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Abstract

The process of welding is associated with high and varying thermal gradients across the

weld, resulting in inhomogeneous material properties surrounding the weldment. A proper

understanding of the varying mechanical properties of the weld and surrounding materials

is important in designing and modelling of components with weld. In the initial study the

characterisation of different zones such as fusion zone, heat affected zones and unaffected

base material of a deposited weld is carried out using uniform stress method (USM) in-

volving digital image correlation (DIC) technique. A methodology using the micrographic

observation and image processing is proposed for accurate identification of various weld

zones. The response of welded samples in the elastic and plastic region is compared with

the virgin sample. Full range stress-strain curves are obtained for each zone using the whole

field strain measurement involving DIC. The parameters investigated are Young’s modulus,

Poisson’s ratio, yield stress, strain hardening exponent and strength coefficient. A study

regarding the variation of properties with respect to varying weld currents of 100 A, 130 A

and 150 A is carried out. The Vickers micro hardness measurement is also conducted to

obtain the variation in hardness across weldment. Fusion zone of all the welded samples

have reported lower Young’s modulus and higher yield strength compared to virgin samples.

The Vicker’s hardness values obtained for fusion and heat affected zones are in line with

the yield stress variation obtained zone wise.

Further, local zone wise elastic and plastic characterization of electron beam welded

Ti-6Al-4V titanium alloy is carried out using virtual fields method (VFM) and the results

are compared with the results obtained using USM. The results obtained using USM and

VFM are in good agreement. From the zone wise parameters it is observed that the fusion

zone is having the least Young’s modulus and exhibits higher Poisson’s ratio, yield stress

and strength coefficient. Base metal, where the specimens failed has reported the lowest

yield stress value. Heat affected zones have recorded a higher strain hardening exponent

in comparison with other zones. Vicker’s microhardness examination across the weld also

followed the same trend as that of zone wise parameters extracted, which reassured the

accuracy of the implemented technique.
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Chapter 1

Introduction and Literature

Review

1.1 Introduction

Welding is an inevitable material joining technique in most of the engineering and fabrica-

tion process. In a welding operation, energy required for creating chemical bonds between

the materials to be joined is obtained either from heat, pressure or from the combined action

of heat and pressure [1]. The heat source interaction time and thermal gradient developed

across the weld will give rise to material zones with different micro-structure compared

to parent material [2]. Because of this micro-structural change the behaviour of various

zones like fusion zone (FZ), heat affected zones (HAZs) and base material (BM) will be

different from one another. Refer Fig. 1.1 for a schematic view of the cross-section of a

weld deposition. The formation of these zones make a welded specimen heterogeneous in

microstructure and hence complex in mechanical response upon loading. Global response of

a welded component against loading is a function of local property distribution associated

with this heterogeneous structure. In a perfect weld the variation of mechanical properties

of FZ and HAZs will be close to that of the base metal. Process of welding is associated

Figure 1.1: Schematic diagram showing various zones in the cross-section of a weld deposi-
tion
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with many parameters such as welding methodology, heat source interaction time, distance

between the electrode and work piece, power density, feed rate, shielding techniques, envi-

ronmental factors etc. Any changes made to the above parameters will result in a unique

weld zone microstructure and hence distinct property variations. A proper understanding

of these varying constitutive parameters is important in following aspects:

• Identification of the weak zone and validation of the design requirements of the com-

ponents comprises of welds.

• Modelling of complicated welded components where component level experimental

stress analysis is difficult.

• Optimizing welding parameters and selecting proper welding technique to produce

components with required design characteristics.

• Design manufacturing operations such as forming of a welded sheet metal to minimize

the defects in the final product.

In this study, zone wise local extraction of elastic and plastic properties of welds are at-

tempted. Two different methodologies involving Digital image correlation (DIC) is utilized

for parameter extraction. One is uniform stress method (USM) through which zone wise

full range stress-strain curves are extracted and from those curves elastic and plastic param-

eters are identified. Second one is by using virtual fields method (VFM) and here a more

computationally fast and accurate zone wise parameter extraction is materialized using the

weak form of equilibrium equations generated using principle of virtual work. Chapter wise

description on the implementation of above methodologies are as follows.

The objective of the study described in chapter 2 is accurate identification and charac-

terization of various thermally affected zones and obtain the full range stress-strain curves

corresponding to each identified zones of a gas metal arc weld (GMAW) on mild steel sheet

. Characterization includes identification of different zones, finding out the constitutive

parameters of each zone within the elastic region, estimation of yield stress in various zones

and further strain hardening exponent and strength coefficient as specified by Hollomon’s

power law. DIC is employed for obtaining whole field strain distribution in various zones

across the weldment. Vickers microhardness measurement is also carried out on various

zones in order to capture the variation of surface hardness across the weldment. The main

difficulty in incorporating DIC is on the method of discretizing the weld area into different

zones. A strain based method coupled with the microstructure examination is proposed and

used in this study for identification of various zones. In order to study the effect of variation

of welding parameters on the local properties, specimens are fabricated using three differ-

ent current ratings such as 100 A, 130 A and 150 A by keeping other welding parameters

constant.
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Chapter 3 elaborates on the zone wise extraction of elastic and plastic parameters of

electron beam welded (EBW) Ti-6Al-4V titanium alloy sheets using DIC technique. Various

zones such as FZ, HAZs and BM are identified from the micrographic examination of the

weld. Transverse weld tensile samples are tested and by using DIC the surface strain

distribution across the weld is measured. The surface strain distribution is divided in to

various zones based on the informations from the micrographic study and then zone wise full

range stress-strain curves are extracted. Required material parameters are extracted from

these zone wise stress-strain curves. Young’s modulus and Poisson’s ratio are the elastic

parameters which are extracted. Hollomon’s power law is used here as the material model

for the plastic parameter extraction and the sought parameters are strength coefficient and

strain hardening exponent. Another important parameter extracted is the zone wise yield

stress from that information the weakest zone is identified. Extensometry technique is also

employed to get an average response of the weld. Vicker’s microhardness values are measure

across the weldment to get the variation in microhardness from zone to zone and to compare

the trend in hardness variation with extracted parameters.

Chapter 4 is on the implementation of VFM towards zone wise local characterization

of EBW on Ti-6Al-4V titanium alloy. Input data for the analysis is derived from the same

test data used for the analysis in chapter 3. For the first time both elastic and plastic

parameters are extracted using VFM for each weld zone. In this study, the results obtained

in chapter 3 is recalculated using VFM for comparing it with USM methodology.

Since this study is dealing with characterization of welds (GMAW and EBW) and DIC

technique is used for measuring the surface strain distribution, following subsections are

included as a brief introduction into weld zone characterization, GMAW, BEW and DIC.

1.1.1 Characterization of Welds

There are many methods available for characterizing a weld depending on the application,

function and required properties of the weld. Characterization can be done at three different

levels. First level is based on the informations gathered using non destructive type exami-

nations. Visual inspections, radiography, ultrasonic testing, and liquid penetrant inspection

are utilized here to quantify the surface and internal defects. Based on the severity of the

defects the welds are characterized. But this type of inspection is not capable of providing

any information about the micro structure and zone wise mechanical properties of a weld.

Second level of weld characterization is a destructive method by which the micro structural

changes across the weld is visualized. In this, a small section of weld is taken from the

weld and based on the requirement various analysis are performed such as examination of

weld bead size, bead shape, weld homogeneity, orientation of beads in a multipass weld,

micro-segregation, grain structure and its size measurement and compositional analysis for

finding the chemical composition and corrosion behaviour of the weld. In design stand point

the above analysis are not sufficient to satisfy the requirements of a designer. In order to
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validate a design which composed of weld, one require the mechanical properties associated

with the welded component. So the third and important level of weld characterization is

extraction of mechanical properties of a weldment. This level of characterization is the main

aim of this thesis.Yield strength, tensile strength, ductility, hardness, and impact or frac-

ture toughness are the typical mechanical properties which are extracted for characterizing

a weld. Since a weld is composed of zones having varying microstructure these properties

can differ from zone to zone. If the mechanical properties are extracted by considering all

the zone combined together as a single zone, then the extracted property is known as global

property of the weld. The properties associated with each weld zone are known as local

properties. A main concern regarding the local properties of welds is the direct comparison

of the same with base material properties. The aim is to ensure that the weld is not the

weakest component of a structure and if it is the case then to compensate for this in the

design. There are various methods available for extracting both global and local properties

of a weld and they are summarized in section 1.2.

1.1.2 Gas Metal Arc Welding (GMAW)

The concept of GMAW was introduced in 1920s and came to commercial usage from 1940s

[2]. In this technique a continuously fed electrode of filer material is used to establish an

arc between electrode and work piece. An externally supplied inert gas or a gas mixture is

used for shielding the arc and fused metal. The primary objective of the shielding gas is to

prevent the weld pool from reacting with atmospheric nitrogen and oxygen. The ionization

potential of the gas also have an impact on the arc stability and gases with low ionization

potential like argon can offer good arc stability and a chemically inert atmosphere. Carbon

dioxide mixed with argon is a widely used shielding gas combination where the function

of CO2 is to provide more thermal conductivity to the shielding gas so that a more even

distribution of heat to the work piece takes place. Higher speed, better deposition rate,

more depth of penetration and ability to weld long welds and minimal postweld cleaning

requirement because of the absence of a heavy slag are the major attractions of this welding

technique.

For the study described in chapter 2 twin wire gas metal arc welding process is used

for making heavy weld deposit and Fig. 1.2 shows the twin wire welding station. This

welding technique uses two consumable wires simultaneously for arc production and filler

metal deposition. Because of the advancements in the control technology for welding power

controlling, the twin wire arc welding has become more flexible. This flexibility allows

the user to independently select and control the electric potentials of each wire so that

more stable weld conditions are achieved. When the independent power control is also

incorporated into a twin wire arc welding system, then the process is known as tandem

welding [3]. This technique has got several advantages over the single wire GMAW and

conventional arc welding. It is successfully employed in welding cladding, and in special
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applications such as brazing or combined brazing and welding [4]. It has got high production

rates compared to conventional single wire welding [5, 6] and shows stable metal transfer

with low welding current and lesser heat transfer to the base metal [7].

Figure 1.2: KUKA R© twin wire robotic welding station used in this study for making GMAW
welds.

1.1.3 Electron Beam Welding (EBW)

EBW is a high energy density fusion process which utilizes focused beam of electrons having

very high velocities (0.3 to 0.7 times the speed of light). The kinetic energy of the electrons

bombarding the work piece is instantaneously converted in to thermal energy which melts

the surface layers and create path for the electron beam to further penetrate into the

work piece. This will create a molten weld pool in the thickness direction and produces

desired weld joint coalescence. Fig. 3.1 shows the schematic diagram of an EBW process.

The working principle of EBW is: When the negatively charged electron gun (cathode) is

heated above its thermionic emission temperature it emits electrons. Negatively charged

bias electrode and anode helps to accelerate the electrons. When this electrons pass through

the hole in the anode they are focused by an electromagnetic coil to the desired point of the

specimen surface. This beam of high density electrons melts and vaporizes the specimen

material to produce a key hole (ref Fig. 3.1) along the thickness. When the beam moves

forward the surrounding specimen material melts and create a welded joint.

There are several advantages for EBW over conventional arc welding. They are, the

ability to achieve higher depth of penetration which avoid the requirement of multiple
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Figure 1.3: Schematic of electron beam welding. (a) Process (b) Keyhole. Image courtesy:
Sindo K., Welding Metallurgy, Wiley Interscience, 2003

passes as in case of arc welding, narrow HAZ because of the lesser heat input during weld,

the requirement of vacuum helps to use this technique for joining reactive metals. Welds

produced using EBW have lesser distortion and shrinkage. The disadvantages are the cost

of EBW setup which is in a higher side compared to the conventional arc welding, the

high cost and time consumption for the tooling because the welding is materialized using a

narrow electron beam which necessitate precise joint gap and positioning of the specimen.

The requirement of vacuum chamber also creates limitations on the size of work piece can

be welded using this technique.

1.1.4 Introduction to Digital Image Correlation

DIC is a reliable non contact optical technique used in experimental mechanics for getting

whole field displacement and strain fields. This technique came into existence from 1980’s

pioneered by Sutton’s group [8, 9]. Its working principle is based on image comparison

of the specimens coated with a random speckle pattern. Speckle patterns are nothing but

random black dots sprayed over the specimen painted with white paint. Displacement fields

are obtained by comparing the gray scale values of pixels subsets of the deformed specimen

with the reference (undeformed) image of the specimen using a pattern matching algorithm.

The pattern matching is based on obtaining maximum correlation between subsets of the

image in the undeformed and deformed states (see Figure 1.4). A correlation function

used for matching purpose is shown in Equation 1.1. The displacement of the centre of

pixel subset is returned when a best match is identified. The strain fields are obtained by

numerically differentiating the smoothed displacement fields.
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Figure 1.4: Schematic of subset matching DIC: (a) undeformed and (b) deformed.
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∂u
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dx+

∂u

∂y
dy (1.2)

y′ = y + v0 +
∂v

∂x
dx+

∂v

∂y
dy (1.3)

f = Mean intensity value of reference subset

g = Mean intensity value of deformed subset

m is the width of subset in pixels and u0, v0 are translations of the centre of the subset in

the x and y directions.

A single camera can be used for grabbing images towards measuring in-plane surface

displacements and strain and this configuration is known as 2D DIC. For getting out-of-plane

displacement, one can use two cameras for simultaneously grabbing images and this system

configuration is known as 3D DIC. In case of 3D DIC, a detailed calibration procedure

needs to be done to synchronise the cameras and three dimensional location of the object for

estimating displacement components [10]. For a detailed understanding on the development,

theory and capabilities of DIC, readers are advised to refer the following literatures [8–15].

In this study, a 2D-DIC system is used for measuring the surface strain fields of the weld

samples. Post processing of the images is carried out using the commercially available image

correlation software, Vic-2D [16]. A subset size of 29 pixels and a step size of 5 pixels are

used for post processing.

There are many factors which can affect the displacement and strain estimate by a 2D

DIC system. The main sources of the error in the estimate are intensity interpolation, image

noise, lens distortion and out-of-plane displacements. Schreier et al. [17] have concluded

that the intensity interpolation which is required for increasing the measurement resolution
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can introduce errors of the order 10−4 in the strain estimates. Pan [18] have suggested pre-

smoothing the images using a Gaussian low-pass filter to reduce image noise based errors

on the calculated strain field. In order to minimize the effect of out-of-plane displacements,

Sutton et al. [19] have recommended to keep an approximate distance of 1.5 meters between

the camera and the specimen while maintaining the perpendicularity between the line of

sight and specimen surface. Choice of subset size also plays an important role in minimizing

the error. The size of the subset is related to the average size of the speckles because for a

better correlation each subset must contain adequate speckles to give distinct patterns [16].

1.2 Literature Review

The traditional method for estimating the property variation across the weld is hardness

measurement. Instrumented ball indentation techniques and Vickers microhardness mea-

surements are widely used to get the variation in hardness of various zones of weld [20–22].

But hardness measurement is confined to the response of the surface layer of the specimen

material and there are no precise relationships available relating the constitutive parame-

ters and hardness values. Another method is testing of micro-tensile samples made from

different zones of a weld [23]. In practice the preparation of micro-tensile specimen is time

consuming and the spatial resolution and accuracy achievable is also limited. Zuniga et al.

[24] have proposed testing of bulk material produced by weld thermal simulation. However,

it is difficult to model accurately the highly transient thermal gradients experienced by the

weld zones.

Digital image correlation (DIC) technique is successfully used by many researchers to

characterise the heterogeneous weld zones. DIC is an innovative whole field non-contact

optical technique used for measuring strain and displacement in components over a wide

range of length scales. This technique is easy to use since it involves simpler surface prepa-

ration of specimens and it can be applied to all kind of materials [25]. Lockwood et al. [26]

and Leitäo et al. [27] have simulated the global response of a friction stir weld using local

constitutive behaviour obtained with DIC. Duvall and Reynolds [28, 29] have used DIC for

the determination of weld and base metal constitutive behaviour with isostress assumption,

but a clear strategy to get the size and shape of weld zones from speckled image has not

been discussed. Sutton et al. [19] have compared both uniform stress and virtual fields

methods for parameter identification of welded specimen and concluded that the uniform

stress assumption is giving results with reasonable accuracy. Acar et al. [30] have studied

the variation in mechanical properties of a multi-pass weld using DIC. Longitudinal strain

and 0.2% proof stress are evaluated along a line passing through the weldment. Plastic

zone behaviour and strain hardening effects have not been considered as part of their study.

Strycker et al. [31] have attempted measuring of welding deformations by using DIC but

constitutive parameter extraction has not been attempted. Yan et al. [32] have successfully
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implemented DIC for studying the variation of strain across a pipeline weld. The distribu-

tion of stress at 0.2% strain in the vicinity of the weld is studied and has concluded that

the weld nugget is experiencing higher levels of stress at 0.2% strain.

Song et al. [33] have reported the variation of Youngs modulus and Poisson’s ratio

across the weld of electron beam welded TA15 Titanium alloy using ultrasonic method,

where the Young’s modulus value is found to be decreased from base metal towards weld

nugget where as Poisson’s ratio value is increasing. A similar observation is reported by

Ambriz et al. [22], where an instrumented indentation test on the weld zone of a 6061-T6

aluminium alloy subjected to the modified indirect electric arc welding technique showed a

lower Young’s modulus value for the fusion zone of the weld compared to the base metal.

The advancements in non contact type whole field strain measurement systems such

as DIC and the development of virtual fields method (VFM) have paved way for a more

advanced method for identifying constitutive parameters. VFM, is a technique based on

principle of virtual work (PVW) where the actual whole field strains and kinematically ad-

missible virtual displacement fields are employed for identification of unknown parameters.

This method utilizes PVW to write the weak form of local equilibrium equations which

is nothing but those equations along with force boundary conditions [34], which form the

basis of VFM. In elasticity problems, the unknown constitutive parameters are extracted

by solving a linear system of equations which is formulated by selecting number of inde-

pendent and kinematically admissible virtual displacement fields equal to the number of

unknown parameters. Over the years since it’s development, there are many fields in which

VFM has been successfully implemented. A general review on the history, development and

basic principles of VFM can be found in Ref. [35]. Avril et al. have recently published a

review paper summarising various numerical / analytical technique which are coupled with

full field strain measurements [36]. Pierron et al. [37], have used VFM and surface strain

measurements of a thick composite coupon subjected to a shear-bending load and estimated

the four through-thickness moduli. The stability of the method has also been checked in

their study by adding simulated experimental noise and it is found to be stable except for

Poisson’s ratio measurement. Grédiac et al. [38], have proposed special virtual fields for

the direct determination of material parameters using VFM.

Toussaint et al. [39] have introduced VFM with piecewise virtual fields for estimating

the properties of a heterogeneous material. Further Grédiac et al.[40] have proposed VFM

for identification of elasto-plastic constitutive parameters using whole field in-plane strain

data. Sutton et al. [19] have applied VFM for identification of heterogeneous property

variation across various weld zones of a pipe line girth weld and compared the results with

uniform stress method (USM). They have concluded that the results obtained from USM

is comparable to that of VFM and also the results indicate that the weld nugget possesses

higher yield stress compared to other weld zones. In that study the yield stress estimated

by VFM is on a lower side as compared to USM. Louëdec et al. [41] have studied the local
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elasto-plastic behaviour of friction stir welds (FSW) at different strain rates using VFM.

They have indicated that there is a significant reduction in yield stress and hardening

modulus in the nugget region which is as expected for a FSW weld.

1.3 Scope and Motivation

There exist many potential applications for the local characterization weld like identification

of the mechanical properties of the weakest zone for design calculations, modelling of welds

on complicated geometries by using the zone wise material properties, Optimization studies

for selecting suitable welding parameters to obtain desired properties for the weld etc. There

are lot of literatures available on characterisation of welds for its mechanical properties. But

the established methods are time consuming and accurate zone wise extraction of varying

elastic and plastic parameters of a weld is still an area where lot of improvements are

required. Existing methods for zone wise characterization like micro hardness and miniature

specimen testing have drawbacks like fewer informations from a singe test, time consuming

specimen preparations, lesser spatial resolution etc. Recently, DIC technique is used for

characterization of the weld by few researchers and the area still hold lot of space for new

research. The identification of various zones from the speckled images used for DIC is a

challenge. So the identification of zones and extracting the zone wise constitutive parameters

are attempted in chapter 2. Third chapter adopts the methodology used in chapter 2 for

solving zone wise mechanical properties of an electron beam welded Ti-6AL-4V titanium

alloy. The motivation for chapter 4 is the implementation of virtual fields method towards

faster and accurate identification of zone wise elastic and plastic properties of a weld.

1.4 Thesis layout

Chapter 1 gives idea on the local zone wise characterisation of welds, Literature review on

weld zone characterization, Various welding techniques used in this study, basics of DIC

and Scope and motivation for this thesis.

Chapter 2 describes the implementation of DIC for local elastic and plastic parameter

extraction of weld using USM. Methodology, zone identification using DIC and micrograph,

Tensile testing and the results from testing of a GMAW weld on mild steel are discussed in

detail.

Chapter 3 implements the method utilized in chapter 2 for characterizing the weld zones

of a Ti-6Al-4V titanium alloy welded using EBW.

Chapter 4 deals with virtual field method for local characterization of welds. The results

obtained in chapter 3 is compared with that of extracted using VFM.

Chapter 5 Summarizes and concludes the contributions of this work and future recom-

mendations are discussed.
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Chapter 2

Zone Wise Local Characterization

of Welds Using Digital Image

Correlation Technique

2.1 Introduction

Process of welding is associated with high and varying thermal gradients across the weld.

These thermal gradients will result in microstructural changes and inhomogeneous mate-

rial properties surrounding the weldment. The response of the welded structure against

loading will be a function of these local properties. A proper understanding of the vary-

ing mechanical properties of the weld and surrounding materials is important in designing

and modelling of components with weld. Also identification of failure zone yield stress is

very important in structural design standpoint. In the present study the characterisation

of different zones such as fusion zone, heat affected zones and unaffected base material of

a deposited weld is carried out using digital image correlation (DIC) technique. Twin wire

gas metal arc welding is used for weld deposition. The main difficulty in incorporating DIC

is on the method of discretizing the weld area into different zones. A strain based method

coupled with the microstructure examination is proposed and used in this study for iden-

tification of various zones. The response of the welded samples in the elastic and plastic

region is compared with the virgin sample. Full range stress-strain curves are obtained for

each zone using the whole field strain measurement involving DIC. Hollomon’s power law

is used for characterizing the plastic response. The parameters investigated are Young’s

modulus, Poisson’s ratio, yield stress, strain hardening exponent and strength coefficient.

A study regarding the variation of properties with respect to varying weld current of 100

A, 130 A and 150 A is also carried out. The Vickers micro hardness measurement is also

conducted to obtain the variation in hardness across the weldment.

The rest of this chapter is organized as follows: Section (2.2) explains about the material
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and welding technique used in this study. Section (2.3) describes about the micrographic

examination of weldments to identify various thermally affected regions. Section (2.4) elab-

orates on the procedure adopted for finding the Vicker’s micro hardness across the weld.

Section (2.5) discusses in detail on the methodology adopted in this study for extracting

constitutive parameters using DIC. Results and other observations are discussed in section

(2.6) and section (2.7) is closure.

2.2 Material and Welding Parameters

Mild steel sheets of 300 x 300 x 5 mm3 are used as the base material from which specimens

are manufactured. Bead-on-plate technique is used for producing weldments. The compo-

sition of the mild steel sheet examined using X-ray fluorescence technique is given in Table

2.1. The weld depositions are supposed to mimic the characteristics of a butt welded joint.

Details of the welding technique and weld parameters are given in Table 2.2. KUKA twin

Table 2.1: Chemical composition of mild steel sheet
Element Quantity in % Element Quantity in %

Na 0.326 V 0
Mg 0.035 Cr 0.041
Al 0.076 Mn 0.753
Si 0.371 Fe 97.738
P 0.003 Co 0.310
S 0.022 Ni 0.044
Cl 0.064 Cu 0.036
K 0.015 Zn 0.013
Ca 0.011 Eu 0.094
Sc 0 Yb 0.018
Ti 0.014 Re 0

wire robot welding station is used for producing the weld depositions on three different

sheets with 100 A, 130 A and 150 A current ratings. During welding, all other parameters

apart from the current are kept constant. No pre and post weld heat treatment are done.

Weld beads produced are shown in Fig. 2.1.

Table 2.2: Details of welding methodology and parameters
Parameters Values

Method Twin wire gas metal arc welding
Gas Argon+CO2

Current value 100 A, 130 A, 150 A
Wire material ER70S-6 (Mild steel welding alloy)
Wire diameter 0.8 mm
Torch speed 0.5 m/minute
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(a) (b)

(c)

Figure 2.1: Top view of weld deposition made with different current ratings. (a) with 100
A (b) with 130 A and (c) with 150 A.

2.3 Micrographic Examination

In order to identify various zones of the weld, small rectangular sections are cut using

EDM wire cut machine. The face parallel to the weld penetration is polished and etched

using the solution made of 5% nitric acid and 95% ethanol. For examining the etched

face, an optical microscope (Olympus STM6) with 5x, 10x and 50x zoom is used. An

integrated three mega pixel camera is used for image grabbing. The zones corresponding

to the weld inhomogeneities are visualized and from the calibrated table movements of the

microscope, the coordinates of the boundary of various zones are measured. The fusion

zone is characterized by the presence of dendritic structure and surrounding to FZ, heat

affected zones contain higher grain size as compared to base material. In the present study

the HAZs are divided into three sub zones, based on their average grain size. The coarse

grain HAZ (HAZ1) is the region identified near to FZ having a larger grain size and further

two fine sized grain HAZs (HAZ 2,3) and unaffected base metal (BM) are also identified.

Micrographic view of different zones obtained using optical microscope are shown in Fig.

(2.2,2.3). Schematic diagram showing the locations where the measurements are taken is

depicted in Fig. 2.4(a). Strain data corresponding to these zones are obtained from DIC

technique and the methodology is explained in section (2.5.2).
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Figure 2.2: Optical microscopic image of an etched sample of 150 A weld at 5x magnification.

2.4 Vickers Microhardness Testing

Microhardness examination of the weld is a common and widely accepted method for exam-

ining the variation of hardness across it. The measured hardness values cannot be directly

linked to the constitutive parameters, but they are helpful in the following aspects. Hard-

ness values can be used as a check for the formation of microstructures having low ductility

and toughness which are prone to cracking. In steel pipeline welds the formation of marten-

site in the HAZ results in crack prone zone formation. So for this type of weld a maximum

value for the hardness can be used as a check for weld integrity and it could be related to

the susceptibility of the material towards some kind of stress corrosion [2]. In this study,

Vickers microhardness test (using Dura Scan make microhardness testing set up) is per-

formed along the thickness and transverse direction of the weld. All the tests are done

on a small rectangular specimen used for zone identification. In order to produce further

smooth surface for microhardness testing all the specimen faces are polished to one micron

level using diamond powder paste. A load of 300 grams (HV0.3) is applied and the hardness

values are obtained at an interval of 0.25 mm length. Fig. 2.4(b) shows the direction in the

form of lines along which the microhardness values are evaluated and the obtained results

are discussed in subsection (2.6.2).

2.5 Constitutive Parameter Estimation

In this section the methodology adopted to identify the constitutive parameters of various

zones of the weld using DIC is described.

2.5.1 Specimen dimensions and Tensile Testing

Transverse weld tensile specimens are made from the weld deposited sheets using EDM

wire cut. Fig. 3.1 shows the orientation of the dog bone sample over the weld deposited

mild steel sheet. Dimensions of the specimen is in accordance with the sub-sized specimen
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(a) (b) (c)

(d) (e) (f)

Figure 2.3: Optical microscope images of etched samples at various magnifications. (a)
fusion zone at 5x zoom. dendrite structure can be identified. (b),(c) fusion zone at 10x
zoom. (d),(e) fusion zone with dendrite structures at 50x zoom. (f) Heat affected zone at
50x zoom. All these images belong to weld zone of 150 A specimen.

dimensions given in reference [42] and refer Fig. 3.2(b) for the specimen dimensions used

in this study. Prior to making tensile samples, the projected weld depositions are removed

using rotary surface grinder for making the cross-section uniform throughout the gauge

section. Refer Fig. 2.6 for the tensile samples painted with and without speckle patterns.

In order to compare the properties of different zones with that of the base material, virgin

tensile samples are also prepared. Experiments are performed under static loading using

a computer controlled MTS Landmark R© servo hydraulic cyclic testing machine of 100 kN

capacity having a data acquisition system. Self adjusting hydraulic test fixtures are used

to grip the specimens.The specimens are tested at a speed of 1 mm per minute. The DIC

system consists of a 8-bit Grasshopper R© CCD Camera (POINTGREY- GRAS-50S5M-C)

having a spatial resolution of 2448 x 2048 pixels fitted with Tamron R© zoom lens of 185

mm focal length. In the present study the images are recorded at a rate of 300 images

per minute. Load value for every image being captured is recorded using a separate data

acquisition system. An extensometer is also used for capturing the gauge section strain as

they are the classical method of measuring strain in a tensile test. The experimental setup

used for this study is shown in Fig. 3.6(a).

2.5.2 Zone Identification

This section explains the methodology used to identify different weld zones such as fusion

and heat affected zones from the post processed DIC images. It is important to identify the
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(a) (b)

Figure 2.4: Figure showing measurement locations. (a) Coordinates of the points marked
’X’ are measured using Optical microscope. (b) Vickers micro hardness testing carried out
in the thickness (line AB) and length direction (line CD), where C is the center of fusion
zone.

(a) (b)

Figure 2.5: Specimen geometries used for characterisation (a) orientation of the specimen
with respect to the weld (b) dimension of the tensile specimen.

pixels of the image belonging to different weld zone for determining the local constitutive

parameters. If the pixels of various zones are identified from the image being captured

during the test, then the strain values of the respective zones at various load levels could

be traced and extracted. Since the specimens are painted with speckle patterns it becomes

impossible to directly identify the zones. An approximate identification could be done

looking at the micrographic image. In this study a strain based method is used for accurate

identification of various zones. Post processed images show strain variation across weld

zones. The longitudinal strain contours obtained at different load levels using DIC are

shown in Fig. 2.8. The variation is clearly visible in the strain states falling in the plastic

deformation region. In all the experiments the fusion zone is experiencing the least strain

and gradually increases from coarse grain HAZ towards base material. Fig. 2.9(a), shows

the typical longitudinal strain distribution over a weld deposited specimen under plastic

deformation. The strain contours in the Fig. 2.9(a) are not directly related to various zones

but it is evident from the strain distribution that there is a variation in strain level across

the weld. This property is used for the zone identification and it is explained below.

A line is drawn along the thickness direction as shown in Fig. 2.9(a). Strain values
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(a) (b)

Figure 2.6: Weld specimens used for testing (a) specimens without speckle pattern (b)
specimens with speckle pattern.

and corresponding coordinates of the points lying on that line segment is collected using

image correlation software (Vic-2D). The x coordinates of the extracted data is nothing but

the distance from the weld surface. A MATLAB R© program is written for identifying the

pixels of the image belonging to different weld zones. The inputs to the program are the

coordinates of the boundary of each zone measured using an optical microscope as described

in section (2.3) and longitudinal strain (εyy) obtained from DIC. Initially the program will

plot the longitudinal strain versus distance over the weld surface and it is subdivided in to

various zones using the coordinate information obtained from the micrographic examination.

Fig. 2.9(b) shows the subdivided plot and it is clear that there is a continuous increase in

longitudinal strain from the fusion zone towards base material. Highest strain value in FZ

is identified and using the DIC pixel data and image processing toolbox of MATLAB R© the

pixels corresponding to those strain levels equal to or less than the highest strain level are

identified for the fusion zone and highlighted on the image. In the next step the pixels

corresponding to the strain levels more than the maximum strain value of fusion zone

and equal to or less than the maximum strain value identified for coarse grain HAZ are

collected and highlighted on the image. The same exercise is continued till all the zones

are identified. Fig. 2.10 shows the images with identified pixels highlighted for respective

zones. The same routine is used for identifying the zone wise pixel information for the welds

made with different current ratings.

2.5.3 Constitutive Models and Parameter Estimation

In this section the constitutive models and the methodology used for identifying the con-

stitutive parameters are discussed. The elastic constitutive parameters estimated are the

Young’s modulus (E) and Poisson’s ratio (ν). Hollomon’s power law [43] is used to charac-

terise the plastic deformation and the strain hardening behaviour. The relations between
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(a) (b)

Figure 2.7: Experimental set up involving DIC (a) overall set up (b) zoomed view of the
gripped specimen with extensometer attached.

the parameters under investigation are given in Eq. (4.1), where εyy is the longitudinal

strain, σyy is the corresponding longitudinal stress, σpl is the stress at proportionality limit,

σys is the yield stress which is 0.2% proof stress, K is the strength coefficient and n is the

strain hardening exponent.

σyy =

{
Eεyy, ∀σyy < σpl

Kεnyy, ∀σyy > σys
(2.1)

The known parameters which are directly obtained from the experiments are σyy and εyy.

Since isostress assumption is applied, the longitudinal stress (σyy) is nothing but the ratio

of load value obtained from the load cell to the cross-sectional area of gauge section. The

longitudinal strain (εyy) values are designated in three ways, namely global, local and strain

estimated by the extensometer (EM). The global strain is the average strain over the entire

area of interest considered for image correlation. In this paper the term ’global’ is used

for indicating the average property obtained using DIC. This area will include fusion zone,

various heat affected zones and some portion of the base material. Local strain is the average

strain value of individual zones of the weld obtained using DIC. For each load levels, both

longitudinal strain (εyy) and lateral strain (εxx) of each zone are extracted. Extensometer

is also connected across the weld zone and for all the experiments. It’s removal point is set

as 0.2% strain. The strain value from extensometer are recorded and are compared with

global strain value obtained from DIC. The unknown parameters are extracted from the

stress verses strain curve and fitting it using method of least squares. A straight line is fitted
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Figure 2.8: Longitudinal strain (εyy) obtained using DIC at different load levels over the
weld zone for the 130 A specimen.

to the linear elastic data and it’s slope corresponds to the Young’s modulus. Hollomon’s

power law is fitted to the nonlinear data. Any discontinuity and disturbances recorded

during the transition of elastic to plastic deformation such as unstable yielding like upper

and lower yield points are omitted while fitting the curve. Stress versus strain curves are

plotted for global, local and extensometer strain data. The local stress-strain curves of each

zone is the local response of that particular zone and global stress-strain curve will provide

the details on the average response of the area under study.

Data extraction, curve plotting and parameter identifications are automated by an algo-

rithm written in MATLAB R© software. The procedure adopted for finding out the strength

coefficient and strain hardening exponent is in line with [44, 45]. Poisson’s ratio extraction

is done in accordance with the method described in [46]. The entire process is summarised

in Fig. 2.11.

2.6 Results and Discussions

Observations and results of the micrographic examination, Vicker’s microhardness mea-

surement and constitutive parameter extraction are discussed in detail in the following

subsections.
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Figure 2.9: Zone identification using strain distribution. (a) longitudinal strain (εyy) con-
tours during the plastic deformation of a 130 A specimen estimated at a load of 11.5 kN
(b) (εyy) distribution along the line shown in Fig. 2.9(a), divided into various zones.

2.6.1 Micrographic Examination

Objective and procedure of micrographic examination are elaborated in section (2.3). The

measurements taken during the micrographic examinations has been utilized for zone iden-

tification as explained in section (2.5.2). In this section, the depth of weld penetration,

that is the extent of the fusion zone along the thickness direction for three different welds

produced with different current ratings are compared. The depth of penetration is obtained

from the coordinates of the boundary of the fusion zone measured using optical microscope.

The bar chart relating welding current and the depth of penetration is shown in Fig. 2.12.

It is evident from the figure that the least depth of penetration is for the weld specimen

with 100 A current and maximum for 130 A. The 150 A specimen has a penetration depth

greater than that of 100 A but it is less than that of 130 A current weld. The reason for

the least weld penetration of 100 A weld is because of the lesser amount of energy available

for melting the base material compared to higher current value. The same phenomenon is

not seen for 150 A weld, as it is lower than that of a 130 A weld. In twin wire welding,

two arcs are present namely leading and trailing arc and they are responsible for the weld

material deposition. The leading arc is responsible for creating an initial fusion zone and

the trailing arc deposits more material and increase the depth of penetration. For the same

torch speed the leading arc of 150 A welding deposits more material than the leading arc of

130 A current and the additional material lumped on the work piece makes difficult for the

trailing arc to penetrate further into the base material resulting in decreased penetration

depth.
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(a) (b)

(c) (d)

Figure 2.10: Images with pixels highlighted for various weld zones in 150 A specimen (a)
fusion zone (b) coarse grain HAZ (c) fine grain HAZ 1 (d) fine grain HAZ 2. Pixels apart
from these zones are considered as base metal.

2.6.2 Vicker’s Microhardness Measurement

Hardness values (HV0.3) of the weldment and materials surrounding it is examined as ex-

plained in section (2.4) for different current rating specimens. Highest hardness value is

recorded for the fusion zone and it decreases as one moves away from the fusion zone. The

least value is recorded for the base material. Fig. 2.13 shows the plot relating the hardness

values and measurement locations. The highest recorded hardness value is 233 (HV0.3) for

the fusion zone of 100 A weld and lowest is for the base material whose value is 149 (HV0.3).

The maximum hardness value is of fusion zone and its percentage deviation from the base

material hardness values are tabulated in Table (2.3). The higher hardness value of fusion

zone is primarily due to the fact that the fusion zone and HAZs are strain hardened upon

plastic deformation and become more brittle.
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Figure 2.11: Processes involved in parameter extraction for local weld zones involving DIC

2.6.3 Constitutive Parameters

Constitutive parameters and the methodology used for extracting them has been discussed

in section (2.5.3). Direct findings from the tensile tests are the failure location and total

elongation before failure. The tensile test revealed that the samples with weld deposition

broke at a location away from the welds nearer to the gripping region, (see Fig. 4.3). So

it can be interpreted that the weld depositions are having higher strength properties as

compared to base material. Elongation data are obtained directly from the MTS machine

and the corresponding stress-strain plots are shown in Fig. 2.15. Predominant yielding seen

in the case of virgin sample whereas it is absent in case of welded samples. As compared to

the virgin sample a 39% decrease in elongation at ultimate tensile stress (UTS) is observed

for 100 A specimen and 44% for 130 A and 150 A specimens (see Table 2.4). It can be

interpreted from the elongation results that there is a clear increase in specimen stiffness

in the presence of weld. UTS value of all samples are found to be more or less the same.

Exact values of UTS and their deviation from the virgin sample is tabulated in Table

2.4. The reason for the sameness of the UTS is due to the fact that the region where the
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Figure 2.12: Depth of weld penetration for different current ratings.
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Figure 2.13: Vickers micro hardness measurement across weld zone. (a) Variation of HV0.3

in thickness direction. (b) Variation of HV0.3 along longitudinal direction.

failure occurred belong to the base material and since the base material is having the same

properties as that of the virgin sample therefore the UTS value remained same irrespective

of the weld. Above analysis is done using the data obtained from the extensometer which is

an average response of the material. It is not possible to extract the variability of parameters

and local responses of each weld zone from the extensometer data. Yield stress obtained

from extensometer reading is also compared with the DIC and virgin sample results (See

Fig. 2.17) and are in good coherence. The term ’Global’ represents the average value of

strain obtained from DIC over the entire area. There is difference in the yield stress value

from extensometer reading and global DIC because the extensometer legs are resting on the

base material and most of the material in between the extensometer legs comprises of base

material than HAZs. So, the yield stress predicted by extensometer falls close to yield stress

of the base material. Zone identification and zone wise strain data are materialised using

the whole field strain data from DIC coupled with MATLAB R©, as explained previously in

section (2.5.3). The local stress-strain plots of the corresponding zones obtained using DIC

are shown in Fig. 2.16. The main observation from the plot is that fusion zone exhibits

a higher yield stress as compared to other zones. Virgin sample offered a yield stress of
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Table 2.3: Percentage variation between maximum and base material hardness for specimens
with different current ratings.

Current Highest recorded % Increase from
HV0.3 base metal HV0.3

100 A 233 56.37
130 A 232 55.70
150 A 207 38.92

Figure 2.14: Fractured specimens after tensile testing. Current rating used for welding is
mentioned on the samples.

301 MPa. Variation of yield stress of different zones for different weld current is plotted in

Fig. 2.18(a) and the percentage deviation of zone wise yield stress from the virgin sample

is given in Table 2.5.

Maximum reported value of the average longitudinal strain (εmaxyy ) experienced by each

zone are compared and it is found that the fusion zone is least strained. Fig. 2.18(b)

shows the plot of maximum average longitudinal strain of different zones for different weld

current. As weld current increases εmaxyy experienced by the base material also increases.

This behaviour is due to the presence of a larger and strain hardened fusion zone cum HAZs

associated with an increase in weld current. These zones will undergo more strain hardening

resulting in lesser contribution towards energy dissipation. So there is a decrease in the

ductility of fusion zone as well as HAZs compared to the base material. Young’s modulus,

strength coefficient and strain hardening exponents are extracted by fitting curves on the

stress-strain plot. Fig. 2.19 shows the fitted curves for the fusion zone of specimen welded

with 130 A current. Same methodology is adopted for all other specimens over various weld

zones.

The Young’s modulus obtained for different zones revealed that there is a decrease in

E value from base material towards fusion zone and the global value of Young’s modulus
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Figure 2.15: Stress - strain curves obtained from the extensometer reading.

Table 2.4: Obtained values of elongation and ultimate tensile strength for different weld
specimens.

Current Elongation in mm UTS in (MPa) % Change of UTS from
at UTS virgin sample

Virgin sample 6.700 471 0
100A 4.275 455 -3.4
130A 3.695 472 0.3
150A 3.749 484 2.8

is also on the lower side as compared to virgin sample. This difference is in line with the

observation reported in [33]. Yilbas et al. [47] attributed this variation to the size and

cooling rate of the fusion zone and HAZs. The cooling of the molten metal in the fusion

zone at atmospheric temperature results in the increase of ductility. The improved ductility

causes more deformations during elastic deformation and results in lower Young’s modulus.

In the plastic deformation region the same trend is not seen because of the dominant strain

hardening effect which results in the reduction of ductility. This variation can also be due

to the residual stresses which are generated while welding and non-uniform distribution of

fusion and heat affected zones. It is clear from the literature [48–50] that the fusion zone of

an arc welded butt joint experiences high tensile residual stresses and it decreases gradually

towards base material. Upon tensile loading the residual tensile stress field of the fusion

zone and HAZs will get added up to the applied stress and can alter the response of them

compared to the base material and finally result in a lower Young’s modulus.

Virgin samples exhibited E value of 217 MPa and both DIC and extensometer gives

the same result. In Fig. 2.20 E values based on extensometer readings are compared

with DIC based estimation. The plots show that the extensometer gives the lowest value

comparable to that of fusion zone and therefore one cannot consider the average response of

the weldment for design purpose. Percentage variation of zone wise E value from the virgin
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Figure 2.16: Stress-strain curve obtained using data from DIC technique (a) virgin sample
(b) 100 A (c) 130 A (d) 150 A.

sample is given in Table 2.6. Variation of Young’s modulus over weld zone for different

specimens are plotted in Fig. 2.21. Strain hardening exponent (n) is varying from zone to

zone as shown in Fig. 2.22(a). Least and highest recorded value for n correspond to fine

grain HAZs and base material respectively. As per the Hollomon’s power law the strength

of the material is inversely proportional to the magnitude of n [45], so it is clear from the

Fig. 2.22(a) that the HAZs undergo a higher strain hardening followed by the fusion zone.

The virgin sample reported a n value of 0.186. Variation of strength coefficient (K) is shown

in Fig. 2.22(b).

Poisson’s ratio is obtained from estimating the ratio of transverse strain to longitudinal

strain. Fig. 2.23 shows the variation of Poisson’s ratio over various zone for different

specimens. The virgin specimens reported a Poisson’s ratio of 0.298 and the HAZs have

higher Poisson’s ratio value compared to other zones and the welding has increased the

Poisson’s ratio value. The constitutive parameters estimated zone wise, especially the yield

strength and strain hardening exponent is in line with the micro hardness values investigated

across the weld zone. The fusion zone and the HAZs offered a higher hardness, higher yield

stress and higher strain hardening effect compared to the base material.
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Table 2.5: Percentage increase of yield stress in comparison with virgin sample.
100A 130A 150A

FZ 41.65 40.84 39.48
HAZ 1 38.42 41.42 40.24
HAZ 2 38.17 41.13 40.24
HAZ 3 37.96 40.92 40.07
BM 11.73 17.83 18.88
Global 11.77 19.17 19.78
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Figure 2.17: Comparison of yield stress estimated using extensometer (EM) readings and
DIC.
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Figure 2.18: Yield stress and maximum strain variation across the weld zone (a) yield stress
(b) maximum strain.

2.7 Closure

The identification and characterization of different thermally affected zones in a weld depo-

sition have been successfully carried out using DIC technique. A new method is proposed

for the identification of various zones using the strain data from DIC and boundary locations

based on the micrographic examination. It is shown that the proposed method is useful in

identifying various zones of weld with reasonable accuracy. The identification of zones has
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Figure 2.19: Linear and non linear curves fitted on experimental data for parameter extrac-
tion corresponding to the fusion zone of 130 A specimen.

Table 2.6: Percentage variation of Young’s modulus in comparison with virgin sample.
100A 130A 150A

FZ -8.61 -12.97 -7.89
HAZ 1 -5.53 -10.16 -5.04
HAZ 2 -6.03 -7.38 -4.81
HAZ 3 -6.04 -3.76 -4.46
BM -1.75 -2.42 -2.90
Global -1.60 -2.34 -1.86
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Figure 2.20: Comparison of Young’s modulus estimated using extensometer (EM) readings
and DIC

helped us in tracing the deformation pattern and thereby extracting zone wise strain values

for different load levels. Microhardness measurements across the weldment indicated the

variation of properties zone wise and the extracted constitutive parameters also followed

the same thereby reassuring the accuracy of the proposed method. A major advantage of
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Figure 2.21: Variation of Young’s modulus across weld zones for specimens with different
current ratings.
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Figure 2.22: Variation of strain hardening exponent and strength coefficient across weld
zones for specimens with different current ratings (a) strain hardening exponent (b) strength
coefficient.
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Figure 2.23: Variation of Poisson’s ratio across weld zone for specimens with different
current ratings.

the methodology adopted for this study is the extraction of full range stress strain curves

for each zone along with simultaneous extraction of global response. Full range stress strain

curves are again utilized for the extraction of local constitutive parameters. As one gets

33



the stress-strain curves of various zones from a single test, the proposed method is easier

than the classical miniature specimen testing and gives the true response of each zone in

actual condition. Specimens with different current rated welds are also characterised for

establishing the suitability of this method towards optimizing weld parameters.

Fusion zone has the highest yield value as well as strain hardening effect whereas the

Young’s modulus is the lowest as compared to other zones. All the weld zones have E values

lower than that of virgin sample and they keep reducing from the base material towards

fusion zone. In this study, a higher amperage weld gave properties closer to those of BM,

but a detailed investigation on the influence of welding parameters on property distribution

is required for an exact selection of optimized welding conditions. The location and yield

stress of fracture zone is also an important factor in the assessment of weld quality as one

needs the yield value corresponds to that zone for design estimate. This can be precisely

estimated using the proposed approach. In the present study all the welded samples are

fractured away from the weld region and the yield value estimate of the base material closer

to weld zone of all the welded samples are on the lower side compared to other zones. This

lower yield stress of base metal has resulted in the earlier yielding of it resulting in the

fracture. The proposed methodology using DIC is found to be effective and accurate in

predicting the local constitutive properties over the weld zone and its real utility will arise

in case of weldment of thin sheets.
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Chapter 3

Investigation of local zone wise

elastic and plastic properties of

electron beam welded Ti-6Al-4V

alloy using DIC

3.1 Introduction

Titanium and its alloys are widely used in the manufacturing of critical engineering com-

ponents because of their superior properties such as high strength to weight ratio, good

corrosion resistance etc. Welding of titanium alloys are often considered as the important

operation which dictates the quality of final product. Zone wise characterization of the

weld is highly desirable for prediction of weld integrity and their by assuring the quality

of final product. In this study the local zone wise elastic and plastic characterization of

electron beam welded Ti-6Al-4V alloy is carried out using digital image correlation (DIC)

technique. Microstructural variations obtained from micrographic examination is utilized

for identifying various weld zones such as fusion zone and heat affected zones. Using DIC

technique zone wise full range stress-strain curves are extracted for each identified zones.

Young’s modulus, Poisson’s ratio, yield stress, strength coefficient and strain hardening ex-

ponent are extracted from the zone wise stress-strain curves. Hollomon’s power law is used

as the material model for plastic zone characterization. From the zone wise parameters

its observed that the fusion zone is having the least Young’s modulus and exhibits higher

Poisson’s ratio, yield stress and strength coefficient. Base metal where the specimens failed

has reported the lowest yield stress value. Heat affected zones have recorded a higher strain

hardening exponent in comparison with other zones. Vicker’s microhardness examination

across the weld also followed the same trend as that of zone wise parameters extracted

which reassured the accuracy of the implemented technique.
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Nowadays, among various welding techniques electron beam welding (EBW) has gained

popularity in many critical engineering applications. There are several advantages for EBW

over conventional arc welding which make EBW a preferred welding technique in manufac-

ture of critical components. The advantages are: High depth of penetration with high power

density which help in avoiding multiple pass welds even for thicker work pieces, narrow HAZ

and lesser distortion to the microstructure because of the lesser heat input during welding

and its ability to weld reactive metals because of the requirement of vacuum helps the weld

pool from reacting with atmospheric air and other impurities [2, 51]. Above advantages

make EBW a suitable welding technique for welding titanium and its alloys [52].

Among the various alloys of titanium, Ti-6Al-4V, which is an α-β alloy of titanium, is the

most industrially used one which accounts for almost 60% of the total titanium production.

Also, this alloy has high strength to weight ratio compared to aerospace grade aluminium

and steel alloys and good composite compatibility which makes this α-β alloy the most

preferred titanium alloy for making various aerospace components [53]. Ti-6Al-4V has two

allotropic phases of titanium which are hexagonally close pack structured α phase and body

centered cubic structured β phase. Also it contains 6% aluminium for α stabilization and

4% vanadium for β stabilization [54]. This alloy is highly weldable because of the lower β

stabilizing content [53]. There are many literature available on the micro structural studies,

microhardness variation and global mechanical properties of titanium alloys welded using

EBW [52, 54–57]. But a little studies are directed towards the zone wise local extraction of

elastic and plastic properties of Ti-6Al-4V welded using EBW method.

3.2 Experimental Procedure

In this section various steps involved in the experiments carried out for zone wise local

characterisation of weld such as welding, specimen preparation, micrographic examination,

microhardness measurement, tensile testing and digital image correlation are elaborated in

different subsections.

3.2.1 Welding and Specimen Preparation

Two Ti-6Al-4V alloy sheets of dimension 70 x 110 x 3 mm3 are welded using EBW tech-

nique to form a 140 x 110 x 3 mm3 welded sheet. Welding parameters used for creating

the weld are given in Table 3.1. Transverse weld tensile specimens are made from the

welded sheet using EDM wire cut. Fig. 3.1 shows the welded sheet and the orientation of

tensile samples. The welded portion left out in between the tensile samples are used for

micrographic examination. The weld reinforcement is not flushed in this study because its

thickness is negligible in comparison to that of base metal thickness. Also, our aim is to get

the properties of the weld as it is used in actual service conditions where the reinforcement

is not machined. Area of interest (AOI), that is the plane where the surface strains are
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measured, is the thickness face of the specimen. Tensile specimens showing AOI and the

weld are depicted in Fig. 3.2(a). The dimensions of the specimen are in accordance with the

sub-sized specimen dimensions given in reference [42] and refer Fig. 3.2(b) for the specimen

dimensions used in this study.

Figure 3.1: Welded sheet with tensile specimen orientation.

(a) (b)

Figure 3.2: Tensile specimens with weld. (a) tensile specimens showing the AOI and weld
(b) specimen dimensions.

Table 3.1: Details of welding methodology and parameters
Parameters Values

Method Electron beam welding
Electron accelerating voltage 140 kV
Beam Current 36 mA
Beam power 5.4 kW
Beam diameter 3 mm
Power density 713 W/mm2

Welding speed 2400 mm/min

3.2.2 Micrographic Examination

Thickness face of the weld is polished and then etched using Kroll’s reagent for visualizing

the microstructure of different zones of the weld. Microstructure variations are captured

using an optical microscope (Leica DM 6000M) having calibrated scale. Fig. 3.3, 3.4 shows

the micro structure across the weld at different magnification. The α and β phases are

clearly visible in the base material micrograph. The FZ is characterised with serrated and
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rectangular plate shaped α structure known as α platelets. The reason for the formation of

α platelets in the FZ is the slow cooling rate of EBW. During a slow cooling process, the β

phase undergoes a transition to plate like α phase [58]. At higher cooling rates this β to α

platelet transformation does not take place instead of that martensitic transformation of β

takes place and results in a more hardened zone. Apart from the microstructure assessment,

the size of various weld zones are also measured using the micrographs. Width of FZ is

found to be with in 1.3 to 1.5 mm and width of HAZ is lying in the range of 0.85 to 1 mm.

This information is important for dividing the surface strain map into different zones for

zone wise characterization of the weld.

Figure 3.3: Microstructure of EBW at 5x magnification. Various weld zones are tagged in
the figure.

3.2.3 Vicker’s Microhardness Measurement

In order to find the variation of hardness across the weld Vicker’s microhardness measure-

ment is conducted across the weld on the specimen used for micrographic examination. The

hardness values can be interpreted for finding crack prone zones which have low ductility

and toughness. The variation in hardness will also give an indication about the trend of

yield stress variation because a zone having higher yield stress is supposed to report a higher

hardness value. In this study the Vicker’s microhardness test (Using DuraScan microhard-

ness tester) is performed along the line shown in the Fig. 3.5. A load of 300 grams (HV0.3)

is applied and the hardness values are obtained at an interval of 0.2 mm length. Obtained

hardness values and the discussion on the variation of hardness values are given in results

and discussion section.

3.2.4 Tensile Testing and Digital Image Correlation

Transverse weld tensile samples are tested under static loading using MTS Landmark R©

servo hydraulic cyclic testing machine of 100 kN capacity. The system has got self ad-
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(a) (b)

(c)

Figure 3.4: Zoomed view of the microstructure of different weld zones. (a) base metal at 20x
magnification (b) FZ, HAZ and base metal at 5x magnification (c) FZ at 20x magnification.

justing hydraulic grips and an automated data acquisition system to record the load and

displacement values. Specimens are tested at a speed of 0.5 mm per minute. In order to

measure the surface strain distribution across the weld by using DIC, the thickness face

of the specimen is painted with white paint and black dye is sprayed over it to make a

random speckle pattern. A 2D DIC system is used in this study and it consists of an 8-bit

Grasshopper R© CCD Camera (POINTGREY- GRAS-50S5M-C) having a spatial resolution

of 2448 x 2048 pixels fitted with Tamron R© zoom lens of 185 mm focal length. In this study,

300 images are grabbed every minute. Load value for each image being captured is simul-

taneously recorded using a separate National instrument’s data acquisition card interfacing

MTS system with DIC hardware. More information on DIC is given in section 1.1.4. The

experimental setup used in this study is shown in Figure 3.6(a) and speckled tensile sample

loaded in the tensile testing setup is given in Fig. 3.6(b) An extensometer is also used for

capturing the gauge section strain as they are the classical method of measuring strain in

a tensile test.
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Figure 3.5: Schematic showing the hardness measurement location. Microhardness values
are measured along line AB of length 8 mm.

(a) (b)

Figure 3.6: Experimental set up involving DIC (a) overall set up (b) specimen with speckle
pattern.

3.3 Parameter Extraction and Material Model

In this section the material model used for elastic and plastic parameter identification and

various steps involved in zone wise local parameter extraction of the weld are discussed.

3.3.1 Zone Identification

Zones are identified based on the information from micrographic examination and surface

strain distribution obtained using DIC. Fig. 3.7(a) shows the surface strain distribution

during various load levels during tensile testing. It is clear from the figure that there is

a variation in the longitudinal strain values across the weld. At higher load the FZ and

surrounding HAZs are at a lower strain level compared to the BM. Also it is clear from

the distribution that the BM below and near to the weld is experiencing a higher strain

accumulation and from the strain distribution at a load of 6.10 kN it can be observed that

the specimen is getting necked at that region. Based on this surface strain distribution

pattern and the width of various weld zones measured using micrographs the entire AOI

is divided into eight zones as shown in Fig. 3.7(b). The length of each zone are given in

Table 3.2. In the divided zones ‘4’ is FZ, ‘3’ and ‘5’ are HAZs, ‘2’ and ‘6’ are transition
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(a) (b)

Figure 3.7: Strain evolution and divided AOI (a)Longitudinal strain distribution at various
load levels (b) AOI divided into various zones

Table 3.2: Length of various zones which are identified in Fig. 3.7(b)
Zone index 1 2 3 4 5 6 7 8

Length in mm 7 0.8 0.8 1.35 0.8 0.8 2 5

zone that is the boundary between HAZ and BM, Zone ‘7’ is the failure zone and ‘1’ and

‘8’ belongs to BM. Zone 7 is the location where the specimen necked and fractured which

is identified to obtain the properties of failure zone.

Zone wise strain values are extracted from the strain distribution by writing a MATLAB R©

program which identifies the pixels belonging to various zones. The pixels are identified on

the reference image by using image processing tool box of MATLAB R© and the length in-

formation given in Table 3.2. In order to collect the zone wise strain information, the zone

wise identified pixels are traced on each load steps and the average strain value of each zone

are then returned to the system and stored.

3.3.2 Material Model

Young’s modulus (E) and Poisson’s ratio (ν) are the unknown elastic parameters. In the

plastic deformation region the sought parameters are strength coefficient (K) and strain
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hardening exponent (n). Hollomon’s power law is used as the material model for iden-

tifying plastic parameters. For each weld zone, these elastic and plastic parameters are

extracted along with zone wise yield stress. The constitutive relation for the elastic and

plastic parameters are given in Eq. 4.1. where εyy is the total longitudinal strain, σyy is the

corresponding longitudinal stress, σpl is the stress at proportionality limit, εp is the longi-

tudinal plastic strain, σys is the yield stress which is 0.2% proof stress, K is the strength

coefficient and n is the strain hardening exponent.

σyy =

{
Eεyy, ∀σyy < σpl

Kεnp , ∀σyy > σys
(3.1)

In the non linear plastic deformation zone (σyy > σys) the measured strain value is the sum

of elastic and plastic strain. So in order to substitute the plastic strain in Eq. (4.1) the

approximation given in Eq. 4.2 is used to decouple the plastic strain from the total strain.

εp ≈ εyy −
(σys
E

)
(3.2)

3.4 Solution Methodology

Unknown parameters are identified from the zone wise full range stress-strain curves. Zone

wise strain data obtained using DIC technique is employed here to plot zone wise full range

stress-strain curves. Uniform stress assumption is used for arriving at the stress values for

plotting the curves. Young’s modulus is identified by fitting a straight line on the elastic

part of stress-strain curve and Poisson’s ratio is identified as per the procedure described in

ASTM E132-04 [46]. Yield stress is extracted by finding the intersection of 0.2% strain offset

elastic curve with the experimental stress-strain curve. Plastic parameters are identified by

fitting the Hollomon’s power law by using method of least squares. Any discontinuity

and disturbances recorded during the transition of elastic to plastic deformation such as

unstable yielding like upper and lower yield points were omitted while fitting the curve.

Apart from the local zone wise properties the global properties of the weld are identified

from the average strain value of the entire AOI. These parameters are referred as ’global’ in

this study. Extensometer strain data is also utilised to get the elastic and plastic properties

of the weld.

3.5 Results and Discussion

This section discuss in detail the results obtained from microhardness measurement and

zone wise material parameters involving DIC technique.
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3.5.1 Vicker’s Microhardness

Vicker’s microhardness value (HV0.3) measured along the line shown in Fig. 3.5 is depicted

in Fig.3.8. The hardness variation is symmetric about the weld central line. It is clear from

the figure that FZ is harder and the hardness value is reducing as one move away from the

weld central line. The reason for the higher hardness of the FZ and HAZ compared the BM

is due to the presence of β transferred α platelets and small amount of hard martensitic β in

the microstructure. These observations are in line with the microhardness results reported

in Ref. [54, 59]. Maximum recorded hardness value is 379 (HV0.3) which belongs to the

centre of FZ and the lowest recorded value is 336 (HV0.3) which belongs to the BM where

the necking initiated during tensile testing..
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Figure 3.8: Vicker’s microhardness variation across weld zones.

3.5.2 Tensile Test Results and Constitutive Parameters

Location where the failure initiate during tensile test is an important information for as-

sessing the strength and quality of the weld. In this study all the three samples broke away

from the weld central line at BM, in zone 7. Fig. 4.3 shows the fractured specimens. This

conforms that the EBW used here for joining the base metal offers a higher strength than

that of the base metal. Global constitutive properties are extracted from the stress-strain

curves plotted using the strain information from extensometer and DIC. Fig. 3.10 shows

the stress-strain diagrams obtained from both the technique. It is clear from the figure that

the curves plotted using both the techniques are in very good agreement. The deviation

of DIC curve from the extensometry curve at the failure initiation is due to the necking of

the specimen which introduce out-of-the plane displacements like material shrinkage which

in turn affect the image correlation and results in higher strain estimates. Constitutive

parameters are extracted from these stress-strain curves using the methodology described
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Figure 3.9: Fractured specimens after tensile testing.

in section 3.4 and values are given in Table 3.3. Apart from the parameters described in

section 3.3.2, ultimate tensile strength (σut) and percentage elongation are also extracted

from the global stress-strain curves and they are incorporated in Table 3.3. These global

properties are in good agreement with the results reported by Wang et al. [54] where they

have extracted σut, and percentage elongation of Ti-6Al-4V welded using EBW technique.
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Figure 3.10: Global stress-strain curves obtained using extensometry and DIC technique.

Table 3.3: Global properties of the weld using Extensometry and DIC technique
Method E in GPa σys in MPa σut in MPa K in MPa n % elongation

Extensometry 108.64 859.28 922.65 986.14 0.021 9.7
DIC 106.55 877.20 930.27 971.25 0.017 -

In order to examine the variation of longitudinal strain the strain data across a line

passing through the weld is collected and plotted for the strain distribution obtained for a

load value of 6.76 kN which is given in Fig. 3.11. The observation from the figure are: FZ

is experiencing least amount of strain and it increases as one move towards the BM and the
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portion where the fracture occurred is experiencing higher strain compared to other zones

of the specimen. It is clear from the figure that upon plastic deformation, FZ and HAZs

undergo a higher strain hardening compared to BM and it is in line with the observations

obtained from microhardness examination.
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Figure 3.11: Variation of εyy across the weld (a) figure showing line AB along which strain
values are collected (b) εyy variation along line AB.

Zone wise full range stress-strain curves obtained using DIC technique is shown in Fig.

3.12. It can be interpreted from the figure that the FZ (Zone index 4) has a higher yield

strength. Strain hardening effect is also predominant in FZ and HAZs which results in lower

strain levels in those zones compared to BM. Zone corresponding to BM has lesser yield

stress and it is more strained during the tensile testing.
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Figure 3.12: Zone wise full range stress-strain curves obtained using DIC technique.
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Constitutive parameters corresponding to each zone are extracted from these full range

stress-strain curves by using the methodology explained in section 3.4. Material models are

fitted into the curves by using least square method. Fig. 3.13 shows the linear and non linear

curves fitted on experimental data for parameter extraction and this curve corresponds to

zone 6. Similarly curves corresponding to other zones are also used to fit the material

models to get the zone wise parameters.
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Figure 3.13: Linear and non linear curves fitted on experimental data for parameter extrac-
tion corresponding to zone 6.

Young’s modulus values obtained for various zones are plotted in Fig. 3.14. It is clear

from the figure that the Young’s modulus of FZ is less in comparison with other zones and

the value increases as one move away from it. BM has reported a Young’s modulus value of

110.15 GPa which is the maximum and FZ has reported 101 GPa which correspond to the

minimum value of Young’s modulus obtained in this study. This difference is in line with

the observation reported in [33]. Yilbas et al. [47] attributed this variation to the size and

cooling rate of the fusion zone and HAZs. Because of the low cooling rates in EBW the

ductility of the fusion zone increases and results in a slightly lesser Young’s modulus but

upon plastic deformation the strain hardening effect dominates and results in considerable

reduction in ductility.

Zone wise Poisson’s ration variation is depicted in Fig.3.15. The variation is in line

with the observation reported in [33]. Poisson’s ratio is found to be increasing as one move

toward the FZ. In this study FZ has reported a Poisson’s ratio of 0.35 and it is the maximum

among various other zones. Zone 2 has reported Poisson’s ratio value of 0.297 which is the

least value among the zone wise Poisson’s ratios reported in this study.

Zone wise variation in yield stress is shown in Fig. 3.16. It is clear from the figure that

the zone 4 which is FZ has highest yield stress and it decreases towards BM. The least
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Figure 3.14: Zone wise variation in Young’s modulus.
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Figure 3.15: Zone wise variation in Poisson’s ratio.

value of yield stress is reported for zone 7 which is a base metal zone where final fracture

occurred. This variation is in good agreement with the microhardness measurement and

location of final fracture. The maximum yield stress value which corresponds to FZ is 907.3

MPa and least value which pertain to failure zone is 870.8 MPa.

Strength coefficient (K) variation for the plastic zone is shown in Fig. 3.17. The

variation pattern is similar to that of yield stress variation. FZ has the highest K value

and it decreases towards BM. It is a clear indication of predominant hardening of FZ and

HAZ’s when they deform plastically. Zone 4 which is the FZ has the highest K value of

1027.6 MPa and zone 8 which is a base metal zone nearer to that of failure zone has the

lowest K value of 958.7 MPa.

Variations in strain hardening exponent (n) is depicted in Fig. 3.18. One can clearly

interpret from the figure that the HAZs (Zone 3,5) have higher n value comparing to other

zones. FZ also has an n value higher than that of BM but it is lesser than that of HAZ.

Highest recorded n value is 0.0216 which corresponds to zone 3 and the lowest value is 0.016

which pertain to zone 8. All the zone wise parameters extracted are tabulated in Appendix

A.
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Figure 3.16: Zone wise variation in yield stress.
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Figure 3.17: Zone wise variation in strength coefficient.

3.6 Closure

Zone wise local characterization of electron beam welded (EBW) Ti-6Al-4V alloy has been

successfully carried out using digital image correlation technique. Micrographs of various

weld zones are utilized for visualizing the changes in microstructure across the weld and also

for dividing the area of interest in to various zones. As per the micrgraphic examination

it is shown that the fusion zone (FZ) is comprised mostly of α platelets. Zone wise full

range stress-strain curves are extracted for parameter extraction. Following are the main

conclusions from the zone wise parameters extracted in this work.

• There is decreasing trend in Young’s modulus from base metal (BM) toward the FZ.

• Poisson’s ratio of FZ is higher than BM and Heat affected zones (HAZs).

• Yield stress and of FZ is the highest and it reduces as one move towards BM.

• Strength coefficient as given by Hollomon’s power law is found to be increasing from

BM to FZ.

• HAZs have reported higher strain hardening exponent in comparison with other zones.
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Figure 3.18: Zone wise variation in strain hardening exponent.

Microhardness measurement across the weld indicated the zone wise variation of properties

and the extracted constitutive parameters also followed the same trend thereby reassuring

the accuracy of the proposed method. Another important information obtained from this

zone wise characterization is the yield stress of weakest zone. The failure of all the specimen

occurred at the base metal and from the zone wise yield stress extracted it is found that

the yield stress of the failure zone is the lowest among various zones. From the above

observation it can be concluded that the EBW used to join the Ti-6Al-4V alloy sheets

offers superior yield stress and joint strength than that of BM. The obtained zone wise full

range stress-strain curves can be utilized as an important input for accurate modelling of

the weld for checking the design integrity. The major advantage of local characterization

using DIC is the extraction of zone wise full range stress-strain curves from a single tensile

testing which is much easier and faster than conventional micro tensile sample testing. The

proposed methodology using DIC is found to be effective and accurate in predicting the

local constitutive properties over the weld zone and it is highly recommended to implement

for various other welding techniques and welding conditions.
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Chapter 4

Local characterization of welds

using virtual fields method

involving DIC

4.1 Introduction

Virtual fields method is a powerful technique proposed by Grédiac and Pierron [34] which

utilizes the surface strain measurements from DIC for solving inverse problems in exper-

imental mechanics. VFM, is based on principle of virtual work (PVW) where the actual

whole field strains and kinematically admissible virtual displacement fields are employed for

identification of unknown parameters. In this method PVW is employed for writing weak

form of local equilibrium equations and solutions of these equations directly results in the

extraction of unknown material parameters. In elasticity problems, selection of number of

independent and kinematically admissible virtual displacement fields equal to the number

of unknown parameters gives a linear system of equations and the sought parameters are

extracted by solving this system of equations. In plasticity problems, a cost function is de-

veloped by using PVW and appropriate hardening law and plastic parameters are extracted

by the minimization of the cost function. The main attractions of VFM are the simplic-

ity, computational speed, lesser data storage requirement, less stringent assumptions, no

restrictions on the geometry of the specimen, accuracy and extraction of more number of

parameters from lesser number of tests. Pioneered works in the implementation of VFM has

come from the research group of Grédiac and Pierron and they have utilized this technique

to solve problems pertaining to different fields of experimental mechanics.

In this chapter, VFM is utilized for extracting the zone wise elastic and plastic prop-

erties of the same EBW specimen examined in chapter 3. Basic principles, equations and

derivations for implementing VFM are discussed. Since the surface strain distribution ob-

tained for the parameter extraction in chapter 3 is used here, the experimental setup, DIC
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technique, Material are the same as given in chapter 3. All the parameters extracted using

VFM are compared with that of obtained using uniform stress method (USM). Also note

that USM is nothing but the method used in chapter 3. Wherever the term ‘USM’ is used

in this chapter refers to the study conducted in chapter 3 and basically this chapter is a

comparison between the result obtained in chapter 3 with VFM technique.

4.2 Material Model

Young’s modulus (E) and Poisson’s ratio (ν) are the unknown elastic parameters under

investigation. Hollomon’s power law is used as the hardening model for extracting the

plastic parameters such as strength coefficient (K) and strain hardening exponent (n). The

constitutive relation for the elastic and plastic parameters are given in Eq. 4.1. where εyy

is the total longitudinal strain, σyy is the corresponding longitudinal stress, σpl is the stress

at proportionality limit, εp is the longitudinal plastic strain, σys is the yield stress which is

0.2% proof stress, K is the strength coefficient and n is the strain hardening exponent.

σyy =

{
Eεyy, ∀σyy < σpl

Kεnp , ∀σyy > σys
(4.1)

In the non linear plastic deformation zone (σyy > σys) the measured strain value is the sum

of elastic and plastic strain. So in order to substitute the plastic strain in Eq. (4.1) the

approximation given in Eq. 4.2 is used to decouple the plastic strain from the total strain.

εp ≈ εyy −
(σys
E

)
(4.2)

The constitutive law used in this study for the plastic region is given in Eq. 4.3 which is

obtained by substituting Eq. 4.2 in Eq. 4.1.

σyy = K
(
εyy −

(σys
E

))n
, ∀σyy > σys (4.3)

4.3 Weld Zone Identification

Same strain data and weld zones used in chapter 3 is used here. Since the knowledge of

zones are important in the virtual field formulation a brief discussion is given here on the

zone identification. The Information from micrographic examination and the strain patterns

obtained from DIC is utilized here for dividing the area of interest in to various zones. Fig.

4.1(a) shows the surface strain distribution during various load levels during tensile testing.

The variation in the longitudinal strain values across the weld can be identified clearly

from the figure. FZ and surrounding HAZs are at a lower strain level compared to the
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BM indicating a predominant strain hardening on those zones. The region below the weld

experiences a higher strain accumulation and necking occurs at that region which leads to

the final failure of the spacemen. Based on this surface strain distribution pattern and the

width of various weld zones measured using micrograph, entire AOI is divided into eight

zones as shown in Fig. 4.1(b). The length of each zone are given in Table 4.1. In the divided

zones, ‘4’ is FZ, ‘3’ and ‘5’ are HAZs, ‘2’ and ‘6’ are transition zone that is the boundary

between HAZ and BM, Zone ‘7’ is the failure zone and ‘1’ and ‘8’ belongs to BM. Zone 7

is the location where the specimen necked and fractured which is identified to obtain the

properties of failure zone.

(a) (b)

Figure 4.1: Strain evolution and divided AOI (a)Longitudinal strain distribution at various
load levels (b) AOI divided into various zones

Table 4.1: Length of various zones which are identified in Fig. 4.1(b)
Zone index 1 2 3 4 5 6 7 8

Length in mm 7 0.8 0.8 1.35 0.8 0.8 2 5

Using image processing tool box of MATLAB R© the pixels belong to various zones are

identified. These zone wise pixels are traced on every load step and strain values corre-

sponding to each zones are identified and stored separately. This information is utilized for

plotting full range stress-strain curves of each zone by using USM. In USM it is assumed
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that the stress values are constant in all cross-section and it is equal to the ratio of reac-

tion load to the area of cross-section and unknown parameters are identified by fitting the

material models on the full range stress-strain curves bu using least square methodology.

Material model used in this study is given in section 4.2.

4.4 Virtual Fields Formulation

In this section the basic equations and methodology used for solving elastic and plastic

parameters using VFM are discussed in detail. Fig. 4.2 is the free body diagram of the

tensile testing showing the displacement and force boundary conditions. Area of interest

in the figure is the area over which the strain values are known. ‘Zone x’ is any one of the

identified weld zone. The known parameters from the tensile test are the reaction force F ,

Surface strain distribution over AOI and the displacement prescribed over Su.

Figure 4.2: Diagram showing the loading and boundary conditions of the tensile testing.
‘AOI’ is the section of specimen where the strains are measured.

Basic governing equation of VFM is given in Equation 4.4. This equation is nothing but

the weak form of equilibrium equation derived using the principle of virtual work.

−
∫
V
σij : ε∗ijdv +

∫
Sf

T i.u
∗
i ds+

∫
V
bi.u

∗
i dv =

∫
V
ρai.u

∗
i dv (4.4)
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where:

V is the volume of the element.

Sv is the area (x-y plane) where the surface strain data is measured using DIC.

Sf is the area where traction boundary condition is applied.

σij is the stress tensor.

u∗i is the virtual displacement field which is kinematically admissible.

ε∗ij is the virtual strain tensor derived from virtual displacement field.

bi is the volume force vector.

ai is the acceleration vector.

ρ is the density of the material.

Since the volume forces and inertia forces have negligible contribution towards total work

done, Eq. 4.4 can be simplified as given below.∫
V
σij : ε∗ijdv =

∫
Sf

T i.u
∗
i ds (4.5)

In a plane stress condition where a two dimensional stress state is existing with the as-

sumption that there is no variation in the stress state along the thickness direction, one can

rewire Eq. 4.5 as given in Eq. 4.6. Here b is the thickness of the specimen.

b

∫
Sv

σij : ε∗ijdsv = b

∫
w
T i.u

∗
i dw (4.6)

Also, We have reaction force F corresponding to load step ti in terms of traction as given

below.

b

∫
w
T idw = F (ti) (4.7)

On substitution of Eq. 4.7 in Eq. 4.6 we will get∫
Sv

σij : ε∗ijdsv =
1

b
F (ti).ui (4.8)

Above equation is the simplified form of VFM which is used in this study for elastic and

plastic parameter identification and the methodology is explained in the coming subsections.

4.4.1 Elastic Parameter Identification

We have two elastic constants namely Young’s modulus and Poisson’s ratio to be extracted

utilizing the Eq. 4.8. The known quantities from the tensile testing are the strain over the
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surface Sv and Reaction load F (ti). In order to introduce the unknown parameters ans

actual strain measured using DIC technique into Eq. 4.8, the stress tensor is replaced with

the constitutive relation given below. Note that a plane stress assumption is employed and

the strain εij are the actual strains measured over the surface Sv using DIC technique.σxxσyy

σxy

 =


E

1−ν2
νE

1−ν2 0
νE

1−ν2
E

1−ν2 0

0 0 E
1+ν


εxxεyy
εxy

 (4.9)

Now Eq. 4.8 can be expanded to the form given in Eq. 4.10 and note that this equation

is now have the unknown variables, actual strains measured over the surface Sv, reaction

force F (ti), virtual strains and virtual displacements. It is clear that this equation should

satisfy for any kinematically admissible selection of virtual displacement fields. Kinemat-

ically admissible means the field which is continues and satisfies displacement boundary

conditions.

E

1− ν2

(∫
Sv

εxxε
∗
xxdsv +

∫
Sv

εyyε
∗
yydsv

)
+

νE

1− ν2

(∫
Sv

εxxε
∗
yydsv +

∫
Sv

εyyε
∗
xxdsv

)
+

E

1 + ν

(∫
Sv

εxyε
∗
xydsv

)
=

1

b
F (ti)u

∗
i (4.10)

Since the strain distribution from DIC technique is not a continues function over the surface

but values at discrete points called pixel subset centre above equation can be rewrite as

summation over the surface as given below. Here N is the number of data points on the

area of the zone under consideration.

E

1− ν2

(
1

N

N∑
i=1

εxxε
∗
xx∆sv +

1

N

N∑
i=1

εyyε
∗
yy∆sv

)
+

νE

1− ν2

(
1

N

N∑
i=1

εxxε
∗
yy∆sv +

1

N

N∑
i=1

εyyε
∗
xx∆sv

)
+

E

1 + ν

(
1

N

N∑
i=1

εxyε
∗
xy∆sv

)
=

1

b
F (ti)u

∗
i (4.11)

Selection of two independent virtual displacement field will result in two linear independent

equations and the unknown parameters (E and ν) can be extracted by solving this system

of equations. Following are the two virtual fields used in this study. Each virtual field are

selected in such a way that the material apart from the zone under consideration behaves

like a rigid body so that they have no contribution towards internal virtual work. Please

refer Fig. 4.2 for the schematic diagram showing a zone and dimension L.
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Virtual field - 1

u∗x1 = 0 and u∗y1 = 0; for y < 0

u∗x1 = 0 and u∗y1 = y; for 0 < y < L (4.12)

u∗x1 = 0 and u∗y1 = L; for y ≥ L

Corresponding virtual strain fields are:

ε∗xx = 0 , ε∗yy = 0 and ε∗xy = 0; for y < 0

ε∗xx = 0 , ε∗yy = 1 and ε∗xy = 0; for 0 < y < L (4.13)

ε∗xx = 0 , ε∗xx = 0 and ε∗xy = 0; for y ≥ L

Virtual field - 2

u∗x2 = 0 and u∗y2 = 0; for y < 0

u∗x2 =
(
x− w

2

)
y (y − L) and u∗y2 = y; for 0 < y < L (4.14)

u∗x2 = 0 and u∗y2 = 0; for y ≥ L

Corresponding virtual strain fields are:

ε∗xx = 0 , ε∗yy = 0 and ε∗xy = 0; for y < 0

ε∗xx = y (y − L) , ε∗yy = 0 and ε∗xy =
1

2

(
2xy − xL− wy +

w

2
L
)

; for 0 < y < L (4.15)

ε∗xx = 0 , ε∗xx = 0 and ε∗xy = 0; for y ≥ L

Substituting virtual field-1 and virtual field-2 in Eq. 4.11 we will get two equations as shown

below. Also note that here ∆Sv is the area of the zone under consideration.

E

1− ν2

(
1

N

N∑
i=1

εyy

)
∆sv +

νE

1− ν2

(
1

N

N∑
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εxx

)
∆sv =

1

b
F (ti)L (4.16)
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(
1

N

N∑
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εyy (y − L) y

)
∆sv+

E

1 + ν

(
1

N

N∑
i=1

εxy
1

2

(
2xy − xL− wy +

w

2
L
))

∆sv = 0 (4.17)

For all the eight zones identified the above set of equations are solved by inputting known

zone wise surface strain values from DIC technique and reaction load value from the load

cell reading. Area of the fusion zone, where a weld reinforcement is present, is measured
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by counting the number of pixels belonging to that zone from a calibrated image using

MATLAB R© image processing toolbox.

4.4.2 Plastic Parameter Identification

Since the strain evolution upon loading is non-linear in the plastic deformation region it

is not possible to extract the required parameters from a single strain distribution and

load data as in case of elasticity. But at various load levels this non-linearity will give

rise to independent system of equations even against a single chosen virtual displacement

field. This property is used by Grédiac et al. [40] for formulating a minimization problem to

extract the plastic constitutive parameters. Here, in order to solve for the unknown material

parameters, the virtual displacement field given in Eq. 4.12 is used. Upon substitution of

this virtual displacement and corresponding virtual strains in Eq. 4.8 we will get Eq. 4.18.∫
Sv

σijdsv =
1

b
F (ti)L (4.18)

Now by replacing σij with the material model given in Eq. 3.3.2 one can write Eq 4.18 as

given below. ∫
Sv

K
(
εyy −

(σys
E

))n
dsv =

1

b
F (ti)L (4.19)

Eq. 4.20 is obtained by changing the integration operation in Eq. 4.19 to summation over

the area and N is the number of measurement points in the zone under consideration.

1

N

N∑
i=1

K
(
εyy −

(σys
E

))n
∆sv =

1

b
F (ti)L (4.20)

The known parameters in the above equation are E obtained from the elastic analysis, N ,

εyy, ∆sv, F (ti), L and b. In order to solve for the unknown values (K, n and σys) a cost

function is developed as shown below.

f =

tn∑
t1

[
1

N

N∑
i=1

K
(
εyy −

(σys
E

))n
∆sv −

1

b
F (ti)L

]2
(4.21)

t1, t2...tn are the load steps selected in the plastic deformation region. Minimization of

the cost function given in Eq. 4.21 results in the direct identification of the unknown

parameters.

In this study a derivative free multi variable optimization scheme, Nelder-Mead algo-

rithm [60] is used for solving for the unknowns. Nelder-Mead algorithm also known as

downhill simplex method is a technique for minimizing an objective function in a many-

dimensional space. It requires an initial guess to start with. Even though any reasonable

initial guess will result in consistent results, in this study the parameters close to virgin
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material properties are chosen as the initial guess since it can result in faster convergence.

Optimization toolbox of MATLAB R© is utilized for the minimization. 27 load steps in the

plastic deformation region is used for FZ and HAZ zones. For BM region, 45 load steps

are used because BM have a larger plastic deformation region compared to FZ and HAZs.

A fast convergence rate is observed for the parameter extraction. In less than two minutes

parameters pertaining to each zone are obtained by running the optimization scheme in a

PC with Intel R© core
TM

i3-2370M processor @ 2.40 GHz with a RAM of 4 GB.

Form both elastic and plastic parameter estimation methodologies explained above,

one can observe that the VFM formulation is independent of the geometry of the test

specimen. If the whole field surface strain distribution is available over the specimen having

any geometry, then proper selection of kinematically admissible virtual fields can extract

the unknown parameters without using assumptions such as uniform stress distribution.

In the present case, above property of VFM is a clear advantage over USM since the weld

reinforcement, which introduces a change in cross-section at the middle of the tensile samples

is not removed from the tensile samples.

4.5 Results and Discussions

This section discuss in detail the parameters extracted from the tensile testing and micro-

hardness measurements. Also the results obtained using USM and VFM techniques are

compared.

4.5.1 Observations From Tensile Test

Location of fracture is an important observation for transverse weld tensile testing. Fig.

4.3 shows the specimen fractured during tensile testing. It can be observed from the figure

that the fracture occurred away from the FZ, at BM but near to HAZ (Zone 7 given in Fig.

3.7(b)). Since the fracture is not in FZ and HAZs, it can be interpret that the weld has a

strength over match in comparison with the BM.

Figure 4.3: Fractured specimens after tensile testing.

Zone wise stress strain curves obtained using USM is shown in Fig. 3.12. It can be
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interpreted from the figure that there is a variation in yield stress from zone to zone.

The curve corresponds to FZ has yielded at higher level of stress and it experienced least

amount of strain before the fracture of specimen.Parameter extraction using USM is done

using fitting material model onto the experimental curves as explained in subsection 4.3.

Fig. 3.13 shows the experimental stress-strain curve with material models fitted onto it.

4.5.2 Local parameters using USM and VFM

Zone wise Young’s modulus obtained using USM and VFM are shown in Fig. 4.4 and the

percentage variation of the parameters extracted using VFM from USM are tabulated in

Table 4.2. The trend in variation of E obtained using both the techniques indicates that

there is a reduction in E value as one move from BM towards FZ (zone 4). This variation is

in line with the observations reported in [22, 33]. This variation in E value is not expected

and in case of miniature tensile test this variation is not generally observed. But it is a

well known fact that the locked in thermal stresses in the form of tensile and compressive

residual stress surrounding the weld can affect the performance of the weld. From literatures

[48–50, 61] it is clear that the FZ is experiencing high tensile residual stresses which are

comparable or greater that the yield stress of the base material and it gradually reducing

to distributed compressive stress field towards the BM. Since no post weld heat treatment

has been done on the welded specimens used in this study the tensile residual stresses at

FZ might have caused the reduction in Young’s modulus. Yilbas et al. [47] attributed

this variation to the size and cooling rate of the fusion zone. It is clear from the Fig. 4.4

and Table 4.2 that the parameters extracted using VFM is in good agreement with those

extracted using USM.
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Figure 4.4: Comparison of zone wise variation in Young’s modulus obtained using USM
and VFM.

Variations in Poisson’s ratio across the weld is shown in Fig. 4.5 and Table 4.3 gives the

percentage variation of Poisson’s ratio extracted using VFM from that of extracted using
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Table 4.2: Percentage deviation of zone wise Young’s modulus extracted using VFM from
that of extracted using USM

Zone index 1 2 3 4 5 6 7 8

% variation from USM 0.35 1.24 2.76 0.35 4.10 2.77 2.10 1.83

USM. The zone wise trend of Poisson’s ratio is in line with the observation reported by

[33]. Here FZ has reported a higher poisson ratio and it decreases as one move away from

FZ. Even though the trend of Poisson’s ratio variation is same for both VFM and USM

techniques there is a considerable deviation of values estimated using VFM from USM.

This variation is primarily due to the noise in the strain distribution obtained from the

DIC technique. Pierron et al. [37] have conducted a sensitivity study of VFM on the effect

of noise in the extracted parameters by adding simulated noise in to the VFM input data.

They concluded that the Poisson’s ratio is the quantity greatly affected by noise and all

other extracted parameters showed reasonable consistency.
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Figure 4.5: Comparison of zone wise variation in Poisson’s ratio obtained using USM and
VFM.

Table 4.3: Percentage deviation of zone wise Poisson’s ratio extracted using VFM from that
of extracted using USM

Zone index 1 2 3 4 5 6 7 8

% variation from USM -22.42 -17.80 -9.43 -2.80 -7.97 -13.73 -13.37 -12.03

Fig. 4.6 shows the comparison between zone wise strength coefficient (K) extracted

using VFM and USM. Percentage variation of the K value extracted using VFM from that

of USM is tabulated in Table 4.4. It is clear from the figure and table that parameters

extracted using both the methods are in good agreement. The FZ has shown a higher K

value and it decreased toward BM. Least K value is reported for ‘zone 8’ followed by ‘zone
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7’ where the final fracture occurred.
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Figure 4.6: Comparison of zone wise variation in strength coefficient obtained using USM
and VFM.

Table 4.4: Percentage deviation of zone wise strength coefficient extracted using VFM from
that of extracted using USM

Zone index 1 2 3 4 5 6 7 8

% variation from USM 0.10 0.13 0.65 -1.18 0.79 0.34 -0.79 -0.66

Zone wise strain hardening exponent (n) extracted using USM and VFM is shown in

Fig. 4.7 and the percentage deviation of the values extracted using VFM from that of USM

are tabulated in Table 4.5. One can observe from the figure that the values extracted using

both the method are in good agreement. The deviation between n values extracted using

VFM and USM is higher for FZ followed by HAZ. This variation can be due to the variation

in cross-section of FZ because of the presence of weld reinforcement, which will affect the

uniform stress assumption because the actual stress field in FZ is not uniform due to this

change in geometry. This can affect the parameters extracted using USM and hence the

deviation form VFM is higher in FZ. The FZ has reported a higher hardening exponent

and it decreased towards the BM.

Table 4.5: Percentage deviation of zone wise strain hardening exponent extracted using
VFM from that of extracted using USM

Zone index 1 2 3 4 5 6 7 8

% variation from USM 2.29 1.74 6.97 14.54 7.95 4.91 4.29 2.69

Fig. 4.8 shows the zone wise yield stress estimated using VFM and USM. Percentage

variation of yield stress estimated using VFM from that of estimated using USM is shown

in Table 4.6 and it can be observed that the yield stress values extracted using both the
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Figure 4.7: Comparison of zone wise variation in strain hardening exponent obtained using
USM and VFM.

methods are close to each other. In a similar study conducted by Sutton et al. [19] the yield

stress values extracted using VFM resulted in a lower estimate of yield stress compared to

USM. They pointed out that the lower estimate of yield stress using VFM is due to the

simultaneous extraction of all the zone wise properties together by minimization performed

using a single cost function over entire zones. In this study the minimization of the cost

function is performed zone wise which led lesser number of variables per optimization op-

eration and resulted in better yield stress estimates. It is clear from the figure that FZ

have higher yield stress and it decreases as one move towards BM. The lowest yield stress is

reported for ‘zone 7’ which is a BM zone where the final fracture is observed. All the zone

wise parameters extracted are tabulated in Appendix B.
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Figure 4.8: Comparison of zone wise variation in yield stress obtained using USM and VFM.
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Table 4.6: Percentage deviation of zone wise yield stress extracted using VFM from that of
extracted using USM

Zone index 1 2 3 4 5 6 7 8

% variation from USM -0.65 1.04 -1.11 0.18 -0.51 -1.29 -1.16 0.64

4.6 Closure

In the present study, virtual field method (VFM) has been successfully implemented for the

characterization of a electron beam weld on Ti-6Al-4V titanium alloy by involving digital

image correlation (DIC) technique. Two methodologies namely uniform stress method

(USM) and VFM are compared. The comparison of properties extracted using both the

methods are in good agreement. Micrographic examination of the weld is performed for

identification of various thermally affected zones. Fusion zone (FZ) has a higher Yield

strength, hardening exponent and Poisson’s ratio but the Young’s modulus of FZ is found to

be the minimum in comparison with other zones. Specimen fracture during tensile testing is

observed at base metal near to heat affected zones and the yield stress obtained for the failure

zone is the least in both USM and VFM methodologies. Microhardness variation across the

weld has also followed the same trend as that of the zone wise yield stress variation which

reassured the effectiveness of the proposed methods. VFM has clear advantages over USM in

weld zone characterization because in VFM there is no requirement of stresses to be constant

in all the cross-sections and it give one the flexibility to test the weld specimens without

removing the weld reinforcement. VFM, as proposed in this study is found to be highly

suitable for zone wise characterization of weld because of its less stringent assumptions,

ability to extract the properties from zones having variable geometries such as FZ with weld

reinforcement, faster convergence, computational simplicity, lesser data storage requirement,

accuracy etc. Because of the benefits listed above and from the results obtained from the

present study it is highly recommended to use VFM for zone wise characterisation of welds.
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Chapter 5

Conclusions and Future

Recommendations

5.1 Conclusions

In this study, the local zone wise characterization of welds have been successfully carried

out using the surface strain measurement from digital image correlation technique (DIC).

Young’s modulus, Poisson’s ratio, yield stress, strength coefficient and strain hardening

exponent are the parameters extracted for each weld zone. Uniform stress method (USM)

involving DIC is implemented for extracting the zone wise elastic and plastic parameters of

a bead-on-plate weld produced using twin wire gas metal arc weld on mild steel sheet. The

extracted local parameters are compared with the global properties of the weld and with

virgin material properties. A new methodology by utilizing the surface strain distribution

obtained using DIC and micrographic observation is proposed for accurate identification of

various thermally affected zones from a speckled DIC image. Zone wise full range stress-

strain curves are plotted using uniform stress assumption. Hollomon’s power law is used as

the hardening rule for plastic zone characterization. A Vicker’s microhardness measurement

is also conducted to study the variation of hardness across the weld and to compare the

trend of hardness variation with zone wise variation of yield stress obtained using USM

involving DIC. Fusion zone of the weld deposition has reported a higher Yield strength and

microhardness and both found decreasing towards base metal. Young’s moduls is found to

be decreasing as one move from basemetal towards fusion zone.

After the successful implementation of USM on the bead-on-plate weld zone characteri-

zation, the same methodology is utilized to characterize various zones of a through thickness

electron beam weld on Ti-6Al-4V titanium alloy. Here the fusion zone has reported a higher

yield strength, microhardness, strength coefficient, strain hardening exponent and Poisson’s

ratio. Young’s modulus of fusion zone is reported to be in a lower side and it is found to

be increasing as one move towards the base metal.
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Virtual fields method (VFM), which is a more advanced and faster material character-

ization technique has been implemented for extracting zone wise material properties of a

through thickness electron beam weld on Ti-6Al-4V titanium alloy. It is for the first time

VFM is successfully used for extracting the zone wise elastic properties of a weld. Results

obtained using VFM are compared with that of extracted using USM and it is found that

both are in good agreement.

5.2 Future Recommendations

There are many fields where the knowledge of zone wise local properties of a weld can

be utilized for improvements in design or product performance. First of this kind is a

finite element modelling of a weld using the zone wise properties for its entire stress strain

range. Proposed methods (USM and VFM) can be implemented for characterizing thin

sheet metal welds. Functionally graded material characterization is one of the best suitable

field in which the local characterization can play an important role in process and product

improvement studies. High temperature behaviour of various welds zones is one of the

important research area where local behaviour at various elevated temperatures can be

studied using proposed methodologies. Local characterization using DIC can be used for

the comparison study between the property distribution across the weld for different welding

techniques. Also, sensitivity analysis of VFM for quantifying the effect of image noise and

other DIC parameters on the result is a highly recommended study to minimize the error

in the results obtained using VFM.
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Appendix A

Zone Wise Parameters Obtained

for Ti-6Al-4V EBW Sample Using

USM

Table A.1: Zone wise parameters extracted for Ti-6Al-4V EBW Sample Using USM
Zone index E Poisson’s σys K n

in GPa ratio in MPa in MPa

1 110.15 0.307 875.46 974.53 0.0171
2 106.78 0.297 881.06 1003.4 0.0207
3 105.85 0.316 900.13 1022.5 0.0216
4 101.00 0.355 907.33 1027.6 0.0205
5 105.08 0.319 893.73 1011.6 0.0210
6 106.04 0.312 876.80 987.82 0.0193
7 105.14 0.313 870.80 970.95 0.0178
8 103.74 0.310 872.13 958.71 0.0160
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Appendix B

Zone Wise Parameters Obtained

for Ti-6Al-4V EBW Sample Using

VFM

Table B.1: Zone wise parameters extracted for Ti-6Al-4V EBW Sample Using VFM
Zone index E Poisson’s σys K n

in GPa ratio in MPa in MPa

1 110.54 0.251 869.83 975.55 0.0175
2 108.12 0.252 890.32 1004.6 0.0210
3 108.86 0.289 890.21 1029.2 0.0232
4 101.36 0.345 908.96 1015.6 0.0239
5 109.58 0.296 889.23 1019.6 0.0228
6 109.07 0.274 865.61 991.15 0.0202
7 107.40 0.276 860.79 963.37 0.0185
8 105.67 0.277 877.78 952.43 0.0164
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[34] F. Pierron and M. Grédiac. The virtual fields method: extracting constitutive me-

chanical parameters from full-field deformation measurements. Springer, New York,

2012.

71
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