)1s the solution in x and y to the diffusion heat problem in a plate uniformly
heated with energy Q.(z) with 1D heat flux and thermal conductivity k.(z). The Laplace
properties permits to write [209]:

7:‘(a)x, wy,2,t) = 5(a)x, wy)T,(z, t)e(-axwit-aywit) (82)
where « is the thermal diffusivity and the footnote expresses the direction. Hence, the
double Fourier transform of temperature (w., w,) = (0, 0) for all depths, thus the spatial

integral in x and y directions have the exact evolution of temperature induced by an

uniform heating with a thermal contribution of 5 (0,0)Q,(2), but it can be considered valid
for a finite plate only in cases of insulated boundaries. It is possible to assume the thermal
diffusivity in z direction and that Q,(z) is a Dirac pulse. In this way, it is possible to evaluate
the thermal diffusivity in z direction through well-established algorithms [216].
Considering the relation 82 re-written without 7%,the relation becomes [209]:
T(wx' wy, 2,t) Q(wx' wy) o (axwit-ayw3t)
7(0,0,z,t) Q (0,0)

This relation can be used for all depths, especially on the front and back surfaces,

(83)

considering the thermal losses in both.
Hence, it can be used a periodical distribution in x direction with period A. The temperature

1s integrated in y direction between -Y and +Y, using the Fourier transform in x direction.
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x'=nA Y'=+Y

7:"(wx,0 z,t) = 277 f f T(x',y' z,t) cosw,x dy'dx’ (84)

x'=0 y'=-v
Thus, the linear relation can be used to measure thermal diffusivity in x direction:
T(a)XI 0 Z t) Q(wx: 0) 2
—_— — a,wit

T(O 0,z,t) Q(O 0)

This expression is valid for the back surface (z=0). Therefore, because of the periodic heat

(85)

distribution, it is particularly interesting the Fourier transform at angular frequency w, =
27T/ A- Using a linear regression in log-log scale, it is possible to obtain the thermal

diffusivity in x direction from the slope of regression straight line. In y direction the value
of thermal diffusivity can be evaluated, using the same mask rotated of 90° and it can be
repeated for each direction, until the boundary conditions are valid [209].

A way to extract local thermal data obtained by grid method, is to reduce the dimensions
of domain on which the analysis is conducted. Instead of Fourier transform on a time
window multiple of period, it is possible to limit the area smallest as possible, thus the A of
mask. The data analysis can be done in this period, hence the temperature is evaluated first
as average in y direction, to execute the following operations:

e The average of temperature in x direction, in the considered time window: this value

of Ty(t) = T (0,0,0,t) has been used to evaluate the value of thermal diffusivity
through the thickness a.(x);

e Calculate T,(t) = |7:"(a)x, 0,0, t)|. Through the relation

Ln [’Iz"(a)x, 0,z t)/f”(0,0, z, t)] =Ln [5 (w,, O)/é (0,0)] — a,w?, it is possible to

obtain an estimation of thermal diffusivity in x direction.

Through the described method, it is possible to obtain the thermal diffusivity value in two
different directions, one on the surface dependent on the orientation of the mask-grid and
the other one through the thickness. This method has the advantage to obtain thermal
diffusivity in two different directions with only one experimental test, thus the possibility
to be applied on anisotropic materials too. The main cons are the mask-grid use and the
computational load to evaluate the spatial Fourier transform.

A well-known procedure which permits to measure thermal diffusivity by thermographic
method has been developed by Mayr [217] in 2011 obtaining thermal diffusivity maps for

all the surfaces. The hypotheses on which is based the developed procedure are: isotropic
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phenomena, homogeneous material, 1D flux and Dirac pulse. Basing on these hypotheses,
it is possible to write the relation in log-log scale reported below, in which has a sufficiently

linear behavior:

QL 142 2(—1)71 x e_nL—z‘”] (86)

Usually, it is represented in log-log scale as a function of 1/¢, as reported in Figure 131.

AT =T(L,t) +%ln(t) (87)

log(T(w.t}T,) + 1/2 log(t)

-120

Figure 131. Linearization of described curve and related interval [217]

A central region of curve is considered to be sure about the linearity of curve, that is not
present in extreme parts; in literature intervals of [0.1 T, 0.9 Tinax] OF [0.3 Tinax; 0.8 Tinas].
The slope of the considered line is used for the evaluation of the thermal diffusivity through
the follow relation:

LZ

a = —m (88)

in which m represents the slope of the regression straight line used for the curve fitting, for
each considered pixel, that permits to obtain a map of thermal diffusivity as showed in

Figure 132 [217].
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Figure 132. Curves obtained by experimental application of Mayr et al [217].

This method has the advantage to be slightly influenced by inhomogeneities of heating on
surface and to results in a map of thermal diffusivity which permits evaluation of non-
uniform distribution of thermal diffusivity.

On the same principle of Brady work [208] is based the method developed by Feuillet et
al. [218] in which the analytical solution presented is more accurate, because the
convective heat exchange on surfaces has been considered (Figure 133). Under the
hypotheses of isotropic and homogeneous material, convective heat fluxes on surfaces and

heating by a Dirac pulse, the solution can be written as:

6n[n COS(6n0) + Bosin(6n )] (52

AT (z,t) = 2T 5 (89)
n=1(&,% + B}) (1 +§2—j32> + By
n e
in which:
hoe h,e
BO = L; Be =—; (5121 - BOBe)tanEn = (BO + Be)fn; (90 -91- 92)

k
thus &, is the positive solution of the equation above [218].

The relations have been obtained for a transmission setup, to perform experimental data
fitting partitioning the specimen surface in region of interest with dimensions 5x5 pixels.

For each region, a value of thermal diffusivity can be obtained.
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Figure 133. Model considered in work of Feuillet et al. [218]

In Figure 134 is represented an example of heating curve from a region of interest obtained
experimentally and the related fitting. From this curveis possible to obtain values of

thermal diffusivity for each region of interest and values of thermal conductivity too, both

a1 X Measurement
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Figure 134. Example of experimental points and fitted curve obtained from work of Feuillet et al. [218].

In 2008 Laskar proposed a method based on the heating by a hot air flux with controlled
temperature [219]. The used transmission set-up has been reported in Figure 135 and

permits the evaluation of thermal diffusivity through the thickness direction.
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Figure 135. Experimental set-up scheme used by Laskar et al. using air-gun heating source [219].

LEAD SLIT

To obtain the value of thermal diffusivity, a surface of specimen must be heated and the
behavior of temperature on the opposite temperature must be observed by IR camera. To
consider the heat losses, a correction term is included in the relation obtained for an
1sotropic and homogeneous material, subjected to continuous heating on a surface for a
1D heat flux:

T(l,t) = Qm erf <;> (93)

kA 2 m

In which / is the thickness of the specimen, a the value of thermal diffusivity in thickness
direction, % the heat losses. The correction term for thermal diffusivity is 74 which
introduces the heat losses. Usually, it 1s complicated to estimate the value of energy,
although a few methods in literature are present[220,221], thus could be convenient to

normalize the temperature respect to a temperature in a defined instant £.[219].

7.5 = ! Vt erf <—l ) (94)

T(l,t,) _
. ﬁerf(z (a—llzh)t> e

The value of thermal diffusivity can be obtained by the best fitting of curve with the model
described above, as showed in Figure 136 where are reported results obtained by Laskar et

al. [219], from aluminum and copper plates.
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Figure 136. Theoretical curves and experimental data obtained by Laskar et al [219] for the evaluation of
thermal diffusivity. To the left for aluminum and to the right for copper plates.

To apply this methodology, it is mandatory to know or estimate, considering some
assumptions, the value of % before the fitting procedure to obtain the value of thermal
diffusivity through the thickness.

The advantage of this procedure is that cheap equipment can be used, and heat losses can
be included. The cons are the transmission configuration, which per the aim of this work
is not convenient, and the steady state heat flux needed that can be increase the duration
of thermographic test.

In the 2001 Albers et al. [222], used the laser heat source to apply pulsed thermography to
measure thermal diffusivity. A study about the influence of the test parameters on the
thermal diffusivity measurement has been presented by the authors. In fact, the test in
transmission configuration, has been considered but two curves need to be analyzed: the
first, named as VAL, which consider the start of heating of back surface coincident with
the end of heating, the second, named as BEG, which consider the start of heating of front
surface as the initial time closer to the real model. The used model is the one obtained
using the hypotheses of 1D flux, homogeneous and isotropic material and a Dirac pulsed
heating in adiabatic conditions. The formulation is the same used for the Parker method
[127], discussed previously, but the difference is in the choice of starting time which is one

of the main issues of this method.
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Figure 137. Heating curves used for transmission measurements by Albers et al. VAL, BEG and ideal curves
are reported [222].

The choice between the two curves presented in Figure 137 influence the initial value, thus
the value of half-rise time is influenced too with a difference in the value of thermal
diffusivity obtained. Usually, the difference between the two curves can be considered
neglectable in case of material with high values of thermal diffusivity, as the metals, but
can influence the measurement if low thermal diffusivity materials are considered [222].

In 2016 Mayr et al.[223-225], proposed a method based on the flash pulsed thermography
and reflection setup using the TSR method[226-229]. Considering the solution of heating
equation in case of 1D heat flux, isotropic and homogeneous material, semi-infinite body

and heated by a Dirac pulse in adiabatic conditions, it is possible to write, for the surface:

T(tO)—T+£ 95
0 =Tot+ o= (95)

in which T7j is the initial value of temperature on the heated surface, W the value of energy
incident on the surface and with e the thermal effusivity. Considering the logarithm of the
relation and rearranging the terms, it is possible to obtain a straight line in log-log scale
with a slope of value -0.5. As discussed previously, the presence of a defect or a
discontinuity in material properties, a change in slope occurs. It is possible to fit the
experimental curve by a n-grade polynomial which permits to reduce the noise and to have
an analytical function to manage. The use of first and second derivative can be convenient
to evaluate the stationary point of the temperature curve.

The procedure adopted for the evaluation of thermal diffusivity, is based on the evaluation
of time ¢ for which occurs the maximum value of the second derivative on the curve, thus

an inflection point (Figure 138) and using the relation below.
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Figure 138. Cooling curve in log-log scale obtained with a reflection setup by Mayr et al. [223-225]

It is possible to obtain a map of thermal diffusivity for all the surface, knowing the thickness
of the considered specimen. This method can be applied only if the energy value is high
enough to penetrate all the thickness of specimen, which is hard for highly thermally
diffusive materials, as metals.

From 2001 Cernuschi, Bison et al. [230-236], focused their works on the measurement of
thermal diffusivity using laser spot pulsed method in reflection mode. Some difference in
the works is about the energy distribution that in some cases has been modeled as a top
hat, semi-circular and Gaussian distribution. The most common method, established used
in other applications by several authors [230,232,233,237-240], is the one based on
gaussian distribution of energy. The main advantage of the presented method is the
capability to measure thermal diffusivity both in-plane and in-depth, that can be a huge pro
considering the application to anisotropic materials. To measure thermal diffusivity, the
solution of the heat equation in case of Gaussian distribution of energy, in adiabatic

conditions, in a finite-body, in depth direction has been considered:

_x2+ 2
a2 n2mnant
2Q t 1 0 - n
e300 = 21 ann, ) o

in which L is the thickness of plate, , the thermal diffusivity in-plane, Q, the value of
energy density and o the value of standard deviation of Gaussian temperature distribution

which is related to a,, the value of in-depth thermal diffusivity, by the following relation:
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o, =[R2 +8a,t (98)

where R, is the nominal radius of laser spot defined as the value for which the signal is 7/e

of the maximum at the same ¢. In relation 97, two different terms can be considered. In the
squared brackets there is the term that describes the in-depth heat diffusion while the other
term 1is related to the in-plane heat diffusion. Integrating in space, the term to the left
became a constant and the result decrease in accordance with the behavior of the term in
squared brackets. Fitting of this curve as a function of time, it is possible to obtain the value
of in-depth thermal diffusivity by the relation 97. To evaluate the in-plane thermal
diffusivity, it is necessary to observe the Gaussian distribution of temperature in time. In
fact, at the beginning after heat pulse, the Gaussian distribution of temperature has a
defined standard deviation that is the minimum value as possible. In the cooling phase, the
Gaussian profiles deserves the distribution but the value of standard deviation of Gaussian
profile increases with time because of in-plane heat diffusion. As is possible to see from the
relation 98, considering the variance of Gaussian profiles as function of time, it is possible
to represent the curve as a straight line in which the slope it is strongly connected with in-
plane thermal diffusivity. In Figure 139, it is possible to see the experimental data and

correspondent fitting for measurements of in-depth and in-plane thermal diffusivity.
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Figure 139. Results obtained by Bison et al. for the measurements of in-depth and in-plane thermal
diffusivity[230].

This method can be powerful especially in case of coatings with characteristics different
from the substrate, or in the anisotropic materials in which the measurement of thermal
diffusivity in different directions can be done. In case of isotropic materials, the value of
in-plane and in-depth thermal diffusivity must be coincident, hence can be used as method

to confirm the thermal isotropy of materials. The main advantages of this method are the

162



Non-destructive thermographic method for the evaluation of thin joints

possibility to measure simultaneously the in-depth and in-depth thermal diffusivity and to
use a simple in reflection setup which can be suitable for on-line applications.
Basing on the same principle of the method presented before [230-236] in the 2017 Miiller
et al. [241], presented a method in which the pulsed heating by laser source has been
obtained with a linear distribution. In fact, considering a Gaussian distribution in one
direction and linear in the other, the thermal diffusivity in-plane in one direction has been
evaluated. In this case, an average of signal in direction of laser line is performed to reduce
the noise and a single averaged gaussian profile for each instant has been obtained. The
next step is very easy and the difference of thickness of the Gaussian distribution in time is
considered as reported below [241-243]:

. w(t)? —w(0)?

4

It is possible to plot the data obtained as a function of time and fit the data with a straight

(99)

line in which the slope is related to thermal diffusivity in-plane, in the direction
perpendicular to the laser line.

In Figure 140, the experimental set-up adopted for the application on a CFRP specimen
has been reported. In the Figure 140 (b), the thermograms obtained from different times
after heating, show the increasing of thickness of laser line. In Figure 740 c,d, the fitting

procedure applied in two different directions for the same CFRP specimen.
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Figure 140. (a)Experimental setup used by Miiller et al. (b) Variation of thickness of laser line in time. (c,d)
Experimental data fitting and evaluation of thermal diffusivity in two directions for considered composite.
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time [s]
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This is a very fast method to measure thermal diffusivity and has the advantage to manage
a very smooth signal because of averaging procedure in line direction. The main cons are
that is not cheap and easy to obtain an equipment that permits to have a laser line Gaussian
distribution and that only a specific direction for each test must be investigated.
From 2019 Bedoya, Gaverina, Mendioroz and Salazar [244-250], developed several works
for measuring the thermal diffusivity with a laser method on moving samples. Considering
a linear constant velocity relative motion between heat laser source and the surface in
reflection mode, three different methods have been developed and presented. The first is
based on the analysis of profile of logarithm of temperature in the center of laser spot in
motion direction. The second one is based on the same profile but in perpendicular
direction as respect of the motion ones. The last oneis based on the parabolic profile of
logarithm of temperature as a function of distance from the laser spot, which is called
parabola’s method.
To better understand these procedures, it i1s necessary to describe the temperature on a
surface of specimen after a Gaussian energy distribution with radius a (1/¢°), considering
the heat losses on surface:
2x2 2y
Qo7 e aZ+8Dyt o a*+8Dyt

2
T(x,y,0,t) = A(t) 100
g T Ja? +8D,ta? + 8Dyt (100)

in which A(t) depends on the optical properties and thickness of the analyzed specimen.

For thick and opaque materials, the function is:

2
A(D) =é \/%—ge(eﬁz) ‘Erfc <€_}:ﬁ>l (101)
For thin and opaque , the function A(?) is:
_2ht
A(t) = e peL (102)
For semi-transparent and thick , it can be re-write as:
1 «
AW == (103)

where 7 is the fraction of energy absorbed by specimen, « in this case is the coefficient of
optical absorptivity at laser wavelength, y 1s the effective absorption coefficient for
wavelength (3-5 um), D is the thermal diffusivity, € the thermal effusivity, p the density, ¢

the specific heat and L the thickness of specimen. With the assumption that there is a
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slightly increase of temperature, the heat losses can be consideredas a linear function of
temperature, where 7 is the coefficient of linear losses.

Considering the same specimen but adding the linear constant motion with a laser with
power P, with Gaussian distribution with start heating at =0, the temperature on surface

can be described as:

2[x-v(t—1)]? _2y*
ZPOn t e_a2+8Dx(t—T) e a2+8Dy(t_T)
T(x,y,0,t) = f A(t —1) X dt (104)
0 Jaz +8D,(t—1) a?+8D,(t—1)

The proposed methods are based on the analysis of temperature distribution in logarithm
scale. Also, these are valid in stationary conditions, thus the solution above permits a
precise determination of needed time to reach the steady state (#) which is dependent on
the velocity of specimen. In fact, for a fixed value of v and D, it is possible to determine the

temperature on the surface until the stationary condition is achieved.
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Figure 141. (a) Temperature distribution on the surface, (b) logarithm of temperature in y direction, (c)
logarithm of ture in x direction [244-250].
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In Figure 141 are showed the profiles analyzed for the application of the first two methods
presented by Bedoya et al. [246] and the distribution of temperature on surface. The
method of the transversal profiles based on the behavior of logarithm of temperature in y
direction, fixed x=0. Multiplying the natural logarithm of temperature for a time function
(for thick and opaque materials) or for the root square of time (thin and opaque specimens
or thick and semi-transparent), a linear behavior can be obtainedin which the slope can be

related to the thermal diffusivity in y direction by the relation:

v
m=+— (105)
2D,

This is slightly influenced by the heat losses and dimension of laser spot radius, as possible
to observe in Figure 142 in which the linear region that must be considered has higher
distance from the center of spot but has the same slope, thus the results will be not

influenced by this parameter.
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Figure 142 .(a) Application of transversal profile method to opaque specimens. (b) Application of transverse
profile method to semi-transparent specimen and the effect on profile of laser spot radius. [246]

he influence of heat losses on the central transversal profiles for different values of /has
been obtained showing that the profile can be considered constant until the value of /4
reaches the very high value of 100 Wm?K" [246].

In the case considered by Bedoya et al. [246], it must be considered that the diffusivity
thermal length in transversal direction as respect of the motion, considering the logarithm

of temperature, it is reduced by factor e:

2D; i
,ul-=7, i=yez. (106)
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In particular, in z direction, it defines the penetration of thermal energy in case of relative
motion between heat source and specimen. The specimen can be considered thick for
values of L>2u,, and thin if L<0.5u..

The second method is based on the analysis of central longitudinal profile (y=0) of
logarithm of temperature on the surface of specimen (a=0, #=0). This profile, as showed in
Figure 141 (c), is not symmetric because the smooth part (x>0) hides the information about
thermal diffusivity in that area that has been already heated by the laser. The other part
(x<0) shows a linear relation which depends on the velocity and on thermal diffusivity in
x direction. As in the previous method, two different cases have been analysed: the first for
thick and opaque specimen and the other for thin opaque specimen. If the specimen is
opaque and thick, the natural logarithm of temperature multiplied by the longitudinal
distance, depends linearly on x. If the specimen is thin and opaque, the behavior of
temperature multiplied for the square root of the x can be considered linear. The slope of

these curves is related to the thermal diffusivity in x direction.

=— 107
m=p- (107)

Exactly, as for the first method, the influence of the laser spot radius and of the losses have
been considered. In Figure 143, it is possible to observe that the slope of the presented
curves 1s not dependent on the spot radius or on the losses, thus the method can be

considered robust for measurement of thermal diffusivity.
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Figure 143. (a) Behavior of Ln(Tx) and Ln(Tx°%) for thick materials (black) and thin (red) with a=0 and
h=0. (b) The behavior of Ln(Tx) for thick materials with different radius values [246]

167



CHAPTER 4. Microstructure evaluation through thermographic non-destructive methods

The third method is the parabola’s method that is based on the hypotheses of surface heated
by a Gaussian energy distribution obtained by a circular laser spot. In this case the
logarithm of temperature on surface in the next instants after the pulsed heating, has a
parabolic behavior.

Ln[T(x,0,0,t)] = A(t) — C,(t)x*;  Ln[T(y,0,0,t)] = A(t) — C, (t)y>. (108 — 109)
In the relations above, the second order inverse of parabola coefficient, has a linear
dependency on time.

1 a
) 2

+4Dit; j=xey. (110)

The slope of this linear behavior is related with thermal diffusivity m,=4D,. It has been
showed in Figure 141, that also for the moving sample, the transverse profile of logarithm
of temperature presents a parabolic behavior considering a distance x from the spot center.
Bedoya et al. [246], verified that the same relation, that is valid for the pulse heating, it is

also true for the moving sample. Hence, it can be written as:

L_@ +4D,t = { t} @ e 111
a yt={x=vt} =—+—=x. (111)
This result shows that the inverse of second order coefficient of parabola is a linear function

of distance from the laser spot center, with slope

m=—2 (112)
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Figure 144. Profile of transversal logarithm of temperature for different values of distance from the center
of laser spot obtained by Bedoya et al. for an application on steel AISI-304. The points are experimental data
and the lines correspondent fitting [246].
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These three methods are very robust because that the radius and losses have not influence
on the thermal diffusivity measurements. The main advantage of the presented method is
that can be used on-situ on a moving specimen or component, for example during the
production line.

In 2021 Salazar et al. [251], proposed a method based on laser-spot step-heating to measure
thermal diffusivity of solids.

The proposed method is based on a homogenous and isotropic plate of thickness L, infinite
in both OX and OY directions, heated by a laser beam of Gaussian profile whose power

density has the following spatial distribution

2r?

2P, _2”
P(T)ZWE as, (113)

where P, is the laser power and a is the radius at 1/¢ of peak intensity. The laser heating
starts at =0 and the time dependence of the power satisfies a Heviside function: 0 for t<0

and P,for t>0. The scheme of the described model is in Figure 145

Gaussian
P, [ laser
¢ beam

v

Figure 145. Cross section of a specimen heated by a laser beam of radius a. The inset shows the time profile
of step-heating adopted [251]

To obtain the sample temperature as a function of ¢, rand z, it is necessary to solve the heat
diffusion equation in which Q is the absorbed energy per unit volume while, £ and D are
the thermal conductivity and diffusivity of the specimen [251].

10T(r,z,t) Q(r,zt)
2 —_— = —
VITrzat -5, K

To solve the above equation, considering that the laser beam follow the Beer-Lambert Law

(114)

Q(r,z,t) = nP(r)u(t)ae*, where u(t)is the Heaviside unit step function and 1 the power

fraction absorbed by sample, double transformation is needed: first a Laplace transform
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and after, due to the cylindrical symmetry of problem, Hankel transform to achieve the
general solution [251].
72"(6, z,5) = Ae P% 4+ BeP? + Ce®* (115)

1 1Py e_% 1
k 2w s (B2-a?)’

where C = Depth-independent factors 4 and B are obtained from the

boundary conditions: flux continuity at the sample surfaces considering radiative and
convective losses.

—aL

For opaque and thermally thick samples & — o and e ~ 0 the temperature behavior

can be described, for z=0 and in case of adiabatic conditions [251]:

T(r,0,t) = ;rilo{fooo]o(&“) erf((S\/m) e_@d(s (116)
where J, is the Bessel function of order zero and erf the error function while 6§ is the
conjugated variable to 7 in Hankel space.

For an opaque and thermally thin specimen L «< u , so e*Al ~ 1 + L, the temperature

distribution can be described by [251]:

2 h
nPy ® _e0e(s +41) _(8a)?
T(r,t) = f 6], (0r) e 8 db (117)
2mkL ), 52 4 2
kL

which is independent of depth and it is interesting to observe that the thinner the sample
the higher the effect of heat losses [251].

In Figure 146 a sequence of thermograms shows that, as predicted by theory, heat
propagates radially with time, but the temperature at the laser spot remains almost constant
after the first second. In Figure 147, in black dots are reported temperature profiles along
the vertical axis after 1s and 5s heating. To reduce the high noise level in step-heating
thermography, the cylindrical symmetry of the thermograms can be used to perform an
average of the temperature along concentric circumferences around the laser spot. In this

way, the longer the distances from the laser spot, where the noise is more pronounced, the
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larger the number of pixels that are averaged, leading to cleaner temperature profiles. The

red dots in Figure 147, correspond to such average profiles.
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Figure 147. Comparison of single and averaged radial profiles of In(T) obtained in a PEEK sample at two
instants after the onset of the heating [251].

To obtain thermal diffusivity values a set of temperature profiles obtained at several
instants after the start of heating, has been fitted by T (r,t) (Figure 148).
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Figure 148. above: fittings of averaged profiles of In(T) for two opaque and thermally thick samples. Below:
residuals are plotted to highlight the quality of the fittings [251]

The method presented by Salazar et al. [251] has several advantages. Firstly, it is really
easy to apply and, considering that the measurement has to be done in steady state

conditions of heating, it can be applied with low power heat source too. Secondly, the
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averaging procedure reduce the thermal noise significantly, and the fitting procedure is
time-saving and easy to apply, considering the uncomplicatedness of the adopted setup.
Among all the considered methods for measure the thermal diffusivity
[127,171,199,201,209,232,235-237,240,245,248,252-260], the following works have been
focused on the pulsed-spot laser method [219,230-238,243,253,254] and have been
considered as starting point. In fact, this method, presents an easy experimental set-up and
a fast analysis process that can be easy to automatize.

The aim of the proposed approach is to verify the capability and resolution of the selected
method to distinguish different microstructures in steel to develop a procedure that can be
automatized to measure HAZ in welding. The first step, in direction of this final goal, is to
study how the error of measurement in thermal diffusivity can be affected by test
parameters. Then, developing a procedure to select the parameters in order to reduce this
error and, in best condition of technique, defining a procedure that can be adopted to
distinguish different microstructures and transition areas.

In this direction, a high strength boron steel[261-263] has been investigated and several
microstructures have been considered to evaluate the capability of the thermographic
technique to discern different microstructures and relate thermal properties to mechanical
ones, in order to develop a non-destructive thermographic procedure to define boundaries

of HAZ and estimate relative mechanical properties.

4.2 A non-destructive thermographic method to assess the microstructure
changing in boron steel: a relation between thermal diffusivity and

mechanical properties

4.2.1 Introduction

As a case study, eight boron steel (Usibor® 1500) plates with different structures (four with
a ferritic-pearlitic and four with a 100% martensitic structure) have been considered to
develop a laser thermographic method based on the anti-correlation between hardness and
thermal diffusivity, to verify the effectiveness of heat treatments in boron steel in a non-
destructive way and, also, a procedure to select the best experimental test parameters. In
this application, the pulsed spot laser thermographic method [219,230-238,243,253,254]
has been applied and a study about the influence of the test parameters on thermal

diffusivity measurement has been conducted.
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In particular, a finite element model has been developed and adopted, in conjunction with
the response surface method (RSM), to study the resolution of the technique. After an
evaluation about the test parameters that affect the measurement, the error in the
measurement of thermal diffusivity as a function of test parameters has been investigated,
obtaining information about the influence of main experimental test parameters: pulse
length, acquisition frequency and spatial resolution.

Moreover, the described plates have been experimentally investigated to validate and verify
the proposed method, which has also been verified in comparison with a well-established
technique based on the use of a transient plane source [264].

After a validation of thermal diffusivity measurements, 1D tensile test have been conducted
to measure the ultimate tensile strength of materials. In this way, a preliminary correlation
between thermal diffusivity and ultimate tensile stress has been possible and, through the
measurement of thermal diffusivity, an estimation of mechanical resistance of material has

been possible.
4.2.2 Material and methods

4.2.2.1 Specimens

For this case, the boron steel Usibor® 1500 has been considered because it is an ultra-high-
strength steel (UHSS) widely used in automotive body production due to crashworthiness
improvements and part weight [261-263,265,266]. Frequently, UHSS are used for tailored
welded blanks applications, in which are joined before the forming operation [267] thus,
for this reason, it can be considered very interesting for thesis aims.

Eight rectangular different Usibor® 1500 plates with a ferritic-pearlitic structure have been
investigated. With the aim of obtaining a martensitic microstructure, four of these plates
have been heat-treated: for four minutes has been heated in the oven at a temperature of ~
950 °C, then a rapid quenching in water has followed to have the desired microstructure
[262,263,268]. After the application of the described thermal cycle, the quenching heat
treatment involved the specimen volume, and the microstructure can be considered
uniform through the thickness. This is important to guarantee homogenous properties of

material hence, thermal and mechanical isotropic properties.
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Figure 149. Anlaysed specimens. With ID 1/2/3/4 NT the specimens with ferritic-pearlitic structure and
with ID 1/2/3/4 T the specimens that exhibits a martensitic structure.

Dimensions
ID Heat treatment Micro-structure Thickness
[L x H]
1/2/3/4NT 150 x 195 mm NO Ferritic-pearlitic  1.03 mm
1/2/3/4T 150 x 200 mm YES Martensitic 1.03 mm

Table 11. Geometrical dimensions and characteristics of investigated specimens.
The thermophysical properties of plates, before the heat treatment, have been measured by
the transient plane source (TPS) method [264], which is established and adopted in
standard ISO 22007-2, and resumed in Table 12. Values of thermal conductivity and heat

capacity have been measured separately.

. ) Thermal Thermal
. Density Specific heat . R .
Micro-structure Jkg /] [J/Kg K] conductivity diffusivity
& o [W/mK] [mni’/s]

Ferritic-pearlitic =~ 7374+ 14 443.9+0.3  47.96+0.03 14.65+£0.21

Table 12. Thermophysical properties of Usibor®1500 measured by TPS Method following standard
ISO/FDIS 22007-2.

From the starting plates shown in Figure 150, used for thermographic testing, ten
specimens have been obtained according to ISO 6892-1:2019, then used for uniaxial tensile

testing.
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Figure 150. Uniaxial tensile test specimens obtained according to ISO 6892-1:2019.

4.2.2.2 FEM Model
To select the best parameters for experimental tests, a FEM model has been developed by
COMSOL Multiphysics® software. Using the FEM model permits significantly reduces
the number of preliminary tests for testing parameters selection, saving time. Considering
the eq (97) that describes the temperature distribution as a function of time, after a pulsed
heating with a Gaussian distribution, it is possible to define the best way to develop a FEM
model. Since it is necessary to describe the behaviour of temperature profile on the surface
and in depth, it is possible to simplify the model and consider it as a 2D axisymmetric
problem. In fact, a 2D axisymmetric model has been created. Hence, a rectangular area
has been modelled and, basing on the equipment specs (maximum laser power, laser beam
diameter and minimum heating time), a surface heating has been modelled with the
symmetry axis coincident with the z axis (Figure 151). In this way, considering as section
a rectangular surface of 40 x 1 mm? and z as the rotation axis (Figure 152), the rotation
solid obtained is a cylinder with a height of 1 mm and a basis diameter of 80 mm. A custom
material has been applied to the geometry modelled with properties in Table 13. Thermal
conduction and specific heat obtained by the TPS method have been considered the

model's input values and measured values of density have been considered.
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Figure 151. Scheme of relative position between Gaussian heating distribution and component surface.

Parameter Value
Thermal conductivity (k) | 47.96 W/m-K
Specific heat (Cp) 443 J/kg -K
Density (p) 7374 kg/m’
Emissivity (g) 1

Power heating source (P) | 20 W

Laser spot diameter (d) 6 mm

Energy source

distribution Gaussian
Heating pulse duration 8 ms
Convection losses ).
coefficient (h) 8 W/m™K
Step solutions 0.01 ms
Simulated time 100 ms

Table 13. Thermophysical parameters adopted for 2D axisymmetric COMSOL® Multiphysics Model.

The exact initial temperature of 293.15 K has been set for the body and the ambient. The
laser heat source has been simulated as a Gaussian energy distribution with a standard
deviation 0 = dy./6, Where dy.1s the circular laser's nominal value. The Gaussian energy
distribution has been centred with the rotation axis on the upper surface of the plate, with
a power of laser of 20 W. Natural convection heat flux has been considered using a heat

transfer coefficient of 8§ W/m’K. The cooling phase has been observed for 100 ms after a
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heating duration of &§ ms. All the considered parameters in the simulation have been based

on the adopted lab equipment. For heating, a step function has been considered with

amplitude 1 and duration coincident with heating pulse duration and, to avoid singularity

in calculation in correspondence of the start of step, a transition zone of (.05 ms in heating

and cooling has been considered as a ramp function but imposing the continuity of 1* and

2™ derivative (Figure 153).
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Figure 152. Mesh adopted for the domain discretization in the adopted FEM model. a) Section of the solid
obtained after the revolution of section b) around the z axes. c¢) Detail of quadrangular fine mesh adopted

through the thickness in the heated area.
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Figure 153. Step heating function adopted in FEM simulation with detail of heating ramp.

Quadrilateral elements have been selected to discretise the domain. Figure 152 shows that

a finer mesh in the area directly involved in heating and coarser ones for the remaining

have been adopted.
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As already described, a numerical model of spot pulsed laser thermography has been
developed but, a comparison between experimental and FEM results is needed to validate
the model. Hence, the pulsed laser method procedure has been applied to the FEM model
results and compared to experimental preliminary test results to validate the numerical
model. To analyse results obtained from FEM model, MATLAB® software has been used
exporting results from COMSOL Multiphysics®. Observing a diameter of nominal laser
spot of the FEM model, considering the temperature distribution in time and obtaining the
straight line that represent the equation X, the measurement of thermal diffusivity has been
done [219,230-238,243,253,254,268].

After the validation, the FEM model was used to identify and select the experimental test
parameters that minimize the error in measurement of the thermal diffusivity and then
understand the PLM technique's resolution, also considering the peculiar noise of the

thermal camera.

4.2.2.3 Response Surface Method
In this section is described the adopted procedure to investigate the PLM technique’s
resolution. The first step was to identify the test parameters that can influence the measured
value of thermal diffusivity. Considering the eq. 1, one of the main hypothesis regards the
assumption of a Dirac’s pulse and then it is evident that the heating duration can influence
the results. On the other hand, the recording parameters such as, acquisition frequency and
spatial resolution, can affect thermal diffusivity measurement too. Indeed, as already
described, the method 1s based on the assessment of the Gaussian profile over time during
the cooling phase after the heating pulse. Thus, the accuracy and precision in determining
the thermal diffusivity value depend on both the number of considered Gaussian profiles
and the number of points considered for fitting the profile. In particular, considering the
fitting of temperature profile with a Gaussian profile, the higher the number of used points
and the higher the chances of obtaining a high accuracy of the fitting. The number of points
corresponds to the number of considered pixels, which strictly depends on the spatial
resolution that, in turn, depends on the adopted experimental set-up (IR camera detector,
lens, IR camera-specimen distance). Otherwise, the linear fitting of variance of Gaussian
profiles as a function of time depends on the number of points, which depends on the
acquisition frequency. In this regard, the present study has been focused on investigating
the Influence of temporal frequency, spatial resolution, and heating time on measurement.

In fact, these can be considered the main parameters that is needed to set for experimental
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campaign and that are crucial for a suitable measurement. This investigation aims to
evaluate the resolution of the PLM technique to measure thermal diffusivity in-plane and
define test parameters for experimental measurements.

Another important issue to consider is the actual noise of the IR sensor that affects the
uncertainty of the measurement. In fact, the noise of sensor affects both the reconstruction
of the Gaussian temperature profile (spatial noise) and the fitting of the variance as a
function of time (temporal noise). Thus, considering the PLM, the peculiar noise of the
cooled sensor has been added to the FEM results to have reasonable results that can be
used to evaluate the influence of noise on measurement procedure.

As described above, the spatial resolution is related to the adopted experimental set-up,
and it depends essentially on the number of pixels contained in the diameter length. In this
regard, an effective parameter that represents the spatial resolution is the parametrisation
of the mm/pixel.

In the same way, also the other considered parameters can be parametrized to obtain a
more generic characteristic parameter of the investigated physical phenomena. Both the
heating time and the acquisition frequency are strictly related to the duration of
phenomena in the cooling phase. In particular, the two considered parameters are the
number of points/frames in cooling time and for the heating time, the ratio between
heating time and cooling time.
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Figure 154. Gaussian temperature distribution with highlighted the pixels (cyan spot) contained in the
nominal diameter of spot (dy.).

A straightforward approach has been used to define the cooling down time: the syste’'s
settling time has been considered. The cooling phase is a step response of a first-order

dynamic system, then the evaluation of time constant 7 is possible, and the settling time is
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defined as T, = 31, which is the time needed to reach 95% of the final value, as showed
graphically in Figure 155. This value can be used to normalize the heat duration and the
acquisition frequency considering in the first case, the ratio between heating time (#;) and
settling time (7..), as showed in Figure 156, and in the second one, the number of frames
in the cooling time (N..), that can be obtained as the product between f., and T, as
highlighted in Figure 157.

To estimate the value of 75 a preliminary test is needed considering a heating time sufficient
to have a AT in the centre of the laser spot detectable by the IR camera that permits to
estimate T (Figure 155.). Considering a fixed value of the energy, T does not depend on
the heating time but only on material properties and the volume of specimen, thus the

thickness.
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Figure 155. The temperature as a function of time in the center of laser spot from FEM model. Considering
cooling down part, T is the time constant.

The value of the settling time 75, assessed for the not heat-treated boron steel plates was /5

ms.
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Figure 156. Cooling down part of curve, the number of red dots express the parameter Noor.

180



Non-destructive thermographic method for the evaluation of thin joints

o

44f T ; !

42} yim |—-—Centre surface point’
40¢
38;
gi_ Theat = tn/ Teo
32}
30
28¢
26¢
24¢ ;
2 —— T ———— T.
20t

De—me———> 32 64 926

Time [ms]

Temperature [°C]

Figure 157. Temperature as a function of time in the center of laser spot obtained by FEM model. The ratio
between t,and Ts express the value of parameter Theat.

Parameter -1 0 1
Neoot (facq) 3 (200 Hz) 7 (467 Hz) 11 (733 Hz)
Theat (tn) 0.07 (1 ms) 0.7 (10.5 ms) 1.33 (20 ms)
D, 4 52 100

Table 14. Set of parameters adopted for the response surface method study.

Once defined the parametrised values resumed in Table 14, an advanced design of
experiment technique named the response surface methodology (RSM) [269], has been
used. In particular, the Box-Behnken design, which has parameter combinations at the

midpoints of the edges of the experimental space, has been adopted and shown in Figure
158.
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Figure 158. The Box-Behnken points scheme.
Hence, three parameters and three levels each have been considered, obtaining the

simulation plan in Table 15.
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Combination Neoot Theat D, Repetition
1 7 0.7 52 15
2 7 0.07 4 5
3 11 0.07 52 5
4 11 1.33 52 5
5 3 1.33 52 5
6 7 1.33 100 5
7 3 0.7 4 5
8 11 0.7 4 5
9 7 0.07 100 5
10 3 0.07 52 5
11 11 0.7 100 5
12 3 0.7 100 5
13 7 1.33 4 5

Table 15. Complete simulation plan for Box-Behnken methods with three parameters and five repetitions.
Combination 1 is the central point with fifteen repetitions.

The FEM model has been used to simulate all the combinations of parameters, described
in Table 15. FEM results have been exported in MATLAB® to apply the considered
method, and, to simulate the actual behaviour of the thermal sensor, the peculiar noise of
a cooled camera has been added for each simulated pixel (Figure 159).

a) Experimental noise vs Simulated noise

MAM| —Experimental noise
| —Simulated noise

100 200 300 400 500 600

b) FEM Profile ) FEM Profile with added noise

mm mm
Figure 159. a) Experimental peculiar noise recorded by IR Camera with cooled sensor (blue line) and the
simulated noise added to the FEM results. b) Gaussian temperature distribution obtained by the FEM model
through a diameter of the laser spot. c) The same profile after adding peculiar noise of the thermal camera.
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The output considered to evaluate the PLM technique’s resolution and the influence of test
parameters in the measurement value of thermal diffusivity is the percentage error of
thermal diffusivity, described as reported in eql17.

Qin-Aout

Aa% =

100 (117)

Qin

where a;, is the value of thermal diffusivity used in input to the model, according to the
TPS tests, and a.. is the value obtained after noise addition and application of PLM, as
described in the previous section.

Using the resulting response surfaces, in accordance with equipment limits, the test
parameters for the experimental test have been selected.

Experimental  FEM Model Export FEM Adding IR
. results sensor noise

Figure 160.The scheme in picture describes the steps of the adopted procedure to select experimental test
parameters

The proposed procedure adopted for the study of resolution of PLM and for the selection
of the experimental parameters that minimize the error, has been resumed in Figure 160.

4.2.2.4 Experimental setup

For the experimental phase, a reflection setup is needed for applying the pulsed laser
method. The Usibor® 1500 plates have been heated by an Ytterbium pulsed fibre laser
(YLP-V2 mJ series) with a nominal power of 20 W and a circular 6 mm diameter spot for a

heating time of 8 ms. Considering nominal power, heating time and nominal spot

diameter, it is possible to state that the energy density is Q = 5659 J /mz' The thermal

camera was an MWIR-camera FLIR A6751sc, equipped with a 50 mm lens. To permit a
symmetrical Gaussian energy distribution, the laser has been placed frontally to the

specimen’s surface and the IR camera at the same height with an angle of ~20°, as shown
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in Figure 161. A spatial resolution of 0.18 mm/pixel and a framerate of 400 Hz with an
integration time of 2.3712 us have been set. After the end of the heating phase, for 3 s, an

IR sequence has been recorded.

Figure 161 shows the three points considered for each measurement repeated five times
each. Each plate has been tested fifteen times; thus, considering eight plates, one hundred

and twenty measurements have been carried out.

a) Plate b) :
‘f’ &

f-{20° e Pl
610 mm/ -
mm ® P2
y oy
' D e r3
Laser

IR Camera

Figure 161 a) The scheme of the experimental setup. b-c) Experimental setup pictures with plate 1T, laser
and FLIR A6751sc. d) Scheme of points of measurement on the specimens. Every point has been measured
five times. e-f) Experimental setup for tensile tests.

The same setup and the same procedure for tests have been repeated with a heating time
of 11 ms to verify the goodness of the surfaces obtained by RSM described in the previous
section. Only the specimen with ferritic-pearlitic structure has been verified because,
considered the parametrization of the surfaces obtained but, it will be possible to extend
the application of the RSM to other materials.

For monoaxial tensile tests, a loading machine MTS Model 370 Load Frame, equipped with
a * 100 kN load cell has been used and the experimental tensile tests have been carried out

through the procedure described in ISO 6892-1:2019. The load has been applied in

184



Non-destructive thermographic method for the evaluation of thin joints

displacement control with a speed of 4 mm/min. The ISO 6892-1:2019 has been used to

evaluate values of o,and A¢ % (elongation at failure).

4.2.3 Results and discussion

To analyse the experimental tests, a vertical profile through the diameter has been
considered, as shown in Figure 162. Indeed, as illustrated in Figure 161 a, an angle of 20°
is present between the laser line and camera. Thus, to avoid any influence of the angle on

the thermal diffusivity measurement procedure, only the vertical diameter profile has been

considered for assessing the thermal diffusivity.
a) b) 7 Experimental Profile 7
AT [K] Goodness of fit: e Experimental points

SSE: 5.493

R-square: 0.9814

Adjusted R-square: 0.9808
RMSE: 0.2842

Gaussian fitting

40 60 80 100 120 140 0 —wgeeeses”

pixel 0 10 20 30 40 50 60 70
Pixel

Figure 162. a) First cooling down frame after pulsed heating for plate T2 and the row of pixels considered
as diameters for measurements. b) Experimental Gaussian profile measured for diameter in a).

Firstly, for validating the FEM model, a comparison with the experimental results from
preliminary tests conducted on the plate NT1 (¢year= 8 ms — dyor= 6 mm — mm/ pixel ratio =

0.18 mm/pixel) have been carried out (Figure 162).
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Figure 163. Variance vs time graph. The Red dashed line shows raw experimental data. The solid blue
straight line is obtained through the linear fitting of experimental data. The Blue dashed lines are the superior
and inferior limits of experimental results with 95% confidence. The Green dotted line is obtained from the
analysis of FEM model results.

As shown in Figure 163, experimental results with two straight limit lines (blue dashed
lines) have been considered to define a region of error with a confidence of 95%. The
straight line representing the FEM results falls inside the experimental data region (green
circles) and then the heat distribution over the time on the surface obtained with the FEM
model matches the experimental heat distribution. This validation of model proofs that the
temperature distribution for each time-step on the considered diameter of laser spot
obtained from the FEM model, matches with the experimental data. Hence, the FEM
model developed correctly describes the real phenomena and can be adopted for a study
on the influence of test parameters on the thermal diffusivity measurement. This study,
through FEM model application, it is timesaving compared with usual experimental

procedure to define test parameters, based on empirical approaches.
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Figure 164. a) The surface obtained for the value of N = 7 shows the error Aa % as a function of D, and
Thear and with a relative contour plot. b) The surface obtained value of D, = 52 shows the error Aa % as a
function of Neoor and Theae With the relative contour plot. c) The surface obtained for the value of Thea = 0.7
shows the error Aa % as a function of Thes and Neoot With the relative contour plot.

In Figure 164, the surfaces obtained by RSM are reported. Each surface represents the
percentage error in thermal diffusivity measurement as a function of the considered
parameters (Neooi, Dy, Tpuse) thus, the minimum value of error results in the best parameters.
The surfaces represented in Figure 164, and correspondent contour plots, have been
obtained for each one fixing the third parameter to a value in the middle of the considered

interval.

As expected, considering the obtained surfaces, it is evident that the measured error in
determining the thermal diffusivity reduces with high framerate, high spatial resolution
(low mm/pixel ratio) and shorter pulse (close to the hypothesis of pulsed heating). The
results show that in the best test condition, considering the analyzed ranges, the resolution
of the technique can be assumed ~ 2 %. The surface obtained are a very useful and powerful
tool for the application of PLM for thermal diffusivity measurements. In fact, the first use
can be the described ones: the test parameters selection. In this case, it is possible, using

the maps, select test parameters as a function of the error on thermal diffusivity
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measurement, with the aim to minimize the error. To resume, considering as input the
minimum value of error and obtaining as output tests parameters. The second use, can be
the prediction of the error on thermal diffusivity measurement, considering the available
equipment. Thus, it is possible to control and consider the order of error as a function of
tests parameters that can be adopted, based on limits of the instruments. In this case, the
input are the limits test parameters reachable and the output the percentage error that is
expected with that combination of parameters. Nevertheless, with the described
equipment, the minimum possible heating time has been 8 ms with a value of Ty~ 0.5.
This means that considering the need to have a high framerate, high spatial resolution, and
considering technological limits, it is necessary to have a trade-off solution. From the
surfaces showed in Figure 164, an empirical model can be considered for evaluating the

thermal diffusivity error as function of inspected parameters:
A % = 7.78 +0.31N g1 +4.25Thear-0.143Dg-0.038NZ  +10.88 T+ ...
---+0-000978D§‘0-353NcoolTheat+0-00048Nheath+0-0067Theath (118)

where, in the experimental case, D, = 33 and N...= 6. From the obtained surface, applying

the eq 118, it is possible to see that the predicted error is 8%.

Summarizing, obtaining the response surfaces (Figure 164) and the model (eq 118), the

selection of experimental test parameters can be done following the steps described below:

1. Carrying out one experimental preliminary test for measuring the value of T

2. Using the response surface obtained to see the area that minimize the error;

3. Considering the corresponded values of D,, T and N.o according with the limits
of the equipment;

4. Obtaining the mm/pixel ratio, the acquisition frequency and the heating duration

suitable for the application.

Considering as a reference the TPS measurement, the percentage difference between the
value of thermal diffusivity obtained by PLM and TPS is ~ 5%, as resumed in Table 16,
very close to the predicted value obtained from the RMS response. To verify the robustness

of the obtained surface, another measurement with a longer pulse has been performed,
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with a value of Tpu.~ 0.7. The predicted error value in this case was ~ 11% while the

experimental one is ~ 13 %, according, again, to the results of RMS.

Ncoot Theat D, Aa % (RSM) Aa % (Experimental)
6 0.53 33 ~8% ~5%
6 0.7 33 ~11 % ~13%

Table 16. Values of parameters adopted for the validation of the model obtained by RSM and results of the
error Aa% obtained from the model and experimentally, considering the TPS measurements as a reference.

Table 17 shows the values of thermal diffusivity obtained by the PLM and the TPS method
for non-heat-treated plates (ferritic-pearlitic structure) and quenched steel plates
(martensitic structure). It is possible to see that the relative difference between the values
of thermal diffusivity obtained by the thermographic measurement is ~ 27 %, slightly
different to the values obtained by the TPS method. These results confirm the goodness of
the proposed procedure for assessing the effectiveness of the quenching process in the

boron steel Usibor® 1500.

Micro-structure Thermal diffusivity (PLM) Thermal diffusivity (TPS)

[mm?/s] [mm?/s]
Ferritic-pearlitic 15.53 £0.83 14.65 £ 0.21
Martensitic 11.34 £ 0.42 11.39+£0.23
Difference (%) 27% 23%

Table 17. Results of thermal diffusivity obtained from pulsed laser method and transient plane source for
ferritic-pearlitic microstructure and martensitic ones. The last line shows the difference between the thermal
diffusivity values for both ways.

With the aim to confirm the anti-correlation between thermographic results and hardness
occurred because of changing in material microstructure, Vickers hardness tests were
carried out, both on plates in the supplied state (ferritic-pearlitic microstructure) and on
quenched plates (predominantly martensitic microstructure). Qness micro hardness tester
Q10 A+ was adopted by setting a load of 1 kg and a dwell time of 5 s, after properly
grinding and polishing specimens surface. This latter step is a metallographic preparation
adopted to remove the superficial coating (Al-Si). The experimental setup is shown in

Figure 165.
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|

Figure 165. Experimental set-up used for hardness tests.

For each plate, five replications of hardness measurement were performed in the areas

analyzed by thermography.

Thermal diffusivity Thermal diffusivity Hardness
Micro-structure (PLM) (TPS) [HV1]
[mm?/s] [mm?/s]
Ferritic-pearlitic 15.53 £ 0.83 14.65 £ 0.21 214.1+3.4
Martensitic 11.34+0.42 11.39+£0.23 548.5+6.8
Difference (%) 27% 23% ~ 150%

Table 18. Experimental thermographic and hardness tests results

Consequently, the results of monoaxial tensile test have been analyzed trough the standard
procedure reported in ISO 6892-1:2019 obtaining values of ultimate tensile strength (UTS)
and percentage elongation. In Figure 166 are reported the representation with the
definitions of peculiar quantities for tensile test specimens, that permits to obtain UTS and
relative elongation. In Figure 166, the pictures of four specimens are reported: two before
the (one for each micro-structure) and two after the tensile tests. It is possible to see the
strong elongation before the fracture in sample with a ferritic-pearlitic structure that is

indicative of greater ductility than the martensitic micro-structure, so the elongation is low.
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Figure 166. Specimens for monoaxial tensile test obtained in accordance with standard ISO 6892-1:2019.

After the tensile tests, values of o, and £(%) have been obtained (Table 19) and a first

correlation between thermal diffusivity and UTS have been supposed.

Mi tructu Thermal diffusivity (PLM) O: €
1Cro-stru re [mmz/s] [MPa] [%]

Ferritic-pearlitic 15.53+0.83 65541 £8.69 9.11£0.83
Martensitic 11.34+0.42 1486.35 +£ 33.41 2.02 £0.35

Table 19 Values of ultimate tensile strength and percentage elongation resulting from experimental tests.

A preliminary approach for the correlation between ultimate tensile stress of boron steel
and thermal diffusivity has been supposed linear as showed in Figure 167 with relative error
bars. It is glaring that is possible distinguish between martensitic and ferritic-pearlitic
structure trough the thermal diffusivity measurement by pulsed laser method in a
completely non-destructive way. To have a statistical confirm of this result that can be
evident observing the measurements point and error bars in Figure 167, a t-test has been
conducted. This test compares the average values of two data sets and determines if they
came from the same population; hence, if it is not, it is reasonable to confirm that comes
from different populations. Considering a significance level of 0.05, which corresponds to
the 95% of confidence, and obtaining |t| = 115.913 > t, = 1.982, it is possible to evaluate
that the p-value = 0 < 0.05. Thus, it is possible to conclude that the two values obtained
for thermal diffusivity for the two different micro-structures, belong to two different

populations.
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Figure 167. Relation between thermal diffusivity and UTS for boron steel.

It is self-evident that after a calibration for the material, it is possible to have a reliable
estimation of material UTS, only through the thermal diffusivity measurement. It is
possible to observe a significant error bar in measurement of thermal diffusivity obtained
by PLM, especially for the ferritic-pearlitic structure. This is the effect of non-uniform
surface condition that influence on the measurement significantly.

The discussed results confirms the anti-correlation between the mechanical properties and
thermal diffusivity in steel. However, compared to existing literature, a law has been
1dentified that relates thermal diffusivity to the ultimate tensile strength (UTS) of the
material. A standard procedure has been identified for selecting optimal test parameters
based on the measurement error of thermal diffusivity through the obtained response

surfaces for the first time.

4.2.4 Conclusions

In the described application a non-destructive procedure for evaluating the effectiveness of
the heat treatment in the boron steel Usibor 1500, through the thermal diffusivity
measurement, has been presented. Additionally, an anti-correlation between thermal
diffusivity values and o, of material has been found, that permits an estimation of
mechanical properties of steel through thermographic technique. The pulsed laser method
(PLM) has been applied to measure the in-plane thermal diffusivity and in addition, an

investigation of the influence of test parameters on the measurement through the
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development of a Finite Element Model and the design of experiment techniques
(Response surface method) has been carried out.

Eight boron steel plates with a ferritic-pearlitic structure have been analysed. Four of these
specimens have been subjected to a hardening heat treatment, obtaining a 100%
martensitic structure. Thermal diffusivity has been considered as an index to characterise
the microstructure considering the anticorrelation between hardness and thermal
diffusivity. An FEM model of Pulsed laser method has been developed by COMSOL
Multiphysics® to study how change the error Aa as a function of main test parameters:
framerate, spatial resolution and heating duration which have been parametrized in order
to obtain a general result. The response surface method (RSM) has been adopted, obtaining
surfaces which describe the behaviour of error as a function of described parameters
experimentally validated comparing results obtained by thermographic method with -
established transient plane source (ISO/FDIS 22007-2). It is possible to confirm that the
surfaces obtained by FEM and RSM are useful and powerful tools to have a good
estimation of measurement error, for the considered thermographic metho.

The obtained surfaceshas been adopted for the evaluation of test parameters suitable for
the experimental campaign, that demonstrates the capability of thermographic technique
of discerning the two microstructures, resulting in a difference of 27% between ferritic-
pearlitic structures and 100% martensitic ones. Following the ISO 6892-1:2019, five
specimens for each microstructure have been obtained and monoaxial tensile test has been
carried out, resulting in values of o,and percentage elongation. The values of ultimate
tensile stress obtained for steel with martensitic microstructure are more than twice the
values of steel in not treated state (ferritic-pearlitic). On the other hand, the average value
of percentage elongation obtained for martensitic microstructure is one-fifth of the ferritic-
pearlitic ones.

A first approach for the correlation between values of thermal diffusivity and ultimate
tensile stress followed the first results, assuming a linear behaviour. In conclusion, it is
possible to state that: for the Usibor 1500, the NDT proposed procedure is capable to
recognize a ferritic-pearlitic microstructure to a completely martensitic ones and, through
the resulting relation, it is possible to reliably estimate mechanical properties of boron steel,
using thermal diffusivity measurements. To confirm and toughen up the procedure, an

analysis of specimens with intermediate percentages of microstructures has been planned
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to verify the hypothesis of linear relation between mechanical properties a thermophysical

ones.

4.3 A thermographic method for the evaluation of percentage phase content in

boron steel

4.3.1 Introduction

Following the activities of the previous case study, in which a procedure to select the
experimental test parameters to reduce the error of measurement in thermal diffusivity
have been discussed, in this one, a study of different microstructure has been investigated.
Three different microstructures (100% bainitic — 50%-50% bainitic/ martensitic - 100%
martensitic) have been investigated to evaluate the capability of the thermographic
technique to discern different microstructures with similar composition and to explore the
limits of the presented thermographic technique.

To obtain these answers, nine specimens have been analysed with three different
microstructures in order to quantify the limits of the techniques and the minimum number

of repetitions needed to obtain the necessary resolution.

4.3.2 Material and methods

4.3.2.1 Specimens

To evaluate different level of phases, present in boron steel, nine specimens have been
considered and analysed. These specimens were divided in three different groups which
correspond to different phase percentage each, as described in Table 20. For each
percentage of phase, three specimens have been produced, to consider replications too. To
ensure the described percentage, the specimens have been obtained by a physical simulator
with a procedure described in other works [262,263]. In the middle of the specimens, an
area with total length of 1 cm presents nominal phase composition (Figure 168) hence, all
the measurement of thermal diffusivity must be done in the area included in red square.
To be sure about the uniformity of microstructure in the area in the middle of the specimen,
the geometry of specimen has been optimized by FEM simulation, as described in other
works [263].
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Figure 168. Specimens with several phase percentage. The red square highlights the area of specimens that
has uniform microstructure and nominal phase percentage.

ID Micro-structure Thickness
A _01/02/03 100% Bainite 1.03 mm
B_01/02/03 50% Bainite — 50% Martensite 1.03 mm
C_01/02/03 100% Martensite 1.03 mm

Table 20. Geometrical dimesions and phase percentage composition of the inspected specimens.

4.3.2.2 Experimental setup

In the consequently experimental phase, a reflection setup has been realized for the
application of PLM. The specimens described have been heated by an Ytterbium pulsed
fibre laser (YLP-V2 mJ series) with a nominal power of 50 W and a circular 2 mm diameter
spot for a heating time of 6 ms. A very small spot diameter has been used to avoid the
influence of the edge of specimens. In fact, as it is possible to observe in Figure 169, the
central part of specimen has a width of 10 mm and it is important that the edges of the
specimen do not affect the diffusion of heat along the surface. Therefore, to do this, it was
necessary to reduce the size of the laser spot as much as possible and place it as centrally
as possible relative to the sides. The power of laser has been modulated and reduced after
some preliminary tests in which strongly saturated thermograms were present. Thus, a
value of 35% of nominal power, that corresponds to 17.5 W has been used. Considering a

laser circular spot with nominal radius of 1 mm and the adopted heating time, it is possible

to estimate an energy density of Q = 33422 J / m2 The thermal camera was an MWIR-
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camera FLIR A6751sc, equipped with a 50 mm lens and extension ring to increase the
spatial resolution, considered the small laser spot and the need to have more pixel as
possible on the nominal spot diameter according with the maps obtained in Figure 164.
The laser has been placed frontally to the specimen’s surface but on a different height. In
fact, an angle of ~20° between specimen’s surface and laser beam has been present. The
IR camera has been positioned on the same axis of laser source with an angle of ~5°
between the surface and the camera axis, as shown in Figure 169. A spatial resolution of
0.039 mm/pixel and a framerate of 540 Hz with an integration time of 2.3712 us have been

set. After the end of the heating phase, for 1.5 s, an IR sequence has been recorded.

Figure 169. a) Experimental setup with dimensioned set-up scheme. b) Front view of specimen A_01 with
detail on position of laser beam on specimen.

4.3.2.3 Time window selection
The pulsed laser method in reflection mode for the measure of thermal diffusivity is based,
as well described previously, on the observation of standard deviation of gaussian
temperature distribution, as a function of time. In the procedure, two fittings are present:
the first, the fitting of temperature distribution on surface with a gaussian curve and the
second, the linear fitting of values of variance of temperature distribution in time. It is
reasonable to evaluate, considering a real phenomena and the noise of thermal sensor, that
after a certain observation time, the fitting of gaussian profile is no longer possible because
the temperature profile is not gaussian anymore, and the quality of fitting is very low. For
this reason, if a long observation time is fixed, the value of the second linear fitting can be

influenced from this behavior and an overestimation of the slope of the straight line is
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possible and, in turn, an overestimation of thermal diffusivity. In the previous case study
(section 4.2), the used criteria (section 4.2.2.3) adopted to parametrize the main parameters
1s based on the settling time of a first order response to a step input. In this case study,
another approach has been adopted for the evaluation of time window, based on the
goodness of gaussian fit and compared with the previous one.

To measure the goodness of fit of a model, the R’ can be used. The R’ coefficient of
determination is a statistical measure of how well the regression predictions approximate
the real data points because is a statistical measure in a regression model that determines
the proportion of variance in the dependent variable that can be explained by the
independent variable. An R’ of 1 indicates that the regression predictions perfectly fit the
data. Hence, a value too low of R? means that the considered model is not good to describes
the fitted data. Therefore, the main idea is to define the time window as the time for which
the fitting of gaussian temperature distribution results in R*>0.95. Applying this procedure,
it is possible to obtain for the second fitting a strong linearity in distribution with values of

R’ close to 1 (Figure 170).
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Figure 170. a) Representation of points considered to define the time-window. The blue dots represent the
gaussian fitting with values of R?>0.95, the red one fitting with R?<0.95. b) Correspondent linear fitting of
the values of variance obtained from the blue dots in a).

4.3.3 Results and discussion

To measure in-plan thermal diffusivity after the application of pulsed laser method, it is
necessary to consider a suitable diameter for the laser spot and consider the evolution of
temperature distribution over time. It has been previously discussed that the temperature
profiles can be hardly distinguished from noise when the A7 is lower than the background

noise thus, the temperature profile shape can be influenced from spatial and temporal
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noise. The spatial noise can be caused by the inhomogeneities on surface (scratches, oxides,
etc...) influencing the signal and the quality of gaussian fitting. An approach to reduce the
noise, can be to apply the just described procedure on the profile obtained from an average
of three rows of pixels adjacent through the diameter, as showed in Figure 171 c, resulting
in smoother profiles, as showed in Figure 171 d. With this procedure, it is possible to
achieve high values of R’ for an higher number of profiles increasing the available time

window, so the number of points for the second linear fitting, to estimate the thermal

diffusivity.
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Figure 171 a) The single row pixel selection on a thermogram and b) relative temperature profiles. c) Pixel
selection for three rows of pixels and d) correspondent averaged temperature profiles.

To evaluate the goodness of this proposed procedure, the results obtained with a time
window fixed coincident with settling time has been compared with the ones obtained with
the R?>(.95 criteria (Figure 172).

To compare correctly the results obtained by the two different adopted methods, the
measurements on the martensitic structure specimens have been considered. In fact, in the
previous section 4.2, the value of thermal diffusivity measured for martensitic structure of

Usibor® 1500 has been measured by TPS method [264]. Hence, to evaluate between the
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two approaches presented which one results in a lower error in measurement of thermal
diffusivity, a comparison between the values obtained by TPS and laser pulsed

thermography has been considered.
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Figure 172. Value of R? as function of time. a) the number of frames analyzed applying the R?>0.95 criteria.
b) The frames analyzed applying the settling time criteria

In section 4.3.2.3, two different methods to evaluate the time window have been discussed.
The measurement can also be affected by the time window, so the comparison between
one-row diameter and averaged diameter has been conducted for both time window
selection procedures.

Considering the settling time method to evaluate time window, the procedure to evaluate
thermal diffusivity has been applied to single line pixel diameter and averaged diameter.
Three measurements for each specimen with martensitic structure (C_01/02/03) have
been carried out, to have three repetitions for each specimen and three specimen
replications (C_01/02/03). The same measurements have been analyzed using the R?>0.95
as time window selection criteria, then the results have been compared with results

obtained from TPS method [264].

Thermal Thermal Thermal
) Time window diffusivity diffusivity diffusivity
Micro-structure selection (TPS) (single line)  (averaged line)
[mm’/s] [mm?/s] [mm?/s]

Martensitic ~ Settling time  11.39 +0.23 11.35+0.32 11.13+£0.25
Martensitic R*>0.95 11.39£0.23 11.23 £0.41 11.09 £0.28

Table 21. Values of thermal diffusivity of martensitic specimens obtained trough different procedures for

time window selection (settling time or R?>0.95) and analyzed diameter (single line or averaged line).
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As it 1s possible to observe from values resumed in Table 21, the application of
measurement procedure to the averaged line results in an underestimation of thermal
diffusivity value for both the procedures of time window selection. Considered the settling
time procedure for time window selection, the difference among TPS values of thermal
diffusivity and PLT is 0.35% with single line diameter procedure and 2.28% for the averaged
pixel line. Using the R*>0.95 criteria for the time window selection, for single line the
difference is 1.40 % and for averaged ones 2.63%. It is possible to observe that there is always
an underestimation of thermal diffusivity using the averaged line. All the uncertainty of
measurements resumed in Table 27 are evaluated as the 1.96 the standard deviation of
measurements, thus the 95% of confidence.

Taking into account the results obtained for the described preliminary analysis, all the other
experimental tests have been analyzed applying the settling time criteria for the selection
on time window and the single pixel approach for the selection of diameter. Hence, all
specimens have been tested with the approach described before: three test repetitions for
each specimen for a total number of 27 experimental tests, nine for each phase

composition, have been obtained. All the results obtained are reported in Table 22.

Thermal
Specimen Structure Repetition diffusivity
[mni’/s]
A_01 100 % Bainite 1 12.53
A_01 100 % Bainite 2 12.53
A_01 100 % Bainite 3 12.40
A_02 100 % Bainite 1 12.31
A_02 100 % Bainite 2 12.37
A_02 100 % Bainite 3 12.36
A_03 100 % Bainite 1 12.30
A_03 100 % Bainite 2 12.29
A_03 100 % Bainite 3 12.26
B_01 50 % bainite — 50 % martensite 1 11.87
B_01 50 % bainite — 50 % martensite 2 11.94
B_01 50 % bainite — 50 % martensite 3 11.75
B_02 50 % bainite — 50 % martensite 1 12.07
B_02 50 % bainite — 50 % martensite 2 11.98
B 02 50 % bainite — 50 % martensite 3 12.14
B 03 50 % bainite — 50 % martensite 1 11.63
B 03 50 % bainite — 50 % martensite 2 11.74
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B_03 50 % bainite — 50 % martensite 3 11.47
C_01 100 % martensite 1 11.49
C_01 100 % martensite 2 11.56
C_01 100 % martensite 3 11.49
C_02 100 % martensite 1 11.25
C_02 100 % martensite 2 11.28
C_02 100 % martensite 3 11.03
C_03 100 % martensite 1 11.42
C_03 100 % martensite 2 11.34
C_03 100 % martensite 3 11.31

Table 22. Results of thermal diffusivity measurement for each specimen.

To evaluate correctly the results obtained from experimental tests, it is needed to use
statistical tools as the hypothesis test. To evaluate the replicability of production process,
the first step is to understand if the values of thermal diffusivity obtained for the replications
of the same nominal phase percentage (01/02/03) are part of the same population thus, if
the mean value of thermal diffusivity is the same for the three replications. The test that
permits to compare the mean values of thermal diffusivity obtained is the T-test based on
the t-Student distribution. To apply the test correctly, it is needed to know if the value of
variance can be considered constant for the measurements hence, to obtain this
information, the F-test based on the Fisher-Snedecor distribution has been used. Results of
F-test applied on results obtained confirm that the variance among the three different
nominal phase percentage can be considered the same thus, a T-test considering variance
constant can be applied. As first step, the replicability of the production process has been
verified applying T-test among the three replications comparing the values of thermal
diffusivity obtained. The statistical tests adopted confirmed the hypothesis that the mean
value of thermal diffusivity measured for the three specimens with the same phase
percentage belong to the same population; thus, the mean value of thermal diffusivity

obtained is representative of that population.

Specimen Structure Repetition Thern;:lln;izl;fi}lswﬁy
A_01/02/03 100 % Bainite 9 12.37+0.19
B_01/02/03 50 % Bainite — 50 % Martensite 9 11.84+0.42
C_01/02/03 100 % Martensite 9 11.35 +0.32

Table 23. Results of thermal diffusivity measurements obtained for three different phase percentage.
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As resumed in Table 23, it is possible to distinguish three different values of thermal
diffusivity, each one correspondent to a specific steel micro-structure. To understand if it
is statistically correct to define the values obtained as three different measurements, a
Student t-test has been used among the three values and results are resumed below. The
question the test answer is: “Are the mean values of measured thermal
diffusivity,different?” and the answer is in last line of Table 24 obtained from the

comparison between critical t and statistics-t.

Specimen AvsB BvsC AvsC
a 0.05 0.05 0.05
Statistics-t 6.67 5.47 16.18
Critical t 2.20 2.13 2.16
Evaluation 6.67 > 2.20 547>2.13 16.18 > 2.16
Answer yes yes yes

Table 24. Values relative to the student t-test applied to the measured values of thermal diffusivity.

From this test, it is possible to confirm that there is a variation in thermal diffusivity that

corresponds to a variation in microstructure composition of considered boron steels.
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Figure 173. Representation of mean thermal diffusivity measurements correspondent to the three phase
percentages of specimens with relative error bars that represent £1.96 o.

As it is possible to see in Figure 173, the mean values of thermal diffusivity are different,
but the error bars present an overlap because of high values of standard deviation that can

be reduced increasing the number of repetition of measurements. An estimation of the
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number of repetitions that is necessary to obtain a fixed value of standard deviation has
been done by the following equation:

(119)

(arzaﬂar

n>2l

in which: z, depends on the value of & (¢=0.05), zg depends on the power of the test thus,
the f error, o is the standard deviation obtained for preliminary tests, ¢ is the minimum
difference between two values of thermal diffusivity that it is possible consider significative
and 7 1s the number of repetitions needed to be able to discern a difference of §. To estimate

the value of repetition needed (n), the values of z, = 1.96 and zg = 1.645 (Power=95%)
have been assumed, and a 6=0.20 mmz/ s has been fixed. The value of standard deviation

2 . . .
has been fixed to o=0.22 Mm°/ s because is the higher obtained from test thus, the
evaluation of the number n can be considered conservative. After the application of

equation 119, results show that, to increase the resolution of technique, to be capable to

resolve a difference of 0.20 mmz/ s in thermal diffusivity, with the 95% of confidence and
test power, 32 repetitions should be considered. At first glance, 32 repetitions may seem a
very high number but, considering the time needed for the current controls of
microstructure and the time needed for each measurement by PLM, the procedure
proposed it is still time saving and easier than the traditional controls. In fact, with a
defined set-up, the total time can be estimated as: the sum of heating time, cooling time
and analysis time that results in less than 1.5 seconds overall. Thus, to achieve the 32
repetitions, the total time needed can be estimated to ~45 s. It must be considered that, at
the moment, the proposed method competes with hardness semi-destructive
measurements and metallography, which need definitely more time and cannot be

automatized.

4.3.4 Conclusions

In the case study considered, a non-destructive procedure for evaluating the microstructure
in the boron steel Usibor 1500, through the thermal diffusivity measurement, has been

presented.

The anti-correlation between thermal diffusivity values and hardness, so microstructure,
of material has been used to permits an estimation of phase percentage composition of steel

through thermographic technique. The pulsed laser method (PLM) has been applied to
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measure the in-plane thermal diffusivity and a discussion about the influence of truncation

time window on the thermal diffusivity measurement has been conducted.

Nine boron steel specimens with three different microstructures have been analyzed. All
these specimens have been subjected to three different hardening heat treatments,
obtaining: 100% bainitic, 100% martensitic and 50% bainitic — 50% martensitic structures.
The thermal diffusivity has been considered as an index to identify the phase percentage
composition in boron steels and a statistical approach for the evaluation of the influence of
analysed time window and the pixel line, has been adopted. To set the number of frames
needed for the application of PLM to measure thermal diffusivity in reflection mode, two
different approaches have been used. The first one, based on the settling time of the system
considered as a response to a step cooling function, the second one based on the value of
R’ of the gaussian fitting. The influence of considered pixels for the analysed diameter has
been indagated too, considering the error of measurement on thermal diffusivity between
the diameter composed by a single pixel line and by the average of 3 pixels lines. These
analyses confirm that the lower measurement error on thermal diffusivity, compared with
the value obtained from TPS method, occurs when a single line ad settling time approach

are applied.

Consequently, three measurements for each specimen have been made to have a
statistically significant result. After the F-test, to verify that the standard deviation among
measurements can be considered the same, a Student t-test approach has been applied to
verify two conditions. The first, that the three replications are part of the same population
and, the second, that the three mean values of thermal diffusivity obtained for three
different phases (A/B/C) are reasonably different. It is possible to see that between the
average values of measurements obtained for 100% bainitic and 100% martensitic
structure, the percentage difference in terms of thermal diffusivity is around 8%. On the
other hand, a difference of ~4% is present between the phase A and B and between B and
C.

Considering values of standard deviation obtained for each measurement, it is statistically
possible to see that the specimens can be considered different but there is an overlap among
uncertainty intervals. To reduce this superposition and further the resolution of technique,

32 measurements has been calculated as a suitable number that results in ~45 s of control
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process, with the 95% of confidence to distinguish a difference in thermal diffusivity of 0.20

mm?/ s with a power of test of 95%.
Next steps will include:

e The mechanical traditional tests to correlate the thermal diffusivity to mechanical
properties;

e Analyse more levels of phase percentage to identify the capability of the technique;

e Apply flying spot to compare results and resolution of flying spot with PLM
technique;

e Apply the flying spot method to identify the HAZ in welded joints through

measurements of thermal diffusivity.
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This work evaluated the possibility of developing automatic or semi-automatic non-
destructive thermal imaging control procedures for verifying joints. Specifically, the goal
was to use active thermal imaging techniques to assess the quality and measure the fused
zone of welds and to evaluate the technique's ability to distinguish microstructure
variations.

For the measurement of the fused region, the analysis has been focused on joints obtained
through an innovative resistance projection welding (RPW) process. Firstly, 12 joints
obtained through RPW with different process parameters were analyzed to identify their
influence on joint quality. Flash thermal imaging was then used on coated joints, analyzing
the phase results obtained after applying the PPT algorithm. Specifically, the phase profile
along the top axis of each weld was analyzed to identify significant indices. Two different
thermal imaging features were then identified that, after an ANOVA, were found to be
indicative of two of the three process parameters, force (F) and current (I). With a
confidence of 95%, it can be stated that the minimum phase value in the low-frequency
profile (greater depths) 1s sensitive to the variation of I and the slope of the profile in the
high-frequency map (shallow depths) is sensitive to the variation of F. Therefore, the ability
of the thermal imaging technique to distinguish between joints obtained with suitable
process parameters and those that are not suitable was verified.

The work was continued with the second case study in which two welded joints obtained
with RPW were examined through pulsed laser thermal imaging techniques. The slope
algorithm was used to perform a quantitative analysis of the fused zone, also evaluating
the influence of the suitable truncation window, identified by comparison with well-
established techniques such as UT and uCT. The developed procedure was then applied to
the first and confirmed on a second test specimen, confirming the ability of the thermal
imaging technique to quantify the weld fusion zone with an error of ~10% on the
measurement of the area and ~2% on the length of the major axis, always with an
underestimation of the same, thus allowing a safe evaluation.

To evaluate the ability of the thermal imaging technique to evaluate microstructure
variations, eight boron steel plates were analyzed, four of which were subjected to
quenching heat treatment resulting in two different microstructures (ferritic-perlite /

martensite). To do this, the pulsed laser spot thermal imaging technique was used. After
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measuring the thermal diffusivity with standard methods (TPS), a FEM model was
developed to simulate the thermal test and evaluate, through the use of response surfaces,
the influence of test parameters on the diffusivity measurement, thus evaluating the trend
of the measurement error as a function of the main test parameters (frame rate, heating
duration, spatial resolution). A procedure for the selection of test parameters was then
identified. Subsequently, the two different microstructures were analyzed, confirming the
ability of the developed procedure to distinguish the two different microstructures through
the measurement of thermal diffusivity. Subsequently, ten tensile specimens were obtained
from the analyzed plates according to standards to obtain the UTS for the two
microstructures. A preliminary correlation was then identified between the ultimate tensile
stress of the material and the thermal diffusivity, thus allowing the value of UTS to be
estimated through the thermal imaging technique.

Continuing along the same line, nine different specimens with three different
microstructures (100% bainite - 50% bainite/50% martensite - 100% martensite) were
analyzed to investigate the sensitivity of the variation in thermal diffusivity to the variation
of microstructure. After verifying the proposed procedure, the sensitivity of the thermal
imaging technique to different degrees of microstructural variations was verified. A
statistical analysis was also carried out to verify the goodness of the results and identify the
minimum number of repetitions that would guarantee a reduction in the measurement
uncertainty. In conclusion, it can be said that the thermal imaging technique has proven
effective in measuring the fused zone in thin resistance welded joints, demonstrating
competitiveness with well-established techniques such as UT and pCT. In addition, unlike
these, the measurements were made without the need for contact with the surface and with
total times (test + analysis) of ~6 s, compared to times of more than two orders of
magnitude higher for UT and well beyond for uCT. Intending to recognize microstructure
variations, the thermal imaging technique has proven adequate and capable of
distinguishing, through thermal diffusivity measurements, at least four different
microstructures (100% martensite - 100% bainite - 50% bainite / 50% martensite -
ferrite/perlite), demonstrating the potential to be used to detect microstructural variations
due to welding processes (HAZ). For the broader goal of developing an automatic thermal
imaging procedure that allows for the verification of welded joints (fused zone, defects and

HAZ), the subsequent developments are:

207



CONCLUSIONS

e Compare several algorithms for thermal data analysis in order to evaluate which is

the faster and which one can guarantee the minimum measurement error;

e Evaluate the mechanical resistance of welded joints to study the influence of

geometrical characteristics of welding on the mechanical properties;

e Develop a new procedure based on long-pulsed heating to reduce the power of the

laser;
e Analyze more levels of phase percentage to identify the capability of the technique;

e Carring out traditional mechanical tests to correlate the thermal diffusivity to

mechanical properties for more levels of phase percentage;

e Apply flying spot to compare results and resolution of flying spot with PLM

technique;

e Apply the flying spot method to identify the HAZ in welded joints through thermal

diffusivity measurements.

e Design a system based on the procedures developed to automatize the control and

be suitable for on-site applications fully.
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