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SYNOPSIS
1. Introduction
Strain ageing of materials such as low carbon steels, mild steels and Al-Mg alloys
involving interaction of solute atoms with dislocations leads to an unstable elastic-plastic
transition and plastic flow commonly called as plastic instability which deteriorates the
formability and ductility of such steels. Instability in the plastic flow is generally
characterized by the appearance/formation of deformation bands on the material surface at
the macroscopic scale. These deformation bands induce surface roughness thereby
affecting the surface quality of sheet metal products during metal forming operations and
also affect the high cycle fatigue properties of components by increasing the number of
crack nucleation sites on the surface. Lüders deformation and Portevin-Le Chatelier (PLC)
effect are the two instability phenomena commonly observed in such structural steels
which are widely used in many industries including automobile and nuclear etc. Lüders
instability occurs because of static strain ageing involving interaction of the interstitial
solute atoms with the dislocations generated after initial plastic deformation resulting in
locking up of dislocations. In carbon steels, carbon atoms act as solute atmospheres. On
the other hand, PLC effect occurs as a result of dynamic strain ageing involving
interaction between solute atoms and dislocations during plastic deformation. Of these,
Lüders instability is of prime concern to industrial manufacturers as the associated strain
ageing generally occurs during material storage, which may lead to production loss since
maintaining surface quality is mandatory for many applications. Lüders phenomenon is
characterized by discontinuous yield points in the load-elongation curve, namely upper
and lower yield point followed by a load plateau involving strain localizations in the form
of deformation bands called Lüders bands [1]. Lüders band is a band (collection) of slip
lines representing the localized (inhomogeneous) plastic deformation exhibited by a
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material. The upper yield point corresponds to the unlocking of the locked dislocations or
generation of fresh dislocations and lower yield point corresponds to the propagation of
the unlocked or fresh dislocations. The collective and self-organized behavior of these
dislocations manifests on the surface of the material as band front propagation (band
growth). Lüders deformation is then followed by uniform strain hardening.
Although Lüders instability has been studied intensively for more than three
decades, kinematics of localization accompanying Lüders deformation and the
corresponding macroscopic manifestations are yet to be fully understood. The need for
better understanding of the Lüders phenomenon in materials through versatile
characterization tools is in demand even today. Over the years, many techniques such as
optical and electron microscopy [2-3], photography [4-5], extensometers [6], strain gauges
[7-8], acoustic emission [9], magnetic Barkhausen noise emission [10] and speckle
interferometry [11-12] etc., have been used to study nucleation and growth behavior of
Lüders bands, spatiotemporal evolutions of strain localizations and the macroscopic band
characteristics. Each of these techniques has its own advantages and limitations with
respect to spatiotemporal characterization, magnitude of strain measurement, area of
measurement and material to be studied etc.
The last two decades have seen extensive developments in the imaging, non
destructive evaluation techniques, particularly in the field of infrared thermal imaging and
digital image correlation. Infrared thermography (IRT) is a technique in which the surface
temperature profile of the object is mapped through the infrared radiations emitted by it
using a suitable infrared imaging system. Digital image correlation (DIC) is an optical
method that maps the surface displacement and strain during deformation by correlating
the undeformed image with the deformed one through gray scale matching. The main
advantages of these techniques with respect to deformation studies are: 1. They are non
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invasive, non contact, fast and reliable. 2. They can be applied on engineering components
3. They have large field of view 4. Spatiotemporal characterization of deformations is
possible 4. Real time visualization of plastic strain evolutions is also possible. The
limitations include thermal diffusion during deformation, which may affect the
interpretation of strain localization. On the other hand, strain resolution in DIC is
relatively low.
A detailed review of literature reveals that significant works have been reported on
Lüders instability using IRT and DIC [13-16]. One of the earliest works in this domain is
by Louche et al. [13], who have studied the Lüders band velocity using dissipative heat
source. Wattrisse et al. [14] have estimated the Lüders band front orientation using DIC.
Nogueira de codes et al. [15] have applied IRT and DIC simultaneously to study the
spatiotemporal evolution of Lüders and PLC bands. Recently, Coer et al. [16] have applied
DIC for measuring Lüders band width and velocity using shear strain and shear strain rate
evolutions.
2. Motivation for the study
Review of literature reveals that both conventional and advanced imaging
techniques have been primarily applied to study the macroscopic characteristics such as
band front velocity, band width, band front orientation and propagation kinematics, Lüders
stress and Lüders strain etc. However, there are still grey areas which have not been
investigated / understood completely and need further study. These include areas such as
pre-yield microstrain and its influence on band formation, band nucleation and growth
mechanism, stress-strain-strain rate distributions across the band front, delayed localized
yielding and influence of dissimilar microstructures on the Lüders yielding behavior etc.
Also, the rate of energy conversions during strain localizations accompanying Lüders
instability in the load plateau and uniform deformation remains unclear. Application of
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IRT and DIC which can provide information on the spatiotemporal evolutions of strain
localization is expected to provide enhanced understanding in the identified gap areas and
that forms the motivation for this study. However, even with IRT and DIC there are few
issues such as thermal diffusion in the thermal field and the track record of strain in the
DIC strain field that may mask the manifestations of any small strain evolutions and hence
should be taken care. Among the steels which undergo Lüders instability, IS 2062 grade
E250 B mild steel is preferred as the primary structural material in many industries
because of its good malleability, ductility and weldability. Therefore, a study on the
Lüders deformation behavior in this steel using IRT and DIC techniques would generate a
knowledge base not only for the companies involved in metal forming operations, but also
for the industries employed with structural components made of this steel.
3. Objectives and Scope of the work
In this work Lüders instability phenomenon in IS 2062 grade E250 B mild steel is
investigated by combined application of IRT and DIC techniques. It attempts to provide
possible insights into the nature of Luders phenomenon by drawing relevant correlations
of macroscopic thermal and strain evolutions to the dislocation activities underlying
proposed earlier through models and experimental microscopic characterizations. The
primary focus is on critical areas that had earlier lacked complete understanding such as
microstrain localizations leading to band nucleation and the associated band formation
behavior, deformations in the local zones within the Lüders band which constitutes to the
band growth, stress-strain-strain rate distribution across the band front, occurrence of
delayed localized during uniform strain hardening etc. The other important objective of
this works is to estimate the heat power and strain rate evolutions during Lüders instability
which is expected to reveal the associated kinematics of localization without the effect of
signatures of prior plastic deformation. The difference in fractional dissociation of applied
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mechanical power during Lüders band nucleation and growth in the load plateau and
uniform strain hardening is also studied through estimation of dissipative heat and stored
powers which would reveal the difference in hardening/softening behavior of materials
during strain localizations associated with different Lüders bands. This work also aims to
study the influence of dissimilar microstructures and the associated stress concentrations
on the Lüders yielding behavior of welded mild steel. It also focuses on studying the rate
of energy conversions on local zones to understand the hardening/softening behavior of
the zones with dissimilar microstructures during Luders instability and uniform strain
hardening.
4. Description of the work
The present work discusses the inhomogeneous yielding behavior associated with
Lüders instability in IS 2062 grade E250 B mild steel using IRT and DIC. It highlights the
potential of combined application of IRT and DIC in providing an enhanced understanding
on the Lüders deformation through visualization of spatiotemporal evolution of the
associated strain localizations. For the first time, Lüders instability is studied in this steel
using IRT and DIC techniques. Studies on the occurrence of the delayed localized
yielding, deformation behavior of local zones within the Lüders band constituting to
band growth and discontinuous yielding behavior of welded mild steel with dissimilar
microstructures accompanying Lüders instability are the major highlights of this
dissertation. Also, for the first time, the difference in deformation behavior of local
zones of welded mild steel during Lüders band kinematics in the load plateau and
uniform deformation in the strain hardening region has been studied and quantified
through characteristic variations of the thermomechanical parameters such as
dissipative heat power, stored power and the energy conversion rate ratio. The
dissertation framework is as follows.
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Chapter 1 - Introduction
Chapter 1 begins with an introduction to plastic instabilities with focused
discussion on Lüders instability. Theory of Lüders deformation and the associated yield
point phenomenon have been discussed in detail based on proposed dislocation concepts.
Adverse effects of this phenomenon and the industrial need for an understanding on its
deformation behavior has been briefed. Works reported on Lüders instability using
conventional techniques such as optical and electron microscopy, photography, strain
gauges, micrometers, extensometers, acoustic emission, magnetic Barkhausen noise and
speckle interferometry etc., have been reviewed in detail. With brief introductions to
infrared thermal imaging and digital image correlation, advantages of these techniques
over other conventional techniques in studying strain localizations accompanying plastic
instabilities are highlighted. A critical review of the works carried out up to date on Lüders
instability using IRT and DIC is presented. The identified gap areas, motivation drawn
out of them, objectives and scope of the present work are also discussed.
Chapter 2 - Infrared thermal imaging and Digital image correlation: Theory and
experimental approach
In chapter 2, a detailed discussion on the principle, theory, advantages and
disadvantages of experimental techniques employed such as IRT and DIC are discussed.
The experimental setup and methodology adopted to study the inhomogeneous plastic
deformation behavior are explained in detail. The parameters used with the testing
machine, imaging techniques and the associated post processing procedures are outlined.
The importance and practical significance to study the Lüders instability in IS 2062 grade
E250 B mild steel based on its applications are also highlighted.
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Chapter 3 - Studies on Lüders band formation and growth kinematics
The kinematics of localization accompanying Lüders band nucleation and growth
based on temperature and strain evolutions is addressed in chapter 3. The characteristic
evolution of microstrain, Lüders band nucleation and growth mechanism, band front
propagation, stress-strain-strain rate distribution across the band front etc., are studied and
compared with models and concepts proposed in these areas [6, 17]. The localization of
microstrain on approaching close to macroscopic yield stress and their self organized
nature has led to early visualization of zone of Lüders band nucleation. Strain is observed
to be symmetrically distributed on either side of the nucleation zone and found to evolve
much before the band front. Deformation behavior of local zones within the Lüders band,
namely effective width and active zone constituting to the band growth are also discussed
through strain and strain rate evolutions. A significant observation arising from this study
is that the effective width varies during band growth and active zone grows irregularly
representing the irregularity in the two stage band growth mechanism proposed earlier [6].
Strain rate is always found to peak in the effective width and vary in the active zone.
Chapter 4 - Heat power and strain rate based study on Lüders instability
Chapter 4 discusses the nucleation and growth kinematics of Lüders bands using
heat power and strain rate evolutions highlighting their advantages over thermal and strain
evolutions in revealing the associated strain localizations without the influence of
signatures of prior plastic localizations. Estimation of the heat power from the
experimentally observed temperature data using two dimensional heat equation has been
attempted. The efficiency of this approach in revealing the occurrence of delayed localized
yielding in the end of the load plateau and during the initial stages of uniform strain
hardening has also been demonstrated. Strain localization associated with nucleation of
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Lüders bands are observed in the heat power and strain rate fields much ahead of the
thermal and strain fields. Theoretical approach to calculate thermomechanical parameters
such as dissipative heat power, stored power and energy conversion rate ratios are also
discussed in detail. Although stored power is mostly observed to be higher than heat
power since the inception of plastic strain, fraction of heat power dissipated is found to be
relatively more in the load plateau involving strain localizations than the uniform strain
hardening region.
Chapter 5 - Discontinuous yielding behavior of welded mild steel accompanying
Lüders instability
In chapter 5, discontinuous yielding behavior of TIG welded mild steel
accompanying Lüders instability is studied based on spatiotemporal evolutions of
temperature, heat power, strain and strain rate. The influence of dissimilar microstructures
and the associated stress concentrations at the interfaces of dissimilar microstructures on
the microstrain evolutions leading to initiation of Lüders band is examined. From thermal
and strain fields, it is observed that Lüders band initially nucleates in the weld zone and
later becomes unstable following which stable bands nucleates from the fillets and yields
the gauge length. However, bands are found ceased to propagate in the weld and heat
affected zones. On the other hand, heat power and strain rate evolutions revealed mild
strain localizations in the weld and heat affected zones during growth of bands in the load
plateau. The observed yielding behavior of base metal, weld and heat affected zones is
discussed and validated with inputs from optical micrographs and hardness measurements.
Estimated thermomechanical parameters such as dissipative heat power, stored power and
energy conversion rate ratios on the local zones confirmed the mild yielding of weld and
heat affected zones by both unstable and stable bands in the load plateau.
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Chapter 6 - Summary, Conclusions, Contributions and Future directions
Chapter 6 summarizes the salient observations and highlights the major
conclusions and contributions from this thesis. It also sheds light on the newer vistas and
the directions in which the present work can be extended further. Thermal and strain
evolutions accompanying microstrain localizations have led to early visualization of zone
of Lüders band nucleation much before the macroscopic yield point. Strain distribution on
either side of the strain hardened zone has been found to be symmetrical. The effective
width of Lüders band varies in the load plateau and active zone increases with irregular
magnitude confirming the irregularity involved in the two stage band growth mechanism.
Strain rate is always found to peak in the effective width and vary in the active zone. The
occurrence of delayed yielding during the initial stages of strain hardening has been
successfully mapped through heat power and strain rate evolutions. The fraction of heat
power dissipated is relatively more in the load plateau involving Lüders band formation
and growth than the uniform strain hardening region. In welded mild steel, microstrain
initially localizes in the weld zone leading to an unstable band nucleation although stable
bands arise from the fillets of specimen. Weld and heat affected zones were observed to
experience very less deformation through Lüders bands in the load plateau due relatively
higher mechanical properties.
It is also felt that future work should focus on studying the thermomechanical
response across the band at the grain scale by achieving high spatial resolution in a local
region, which would provide an insight into the micro mechanisms of band growth
involved. Study can be extended further on the effect of interrupted and biaxial loading
conditions on the strain localization behavior accompanying Lüders instability.
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CHAPTER – 1

INTRODUCTION

1.1 Materials and Deformation
Deformation is defined as the change in shape or size of the object under the
influence of load. The deformation is elastic if the change in shape induced is reversible
after removal of the load. If the material is permanently deformed by breakage of bonds
between the atoms it results in plastic deformation. From the forming operations to
erection as structural components, materials are subjected to plastic deformations by the
nature of processing. The property of final product is dependent on the intensity and
conditions of plastic deformation experienced by it during forming operations. Therefore,
it becomes mandatory to study the plastic flow properties of materials in order to optimize
the forming processes. After erection, based on the nature of design and loading conditions
the component experiences plastic deformation while in service. Failure of structural
components during their service cause production loss and may even subject the human
life to risk. Hence it becomes important to study and understand the underlying
deformation mechanism of materials and the influence exerted by the microstructural state
of the material. There are several techniques for measuring deformations and study the
mechanical behavior of materials such as optical and electron microscopy, photography,
extensometers, strain gauges, acoustic emission, magnetic Barkhausen noise emission and
speckle interferometry etc. Each of these techniques has its own advantages and
limitations with respect to characterization of spatiotemporal evolutions of deformation,
magnitude of strain measurement, area of measurement and material to be studied etc.
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1.2. Infrared Thermography and Digital Image Correlation
The last two decades have seen extensive developments in the imaging,
nondestructive evaluation techniques, particularly in the field of infrared thermal imaging
and digital image correlation. Infrared thermography (IRT) is a technique that maps the
surface temperature profile of the object based on the infrared radiations emitted by it
using a suitable IR imaging system. Digital Image Correlation (DIC) is an optical method
that maps the surface displacement and strain during deformation by correlating the
undeformed image with the deformed one through gray scale matching. A single
thermogram (thermal image) provides the information on the plastic deformation zone at
any particular instant whereas a strain image from image correlation holds a track record
of the history of deformation till the time of investigation. Therefore, performing
simultaneous characterization using IRT and DIC has an added advantage of extracting
information on both instantaneous deformation and history of deformation at any
particular instant. The main advantages of these techniques with respect to deformation
studies are: 1. They are non invasive, non contact, fast and reliable, 2. They can be applied
on engineering components, 3. They have a fairly large field of view, 4. Spatiotemporal
characterization of deformations can be carried out and 4. Real time visualization of
plastic strain evolutions is also possible. The limitations include thermal diffusion during
deformation, which may affect the interpretation of deformation zone. On the other hand,
strain resolution in DIC is relatively low.
The efficiency of IRT and DIC in characterizing the mechanical behavior of
various materials subjected to tension is well documented in the literatures [1-10].
Yi et al. [1] have determined the inflection point differentiating the thermoelastic and
thermoplastic effects in aluminium specimens based on IR heating and cooling emissions.
Venkatraman et al. [2-3] have indicated that it is possible to predict the zone of failure
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using thermal imaging much ahead of the macroscopic stress characteristics. The authors
have also observed that the slope of the temperature variations drastically increase after
necking in 316 stainless steels [4]. Tong et al. [5] have studied the deformation
heterogeneity in Al-Mg alloys subjected to tension in the form of non-stationary
deformation bands using DIC. Kutin et al. [6] have observed an increase in the
temperature on the root of the butt weld joint which is subjected to high stress under
tension because of its asymmetrical geometry. The local constitutive behavior of different
zones of friction stir welded aluminum alloy [7], laser welded 304 L stainless steel [8] and
316 H stainless steel [9] have also been estimated using DIC. Reynolds et al. [10] have
reported that in friction stir welded 5054-O Al alloy, strain initially localizes in the weld
nugget and then deforms uniformly in the base metal using DIC.
Considerable work on plastic instabilities such as PLC (Portevin-Le Chatelier)
effect [11-20] and stress induced martensitic phase transformation [21-24] have also been
carried out using IRT/DIC techniques. Louche et al. [11] have studied the kinematics of
continuously propagating type A and hopping type B PLC bands using localized heat
sources in AA 5086 Al-Mg alloy. Zdunek et al. [12] have reported that the stress drop in
the serrated stress-strain curve coincides with the nucleation of PLC band using strain
fields in Al-4.5%Mg-0.7% Mn alloy. Chen et al. [13] have observed that PLC band strain
increases and band velocity decreases with increase in strain in TWIP steel. Activation of
randomly oriented type C band during stress drops [14, 15] and nucleations of type A
bands on the crests of stress wave [16] have also been reported based on the kinematic
fields. Ait-Amokhtar et al. [17] have proposed that the intensity of strain rate localization
is more for type B bands than type A based on the temperature and stress drops
measurements. Similar observations have also been made in the same material by other
authors using strain fields [18-19]. PLC band characteristics studied using strain fields
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from DIC have also been modeled and validated using FEM [20]. Favier et al. [21] have
applied IRT and DIC to study the stress induced martensitic phase transformation in thin
walled Ni-Ti shape memory tube. Daly et al. [22] have reported high stress intensity factor
in the phase transformation zone near the crack tip of NiTi shape memory alloy subjected
to tension. Uniform strain over the gauge length in the load plateau has also been reported
in the same material under shear loading conditions [23]. The inter-martensitic
transformation path in NiMnGa single crystals has been characterized using strain fields
by Hamilton et al. [24].
IRT and DIC have also been used to study the energy balances during plastic
deformation of various materials. Farren and Taylor [25] and Taylor and Quinney [26]
have experimentally proved that during deformation a part of expended mechanical energy
is dissipated as heat leading to increase in temperature of the material and the remaining
energy is stored in the material as strain energy associated with dislocations, commonly
called as stored energy of cold work. The integral Taylor-Quinney coefficient denoted by
βint represents the fraction of mechanical energy converted into heat and stored energy.
The differential Taylor-Quinney coefficient denoted by βdiff represents the fraction of
plastic work rate (plastic power) converted into heat dissipation rate (heat power) and
stored energy rate (stored power). Both these coefficients have been reported as function
of plastic strain and strain rate for various materials using infrared radiometry [27-34].
Rittel [35] has reported that βdiff can take values even greater than 1 unlike βint. With the
advent of focal plane array based infrared cameras and their commercial availability in the
recent years, variations in both the Taylor-Quinney coefficients for various materials
exhibiting local and uniform deformations have been studied [36-43]. IRT and DIC have
also been coupled together to explore the local variation in the conversion of applied
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mechanical power into dissipated and stored powers by making use of the information on
local strain evolutions from DIC [44-47].
Thermal imaging has also been used to study the fatigue behavior of various
materials and estimation of fatigue limits. Although the method of empirically relating the
drastic change in the temperature regime for a particular stress range to fatigue limit was
reliable for some steels [48-49], it became questionable for materials like Al alloys [50]
which has high thermal diffusivity. To address this issue, the fatigue limit estimation was
later carried out using heat dissipation. Boulanger et al. [51] have indicated that the
decrease in dissipation in the beginning of each block associated with high stress range
during fatigue test of DP (dual phase) 60 steel is because of the non-uniform heat sources.
Berthel et al. [52] have reported heterogeneous distribution of dissipation till the initiation
of fatigue crack in DP 600 steel. However, the dissipation intensity and thermoelastic
source amplitude have been observed to increase with increase in loading frequency.
Morabito et. al [53] have reported that increase in stress amplitudes makes the thermal
method to estimate the fatigue limit in close agreement with the mechanical test since the
signal to noise ratio of dissipation will be more. The authors have also indicated that zones
of high thermoelastic source amplitudes are the potential sites of fatigue crack initiation.
Chrysochoos et al. [44] have observed that deformation energy rates during high cycle
fatigue of DP steel are homogeneous but heat dissipation is heterogeneous because of the
formation of persistent slip bands. Pastor et al. [54] have proposed a cumulative damage
indicator, defined as the temporal integral of mechanical dissipation, to study the initial
damage state of the specimen based on geometrical effects before being subjected to cyclic
loading. Recently, Fedorova et al. [55] have proposed a methodology to estimate the
J-integral and stress intensity factor associated with fatigue crack propagation using the
associated heat dissipation estimated from thermal data.
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Pottier et al. [56] have proposed a motion compensation technique to track the
temperature evolution of a particular material point of the object subjected to large
deformations. They have also developed an algorithm to track the displacement of a spot
using a sine function and represent the temperature data in the reference geometry of the
specimen. Similar to this, Saai et al. [57] have synchronized the thermal and kinematic
data of few material points by tracking their displacement using DIC and using them in the
developed numerical synchronization process. Maynadier et al. [58] have proposed a
methodology called infrared image correlation (IRIC) for the extraction of thermal and
kinematic data on the same specimen surface by using only infrared measurement. It
involves application of speckle pattern on a part of the specimen surface and the remaining
with black paint which ensures contrasted IR images enough to perform image correlation.
Then temperature measurement is performed taking into account the variation in the gray
level of the speckle with temperature changes of the specimen. Bodelot et al. [59] have
used a special experimental setup to extract the thermal and kinematic data on the same
surface of the specimen. The setup involves a dichroic mirror placed at an angle of 45° to
the specimen surface which completely transmits the IR radiation towards the IR camera
placed in front of the specimen surface and deflects the visible light towards the CCD
camera of DIC setup placed at an angle of 90° to the specimen surface. The authors have
developed a transformation algorithm between the infrared camera coordinate system and
CCD camera coordinate system by using three reference points and their displacements
from DIC computation for evaluating the coefficients of the transformations [60].
1.3 Plastic instabilities
Materials such as low carbon steels, mild steels and Al-Mg alloys due to strain
ageing exhibit unstable elastic-plastic transition and plastic flow commonly called as
plastic instabilities which deteriorate the formability and ductility of these materials.
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Instability in the plastic flow is generally characterized by the appearance/formation of
deformation bands on the material surface at the macroscopic scale. These deformation
bands induce surface roughness thereby affecting the surface quality of sheet metal
products during metal forming operations such as deep drawing, stamping and also during
loading conditions while the component is in service. Because of this, deformation bands
accompanying plastic instabilities are also called as stretcher strains, Hartmann lines, flow
lines, worms, and strain figures etc. Also, the induced surface roughness affects the high
cycle fatigue properties of components by increasing the number of crack nucleation sites
on the surface. Lüders deformation and Portevin-Le Chatelier (PLC) effect are the two
instability phenomena commonly observed in such structural steels which are widely used
in many industries including automobile and nuclear etc.
Lüders instability occurs because of static strain ageing involving interaction of the
interstitial solute atoms with dislocations generated after initial plastic deformation
resulting in locking up of dislocations. In carbon steels, carbon atoms act as solute
atmospheres. On the other hand, PLC effect occurs as a result of dynamic strain ageing
involving interaction between solute atoms and dislocations during plastic deformation
[61]. Of these, Lüders instability is of prime concern to industrial manufacturers as the
associated strain ageing generally occurs during material storage, which may lead to
production loss, since maintaining surface quality is mandatory for many applications.
Lüders phenomenon is characterized by discontinuous yield points in the load-elongation
curve, namely upper and lower yield point, followed by a load plateau involving strain
localizations in the form of deformation bands called Lüders bands [62]. Lüders band is a
band (collection) of slip lines representing the localized (inhomogeneous) plastic
deformation exhibited by the material. The upper yield point corresponds to the unlocking
of the locked dislocations or generation of fresh dislocations and lower yield point
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corresponds to the propagation of the unlocked or fresh dislocations. The collective and
self-organized behavior of these dislocations manifests on the surface of the material as
band front propagation (band growth). There may be one or more band nucleations
depending on the stress concentration zones in the material with the formation of each
band accompanied by a load drop in the load plateau. Lüders deformation is then followed
by uniform strain hardening.
1.3.1 Proposed theories and experimental works on Lüders instability - International
scenario
There are three major theories put forward to explain the Lüders phenomenon
based on the interactions of solute atoms with the dislocations namely, 1. Grain boundary
theory, 2. Cottrell's theory and 3. Johnston and Gilman theory. According to grain
boundary theory [63], the deformation of grains in α-iron is resisted by a thin film of
cementite [64] at the grain boundaries up to upper yield point, at which the film breaks and
deformation proceeds into the grains with a reduced stress called lower yield point. During
strain ageing, this film gets reformed due to diffusion of carbon atoms resulting in
recurrence of the yield point phenomenon. According to Cottrell's theory [65], interstitial
elements such as carbon and nitrogen in low carbon steels diffuse to the position of
minimum energy, i.e. below the extra plane of atoms in a positive edge dislocation, in
order to reduce the total distortion energy thereby blocking the movement of dislocations.
It was proposed that upper yield point corresponds to the unlocking of the dislocations
locked by solute atoms and lower yield point corresponds to their movement. Certain
experimental results were expected for the validation of the Cottrell’s theory. They are, 1.
Elimination of upper yield point by introduction of free dislocations, 2. Independent nature
of upper yield point on the grain size and 3. Appearance of upper yield point in single
crystals of iron. However, the experiments reported later showed that upper yield point in
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single crystals is no way comparable to that in the fine grained polycrystalline materials,
yield point is sensitive to the grain size and the introduction of free dislocations did not
eliminate the yield point phenomenon. Based on these observations, Sylwestrowicz et al.
[66] suggested that Cottrell’s theory is unlikely and number of grain boundaries play
major role in the occurrence of the yield point phenomenon in mild steel. Johnston and
Gilman [67] proposed that dislocations present in the materials are strongly locked and the
observed upper yield point is not the stress, at which locked dislocations are unlocked, but
at which new dislocations are generated and lower yield point corresponds to
multiplication of dislocations. G.T. Hahn [68] proposed a model, suggesting the presence
of small numbers of mobile dislocation initially in the material. Rapid multiplication of
dislocations and stress dependence of dislocation velocity are proposed as the reasons for
the abrupt yield drop in a material.
Although Lüders instability has been studied intensively for more than three
decades, kinematics of localization accompanying Lüders deformation and the
corresponding macroscopic manifestations are yet to be fully understood. The need for
better understanding of the Lüders phenomenon through versatile characterization tools is
in demand even today. Over the years, many techniques have been employed to study
nucleation and growth behavior of Lüders bands, spatiotemporal evolutions of strain
localizations and the associated macroscopic band characteristics. They are as follows:
1.3.1.1 Microscopy
The evolutions of microstrain (strain of the order of 10-4-10-6) before the
macroscopic yield point in metals and their localization leading to nucleation of Lüders
band have been studied extensively using optical and electron microscopy. According to
Cottrell [69], pre-yield microstrain below the upper yield stress is caused by dislocations
breaking from the impurity atmospheres (carbon, nitrogen) in the vicinity of stress
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concentrators resulting in pileup of dislocations on the grain boundaries. Suits et al. [70]
and Rosenberg [71] have observed the cluster of yielded grains with slip bands over the
complete cross section in fine grained silicon iron before the upper yield point
representing the formation of Lüders band using etch pitting. P.J. Petch [72] has proved
through his model that only at upper yield stress slip band penetrates the grain boundary,
what is called as slip breakthrough. But for intermediate grain sizes, slip line crossing a
grain boundary before upper yield point [73] and sometimes less than the lower yield point
for fine grained material [74] have also been reported. Moon et al. [75] and Worthington
et al. [76] based on their observations have proposed that grain boundaries are the sources
of stress concentration from which slip bands are formed. Carrington et al. [77] have
observed that slip lines are present in more than one direction behind the band front,
whereas at the band front only parallel slip lines are present. The same has also been
observed using transmission electron microscopy [78]. Based on the electron microscopy
observations in silver, Bonfield et al. [79] have proposed that dislocation substructure
within the grains attained through various annealing treatments contribute more to the
observed preyield behavior than the pile ups in grain boundaries. Ananthan et al. [80-81]
have observed the presence of microscopic shear bands propagating in random
crystallographic orientations ahead of the Lüders band front in polycrystalline mild steels.
Kink angle at the band front has also been reported to decrease with increase in grain size
of the material [82].
1.3.1.2 Photography
Studies carried out using photography have primarily focused on studying the
macroscopic Lüders band characteristics such as physical form of the band, band front
orientation and velocity etc. According to Lomer’s [83] observation, heavy, stiff
specimens produce complex bands and light, flexible specimens produce planar bands
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while yielding. It has been reported that when grain size of the material is increased
diffuse bands are produced [84]. Butler [85] has observed the increase in front velocity
with increase in grain size. Ananthan et al. [86] have observed that increasing strain rate
results in complex bands even with slender specimen. Also, the band front angle was
reported to vary from 45° for fine grained to 70° for coarse grained specimen. Cross
section of the specimen has also been observed to influence the angle of the band front
[87]. Lüders band front velocity has been found to increase with increase in strain rate
[88]. The power law dependence of the Lüders band velocity on stress has also been
reported by few authors [89-90]. Fujita et al. [91] have observed an increase in magnitude
of deformation by Lüders band front propagation with increase in strain rate during stress
relaxation. Miyazaki et al. [92] have reported that spring constant of the testing system
does not affect the band formation process, but its front propagation along the specimen
axis. Prewo et al. [93] have estimated the effective stress required for propagation of
Lüders band front during stress relaxation using photography.
1.3.1.3 Strain gauges and Extensometers
In low carbon steel, pre-yield microstrain is reported to be of the order of 30 x 10 -6
and 140 x 10-6 in iron with 3% Si [94] using strain gauges. Based on the experimental
investigation in iron, Brown et al. [95] have proved that pre-yield microstrain increases
with increase in grain size (D) as D3. B. L. Shaw et al. [96] have reported that the number
of dislocations available for flow before macroscopic yield point is a function of loading
rate. Lining et al [97] have experimentally verified that microstress increases during the
initial stage of microstrain, because of depletion of free dislocations and in later stages
increases with generation of new dislocations. Lüders strain has been reported to increase
with increase in strain rate, decrease in grain size, increase in yield drop and decrease in
temperature using strain gauges [88, 98]. Empirical equations relating Lüders stress,
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Lüders strain and front velocity have also been developed by some authors [85, 99].
Ananthan and Hall [86] have demonstrated the increase in shear and flow components of
Lüders strain with decrease in grain size, in both rectangular and hexagonal cross-sectional
specimens. Zhang et al. [100-101] have reported the occurrence of continuation of strain
localization after Lüders band front propagation at the end of the load plateau and initial
stages of work hardening using strain gauges arranged in longitudinal and shear (45°)
fashion in AISI 1045 steel. Inhomogeneity in strain distribution across the band front was
first proposed by Van Rooyen [102] based on the observations using extensometer. Later,
it was also studied by other authors using strain gauges and clip gauge extensometers
[103-105]. Strain has been reported to increase from the band front and saturate within the
band with the plastic flow through creep deformation under constant stress [106].
1.3.1.4 Acoustic emission
Acoustic emission has been primarily employed to relate the macroscopic stressstrain response to the microscopic dislocation activities associated with Lüders instability.
Scruby et al. [107] have observed that each load drop is accompanied by a significant
burst of acoustic emission in Al-Mg alloy. With increase in impurity concentration, the
RMS voltage has been reported to decrease due to grain refinement which in turn resists
the motion of dislocations [108]. It has been shown that maximum acoustic emission
energy is observed during the yield drop, whereas during the band front propagation it is
relatively less. Power spectral density has been reported to shift towards lower frequency
with increase in emission energy [109]. Muravev et al. [110] have estimated the velocity
of the Lüders band front based on the time difference in the evolution of signal in various
sensors fixed along the specimen. Han et al. [111] have observed two types of acoustic
emissions; namely, burst type in the load plateau involving Lüders band growth and
continuous type in the stress levels close to yield point and strain hardening region. It was
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also found that acoustic energy of notched specimens is more than that of the unnotched
ones. Shibkov et al. [112] have proposed that the first acoustic pulse is the precursor of the
loss of deformation stability, which is associated with the nucleation of Lüders band.
1.3.1.5 Magnetic Barkhausen noise and Flux leakage
Campos et al. [113] have studied the localized deformations accompanying Lüders
bands in ANSI 1050 steel and observed that for samples cut in the transverse direction no
MBN energy is observed confirming that no bands evolve. The angular dependency of the
MBN energy on the applied stress in revealing the plastic deformation zone of Lüders
bands has also studied [114]. Using magnetic flux leakage technique, it has been reported
that leakage flux emanates from one edge of the band and end at the other edge due to
decrease of magnetic permeability of the deformed region thereby revealing the zone of
Lüders band [115]. Stupakov et al. [116] have observed the magnetic anisotropic behavior
in carbon steel induced by deformation associated with the Lüders bands. The region of
Lüders band was identified by the change in the RMS value of Barkhausen noise.
1.3.1.6 Speckle pattern interferometry
Similar to photography, speckle interferometry has also been primarily employed
to study the macroscopic Lüders band characteristics. Yoshida et al. [117] have estimated
the Lüders band velocity in structural steel using specklegrams. The authors were able to
identify the band nucleation zone much before the digital image captured using CCD
camera. Guelorget et al. [118] have observed the decrease in strain localization band width
with increase in strain. However, the authors have reported that it increases to five times
the shear band width before fracture. Using laser speckle interferometry, it is also reported
that with increase in ageing time, band multiplicity increases and band characteristic such
as width, orientation and angle are not much affected [119].
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1.3.1.7 Studies on Lüders deformation using IRT and DIC
A detailed review of literature reveals that significant works have been carried out
in studying Lüders instability on various materials using IRT and DIC. One of the earliest
works in this domain is by Louche et al. [120] on European grade steel S355MC. The
authors have deduced the dissipative heat sources associated with Lüders band front
propagation from the heat diffusion equation to estimate the band front velocity and
orientation. The band front orientation and velocity are reported as 70 ± 5° and
1 ± 0.1 mm/sec respectively. Wattrisse et al. [121] have worked on image processing
based on digital image correlation for studying Lüders band propagation, necking and the
effect of pre-strain on SOLDUR 355 and HR55 steels using lateral, longitudinal and shear
strain fields. The band orientation measured (70°) was reported to be in agreement with
the measurement made on polished specimen. Lukin et al. [122] have mapped the
nucleation of Lüders bands from a circular hole (stress concentrator) using thermal
imaging in 18G2S steel. Similar to this, Moiseichik [123] has reported in low carbon steel
that heat is not generated in the whole of the plastic deformation zone near the crack tip
but in the Lüders band which occupies small part of this zone. For notched specimens,
bands have been observed to develop in the plane of maximum shear stress.
Dumoulin et al. [124] have studied the variation of the fraction of plastic power
dissipated as heat and stored power during Lüders deformation in Weldox series high
strength, high ductility steels. Fraction of heat dissipated has been reported to continuously
decrease with increase in plastic strain. Using dissipative heat source, Willink et al. [125]
have observed that 0.3% temper rolled carbon steels never develops Lüders bands when
subjected to loading. Nogueira De Codes et al. [126] have applied IRT and DIC
simultaneously to study the spatiotemporal evolution of Lüders and PLC bands in Al-Mg
alloy AA5182. The authors have observed the nucleation of PLC bands at the end of the
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load plateau with jerky stress flow all along the load plateau to strain hardening
representing the absence of critical strain for nucleation of PLC bands. X. Feng et al. [127]
have observed that at low strains PLC bands nucleate on the trailing edge of the Lüders
bands which is not accompanied by a load plateau in Al alloy AA5754. Very recently,
Coer et al. [128] have applied DIC to study the kinematics of Lüders band in Al-3%Mg
alloy subjected to shear stress state using shear strain and shear strain rate fields. The
authors have observed the increase in band width and front velocity with increase in
crosshead speed. The effect of stress concentrators such as sharp and blunt notches on the
Lüders yielding behavior and the associated plasticity development in regions of stress
concentrations have been studied experimentally and modeled by Beardsmore et al. [129].
It has been reported that in sharp notched specimens plastic zone is more constrained and
stress intensification is higher in the presence of Lüders behavior. However, all these
works have primarily focused on determining Lüders band characteristics such as band
front velocity, band width, band front orientation and propagation behavior.
1.4 Motivation for the study
Lüders deformation has been an interesting and intriguing phenomenon in itself as
can be seen by the number of works that have been published internationally. At this stage,
the author is reminded of a quote by Charles Morgan “As knowledge increases, wonder
deepens”. Review of literature and analysis of the results reported on Lüders deformation
apart from widening the knowledge in it also raises a lot of inquisitive queries indicating
that there are grey areas which are not fully explored and need further investigation. Some
of these areas include evolutions of pre-yield microstrain and its influence on Lüders band
nucleation, band formation and growth mechanism, stress-strain-strain rate distributions
across the band front, delayed localized yielding and the influence of dissimilar
microstructures and the associated stress concentrations on the Lüders yielding behavior of
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welded material etc. Hitherto, both conventional and advanced imaging techniques have
been primarily applied to study the macroscopic Lüders band characteristics such as band
front velocity, band width, band front orientation and the propagation behavior.
Conventional techniques have their own limitations in characterizing and visualizing the
strain localizations, which is crucial to gain insights into the Lüders yielding behavior.
Application of IRT and DIC, which can provide quantitative information on the
spatiotemporal evolutions of strain localization accompanying Lüders band nucleation and
growth, would lead to an enhanced understanding in the areas lacking understanding.
However, the thermal diffusion in the temperature field and the effect of track
record of strain in the DIC strain field have to be overcome for quantitative analysis of the
spatiotemporal evolutions of strain localization in the material. The heat losses due to
thermal diffusion, which blur the manifestation of strain localizations in the thermogram
can be overcome by addressing the deformations using heat dissipation as it is inherent to
the plastic deformation of materials. On the other hand, the effect of track record of strain
in the DIC strain field to reveal strain evolutions of lower magnitude can be overcome by
addressing the kinematics of localization using strain rate maps. Also, a study on the
fractional dissociation of acting plastic power into stored and dissipated powers would
help in understanding the thermomechanical couplings underlying the nucleation and
growth of Lüders bands and predicting the associated hardening/softening behavior in both
plain and welded steels.
Among the steels which undergo Lüders instability, IS 2062 grade E250 B mild
steel is preferred as primary structural material in various industries because of its
excellent ductility, malleability and weldability. Also, this steel is used in bridges,
buildings, durable storage containers, pressurized storage tanks, gears, shafts, etc. Among
these applications, there are some surface critical applications of this steel which need
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good and sustained surface finish, particularly the structural products of automobile
industries. Therefore, application of IRT and DIC techniques for studying the Lüders
deformation behavior in this steel would generate a knowledge base not only for the
companies involved in metal forming operations, but also for the industries employed with
structural components made of this steel.
1.5 Objectives and Significance of the work
In this thesis, the Lüders instability phenomenon is investigated in IS 2062 grade
E250 B mild steel by combined application of IRT and DIC techniques for the first time.
The emphasis is primarily on the areas that had earlier lacked understanding such as
microstrain localization leading to Lüders band nucleation and the associated band
formation behavior, deformations in the local zones within the Lüders band which
constitutes to the band growth, stress-strain-strain rate distribution across the band front
and the occurrence of delayed localized during uniform strain hardening etc. Macroscopic
observations in all these areas are correlated to microscopic events established based on
experiments and proposed models. This is one of the major highlights of this dissertation.
It also focuses on the estimation of heat power and strain rate evolutions accompanying
Lüders band nucleation and growth for quantitative analysis of the kinematics of
localization without the influence of signatures of prior plastic deformation. The other
important objective of this work is to study the difference in fractional dissociation of
plastic power during Lüders band kinematics in the load plateau and uniform strain
hardening through estimation of dissipative heat and stored powers, which again is unique
to this dissertation. This would help in understanding the hardening/softening behavior of
the material during nucleation and growth of Lüders bands. This thesis also aims to study
the influence of dissimilar microstructures and the associated stress concentrations on the
nucleation and growth behavior of Lüders bands in welded mild steel. The focus is on the
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estimation of thermomechanical parameters and differential Taylor-Quinney coefficient in
various local zones which would quantify the strain localization behavior observed using
thermal, heat power, strain and strain rate fields. This attempt is again a first of its kind.
1.6 Outline of the dissertation
This dissertation is structured as follows. Chapter 2 dwells on the principle,
theoretical background, advantages and disadvantages of the infrared thermal imaging and
digital image correlation techniques. It also describes the importance of the chosen
material for study, experimental setup and methodology adopted to perform the full field
measurements of the deformation. In chapter 3, Lüders band nucleation and growth
kinematics are studied based on the associated thermal and strain evolutions. The
evolutions of microstrain and their localization leading to Lüders band formation, stressstrain-strain rate distribution across the Lüders band, nucleation and growth behavior of
Lüders band, kinematics of localization accompanying the band front propagation etc., are
discussed. The results obtained in all these areas are also compared with the proposed
models and established concepts taking into account the limitations of the techniques
employed. Chapter 4 highlights the advantages of studying the Lüders phenomenon based
on the heat power and strain rate evolutions without the influence of signatures of prior
plastic localizations. The kinematics of localization and the difference in magnitude of
deformation during growth of different bands is also quantitatively studied based on the
variations of plastic, dissipative heat and stored powers. The difference in the rate of
energy conversions during strain localizations in the load plateau and uniform strain
hardening is also addressed through the estimation of energy conversion rate ratio (

-

differential Taylor-Quinney coefficient). In Chapter 5, the influence of dissimilar
microstructures and the associated stress concentrations on the deformation behavior of
welded mild steel during Lüders band kinematics and uniform strain hardening is studied
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based on the associated thermomechanical couplings. The fractional conversion of plastic
power in the local zones of welded mild steel with dissimilar mechanical properties is also
discussed using the energy conversion rate ratio. Chapter 6 concludes the thesis
highlighting the significant outcome of the work carried out (contributions) and discusses
the scope for further investigation.
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INFRARED THERMAL IMAGING AND DIGITAL IMAGE
CORRELATION: THEORY AND EXPERIMENTAL APPROACH

In this chapter a detailed discussion on the principle, theory, advantages and
limitations of experimental techniques employed such as IRT and DIC are discussed. The
experimental setup and procedure adopted to study the inhomogeneous plastic
deformation behavior are explained in detail. The parameters used with the testing
machine, imaging systems and associated post processing procedures are outlined. The
importance and need for studies on the Lüders instability behavior in IS 2062 grade E250
B mild steel based on its applications are also highlighted.
2.1 Infrared thermal imaging
Infrared thermal imaging or infrared thermography (IRT) is a nondestructive,
noninvasive and non contact method in which the surface temperature distribution of the
object is imaged based on the IR radiations emitted by it using a suitable IR imaging
system. Any object above zero Kelvin (absolute zero) emits electromagnetic radiations
(associated with molecular motions). If the temperature of the object is at and/or above
room temperature, the emitted radiations fall predominantly in the infrared band of the
electromagnetic spectrum. Using an appropriate IR detector, the radiations can be
converted into suitable electrical signals, processed and displayed on a monitor as a grey
level or RGB image in which each grey level or hue represents a temperature range.
Nondestructive testing, condition monitoring, gas detection, automation, medical
diagnostics and security are the major fields of application of this technique.
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2.1.1 Infrared imaging system
Infrared camera consists of three major elements, namely, optical system
consisting of lenses, detector and cooling system. The optical lens focuses the infrared
radiations reaching the camera on to the detector which in turn generates an electrical
signal proportional to the intensity of radiation. Since certain materials are opaque or
partially transparent to infrared rays, lens materials commonly used for converging light
cannot be used for IR radiations. Therefore, materials such as quartz, CaF2, Ge, and Si
which are infrared transparent are generally used according to the wavelengths. Since the
object to be studied is placed at a distance from the infrared camera, infrared radiations are
likely to be absorbed by the atmospheric constituents such as water vapor and natural
gases (e.g. CO, CO2, NO and CH4 etc) in the intervening medium [130]. While this is not
of concern in laboratory experiments where distances are small, this factor needs to be
accounted in field applications such as monitoring of electrical transmission lines and
mechanical installations etc.

Figure 2.1 Atmospheric transmission spectrum of infrared radiation [131]
Figure 2.1 depicts the IR transmittance of the atmosphere. It can be observed that
there are strong absorptions in the wavelength range of 5.5 - 7.5 µm, because the
corresponding frequency range matches with the natural vibrating frequencies of gas
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molecules in the atmosphere. It is for this reason; infrared detectors are designed to work
typically in the wavelength range of 3-5 µm (mid wave infrared) and 8-14 µm (long wave
infrared), where the infrared transmittance is maximum.
2.1.1.1 Detectors
Detector is the heart of the infrared camera. The quality of the detector determines the
efficiency with which temperature profiles can be mapped with sensitivity. Detectors are
generally classified as thermal detectors and photon detectors.
Thermal detectors
Thermal detectors work on the principle of change in any physical properties like
electrical resistance due to temperature rise as a result of incident radiation. They in
general have a flat spectral response. Some important thermal detectors are explained
below.
Bolometer: Bolometer is a thermal infrared detector with a very high temperature
coefficient of resistance and less heat capacity. Hence, when radiation is incident on the
absorber material, temperature increases and a large change in resistance is produced as a
result of increase in kinetic energy of the free electrons. Bolometers are not self-powered,
unlike thermocouples and hence need an external power supply to have a reference
voltage. Vanadium oxide and amorphous silicon are examples of bolometer detectors.
Inspection/maintenance, medical, remote sensing and fire fighting are the major fields of
application of this detector.
Pyroelectric detectors: Pyroelectric detectors work on the principle of pyroelectric effect,
according to which, when a pyroelectric crystal (which has spontaneous polarization at a
particular temperature) is heated, the orientation of the electric dipoles changes resulting in
an imbalance in the charges between the two larger sides of the crystal. This imbalance is
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removed by flow of charges through the electrodes on the surface of the detector with load
resistors, thereby generating a voltage proportional to the incident energy. Pyroelectric
detectors have flat response ranging from UV to the microwave region with good
detectivity. Lithium tantalate (LiTaO3) and triglycine sulphate (TGS) are examples of
pyroelectric detectors. These detectors are commonly used in security devices, computers
and web cameras.
Photon detectors
In photon detectors, a change in the charge carrier concentration of the material is
introduced as a result of incident infrared radiations, thereby changing the electrical
properties like electrical conductivity. These detectors have high thermal sensitivity and
short response time. There are different types of photon detectors as follows.
Photovoltaic detectors: Photovoltaic detectors work on the principle of photovoltaic
effect, according to which, when a semiconductor is exposed to radiation, electron hole
pair is produced. The internal electric field (built in potential) at the p-n junction separates
the electron-hole pair and moves the electron into the n-type region and the hole into the
p-type region resulting in an open circuit voltage which can be measured externally. The
main advantage of this detector is that the voltage generated can be measured without any
bias voltage or load resistor. Mercury cadmium telluride (HgCdTe), Indium arsenide
(InAs), Indium antimonide (InSb) and platinum silicide (PtSi) are the examples of
photovoltaic detectors. These detectors are commonly employed for Infrared
measurement, heterodyne filtering and metrology applications.
Photoconductive detectors: This type of detector works on the basis of photoconductive
effect, according to which, when photons incident the semiconductor (p-n junction under
reverse bias condition), there will be an increase in the number of electrons or holes

23 | P a g e

Chapter - 2
(deviation from the equilibrium concentration) and hence its electrical conductivity
increases. Therefore, if a load resistor is connected in series across the detector with a bias
voltage, any voltage drop across the resistor will be due to change in electrical
conductivity which in turn is due to incident radiation. Lead sulphide (PbS) and lead
selenide (PbSe) are the examples of photoconductive detectors. Photoconductive detectors
are commonly used in thermal imaging, laser beam diagnostics and spectroscopy.
Photoemissive detector or Schottky barrier detectors: Photoemissive detectors work on
the basis of photoemissive effect, according to which, when a light of wavelength greater
than the cut-off wavelength incidents a photocathode, it emits photoelectrons. In these
detectors, a semiconductor (e.g. silicon) is laid over a metallic compound (e.g. platinum
silicide) and hence when a photon incidents, it bounces an electron or hole out of the
metallic compound into the semiconductor. The Schottky barrier is nothing but the
electron or hole barrier created between the metal and semiconductor under equilibrium
conditions due to distribution of electric dipoles. Schottky barrier detectors are commonly
used in electronics industry as diode rectifiers.
Quantum well infrared photo detectors (QWIP): A quantum well is nothing but a
potential well with discrete values of energy, which are generally formed by sandwiching
a semiconductor material between two materials that have wider band gap. Here, the
added impurities (dopants) are concentrated in microscopic regions, creating quantum
wells, thereby altering the band structure. When photons incident the detector, it removes
an electron or hole out of the quantum well and places in the neighboring band generating
an electrical signal. For example, gallium arsenide sandwiched between layers of
aluminium arsenide forms a quantum well. QWIPs are generally employed for space borne
applications such as monitoring the atmospheric temperature and relative humidity
profiles, cloud characteristics and the distribution of minor constituents in the atmosphere.
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2.1.1.2 Cooling systems
To limit the noise induced in the measurement by heating of the detector the
following cooling methods are employed. Cryogenic cooling uses a liquefied gas (e.g. H2,
N2 and He) stored in a dewar vessel attached to the detector. Closed Stirling cooling, yet
another effective method, involves repetitive expansion and compression of gas (nitrogen
or argon) by a piston. Thermoelectric cooling based on Peltier effect which involves
generation of cooling through flow of current from one side of the Peltier element to other
side is also employed. Thermoelectric devices do not generate any vibrations and hence
suitable for thermal detectors. On the other hand, photon detectors need to be cooled to
less than 77 K and hence can be cooled only through thermodynamic cycle such as Stirling
cooling. In general, Stirling cooling system is the most widely used method for cooling
infrared detectors because of the lower temperature that can be attained with its reduced
size and weight.
2.1.2 Advantages of IR imaging
1. Non contact, fast and reliable
2. Full field vision of temperature profiles
3. Dynamic thermal transients over a wide range of temperatures can be measured and
hence suitable for online condition monitoring of structural components
4. Can be employed to measure/observe areas inaccessible for other techniques
2.1.3 Disadvantage
Thermal losses (due to conduction, convection and radiation) can induce spurious
thermal contrast thereby affecting the reliability of the interpretation of thermogram.
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2.2 Approaches in Infrared thermography
There are two basic approaches in this technique, namely, 1. Passive thermography
and 2. Active thermography [132]. Passive thermography involves imaging the object
surface based on natural thermal contrast in it. In active thermography, an external heat
stimulus is fed into the object to generate a thermal contrast, after which its thermal
distributions are imaged. All major applications of infrared thermography are basically on
a passive approach. According to the first law of thermodynamics and law of entropy, heat
is released by any process consuming energy. Likewise, during deformation of materials a
part of the expended mechanical energy is dissipated as heat. Heat evolutions cause
temperature variations on the surface of the material. Using this information on the
temperature variation associated with the deformation of materials, infrared thermal
imaging on a passive approach has been a proven, indispensable experimental tool over
the years for studying the plastic flow behavior and fracture properties of materials.
2.3 Theory of IR imaging
The basic laws of radiation which govern the relationship between the spectral
radiance and temperature are explained as follows. The spectral radiance (power radiated)
of a black body in thermal equilibrium at a temperature T per unit surface area per unit of
solid angle is defined by Planck’s law as
- (2.1)

where,

is the spectral radiance of the black body in W m-2 µm-1 sr-1,

the Planck’s

constant (= 6.626 x 10-34 J s),

the velocity of light (= 3 x 108 m/s),

constant (= 1.381 x 10-23 J/K),

the wavelength of the emitted radiation. Fig. 2.2 shows

the Boltzmann

the characteristic variation of the spectral radiance of a black body at various
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temperatures. Planck’s law signifies that the peak emission corresponds to a particular
wavelength.

Figure 2.2 Spectral radiance of a black body [133]
It can also be observed that with increase in temperature, the peak emission shifts towards
shorter wavelength. Wien’s displacement law defines this inverse relation between the
wavelength and the peak emission or maximum spectral radiance through the trace of the
locus of maximum spectral radiance as
- (2.2)
where,

is the peak wavelength and

the Wien’s displacement constant

(= 2897.7 µm K).
The total radiant power (radiant power for all wavelengths) from the surface of a black
body at temperature

is defined by Stefan-Boltzmann law through the integration of

Planck’s law for the complete range of wavelengths (0 ≤ ≥

) as
- (2.3)

Where

is the Stefan-Boltzmann constant (= 5.67 x 10-8 W m-2 K-4). Eq. (2.3) indicates

that hotter is the object more the infrared radiation it emits.
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2.4 Digital image correlation
Digital image correlation (DIC) is an optical technique that correlates two images
(deformed and undeformed) based on the grey value matching of small neighborhoods
called subsets to the measure the surface displacement and strain. Typical size of the
subset is of the order of 20 x 20 or 30 x 30 pixels. The probe used to trace the
displacement in this technique is the random dot pattern which is nothing but the random
distribution of black dots on a contrasting white background or vice versa applied to the
specimen surface. This pattern ensures random intensity distribution on the specimen
surface when illuminated. However, the intensity of light reflected from a particular subset
becomes unique to it even when it is subjected to displacement under loading. For each
unique intensity level, a grey value is assigned through which displacement of a subset is
identified in the deformed configuration. Typically for an 8 bit resolution camera, grey
values range from 0 - 255, with the lowest value 0 representing black, highest value 255
representing white and any value in between represents different shades of grey. In
cameras with 10 bit and 12 bit intensity resolution, digitized intensity (grey) values in the
range of 0 - 1024 and 0 - 4096 respectively are achievable [134]. Therefore, it is worth
mentioning that random dot pattern is the carrier of displacement information in image
correlation.
2.4.1 Theory of DIC
Determination of displacement and strain using image correlation involves two
steps of procedure namely, 1. Simple search procedure and 2. Iterative procedure [135]. In
simple search procedure the displacement of the chosen subset in the reference image is
determined by comparison of its grey value (intensity) to the grey values of all subsets in
deformed image. Deformation of the object may introduce non integer displacements of
subsets in the deformed image. Therefore, in order to achieve sub pixel displacement
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accuracy, discrete intensity pattern recorded for each deformed image is converted into
continuous intensity pattern (grey values) over the entire image plane using suitable
interpolation schemes such as bilinear, bicubic and B-spline interpolations.

Figure 2.3 Displacement field (

and

between initial image and a deformed

image [135]
The grey value matching is then carried out by using suitable correlation
coefficients such as sum of squared difference (SSD), normalized sum of squared
difference (NSSD), zero normalized sum of squared difference (ZNSSD), cross correlation
(CC), normalized cross correlation (NCC) and zero normalized cross correlation (ZNCC)
etc., [136]. The most commonly used correlation coefficient is the normalized sum of
squared differences given by:

- (2.4)
Here,

represent the grey value of the chosen subset in the

undeformed and deformed images respectively as seen in Fig. 2.3,
coordinates of a point on the chosen subset in the undeformed image and
their homologous in the deformed image. If

are the
are

it means perfect correlation is

achieved and any value in between 0 to 1 represents imperfect correlation.
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The coordinates

in the deformed image are related to coordinates

in

the undeformed image by:
,

- (2.5)
where,

and

are the

are the displacements of the subset center in
and

and

directions,

and

directional components of the distance of center of the subset to the

considered point , . The displacement gradients,

provide information

about the expansion, contraction and shear of the subset. The correlation coefficient is
therefore a function of displacement components and displacement gradients. In 2D DIC,
the correlation coefficient is a function of six independent variables, namely,
. The displacement is determined by minimizing the correlation
coefficient . With this process, displacements are estimated with an accuracy of ± 0.5 to
1 pixel. Accurate displacement of subsets in the subpixel range is obtained by the
following the iterative procedure.
The iterative procedure involves computation of rotations and strains in addition to
the displacements. In the first iteration, the approximate displacement value obtained using
simple search procedure is considered as the initial value of displacement of each
deformation pattern (square zone) centered at subset element points namely A, B, C and D
as seen in Fig. 2.4. The correlation procedure described earlier is carried out in the pattern
A initially. The point

is not the actual representative of A in the deformed image. The

optimal position

of the deformed pattern is the one that minimizes the correlation

coefficient. This is achieved after a certain number of iterations when a stable value of
displacement from one step to another is obtained.
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Figure 2.4 Iterative procedure to obtain precise displacement field [137]
The procedure is then carried out for other patterns, namely, B, C and D. The new
coordinates

of the subset will be close to the real displacement value.

For the next iteration of the subset, the displacement value obtained is used as an initial
value. The procedure is repeated until stable displacement field of the subset is obtained
which is the real displacement. This displacement is used as the first approximate
displacement of the next subset. The procedure is then followed for all other subsets. Since
displacements and their gradients are considered as independent variables in the iterative
procedure, displacement accuracy of about ± 0.01 pixels and strain accuracy of ± 100 µε
can be achieved, provided a good estimate of the initial value is given.
The convergence of the calculation process and the accuracy of the measured result
depend mainly on the iterative method used. Iteration is generally performed using
methods such as steepest descent, Newton-Raphson or a combined approach like
Levenberg-Marquardt. In 3D DIC involving stereo vision, apart from in plane
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displacement and strain, out of plane displacement ( ) and strain

are

also estimated. Hence, for all the following 12 variables, correlation coefficient has to be
minimized to find the displacements [135].
- (2.6)
The strain fields are calculated through derivatives of displacement using
following Lagrangian formulations,

- (2.7)
where,

and

represent lateral, longitudinal and shear strains respectively.

2.4.2 Practical considerations for minimization of errors in 2D DIC
1. The specimen surface must be flat and parallel to the sensor plane. This is because,
existence of non-parallelism would introduce out of plane displacements leading to
change in magnification of the recorded images thereby introducing additional in
plane displacements.
2. Fluctuations in the illumination should be avoided as it will introduce errors in the
intensity values registered.
3. Increased contrast of the random dot pattern is recommended as this will help in
choosing a smaller subset, which in turn increases the spatial resolution of the strain
measurement.
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2.4.3 Advantages of DIC
1. Simple experimental setup.
2. Does not need specimen preparation if the specimen naturally has random grey
intensity distribution or it can be artificially created using paint.
3. Micro to nanoscale deformation measurements can be performed using DIC by
coupling it with optical microscope, laser scanning confocal microscope, scanning
electron microscope, atomic force microscope, and scanning tunneling microscope.
2.4.4 Disadvantage
Accuracy of strain measurement is comparatively low.
2.5 Thermal and optical imaging systems used in the present study
The focal plane array based infrared camera used in the present study is Cedip
Silver 420 with 320 x 256 detector elements. The pixel size is 25 µm x 25 µm with pitch
as 30 x 30 µm. This camera has Indium antimonide (InSb) photovoltaic semiconductor
detector with spectral sensitivity in the mid infrared range of 3.6 -5.1 µm. The detector is
cooled through internal closed Stirling cooling system which leads to 25 mK thermal
sensitivity. The incoming IR radiations are focused onto the detector using a germanium
lens. The maximum frame rate achievable with this system at full window size is 176 Hz,
which can be varied in steps of 1 Hz. The integration time of this camera can be varied
from 3 µs to 20 ms in steps of 1µs. A CMOS digital fire wire camera, Marlin - F131 with
1380 x 1035 pixel elements is used for optical imaging associated with digital image
correlation system. The pixel size is 6.7 µm x 6.7 µm.

The maximum frame rate

achievable is 25 Hz at full window size which can be varied in steps of 1 Hz. The camera
operates at 10 bit mode with a shutter speed of 10 µs. With high contrast speckle pattern,
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and uniform illumination throughout the test, a displacement resolution of 0.01 pixels and
strain accuracy of ±100 µε can be achieved.
2.6 Material and Qualification
The material used in this study is prepared from as received IS 2062 grade-E250 B
mild steel sheet with the chemical composition of 0.22 wt.% C, 1.5 wt.% Mn, 0.045 wt.%
S, 0.045 wt.% P and 0.4 wt.% Si ascertained through optical emission spectroscopy. The
microstructure of this material has two phases, namely, ferrite and pearlite as shown in
Fig. 2.5.

Figure 2.5 Optical micrograph of IS 2062 grade B mild steel
Among the steels which undergo Lüders instability, IS 2062 grade E250 B mild steel has
wide range of applications because of which it is also called as general purpose steel.
Since this steel has good malleability, ductility and weldability it is preferred as the
primary structural material in many industries, particularly as pipes, storage tanks, plates,
angles and hydraulic press structures etc. Also, this steel is used in bridges, buildings,
durable storage containers, pressurized storage tanks, gears, screws, bolts, shafts, rivets,
hydraulic clamps, rolls, cylinders, rams, spindles and pipes. Plates made of this material is
considered ideal for use as base plates to provide anchoring for supports, thereby acting
crucial to the integrity and strength of the structure. There are some surface critical
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applications of this steel which need good and sustained surface finish, particularly the
structural products of automobile industries.

Figure 2.6 Schematic of specimen dimension
The geometry and dimension of the specimen used in this study are as per the
ASTM standard E8/8m - 13a, Standard Test Method for Tension Testing of Metallic
Materials. The dimensional tolerances of the specimen are as per the standard. All
specimens before being tested are radiographed and ensured to be defect free. The
schematic sketch of specimen is shown in Fig. 2.6. The surface variations were observed
to be less than 50 µm using height gauge. The length of the tensile specimen was cut
parallel to the rolling direction of the sheet metal to favor the formation of Lüders band.
2.7 Experimental setup and Methodology
The

experimental

setup

involved

a

100

kN

displacement

controlled,

electromechanical, screw driven tensile testing machine, infrared camera and CMOS
camera associated with DIC system as shown in Fig. 2.7. Infrared and CMOS cameras
were focused on opposite sides of the flat surface of the specimen. A thin coat of black
matt paint was applied over the specimen surface facing infrared camera to maximize the
emissivity and make the temperature measurements absolute. The surface of the specimen
facing CMOS camera was coated with random dot pattern (random black dots on a
contrast white back ground) to achieve varying grey levels and perform image correlation.
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This is done by first coating the specimen surface with matt white paint followed by
manual marking of fine random black dots using a marker pen.

Figure 2.7 Schematic of experimental setup
The experimental procedure involves recording the thermal and digital images
simultaneously during quasi static, monotonic, uniaxial tensile testing of the specimen.
Though the field of view covered in both the cameras was sufficient enough to study even
the fillet region of the specimen, the studies carried out focus only onto the thermal and
strain evolutions on the reduced section (covering 100 mm in Fig. 2.6) of the tensile
specimen. The infrared camera, digital imaging system and the testing machine are
simultaneously triggered manually. With careful experimentation, the error in the
synchronization is estimated to be less than 1s. The non-uniformity correction for the
detector elements in the infrared camera (with non uniform gains and signal offsets for the
same incident radiant power) is carried out by exposing a rough (nonreflecting) grey body
(emissivity > 0.9) with homogeneous temperature directly in front of the detector or
camera. The deviation of the gains and signal offsets of the detector elements is then
corrected electronically. The infrared camera is calibrated by comparing the intensity of
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infrared signal measured (in the form of voltage) from a black body (with thermocouple
attached) at various desired temperatures in a controlled environmental conditions leading
to a temperature-voltage calibration plot. The calibration procedure is repeated for a
significant number of times in order to have reliable temperature-voltage plot. The
variation in the emissivity induced by deformation is assumed to be negligible.
Temperature variations observed during deformation (T) were subtracted from the
reference temperature of the specimen (T0) and are provided in terms of change in
temperature θ (= T-T0). The analysis of temperature variations of the specimen is
performed with commercially available Altair Software from Cedip Systems.
Strain and strain rate fields were obtained by performing image correlation using
commercially available Vic-2D digital image correlation processing software from
Correlated Solutions. The correlation coefficient used in the present study is the
normalized sum of squared differences (NSSD). To avail displacements in scales of real
world other than pixels, calibration is carried out during the experiment by imaging a
calibration grid (placed in the position of the sample) with black spots on a contrast white
background separated at a defined distance. The distance between two chosen spots
(preferably at longest possible distance) is then defined in the real scale (e.g. mm) while
performing image correlation. Care is taken to avoid unnecessary objects in the
surroundings, emission of IR rays from which can induce noise in the temperature
measurement. Ambient temperature is ensured to be constant (298 K) throughout the test
and the movement of air currents between the infrared camera and specimen is avoided.
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STUDIES ON LÜDERS BAND FORMATION AND GROWTH
KINEMATICS

This chapter discusses the combined application of IRT and DIC for visualizing
and understanding the nucleation and growth kinematics of Lüders bands through the
associated thermal and strain evolutions. Simultaneous characterization using IRT and
DIC has an advantage of extracting information on both, the region undergoing plastic
deformation at a particular instant by means of temperature localization and the track
record of strain evolution till that time of investigation. The primary focus of this work is
on the areas such as microstrain evolutions in the elastic region and their localization
leading to Lüders band nucleation, band formation mechanism, kinematics of localization
accompanying band front propagation, stress-strain-strain rate distributions across the
band front etc. It also dwells upon the changes in the magnitude of local zones within the
band width which constitutes to the band growth, thereby providing an insight into the
band growth behavior. The results obtained in all these areas are compared with published
experimental results, proposed models and concepts on Lüders instability.
3.1 Experimental
All experiments have been performed at room temperature (298 K). The spatial
resolution achieved with infrared and optical imaging systems are 646 µm and 181 µm
respectively, for the combination of lenses used and focal distances set in this study.
Frame rate used in thermal imaging varied from 10-50 Hz, while in case of DIC, it varied
from 5-10 Hz respectively. Although different frame rates were used in IRT and DIC

38 | P a g e

Chapter-3
systems with recording time resolution in the range of 0.02 s to 0.1 s for different
experiments, the analysis is performed only in units of a second, since experiments were
carried out at low strain rates in the range of 1-5 x 10-4/s. The subset sizes in the range of
21 x 21 pixels to 29 x 29 pixels are used for performing image correlation ensuring
sufficient number of black spots within the subset. Since IR and DIC cameras were placed
on opposite sides of the flat surface of the specimen, a feature that appears on both thermal
and strain field was found to hold a mirror effect.
3.2 Spatiotemporal evolutions of temperature and strain accompanying Lüders
instability
Figure 3.1 presents the load-time characteristics of the specimen deformed at a
strain rate of 1.3 x 10-4/s. No significant difference of upper and lower yield point is
observed. The suppression of upper yield point is because of the stress raiser due to
gripping and bands are nucleated in the zone close to grip region of the specimen at stress
levels close to lower yield stress as explained by G.T. Van Rooyen [102].

Figure 3.1 Load-time curve at 1.3 x 10-4/s strain rate
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The load variations can be demarcated into three different regions based on the
nature of the deformation behavior. Region I is where two phenomena namely
thermoelastic effect and pre-yield microstrain occur. Thermoelastic effect refers to a small
decrease in temperature of the material due to adiabatic expansion under elastic loading.
This effect becomes negligible in the plastic regime. Small plastic strains of the order of
10-4-10-6 that occurs due to unlocking of dislocations from the Cottrell’s atmospheres
before the onset of macroscopic yield point are referred to as pre-yield plastic microstrain.
In region II, inhomogeneous plastic deformation takes place accompanying the growth of
Lüders bands (propagation of band fronts) over the entire gauge length followed by
uniform strain hardening in region III.

Figure 3.2 Local zones of interest along the gauge length
In this study, temporal evolutions of temperature and strain in various local zones
of the specimen gauge length are studied using small square zones as shown in Fig. 3.2.
A line profile over the central axis of the gauge length from top to bottom end is used for
studying the axial distributions of temperature and strain. Figure 3.3 represents the
temporal evolutions of temperature and strain in the considered local zones (zones 1, 2 and
3) and over the entire gauge length as average variations in all the three regions of the
load-time curve.
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3.2.1 Region I - Microstrain evolutions, Thermoelasticity and Lüders band formation
In region I, the average temperature decreases by 0.17 K at 200 s as shown in
Fig. 3.3(a). Figure 3.3(c) reveals that the strain variations in all local zones in this region
are very less till 200 s. After 200 s, both temperature and strain increase rapidly in zone 1
by 0.2 K and 12500 x 10 -6 at the end of this region. No significant change in temperature
and strain are observed in other zones of the specimen in this region.

Figure 3.3 Temporal evolutions of (a) temperature in various local zones, (b) temperature
in zone 1 during initial stages of elastic loading, (c) strain in various local
zones and (d) strain in zone 1 during initial stages of elastic loading
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Temperature and strain evolutions in zone 1 (upper end of gauge length close to
fillet where band nucleation takes place) and their average over the entire gauge length of
the specimen are plotted as a function of time till 234 s in Figs. 3.3(b) and (d) to study the
behavior of microstrain evolutions before the lower yield stress and their influence on
Lüders band nucleation.
From Fig. 3.3(b) it is evident that there is a drop in the temperature and this is
attributed to the phenomenon of thermoelastic effect [138]. It is well known that there
exists an interrelationship between the stress and strain (mechanical work done on a
material) in the elastic region and changes in thermodynamic properties i.e. the
temperature and entropy. In the elastic range, when stress is applied rapidly to a tensile
specimen such that the maximum stress is reached before the specimen can exchange any
thermal energy with the surroundings, the heat transferred to or from the specimen is
negligible. So the change in internal energy is caused only by the mechanical work done
on the material and the stressing is isentropic i.e. at constant entropy. For uniaxial
adiabatic straining, the change in temperature of the specimen with strain is given by
[139],
- (3.1)

where,

represents the change in temperature with strain at constant entropy,

the molar volume of the specimen,
specimen,

the linear thermal expansion coefficient of the

the isothermal Young’s Modulus,

specific heat at constant volume. Since

is

the temperature in Kelvin and

is positive and

the

are all positive,

adiabatic elastic tension lowers the temperature of the material. It has been reported that
this temperature change would be very small of the order of about 0.2 K [138] which also
depends on strain rate.
42 | P a g e

Chapter-3
Temperature drop in zone 1 of the gauge length due to thermoelastic effect is less
when compared to that of the average decrease in temperature of the gauge length as seen
in Fig. 3.3(b). Curves overlap till 23 s and as applied load increases with time, the
difference between temperature of zone 1 and average temperature also increases. This
confirms the existence of non-uniform plastic deformation in zone 1 before the onset of
macroscopic yield point. After 200 s, temperature increases rapidly in this zone. The same
can also be noticed by observing rapid increase in difference between the temperature of
zone 1 and average temperature after 200 s. A similar behavior is observed in Fig. 3.3(d)
where strain in zone 1 initially increases incrementally and after 200 s this rise is drastic
reaching 6200 x 10-6 at the end close to upper yield point. This is because the rate at which
dislocations are generated is a function of local stress at the dislocation source which in
turn is a function of the applied stress. This observation is in line with the microstrain
measurements in low carbon steel using strain gauges by T. Vreeland et al. [140]. Hence,
after 200 s, microstrain rate increases rapidly in zone 1 (stress concentration zone because
of gripping) as applied stress increases and approaches close to the upper yield point.
3.2.1.1 Thermoelastic effect and Microstrain evolutions
Figure 3.4 shows the thermal fields

(K), strain fields

(of the order of 10-6) of

complete gauge length of the specimen and their axial profiles at different time instants in
the interval of 65-200 s. At 65 s, the temperature at the center of gauge length decreases by
0.08 K, whereas in the upper and lower ends the decrease is only about 0.04 K and 0.06 K
respectively. This confirms the adiabatic expansion of the material along gauge length.
Relatively higher temperature at the ends of gauge length is due to the fact that the grips of
the machine which is in physical contact with the specimen ends act as a source of heat to
these specimen ends to maintain thermal equilibrium. The decrease in temperature of the
center zone of the gauge length which is far away from the grips is more when compared
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to the ends. On the other hand, strain in the gauge length is not uniform (with temporary
wave pattern) with the peak strain of magnitude of about 350 x 10-6 localized at 376th pixel
as seen in the corresponding strain field. This is nothing but the plastic microstrain which
generally occurs in zones with favorable orientation of grains possessing the maximum of
resolved shear stress at a particular load level. It is also to be highlighted that strain in the
upper end (zone 1) is comparatively significant being about 250 x 10 -6.

Figure 3.4 Thermal, strain fields and their axial profiles in the interval of 65s - 200s
In the time interval of 100-200 s, within the elastic limit, the specimen exhibits
relatively intense localized plastic microstrain in various zones along the gauge length as
seen in the strain fields and their axial profiles in Fig. 3.4. In all these zones which exhibit
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localized microstrain, temperature evolution and localization is expected in the
corresponding thermal profiles. But, temperature decreases over the entire gauge length as
revealed by the thermal profiles in this interval. It is felt that the magnitude of temperature
increase as a result of microstrain evolutions is quite small compared to the decrease in
temperature due to thermoelastic effect and hence temperature localization accompanying
localized microstrain gets masked and does not manifest in the thermal profiles. It is to be
highlighted that in this interval, though relatively intense microstrain localizations
occurred in various zones, upper end (zone 1) exhibits continuous straining confirming
that considerable dislocation activity in this zone continues to occur. The fluctuations in
the microstrain patterns observed in the strain fields are found to be in line with the
fluctuations in the strain rate pattern reported by Mudrock et al. [141] in Al-Mg alloy.
Such type of fluctuations in the localized microstrain is because of the variation of
maximum resolved shear stress with the corresponding applied load level. Although
microstrain localizations fluctuate, they are found to be self organized in the respective
local zone, which is also in line with the observations of Mudrock et al. [141].
As the applied load approaches close to macroscopic yield point, stress
concentrations induced in the fillet (close to upper end of gauge length) due to gripping
develops and results in comparatively higher values of strain. At 200 s, where
thermoelastic effect becomes negligible and load level (10.8 kN) is close to upper yield
point (12.8 kN), strain in the upper end increases enormously to about 1200 x 10 -6 as seen
in Fig. 3.4. The temperature at the ends and the center of gauge length decreases and at the
center the decrease is about 0.2 K (Fig. 3.4).
3.2.1.2 Lüders band formation
Figure 3.5 reveals that the temperature and strain increases locally in the upper end
of gauge length (zone 1) in the time interval of 210-230 s. This is attributed to the drastic
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increase in slip activity in this zone. No considerable change in the strain pattern of other
zones of the specimen is noticed. Therefore, one can conclude that in this interval, with
increase in applied stress, stress concentration builds up considerably in zone 1 enhancing
the slip activity thereby creating a cluster of yielded grains. Hence upper end (zone 1)
becomes a favorable zone for nucleation of Lüders band. In other words, the temporary
strain wave pattern observed in Fig 3.4 becomes stable in the zone 1 leading to the
nucleation of Lüders band with the aid of the stress concentration. Lüders nucleus is
observed in both thermal and strain fields at 210 s itself. In this interval, thermoelastic
effect is negligible and hence dislocation activities leading to microstrain evolutions have
significant temperature rise as observed in the thermal fields.

Figure 3.5 Nucleation and formation of Lüders band
After the nucleation of Lüders band in the upper end, the nucleus traverses the
cross section of the specimen developing as fully grown Lüders band with flat, sharp front
46 | P a g e

Chapter-3
at 254 s corresponding to the upper yield point as revealed by the thermal and strain fields.
Thermal and strain fields also indirectly reveal that 100% grains in the upper end
(nucleation zone) are yielded at upper yield stress matching with microstructural
observation of Suits et al. [70]. Some authors define upper yield stress as nucleation stress
[62, 72, 85] but have not investigated the physical form of the band at this point except
Miyazaki et al. [92] who found that band structure (in the form of a crack) traverses the
specimen cross section at upper yield stress using digital camera which is in line with the
present observations based on thermal and strain evolutions.

Figure 3.6 Nucleation and development of Lüders band - Friedel [142]
Friedel [142] has proposed a model explaining the mechanism of Lüders band
formation which is depicted in Fig. 3.6. According to this model, nucleation occurs from
surface step A (zone of stress concentration), traverses the cross section in the plane of
maximum resolved shear stress and then propagates along the gauge length of the
specimen. During tensile deformation, stress concentration is induced in the shoulders
(fillet) of the tensile specimen because of gripping, resulting in dislocation pileups in the
plane of maximum resolved shear stress in this zone. In the present study, nucleation
occurs in the upper end of gauge length (zone 1 close to top fillet of tensile specimen
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which develops stress concentration with increase in load) at 210 s, traverses the cross
section at 230 s at an angle and then develops as a fully grown band with sharp band front
at 254 s corresponding to macroscopic upper yield point as seen in Fig. 3.5. Macroscopic
thermal and strain fields observed in Fig. 3.5 experimentally demonstrate the microscopic
dislocation activities explained by the Friedel’s band formation model.
3.2.2 Region II - Kinematics of Lüders band front propagation
In region II, the Lüders band front propagates along the entire gauge length of the
specimen. From the beginning of this region, there is a drastic rise in average temperature
and average strain reaching 0.49 K and 17400 x 10-6 at the end as shown by Figs. 3.3(a)
and (c). Temperature and strain evolutions in local zones are also rapid and highly
inhomogeneous clearly reflecting the deformation localization associated with the band
front propagation. Temperature and strain in the zone 1 increases by 0.3 K and
22356 x 10-6 respectively at 300 s, where band front traverses almost half the gauge length
of the specimen. No appreciable variations in temperature or strain are observed in the
other local zones till 300 s. This confirms that yielding occurs only in the upper half of the
gauge length in the interval of 254-300 s.
3.2.2.1 Stress-strain distribution across the band front
A model explaining the inhomogeneity in stress-strain distribution across the band
front proposed by Van Rooyen [102] is shown schematically in Fig. 3.7. According to this
model, the region within the band front (marked as B) which is yielded but not work
hardened when compared to full Lüders strain will have flow stress less than the material
adjoining it. In other words, load carrying capacity of this yielded zone, marked as C,
decreases when compared prior to yielding. Therefore, most of the applied load is carried
by the zone which has not yielded, i.e. elastic region close to band front where stress
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varies from lower to upper yield stress (

to

). From C to D, stress increases because of

strain hardening and reaches saturation at D. This makes the stress-strain distribution
across the band front (elastic-plastic boundary) highly inhomogeneous resulting in
macroscopic stress concentrations in addition to the microscopic stress concentrations due
to slip bands resisted by grain boundaries.

Figure 3.7 (a) Stress and (b) Strain distribution across the Lüders band front
- Van Rooyen [102]
Figure 3.8 represents the thermal-strain distribution measured across the band front
at 300 s using IRT and DIC as a manifestation of inhomogeneity in stress-strain
distribution, where the band front traverses almost half the gauge length of the specimen.
Figures 3.8(b) and (d) represent the axial temperature and strain profiles from the top end
of the gauge length to the bottom end along the line marked in the corresponding thermal
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and strain fields shown in Figs. 3.8(a) and (c). The band front is identified from the strain
field and its axial position is marked as B on the axial profiles of temperature and strain.
The zones A and E representing elastic and plastic ends are marked as such in the axial
profiles. The other local zones in the axial profiles, namely, C and D are marked with the
understanding of the band deformation mechanism proposed by the model and its
manifestation on the thermal and strain evolutions.

Figure 3.8 Thermal, strain fields and their axial profiles at 300 s
Comparing Fig. 3.7(a) with Fig. 3.8(b), it can be realized that there exists a good
relation between stress and temperature distribution across the Lüders band front. From
Van Rooyen’s model shown in Fig. 3.7(a), stress is constant in the elastic region and on
the approaching band front it increases drastically reaching upper yield stress. Similar to

50 | P a g e

Chapter-3
this, in the elastic region, the temperature is constant initially to about 0.04 K as seen in
Fig. 3.8(b) and on the approaching band front it increases and reaches 0.33 K at the band
front. Increase in temperature observed here, despite having a major contribution by
diffusion from the heat generated within the band, includes temperature rise from the
plastic microstrain ahead of the band front under the influence of stress variation from
lower to upper yield stress (σ1 to σ2). According to the model, strain is constant in the
elastic region till the band front as shown in Fig. 3.7(b). In the strain distribution measured
across the band front using DIC, strain is constant in the elastic region from the end
marked as A and on approaching the band front B it increases slightly because of the
microstrain evolutions associated with stress variation from lower to upper yield stress (σ 1
to σ2) as shown in Fig. 3.8(d).
According to the model, in the plastic region, there is a drop in the stress initially
reaching a minimum C less than the lower yield stress and then increases followed by
saturation to lower yield stress at D as shown in Fig. 3.7(a). On the other hand, strain
increases from a zone corresponding to C in the stress profile and then reaches saturation
at D as shown in Fig. 3.7(b). From Fig. 3.8(b) it can be observed that temperature
increases from B, reaches a peak C and then drops down to D. The peak C in the axial
thermal profile corresponds to the dip C depicted by the model, where dislocations are
mobile. These mobile dislocations are generated through the yielding of the material in the
zone close to the band front under the influence of stress variation from lower to upper
yield stress. Such a process leads to temperature variation from B to C as shown in
Fig. 3.8(b). Using the axial position of C in the axial thermal profile, its corresponding
position in the axial strain profile is identified. Similarly, using the axial position of D
(where strain saturates) in the strain profile its corresponding position in the axial thermal
profile is identified. Such identifications of points C and D in both the profiles and field
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images have been possible only because of the simultaneous characterization using both
the IRT and DIC.
The region from C to D is where material strain hardens and therefore it is
expected to show considerable thermal evolutions. But due to thermal diffusion from zone
C which has the peak temperature associated with the presence of mobile dislocations,
thermal evolutions due to strain hardening gets masked leaving a decreasing nature from C
to D in the temperature profile. Constant value of stress from D to E in the model
corresponds to the zone where the band front started propagating with initiation from the
end E. The drop in temperature observed in the axial thermal profile from D to E as shown
in Fig. 3.8(b) is because of the diffusion losses associated with this prior plastic
deformation to the gripping ends (which acts as heat sink). In the plastic region, strain
increases gradually from B to C (where the material has yielded but not strain hardened)
and reaches maximum in D (where the material is strain-hardened) as shown in
Fig. 3.8(d). It is to be highlighted that unlike the model, C does not correspond to the start
of increase of strain in the axial profile and the band front B identified from the strain field
itself is found to be in the increasing path of strain. This observation depicts the actual
strain profile in a practical case. Also, from D to E strain decreases contradicting the
model. This decrease in strain observed from D to E is associated with symmetrical
decrease of strain on either side of the intense strain hardened zone of the band.
Strain field in Fig. 3.8(c) also clearly depicts the symmetrical strain distribution on
either side of the strain hardened zone within the band. In other words, there exists a
region above the strain hardened zone, which is yielded comparable to that of zone C.
Also, nucleation of band in the present case starts from the zone close to the top end of the
reduced section at an angle and not from the exact end E of the gauge length as assumed in
the model. From these observations, it is clear that the temperature-strain distributions
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measured across the band front using IRT and DIC in this study not only experimentally
correlate with the theoretical predictions of Van Rooyen's model [102] for inhomogeneity
in stress-strain distribution across the band front but have also revealed some additional
features that were not predicted by the model.

Figure 3.9 Thermal and strain fields revealing the second band formation and growth
In the interval of 300 s to 405 s, yielding occurs in the lower half of the gauge
length, which is manifested with increase in temperature and strain on zones 2 and 3 in
Figs. 3.3(a) and (c). This yielding is associated with the formation of the second band from
the lower end of gauge length in the short interval of 302-305 s following the same
nucleation mechanism proposed by Friedel [142] as revealed by thermal and strain fields
in Fig. 3.9. Nucleation of the second band occurs at 302 s, traverses the cross section at
305 s thereby developing as a fully grown band which then propagates towards the center
of the gauge length. A considerable decrease in the temperature and constant value of
strain in zone 1 in this interval as observed from Figs. 3.3(a) and (c) reveal that material
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yields no more in the upper half of the gauge length and the existing temperature starts to
diffuse.

Figure 3.10 Thermal, strain fields and their axial profiles in the interval of 360-405s
At 360 s, second band front covers the lower half of the gauge length as shown in
Figs. 3.10(a) and (d). One can visualize the difference in the magnitude of strain between
the upper and lower half of the gauge length from Fig. 3.10(d). It can be inferred from
Figs. 3.3(a) and (c) that even after the band fronts completely cover the entire gauge length
(i.e. after 360 s), temperature and strain variations are localized in the zones 2 and 3 till
405 s. The same observation can also be visualized from the thermal and strain fields and
their corresponding axial profiles in Fig. 3.10 in the form of temperature and strain
localization from lower end to center. Such deformation after the band front propagation is
because, strain rate at the band front is high and some dislocations unable to move at
54 | P a g e

Chapter-3
higher strain rate continue to move at a lower velocity after band front crosses as
explained by Kyriakides et al. [143]. Therefore within the band front, some grains yield
further and some undeformed grains undergo delayed yielding. Such delayed yielding
appears in the axial thermal profiles as a shift in the temperature peak (which represents a
zone of deformation at particular instant) from lower end to center as seen in Figs. 3.10(a)(c). In the axial strain profiles, delayed yielding is reflected as broadening of the peak
strain with increase in their magnitudes as observed in Figs. 3.10(d)-(f). However, this
interpretation on delayed localized yielding can be quantified only when the diffusion
effect in the thermal fields and track record of strain associated with prior localization in
the strain fields are avoided.
3.2.3 Region III - Uniform strain hardening
In region III, uniform strain hardening takes place and therefore uniform increase
in temperature and strain are observed in Figs. 3.3(a) and (c).

Figure 3.11 Thermal and strain fields in region III
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The initial decrease in temperature in zone 3 is because the initial temperature rise
due to uniform strain hardening in this zone will be less than the intense temperature
evolution that took place after band front propagation in the end of the load plateau (i.e. in
the near previous instant). This can also be visualized from the thermal and strain fields in
Fig. 3.11. The strain hardened zones however possess relatively higher strain since they
have undergone deformation much earlier than other regions of the gauge length.
3.3 Local zones of Lüders band and band growth behavior
In order to study the deformation behavior of local zones within the Lüders band
width, namely, effective width and active zone (band growth parameters) which
constitutes to the band growth, two specimens namely, specimen 1 and specimen 2 are
considered. Optical images of specimens during deformation were captured at 10 Hz
frame rate during the entire testing period followed by image correlation with 21 x 21
pixels subset size to estimate the strain and strain rate fields. Strain rate fields were
computed by performing time derivatives of strain fields.

Figure 3.12 Load vs. time curve for (a) specimen1and (b) specimen 2.
Figures 3.12(a) and (b) represent the load-time curve obtained from specimens 1
and 2 with the load plateau involving band front propagation ranging between 49 - 115 s
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for specimen 1 deformed at 4.16 x 10 -4/s and 40.5 - 92.5 s for specimen 2 deformed at
5 x 10-4/s. The difference in strain rate of both the specimens may influence only the
magnitude of variation of the local zones and not their characteristic variation. Hence, the
small difference in strain rate of two specimens is immaterial for the considered scope of
the study. The primary aim of the study on specimen 2 is to check for the repeatability of
observed variation of the magnitude of local zones of Lüders band in a situation when two
band fronts propagate.

Figure 3.13 Strain field, strain rate field and their axial profiles at 60 s and 94 s for
specimen1
Figure 3.13 depicts the strain, strain rate fields and their axial profiles along the
axis of the gauge length of specimen 1 at 60 s and 94 s which are almost at the beginning
and end of band front propagation in the load plateau. It can be observed from the strain
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fields, that a single band with nucleation from the top end of the gauge length deforms the
specimen through its front propagation towards the bottom end. Zone of linear variation of
strain from the band front to within the band is called as effective width and the region
following this effective width where strain approaches a constant value is referred as an
active zone of Lüders band [102, 144]. Effective width and active zone are determined
from the axial strain profiles obtained using DIC. Unlike the saturation of strain after
linear variation from the band front predicted by Van Rooyen’s model [102], in a real case
strain reaches a peak in the strain hardened zone and then decreases. In other words, strain
symmetrically decreases from the strain hardened zone towards the leading edge (band
front which moves) and the trailing edge (band front which remains stationary) of the band
as revealed by the strain field at 60 s and its axial profile in Figs. 3.13(a) and (c).
From Figs. 3.13(c) and (f), it is observed that the peak strain rate is localized in the
effective width of Lüders band. The same can also be visualized from the strain rate fields
in Figs. 3.13(b) and (e). This is indicative of the fact that deformation at any instant in the
load plateau is mostly concentrated in the effective width. According to Van Rooyen’s
model [102], deformation mechanisms involved in Lüders band growth are of two stages,
namely 1. yielding of material in the elastic region close to the band front (resulting in
growth of effective width) and 2. work hardening of material within the effective width
(resulting in growth of active zone). These two stages were proposed to be continuous and
simultaneous resulting in constant effective width and increasing active zone (with
constant magnitude) in the load plateau. But from Figs. 3.13(c) and (f) it can be observed
that both effective width and active zone increase with the progress of deformation by
band front propagation.
In order to confirm this observation, the magnitude of effective width and active
zone is measured at various instances during the interval of band front propagation (band
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growth) in the load plateau as shown in Fig. 3.14(a). It is observed that the effective width
varies with oscillations contradicting its constancy proposed earlier [102] and active zone
increases continuously with irregular magnitude in the load plateau. This shows that the
above discussed two stages of deformation mechanism, namely, yielding and
workhardening do not compensate each other exactly to the same magnitude of region
within the band.

Figure 3.14 Variation of effective width and active zone in the load plateau for
(a) specimen 1, (b) band 1 of specimen 2 and (c) band 2 of specimen 2
In other words, the entire yielded zone in the effective width is not work hardened
immediately following the movement of the leading edge of the band. Finite value of
strain rate on the trailing edge of the band and bottom end of the gauge length reflects mild
deformations in these zones as observed in Figs. 3.13(c) and (f). Strain rate also varies
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significantly in the active zone contradicting the assumption of constancy of strain rate in
it [144]. The negative value of strain rate in some local region within the active zone is
because of load relaxation of grains in these zones that are subjected to elastic straining in
the near previous instant, which has also been observed earlier using DIC [141].
Figures 3.14(b) and (c) represent the variation of effective width and active zone of
two bands, namely, band 1 and band 2 emanating from either ends of the gauge length of
specimen 2. It is to be noticed that the effective width of two bands nucleating from the
same specimen 2 are not the same at any particular instant. From Fig. 3.14(a) it can be
observed that the effective width does not change in the interval of 85-90 s for specimen 1,
whereas active zone increases. Similarly, for band 2 in specimen 2, active zone is constant
but effective width increases in the interval of 45-50 s as seen in Fig. 3.14(c). These
observations confirm that two stages of band growth mechanism involved, namely,
yielding and work hardening need not be even successive. The observed variation in the
effective width and active zone during the growth of the Lüders bands has been confirmed
with many specimens. Table 1 shows the variation in the effective width and active zone
of Lüders band in the load plateau for different specimens tested at same strain rate and
thickness.
Specimen

EW variation in the load plateau

AZ variation in the load plateau

3.

70 to 147 pixels (25 mm)

13 to 104 pixels

4.

61 to 105 pixels (17.8 mm)

13 to 54 pixels

5.

75 to 175 pixels (18 mm)

14 to 42 pixels

Table 1.1 Variation of effective width and active zone for different specimens studied
No two specimens can have same magnitude of variations in EW or AZ since the
dislocation arrangement and extent to which there are pinned vary. In fact, two bands
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fronts in the same specimen propagating from the gauge ends will not have same
magnitude of variations of the EW as shown in the case of specimen 2.
In this study, IRT and DIC have been applied simultaneously to experimentally
investigate the kinematics of Lüders band nucleation and growth. Decrease in temperature
due to thermoelastic effect and fluctuating but self organized microstrain evolutions are
observed in the initial stages of elastic region. Following the end of influence of
thermoelasticity, temperature and strain evolutions were localized and rapid in the stress
concentration zone reflecting the rapid generation of dislocations. It is also confirmed
through visualization that at upper yield stress, nucleus is no more a nucleus, but traverses
the complete cross section at an angle developing as a fully grown band following the
same mechanism proposed by Friedel [142]. The zone of band nucleation has been
observed much ahead of the upper yield point using thermal and strain evolutions.
Inhomogeneity in thermal-strain distribution across the Lüders band front demonstrated
the inhomogeneity in stress-strain distribution proposed by Van Rooyen [102] with some
additional features such as symmetry in strain distribution on either side of the strain
hardened zone and strain evolutions much before band front which were not predicted by
the model. It has been observed that the effective width of Lüders band varies and active
zone increases irregularly in the load plateau reflecting the irregularity involved in the two
stages of band growth. It is also found that strain rate always peaks in the effective width
of Lüders band and varies in the active zone.
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HEAT POWER AND STRAIN RATE BASED STUDY ON LÜDERS
INSTABILITY

IRT and DIC have been widely preferred for studying plastic instabilities in the
past two decades since the visualization of associated strain localizations is possible
without any complicated experimental setup or procedures. In thermal imaging, the
thermal transients accompanying deformation and the associated diffusion effects
(particularly for metals which have relatively higher thermal diffusivity) blur the
temperature localization zone accompanying plastic localization, if any. Therefore,
quantitative information on the kinematics of localization cannot be extracted based on
thermal fields. Since heat is inherent to plastic deformation, a methodology to estimate it
from the experimental temperature data has been proposed earlier [145-146] and reported
to be successful in revealing the strain localization associated with the necking
phenomenon quantitatively without the effects of diffusion. On the other hand, the track
record of strain in the DIC strain field associated with prior plastic deformation makes the
interpretation and identification of the zone of strain localization difficult at any particular
instant. To overcome this, strain rate evolutions have been used and were found successful
in mapping the plastic localizations associated with Portevin-Le Chatelier effect [141].
This chapter focuses on the estimation of heat power and strain rate evolutions for
quantitative analysis of the kinematics of localization accompanying the Lüders
deformation. The advantage of heat power and strain rate variations over the thermal and
strain variations in revealing the plastic localization associated with the nucleation and
growth of Lüders bands without the influence of signatures of prior plastic localization is
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highlighted. It also dwells on characterizing the delayed localized yielding using heat
power and strain rate evolutions, the occurrence of which at the end of the load plateau
was doubtful based on thermal and strain fields as discussed in chapter 3. The other
important objective of this work is to study the characteristic variations of
thermomechanical parameters such as dissipative heat power, stored power and energy
conversion rate ratios during nucleation and growth of Lüders bands which is expected to
provide an insight into the associated hardening/softening behavior based on the
information on fractional conversion of the acting plastic power into stored and dissipated
heat powers.
4.1 Background Theory
4.1.1 Thermomechanical frame work
According to classical thermodynamics of irreversible process, the thermodynamic
equilibrium state (thermal, mechanical and microstructural) of a volume element at any
particular instant is characterized by a set of n+1state variables [147]. They are: the strain
tensor , the absolute temperature T and a set of internal variables

( = 1,…., n-1)

which completely describe the microstructural state of the material. Considering the
Helmholtz free energy

as the thermodynamic potential, the dissipation

from the Clausius-Duhem inequality [145] is defined as,
- (4.1)
where, σ denotes the stress tensor,

the material density and

the heat flux vector. The

dots stand for the time derivative of the respective state variables. It is assumed that
intrinsic or mechanical dissipation

and thermal dissipation

are individually

positive as follows:
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- (4.2)
The local heat diffusion equation by combining both principles of thermodynamics is then
given by:

- (4.3)
where,

represents the heat conduction tensor,

surroundings and

the external heat supply from the

the specific heat capacity at constant ε and α. The term

for the heat rate and

stands

denotes the volumetric heat loss by conduction. The

mechanical (intrinsic) dissipation term

denotes the irreversible transformation of

mechanical energy into heat, the Kelvin’s term

represents the

volumetric heat rate as a result of thermoelastic couplings and the internal coupling
sources term

stands for the volumetric heat rate as a result of interaction

between temperature and other microstructural state variables.
4.1.2 Heat power estimation
Estimation of heat power from the infrared thermal data is based on the following
hypotheses:
1. The density, specific heat capacity and heat conduction tensor remain constant and are
independent of the thermodynamic state.
2.

is assumed to be isotropic, i.e.

where,

is the identity tensor and

the

isotropic conduction coefficient.
3. The convective terms in the temperature time derivative are neglected, since gradients
of temperature and displacement velocity amplitudes are very small during a quasistatic process.
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4. Temperature variations during the tensile test does not affect the microstructural state
and hence the internal coupling sources are neglected (i.e.

). However,

the associated thermoelastic coupling effects are considered. The thermoelastic sources
in comparison with that defined by classical thermoelastic model can then be modified
as

[44]. Here,

absolute temperature and

is the thermal expansion coefficient,

the

stands for the trace operator.

5. The external heat supply re by radiation is time independent. These hypotheses reduce
Eq. (4.3) to the following two dimensional diffusion equation.
- (4.4)

- (4.5)
where,

is the overall heat power. Here,

is the

temperature variation averaged over the specimen thickness (

is the reference

temperature). The constant

denotes the time characterizing heat losses perpendicular to

the surface of the specimen due to convection and radiation. Diffusion effects as a result of
heat conduction in a plane are taken into account by the Laplacian term in the heat
equation. Therefore, heat power evolutions provide quantitative information on the plastic
strain localization by taking into account the heat losses due to conduction, convection and
radiation.
4.1.3 Estimation of plastic, dissipated heat and stored powers
During deformation, a part of the expended mechanical energy is dissipated as heat
and the remaining is stored in the material. The mechanical power per unit volume acting
on the material is given by:
- (4.6)
65 | P a g e

Chapter - 4
where,

is the stored power. The mechanical power per unit volume is decomposed into

elastic and plastic parts as follows:
- (4.7)
where,

and

represent the elastic and plastic powers respectively. The mechanical

and elastic powers are defined as,
the modulus of elasticity,

the true stress,

and

respectively. Here, E is

the true stress rate and

the true strain rate.

Therefore, the plastic work rate or plastic power per unit volume is deduced as:
- (4.8)
The heat power per unit volume estimated using the heat diffusion equation is given by:
- (4.9)
where,

denotes the thermoelastic coupling power per unit volume defined as
. Dissipative heat power per unit volume is then deduced as:
- (4.10)

After correcting the heat power for thermoelastic coupling power and mechanical power
for elastic power, Eq. (4.6) becomes:
- (4.11)
Hence, stored power or rate at which energy is stored in the material can be estimated
using Eq. (4.11). The measure of fraction of plastic work rate (plastic power) converted
into heat dissipation rate (heat power) is given by:
- (4.12)
The fraction of plastic work rate converted into stored energy rate is then given by:
- (4.13)
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4.2 Methodology adopted for heat power and strain rate estimation
The thermal and strain field data used for heat power and strain rate estimation in
this study are from the same specimen (Fig. 3.1) discussed in chapter 3. Since heat
equation involves differential operators which in general amplify the noise in the thermal
images, the temperature data obtained experimentally are subjected to spatial and temporal
filtering before being used for heat power estimation. Noisy temperature fields in both the
spatial and temporal terms of heat diffusion equation are smoothed using a 2D convolution
product involving a Gaussian low pass filter performed with the filter2 Matlab function.
Heat powers associated with the experimentally determined temperature fields are then
estimated by evaluating the left hand side of the heat equation (Eq. 4.5). Finite difference
centered scheme is used for both temporal and the spatial terms of heat equation. Heat
power estimation from the 2D heat equation and associated image processing has been
explained in detail in [145,148]. Strains rate fields are estimated by performing time
derivative of the Lagrangian strain fields obtained using DIC.
4.3 Spatiotemporal evolutions of temperature and heat power
Figure 4.1 depicts the spatiotemporal evolutions of temperature and heat power
accompanying Lüders instability with the load-time plot superimposed on them. Y axis of
the plots represents the complete gauge length of the tensile specimen, the temperature and
heat power evolutions over which are averaged along the gauge width and X axis
represents time. Temperature evolutions shown in Fig. 4.1(a) reveal the strain localizations
accompanying band nucleation in the upper end of gauge length at about 230 s, its growth
till 75th pixel covering upper half of the gauge length and the nucleation of the second
band from the lower end of the gauge length at 302 s which then covers the lower half of
the gauge length. However, at any particular instant in the load plateau (254 s - 405 s),
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thermal profiles are highly diffusive with temperature distributed over the entire gauge
length thereby blurring the actual zone of strain localization.

Figure 4.1 Spatiotemporal evolutions of (a) temperature and (b) heat power
accompanying Lüders instability
Heat power evolutions estimated using heat equation shown in Fig. 4.1(b)
precisely reveal the zones of strain localization associated with both the Lüders bands at
any particular instant without the effect of diffusion. Nucleation of the first band is in fact
clearly revealed by heat power evolutions much before the thermal evolutions at about
210 s itself. It can also be observed that the magnitude of heat evolutions in the load
plateau is higher than in the strain hardening region. This is because, the load plateau
involves very less plastic deformation during Lüders band nucleation and growth
(associated with unlocking or generation of fresh dislocations) compared to the intense
plastic deformation in the strain hardening region. Hence, the fraction of mechanical
power dissipated as heat is relatively more in the load plateau.
The temporal variations of different terms of heat diffusion equation
accompanying localized deformations during Lüders instability is shown in Fig. 4.2 from
which it is observed that dθ dt term contributes to the major portion of overall heat
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power. The Laplacian term possesses significant magnitude, but the θ τ term reflecting
the heat losses due to convection and radiation is very less and almost negligible.

Figure 4.2 Temporal variations of different terms of heat diffusion equation
accompanying Lüders Instability
Temporal evolutions of the average of heat power and temperature over the entire
gauge length are shown in Fig. 4.3. Temperature initially decreases and reaches to a
minimum at about 200 s due to thermoelastic effect, after which it increases rapidly in the
load plateau involving Lüders band front propagation. In uniform strain hardening region,
although increasing trend is followed, the slope of temperature decreases. Similar to
temperature, heat power also increases rapidly from 200 s following the end of influence
of thermoelasticity. In the load plateau, heat power clearly unravels the strain localization
associated with the growth of two bands with two peaks. The first peak at 270 s is
associated with the first band which deforms (yields) the upper half of gauge length and
the second peak at 360 s is associated with the second band which deforms the lower half
of the gauge length. It is to be noted that these heat power peaks do not correspond to the
time of nucleation of the respective bands, but to a time instant where the average of heat
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power over the gauge length is maximum during their growth. Such information on the
strain localizations associated with the growth of two Lüders bands in the load plateau is
not reflected in the temperature variations. This is because, at any instant of time, the
thermal field not only possesses the temperature evolution corresponding to the strain
localization at that instant, but also the thermal signatures of the previous strain
localizations and the associated diffusion effects.

Figure 4.3 Temporal evolutions of heat power and temperature
4.4 Lüders band formation and growth in regions I and II
Figure 4.4 depicts the temperature, heat power, strain and strain rate fields of the
complete gauge length of the specimen in region I of the load-time curve involving
thermoelastic effect and microstrain evolution. At any particular time instant, images on
the left of the first row are the thermal fields, θ with units as Kelvin K, and those on the
right are the heat power fields,

with units as W/m3. In the second row, images on the

left are the longitudinal strain fields, eyy (of the order of microns, µ) and those on the right
are the strain rate fields, ėyy (µ) with units as per second. Temperature decreases due to
thermoelastic effect and strain pattern fluctuates over the entire gauge length. On the other
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hand, heat power is distributed over the entire gauge length representing uniform elastic
deformation and negative manifesting the thermoelastic effect. Similar to strain, strain rate
also fluctuates over the entire gauge length representing elastic deformation.

Figure 4.4 Thermoelastic regime and nucleation of Lüders band
With further increase in the load, at about 210 s, strain localization occurs in the
upper end of the gauge length leading to nucleation of Lüders band as revealed by the
corresponding heat power field in Fig. 4.4. It is from this instant that distributed heat
powers and fluctuating strain rates become localized. Retrieving this information on band
nucleation from the corresponding thermal field is difficult because of the effect of
thermoelasticity that occurred in the immediate past. Although strain field reflects the
Lüders band nucleation in the form of strain localization, it is only the strain rate field that
clearly reveals the precise zone of plastic localization.
At 254th s where the macroscopic yield point is attained, fully developed Lüders
band is formed as shown by the thermal, strain, heat power and strain rate fields in
Fig. 4.5. Following the band formation, the band front propagates and covers the upper
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half of the gauge length. This is then followed by the nucleation of second band from the
lower end of the gauge length at 302 s and its growth along the gauge length as shown by
the heat power fields in Fig. 4.5. On the other hand, the thermal imprint in the upper half
of the gauge length left by the first band and the sustained effect of thermoelasticity in the
lower half of the gauge length blurs the thermal information corresponding to the second
band nucleation in the corresponding thermal field. Although strain field at this instant
depicts the second band nucleation, associated plastic localization over the complete cross
section of the specimen is revealed only by the strain rate field. Following this, second
band front propagates towards the center of the gauge length in the interval of 330 s-360 s
as shown by the thermal and strain fields in Fig. 4.5.

Figure 4.5 Growth of Lüders bands in the load plateau
Heat power and strain rate evolutions which are direct manifestations of
deformation (and in turn the associated dislocation activities) are localized at the band
front at any instant of time during the band growth (band front propagation). This is
clearly in line with the mechanism of band growth proposed by Van Rooyen [102] that
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elastic region in the immediate vicinity of the band front is yielded and included as a part
of the band thereby leading to growth of the band or band front propagation. However,
during nucleation and formation of the band (before band front propagation) heat power
and strain rate are localized within the band admitting the deformation inside the band.
4.5 Delayed localized yielding in regions II and III
From the strain field at 375th s in Fig. 4.6 it can be deduced that although both the
Lüders band fronts completely traversed the gauge length, zones close to either side of the
center of the gauge length are not relatively yielded when compared to other zones. This
indicates that these zones are not strained to the extent of full Lüders strain.

Figure 4.6 Delayed yielding in the end of the load plateau
Such difference in the magnitude of yielding experienced by the zones close to the center
of the gauge length is not disclosed by the corresponding thermal field because of the
diffusion effect associated with the temperature evolutions during band front propagations.
From then onwards till the end of the load plateau, deformation is localized only in these
zones close to the center of the gauge length as revealed by the localization of heat power
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and strain rate in the interval of 375 s - 405 s in Fig. 4.6. The same can also be visualized
from Fig. 4.1(b) where heat power evolutions are localized in the region covering 70 th
pixel to 85th pixel in the same interval. Such continuation of yielding in a region where
band front has already propagated is referred to as delayed yielding. This is because some
grains may yield and some may not or may undergo partial yielding when the band front
propagates. Those grains, which have not yielded or partially yielded, undergo yielding to
the extent of full Lüders strain after the band front propagation [143].

Figure 4.7 Delayed localized yielding and uniform strain hardening in region III
In the present study, it is also observed that such strain localization after band front
propagation continues even during the initial stages of uniform strain hardening. The
upper end of the gauge length where first band nucleated undergoes such delayed yielding
as revealed by the localization of heat power and strain rate at 420 s and 430 s in Fig. 4.7.
Strain localizations during the initial stages of strain hardening after Lüders band front
propagation has also been reported earlier using strain gauges by Zhang and Jiang [101].
Such strain localizations during the initial stages of strain hardening are not reflected in
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the thermal and strain fields because of the thermal and strain imprints associated with
prior plastic localizations. The occurrence of delayed localized yielding can be also be
visualized from Fig. 4.1 by comparing the thermal and heat evolutions in the first 35
pixels of the gauge length during the initial stages of strain hardening (region III).
As the load increases in the uniform strain hardening region, the specimen starts to
deform uniformly with the manifestations of uniform temperature and strain distribution
over the entire gauge length as shown in Fig 4.7. Reporting the occurrence of uniform
deformation, heat powers are distributed and strain rate fluctuates over the entire gauge
length of the specimen. However, unlike the elastic region, heat powers are positive with
higher magnitudes representing plastic deformation. It is to be highlighted that strain rate
evolutions complement the heat power evolutions in revealing both strain localizations and
uniform deformation at any particular instant in the load-time curve.
4.6 Plastic, dissipated heat and stored powers accompanying Lüders instability
Figure 4.8 shows the variations of the externally applied mechanical, elastic and
plastic powers in different regions of the load-time curve.

Figure 4.8 Characteristic variations of the mechanical, elastic and plastic powers
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Applied mechanical power clearly reflects the elastic, yield plateau and the strain
hardening region of the specimen. The nucleation of first and second band is revealed by
the plastic power peaks at 254 s and 302 s respectively. Another peak at 350 s corresponds
to the intense plastic localization accompanying the growth of the second band. Such
localizations manifest with rapid drops in the elastic power variations. It is to be pointed
out that although macroscopic yield point corresponds to 254 th s, plastic power increases
rapidly from 200th s itself following the end of thermoelasticity. In the uniform strain
hardening region, plastic power increases and elastic power decreases as expected.

Figure 4.9 Characteristic variations of the overall heat, thermoelastic coupling and
dissipative heat powers
Figure 4.9 shows the evolutions of heat power, thermoelastic coupling power and
the dissipative heat power associated with external, elastic and plastic powers. The
thermoelastic coupling power is relatively more in the load plateau than region III with a
clear reflection of the localizations accompanying nucleation and growth of Lüders bands.
Dissipative heat power is almost zero during the initial stages of the elastic region and on
approaching 200th s (where thermoelastic effect becomes negligible and plastic power
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evolves) it increases drastically following the same characteristics of the overall heat
power in regions II and III. This conveys that the dissipative heat power estimated is
purely a manifestation of the plastic deformation induced by Lüders bands without the
elastic effects.

Figure 4.10 Characteristic variations of the plastic, dissipative heat and stored powers
Thermomechanical couplings accompanying Lüders instability investigated in the
present work is shown in Fig. 4.10 through variations in the plastic, dissipative heat and
the stored powers. Stored power which represents the rate of energy storage in the
specimen is estimated as the difference between the plastic power and dissipative heat
power as defined by Eq. (4.11). Since being a manifestation of the strain energy associated
with dislocations, stored power decreases in the elastic region till 200 s, after which it
increases rapidly representing the onset of plastic deformation. The stored power is found
to be relatively higher during the growth of second band when compared to that of the
first, trending opposite to that of the heat power variations. This conveys that plastic
deformation experienced by the specimen during the growth of first band is less than that
of the second band. In region III involving uniform strain hardening, stored power
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increases since intense plastic deformation takes place. Having estimated the three
thermomechanical parameters, calculation of energy conversion rate ratios can provide an
insight into the fractional variation in the rate of energy conversion during strain
localizations and uniform deformation.
4.7 Energy conversion rate ratios
Figure 4.11 depicts the variation of energy conversion rate ratios namely β1
(fraction of plastic power converted into dissipated heat power) and β2 (fraction of plastic
power converted into stored power) from 225 s where the plastic power increases
drastically. Both the ratios confess the strain localization associated with the growth of the
two Lüders bands.

Figure 4.11 Characteristic variations of the energy conversion rate ratios
β1 decreases with increase in plastic strain (or time) with slight increases at some
instants depending on the intensity of plastic localizations in the load plateau and β2 trends
in an opposite manner. Initially β1 drops to a small minimum at 254 s where β2 peaks
corresponding to nucleation of the first band. At this instant, 56 % of plastic power is
converted into stored power and the remaining 44 % is dissipated as heat power.
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Following this, intense heat dissipation takes place during the growth of the first band till
272 s at which 52 % of plastic power is dissipated as heat and the remaining 48 % is
stored in the material. With further growth of the first band and formation of the second
band, intense strain localization takes place until 330 s at which 26 % of acting plastic
power is dissipated as heat and the remaining 76 % is stored in the material. From then on
to till the end of the load plateau, β1 increases and β2 decreases although β2 is greater than
β1. Overall in the load plateau, fraction of plastic power stored in the specimen during
second band formation and propagation is more than that of the first.
In region III, approximately 82 % of plastic power is stored and the remaining
18 % is dissipated as heat power conveying that most of the applied power is used in
deforming the specimen plastically and very less is dissipated as heat. Although fraction of
plastic power stored is mostly higher than the dissipative heat power, heat power
dissipated is relatively more in the load plateau than the strain hardening region. It is to be
noted that only in the interval of 266 s - 276 s involving strain localizations associated
with the growth of first band, β1 is more than β2.
The studies discussed in this chapter demonstrate the advantage of studying the
strain localizations using heat power and strain rate variations without the influence of
signatures of prior plastic localization. The Lüders band nucleation zones have been
visualized in the heat power and strain rate fields much ahead of the thermal and strain
fields. Heat power and strain rate evolutions accompanying the formation of Lüders band
are localized within the band representing the deformation inside the band, whereas during
band growth they are localized at the band fronts reflecting the occurrence of yielding in
the elastic region close to the band front thereby experimentally validating the band
growth mechanism proposed by Van Rooyen [102]. Heat power and strain rate evolutions
also revealed the continuation of strain localization due to delayed localized yielding in the
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end of load plateau and initial stages of uniform strain hardening which were not depicted
by the thermal and strain evolutions. The difference in the magnitude of plastic
deformation experienced by the specimen during the growth of different Lüders bands was
clearly reflected by the variations in the stored power. Fraction of heat power dissipated is
observed to be relatively more in the load plateau than the strain hardening region
manifesting the lesser deformation experienced by the specimen through Lüders band
development.
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DISCONTINUOUS YIELDING BEHAVIOR OF WELDED MILD
STEEL ACCOMPANYING LÜDERS INSTABILITY

Although significant works have been reported on various aspects of Lüders
instability, studies on Lüders yielding behavior in a welded material involving stress
concentrations at the interfaces of various local zones with dissimilar microstructures are
very limited [149]. Romanova et al. [149] have simulated the yielding behavior of welded
low carbon steel using finite difference method and observed that Lüders bands cease to
propagate in the heat affected and weld zones. In other words, weld and heat affected
zones have been reported to be undeformed (not yielded) by Lüders bands in the load
plateau. Since weld and heat affected zones have microstructures that are dissimilar from
that of the base metal, it is expected that the associated stress concentrations at the
interfaces would strongly influence the microstrain evolutions in the elastic region and
their localization leading to nucleation of Lüders band. Also, the dissimilar
microstructures of welded mild steel would lead to differences in the deformation behavior
of local zones in other regions of the load-time curve.
While the earlier chapters have focused on the application of IRT and DIC to study
the Lüders phenomenon in plain specimens, this chapter would discuss the discontinuous
deformation behavior of TIG welded mild steel accompanying Lüders deformation based
on the associated thermomechanical couplings. Spatiotemporal evolutions of temperature,
heat power, strain and strain rate are studied addressing the influence of stress
concentrations at the interfaces of different zones with dissimilar microstructures on the
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microstrain localization and Lüders band nucleation, band growth kinematics and the
strain localization following band front propagation associated with delayed localized
yielding. The difference in the deformation behavior of local zones of welded mild steel
during Lüders band kinematics in the load plateau and uniform strain hardening is also
quantified through characteristic variations of the thermomechanical parameters such as
dissipative heat power, stored power and the energy conversion rate ratio.
5.1 Experimental
The tensile specimen used in this study was machined from TIG (Tungsten inert
gas also called as Gas tungsten arc) welded IS 2062 grade E250 B mild steel using electro
discharge machining (EDM) with weld direction perpendicular to the gauge length. Quasi
static, monotonic, uniaxial tension test of the specimen (100 mm x 25 mm x 2.6 mm) with
weld in the center of gauge length was performed at 8.3 x 10-4/s strain rate with
deformation being recorded simultaneously at 10 Hz frame rate using infrared and digital
cameras. Prior to experimentation, the specimen is qualified through radiography to ensure
absence of welding or machining induced defects as shown in Fig. 5.1.

Figure 5.1 Radiograph of the tensile specimen welded in the center of the gauge length
The experimental setup, procedure for estimation of heat power and other
thermomechanical parameters are the same as discussed in chapter 4. The spatial
resolution achieved with the infrared and optical imaging systems are 625 µm and 185 µm
respectively, for the focal distances set in this study. The subset size used for performing
image correlation is 21 x 21 pixels. The local mechanical, elastic and thermoelastic
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coupling powers are estimated using the local strain and strain rates obtained from DIC.
The local area for the estimation of the local stress any particular instant is given by:
- (5.1)
where,

is the initial area of cross section and

the local strain.

5.2 Thermomechanical characterization
The hardness profile across the weld region of the specimen is shown in Fig. 5.2.
From Fig. 5.2 the weld and heat affected zones are estimated to cover 6.25 mm of the total
gauge length. Heat affected zone is observed to possess higher hardness because of the
formation of bainite phase as shown by the optical micrograph in Fig. 5.3(b). The weld
zone has hardness lower than the heat affected zone due to the formation of acicular ferrite
phase (Fig. 5.3(c)), while the base metal with the ferrite and pearlite phases has the least
hardness (Fig. 5.3(a)).

Figure 5.2 Hardness across the weld
Figure 5.4 depicts the spatiotemporal evolutions of (a) temperature, θ (K) and (b)
heat power,

(W/m3) superimposed to the load-time behavior of the specimen deformed

at 8.3 x 10-4/s strain rate. The load plateau involving strain localizations accompanying
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Lüders band kinematics is identified to be in the interval of 35 s - 67 s. Y axis of the
contour plots represents the complete gauge length, the temperature and heat power
evolutions over which are averaged along the gauge width at any particular instant and X
axis represents time. The nucleation and growth kinematics of two Lüders bands initiated
from either ends of the gauge length are reflected by both thermal and heat power
evolutions as seen in Fig. 5.4. However, the zones of band nucleation are found to be
revealed by heat power evolutions much ahead of the thermal evolutions without the
thermal signatures of prior plastic localizations and the associated diffusion effects.

Figure 5.3 Optical micrographs of (a) base metal, (b) heat affected zone and (c) weld zone
in the TIG welded mild steel

Figure 5.4 Spatiotemporal evolutions of (a) temperature and (b) heat power
accompanying Lüders instability in TIG welded specimen
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5.2.1 Nucleation and band growth kinematics
Figure 5.5 represents the evolution of temperature and heat power over the entire
gauge length of the specimen during the nucleation and growth of Lüders bands. At 30th s,
microstrain is localized in the center of the gauge length because of stress concentration in
the weld induced by welding process and at the ends of gauge length (close to fillets) due
to stress concentration induced by gripping which are manifested through heat power
evolution in these zones as observed. The magnitude of heat power at the center of gauge
length is more, reflecting the possibility of intense stress concentration leading to
nucleation of Lüders band. However, the same information is not clearly reflected in the
corresponding thermal field because of the thermoelastic effect.

Figure 5.5 Spatial distribution of temperature and heat power accompanying Lüders band
nucleation and growth
With further increase in load, nucleus in the center of the gauge length goes
unstable and that from the upper end of gauge length develops as revealed by both thermal
and heat power fields at 33 s. Nucleus later traverses the complete cross section
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developing as a fully grown Lüders band at 35 s corresponding to the upper yield point.
This conveys that with increase in load, stress concentration due to gripping builds up
more than that of the weld zone, thereby making the upper end of gauge length as the
favorable zone for plastic deformation through Lüders band. The band then yields
(deforms) the gauge length by means of band front propagation (band growth). At 53 s, the
band front covers the upper half of the gauge length with nucleation of second band taking
place simultaneously from the lower end as observed in the heat power field. The
nucleation of second band is not revealed by the corresponding thermal field due to the
sustaining effect of thermoelasticity which masks the information. This is then followed
by plastic localization in the lower half of the gauge length accompanying growth of the
second band. At 67 s, corresponding to the end of the load plateau, the second band front
traverses along the gauge length to some distance but not till the center of the gauge
length.
By comparing the heat power fields at 53 s, 54 s and 67 s, it can be realized that
from the center of the gauge length (in which weld and heat affected zones are present) to
some distance towards the lower half of the gauge length, the magnitude of heat evolutions
is relatively less. The same can be quantitatively analyzed from Fig. 5.4(b) where it can be
observed that at 67th s corresponding to end of the load plateau, the magnitude of heat
power from 76th pixel to 96th pixel covering the weld, heat affected zones with dissimilar
microstructures and some portion of the lower base metal region is relatively lower. It is to
be highlighted that heat power evolutions are relatively less influenced by thermoelasticity
and reveal the plastic localization associated with the band growth (band front
propagation) at any instant of time without the effect of signatures of prior plastic
localization.

86 | P a g e

Chapter - 5
Figure 5.6 represents the strain fields eyy and strain rate fields ėyy (of the order of
microns, µ) of complete gauge length accompanying Lüders bands nucleation and growth.
Although nucleation of Lüders bands in the center, upper and lower ends of the gauge
length at 30 s, 35 s and 53 s respectively is depicted in both strain and strain rate fields,
localization over the complete cross section at any instant of time is revealed only by the
strain rate fields without the effect of the track record of prior strain localizations. Strain
field at 67 s clearly reveals that the lower half of the gauge length has yielded relatively
lesser in comparison with that of the upper half while lowest strain at the center of the
gauge length. Strain rate evolutions in the center of the gauge length and zones adjacent to
it in the lower half of gauge length are also observed to be very less, which confirms that
these regions have undergone very less deformation. The lower magnitude of heat power
and strain rate evolutions in the center of the gauge length is because of the presence of the
bainite phase in the weld zone and acicular ferrite in heat affected zone which have
relatively higher mechanical property when compared to that of the base metal ferrite.

Figure 5.6 Spatial distribution of strain and strain rate accompanying Lüders band
nucleation and growth
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5.2.2 Uniform strain hardening
Figure 5.7 depicts the thermal and heat power fields in the uniform strain
hardening region where it is expected to have uniform temperature and heat evolutions
over the complete gauge length.

Figure 5.7 Temperature and heat power fields in the initial stages of strain hardening
Localized heat power evolutions is found to continue in the uniform strain
hardening region from the same zone of localization at the end of the load plateau as
revealed by the heat power fields in the interval of 70 s - 73 s. Although temperature is
localized in the lower half of the gauge length, the precise zone of plastic localization is
not depicted in the temperature fields due to the effect of thermal diffusion. This is then
followed by localization in the upper half of the gauge length till 90 s where band front has
already propagated. Such type of plastic localization is due to delayed localized yielding
described in the chapter 4. Following this, heat power evolves over the entire gauge length
manifesting uniform plastic deformation as seen at 125 s in Fig. 5.7. On the other hand,
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strain rate localizes in the same fashion as that of heat power during the initial stages of
strain hardening complementing the information revealed by the heat power evolutions as
seen in Fig. 5.8. Finally, after 125 s it fluctuates over the complete gauge length
manifesting the uniform plastic deformation experienced by the specimen.

Figure 5.8 Strain and strain rate fields in the initial stages of strain hardening
5.2.3 Local variations of temperature, heat power, strain and strain rate
The temporal evolutions of temperature, heat power, strain and strain rate in
different local zones along the gauge length are shown in Fig. 5.9. Three local zones,
namely, zone 1 (base metal), zone 2 (base metal) and zone 3 (encompassing weld and heat
affect zone) marked in the thermal field at 30th s in Fig. 5.5 are considered. From
Fig. 5.9(a) it is observed that temperature initially decreases to a minimum on all the zones
till 32 s due to thermoelastic effect, after which it increases in zone 3 corresponding to the
nucleation of unstable band as revealed by heat power fields in Fig. 5.5. This is then
followed by rapid increase of temperature in zone 1 accompanying the formation and
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growth of the first stable Lüders band where temperature saturates to about 0.89 K at 44 s,
after which it increases in zone 3 as the band front approaches the center of the gauge
length. The formation of second band in the lower end of the gauge length manifests with
substantial increase of temperature in zone 2 at 53 s as seen in Fig. 5.9(a). In the uniform
strain hardening region, the temperature increases rapidly in all the local zones with
highest value in zone 3 (encompassing weld and heat affected zones).

Figure 5.9 Temporal evolutions of (a) temperature, (b) heat power, (c) strain and (d) strain
rate on the local zones
On the other hand, heat power increases rapidly in the zone 3 from 27 s itself
revealing the plastic localization associated with the formation of unstable band as seen in
Fig. 5.9(b). Formation of the first stable band in the zone 1 is revealed through drastic heat
power evolution at 31 s itself, which is much ahead of the corresponding temperature
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evolutions. This is then followed by heat evolutions in the zones 3 and 2 associated with
propagation of first band front to the center of the gauge length and the formation and
growth of second band. During uniform strain hardening, i.e. after 67 s, heat evolutions in
all the local zones are very less when compared to that of the load plateau. This is because,
deformation is now distributed over the entire gauge length and hence mechanical power
experienced by the considered local zones is less and in turn the heat power evolutions are
also lesser. Similar to temperature, heat evolutions in zone 3 are higher than other local
zones during strain hardening.
Strain evolutions in all the local zones are observed to follow the same trend as that
of thermal evolutions in the load plateau as shown in Fig. 5.9(c). Formation of unstable
band, first stable band and second band at 32 s, 35 s and 53 s respectively are manifested
with rapid strain evolutions in the corresponding zones. After the formation of first stable
band in zone 1, strain evolutions associated with the unstable band nucleation in zone 3
saturates conveying that material no more yields in this zone. Strain in zone 3 again
evolves when the first band front approaches close to the center of the gauge length at
44 s. From this it is clear that the area under the two heat power peaks in Fig. 5.9(b) for
zone 3 at 33 s and 50 s have deformations associated. However, for the third peak at 73 s
there are not much significant strain evolutions. The possibility of complete transfer of
acting power into heat power is more at this instant which can be confirmed through
estimation of fraction of acting plastic power converted into heat and stored powers.
On the other hand, strain rate evolutions are found to confirm all the plastic
localizations revealed by the heat power variations in all the local zones in the load plateau
as observed in Fig. 5.9(d). It is to be noted that strain and strain rate experienced by the
zone 3 (encompassing weld and heat affected zones) during strain hardening is very less in
comparison with that of other zones, trending opposite to that of temperature and heat
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power evolutions. Also, no significant strain rate evolution is observed corresponding to
the heat power peak at 73 s where plastic strain localization was earlier doubtful using
strain variations. The difference in the deformation behavior of local zones observed
during Lüders band kinematics and uniform strain hardening using heat power and strain
rate evolutions can be confirmed by analyzing the energy balances involved in each region
of the load-time curve on all these zones which is described in the next section.
5.2.4 Local variations of the thermomechanical parameters
The variation of thermomechanical parameters such as plastic power (
dissipative heat power (

) and stored power (

),

) in all the local zones are shown in

Fig. 5.10. Plastic power in zone 1 is initially zero during elastic deformation and then
increases drastically from 31 s itself following the end of thermoelastic effect, although
macroscopic yield point corresponds to 35 s as seen in Fig. 5.10(a). Corresponding
dissipative heat and stored powers in this zone also increase from 31 s as a manifestation
of the formation of first stable band following the same characteristic variations as that of
plastic power. At the end of the load plateau, plastic power again increases in this zone
due to delayed yielding characterized with significant evolutions of stored power from
63 s. However, the corresponding heat power evolutions are very less at this instant and
become prominent only after 68 s (i.e. during initial stages of strain hardening). Such
localization in the zone 1 during the initial stages of uniform strain hardening can also be
visualized through careful examination of the heat power field at 73 s in Fig. 5.7.
In zone 2, the plastic, dissipative heat and stored powers increase from 53 s and
peak at 57 s corresponding to the formation and growth of second band in this zone as
seen in Fig. 5.10(b). It is to be noticed that during the formation and growth of first band
in zone 1, no plastic power acts in zone 2 and hence no heat or stored powers evolve.
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These observations confirm that the two heat power peaks at 37 s and 57 s for zone 1 and
2 respectively in Fig. 5.9(b) during Lüders band growth have plastic strain localizations
associated. In zone 3, plastic power and the associated dissipative heat and stored powers
increase from 26 s corresponding to the nucleation of unstable band as shown in
Fig. 5.10(c). Heat power evolutions due to this nucleation are observed to be very less and
stored power has a remarkable evolution revealing the intense strain localization
(deformation) associated.

Figure 5.10 Variation of thermomechanical parameters in (a) zone1, (b) zone 2, and
(c) zone 3
Although plastic power in zone 3 is significant in the interval of 41 s to 67 s, the
corresponding stored power is very less (almost zero) and the dissipative power is equal to
or some times more than the plastic power. Hence, zone 3 (encompassing weld and heat
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affected zones) experiences significant deformation only during the unstable nucleation,
whereas during band front propagations from either end of gauge length in the load
plateau plastic strain experienced is very less. In other words, acting plastic power in
zone 3 in the interval of 41 s to 67 s is not sufficient to yield this zone significantly
through band front propagations. This is because of the bainite and acicular ferrite phases
in the weld and heat affected zones encompassing zone 3 which have higher yield strength
compared to the ferrite phase present in the base metal zones 1 and 2. At time instants
corresponding to mild evolutions of stored power in zone 3, strain rate also evolves as
observed in Fig. 5.9(d). During uniform deformation in the strain hardening region, heat
power evolutions are more than the stored power unlike other base metal zones (zone 1
and 2). Also, plastic power and the associated dissipative heat and stored powers in zone 3
are very less in magnitude when compared to zones 1 and 2.
5.2.5 Energy conversion rate ratio
The fraction of mechanical power converted into stored power (βdiff) in the
considered local zones is shown in Fig. 5.11. The variation of βdiff in each zone is plotted
from an instant at which plastic power evolves in it. In zone 1, βdiff increases drastically
since the inception of plastic power. Although plastic power acts in this zone only till 49 s,
significant values of βdiff observed till the end of the load plateau (67 s) is because of the
conversion of very small magnitude of plastic power to stored power acting on this zone
after 49 s. In zone 2, βdiff increases from 53 s associated with the nucleation and growth of
second band and significant till the end of the load plateau. It is to be noted that the value
of βdiff in zones 1 and 2 is almost the same (~ 0.8) when they experience deformations
through band kinematics in their respective intervals. In zone 3, the initial negative value
of βdiff is because dissipative power is more than the plastic power, i.e. rate of heat
dissipation is more than the deformation energy rate. As time proceeds, βdiff evolves and
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becomes significant as a result of the nucleation of unstable band in this zone. The positive
values of βdiff at selected instants in the interval of 45 s - 50 s and 60 s - 65 s confirm the
mild deformations experienced by the zone 3 during the approach of the bands fronts
towards it.

Figure 5.11 Variations of βdiff in (a) zone 1, (b) zone 2 and (c) zone 3
Generally, βdiff during strain hardening (involving very intense plastic deformation)
will be more than that of the load plateau. In the present study, βdiff during strain hardening
in all the local zones is either comparable or less than that of the load plateau. This is
because, the rate at which material is deformed for the smaller magnitude of acting plastic
power in the considered local zones becomes less as the material now undergoes uniform
deformation with plastic power distributed over the entire gauge length. Among the local
zones, zone 3 (weld and heat affected zones) has the least value of βdiff in the strain
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hardening region conveying the they undergo very less deformation because of the
presence of bainite and acicular ferrite phases.
In this study, deformation behavior of welded mild steel accompanying Lüders
instability is characterized using the associated thermomechanical responses. Although
thermal and strain fields reveal that Lüders bands cease to propagate in the weld and heat
affected zones (leaving them undeformed), heat power and strain rate evolutions
demonstrate the mild yielding of these zones in the load plateau. Estimated stored power
and energy conversion rate ratio confirm the yielding experienced by weld and heat
affected zones through unstable and stable Lüders bands. The plastic power and the
associated dissipative heat and stored powers in the zone encompassing weld and heat
affected zones have been found to be relatively very less because of the presence of bainite
and acicular ferrite phases which have relatively higher yield strength compared to the
base metal ferrite. From this study, it is also clear that localized heat power evolutions
need not be accompanied by strain localizations as there is possibility for complete
conversion of acting plastic power into heat power especially when a material with
dissimilar microstructures is considered.
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SUMMARY, CONCLUSIONS, HIGHLIGHTS, CONTRIBUTIONS
AND FUTURE DIRECTIONS

6.1 Summary and Conclusions
This dissertation describes a study in which Infrared thermal imaging and Digital
image correlation have been applied simultaneously to study the inhomogeneous
deformation behavior of IS 2062 grade E250 B mild steel exhibiting Lüders instability
while subjected to tensile loading. Such steels are widely used as structural materials in
many industries including strategic industries like nuclear. Prior to experimentation, all the
specimens were qualified through complementary NDE methods such as radiography and
visual testing to ensure absence of defects which can otherwise result in erroneous
interpretations. During experimentation, appropriate precautions were taken to minimize
the effects of background radiations and fluctuations in the ambient temperature, which
are potential sources of noise in temperature measurements. Adequate care was also taken
to ensure a distributed high contrast random dot pattern on the specimen surface using
matt spray paints and no fluctuations in the illuminated light intensity. The results
obtained clearly highlight the potential advantage of multi modal NDE - in this case the
combined application of IRT and DIC in providing greater insights and enhanced
understanding on the Lüders phenomenon through correlation of macroscopic
thermomechanical responses to the microscopic dislocation activities. It also helped in
validating the existing models on the nucleation and growth aspects of Lüders bands.
Some of the significant observations in each of the chapters are summarized below.
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In chapter 3, the critical areas of Lüders deformation were studied using
temperature and strain fields. In the elastic region, a uniform decrease in temperature due
to thermoelastic effect and discontinuous (fluctuating) but self organized microstrain
evolutions were observed. The thermoelastic effect has been found to mask the
temperature evolutions corresponding to microstrain localizations initially, after which
temperature and strain evolutions are rapid in the stress concentration zone reflecting the
rapid generation of dislocations. These are in line with the microstructural observations of
Suits [70] and P. J. Worthington et al. [76]. It is also confirmed through visualization that
at upper yield stress, nucleus is no more a nucleus, but traverses the complete cross section
at an angle developing as a fully grown band. This correlates with the reports by
D.W. Moon [75] based on microstructural observations. The similarity of observed
fluctuating strain evolutions in the elastic region to that of fluctuating strain rate evolutions
reported by Mudrock et al [141] intuitively coveys that for any plastic instability
phenomenon (static - Lüders bands

or dynamic strain ageing - PLC bands) the

microplastic behavior during the initial stages of elastic deformation is almost similar. The
present study also reveals the potential of IRT and DIC techniques in providing better
visualization of the zone of band formation much ahead of the upper yield point.
Thermal and strain evolutions associated with the nucleation and development of
the Lüders band before macroscopic yield point clearly demonstrated the band formation
behavior which is in line with band formation mechanism proposed by Friedel [142]. The
inhomogeneity in the thermal-strain distribution measured across the band front using IRT
and DIC has been found to be partially in line with the inhomogeneity in stress-strain
distribution proposed by Van Rooyen [102]. The reason for any mismatch of the measured
thermal-strain distribution with the stress-strain distribution defined by the model has been
discussed considering not only the theoretical aspects of the model, but also other practical
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considerations such as experimental conditions and limitations of the techniques used.
Experimental results have also led to the first of its kind observations such as the
symmetry in strain distribution on either side of nucleation zone and strain evolutions
much before band front which were not predicted by the model. It has been observed that
for a particular specimen thickness, the effective width of Lüders band is not constant in
the load plateau. Active zone has been observed to increase irregularly. Instances with no
change in active zone when effective width changes and vice versa are also observed.
These observations confirm that the two stages of Lüders band growth mechanism,
namely, yielding and work hardening may not be successive and if successive will not
generally compensate each other to the same magnitude of region within the band
reflecting the irregularity involved in their occurrence. The studies carried out also
revealed that strain rate varies in the active zone and always peaks in the effective width of
Lüders band.
In chapter 4, heat power and strain rate evolutions accompanying Lüders
deformation were estimated for gaining better clarity on the kinematics of localization
without the influence of signatures of prior plastic localizations. The band nucleation
zones were observed in the heat power and strain rate fields much ahead of the thermal
and strain fields. In the elastic and uniform strain hardening regions, heat power and strain
rate were distributed with peak strain rate fluctuating over the complete gauge length
manifesting the uniform elastic and plastic deformations, whereas in the load plateau, they
are localized revealing the plastic localizations accompanying Lüders bands precisely.
During the formation of Lüders band, heat power and strain rate were localized within the
band representing the deformation inside the band, whereas during band growth they are
localized at the band fronts conveying the occurrence of yielding in the elastic region close
to the band front thereby experimentally validating the band growth mechanism proposed
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by Van Rooyen [102]. The continuation of strain localizations due to delayed localized
yielding in the end of load plateau and initial stages of uniform strain hardening which
were not revealed by the thermal and strain evolutions has been successfully studied using
heat power and strain rate evolutions. Plastic, dissipative heat and stored powers were
almost zero till the end of thermoelastic effect, after which they increased drastically
marking the onset of strain localizations accompanying nucleation and growth of Lüders
bands. The variations in the stored power clearly revealed the difference in plastic
deformation experienced by the specimen during the growth of two different Lüders
bands. Although fraction of plastic power stored was mostly higher than the dissipative
heat power, heat power dissipated was found to be relatively more in the load plateau than
the strain hardening region conveying that specimen experiences lesser deformation
during the Lüders band kinematics in the load plateau.
In chapter 5, discontinuous yielding behavior of TIG welded mild steel
accompanying Lüders instability was studied based on the associated thermomechanical
responses. Unlike the plain specimens, Lüders band was found to nucleate in the zone
encompassing weld and heat affected zones due to the stress concentrations associated.
However, this nucleation was later observed to become unstable following which stable
bands from the fillets of the specimen yield the gauge length as a result of buildup of stress
concentrations in the fillets when macroscopic yield point is attained. Thermal and strain
fields which are influenced by the signatures of prior plastic localization showed that
Lüders band fronts cease to propagate in the weld and heat affected zones. This
observation is in line with the simulation results of Ramanova et al. [149]. However, the
estimated heat power and strain rate evolutions revealed mild plastic strain localizations in
the zone encompassing weld and heat affected zones during the growth of Lüders bands in
the load plateau. Significant evolution of stored power accompanying unstable band
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nucleation close to elastic-plastic transition of the load-time curve revealed the
deformation experienced by the weld and heat affected zones. Also, the estimated stored
power and the differential Taylor-Quinney coefficient confirmed the mild yielding of the
weld and heat affected zones through band front propagations in the load plateau. The
plastic power acting in the zone encompassing weld and heat affected zones and the
associated dissipative heat and stored powers have been found to be less in comparison
with that of other zones because of the presence of bainite and acicular ferrite phases. For
the same reason, fraction of plastic power dissipated as heat was observed to be higher in
this zone during strain hardening unlike the base metal zones. This study has also proved
that localization of heat power not necessarily be accompanied by strain localization,
where the possibility of complete conversion of acting plastic power into heat is also more
especially when a material with dissimilar microstructures is studied.
6.2 Highlights
The primary focus of this dissertation has been on the substantial areas of interest
such as microstrain localization leading to Lüders band nucleation, deformations of the
local zones within the Lüders band which constitutes to the band growth, stress-strainstrain rate distributions across the band front and delayed localized yielding etc. The study
on the correlation of the macroscopic thermal and strain responses to the microstrain
evolution and localization leading to the Lüders band nucleation is one of the first of its
type. Also, the insights provided on the band growth mechanism based on the
measurements of the magnitude of local zones of Lüders band using DIC is yet another
unique work of this thesis. In addition to the studies carried out using temperature and
strain variations, heat power and strain rate evolutions have also been estimated for
quantitative analysis of the kinematics of localization accompanying Lüders deformation
without the influence of signatures of prior plastic localization. Using the heat power and
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strain rate evolutions, the occurrence of delayed localized yielding in the end of the load
plateau and initial stages of uniform strain hardening has been successfully studied and
visualized for the first time. The other important highlight of this dissertation is the
understanding that is achieved on the difference in the fractional dissociation of acting
plastic power into dissipative heat and stored powers during Lüders band nucleation and
growth in the load plateau and uniform strain hardening. The study on the discontinuous
yielding behavior of welded mild steel under influence of dissimilar microstructures on
the nucleation and growth behavior of Lüders bands is yet another benchmark study of
this dissertation. Also, for the first time, the difference in yielding behavior of local
zones of welded mild steel during Lüders band kinematics in the load plateau and
uniform deformation in the strain hardening region has been studied and quantified
through characteristic variations of the thermomechanical parameters such as
dissipative heat power, stored power and the energy conversion rate ratio.
It is to be also highlighted that all the above mentioned significant observations
have been published in peer reviewed international journals with good impact factors.
6.3 Contributions
Some of the major contributions of this dissertation are briefed below
 The proposed models and concepts on the Lüders band formation and stress-strain
distribution across the band has been experimentally validated with additional
insights which were not predicted by the models.
 The deformation of local zones within the Lüders band studied using image
correlation has led to understanding the irregularity in the occurrences of two stages
of band growth mechanism.
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 An insight into the nature of Lüders yielding behavior of TIG welded mild steel with
dissimilar mechanical properties across the weld has been provided.
 The continuation of strain localization due to delayed localized yielding at the end of
the load plateau and initial stages of uniform strain hardening has been
experimentally demonstrated and visualized.
 The fractional rate of energy conversions studied in both plain and welded mild steel
revealed the strain softening/hardening behavior of the material during instability in
the plastic flow, globally as well as on local zones.
6.4 Future directions
It is well known that modeling, simulation, calibration and systematic
experimentation are the keys to successful research and technology development. In
science, any work is still a start in itself, as more puzzles and queries are thrown up as one
delves deeper in the quest for excellence. While the focused studies in this thesis have
significantly contributed in gaining newer insights, validating many of the propounded
theories and correlating observations by other international researchers on some of the
important aspects of Lüders instability, there is still scope for further research. Some of the
possible areas which can be explored include:
 The Lüders yielding behavior during biaxial and multi axial loading conditions and
other types of testing such as compression, shear and torsion or combinations of
these. This would provide more realistic insights into the Lüders deformation
behavior in an industrial structural component and the associated band characteristics.
 The effect of various cross sections of the specimen on the Lüders band
characteristics. Since plastic instabilities are strongly influenced by strain ageing,
application of IRT and DIC can play a crucial role in revealing the effect of
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interrupted loading on the band characteristics such as band front velocity,
orientation, upper and lower yield stresses and Lüders strain etc.
 The thermomechanical response across the Lüders band at the grain scale by
achieving high spatial resolution in a local region, which would provide an insight
into the micro mechanisms involved in band growth. High spatial resolution in a local
region can be achieved by using high magnification lenses coupled with infrared and
optical cameras. However, this setup needs the grain size of the material at least in the
order of 1-3 mm.
 The coupled characterization using SEM-DIC-EBSD setup where the image
correlation can be performed on the captured SEM images during in situ tensile
testing of materials. Also, electron backscatter diffraction (EBSD) can be carried out
on the same field view of the specimen. The EBSD pattern when overlaid on the
strain map would help in quantifying the kinematics of microstrain and their
localization leading to Lüders band nucleation. The inhomogeneity in stress-strain
distribution across the Lüders band and the occurrence of delayed localized yielding
can be understood in terms of slip activities at the grain scale.
 The effect of temperature, which strongly influences the plastic instabilities in
materials by modifying the diffusion of dislocations and thereby the lockingunlocking mechanism. Performing high temperature experiments which are generally
performed in a closed chamber could be relatively challenging. Provisions for
recording the infrared and digital images of the surface of the specimen can be made
using glass windows which are transparent to IR and visible radiations. Also, high
temperature spray paints must be used for making black coating and random dot
pattern on the specimen surface.
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