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ABSTRACT 

Advanced High Strength Steel (AHSS) is popular in automotive industry 

because of its greater ductility, higher strength, better weight reduction and 

better crash-energy absorption compared with traditional high strength steels 

and low carbons steels. Resistance spot welding technique plays a significant 

role in manufacturing the car body. Body-in-white has a great number of 

resistance spot welds (around 4000). As a consequence, the performance of 

resistance spot welded joints directly impacts performance of the whole car 

body. Nevertheless, limited researches have been made to investigate the 

effect of deformation evolution on failure mechanism of resistance spot welds 

of AHSS under different loading conditions, especially for the new grades of 

dual phase steels (DP1000, etc). It is very necessary to fully understand the 

performance of resistance spot welds in these materials. 

This project aims to investigate the deformation and failure evolution and 

effect of welding currents on failure mechanisms of resistance spot welds in 

DP1000 and a type of low carbon steel (reference material) as well as develop a 

novel and applicable research method of failure mechanisms investigation on 

spot welds. Novel testing geometries with two half sectioned welds were 

designed in order to facilitate deformation and failure evolution analysis within 

the weld section. The testing geometries include three types of macro samples: 

tensile-shear (TS) samples (tensile and shear condition), coach-peel samples 

(CP) (tensile and bending condition), U-shape samples (tensile condition) and 

micro coach-peel samples. The samples with applied three levels of welding 

currents were tested. Digital image correlation technique was applied to all 

samples to quantify the deformation evolution of spot weld in the whole 

testing process. Microstructure morphology and fractography of all samples 

were studied with optical and scanning electron microscopic technique. 

Additionally, micro hardness analysis was carried out for samples of different 

welding currents and materials. Results obtained from experimental techniques 

mentioned above were correlated with each other, aiming to better understand 

deformation evolution and the effect of microstructure on failure mechanisms 

of resistance spot welds. 
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Results show that the welding current has great influence on failure 

mechanisms of spot welds in DP1000 steels, but almost no influence was 

observed in low carbon steel samples. Larger and softer welds are achieved in 

DP1000 samples with applied higher welding currents, which have lower 

strength in the welds due to decreasing of the hardness caused by longer 

cooling and higher temperature in welding. Although increasing welding 

current also leads to larger weld size in samples in low carbon steels, no 

strength difference was observed. HAZ and nugget softening as well as nugget 

size increasing of spot welds in tensile-shear samples in DP1000 steel are the 

major factors causing the failure modes transition from interfacial failure to 

pull- out failure. HAZ softening, HAZ bending and plasticity increase in nugget 

impact the failure mode transition from interfacial failure (IF) to partial 

interfacial failure (PIF), and then pull-out failure (PF) in spot welds of CP 

samples and U-shapes samples in DP1000. Spot welds in DP1000 steels have 

higher failure load than that in low carbon steels. Failure of all samples in low 

carbon steel is due to necking. The local mechanical properties determination 

method proposed can provide appropriate data. The findings could help avoid 

the unexpected failure modes (IF or PIF), thereby enhancing the quality of the 

welds. The achieved strain distribution maps could provide thresholds of failure 

in welds under different stress states, which can be used to develop damage 

model for predicting the deformation and failure behaviour of spot welds. 
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1 INTRODUCTION 

1.1 Background and motivation 

Advanced high strength steels (AHSS) have been widely used in 

automotive industry as it has better ductility, higher strength and crash-energy 

absorption ability compared with the traditional automotive steels. The 

ductility-strength combination of the materials can reduce the weight of car 

body because that the mechanical properties are not affected at very low 

thickness [1]. As a consequence, these steels are widely applied in the 

automotive industry to manufacture crucial components such as wheel rim, 

structural support, car body panels, structural members, etc[2]. 

Resistance spot welding is a primary joining method for sheet steels. 

Relatively low cost and high operating speed make this method important in 

automotive industry. Usually, a typical car body contains around 4000 spot 

welds [3]. The microstructure of the spot welds is greatly changed during the 

welding process. It can be divided into three regions: base material (BM), heat 

affected zone (HAZ) and weld nugget. It has three typical failure modes, 

including interfacial failure (IF), partial interfacial failure (PIF) and pull-out 

failure (PF) modes, each mode has different failure mechanism [4][5]. The 

performance of resistance spot welds (RSWs) (especially HAZ and FZ) is 

different with base material and will extremely influence entire performance of 

the car body.  

Although AHSSs bring benefits to automotive industry, problems occur 

when joining the materials together using resistance spot welding method. The 

major issue is the effect of welding parameter, especially welding current on 

how the microstructural morphologies of welds behave under different loading 

conditions [6], which extremely impacts the performance of car body. Previous 

researches focused on investigating the failure mechanisms based on the failed 

welded samples under different loading conditions in automotive steels, 

including coach-peel tests [5][7][8], tensile-shear tests [4][9][10] and 

cross-tension tests [6][11], but neglecting the link between the deformation 

evolution and microstructure of the welds, and how they affect the failure. 
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Dual-phase steels, which is the most common type in Advanced High Strength 

Steels (AHSSs), have a microstructure of martensite and ferrite and are widely 

used for safety parts in car bodies [12]. However, limited researches have been 

carried out with respect to the failure mechanisms of spot welds in DP1000 

[13][14]. Thus, it is essential to develop a new method to study the deformation 

evolution and failure mechanisms of spot welds in DP1000. The novelty of this 

project is investigating deformation and failure evolution of the spot weld in 

DP1000 and the effect of welding currents on weld failure mechanisms. 

The motivation is to develop a new method to comprehensively 

understand the failure mechanisms of resistance spot weld in AHSSs, it is due 

to the fact that previous method might not provide the information of how the 

spot weld deformed during loading which is crucial on understanding the 

associate failure mechanisms, in such way to help improve the performance of 

welded joints in car body to enhance the passengers’ safety.  Moreover, the 

achieved experimental data could help develop FE simulation model to predict 

the failure of spot weld in AHSS. 

1.2 Aims and objectives 

The present research aims to investigate the deformation and failure 

evolution of spot weld under different welding currents and loading conditions 

and how the welding currents affect failure mechanisms of spot weld in 

dual-phase steel 1000 (DP1000), while a type of low carbon steel is considered 

as the reference material. In this project, a new research method will be 

developed to have a more in-depth understanding of failure of spot weld in 

steels, and the achieved results could provide data for future FE simulation 

model development.  

Some key objectives are listed below: 

 Revealing the deformation and failure evolution of the spot weld - In 

order to reveal the deformation and damage evolution on the free 

surface of the spot welds, macro and micro samples with two precisely 

prepared half spot welds, which were welded with low, medium and 

high welding currents, were designed based on the standard 
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tensile-shear, coach-peel and cross-tension samples. A Finite Element 

technique using ABAQUS/Explicit package is used to determine the 

optimum geometries of samples to ensure the maximum plastic 

deformation occurs in the region of interest in the samples. 

 Investigation of deformation and failure evolution of the welds - 3D 

stereo Digital image correlation (DIC) technique is used to quantify the 

deformation and failure evolution in the tested macro samples during 

the whole test process. Samples without paint are also tested to 

correlate the deformation and failure evolution with the achieved strain 

maps. In-situ tensile test using micro CP samples are carried out. 

 Analysis of effect of welding currents on microstructure of the weld 

section and the associate mechanical properties - The microstructure 

of welded samples is characterised using standard metallography tests. 

Microhardness tests are carried out to characterise the mechanical 

properties of the spot welds.  

 Analysis of fracture surface and corresponding microstructural 

morphology of the weld section and their effect on failure mechanisms 

- Fractography and microstructural morphology analysis are conducted 

based on failed samples using optical microscope and Scanning 

Electron Microscope (SEM).   

A better understanding of how welding currents affect the deformation 

evolution and microstructure of the weld section as well as their effects on 

failure mechanisms is achieved by linking the corresponding multiscale 

deformation evolution to the results of metallurgy, fractography and 

morphology analysis. In addition, an approach to determine the local 

mechanical properties of different sections of the spot welds is presented, 

which could provide benefits for damage model development in the future. 

1.3 Thesis outline 

The structure of the thesis is as follows: 

 Chapter 2 - Literature reviews of automotive steels, conventional 
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joining techniques of car body, conventional testing methods of spot 

weld failure mechanisms and performance analysis, full-field strain 

measurement techniques and FE damage models. 

 Chapter 3 - Describe and explain the methods of new sample 

geometries design, deformation evolution analysis of the weld section 

under multi scales, microstructure and mechanical properties 

characterisation as well as fractograhy and microstructural morphology 

analysis. 

 Chapter 4 - Present the results obtained according to methods 

proposed in Chapter 3. 

 Chapter 5 - Discuss the results to analyse the deformation and failure 

evolution and effect of welding current on microstructure of the spot 

weld as well as their link with failure mechanisms. 

 Chapter 6 - Conclusion. 

 Chapter 7 - Future work.  

 Chapter 8 - Introducing a possible method to characterise the 

mechanical properties of the weld section to help in future FE damage 

model development. 
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2 LITERATURE REVIEW 

A detail review of previous literatures was conducted in this chapter in 

order to identify the shortcomings and develop new approaches to Figure out 

the issues. 

2.1 Automotive steels 

Figure 2.1 briefly shows the components in a body-in-white referring to 

the stage in which components of a car body is joined together[15]. A 

body-in-white could be made of different types of steels to fulfil different 

requirements. 

 

Figure 2.1. Components in body-in-white[15]. 

Steels are the key materials applied in automotive industry[2]. They can be 

classified into three categories based on yield strength and tensile strength 

range[2][16], including low strength steels, high strength steels and 

Ultra/Advanced high strength steels. The yield strength of low strength steels is 

less than 210 MPa and the tensile strength is less than 270 MPa, and for the 

high strength category, the yield strength is between 270 and 550 MPa and the 

tensile strength is between 270-700 MPa, while the ultra/advanced high 

strength steels have a yield strength of greater than 550 MPa and a tensile 

strength in excess of 700Mpa, Figure 2.2 [17][18]. 
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Figure 2.2. Schematic of classification of low, high and ultra/advanced high strength 

steels based on yield strength and tensile strength[2]. 

2.1.1 Low strength steel  

Steel grades having the carbon content between 0.04%-0.3% and tensile 

strength lower than 270 MPa are considered as low strength steel [2]. These 

grades include mild steel and interstitial-free (IF) steel, that mostly contain a 

ferritic microstructure[2][19]. These are applied to automotive industry for car 

body parts and panels due to their great formability and deep drawability 

[2][20].  

2.1.2 High strength steels 

 There are various types of high strength steels (HSS) used in automotive 

industry, including high strength interstitial-free steels (IF-HS), bake hardening 

(BH) steels and high-strength low-alloy steels (HSLA). It is reported that 

application of these grades can help to reduce the mass of the car body by 

about 19% while a better strength and structure performance can be 

achieved[2].  

IF-HS steels have a ferritic microstructure, and carbon and nitrogen 

contents are controlled to achieve a high formability. Due to the high 

formability, these grades are usually used to manufacture rear and front door 

inner and rear floor panel of car body in automotive industry [21]. BH steels, 
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which have a basic ferritic microstructure, are treated by bake hardening 

process [22], where strain aging is applied to enhance the strength of formed 

steel parts in a low temperature (150-200 degree) paint baking stage [22]. It 

basically results in migrating the interstitial atoms (carbon and/or nitrogen) to 

dislocation produced during forming operation to increase the strength and 

dent resistance in steels [22]. It is usually applied into making automotive outer 

body because of its high strength, high formability and dent resistance [22]. 

High Strength Low Alloy (HSLA) steels are a type of steels that have better 

mechanical properties and greater corrosion resistance than carbon steels. The 

strength and corrosion resistance of HSLA steels are increased by adding 

micro-alloying elements, such as manganese, copper, nickel, niobium, 

chromium, titanium, and calcium, etc. [23]. HSLA steels are often used in some 

load application components of automotive due to their sufficient strength [2]. 

2.1.3 Advance High Strength Steels 

The AHSS are developed to fulfil the requirements of today’s vehicles for 

strict safety regulations, emission reduction and economical cost [24]. These 

materials have superior strength and ductility balance and can reduce the 

weight of body-in-white as well as improve the passengers’ safety [24]. These 

grades of steels improve the formability, strength range and crash-energy 

absorption compared with conventional HSS [12]. The usage of AHSS in 

vehicles increased to 8% of the entire body in 2011 and it is expected to rise to 

15% in 2020. This exhibits a wide spread trend of AHSS usage in automotive 

industry [12]. 

All AHSS are produced by controlling the rate of cooling from the 

microstructure  of austenite plus ferrite or austenite [12]. As shown in Figure 

2.1, AHSS are divided into different grades based on their microstructure and 

relative strength levels, such as dual phase (DP), complex phase (CP), 

transformation-induced plasticity (TRIP) and martensitic (MART), 

twinning-induced plasticity (TWIP) steel, hot-formed (HF) steel and 

manganese-boron steel [2].  

Dual phase steels consist of a combination of ferrite and martensite phases 
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produced through controlled cooling rate to transform some austenite to 

ferrite with slow cooling and some austenite to martensite with rapid cooling, 

Figure2.3 [2][25]. These grades of steels show great mechanical properties, 

such as great ductility-strength combination, continuous yielding behaviour 

and formability compared with conventional high strength steels [25][26], their 

ductility-strength combination is quite valuable as it will not affect the 

mechanical properties even in very low thickness [27]. Hence, they can help 

reduce the weight of vehicles [27]. In this case, DP steels are widely applied in 

safety automotive components, including car body panels, B-pillars, bumpers 

and roof rails [2]. 

Multiphase or complex phase (CP) steels contain a mixture of ferrite, 

bainite pearlite and martensite, Figure 2.3. Its yield strength is higher when the 

tensile strength is at same level with dual phase steels. CP steels have great 

energy absorption and high residual deformation and are used in frame rails, 

transverse beams, rocker outer and rocker panels, etc. [2]. 

Transformation induced plasticity (TRIP) steels have a multiphase structure 

containing retained austenite within the matrix of ferrite, bainite and 

martensite. A controlled phase transformation method is used to produce TRIP 

steels with slow and rapid cooling rates as shown in Figure 2.3. They have 

sufficient carbon content, which is higher than DP steels, in order to make 

retained austenite stable below room temperature [2]. TRIP steels are applied 

to manufacture roof rails, B-pillar upper, front and rear rails due to its high 

strength and elongation [28]. 

Martensitic steels (MS) contain fully martensitic phases. They are produced 

by rapid cooling to transform austenite into martensite as shown in Figure 2.3. 

A 100% martensite structure can be obtained in a continuous annealing line by 

water quenching. They have high tensile strength up to 1700MPa [2][18]. They 

are used in bumper reinforcements, bumper beams, rocker outer and side 

intrusion, etc [2]. 
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Figure 2.3. Time-temperature –transformation (TTT) diagram for carbon steel [29]. 

Twinning-Induced Plasticity (TWIP) steels only consists of austenite at 

room temperature which are developed by adding high manganese content 

(15-30%) in the chemical composition of the alloy [30]. They have large uniform 

elongation (60%) over a wide range of strain rates and extremely high tensile 

strength (>1000 MPa). It also has high strain hardening rate because of 

deformation twinning [30]. Consequently, they are usually used for A-Pillar and 

door impact beam, etc. [2]. 

Manganese-boron steels are tempered boron-alloy steels offering great 

tensile strength up to 1650MPa and good elongation (around 5%) after hot 

forming and controlled cooling process. The high strength is caused by 

controlling cooling to get the martensitic structure [2]. The carbon and 

manganese content as well as very low boron content (between 

0.001%-0.005%) also make a contribution to the strength [31]. It is normally 

used for A-Pillar and B-Pillar, etc. [2]. 

2.2 Mechanical properties characterisation of the weld 

section 

In order to analyse the failure mechanism and simulate failure process of 

welded samples, it is essential to determine the mechanical properties of 
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welded samples. These properties include true stress-strain curves and 

hardness of different regions of the welded joint. 

2.2.1 Hardness test 

The relation of hardness and other mechanical properties are close, 

including strength and ductility. The hardness is a common parameter to 

evaluate the quality of materials [32][33]. The hardness test can be classified 

into two types including macro-indentation testing and micro-indentation 

testing specified in standard ISO 14577 [34]. Macro-indentation tests are 

characterized by indentation loads   in the range between    and       

while micro-indentation tests are specified by indentation loads      and 

penetrations      . There are several similar hardness test methods 

developed according to the actual or projected indent surface area, indent 

depth and indentation load within a certain time, such as Brinell, Meyer, Vickers 

and Rockell, etc. [33]. Vickers test is commonly used for both macro and micro 

harness tests among them. It can be applied into measuring metallic and 

non-metallic materials including steels, ceramics and polymers [32][35][36][37]. 

Figure 2.4 shows the indenter and indentation of Vickers test. The indenter 

is often a squared pyramid shape with 136 degree angle for the opposite side 

and the hardness value is computed based on the indenter load and projected 

surface area. The hardness value is calculated as the following equation [32]: 

   
 

  
   

     
    

  

    
       

 

  
 

                                                                                                                                                           

Equation 2.1 

where    is the Vickers hardness, MPa, P is the indentation load, kgf,    is 

standard acceleration due to gravity; d is the mean diagonal length of indentation, 

mm. 
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Figure 2.4. Vickers indenter and indentation [32]. 

2.2.2 Nanoindentation 

Nanoindentation has been implemented to characterise Young’s 

modulus and hardness of materials [38][39]. Force and depth can be 

continuously measured during indentation and provide accurate load-depth 

data under submicron scale. Then, the Young’s modulus and hardness can be 

determined based on the loading and unloading load-depth data as well as the 

data of indentation area [39]. Methods have also been developed to determine 

constitutive relations of materials by determining the strain hardening 

exponent n and strength coefficient K or FEM method according to the 

Nanoindentation data [40][41][42]. Thus, Nanoindentation is an effective 

technique to determine the mechanical properties of materials that are not 

able to be characterised by conventional uniaxial tensile test, such as thin 

polymer film and different regions of spot welds [41][43]. 

Determination of Young’s modulus E and hardness is briefly introduced 

as follows. Although, several different shapes of indenters are applied for 

indentation including conical, pyramid and Berkovich tips, the principle of 

extracting E and H are similar.  Figure 2.5a shows the Schematic of indentation 

using Berkovich tip under peak load and after unloading, while Figure 2.5b 

shows loading and unloading load-depth curve and corresponding energy 

fractions. The Young’s modulus E is determined by the reduced modulus 

  and elastic modulus of the indenter   : 

 

  
 

    

 
 

    
 

  
 

                                                                                                                                                         

Equation 2.2 
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Where   is the Poisson ratio of the material and    is the Poisson ratio of 

the indenter.    is the Young’s modulus of indenter.    is determined by a 

series of calculations using the parameters shown in Figure 2.5a and b 

developed by researchers [44]. 

Hardness can be calculated from its normal definition in equation 2.3: 

  
    

 
 

                                                                                                                                                           

Equation 2.3 

where      and A are the peak load and the projected area of 

indentation[44]. 

 

(a) 

 

(b) 

Figure 2.5. (a) Schematic of nanoindentation, (b) schematic of loading and unloading 

load-depth curve and corresponding energy fractions [38]. 
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2.2.3 Uniaxial tensile test 

Uniaxial tensile test is simple and effective to understand the stress-strain 

relationship of a metallic material. Various mechanical properties can be 

characterised though such method, including Young’s modulus, yield 

strength, tensile strength, strain hardening and true stress-strain curves, etc, 

referring to the standard ISO 6892[45]. Standard specimen or standard subsize 

specimen are applied to the test depending on the requirements, as shown in 

Figure 2.6. The length change needs to be measured along the gauge 

highlighted with G in Figure 2.6. 

 

Figure 2.6.Schematic of standard tensile test specimen [45]. 

Engineering stress-strain relationship can be directly calculated through 

achieved data from the test, as shown in Figure 2.7. Young’s modulus is slope 

of linear portion of the curve while yield strength is determined by a 0.2% strain 

offset method referring to the standard ASTM E8, Figure 2.7 [46]. Moreover, 

necking, which occurs in ductile materials [47], happens after the maximum 

load point as the strength increase by strain hardening (caused by increase 

resistance of dislocation movement) is no longer withstand the stress produced 

by loading. The stress and strain are calculated from: 
       

Equation 2.4 

𝜺  ∆𝒍 𝒍 

Equation 2.5 

where            are engineering stress, load and cross section area of the 

sample while 𝜺  ∆        are engineering strain, length change and initial length 

of the gauge. 
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Figure 2.7. Schematic of engineering stress-strain curve. 

True stress-strain relationship can be calculated according to engineering 

stress-strain curve considering the area change during testing. True stress,   , 

and strain,   , are calculated by the following equations before necking [48]: 

            
Equation 2.6 

             
Equation 2.7 

A power law used to represent the flow curve [48] can be utilized to 

calculate the true stress-strain relationship after necking as below: 
      

  

Equation 2.8 

Where   is strength coefficient and   is strain hardening exponent. 

2.3 Joining techniques 

Several permanent or semi-permanent joining techniques are available to 

join the metallic or non-metallic parts together. The semi-permanent joining 

methods are designed to join the parts for a certain time, including using 

mechanical fasteners such as nuts and bolts and washers, knock-down fittings 

and screws, where a flexibility in assembly and disassembly is required without 
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damaging the parts. The permanent joining methods includes permanent 

mechanical fastening, welding, friction stir welding, laser welding and 

resistance spot welding [49]. These methods can permanently join the metallic 

or non-metallic parts together and hardly be separated [50]. Joining methods 

that are commonly applied in assembling a car body include bolts, self-piercing 

riveting, mechanical clinching, laser welding and spot welding [51][52][53]. The 

following sections give a general review of the selected permanent techniques 

used in carbody construction. 

2.3.1 Self-piercing riveting  

Self-piercing riveting (SPR) is permanent joining technique used to 

connect two or more sheets together in car body construction. It can be 

applied into different materials including aluminium alloy and steel sheets 

[54][55]. Figure 2.8 shows the SPR process wherein the rivet is driven through 

the upper sheet materials and deformed the lower sheet into a die. During the 

process, the gap between two sheets is closed and an interlock is formed. 

There are several advantages for SPR including no pre-drilled holes, low noise 

and no surface treatment [54]. However, the method has high equipment and 

tooling cost, low connection strength and is not suitable for materials that has 

low ductility or brittle materials [56].  

 

Figure 2.8. Schematic of a SPR process [54]. 

2.3.2 Mechanical clinching 

Mechanical clinching is usually used to join non-ferrous sheet materials 
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used in car body construction including aluminium alloys and magnesium 

alloys [57][58]. These materials can not to be joined effectively by other joining 

techniques due to their low electrical resistance high strength [57]. Figure 2.9 

shows the process of mechanical clinching. An interlock is formed between two 

sheets through punching the sheet materials into a die in order to join the 

sheets together [59]. Mechanical clinching has some advantages, including no 

surface preparation, no additional parts (bolts, screws and rivets), high 

efficiency and low –energy consumption [57][59]. However, clinching has some 

disadvantages including extremely high force requirement and inapplicability 

in sheet materials of low ductility [58].  

 

Figure 2.9. Schematic of a mechanical clinching process [59]. 

2.3.3 Laser welding 

Laser welding is a technique using laser beam to join metal pieces or 

thermoplastics together. It can be used to weld steel, aluminium and titanium 

[60][61][62]. Additionally, laser welding is commonly applied into welding 

automotive components, such as gears and transmission components. The 

high concentrated laser beam is targeted on the workpieces to melt the 

material around the beam, Figure 2.10 [63][64]. Welds can be created with or 

without filler metal. The advantages of laser welding are high welding speed, 

low energy input and small heat affected zone (region that is not melted but its 

microstructure is varied by the heat generated in the welding process between 

weld and base metal) [65]. However, it also has several disadvantages 

restraining its application, such as safety issues caused by direct or indirect 

exposure to the laser radiation, low energy conversion efficiency, high 

requirement of laser beam position accuracy, humping and porosity [64]. 
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Figure 2.10. Schematic drawing of laser welding process [63]. 

2.3.4 Resistance spot welding  

Resistance spot welding (RSW) is popular in joining metal sheets and is 

commonly used in assembling car bodies due to it is the most economical, 

flexible, time efficiency joining technique used in automotive industry [66][67]. 

Additionally, the joint made is uniform and has higher loading capacity 

compared with riveted and clinched joints and the operation is highly 

automatic. A car body is made of automotive steels with thousands of spot 

welds [66]. Therefore, the failure mechanisms of spot welds are crucial to be 

investigated [68]. 

Figure 2.11 presents the fundamentals of a resistance welding machine 

circuit wherein two electrodes made of copper alloy locate at upper and lower 

sides of the workpieces due to its low resistance allowing heat generated in the 

workpieces. The workpieces are pressed by the electrodes. During welding 

process, the workpieces experience two stages including melting and 

solidification between two metal sheets [69]. The region around the contacted 

surfaces of two metal sheets first melted at start of welding process and the 

melted volume becomes larger as more heat generated, and then the 
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solidification will fuse the two metal sheets together [70]. The heat generation 

during welding refers to the following equation: 

        
Equation 2.9 

Where   is heat,   is welding current,   is resistance of workpieces,   is 

welding time and   is heat losses.  

 

Figure 2.11. Schematic of RSW principle [69]. 

The resistance spot welding process results in three microstructural zones 

as shown in Figure 2.12: weld nugget, heat affected zone (HAZ) and base metal 

(BM) [71][72][73]. 

The temperature experienced of any spot welds in steels is the key factor to 

characterise the different regions of a spot weld as metal phase transformation 

happens in the weld resulting in different microstructure due to different 

temperature level caused by heat generated during welding process and 

different cooling rates [74]. 

The nugget is created by heating the materials over the temperature that 

all ferrite is transformed to austenite (Ac3) and being cooled down rapidly from 

the liquid phase. Phase transformation may occur in this region. All the 

materials are melted in this region [70]. 

The HAZ is the region surrounding the weld nugget. It can be divided into 

four regions, (i) coarse grain heat affected zone(CGHAZ) where the 

temperature is well above Ac3 but lower than the temperature in the nugget, 

new phases may form during rapid cooling in this zone and grains slightly grow 

up [43], (ii) fine grain heat affected zone (FGHAZ) where the temperature is just 

above Ac3, new phases may form and almost no grain grows in this zone as the 

cooling rate is faster than CGHAZ [43], (iii) intercritical heat affected zone 
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(ICHAZ), where the temperature is between Ac3 and temperature that ferrite 

begins to transform to austenite (Ac1), some of the ferrite transforms to 

austenite and partial phase transformation may occur in this zone after cooling 

[70], (iv) subcritical heat affected zone (SCHAZ) where the temperature is below 

Ac1, it is difficult to identify this region due to that there is almost no visible 

microstructural changes [75]. In hence, mechanical properties of BM, HAZ and 

nugget vary from each other. 

In addition, a thin line-like bond within the HAZ ahead of the notch tip 

(highlighted in blue squares in Figure 2.12) is the called corona bond which is a 

solid phase bonding formed by pressure of two electrodes  [76][77]. 

 

Figure 2.12. Schematic of weld section showing nugget, CGHAZ, FGHAZ, ICHAZ, 

SCHAZ and BM. 

2.4 Effect of grain size 

The size of grains in polycrystalline metals has great effect on their 

mechanical properties, including yield strength, tensile strength and hardness 

[78]. The Hall-Petch relation, as shown in equation 2.10, indicates that increase 

in average grain size results in decrease in mechanical properties in ferrous 

materials, as found by researchers in pure iron sample [78], a high manganese 

austenitic steel [79] and a type of martensitic steel [80], which is due to the 

decrease of area fraction of grain boundaries leading to lower stress to develop 

the crack [81]. 

              
Equation 2.10 
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Where     is yield strength,    is friction resistance of dislocation 

movement within the polycrystalline grains,    is Hall-Petch slope and   is 

average grain size [80]. 

The increase in grain size primarily occurs during the heating process in 

steels, when recovery and recrystallization are complete and further heating 

can increase the size of grains [82]. It is worth noting that recovery is a process 

that energy stored in deformed grains can be reduced through rearranging or 

removing defects in their crystal structure occurring in lower temperature than 

recrystallization [82]. Recrystallization is a process that distorted grains in 

metals through cold work are substituted by new grains having more stable 

state when being heated above recrystallization temperature [83]. The increase 

of grain size can be enhanced by higher temperature and longer heating time 

while the presence of other particles can slow down the grain growth [84]. A 

general relationship is used to describe the grain growth, equation 2.11 and the 

constant K is expressed by equation 2.12. 

     
      

Equation 2.11 

           
 

   
  

Equation 2.12 

Where   is current grain size,    is initial grain size,   is proportional 

constant depending on thermodynamic temperature   and activation energy 

 ,   is universal gas constant,   is heating time at a given temperature and   

is a material exponential coefficient [84].  

2.5 Failure modes and failure mechanisms of spot welds 

2.5.1 Fracture mechanisms of metals 

Metallic materials fail through two main different fracture mechanisms, 

depending on their mechanical and microstructural properties, including brittle 

fracture and ductile fracture [85]–[90].  

Transgranular and intergranular fracture are two types of brittle fracture 

which is a type of fracture without appreciable prior plastic deformation.  
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Transgranular fracture, which is also called transgranular cleavage, is a 

rapid crack propagation along a particular crystal plane [91]. It is because of the 

local stress is sufficient to overcome the cohesive strength of the material [91]. 

The crack does not propagate along the grain boundary but rapidly goes 

through grains, Figure 2.13a, and generates reflective, flat and bright facets on 

the fracture surface shown in Figure 2.13b [91][92].  

(a) 

 

(b) 

Figure 2.13. (a) Cleavage and (b) Crack path [91]. 

Another type of brittle fracture is called intergranular fracture wherein the 

crack goes along the grain boundaries of the material resulting in a fracture of 

jagged looking with shining surfaces and straight edges as shown in Figure 

2.14 [91]. Intergranular fracture can be induced in several ways, including 

impurity elements in the grain boundaries [93], hydrogen embrittlement in the 

material [94] and increase of carbon as well as manganese contents which may 

strengthen the grain boundaries [95]. 
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(a) 

 

(b) 

Figure 2.14. Intergranular fracture (a) crack path, (b) intergranular fracture in a type of 

steel [91]. 

In contrast to fast crack propagation in brittle fracture, ductile fracture is 

associated with nucleation, growth and coalescence of the voids [96][97], which 

can be induced by tensile or shear loads. Figure 2.15a-c shows the mechanism 

of ductile fracture due to tension. There are three stages during a ductile 

fracture process, firstly, microvoids nucleate at an inclusion or second-phase 

particles, Figure 2.15a, secondly, the voids grow in size by further plastic strain 

and hydrostatic stress, Figure 2.15b. Lastly, adjacent voids coalesce with each 

other and lead to ductile fracture, Figure 2.15c [91]. Due to the presence of 

voids during the ductile fracture, the produced fracture surface is shown in 

Figure 2.16a. In contrast to ductile fracture due to the applied tensile loads, 

shear fracture occurs when a shear loads is applied. As shown in Figure 2.15d, 

when the material is dominated by shear stress state, voids can form in smaller 

particles compared with ductile fracture and subsequent growth may cause 

interaction between neighbouring voids and finally causing shear failure [98]. 

Shear fracture can produce elongated dimples, Figure 2.16b.  

A low energy absorption and rapid failure process indicate that brittle 

fracture is very dangerous and has to be avoided [99]. In contrast to brittle 

fracture, ductile fracture experiences larger plastic deformation and needs 

much more applied energy, which means it is able to absorb more energy [91]. 

Thus, failure due to ductile fracture is preferred in automotive.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

   Figure 2.15. Mechanisms of ductile crack propagation (a) initial state, (b) nucleation 

and growth of voids (c) voids coalescence (d) shear fracture [91][100]. 

 

(a) 

 

(b) 

Figure 2.16. (a) Microvoids observed in ductile fracture surface resulted by tension in 

welds of DP1000, (b) elongated dimples observed in shear fracture surface in welds of 

DP1000. 

2.5.2 Failure modes in resistance spot welds 

The failure modes of RSWs have been classified into three types: pull out 

failure (PF), interfacial failure (IF) and partial interfacial failure (PIF) [101]. The 

pull out failure includes nugget pull out failure and sheet pull out failure. The 
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crack paths of all failure modes are highlighted in Figure 2.17. For nugget pull 

out failure, the crack initiates from inner side of metal sheet within HAZ and 

propagates along thickness direction, highlighted by green arrow in Figure 

2.17. In sheet pull out failure, the crack initiates within base metal and 

propagates through thickness direction of the sheet as highlighted by white 

arrow in Figure 2.17. In this way the whole weld is pulled off the metal sheet. 

However, in the case of partial interfacial failure, the crack initiates from the tip 

of corona bond and propagates along interface of the nugget before 

deflecting its path to the thickness direction of the sheet, as highlighted by 

blue line in Figure 2.17, part of materials within the nugget is pulled out in this 

mode. In the case of interfacial failure, the crack initiates at the corona bond tip 

and propagates through the interface of the nugget to divide the welded 

sheets into two pieces, as highlighted by yellow line in Figure 2.17 [102]. 

 

Figure 2.17. Schematic of different failure modes in RSWs. 

2.5.3 Failure analysis of resistance spot welds  

There are several standard tests reported to assess the structural integrity 

and strength of spot welds including cross-tension test, tensile-shear test and 

coach-peel test representing tensile, tensile/shear and tensile/bending loading 

conditions, respectively [103][104]. [105]Researches were carried out using 

failed resistance spot welds in different types of automotive steels, showing 

that steels types, welding current and loading conditions could affect the 

failure mechanisms of the spot welds and failure modes. 

In cross-tension test, two sheets are overlapped and perpendicular to each 
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other and a weld is made at the centre of the overlapped region referring to 

the standard EN ISO 14272:2001 . Subsequently, a tensile load is applied 

normal to the sheet surface to assign tension stress state to the weld [6][106].  

In a study of IF and DP steels welded CT samples, different failure modes 

were observed at different zones of the weld, Figure 2.18b, wherein PF happens 

in zone 1- and zone 2, PIF and IF happens in zone 3 [101]. Specifically, as shown 

in Figure 2.19, IF260, DP450 and DP980 steels welded CT samples of same 

welding parameters was tested, however, the failure modes and failure 

mechanisms are different. Weld in DP450 steel fails via sheet PF mode as 

mentioned above in zone 1 caused by ductile fracture, weld in IF260 steel fails 

via nugget PF failure in zone 2 caused by ductile shear fracture, weld in DP980 

steel fails via PIF caused by semi-brittle fracture. In addition, Dancette et al. 

reported the failure modes change from nugget PF or PIF to a mixed failure 

(nugget PF and sheet PF) in welds in DP590 when increasing the nugget size by 

increasing the welding current [11]. 

 

(a) 

 

(b) 

Figure 2.18. Description of failure modes of cross-tension test [67][101]. 

 

https://www.researchgate.net/profile/Sylvain_Dancette?_sg%5B0%5D=B_CHikgbhrAaHkb1zS-91wd6TU3H1wGZ5jsMKWRGg0q8SZ3OtQay7pXw6JcE0MHYO9WruVY.otLWa4pYLUNdka_rzNGgVPAp_ZcP2fzufYgv5aEebbrE6pf9czm36LskwAKhh2WBO0wchvOkYuNfc0NUUPcw9g&_sg%5B1%5D=shC-3Xk3d4qiia22PqQzklq_o1mL1-uneAxauSddDB6ufP_R0UZ-JCRimfg6GflSOqC7W-c.astju6M-TuWAZ69OVVo4zkGgVwft621R8SvNd2xk-uiwT3Ytc_-XxbafnVwNcaL9rSliekvSUDM4gkNxuL0EFQ
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(a) 

 

(b) 

 

(c) 

Figure 2.19. SEM images, (a) PF in BM in Dp450, (b) PF in HAZ in IF260, (c) PIF in DP980 

[101]. 

As shown in Figure 2.20, in tensile-shear test, part of the two sheets are 

joined together,  a spot weld locates in the centre of the overlapped region 

while a tensile load is applied to the sample to assign a shear stress state to the 

weld referring to standard EN ISO 14273:2001 [107].  

 

Figure 2.20. Schematic of tensile-shear sample. 

Previous researches also show that material types and welding currents can 

influence the failure mechanisms and failure modes of spot welds under 

tensile-shear loading condition. Dancette et al. reported the failure modes 
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transition from IF to PF when increasing the nugget size by increasing the 

welding current for spot welds in IF260 or DP590 steels [11]. Different failure 

mechanisms were also observed for welded sample failed via same failure 

modes in different steels. For the welds failed via IF mode, as shown in Figure 

2.21, the crack goes through the interface of the nugget and in-plane shear was 

observed in the central part of the nugget while out-of-plane shear on flank 

side in DP980 reported by researchers [11][108]. However, it is different for the 

welds failed via IF in B1500 steel, as shown in Figure 2.22, where brittle fracture 

is the dominant factor of failure with some ductile fracture[109]. The difference 

of failure mechanisms was also observed in welds failed via PF mode in 

different steels. Ductile fracture caused by necking was observed to be the 

reason inducing sheet PF mode in DP450 steel and a type of low carbon steel 

[104][11]. An example of cross section surface and fracture surface of the weld 

in low carbon steel is shown in Figure 2.23  [104]. However, welds in a type of 

grade 1000 high strength steel failed via sheet PF showed ductile fracture with 

brittle facets [110]. Moreover, necking in BM and subsequent shear fracture 

were observed in weld in DP780 resulting in sheet PF [111]. The relation 

between peak load and nugget size was also investigated by researchers 

including DP600 and low carbon steels, showing an increase of peak load as 

increasing nugget size by increasing welding current, and then decrease of 

peak load was observed due to the presence of expulsion (molten metal 

ejection) when further increasing the welding current [105][112][113].   

 

(a) 

 

(b) 

Figure 2.21.Microstructure of IF region of RSWs in DP980 [11]. 
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Figure 2.22. SEM fracture surfaces in tensile-shear sample via IF in RSWs of B1500, (a) 

overview of fracture surface, (b) brittle fracture surface and (c) ductile fracture 

surface[109]. 

 

(a) 

 

(b) 

Figure 2.23. Cross-section surface of TS sample failed via PF (a) and fracture surface 

indicated by the arrow (b) in RSWs of low carbon steel [104]. 

The geometry of coach peel samples is shown in Figure 2.24, referring to 

standard EN ISO 10447: 2007 [114]. Two sheets are bended to 90 degrees and 

joined together by resistance spot welding, then a tension load is applied to 

the two legs of the sample  [104][115][5].  

 

Figure 2.24. Geometry of coach-peel sample. 

Researches also show that material types have influence on the failure 

mechanisms for welds under coach-peel loading condition. And limited 
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researches were done on the influence of welding parameters, especially 

welding current, to the failure mechanisms [5] [8] [104].  

Researchers reported the failure mechanisms of coach-peel samples of 

different materials such as low carbon steel [104] and several types of Advance 

High Strength Steels [5]. Figure 2.25 shows an example of the fracture surfaces 

of IF and PF modes in RSWs of a type of low carbon steel [104]. For IF mode, the 

crack initiates from the notch tip by the side of the loading legs and goes 

through the nugget, clear grain boundary can be seen indicating 

quasi-cleavage fracture, Figure 2.25b. For PF mode, those elongated dimples 

and voids in Figure 2.25d shows failure under shear and bending condition. In 

contrast, PF mode with different failure mechanism was observed in weld of 

HSLA grade 50 steel, including notch tip blunting and ductile fracture, was also 

reported by Zuniga [8]. Moreover, PIF was observed in spot weld in TRIP780 [5]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.25. Failure modes of coach-peel sample, (a) interfacial failure, (b) fracture 

surface of IF, (c) pull-out failure and (d) fracture surface of PF of RSWs in low carbon 

steel [104]. 

Previous researches indicated that material types, welding currents and 

loading conditions could affect the failure mechanisms of spot welds. 

Fractography analysis of failed welds and microstructure analysis were used to 

investigate the underlying failure mechanisms while load-displacement curves 

were used to assess the performance of welds. However, deformation 

evolution within different weld zones under different loading conditions and 

welding currents have not been studied by the previous researchers. It could 

provide detailed information on how the different regions of the weld behave 

during loading, which can be correlated with microstructure of the 

corresponding region to achieve a more comprehensive and better 
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understanding of the failure mechanisms. 

Previous researches showed that steel types could influence the failure 

mechanism of spot weld, which could be due to the different types of steels 

consist of different microstructure. In-situ testing technique was applied by 

researchers under microscopic scale to investigate the effect of microstructure 

on damage of steel samples. Ghadbeigi et al. investigated the deformation 

evolution in DP1000 steel using in situ tensile test implemented under SEM, 

they clearly identified influence of ferrite and martensite phases on the damage 

nucleation through continuously obtaining the micrographs of the region of 

interest during loading [1]. Sawanishi et al. carried out in situ test under SEM to 

study the effect of pulsed welding current on strength properties using a 

sectioned DP980 welded joins, they found the pulsed current can improve the 

ductility of the nugget according to observation of microstructure as well as 

crack propagation in nugget [116]. The mentioned researches show that 

microscopic in situ test is an effective technique to investigate how the 

microstructure impacts the failure mechanism of the sample, which is due to 

such testing method can continuously record the deformation and damage 

evolution of region of interest under micro scale providing detailed 

information to study the effect of microstructure on crack initiation and 

propagation. 

2.6 Modelling of deformation and damage in RSWs 

The fracture of resistance spot welds was found to be mostly ductile 

fracture. To simulate the ductile fracture in metal, two types of model were 

applied, one is coupled model and the other is uncoupled model [117]. 

The coupled model can simulate the strength loss induced by the damage 

initiation attribute to micro void nucleation, growth and coalescence [117]. It 

can be divided into two categories micromechanical based coupled models 

and continuum damage mechanics (CDM) based coupled model. The 

micromechanical based model usually optimizes the microstructure with 

plastic potential and computational cells of the homogenized medium and the 

evolution equations [117]. On the other hand, the continuum damage 
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mechanics based model usually use internal damage variables, the evolution of 

these variables were depicted phenomenologically to fit the experimental 

observations [118]. 

The most common used coupled model used in simulating ductile failure is 

Gurson-Tvergaard-Needleman (GTN) model. 

Gurson model was developed and proposed by Gurson [119]. He 

introduced plastic potential used for porous materials, the damage parameter 

used was void volume fraction. Then, Tvergaard and Needleman made a 

modification based on Gurson model, the critical strain for localization, the 

coalescence of voids and interaction between voids were taken into account. 

This new model was called Gurson-Tvergaard-Needleman model [120].  

It has been integrated in ABAQUS software package [121]. The model is 

defined as follows [122]: 
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Equation 2.13 

Where    is the current flow stress of the matrix,     is the macroscopic 

von Mises stress,    is the hydrostatic stress,   ,    and      
  are  

parameters. The void volume fraction function [122],    is defined as: 
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Equation 2.14 

    Where  ,   ,    are void volume fraction, critical void volume fraction and 

void volume fraction at failure. The voids growth rate is the sum of voids 

growth   ̇ and the new voids nucleation   ̇  [122]. 
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Equation 2.18 

In which      ̇  is the volume plastic strain rate    is the mean quantity of 

voids nucleation,    is the second phase particles volume ratio and    is mean 

strain at voids nucleation.  

GTN model has already been coupled into FE software, however though it 

can completely characterize the ductile damage process, the calibration of 

parameters, including    (initial volume fraction),   ,   ,   ,   ,   ,   ,    and 

  , are very hard [123]. Researchers used ‘trial-error’ method to calibrate 

these parameters based on experimental data, which is very complicate and 

time consuming [124][125].  

Comparing with coupled model, the uncoupled model can be more 

computation efficiency. It formulates the damage evolution empirically or 

semi-empirically according to certain macroscopic variables including the 

tensile stress, hydrostatic stress and equivalent plastic strain, which are most 

relevant to damage initiation and evolution [117]. However, due to the plastic 

internal variables are not coupled to damage variables D, and there is no feed 

back to elastic-plastic behaviour of the material, it is only satisfied to predict 

the fracture initiation[118]. 

Johnson-Cook damage model is one of the typical uncoupled models [126] 

and based on the plastic strain. It is an empirical model combining strength 

with strain rate and temperature. Although, the model does not use loading 

history, it is proved to be proper for solving dynamic problems of a wide range 

of applications. These problems includes tension, shear, impact, explosive 

acceleration and penetration of metals [127][128].  

Johnson-Cook failure proposed by Johnson and Cook [129] and given in 

the following equation: 
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Equation 2.19 
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where       are material constants,     is failure strain,    is stress 

triaxiality,   
 ̇  is strain rate and    is temperature [130]. 

Although, as an uncouple damage model, J-C damage model  can only 

accurately predict the initiation of fracture, it is very cost efficiency compared 

to GTN model as only 5 constants are needed to be calibrated, including  

     , and these constants can be determined through experiments without 

iterative parameter calibration process [130][131], thereby the constants could 

be determined by the experimental data. Furthermore, it can be combined with 

the built-in Abaqus Ductile Damage model to predict the damage evolution 

[132]. In this case, J-C model was selected to simulate the damage of spot 

welds.  

2.7 Full field strain measurement 

Several strain measurement techniques have been applied to analyse the 

full field strain evolution on specimens due to more detailed information 

collection ability than typical uniaxial strain measurement techniques and their 

convenience and suitability to investigate the heterogeneous and anisotropic 

materials as well as structure properties of a sample. These techniques includes 

geometry moiré, moiré interferometry, speckle interferometry, grid method or 

digital image correlation (DIC) [133]–[135]. They can provide quantitative 

measurement of displacement, which can be used to improve the performance 

of materials or structures. It is very helpful to research the failure mechanism of 

a welded sample as the complex microstructure within different regions of a 

weld varies the mechanical properties leading to complex deformation 

behaviour during loading. 

2.7.1 Grid method 

Grid method is used to measure in-plane displacement components of 

plastic deformation on specimens. It features a great balance between 

measurement resolution and spatial resolution [136]. In this technique, a grid 

of different size pitches is printed onto the surface of the specimens as shown 

in Figure 2.26. The printed grids are normally vertical and horizontal lines [137]. 
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Various approaches have been used to apply grids onto the surface of 

materials. Electron beam [138], electro-polishing [139], electro-resist method 

[140], photolithography [141]and deposition [142] have been used to create 

micro-grids and paint spray has been used to create greater grids [143]. After 

creating the pitches, CCD cameras or scanning electron microscopes are used 

to capture images during the test process to obtained undeformed and 

deformed images of grids [136][138]. Lastly, the phase change caused by 

illumination is linked with displacement and strain fields to calculate the 

displacement and strain using different techniques mentioned by researchers 

[134] [136] [137]. However, the preparation of grid needs substantial work and 

procedures for obtaining the displacement and strain are complex. 

 

Figure 2.26. Sample printed with grid [143]. 

2.7.2 Moiré interferometry 

Moiré interferometry is a very popular technique for analysing strain field 

in mechanics [144]. Its development history has been concluded by the 

researchers [145]. It has very high sensitivity in measuring in-plane 

displacement but very low sensitivity in measuring out-of-plane displacement. 

Reliable strain distribution can be calculated based on in-plane displacement 

field [146]. It is superposition of two collimated laser beams to provide 

interference and fringes, Figure 2.27. Moiré interferometry has the same 
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principal with geometrical moiré method. The difference is that it has much 

greater grating frequency [147]. This created gratings is called a ‘virtual’ 

grating, to show the difference with the ‘physical’ grating in geometrical 

moiré [146]. Based on the gratings created by the laser beams, the strain 

distribution data can be calculated by the methods given by the researchers 

based on the deformed and undeformed grating images [144] [147]. 

.  

Figure 2.27. Schematic of moiré interferometry. 

2.7.3 Digital image correlation 

Digital image correlation (DIC) technique, which is a powerful and flexible 

tool, has been widely applied in experimental mechanics to measure full field 

displacement and strain variation [148]. It was first developed in the 1980s by 

researchers from the University of South Carolina and being continuously 

improved [149]–[155].  

The principle of DIC is simple, it is basically tracking the change of pixels in 

a subset between deformed and undeformed images of the sample to obtain 

the displacement as shown in Figure 2.28 [156]–[159]. A subset is a sub-image 

used to discretize the image and track the displacement between deformed 

and undeformed images as shown in Figure 2.28. 
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Figure 2.28. Schematic of a reference subset in undeformed image and a target subset 

in deformed image [148]. 

The DIC techniques can be implemented in 2D and stereo setups. 2D DIC is 

only capable of measuring in-plane displacement while 3D DIC can measure 

both in-plane and out-of-plane displacement [155][157].The set-up of 

apparatus of 2D-DIC system is shown in Figure 2.29 [148]. A charge-coupled 

device (CCD) camera is connected to the software. Sufficient illumination is 

provided by light sources close to the sample. Additionally, the specimen has 

to be perpendicular to the camera and the camera has to be horizontal.  

 

Figure 2.29. Schematic of Apparatus set-up of 2D-DIC system. 

The 3D DIC system set-up is shown in Figure 2.30. The stereo angle, which 
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is the angle formed between two cameras and the sample, should be between 

15° to 35° to ensure a good depth of focus [160]. Knowing the imaging 

parameter and orientation for each camera, a 3D space can be generated by 

the correlation algorithm for measuring out-of-plane displacement [161]. 

Although, the 3D DIC system can measure the out of plane displacement, the 

calculated strain is in-plane strain. The sample needs to be at the centre line of 

two cameras to ensure same distance between sample and two cameras in 

order to keep identical stereo angle.  

 

Figure 2.30. Schematic of the 3D DIC setup.  

In order to implement an experiment using DIC, interest area of the sample 

needs to be properly prepared with random speckle patterns. The speckle can 

be prepared by various methods, such as stamps, spray cans, printer toner, fine 

powder and air brush [156], etc. The accuracy of DIC measurement can be 

influenced by many factors, such as quality of speckle pattern, camera lens 

distortion, shape functions, sub-pixel image registration algorithms and subset 

size [148] [162]–[167].  

The speckle pattern needs to have high contrast, random distribution, 

isotropy, proper size and stability to ensure accurate DIC measurements [168]–

[172]. 
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In order to locate the reference subset between deformed and 

undeformed image, the correlation criterion is of great importance [173]. Three 

correlation criterions are commonly used, including cross correlation (CC) 

criterion, sum of square difference (SSD) criterion and Least Square Matching 

(LSM), these criterion evaluates the similarity between reference subset in 

undeformed image and subset of same size in deformed images in the area of 

interest to locate the target subset (reference subset in the deformed image) 

by determining the centre point P, shown in Figure 2.28, through calculating 

the correlation coefficient based on grey values of each pixel [173]–[175]. In 

this case the in-plane displacement vector could be obtained according to the 

position of P in reference and target subsets.  

In cross correlation criterion, the location where has the maximum value of 

the cross-correlation coefficient is used to determine location of target subset 

in the deformed image [174]. CC criterion can be classified into four types, 

including cross-correlation (CC) criterion, zero-mean cross-correlation (ZCC) 

criterion, normalised cross-correlation (NCC) criterion and zero- mean 

normalised cross-correlation (ZNCC) criterion. CC is the basic form having the 

lowest accuracy while NCC and ZCC are improved forms which can bear the 

scale change or offset change of intensity of the deformed images. ZNCC is the 

most recommended form which is insensitive to offset and scale changes of the 

intensity of deformed images with high accuracy [176]–[179]. 

SSD criterion [176] can also be classified into four types, including sum of 

square difference (SSD), zero-mean sum of square difference (ZSSD), 

normalised sum of square difference (NSSD) and zero-mean normalised sum of 

square difference (ZNSSD). Unlike CC criterion which is matching the speckle 

pattern having the maximum CC coefficient, SSD is matching the subset in the 

deformed image having the minimum coefficient. Similar with CC criterion, 

ZNSSD is the most recommended form which is insensitive to offset and scale 

changes of intensity of deformed images [176][177] . 

Least Square Matching is according to minimize the squared differences of 

the grey values of the subset in the correlated windows between deformed and 

undeformed images [180]–[182]. Both radiometric (brightness and contrast) 
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and geometric (translation, rotation or complex geometric transformation) 

corrections are considered which give Least Square Matching high accuracy 

[174][183].  

Shape function is used to determine the deformation mode of reference 

subset in the deformed images, in other word to determine the position of an 

arbitrary point Q around the center point P in the target subset, Figure 2.28. 

Transformation matrix is used to determine plastic deformation of the subset, 

including zero-order shape function (pure translation) in equation 2.20, 

first-order shape function (translation, rotation, shear and normal strain) in 

equation 2.21 and second-order shape function (considering strain gradients) 

size in equation 2.22. First-order shape function can produce reliable results in 

low gradient deformation field with large template size while second-order 

shape function produces reliable results in high gradient deformation field with 

large template size [130] [131].   
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Equation 2.22 

where (x, y) is the local coordinate of the center of the undeformed subset, 

(     ) is the coordinate of the center of the subset after deformation,   and   

are the displacement of the center the subset,   ,   ,    and    are the 

corresponding first order displacement gradients,    ,    ,    ,    ,     and 

    are the corresponding second order displacement gradients.  
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Subset size has been found to be the most important factor in 

measurement accuracy of DIC. It is due to that subset size directly determine 

the area of subset being utilized to trace the displacement change between 

deformed and undeformed images and needs to be manually selected by users 

in plenty of DIC softwares [148]. The subset size is supposed to be large 

enough to obtain enough information to make the subset distinguishable 

compared with other subsets, however, small deformation is neglected which 

leads to large errors. A small subset size can better capture the underlying 

deformation, but might not be distinctive enough from other subsets 

[148][184]. Normally, a subset containing around 3-5 speckles is considered to 

be optimum [185]. 

The lens distortion is very common when applying wide-angle lens or 

zoom lens into the DIC system. It can induce measurement errors on spatial 

position of measured points and displacement [167]. Subpixel image 

registration algorithms is used to measure sub-pixel displacement change 

between deformed and undeformed images in order to further improve the 

accuracy of DIC measurement [186]. Several subpixel registration algorithms 

have been developed by researchers, such as correlation coefficient 

curve-fitting [187][188], gradient-based methods [189][190], double Fourier 

transformation [191], Newton-Raphson iteration [159], genetic algorithms 

[192][193] and artificial neural network methods [194]. These algorithms can 

enhance the measurement accuracy to subpixels from 0.01 to 0.5 pixel [186].  

Some work has been done to assess the accuracy of DIC technique under 

macro or micro scales showing that a reasonable accuracy is achieved. Chu et al. 

compared 2D strain results with experimental mechanics and reported that the 

errors in the deformation determination were less than 10% for strain values 

ranging from 0.01 to 0.03 [150]. Wang compared strain measurements 

between 2D DIC and extensometer technique and found that DIC technique 

provides accurate results and more strain information (major and minor strain) 

[195]. Quantitative error assessment was also made in stereo based 

deformation measurements showing that the experimental measurements 

were in excellent agreement with theoretical predictions [196]. Wang et al. 

studied the error of DIC technique under SEM and found that tiny errors were 
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obtained (about 2 pixels difference) [197]. A quantitative error analysis was 

done by Ghadbeigi et al. between DIC and micro grids techniques at 

microstructure scale, results showed that DIC technique is appropriate to 

measure local strain at microstructure scale as the error values was between 0% 

and 34%, which is accepteable, compared with grid method [138]. 

DIC technique was selected as full field strain measurement method in this 

project and Lagrange strain tensor was used to obtain the strain distribution as 

it is an appropriate strain tensor used in calculating large deformation [198]. 

Unlike grid method or moiré which need substantial work to get the relevant 

information about displacement and can only be applied in 2D displacement 

measurement [133], although, DIC technique needs proper surface preparation 

and careful calibration, it is the most popular technique for full field 

displacement and strain measurement due to its simple experimental setup, 

simple post-process operation, high accuracy and wide range of applicability 

for diverse materials and structures [156]. Additionally, it can be applied into 

measuring both in-plane and out-of-plane displacement.  

2.8 Strain tensors 

It is essential to select an appropriate strain tensor to compare the strain 

values obtained from DIC technique, which is due to the fact that different 

strain tensors could have different performance at small strains or large strains. 

There are several strain tensors used in DIC software, including 

Green-Lagarangian, Engineering. Henchky strain and Euler-Almansi strain 

tensors. These four strain tensors are known as Seth-Hill family [199].  

Green-Lagarangian strain tensor is a finite strain measure describing the 

difference between a given displacement and a rigid body displacement locally 

[199], which is used to calculate large strains. The lagrangian strain formulation 

is as follows 

  
 

 
      

      

Where   is the deformation gradient and   is right Cauchy-Green 
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deformation tensor. 

Engineering strain          is also known as Cauchy strain, which is a 

ration of total length to initial length. It usually used to measure small strains 

and can be compared to the strain obtained by strain gauges[199].  

Hencky strain tensor   
 

 
    is also known as true strain tensor, it might 

have problem in larger strain measurement and severe shearing[199]. 

Euler-Almansi strain tensor   
 

 
        is also used to measure finite 

deformation, which is obtained based on Eulerian coordinate. However, it 

could change under rigid body motion and affect the accuracy of strain 

measurement[200]. 

In conclusion, Green-Lagarangian strain tensor was selected to achieve the 

strain from DIC technique. 

2.9 Summary  

The failure behaviour of the spot welds of low or high strength steels can 

be well understood due to the simple microstructure in BM. However, for 

advanced high strength steels, the microstructure is more complex and 

consists of several phases such as martensite, bainite and ferrite, which affect 

the mechanical properties of the spot welded section. Dual-phase steels are the 

most common type of AHSS and have high strength and high ductility that 

makes them desirable for crash resistance and weight reduction, thus they are 

very useful in automotive industry [201]. Several researches were conducted on 

spot welds in several grades of dual-phase steels including DP450, DP590, 

DP780 and DP980 steels as mentioned above, effect of steel grades, welding 

current and loading conditions on failure modes of spot weld was studied 

according to failed samples. However, there is no researches were carried out 

with respect to the knowledge of failure mechanisms linked to local 

deformation evolution and microstructural morphologies of different regions 

of welds for advanced automotive steels, and especially for high strength 

AHSSs. This is important since a better and more comprehensive 

understanding of failure mechanisms can be achieved through analysing how 

the deformation evolves within each region, which contains different 
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microstructure, of weld section through the test process. The achieved results 

could help improve the performance of spot weld and provide data for future 

FE model development.    

In the following chapter, new sample geometries and new experimental 

methods will be developed to study how deformation evolution and 

microstructure of the weld with different welding currents and loading 

conditions influence the failure behaviour of spot welds of DP1000 and a type 

of low carbon steel (reference material) under macro and micro scales with help 

of DIC technique. Microhardness test on different sections of spot weld will be 

made to characterise the mechanical properties. Microstructural morphology 

and fractography analysis will be conducted to study the effect of 

microstructure on failure mechanisms of spot welds. The obtained results will 

be correlated with each other to analyse the deformation and failure behaviour 

of the welds and effect of welding current on failure mechanisms of spot weld 

with applied different loading conditions. 
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3 METHODOLOGY  

As stated in the chapter 2, to the best of author’s knowledge, 

deformation evolution and its relation with and microstructure have been 

neglected by previous researches, which could be important to achieve a better 

understanding of the failure mechanisms of welds. This chapter aims to obtain 

deformation and damage evolution of the weld section and correlate it with 

relevant fracture mode and microstructure in order to analyse the failure 

mechanisms of spot weld with applied various weld currents and loading 

conditions. 

3.1  Design of new sample geometries 

A dual phase steel (DP1000) and a low carbon steel (reference material) 

with a sheet thickness of 1.2mm were used in this project with the given 

microstructural morphology of Figure 3.1. Martensitic grains are the white 

phase and ferritic grains are the darker regions in the micrograph of DP1000, 

Figure 3.1a, and a pure ferritic microstructure is observed in low carbon steel, 

Figure 3.1b. Standard tensile tests based on ASTM E8 standard [46] were 

conducted to determine the mechanical properties of the as received materials, 

Table 3.1.  
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Figure 3.1. (a)Microstructure of the DP1000 sheet used showing a ferritic-martensitic 

structure with the bright phase to be a martensite grain and the darker phase to be a 

ferrite grain and (b) microstructure of the low carbon steel sheet used showing a pure 

ferritic strcuture. 

Table 3.1. Mechanical properties of the materials. 

 YS(MPa) UTS(MPa) 
Elongation 

(%) 

DP1000 690 1048 16.9 

Low carbon steel 155 276 53.1 

As explained previously, developing new sample geometries was necessary 

in order to reveal the deformation and damage process in the welds and it was 

needed to be able to correlate the deformed microstructure with them. 

Therefore, to design the macro samples with half welds (sectioned through the 

centre of the weld) was useful. In this case, the deformation and damage 

evolution could be correlated with the microstructural morphology of the weld. 

In addition, it was helpful to view the variation of microstructure in weld section 

during the test process. In hence, micro sample which can be tested under SEM 

should also be considered. As mentioned at end of section 2.5.3, DIC technique 

was used to analyse the deformation and damage evolution, however, only 2D 

DIC could be used to analyse the SEM images considering the existed testing 

equipment, indicating that too much out-of-plane displacement could lead to 

 

(a) 

 

(b)  

Ferrite 
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large error on the results. Additionally, as the maximum principal strain 

obtained was in 2 dimensions, it was crucial to reduce the out-of-plane 

displacement so that 2D maximum principal strain could be an indicator of 

failure. Thus, a double weld setup for macro and micro samples was considered 

to achieve a similar stress state and to reduce the out-of-plane displacement 

within the weld section.  

A set of new sample geometries, Macro CP, Micro CP, TS and U-shape 

samples, was designed for the sake of investigating deformation and failure 

mechanisms that traditional samples are not able to get access to, as reported 

in literatures [104], [106], [108], [202], and investigating the possibility of 

implementing in-situ quantitative measurement of local deformation fields 

within the weld section. 

The new test geometries were developed based on standard tensile-shear 

(TS), coach-peel (CP) and cross tension (CT) samples [105][107][114], wherein 

double half welds were produced at the edges instead of placing a single weld 

at the middle of the section, as shown in Figure 3.2. A Finite Element (FE) 

parametric study was carried out using Abaqus/Explicit package in order to 

determine the ideal dimension of the samples to satisfy the stress state for the 

required failure modes and to ensure the maximum plastic deformation occurs 

at the free surface of the nugget along the polishing line on the onset of 

fracture. In order to continuously record the deformation and damage process 

of samples, DIC technique was selected. It is critically important that maximum 

plastic deformation and failure occurs within the field of view where the strains 

can be calculated than any point in the material beneath the surface as DIC 

technique is based on recording images of deformed samples.  

The material properties of the weld section and the base material for the FE 

simulation were selected from published literatures [203]–[205]. The 

Gurson-Tvergaard-Needleman (GTN) model was implemented as the failure 

criteria according to the reported results of coach-peel and tensile-shear tests 

shown in the literatures [206][207]. The parameters of GTN model were 

obtained from the work of author’s Master project, which focused on 

simulation of damage of spot weld in DP1000, and listed in table 3.3. Although, 
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the parameters of HAZ and nugget could be different for this project as the 

welding parameters are different, it is important to note that the FE simulation 

was done to perform a qualitative study for the dimensional analysis of the 

samples rather than prediction of failure in the researched materials. A C3D8R 

element was selected and the elements of the weld section were refined to get 

a more accurate result. The loading conditions can refer to Figure 3.8. Figure 

3.3 shows the predicted strain field before crack initiation in the designed 

geometries wherein a mesh refinement was applied around the weld nugget 

and the maximum plastic strain was observed at the free surface of TS sample 

(Figure 3.3a), Macro-CP (Figure 3.3b) samples and U-shape samples(Figure 3.3c 

align the cut section. The final designed geometries are in Figure 3.2 while all 

dimensions of all samples are in Table 3.2). 

    

 

(a) 

 

 

(b) 

Figure 3.2. Geometry of samples, (a) micro-CP sample, (b) macro-CP sample, (c) TS 

sample and (d) U-shape sample. 

Continue to next page. 
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(d) 
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Table 3.2. Dimension of all samples. 

 Dimensional parameters (mm) 

Sample geometry L1 L2 L3 L4 L5 L6 L7 L8 L9 R1 

Micro-CP  1

9 

14.5 14.5 19 10 45 15 14 - 4 

Macro-CP  2

3 

40 40 23 12 50 14 20 - 4 

TS  4

5 

30 20 20 20 20 100 1 7.5 - 

U-shape 1

8 

12 1 20 40 - - - - - 

 

Table 3.3. Parameters of GTN model for each region of spot weld in DP1000.  

 q1 q2 q3 fN sN εN fC fF 

BM 1.5 1 2.25 0.02 0.11 0.35 0.15 0.25 

HAZ 2.7 1 7.29 0.02 0.11 0.35 0.25 0.3 

Nugget 2.7 1 7.29 0.02 0.11 0.35 0.35 0.4 
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(a) 

 

(b) 

 

(c) 

Figure 3.3. Maximum principal strain distribution, (a) macro-CP , (b) TS and (c) 

U-shape samples. 

3.2 Sample fabrication 

A sheet cutter and a bending machine were used to produce macro and 

micro CP samples and TS samples. A bespoke bending rig was designed to 

produce U-shape samples, Figure 3.4a. Welding jigs were designed to weld 

Micro and Macro CP samples, TS samples and U-shape samples, Figure 3.4b. 

This provided a good consistency in the dimensional accuracy of the parts 

since any variations of the selected parameters in Figure 3.2 could affect the 

stress state and consequently the observed failure modes. The samples were 

welded using a Kawasaki ZX165U welding Robot at The Welding Institute (TWI), 

shown in Figure 3.5.  
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(a) 

 

 

(b) 

Figure 3.4. (a) Bending rig for manufacture U-shape samples and (b) welding jigs for 

each type of sample geometries. 

 

Figure 3.5. Kawasaki ZX165U welding Robot. 

For the macro scale samples (TS, CP and U), the welding parameters were 

selected and kept constant except varying welding current according to the 

data sheet given by TATA Steel and standard BS EN ISO 18278 [208] for the 

given sheet thickness 1.2mm, in order to avoid any unexpected welding issues 
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affecting the weld quality, such as defects inside the nugget, expulsion (the 

ejection of molten metal during welding), etc. Additionally, in order to make 

the samples failed via different failure modes to investigate the failure 

mechanisms, a critical nugget size required to obtain PF mode was calculated 

according to standard ANSI/AWS/SAE D8.9-97 [209] which is  √  and   is the 

thickness of sheet. A critical nugget size of around 4.3mm was calculated. 

Welds of larger nugget sizes were obtained to ensure that different failure 

modes can be achieved. Considering the standards ANSI/AWS/SAE D8.9-97 

and BS EN ISO 18278, three levels of welding current were determined. The 

nugget sizes of low carbon steel samples were made same with DP1000 

samples as reference. The selected welding parameters and achieved nugget 

diameters of DP1000 and low carbon steel samples are given in Table 3.4 and 

3.5 and several samples for each type were made to evaluate variations in the 

results. Moreover, Three repeats of each set were done. 

Table 3.4. Welding parameters of TS, macro-CP, U-shape and micro-CP samples in 

DP1000. 

Sample 
Welding force, 

kN 

Welding 

current, kA 

Welding 

time/ms 

Holding 

time/ms 

Nugget 

size/mm 

DPTS-L 4 5.5/5.7 320 200 3.8 

DPTS-M 4 6.5/6.7 320 200 4.8 

DPTS-H 4 7.7/7.9 320 200 5.9 

DPCP-L 4 5.5/5.7 320 200 3.8 

DPCP-M 4 6.5/6.7 320 200 4.8 

DPCP-H 4 7.7/7.9 320 200 5.9 

DPU-L 4 5.5/5.7 320 200 3.8 

DPU-M 4 6.5/6.7 320 200 4.8 

DPU-H 4 7.7/7.9 320 200 5.9 

DPMiCP-L 4 5.5/5.7 320 200 3.8 

DPMiCP-M 4 6.5/6.7 320 200 4.8 

DPMiCP-H 4 7.7/7.9 320 200 5.9 
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Table 3.5. Welding parameters of TS, macro-CP, U-shape and micro-CP samples in low 

carbon steel. 

Sample 
Welding force, 

kN 

Welding 

current, kA 

Welding 

time/ms 

Holding 

time/ms 

Nugget 

size/mm 

LCTS-L 4 6.1/6.3 320 200 3.8 

LCTS-M 4 7.4/7.6 320 200 4.75 

LCTS-H 4 7.7/7.9 320 200 5.85 

LCCP-L 4 6.1/6.3 320 200 3.8 

LCCP-M 4 7.4/7.6 320 200 4.75 

LCCP-H 4 7.7/7.9 320 200 5.85 

LCU-L 4 6.1/6.3 320 200 3.8 

LCU-M 4 7.4/7.6 320 200 4.75 

LCU-H 4 7.7/7.9 320 200 5.85 

After welding, the samples were cut along the predefined lines (indicated 

through dashed lines in Figure 3.2) using Wire-EDM, followed by manual 

mechanical polishing (indicated in Figure 3.2) to remove the thermally affected 

layer generated by the Wire-EDM process. As the thickness of thermal affected 

zone is in micron level [210][211], thus the samples were cut up to the cutting 

line and around 1mm material was left for polishing to remove the affected 

zone. Grinding paper was used to prepare the macro samples, while grinding 

paper and water based diamond polishing suspension were used to prepare 

the micro samples in order to reveal the microstructure. The sample 

dimensions were continuously measured during polishing stage to ensure the 

cut section passes through the centreline of the weld and remaining weld 

nuggets were equal in size at both sides of the sample. Examples of 

unprepared and prepared samples for each type are shown in Figure 3.6. The 

sizes of welds of all tested samples were measured using an optical desktop 

microscope shown in the results section. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.6. Examples of unprepared and prepared samples of each type, (a) TS samples, 

(b) macro CP samples, (c) micro-CP samples and (d) U-shape samples. 

3.3 Deformation and failure analysis at macro scale 

In order to clearly reveal deformation and damage evolution of the weld 

section of the samples, an optical DIC system was used combined with the 

macro-scale experiments (Macro CP ，  TS and U-shape samples) at the 

quasi-static loading rate of 1mm/min using a servo-electric tensile testing 

machine in order to avoid the effect of inertia force. The setup of experiment is 

shown in Figure 3.7, as out-of-plane displacement was observed in some 

pre-tests, a 3D stereo setup was used to avoid the effects on the results. 

However, as speckle patterns needed to be performed onto free surface of 

weld section which might cover some information regarding to each region of 

the weld section, in order to correlate the deformation and damage evolution 

with the corresponding regions of the weld section, tests of samples without 

paints were also conducted. Three samples with painted speckle patterns for 

each welding current of TS, macro CP and U-shape samples were tested to 
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determine the variation of the results and to obtain high quality results.  

 

Figure 3.7. 3D stereo DIC system set-up. 

In order to achieve a high quality speckle pattern, which is one of the most 

significant factor of deformation characterisation using DIC, an air-brush spray 

with a fine nozzle was used. The speckle patterns were generated on the cut 

surface of the samples wherein the weld zones are exposed, an example of 

each type of sample is shown in Figure 3.8. VIC 3D DIC system from Correlation 

Solutions, which has a normalised sum of squared difference correlation 

criteria [212], was used for the image acquisition and analysis of deformed 

images as the criterion is not sensitive to scale change of intensity in deformed 

images. The correlation criteria is shown in the following equation 

     ∑ 
  

√∑  
 

 
  

√∑  
 

   

Equation 3.1 

Where    and    are the grey values of the ith pixel in the reference subset.  

An image acquisition rate of 4Hz was used and about 240 images/mm 

were taken per test, which is sufficient to capture the deformation variation 

under a quasi-static loading condition. To evaluate the effects of DIC 

parameters and determine the proper subset size, a sensitivity analysis was also 

performed to assess potential errors in strain calculations, including a 

systematic error analysis and subset size dependency analysis. Specifically, 

subset size dependency analysis was carried out in relation to maximum 

principal strain by decreasing the subset size from a large value and by 
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checking the convergence of the value of maximum principal strain, meanwhile 

keep the step size as one third of subset size as a smaller step size could 

increase the noise on the strain field and an optimal step size is between 25% 

and 50% of the subset size recommended in the literatures [213][214]. To 

analyse the systematic error of strain measurement, ten static images before 

testing were used as there is no deformation in the area of interest. The subset 

sizes were also checked to ensure there were enough random features (around 

5 speckles) within the selected subsets as stated in literature [185]. The DIC 

parameters were then determined as shown in Figure 3.8, at the region of 

interests. The Lagrangian strain tensor components were extracted from the 

analysed images giving the expected large deformation of the material. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.8. (a) TS samples, (b) macro-CP samples and (c) U-shape samples with the 

generated speckle patters showing the size of the selected subsets together with the 

loading direction. 

3.4 Microstructural deformation and failure analysis 

To determine the local deformation distribution within the microstructure 

of the weld nugget, Micro-CP samples (Figure3.2a) were fabricated based on 

the previously described procedures to achieve a mirror polish at the cut 
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sections of the welds[215]. The polished surfaces were then chemically etched 

with 2% Nital Solution [215] in order to reveal the microstructure caused by the 

welding process, Figure 3.9. In-situ experiments were conducted using 5 kN 

Deben MICROTEST tensile stage inside the chamber of a CamScan Scanning 

Electron Microscope (SEM) and deformed microstructures were continuously 

observed during the test, Figure 3.10. The samples were loaded at a rate of 

0.2mm/min and stopped loading every 0.2mm for imaging, consecutive 

micrographs were taken at a magnification of 50x in order to include the area 

of interest in the field of view as shown in Figure 3.9, including the weld nugget 

and HAZ. It should be noted that the images were taken after around 3 minutes 

relaxation of the stopped stage to avoid the effect of stress relaxation[216] 

which might lead to deformation within the area of interest. The obtained 

micrographs were analysed by DIC technique in which the random patterns 

developed by the etched microstructures were used as the speckle pattern for 

the image correlation [1]. Similar method with macro test in section 3.3 was 

used to analyse the errors and determine the proper subset size. Beam shift 

error, which is random and time dependent, occurs due to the electron beam 

drift and could be larger at higher magnification[217]. It has been reported that 

error of absolute strain value due to beam shift is small enough (0.004) to be 

neglected under a relatively low magnification (500x)[138]. Since the testing 

magnification was set to 50x and the plastic deformation was studied which 

had large strain value, the error could be small enough to be ignored. In such 

way, the full field strain evolution was obtained to analyse the effect of 

microstructure on failure mechanisms of the weld section.  
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Figure 3.9. Area of interest including the crack initiation and propagation. 

 

Figure 3.10. Set-up of in-situ testing of micro-CP samples. 

3.5 Microhardness characterisation  

In order to analyse the influence of welding current on hardness profile of 
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BM, HAZ and nugget for welded samples, Vickers microhardness test was 

implemented on the samples with applied low, medium and high welding 

current using a Struers DuraScan micro/macro hardness tester. The samples 

made of DP1000 and low carbon steels were cold mounted and mirror polished 

before the hardness measurement to minimise the effects of surface 

smoothness on hardness measurement, examples of two types of materials are 

shown in Figure 3.11. Indents were performed on the cut surface of non-tested 

samples. The corresponding parameters of hardness measurement were 

selected (Table 3.5) to obtain a certain number of indents in the welded regions 

(BM, HAZ and nugget) according to the minimum spacing (3.5*diagonal length 

of the indent) between two indents specified in standard E92-17 to ensure a 

sufficient number for comparison [37].  

Table 3.6. Parameters of Vickers micro hardness test. 

 

 

 

Figure 3.11. Examples of sample preparation for Vickers micro hardness indentation 

and indents location on the sample surface, (a) DPCP and (b) LCCP samples. 

Material type Indent force/N 

DP1000 0.5 

Low carbon steel 0.2 

 

(a) 

 

(b) 
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3.6 Fractography and microstructural morphology analysis 

of the spot weld 

Fractography, morphology analysis of broken TS, macro-CP and U-shape 

samples of the tested materials (DP1000 and low carbon steel) were conducted 

using a Nikon optical microscope and Inspect F50 Scanning Electron 

microscope, in order to investigate the effect of microstructure of weld section 

on the fracture process and fracture surfaces of the samples. 

Metallography analysis on the free surface of the non-tested samples was 

conducted to characterise the microstructure within BM, HAZ and nugget of 

the weld and study the effects of microstructure on the failure. 

To conduct the Fractography analysis of the failed welded sample. One 

sample of samples in each type and each welding current in DP1000 and low 

carbon steel was selected. The fracture surfaces of these samples were cleaned 

in an ultrasonic bath using isopropanol, and then dried by dryer, in order to 

avoid damage and oxidation to the surface, and microscopic images were 

taken using SEM with different magnifications to clearly identify the features 

on the fracture surface, in such way to study the fracture mechanisms.  

These samples were then cold mounted, slightly grinded to remove the 

deformed sites, polished and etched with 2% Nital solution to reveal the 

metallic phases, Figure 3.12. Carbon coating was applied to the etched sample 

to eliminate the charging effects [218]. Microscopic images of the several 

positions where along the crack path were captured with different 

magnifications using optical microscope and SEM to clearly study the 

correlation between microstructural morphology and the fracture surface to 

better understand the fracture mechanisms.  

Finally, the obtained results were correlated with measured strain 

distribution maps as well as deformation evolution of welded samples to 

investigate the possible failure mechanisms in relation to the applied welding 

currents.  
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(a) 

 

(b) 

 

(c) 

Figure 3.12. Etched (a) TS, (b) macro-CP and (c) U-shape samples. 
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4 RESULTS AND DISCUSSION 

According to the methods proposed in section 3, results were obtained 

based on the developed samples. The welds were characterised by comparing 

the weld size, the microstructure and corresponding microhardness of each 

region of the weld section.  Subsequently, the results of deformation and 

damage evolution as well as fracture surface and corresponding 

microstructural morphology were presented for TS, CP and U-shape samples in 

DP1000 and low carbon steels. 

4.1 Weld characterization in DP1000 

4.1.1 Weld size measurement 

Weld sizes of TS, CP and U-shape samples were measured using Dinolight 

desktop microscope before experiments. Due to the difficulty of measuring the 

size of nugget without destructing the whole weld, the radius of two weld 

indents upon the welds as shown in Figure 4.1 were measured for DPTS, DPCP 

and DPU samples after sample preparation, instead of the nugget size. The 

measured radius of the welds in the produced samples was found to vary 

between      mm in each groups as shown in Figure 4.1. This small variation is 

believed to not affect the failure and deformation of the welded samples 

helping to avoid the possible effect of unsymmetrical loading on two welds in 

the samples. 
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Figure 4.1. Examples of Weld size measurement for two welds for (a) and (b) DPTS-L, (c) 

and (d) DPTS-M, (e) and (f) DPTS-H, (g) and (h) DPCP-L, (i) and (j) DPCP-M and (k) and 

(l) DPCP-H samples, (m) and (n) DPU-L, (o) and (p) DPU-M and (q) and (r) DPU-H 

samples after sample preparation. 

4.1.2 Microstructure characterization of spot weld  

Figure 4.2 depicts the microstructure of different regions of spot weld in 

DP1000 with applied low, medium and high welding currents. The 

microstructure of base metal (BM), subcritical heat affected zone (SCHAZ), 

intercritical heat affected zone (ICHAZ), fine grain heat affected zone (FGHAZ), 

coarse grain heat affected zone (CGHAZ) and nugget are shown by purple, blue, 

green, yellow, orange and red squares in Figure 4.2a followed by micrographs 

with high magnification in the squares of same colours in Figure 4.2. It is worth 

noting that the microstructure of BM and SCHAZ are not significantly different 

because that no phase transformation within this zone as the temperature of 

SCHAZ during welding process is below AC1 [70], except the presence of 

tempered martensite [43] [219], thus micrographs of SCHAZ were not shown in 
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Figure 4.2.  

The base material is composed of ferrite and martensite. Martensite 

appears brighter and ferrite appears darker in SEM micrographs. The peak 

temperature of ICHAZ is between AC1 and AC3 [70], therefore some of ferrite 

transform into austenite within this range, and then austenite transforms to 

martensite due to rapid cooling. Thus the volume fraction of martensite within 

this region is higher than that in base metal as shown in Figure 4.2g, I and q. 

FGHAZ is located between ICHAZ and CGHAZ with a temperature of around 

AC3. In this zone, all or most of the ferritic phase is transformed to austenite 

and subsequently transformed to martensite due to rapid cooling but little 

grain growth as shown in Figure 4.2f, k and p. The peak temperature of CGHAZ 

adjacent to nugget is over AC3. Longer cooling time due to higher temperature 

induces grain growth leading to coarser lath shape martensitic microstructure 

[43], as shown in Figure 4.2e, j and o. The formation of lath martensite might be 

due to a low carbon content [43]. The nugget directly contacting the electrode 

has the highest peak temperature where all ferrites are transformed to lath like 

martensite, Figure 4.2d, i and n. The centre of the nugget where is the last 

solidified shows smaller grains, Figure 4.2c, h and m.  
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      Figure 4.2. Microstructure characterization of spot weld with applied low. 

medium and high welding current in DP1000, (a) image indicating different regions of 

weld section; (b) base metal; (c), (d), (e), (f) and (g)micrographs of different regions of 

weld with applied low welding current; (h), (i), (j), (k) and (l)micrographs of different 

regions of weld with applied medium welding current; (m), (n), (o), (p) and 

(q)micrographs of different regions of weld with applied high welding current, 

indicated in image (a) with same color.     

4.1.3 Microhardness characterization 

Figure 4.3 shows an example of microhardness indents on the cross section 

of welded samples carried out according to the described approach in the 

previous chapter. Figure 4.4 shows the microhardness profiles of different 

regions of the spot weld under low, medium and high welding currents, 

indicated by black, green and blue lines, respectively. The hardness of BM is 

similar for all the samples, which is around 316 VHN, highlighted in green bars 

in Figure 4.4. The hardness of welds with each welding current shows similar 

trends. Sudden drops are observed in SCHAZ in samples, this could be due to 

tempering effect of martensite in SCHAZ reducing the strength, highlighted 

with light yellow bar in Figure 4.4. The hardness increases dramatically in ICHAZ 
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which could be due to the increasing volume fraction of martensite, 

highlighted in light orange bar in Figure 4.4. The hardness of FGHAZ is the 

highest while that of CGHAZ is slightly smaller, highlighted in orange bar in 

Figure 4.4. Nugget has slightly smaller hardness than CGHAZ, highlighted in 

light blue bar in Figure 4.4.  According to the achieved results, the hardness is 

lower at higher welding current leading to better ductility and formability at 

higher welding currents.  

 

Figure 4.3. Microhardness indents of DPCP sample for BM, HAZ and nugget. 

 

Figure 4.4. Comparison of microhardness of spot welds under low welding current, 

medium welding current and high welding current. 

4.2 Weld characterization in low carbon steel 

4.2.1 Weld size measurement 

Figure 4.5 shows the measured weld size of LCTS, LCCP and LCU samples 

with each welding current using optical microscope. Same with DP1000 sample 

that the indent radius was measured instead of the nugget size. The maximum 

difference of the measured radius in the samples is around 0.05mm, which is 
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believed not to affect the failure and deformation results. 

 

Figure 4.5. Examples of Weld size measurement for two welds for(a) and (b) LCTS-L, (c) 

and (d) LCTS-M , (e) and (f) LCTS-H, (g) and (h) LCCP-L, (i) and (j) LCCP-M, (k) and (l) 

LCCP-H, for (m) and (n) LCU-L, (o) and (p) LCU-M and (q) and (r) LCU-H samples after 

sample preparation. 

4.2.2 Microstructure characterization of spot weld  

Microstructure of BM, HAZ and nugget of weld section with low, medium 

and high welding current in low carbon steel was characterised as shown in 

Figure 4.6. Microstructure shown in Figure 4.6b indicates that there is only 

ferrite within BM. Micrographs of HAZ around the indents were obtained along 

the direction from BM to nugget, highlighted in green, yellow and blue squares 

in Figure 4.6c, d and e. No phase transformation is observed which could be 

due to the low carbon content of BM in spite of high cooling rate [220]. Ferrite 

grain growth is observed along the direction from BM to nugget, shown in 

Figure 4.6 b, f, i, l and r, due to the higher temperature and longer cooling time. 

Coarse ferrite is observed in the nuggets, which is plate like microstructure 

indicated with white arrows, similar microstructure was observed in weld in a 
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low carbon steel by researcher in literature [220], Figure 4.6 r, s and t. Smaller 

ferrite are observed in the central portion of nugget, highlighted in green 

square in Figure 4.6u. 

 

 

Figure 4.6. Microstructure characterisation of weld section in low carbon steel sample, 

(a) and (b) BM, (c-e) HAZ of welds with low, medium and high welding currents, (f-n) 

higher magnification micrographs according to indents in HAZ , (o-q), (r-t) and u 

nuggets of welds with low, medium and high welding currents. 

Continue to next page. 
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4.2.3 Microhardness characterization 

The indent path is shown in Figure 4.7. Figure 4.8 reveals the 

microhardness of different regions in spot welds under low welding current, 

medium welding current and high welding current. The microhardness of BM, 

HAZ and nugget is similar for samples with applied low, medium and high 

welding currents indicating that welding current has almost no influence on the 

mechanical properties of HAZ and nugget due to only ferrite is in HAZ and 

nugget. Then, microhardness increases in HAZ and nugget owing to higher 

cooling rate resulting in higher dislocation in ferrite grains[220].  

 

Figure 4.7. Microhardness indent path of low carbon steel samples. 
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Figure 4.8. Comparison of microhardness of spot weld in low carbon steel samples 

under low welding current, medium welding current and high welding current. 

4.3 Metallography and microstructural morphology analysis 

of the welds 

The characterisation of microstructural morphology of the samples 

produced by the applied low, medium and high welding currents indicated that 

the microstructure of different weld zones were greatly affected. Larger weld 

size were obtained through higher welding current, Figure 4.1 and 4.5, due to 

the fact that higher welding current input can generate larger amount of heat 

between two steel sheets resulting in bigger size of melted zone. 

Martensite with shorter and smaller size locates in the central portion of 

the nugget of DP1000 while longer and larger size of martensite grains are in 

the surrounding areas as shown in Figure 4.2. This phenomenon was also 

reported by Bouzeki et al. on DP780 spot weld[221]. Similar distribution of 

grain size is also observed in nugget of low carbon steels shown in Figure 4.6u. 

This phenomenon could be due to the forming process of nugget during spot 

welding. The formation of microstructure in the nugget is very similar to the 

casting process where the molten metal starts the solidification process from 

the boundaries of the mould with grains growing towards the centre of the 

liquid pool generating long and large grains [70]. This is schematically 

illustrated in Figure 4.9 where the melt pool is generated directly beneath the 

contact points of the electrodes and the weld is subsequently cooled down. 



72 

 

The heat generated by the welding current dissipates to the environment, the 

water cooled electrodes and the base material, as shown by the red arrows in 

Figure 4.9.  

The solidification of nugget consists of two stages: nucleation of a solid 

phase and subsequent grain growth. This occurs when the temperature 

decreases below the liquidus temperature of the alloy at the exterior of the 

nugget followed by the grains growth towards the centre of the nugget. The 

direction of grain growth is along the orientation of heat dissipation. Due to 

the faster cooling rate of nugget close to the water cooling electrodes, longer 

columnar grains form at upper and lower side of the nugget while the 

columnar grains are shorter at where cooled through air and base metal, which 

was also reported by S Dancette in the weld of DP980 [108]. The martensite in 

nugget of DP1000 sample as well as ferrite in nugget of low carbon steel 

sample in the central portion have smaller size than the surroundings. This 

could be due to the microsegregation of alloying elements in the nugget, the 

materials at circumference of nugget first solidified which contains the least 

proportion of alloying elements or other chemical elements, these elements 

segregated extensively to the centre of the nugget during solidification, the 

liquid material last solidified contains the highest concentration of the these 

chemical elements [222]. Therefore, these elements could increase the number 

of grains during solidification leading to smaller grain size[222]. The central 

portion of nugget shows a long and narrow shape, highlighted with red ellipses 

in Figure 4.1a and green square in Figure 4.6u. It is because that the 

solidification in the normal direction to the electrode surfaces is faster than 

that of horizontal direction due to a higher cooling rate in vertical direction, 

which may squeeze the last portion of liquid material towards the faying face of 

the nugget along vertical direction before solidified.   
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Figure 4.9. Schematic of nugget structure and method of cooling. 

The hardness increases from the base metal to the centre of the nugget in 

DP1000 sample shown in Figure 4.4, that could be linked to the presence of 

different microstructure and possibly residual stress within different zones 

caused by microstructure of base material and heat treatment approach [112]. 

It is reported that the temperature of HAZ can reach as high as between AC1 

and AC3 or above AC3 while the material in the nugget is fully melted and 

rapidly cooled from above AC3 [43], which is similar with quenching process, 

leading to phase transformation, as shown in micrographs of Figure 4.2. The 

hardness drop in SCHAZ is due to tempering effect on the local hardness of the 

material as the temperature is below AC1. The higher volume fraction of 

martensite in ICHAZ leads to hardness increase.  The grains in CGHAZ grows 

to larger size than the recrystallized grains in ICHAZ due to a lower cooling rate, 

slightly reducing the hardness. 

The observed reduction of microhardness of nugget and HAZ with higher 

welding currents indicates that the spot welds with applied higher welding 

current have a better ductility and slightly lower strength. The increasing 

welding current from 5.5kA to 7.7kA results in rise of thermal energy input from 

23J to 46J in the material that can prolong the heating process and decrease 

the cooling rate leading to reduction of the dislocation within martensite and 

grain growth, consequently reducing the hardness. This has also been reported 

for the case of DP600 [223]. And then, as reported by researchers that hardness 
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of steels has a linear positive correlation with yield strengths [224]. Moreover, 

steels with low strengths commonly show better ductility known as 

strength-ductility trade-off [225]. Additionally, it was found the hardness drop 

from FGHAZ to nugget is 18 VHN in weld of high welding current, which is 

larger compared to MC (14 VHN) and LC (11 VHN) cases. Thus, the difference 

of ductility between HAZ and nugget under higher welding current is larger.  

In contrast, the hardness of weld in low carbon steel samples is shown in 

Figure 4.8. Hardness increases from BM to nugget for sample under same 

welding current. As only coarse ferrite is observed in HAZ and nugget, thus the 

increase of hardness in weld could be due to the increase of dislocation density 

within ferrite during welding process by higher cooling rate [226]. Almost no 

difference is observed when increasing the welding current, which might be 

due to that no phase transformation is in HAZ and nugget. Much lower 

hardness is obtained in BM, HAZ and nugget comparing to weld in DP1000 

samples with each welding current indicating the weld in low carbon steel is 

more ductile.  

4.4 Validation of developed sample geometries 

In order to validate the developed TS, CP and U-shape samples, a FE 

simulation was carried out to obtain the maximum principal stress distribution 

at the cross section of weld section of full and half weld samples under each 

loading condition, as shown in Figure 4.10. The material used was DP1000 and 

the properties were obtained from literature [203]–[205]. In this case, the 

obtained stress state could be used to conduct qualitative comparison. The 

stress distribution contours were obtained at two stages of loading for each 

group, shown in Figure 4.10. The selection of displacement point of first stage 

is around yielding and the second stage is within plastic deformation. 

Stress concentration in cross section surface for full weld and half weld TS, 

CP and U-shape samples all locates at the notch tip, white arrows in Figure 4.10. 

The stress values at region of stress concentration of half weld samples are 

smaller than full weld samples. This could be due to that BM between two half 

welds of the designed samples dispersed the applied load. And this issue has 
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more effect on U-shape samples with half welds as the highest stress value is 

not on the cross section of the weld, Figure 4.10 c3 and c4. Although this issue 

shows the effect on stress state, similar stress patterns at cross section surfaces 

of full weld and half weld samples and same location of stress concentration 

are observed for designed samples.  

Above all, the weld section of designed TS and CP samples could show 

similar deformation and failure behaviour with conventional full weld samples, 

but for U-shape samples, there might larger difference between full and half 

weld samples.  

 

 

Continue to next page 
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Figure 4.10. Comparison of maximum principal Stress distribution between full and 

half weld (a) TS, (b) CP and (c) U-shape samples at two stages of loading. a1, a3, b1, b3, c1, 

c3 are the first stage while a2, a4, b2, b4, c2, c4 are the second stage. 

4.5 Failure mechanism analysis of spot weld under mixed 

tensile/shear loading condition 

4.5.1 Deformation and failure analysis of welds under mixed 

tensile/shear loading condition (results)  

The section shows results of deformation and failure of DPTS and LCTS 

samples. Four samples were tested for each welding current. Three samples of 

each welding current were painted with speckle patterns while one sample was 

tested without speckle patterns. 

Figure 4.11a Load-displacement curves of tensile-shear samples using low 

carbon steels. Lines in black indicate the samples LCTS-L with high welding 

current, lines in green indicate the samples LCTS -M with medium welding 

current while the green lines show samples LCTS-L with a lower welding current. 

Samples of higher welding current have higher failure load and longer 

displacement indicating a better energy absorption ability. It can be seen that 

two drops after the highest load in some of the curves, indicated with blue 

arrows in Figure 4.11a, which could be due to the failure of two half welds were 

not starting simultaneously as the position of failure could be slightly different 
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with each other, indicated with black arrows in Figure 4.10b. 

Figure 4.11b shows the load-displacement curves corresponding to the 

tensile-shear tests implemented using samples with low (DPTS-L), medium 

(DPTS-M) and high (DPTS-H) welding currents. The lines in black indicate the 

DPTS-L samples while the DPTS-M and DPTS-H tests results are shown with the 

yellow and green curves.  

Figure 4.11c shows average maximum load and corresponding average 

displacement with the standard deviation for DPTS and LCTS samples. The 

standard deviation are small compared to the load and displacement which 

might indicate the load-displacement curves of DPTS and LCTS samples shows 

reasonable consistency. Additionally, DPTS have much higher maximum load 

and slightly longer displacement than that of LCTS samples which might 

indicate that DPTS samples reveals better energy absorption ability. 
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(a)                                     (b) 

 

(c) 

Figure 4.11. Load-displacement curves of tensile-shear samples in (a) Low carbon steel 

and (b) DP1000 steel with low, medium and high welding currents. The highlighted 

squares show the failure point of the samples with paint, the highlighted circles show 

process of failure of the samples without paint, (c) average maximum load vs average 

displacement with standard deviation for samples with each welding current. 

The failed tensile-shear samples are shown in Figure 4.12. It is clear that 

DPTS-L samples fail via IF mode while DPTS-H samples fails via PF mode. 

DPTS-M samples fail via IF in two samples while the other two samples show a 

combination of IF and PF modes . In contrast, all LCTS samples fail via PF mode 

shown in Figure 4.12b.  
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(a) 

 

(b) 

Figure 4.12. Failed tensile-shear samples, (a) DP1000 and (b) low carbon steel, under 

three differnet welding current 

Figure 4.13 shows deformation and failure process of spot weld of LCTS-L, 

LCTS-M and LCTS-H samples, where the samples were grinded to make the 

deformation more visible. The images are obtained at different stages in 

load-displacement curves of LCTS-L4, LCTS-M4 and LCTS-H4 samples, the 

displacement stages are indicated in black, yellow and green circles in Figure 

4.11a representing before testing, around yield point, highest load before 

failure and final failure. 

Deformation evolution of all LCTS samples is similar. Local deformation 

occurs within the HAZ leading to bending and necking followed by fracture 

within HAZ causing PF mode failure, highlighted in blue and yellow squares in 

Figure 4.11. However, although, the failure occurs in HAZ, the deformation 

within nugget around corona bond tip could be smaller in sample with applied 

higher welding current based on the observed the deformation bands, Figure 

4.13d, h and l.  
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Figure 4.13. Images of deformation and failure process of LCTS-L4, LCTS-M4 and 

LCTS-H4 samples without paint, (a), (e) and (i) image before testing, (b), (f) and (j) 

around yield point, (c) (g) and (k) highest load and (d), (h) and (l) final failure. 

The evolution of deformation in the tested samples is shown in Figure 4.14. 

The images shows different stages of loading indicated in load-displacement 

curves of DPTS-L4, DPTS-M4 and DPTS-H4 samples using black, yellow and 

green circles in Figure 4.11b representing before test, around yielding, just 

before final failure and final failure. Different failure modes are observed that 

DPTS-L sample and DPTS-M sample fail via IF (Figure 4.14d and h) while 

DPTS-H sample fails via PF (Figure 4.14l).  

Figure 4.14a, b, c and d reveals the deformation evolution and failure of 
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DPTS-L sample wherein the nugget is shown by the ellipse and the corona 

bond tips (indicated in Figure 4.14b).  The local deformation in the material 

makes the surface to become dull and some deformation bands become visible. 

The results show that deformation first starts from the nugget near the corona 

bond tips and propagates towards the centre of the nugget leading to IF mode 

by when the shear deformation bands are observed on the interface of nugget, 

Figure 4.14b and c. There is almost no deformation at upper and lower legs of 

the sample comparing with sample before testing, Figure 4.14d.  

Figure 4.14h shows that DPTS-M failed through IF mode, however, plastic 

deformation is observed within nugget and HAZ around corona bond tips and 

at the boundaries of HAZ. During loading, the deformation initially occurred at 

the boundaries of HAZ, highlighted in Figure 4.14f, with the observed sign of 

out-of-plane deformation. Then, deformation is localised and transferred to 

the nugget at some point during test leading to failure, yellow arrows shown in 

Figure 4.14g and h. It should be noted that although the failure passed through 

the nugget, the deformation bands within the nugget is not as visible as in 

Figure 4.14d, which might be due to bending deformation in HAZ around the 

corona bond tips.  

DPTS-H sample failed via PF mode as shown in Figure 4.14l. Similar with 

DPTS-M sample, deformation localisation is initially observed around the 

boundaries of HAZ, highlighted with blue squares in Figure 4.14j, and then 

transferred to nugget around the corona bond tips, yellow arrows shown in 

Figure 4.14k. However, the plastic deformation located around boundaries of 

HAZ is much larger than that adjacent to the nugget, Figure 4.14k, which might 

be due to the large deformation localisation around the HAZ boundaries 

reducing the load that transfers to nugget. Additionally, large bending 

deformation is also observed at upper and lower legs of DPTS-H sample. 
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 Figure 4.14. Images of deformation and failure process of DPTS-L4, DPTS-M4 and 

DPTS-H4 samples without paint, (a), (e) and (i) image before testing, (b), (f) and (j) 

around yielding, (c) (g) and (k) just before final failure and (d), (h) and (l) final failure. 

The out-of-plane displacement at the nugget zone of the tested samples 

are shown in Figure 4.15 wherein the maximum measured out-of-plane 

displacement at the onset of failure is less than 0.05mm of DPTS-H sample 

while that is around 0.15mm in LCTS sample. This confirms the minimal image 

distortion. It is because the image captured under SEM in in-situ test is a 

projection of real object, thus the smaller out-of-plane displacement is the 

more similar the captured deformed image is with the real deformed object, 
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reducing the error caused by out-of-plane displacement. Additionally, the 

maximum in-plane displacement are 0.31mm and 0.65mm at the onset of 

failure, as out-of-plane deformation is much smaller, the in-plane maximum 

principal strain could be an indicator on failure of the samples. 

 

(a)                   (b)                     (c) 

 

(d)                              (e)                               (f) 

Figure 4.15. (a), (b) and (C) out-of-plane displacement of DPTS-L, DPTS-M and DPTS-H 

samples while (d), (e) and (f) out-of-plane displacement of LCTS-L, LCTS-M and 

LCTS-H samples. 

To measure the deformation during the test, DIC system was used as 

explained in section 3.3. In order to determine the optimum accuracy for the 

measured strain, subset size dependency study was conducted to get the most 

proper subset size as it is the key factor impacting the accuracy of strain 

measurement. A random sample was selected as representative for the study 
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and the subset size changed from 39 to 19 while keeping the overlap as 

constant to keep the density of data points in each subset for displacement 

calculation consistent [227] and maximum principal strain was calculated. 

Assuming that when the error of measured strain between each two subset 

sizes is constantly below 5%, the corresponding subset size is acceptable. 

Figure 4.16 shows the effects of subset size to maximum principal strain where 

the maximum principal strain keeps increasing by decreasing the subset size, 

and subsequently the error are smaller than 5% when subset size decreases to 

23 pixels. Thus, subset size of 23 pixels was chosen for all DPTS and LCTS 

samples with physical size of 310 micron and 322 micron as well as spatial 

resolution of 13.5micron/pixel and 14micron/pixel. Additionally, systematic 

error of strain measurements were analysed for DPTS and LCTS samples, Figure 

4.17. These errors were usually come from calibration and correlation algorithm. 

Ten images of unloaded sample were used to carry out the analysis. The 

maximum strain values are around 0.003% indicating an ignorable error in 

strain measurement. 

  

(a)                                             (b) 

Figure 4.16. Subset size dependency on measured strain of (a) DPTS sample and (b) 

LCTS sample. 
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Figure 4.17. Uncertainty analysis, systematic error of maximum principal strain of (a) 

DPTS-L, (b) DPTS-M, (c) DPTS-H, (d) LCTS-L, (e) LCTS-M and (f) LCTS-H samples. 

Similar strain maps were observed for the samples tested under same 

welding current, therefore analysis of one of the samples tested with each 

condition is provided here. Figure 4.18 reveals the strain distribution in the 

LCTS samples with applied low (L2), medium (M2) and high (H2) welding 

currents around plastic deformation initiation and highest load before failure 

(highlighted in displacement in Figure 4.18). The Lagrangian strain tensor were 

calculated for X (normal to the loading referring to Figure 4.13a) (Figure 4.18a, 

e, i, m, q and u) and Y (parallel to the loading referring to Figure 4.13a) (Figure 

4.18b, f, j, n, r and v) directions as well as shear strain component in XY 

orientation (Figure 4.18c, g, k, o, s and w). Figure 4.18d, h, l, p, t and x show the 

distribution of maximum principal strain in the tested samples with low, 

medium and high welding currents, respectively.  

At low welding currents, shear deformation occurs in HAZ around the 

corona bond tips and propagates into the centre of the nugget, Figure 4.18c 

and g. The materials around the HAZ and the interface between the HAZ and 

BM are severely deformed leading to large plastic strain in Y direction, and then 

the strain concentration in HAZ in Y direction induces local necking which 

could be the main factor of PF failure, Figure 4.18b and f, this is because that it 

plays the most important role in maximum principal strain values as shown in 

Figure 4.18d and h. The cases of LCTS-M and LCTS-H samples are similar with 

LCTS-L sample. However, larger measured maximum principal strain is 

observed in samples with higher applied welding current at highest load as 
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shown in Figure 4.18 h, p and x. 

Additionally, failure strain could be determined according to the maximum 

principal strain at highest load before failure, which is around 20%, 24.8% and 

32.4% for low/medium/high current samples, Figure 4.18h, p and x. 

 

Figure 4.18. Distribution and evolution of strain components (including strain maps 

around yielding (1, 1.2 and 1.4mm） and at failure (2.5, 3 and 3.8mm)) for (a-h) 

LCTS-L2, (i-p) LCTS-M2 and (q-x) LCTS-H2 samples showing the strain components 

normal (a, e, i, m, q, u),    , aligned to the loading direction (b, f, j, n, r, v),    , shear (c, 

g, k, o, s, w),    , and maximum principal strain (d, h, I, p, t, x),   . 

The distribution and evolution of measured strain components are 

extracted at the points around plastic deformation initiation and the points 

before final failure of DPTS-L2, DPTS-M2 and DPTS-H2 samples, indicated by 

displacement in Figure 4.19. 
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In low welding current, at the point around plastic deformation initiation, 

the local strain concentration occurs around the corona bond tips while there is 

almost no deformation in the centre of nugget referring to maximum strain 

distribution in Figure 4.19d. Such deformation localisation is owing to strain 

concentration in X and shear directions, Figure 4.19a and c. Before final failure, 

the deformation in shear direction grows from the corona bond tip to the 

centre of the nugget, Figure 4.19 c and g. Though the deformation in X 

direction becomes larger, it still locates around the corona bond tips, Figure 

4.19a and e. Meanwhile, considering the maximum principal strain shown in 

Figure 4.19h, shear strain values produces great contribution to the failure 

which might indicate that failure of DPTS-L sample is caused by shear stress.  

However, this is different for DPTS-M sample, although it fails via IF mode, 

different strain patterns are observed in Figure 4.19. Negative strain in X 

direction concentrates at HAZ and grows to a larger absolute value indicating 

necking in HAZ, Figure 4.19i and m. According to shear strain distribution in 

Figure 4.19k and o, shear deformation first occurs around the corona bond tip 

and propagates into the nugget, however, there is almost no shear within the 

centre. Deformation in Y direction localises at HAZ and nugget leading to 

necking around HAZ and BM, Figure 4.19j and n. Considering maximum 

principle strain distribution in Figure 4.19i and p, strain concentration observed 

in Y and shear direction within HAZ, causes opening of the corona bond as well 

as necking around HAZ and BM, which plays the most important role to failure  

Strain distribution maps of DPTS-H sample in Figure 4.19 shows different 

mechanism with medium current sample. Strain distribution in X direction 

shows an increasing compressive deformation around HAZ and BM indicating 

necking phenomenon, Figure 4.19q and u. This is caused by deformation 

localisation developed in Y direction indicated by strain concentration in Y 

direction shown in Figure 4.19r and v. Unlike low and medium current samples, 

shear deformation initiates and develops in HAZ and BM, Figure 4.19s and w. 

According to maximum strain distribution shown in Figure 4.19t and x, there is 

no deformation in nugget and the large plastic deformation within HAZ and 

BM in Y direction is most likely to lead to necking and subsequent PF mode, 

Figure 4.19i and k.  
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Additionally, failure strain could be determined according to the maximum 

principal strain at highest load before failure, which is around 4.5%, 6% and 

17.3% for low/medium/high current samples, Figure 4.19h, p and x. 

Comparing the samples under three levels of welding currents, the relative 

rotation and subsequent bending of the loading legs are larger with higher 

welding current. Shear deformation plays an important role in IF failure of 

DPTS-L sample, while the weld section of DPTS-H sample takes much larger 

plastic deformation in HAZ leading to a different mode of failure identical to PF 

mode. Moreover, although the weld sizes of LCTS samples are same with DPTS 

samples, no failure modes transition is observed, which could be related to 

different mechanical properties of weld section due to different microstructure.  

In conclusion, increasing the welding current leads to a transition of 

localised deformation from wtihin the nugget to HAZ causing failure modes 

change from IF to PF, and the strain dominating the failure changes from shear 

strain to strain in Y direction. 
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Figure 4.19. Distribution and evolution of strain components for (a-h) DPTS-L2, (i-p) 

DPTS-M2 and (q-x) DPTS-H2 samples showing the strain components normal (a, e, i, m, 

q, u),    , aligned to the loading direction (b, f, j, n, r, v),    , shear (c, g, k, o, s, w),    , 

and maximum principal strain (d, h, I, p, t, x),   . 

4.5.2 The effect of welding current on fracture mechanism of 

welds under mixed tensile/shear loading condition (results) 

Fractography analysis and microstructural morphology analysis were 

conducted as shown in Figure 4.20, 4.21 and 4.22 for LCTS samples with low, 

medium and high welding currents.  
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In samples with low welding current, deformation bands highlighted with 

yellow square in Figure 4.20a reveals large plastic deformation due to tensile 

loading which also leads to local necking as the out-of-plane deformation is 

observed, highlighted in blue square in Figure 4.20a. Deep elongated dimples 

on the fracture surface, highlighted in green square in Figure 4.20a, and local 

shear bands around the crack path, Figure 4.20b might indicate that the PF 

failure of LCTS-L sample is very likely to be caused by necking due to tensile 

loading. This mechanism could be confirmed by micrographs of 

microstructural morphology, Figure 4.20b. The ferrite grains within HAZ are 

severely stretched resulting in large plastic deformation and local necking 

highlighted in yellow square in Figure 4.20b. Meanwhile, the local shear bands 

with severely elongated ferrite grains along the crack path, highlighted in 

green square in Figure 4.20b, could be caused by stretch.  

Similar mechanisms are observed in samples with applied medium and 

high welding currents shown in Figure 4.21 and 4.22.  
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(a) 

 

(b) 

Figure 4.20. Fracture surfaces (a) and microstructural morphology (b) of LCTS-L 

samples showing domination of necking.  
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(a) 

 

(b) 

Figure 4.21. Fracture surfaces (a) and microstructural morphology (b) of LCTS-M 

samples showing domination of necking.  
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(a) 

 

(b) 

Figure 4.22. Fracture surfaces (a) and microstructural morphology (b) of LCTS-H 

samples showing domination of necking.  

Figure 4.23 shows micrographs of fracture surface morphology of DPTS-L 

sample. The majority of the facture surface in DPTS-L sample is covered with 

elongated dimples indicating an in-plane shear fracture as expected 
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highlighted in blue ellipse in Figure 4.23a. Although in-plane shear failure 

dominates the fracture, the flank side of the nugget (highlighted in yellow 

ellipse in Figure 4.23a) shows complex fracture surface indicating change of 

stress state results in out-of-plane shear. The elongated martensitic laths 

(highlighted in blue, yellow and green squares in Figure 4.23b) confirm that 

shear failure dominates the fracture. 

 

(a) 

 

(b) 

Figure 4.23. Fracture surfaces (a) and microstructural morphology (b) of DPTS-L 

samples showing domination of shear failure.  
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In contrast to DPTS-L samples, elongated dimples are along different 

directions at the most area of the fracture surface in DPTS-M samples 

(highlighted blue ellipse in Figure 4.24a), which indicate that out-of-plane 

shear dominates the failure. Elongated dimples with voids are observed that 

also indicates a mixed tensile-shear state, which is likely to be caused by 

cooperation of tensile and shear stress. In-plane shear dimples are observed 

near the edge of free surface, highlighted in blue, yellow and green squares in 

Figure 4.24a adjacent to the corona bond tips of nugget, which is also observed 

in free surface of the nugget (highlighted in blue and green squares in Figure 

4.24b).  

 

(a) 

 

(b) 

Figure 4.24. Fracture surfaces (a) and microstructural morphology (b) of DPTS-M 

samples showing domination of shear failure.  
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Figure 4.25 shows the fracture surface and microstructural morphology of 

DPTS-H sample. Ductile dimples are observed in the centre of fracture surface 

(highlighted in yellow squares in Figure 4.25a) while shear dimples are 

observed within the upper and bottom of fracture surface (highlighted in blue 

and purple squares in Figure 4.25a). In addition, local necking is observed 

around HAZ/BM around the crack path, indicated in white arrows in Figure 

4.25a. Therefore, fracture of sample with high welding current could be due to 

local necking. 

Individual grains at left and right side along the crack path are elongated 

and deflected to the same side, highlighted in blue and green squares in Figure 

4.25b, while that in the middle is elongated massively, confirms the failure is 

caused by necking.  

 

 

 

 

 

 

 

 

 



97 

 

 

(a) 

 

(b) 

Figure 4.25. Fracture surfaces (a) and microstructural morphology (b) of DPTS-H 

samples showing domination of local necking failure. 

4.5.3 Discussion 

It is known that crack initiation and propagation usually depends on the 

microstructure of the sample and its loading condition [104], thus a 

fractography analysis, in combination with deformation evolution analysis have 

been carried out in order to analyse the failure mechanism of spot weld under 
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tensile-shear loading condition. 

All LCTS samples, which are reference samples failed through PF mode. 

This could be due to the microstructure within the weld. Since the ultra-low 

carbon content within the material, there is no phase transformation during 

welding process in HAZ and nugget wherein only contains ferrite leading to 

relatively low hardness, this was also reported in the literature for spot weld of 

a ultralow carbon steel DC54D [220], Figure 4.8. This situation indicates the 

weld in low carbon steel is more ductile than that in DP1000, thus the nugget in 

low carbon steel might require more plastic strain to fail. The developed 

bending and tension in HAZ results in necking in HAZ decreasing the stress in 

nugget leading to failure in HAZ before the developed strain in nugget is 

sufficient to induce the failure, Figure 4.18x. 

Fractography and microstructural morphology analysis of LCTS samples 

shown in Figure 4.20b, 4.19b and 4.20b indicates that failure occurs in HAZ at 

where closer to the nugget as the welding current decreases. Because the 

mechanical properties of weld is not affected by welding current due to the full 

ferrite microstructure shown in Figure 4.8, it could be due to that larger nugget 

by higher welding current changes the position of strain concentration of HAZ 

from close to nugget to close to BM. Necking and subsequent ductile failure 

within HAZ dominates the PF mode of LCTS samples, which is in agreement 

with the observation reported by Zuniga et al. [8] and Pouranvari [228]. 

Although, the nugget size of samples in low carbon steels is almost same 

with samples in DP1000, samples in DP1000 shows different failure behaviour.  

The evolution of local strain at the centre of the nugget and around the 

corona bond tip is shown in Figure 4.26 for the DPTS samples welded with 

selected currents, the loading direction and coordinate are shown in Figure 

4.13. The comparison of maximum principal strain at centre of nugget and 

around corona bond tip within the nugget under low, medium and high 

welding currents is shown in Figure 4.26g. In DPTS-L sample, the shear strain 

curve is almost identical with maximum principal strain curve at location 1 

(centre of nugget) and 2 (within nugget adjacent to corona bond tip) indicating 

that shear deformation dominates the failure as expected, Figure 4.26d. 
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However, in DPTS-M sample,     and     strain evolutions are similar and 

much larger than     strain at location 2 while there is almost no deformation 

in the material within centre of the nugget. This is due to higher welding 

current results in softer HAZ and nugget transferring the deformation 

localisation from the centre of the nugget to HAZ leading to necking in HAZ. 

However, the samples still failed via IF mode by shear due to the maximum 

principal strain in HAZ is insufficient to induce the failure.  

In DPTS-H sample,     strain evolution is almost consistent with maximum 

principal strain curve at location 2 and there is almost no sign of deformation 

due to shear mode indicating tensile deformation developed in Y direction 

dominates the failure, Figure 4.26f. In contrast to other samples, the 

compressive     strain evolution at location 2 indicates the necking 

phenomenon, Figure 4.26f. The critical maximum principal strain increases from 

around 5% to around 8% at location 2 just before crack initiation as welding 

current increases indicating material within the nugget can withstand larger 

plastic deformation and consequently require more applied energy (higher 

failure load and longer elongation), Figure 4.26g.  

Moreover, maximum principal strain in the centre of nugget of DPTS-L 

sample just before crack initiation is around 2% while that of DPTS-M and 

DPTS-H samples are closed to zero indicating that the material within the 

centre of nugget is no longer deformed.  This transition could lead to different 

failure modes, maximum principal strain values in location 1 and 2 indicate that 

HAZ softening could dominates the transition. Microhardness analysis in HAZ, 

Figure 4.4, indicates that HAZ becomes softer when increasing the welding 

current making this section weaker and weaker, especially the SCHAZ, while the 

nugget is much harder than HAZ, thus HAZ with higher welding current is 

much easier to deform shown in Figure 4.26a, b and c. In addition, a larger and 

softer nugget is achieved by higher welding current, it was reported that the 

nugget with lower hardness had higher fracture toughness[229], this means 

the nugget needs higher stress to fail. Meanwhile the localisation in HAZ 

offloads the rest of the material leading to lower stresses in the nugget, thus, 

the nugget with higher welding current is harder to fail. 
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Figure 4.26. Measured strain evolution curves between start point of deformation and 

start of failure of (a) and (d) DPTS-L, (b) and (e) DPTS-M, (C) and (f) DPTS-H samples 

and (g) comparison of maximum principal strain at centre of nugget and around 

corona bond tip within the nugget under low, medium and high welding currents.  

Elongated dimples observed in most region of fracture surface in DPTS-L 

sample in Figure 4.23a, indicates that shear fracture dominates interfacial 

failure confirming shear stress is the dominated stress of IF mode in DPTS-L 

samples. Shear dimples have also been observed at the central part of the 

nugget section for full weld in DP980 [108][11], and out-of-plane shear at 

circumference of nugget fracture surface in DP980 was reported by researchers 

[108][11] which is same with that observed in the fracture surface of DPTS-L. 
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However, quasi-cleavage fracture was reported to be the dominant fracture 

mode of IF failure in B1500 steel[109], which is different with the observed 

fracture mechanism in DPTS-L sample. This could be due to the material in the 

nugget of B1500 steel is much harder that makes the nugget harder to be 

plastically deformed. Although, DPTS-M sample shows a similar fracture 

mechanism with DPTS-L sample, larger bending and stretch in HAZ/nugget, 

Figure 4.24, could apply more complex bending, tensile and shear stress state 

to the nugget leading to larger portion of out-of-plane shear fracture. In 

DPTS-H sample, necking occurred in HAZ/ BM where has lowest hardness due 

to tempering effect in SCHAZ is the main reason to induce Pull-out failure, 

Figure 4.25. Moreover, it was reported that the conditional fracture toughness 

KIQ of FGHAZ in DP1000 is the highest, this is owing to the refinement of 

martensite grains in FGHAZ as it can generate more grain boundaries leading 

to higher energy requirement for the crack propagation [43]. Meanwhile, the 

ICHAZ and BM has a lower conditional fracture toughness than FG/CGHAZ [43]. 

In this case the failure is most likely to take place around the boundary of 

BM/HAZ when it undergoes large plastic deformation, as shown in Figure 4.25b. 

This mechanism is also reported by Liu et al. and Nikoosohbat et al. in spot 

weld under tensile-shear loading condition in DP780 and DP980 steel due to 

the softening of HAZ [111][230]. In conclusion, welds in DP980 steels also show 

same failure mechanisms for IF and PF modes. 

The microstructure difference of each region of the welds in DP1000 leads 

to different failure behaviour with LCTS samples. The high volume fraction of 

martensite in welds of DPTS samples results in higher strength and worse 

ability to deform. Therefore, DPTS samples could have higher failure load and 

the nugget of DPTS samples could fail through IF mode when being applied a 

relatively smaller strain. It is clear that as welding currents increases the weld 

section become softer, leading to higher plasticity and fracture toughness in 

nugget, the failure is more likely to occur outside the nugget in DPTS-H 

samples. This is also confirmed according to the results of LCTS samples. Thus, 

the improvement of formability in welds could lead to the weld failed through 

an expected failure mode.  

A failure mechanism can be suggested for the studied materials under 
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tensile-shear loading condition, according to the observed strain evolution. 

Figure 4.27 shows a simple model of stress analysis at the circumference and 

interface of weld nugget under tensile-shear loading condition, similar to those 

observed in low carbon steels in literature[104]. At the start of loading, shear 

stress    at the nugget around the corona bond tip dominates the nugget area 

due to relative motion between upper and lower sides of the nugget by 

loading in opposite directions, as shown in Figure 4.26d    -2. Additionally, 

stress    caused by rotation of the weld due to unsymmetrical loading tends 

to open the nugget from the notch tip at where the stress concentrates, as 

shown by strain component    -2 in Figure 4.26d. The nugget of DPTS-L 

sample is the smallest and least deformable results in shear stress during 

loading process transferring from the corona bond tips to the centre of the 

nugget reaching the critical failure strain (around 4.8%) leading to IF mode, 

  -2 in Figure 4.26d. At this stage, the bending is small and tensile stress is 

small and there almost no plastic deformation in HAZ  

In further loading, bending stress could evolved according to equation 4.1, 

leading to larger bending deformation in HAZ, which cooperates with tensile 

stress    leading to necking in HAZ , especially around the SCHAZ as it is the 

weakest region, reducing the stress transferred to nugget. A shear stress   

could occur after the bending of HAZ due to relative motion between HAZ and 

nugget, Figure 4.19w. However, the nugget of DPTS-M sample is not enough 

ductile enough to bear the deformation in Y direction caused by bending and 

tension as well as shear deformation, leading to failure occurred in the nugget. 

Furthermore, in DPTS-H sample, bending and tension keep increasing leading 

to larger necking within a softer HAZ than lower current cases. The nugget is 

the most deformable and largest, meanwhile necking in HAZ reduces the stress 

transferring into nugget, stress applied to nugget is not sufficient to lead to 

plastic deformation, therefore, failure occurred in HAZ.  

         
 

 
 

    

   
 

Equation 4.1 

where    is load,          is bending stress at corona bond tip, M is 

bending moment, S is section modulus, l Is width between loading point and 
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tip of corona bond, b is width of metal sheet and h is thickness of metal sheet. 

 

Figure 4.27. Stress analysis at the circumference and interface of the weld nugget 

during loading. 

4.6 Failure mechanism analysis of spot weld under mixed 

tensile/bending loading condition 

4.6.1 Deformation and failure analysis of welds under mixed 

tensile/bending loading condition (results) 

Figure 4.28a and b shows the load-displacement curves of coach-peel 

samples where lines in black show the CP-L samples while lines in yellow and 

green indicate CP-M and CP-H samples. Figure 4.28c shows average maximum 

load and corresponding average displacement with standard deviation for 

samples with each welding current. Small standard deviations on load and 

displacement are observed for DPCP and LCCP samples, which might indicate 

the produced CP samples are repeatable. However, difference is viewed with 

respect to DPCP samples such as DPCP-L1 and DPCP-H1 sample, Figure 4.28b. 

This could be due to difference in bending radius of two legs, Figure 4.28d, 

leading to difference on whole stiffness of different samples. It can be seen that 

displacement of LCCP samples is much longer than that of DPCP samples, it is 
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because the much larger bending deformation occurs in HAZ and two legs in 

LCCP samples, indicated with white arrows in Figure 4.29a. Samples of higher 

welding current DPCP-H have higher failure load and longer elongation which 

indicates higher current samples requires more plastic energy, Figure 4.28c. 

The drop of load of DPCP-L samples might indicate a different failure mode. A 

higher load is also observed in LCCP samples with applied higher welding 

current, however, the elongation shows a reverse trend, Figure 4.28b, and this 

difference is small, Figure 4.28c. This could be due to sample with higher 

welding current has larger nugget leading to slightly earlier bending in HAZ.   

Figure 4.29 shows the failed CP samples, three samples of each welding 

current were painted with speckle patterns while one sample was tested 

without speckle patterns.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.28. Load-displacement curves of coach-peel samples in (a) Low carbon steel, 

(b) DP1000 steel with low medium and high welding currents. The highlighted circles 

show evolution of failure of the samples without paints while highlighted squares 
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show the final fracture point of DPCP samples and highest load before failure of LCCP 

samples, (c) average maximum load vs average displacement with standard deviation 

for samples with each welding current and (d) difference of bending radius of legs. 

 

(a) 

 

(b) 

Figure 4.29. Failed coach-peel samples in (a) low carbon steel and (b) DP1000. 

Figure 4.30 shows deformation and failure process of spot welds of 

LCTS-L4, LCTS-M4 and LCTS-H4 samples, images a, b, c and d are highlighted 

in black (low), yellow (medium) and green (high) circles in load-displacement 

curves, Figure 4.28b. All samples are failed via PF mode.  

The failure process of samples with applied low, medium and high welding 

currents are similar. Local deformation first occurs around corona bond tips in 

nugget, white arrows in Figure 4.30b, g and l and bending within HAZ resulting 

in large plastic deformation, highlighted in yellow arrows in Figure 4.30b, g and 

l. Local necking is observed within HAZ/nugget for all samples caused by 

bending and tension leads to fracture within HAZ/nugget leading to PF mode, 

yellow ellipses in Figure e, j and o. 
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Figure 4.30. Images of deformation and failure process of LCCP samples without paint, 

(a), (f) and (k), before testing, (b), g) and (l) around start of plastic deformation, (c), (h) 

and (m) plastic deformation and (d), (i) and (n) highest load before failure and (e), (j) 

and (o) failure. 

Figure 4.31 shows deformation evolution and failure of tested samples 

indicated in load-displacement curves with black (low), yellow (medium) and 

green (high) circles as shown in Figure 4.28b representing before test, around 

yielding, just before final failure and final failure. DPCP-L4 sample fails through 

IF, while DPCP-M4 and DPCP-H4 samples fail through PIF and PF as observed.  

Figure 4.31 a, b c and d show deformation evolution and failure of DPCP-L 

sample. The local deformation initially occurs around the tip of corona bonds 

and boundary of HAZ, blue and yellow arrows in Figure 4.31b, and then crack 

propagates through the interface of nugget from the corona bond tip resulting 

in IF mode, Figure 4.31c. DPCP-M sample fails via PIF as shown in Figure 4.31h. 

Local deformation firstly occurs around corona bond tip adjacent to the nugget 

same with DPCP-L sample, Figure 4.31f. And then, it propagates into the 

nugget along interface for a certain distance until deflecting its path to the 

sheet thickness direction, highlighted in yellow circle in Figure 4.31g, leading to 



107 

 

PIF mode. Local necking is observed in the loading leg according to 

deformation band highlighted in yellow circle in Figure 4.31h, and bending is 

observed within HAZ in Figure 4.31g. DPCP-H fails through PF mode as shown 

in Figure 4.31l. The materials also starts to deform around the corona bond, 

Figure 4.31j. However, localized necking propagates the crack along around 45°

instead of passing through the nugget, highlighted in yellow circles in Figure 

4.31 k and l.  

 

Figure 4.31. Images of deformation and failure process of DPCP samples without paint, 

(a), (e) and (i), before testing, (b), (f) and (j) around yield point, (c), (g) and (k) during 

testing and (d), (h) and (l) final failure. 

Figure 4.32 reveals the associated measured out-of-plane displacement at 

the onset of failure. The maximum out of displacement at onset of failure is 

around 0.07mm in DPCP samples while out-of-plane displacement around 

position of failure is around 0.2mm in LCCP samples, the corresponding 

in-plane displacement are around 0.2mm and 0.65mm, much larger than 

out-of-plane displacement. This indicates a small image distortion which is due 

to the same reason with TS samples and 2D maximum principal strain could 

indicator of failure. 
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 (a)                  (b)                    (c) 

 

(d)                    (e)                     (f) 

Figure 4.32. (a), (b) and (C) out-of-plane displacement of DPCP-L, DPCP-M and 

DPCP-H samples while (d), (e) and (f) out-of-plane displacement of LCCP-L, LCCP-M 

and LCCP-H samples. 

The strain dependency curves with respect to the selected subset size of 

DPCP and LCCP samples are shown in Figure 4.33. A convergence criteria same 

with TS samples was used. Maximum principal strain keeps increasing as subset 

size decreases, and subsequently comes to convergence when subset size 

decreases to around 23 pixels. Thus, a subset size of 23 pixels was selected for 

DPCP and LCCP samples with physical size of 322 micron and 300 micron as 

well as spatial resolution of 14 micron/pixel and 13 micron/pixel. Additionally, 

systematic error of strain measurements were analysed for DPCP and LCCP 

samples, Figure 4.34. Ten images of unloaded sample were used to carry out 

the analysis. The maximum strain values are around 0.004% indicating an 

ignorable systematic error in strain measurement. 
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(a) 

 

(b) 

Figure 4.33. Strain dependency of (a) DPCP and (b) LCCP samples. 

 

  (a)                   (b)                     (c) 

 

              (d)                      (e)                    (f) 

Figure 4.34. Uncertainty analysis, systematic error of maximum principal strain of (a) 

DPCP-L, (b) DPCP-M, (c) DPCP-H, (d) LCCP-L, (e) LCCP-M and (f) LCCP-H samples. 

Figure 4.35 shows the distribution and evolution of measured strain 

components of LCCP samples (LCCP-L2, M2 and H2) based on the selected 

points of displacement, indicated in Figure 4.35 and black, yellow and green 

squares in Figure 4.28a.  

Strain patterns of LCCP-L, LCCP-M and LCCP-H samples are similar with 

each other. For instance, in LCCP-L samples, bending occurs in HAZ and 
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becomes larger as longer displacement. This is indicated by strain 

concentration in X direction shown in Figure 4.35a1, a5 and a9, which is the main 

factor leading to PF mode according to maximum principal strain at failure, 

Figure a12. Shear deformation in HAZ also becomes larger, Figure 4.35a3, a7 and 

a11, which also contributes to the failure. Compression deformation is observed 

in nugget in Y direction through the whole process before failure and necking 

is observed within HAZ, which could be due to the bending deformation in 

HAZ squeezes the material near the indents toward nugget and stretch the 

material around corona bond tips, indicated in yellow and white arrows in 

Figure 4.32a6. Moreover, the failure strain could be determined based on the 

maximum principal strain at the location of strain concentration before failure, 

which is around 58%, 56.5% and 54.5% for LCP-L/M/H samples, Figure 4.32a12, 

b12 and c12.  

Increasing the welding current does not have any influence on the failure 

behaviour of LCCP samples according to the above analysis.  
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Figure 4.35. Distribution and evolution of strain components of various loading stages 

for (a) LCCP-L2, (b) LCCP-M2 and (c) LCCP-H2 samples, showing strain components 

normal to loading direction,    , align to loading direction    , shear strain 

component    , and maximum principal strain   . 

Continue to next page 
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Figure 4.36 shows the distribution and evolution of measured strain 

components of DPCP-L2/M2/H2 samples based on the selected displacement 

points, indicated in Figure 4.36 and black, yellow and green squares in Figure 

4.28b.  

Figure 4.36a shows the strain evolution of DPCP-L sample. At 1.5mm where 

is the around the beginning of deformation, it is clear that strain in X, Y and 

shear directions concentrates around the corona bond tips , Figure 4.36a1, a2 

and a3, which might has great contribution to maximum principal strain, shown 

in Figure 4.36a3. However, strain     keeps concentrating around the crack 

path and grows much faster than strain     and shear strain    , shown in 

Figure 4.36a5, a6, a7, a9, a10, and a11, it becomes more and more critical in 

maximum principal strain, and subsequently leads to IF mode, Figure 4.36a8 

and a12. The crack initiates when the maximum strain reaches 2.54% which 

might be the strain at the onset of failure, 4.36a8. 

In contrast, different strain patterns are observed in DPCP-M samples 

leading to PIF mode. At 1.5 and 2.2mm, considering maximum principal strain 
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distribution in Figure 4.36b4 and b8, strain concentration in X and shear 

direction play more important role while only compression is observed ahead 

of the corona bond tip, Figure 4.36b1-b3 and b5-b7, showing a delay of tensile 

deformation in Y direction. In further loading up to crack initiation shown in 

Figure 4.36b9-b16, strain concentration occurs in Y direction around the corona 

bond tip, and become the domination of crack initiation according to 

maximum strain distribution shown in Figure 4.36b16. Meanwhile, compression 

deformation Y direction moves from around the corona bond tips towards the 

nugget. Figure 4.36b17-b20, at 5.8mm shows that the crack propagates into the 

nugget along the faying face indicating IF mode, and strain concentration in Y 

direction around the crack makes the greatest contribution to maximum 

principal strain shown in Figure 4.36b20. Thus, considering the strain evolution 

of DPCP-L sample, strain concentration in Y direction is most likely to dominate 

the IF mode. Figure 4.36b21-b24 shows the strain distribution before final failure, 

strain concentration observed in X around crack tip in nugget are likely to lead 

to crack deflection to thickness direction resulting in PF mode according to 

maximum principal strain, Figure 4.36b21 and b24. Bending around the crack is 

observed increasing through the whole process of deformation evolution and 

failure, which could be the reason leading to increase of strain in X direction. 

Moreover, the failure starts when the maximum strain is around 4.28% at the 

corona bond tip, Figure 4.36b16. 

Figure 4.36c shows the strain evolution of DPCP-H sample. Compression 

deformation around the corona bond tip is also observed until the crack 

initiates at 5.8mm displacement indicating that opening of nugget takes place 

even later than that of DPCP-M sample, Figure 4.36c18. This could be due to 

larger deformation in HAZ in X direction caused by bending delaying the 

opening of corona bond tip in Y direction, as indicated with red arrows in 

Figure 4.36a5, b5 and c5. Moreover, strain concentration in X direction 

contributes the most to maximum principal strain, leading to crack initiation 

and propagation in HAZ before strain     is sufficient to open the nugget, 

causing PF mode, Figure 4.36C17, c20, c21 and c24. The maximum principal strain 

at crack initiation is larger than low and medium current samples, which is 

around 4.52% at the corona bond tip, Figure4.36c20. 



114 

 

In addition, compressive strain is observed within nugget of samples in 

each welding current which might resist the crack from passing through the 

nugget. The failure strain initiating the cracks could be determined based on 

the maximum principal strain at corona bond tip, which is around 2.54%, 4.28% 

and 4.52% for DPCP-L/M/H samples, Figure 4.36a8, b16 and c20. The crack 

opening mode is the dominant factor causing IF of DPCP-L and IF phase of 

DPCP-M samples. Increasing the welding current reduces the deformation in 

loading direction in nugget, and deformation localisation along loading legs as 

well as shear strain localisation in HAZ becomes the dominant factor leading to 

PF phase of DPCP-M and PF of DPCP-H samples. 
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Figure 4.36. Distribution and evolution of strain components of various loading stages 

for (a) DPCP-L2, (b) DPCP-M2 and (c) DPCP-H2 samples, showing strain components 

normal to loading direction,    , align to loading direction    , shear strain 

component    , and maximum principal strain   . 

Continue to next page. 
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4.6.2 The effect of welding current on fracture mechanism of 

welds under mixed tensile /bending loading (results) 

Figure 4.37 shows fracture surfaces and morphology of cut surfaces of 

LCCP-L sample. Deformation bands observed around the corona bond tip 

beneath cut surface indicates substantial stretch, highlighted in blue and 

yellow squares in Figure 4.37a. Elongated dimples are observed in top part of 

nugget indicating shear fracture surface. Out-of-plane deformation is observed 

in nugget highlighted in red square in Figure 4.37a, which might be due to 

necking in HAZ highlighted red square in Figure 4.37b. Morphology of cut 

surface shows the failure occurs at HAZ/nugget boundary. The ferrite within 

nugget along the crack path are massively stretched and elongated indicating 

that failure could be caused by tension highlighted in blue, green and yellow 

squares in Figure 4.37b. The fracture mechanisms of LCCP-M and LCCP-H 

sample are same with LCCP-L sample according to the observation in Figure 

4.38 and 4.39.  
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(a) 

 

(b) 

Figure 4.37. Fracture surfaces (a) and microstructural morphology of LCCP-L samples 

showing domination of necking. 



120 

 

 

(a) 

 

(b) 

Figure 4.38. Fracture surfaces (a) and microstructural morphology of LCCP-M samples 

showing domination of necking. 
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(a) 

 

(b) 

Figure 4.39. Fracture surfaces (a) and microstructural morphology of LCCP-H samples 

showing domination of necking. 

Figure 4.40 shows the fracture surface of nugget is in IF mode. Ductile 

fracture mainly locates at where close to the edge of cut section, highlighted in 

blue square in Figure 4.40a. The multifaceted fracture surface with ductile 
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dimples indicates quasi-cleavage fracture [231], highlighted in yellow square in 

Figure 36a, dominating IF mode, which might be caused by stress normal to the 

fracture surface. This mechanism could be confirmed by the morphology of cut 

surface shown in Figure 4.40b. The zigzag crack cuts through the almost 

undeformed martensite and continuously changes its direction, which might 

indicate cleavage fracture caused by stress normal to fracture surface. 

 

(a) 

 

(b) 

Figure 4.40. Fracture surfaces (a) and microstructural morphology (b) of DPCP-L 

samples showing domination of quasi-cleavage fracture.  
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In contrast to DPCP-L sample, fracture surfaces of DPCP-M sample contain 

two phases, IF and PF, highlighted in blue and dark green squares in Figure 4.41. 

Brittle facets with ductile dimples indicates quasi-cleavage dominating the IF 

phase, highlighted in yellow square in Figure 4.41, while ductile dimples are 

also observed near the cut surface, highlighted in light green squares in Figure 

4.41. However, fracture surface of PF phase shows two different fracture modes, 

highlighted in dashed red and purple rectangles in Figure 4.41, quasi-cleavage 

fracture dominates the first part (highlighted in red square in Figure 4.41) while 

elongated dimples indicate that pure shear fracture dominates the second part, 

purple squares in Figure 4.41.  

 

Figure 4.41. Fracture surfaces of DPCP-M samples showing domination of shear and 

quasi-cleavage failure.  

Figure 4.42 reveals fracture surfaces of DPCP-H samples failed through PF 

mode due to the crack path is around the nugget and cut into CGHAZ along 

thickness direction, shown in top left image. The failure also includes two 

parts, highlighted with blue and purple dashed rectangular in Figure 4.42, 

ductile dimples with less portion of brittle facets indicates that ductile fracture 
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dominates the first part, while pure shear failure dominates the second part, 

highlighted in blue, yellow and purple squares in Figure 4.42. The observed 

fracture surface might indicate that ductile and shear fracture leads to PF 

mode of DPCP-H samples.  

 

Figure 4.42. Fracture surfaces of DPCP-H samples showing domination of shear and 

ductile failure.  

4.6.3 Deformation and failure analysis of welds under mixed 

tensile/bending loading (DPMiCP samples results) 

Figure 4.43 shows the load-displacement curves for the micro CP samples. 

The black lines show DPMiCP-L samples with low welding current, lines in 

green indicate DPMiCP-M samples with medium welding current while Lines in 

yellow indicate DPMiCP-H samples with high welding current. Due to the 

limited cross head movement of in-situ tensile machine, samples were loaded 

to end of travel rather than final fracture as shown in Figure 4.45, 4.46 and 4.47. 

The load-displacement curves show a good consistency in the tested samples. 

A higher load was obtained for samples with applied higher welding current 

might indicate samples with higher welding current require higher plastic 

energy. The load drops in the curves are due to the stress relaxation of the 

system during the interval when the tensile machine is stopped. Figure 4.44 

shows the tested samples.  
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Figure 4.43. Load-displacement curves of samples with low (DPMiCP-L), medium 

(DPMiCP-M) and high (DPMiCP-H) welding currents. The highlighted circles show 

process of failure of the samples. 

 

Figure 4.44. Failed DPMiCP samples under three different welding currents. 

Micrographs of the sample corresponding to the selected points, indicated 

by circles, of load-displacement curves are shown in Figure 4.45, 4.46 and 4.47. 

These images show crack initiation and propagation of samples with applied 

low, medium and high welding currents, which are used to investigate the 

failure mechanism of welds. 

Figure 4.45 shows the crack initiation and propagation of DPMiCP-L 

sample. It starts with the opening of corona bond followed by localized 

deformation around the tip at the boundary between CGHAZ and nugget, 

indicated by white and yellow arrows in Figure 4.45b and c. The loading 
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direction is shown in Figure 4.45a. Deformation bands are observed due to 

plastic deformation ahead of the corona bond tip within nugget leading to 

formation of two cracks indicated with black and red arrows in the enlarged 

image, Figure 4.45d, the subordinate crack, black arrow, forms in CGHAZ, 

Figure 4.45e and f, while the dominate crack, which is normal to the loading 

direction, red arrows, cut into the nugget along the plastic localised 

deformation bands resulting in interfacial failure of the weld, Figure 4.45e to 

4.45i. This dominate crack is possibly induced by modeⅠfracture (opening) 

leading to plastic deformation of martensite in the nugget due to the loading 

direction is at horizontal direction which is perpendicular to the crack path. The 

subordinate crack stopped propagating which might because the small 

martensite grains in CGHAZ are greater dislocated leading to larger resistance 

to the crack propagation. 
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Figure 4.45.Microscopic images show crack initiation and propagation of DPMiCP-L 

sample indicating IF mode, white arrows indicate corona bond, yellow arrows show 

localized deformation bands, black arrows show subordinate crack and red arrows 

show dominate crack. 

For DPMiCP-M samples, Figure 4.46, the opening of corona bond tip is 

observed in Figure 4.46b which is same with DPMiCP-M sample. The loading 

direction is shown in Figure 4.46a.The large stress concentration at the corona 

bond tip results in formation of two sharp cracks, black and red arrow, in Figure 

4.46c. The subordinate crack, stops developing after a certain propagation, 

black arrows in Figure 4.46d and e. The dominate crack, red arrows, cuts into 

the nugget through the martensite grains until its deflection to about 45° 

towards the thickness direction of the nugget showing IF phase, Figure 4.46d 

to 4.46f. It is then open up following the deformation bands, yellow arrow, 

Figure 4.46g to 4.46i, and expected to pass through the red dashed line by a 
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shearing process leading to PF phase, Figure 4.46i. 

 

Figure 4.46.Microscopic images show crack initiation and propagation of DPMiCP-M 

sample indicating PIF mode, the yellow arrows show localized deformation bands, 

black arrows show subordinate crack and red arrows show dominate crack, while the 

red dashed line indicate potential subsequent crack path. 

Figure 4.47 shows the failure process of DPMiCP-H sample failed through 

PF mode. The loading direction is shown in Figure 4.47a. Same with samples 

with applied low and medium welding current, the failure process starts with 

opening of corona bonds, white arrow in Figure 4.47b and c, followed by two 

cracks formed at the boundary of the nugget due to large plastic deformation 

caused by stress concentration at the crack tip, black and red arrows in Figure 

4.47d. The subordinate crack is slightly open up without propagating into the 

nugget, black arrows in Figure 4.47d to 4.47 f, though deformation bands are 
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observed in the nugget, yellow arrows in Figure 4.47d to 4.47f. Meanwhile, the 

dominant crack (red arrows) propagates into CGHAZ along deformation bands 

(blue arrows), Figure 4.47 e and f. Although the deformation bands indicate 

that the crack could propagate into FGHAZ, blue arrow in Figure 4.47f, the 

crack changes its path to CGHAZ which might be due to finer martensite grains 

in FGHAZ resist the crack development, Figure 4.47g.The following crack 

propagation is expected to follow the red dashed line in Figure 4.47i through 

shear fracture leading to PF mode. 

 

Figure 4.47.Microscopic images show crack initiation and propagation of DPMiCP-H 

sample indicating PF mode, the yellow and blue arrows show localized deformation 

bands, black arrows show subordinate crack and red arrows show dominant crack, 

while the red dashed line indicate potential subsequent crack path. 
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Figure 4.48 shows the strain dependency curve in relation to subset size. 

Assume that when the error between each two subset is smaller than 3%, the 

corresponding subset size is acceptable to be used for strain calculation. 

Measured maximum principal strain keeps decreasing as subset size decreases 

and subsequently comes to convergence when subset size decreases to around 

31 pixels, an error of 2% was obtained compared to a subset size of 29 pixels. 

Further decreasing the subset size cannot improve the accuracy because there 

are no enough distinctive patterns around the corona bond tip for DIC to track 

leading to subset deletion before crack initiation. A subset size of 31 pixels was 

selected for computing the strain distribution, and the physical size is 62 

micron as well as the spatial resolution is 2 micron/pixel. Additionally, 

systematic error of strain measurements were analysed for DPMiCP –L, DPMiCP 

-M and DPMiCP-H sample. Ten images of unloaded samples were used to carry 

out the analysis, Figure 4.49. The maximum strain value is around 0.01% 

indicating an ignorable error in strain measurement. 

  

(a)                                 (b) 

Figure 4.48. (a) Subset size dependency and (b) subset size selected for strain 

measurement. 
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(a)                          (b)                          (c) 

Figure 4.49. Uncertainty analysis, systematic error of maximum principal strain of (a) 

DPMiCP-L, (b) DPMiCP-M and (c) DPMiCP-H samples. 

Figure 4.50 to 4.52 show deformation evolution as well as crack initiation 

and propagation of DPMiCP-L, DPMICP-M and DPMiCP-H samples based on 

the same loading stage shown in Figure 4.45 to 4.47. Although there is some 

strain patterns loss around the crack path due to no enough distinguishable 

patterns around the crack to be tracked by DIC technique, the lost portion does 

not affect the failure mechanisms analysis. It is worth noting that the loading 

direction is in X direction while loading direction of DPCP samples is in Y 

direction. In order to be consistent with DPCP samples, the strain maps of 

DPMiCP samples were rotated 90 degree. 

In samples with low welding current, DPMiCP-L, strain     concentrates 

around the corona bond tip and its value increases as the opening of corona 

bond, Figure 4.50a2 and a3. Subsequently, strain in X direction is observed 

concentrating around the crack tip, Figure 4.50a4 to a9. Meanwhile, the strain in 

Y direction is observed localized around the crack path and in the nugget, 

Figure 4.50b2 to b7, and then concentrates around the crack tip, Figure 4.50b8 

and b9. Shear strain also concentrates around the crack tip shown in Figure 

4.50c8 and c9. However, according to maximum principal strain concentration 

shown in Figure d4 to d9, strain concentration in X (loading) direction is most 

likely to dominate the crack initiation and propagation leading to IF mode. 
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Figure 4.50. Distribution and evolution of strain components for DPMiCP-L sample, 

(az-a9) strain evolution parallel to loading direction,   , (b1-b9) strain evolution normal 

to loading direction,    , (c1-c9) strain evolution at shear direction,    , and (d1-d9) 

maximum principal strain evolution,   . 

Continue to next page. 
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Figure 4.51 shows strain evolution of DPMICP-M sample failed through PIF 

mode. For strain evolution in X direction, strain concentrates around the crack 

tip and passes into the nugget as the crack propagates, which plays the most 

important role in crack propagation according to maximum strain 

concentration, leading to IF mode, Figure 4.51a2 to a5 and 4.51d22 to d5, 

Additionally, strain concentration in Y direction is observed at two sides of 

corona bond in HAZ while compression is observed ahead of the tip in the 

nugget, red and black arrows in Figure 4.51b2 and b3. This could be due to 

bending of HAZ squeezes the material ahead of the tip. However, strain 

concentration around the crack tip in Y direction (normal to loading) becomes 

dominant instead of strain     leading to crack path deflection, according to 

maximum principal strain concentration, red arrows in Figure 4.51a6, b6 and d6. 

Subsequently, shear strain concentration and strain concentration in Y 

direction ahead of the crack tip are observed, black and red arrows in Figure 

4.51b9 and c9, which are most likely to result in the following failure leading to 

PF mode, because they make the greatest contribution to maximum principal 

strain concentration ahead of the crack tip, red and black arrows in Figure 

4.51d9.  
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Figure 4.51. Distribution and evolution of strain components for DPMiCP-M sample, 

(az-a9) strain evolution parallel to loading direction,   , (b1-b9) strain evolution normal 

to loading direction,    , (c1-c9) strain evolution at shear direction,    , and (d1-d9) 

maximum principal strain evolution,   . 

Continue to next page. 
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Strain evolution of DPMiCP-H sample is show in Figure 4.52, indicating PF 

mode. Strain evolution in X (loading) direction shows that     concentrates 

around the subordinate crack, black arrow in Figure 4.52a4, and grows to high 

measured value as further loading, Figure 4.52a5 to a9. Compression is 

observed by side of the dominant crack in X direction, white arrow in Figure 

4.52a4, and becomes larger as further loading, 4.52a5 to a9, which might 

indicate local necking in HAZ. However, strain concentration in Y (normal to 

loading) and shear direction are most likely to lead to dominant crack 

propagation within HAZ according to maximum principal strain concentration 

around the dominant crack tip, Figure 4.52b4 to b9, c4 to c9 and d4 to d9. 

Additionally, according to maximum principal strain concentration around the 

crack tip indicated in red arrow in Figure 4.52d9, the strain concentration in 

shear direction and Y direction ahead of the crack tip might lead to the 

subsequent failure, red arrow in Figure 4.52c9.  
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Figure 4.52. Distribution and evolution of strain components for DPMiCP-H sample, 

(az-a9) strain evolution parallel to loading direction,   , (b1-b9) strain evolution normal 

to loading direction,    , (c1-c9) strain evolution at shear direction,    , and (d1-d9) 

maximum principal strain evolution,   . 

Continue to next page. 
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4.6.4 Discussion 

The failure of LCCP samples is due to the large bending within HAZ. 

According to the hardness profile shown in Figure 4.8, the ferrite grains within 

HAZ results in low yield strength and high plasticity. Thus, the applied bending 

and tensile stress state could easily bend the HAZ leading to large tensile strain 

concentration along the loading leg and shear strain concentration in loading 

direction around the corona bond tip, Figure 4.35a9 and a11. Meanwhile, it was 

reported that material with higher yield strength could have lower fracture 

toughness[229], the boundary of nugget/HAZ has higher hardness than rest of 

the HAZ and BM, which indicates this region could have lower fracture 

toughness. Moreover, the compression in nugget could provide resistance to 

the crack initiation within nugget, Figure 4.35a12. Therefore, the failure takes 

place in the boundary of nugget/HAZ.  

Figure 4.53 shows the measured strain evolution curves between the 

beginning of loading and crack initiation of DPCP-L, DPCP-M and DPCP-H 

samples at the tips of corona bonds in the nuggets (highlighted in white 

squares marked with d e and f in Figure 4.53a, b and c).  

It is found that value of     is the largest at the onset of crack initiation for 

the samples failed via IF mode (DPCP-L and IF phase of DPCP-M), therefore 

leading to the crack passing through the nugget due to mode Ⅰ fracture, Figure 

4.53d and e. The strain in Y direction increases rapidly from compression to 

tension while the     strain increasing point of DPCP-L sample is around 1mm. 

However, as it was also shown in strain maps of Figure 4.36b21 and b22, the 

subsequent bending deformation in DPCP-M sample stretched the material in 

X direction leading to larger concentrated strain in X direction but smaller 

concentrated strain in Y direction in the nugget comparing to strain     and 

    at the point of crack initiation in Figure 4.53e. Thus, deformation in X 

direction is more likely to open the crack along Y direction deflecting the crack 

path from passing through the nugget to sheet thickness direction in DPCP-M 

sample, and then leads to PIF mode. In addition, Figure 4.53d and e show that 

    strain evolution is similar to the maximum principal strain evolution for 

DPCP-L and DPCP-M samples confirming that deformation along Y direction 
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dominates IF mode and the driving force is stress normal to the interface of the 

nugget.  

 

Figure 4.53. Maximum principal strain distribution, (a) DPCP-L, (b)DPCP-M and 

(c)DPCP-H, indicating the extracted positions of measured strain evolution curves 

between start point of deformation and crack initiation of (d) DPCP-L, (e) DPCP-M and 

(f) DPCP-H samples while (g) measured strain evolution curves between start point of 

loading and final failure of second part of PF mode in DPCP-H samples. 

The strain evolution of DPCP-H sample shown in Figure 4.53f, which is the 

first part of failure (highlighted in white square marked with ‘f’), indicates 

that material at the corona bond tip goes under tension in X direction while 

strain     is in compression mode. This might lead to delay of crack 

propagation through the nugget caused by compressive stress and strain field 

in Y direction, while the material within HAZ and nugget around the corona 

bond tip in X directioin is stretched to localised plastic deformation leading to 
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mode Ⅰ fracture and necking, Figure 4.42. Additionally, strain of     starts 

increasing at around 4mm, Figure 4.53f, which might be due to the fact that the 

tensile stress caused by loading at this point overcomes the compressive stress 

and is large enough to induce tensile deformation. However, negative     

indicates that the material in nugget around the crack tip is still in compression, 

Figure 4.53f. Thus,     strain concentration caused by bending stress 

dominates first part of PF mode.  

Figure 4.53g shows strain evolution curves between start point of loading 

and final failure of second part of PF mode in DPCP-H samples, the extracted 

position is on the crack path, within HAZ highlighted in white square marked 

with letter ‘g’ in Figure 4.53c. For the second part of PF mode shown in 

Figure 4.53g, the shear strain curve is almost consistent with maximum 

principal strain curve indicating that shear deformation dominates the second 

part of PF mode until 6 mm of elongation and then shear strain and normal 

strain in X direction become dominant leading to shear fracture. The shear 

strain was caused by relative motion between material in HAZ and nugget. 

Because of bending within HAZ, material around position ‘g’ in Figure 4.53c 

was compressed in X direction until around 6mm of elongation, at where 

started being stretched when the crack almost researched this position. This is 

also the reason of changing the direction of shear strain. Thus, stress along X 

direction and shear stress dominates PF mode of DPCP-H sample. The strain 

evolution curves given in Figure 4.53 might also give critical failure strain for 

DPCP-L/M/H samples, according to the maximum principal strain at the point 

of crack initiation.  

According the deformation evolution DPCP samples, as welding current 

increases, the compression strain     ahead of corona bond tips makes great 

contribution to transition from IF to PF modes. This compression strain is 

caused by bending within HAZ and last for longer elongation in samples with 

applied higher welding current,     evolution shown in Figure 4.53d, e and f. 

Hardness analysis shows the softening effect in HAZ and nugget due to a lower 

cooling rate increases the size of prior austenite grains and reduce the 

dislocation density [232] and tempering effect in SCHAZ. Thus, the material in 

HAZ and nugget is easier deformed leading to larger bending in HAZ and 
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subsequently larger compression in nugget adjacent to corona bond tip under 

coach-peel loading, as shown in Figure 4.53a, b and c. Additionally, a larger 

plasticity around corona bond tip in nugget and FGHAZ was observed by 

increasing the welding current, this was better observed in DPMiCP samples 

that the crack propagates further into CGHAZ instead of into nugget, Figure 

4.45-4.47. Therefore, the softening of weld section, compression deformation 

in nugget and plasticity in nugget and FGHAZ affect the failure mode transition 

from IF to PF for DPCP samples. 

Edge effect due to half weld geometry is observed causing a different 

fracture mechanism in the fracture surface adjacent to the cut surface edge 

highlighted in blue square in Figure 4.40. Material loaded near the cut surface 

could be assumed under plane stress state which could have lower stress 

triaxiality compared to the material inside the nugget leading to different 

fracture mechanisms. It is clear that stress triaxiality around the crack tip of full 

weld sample is much larger than that of half weld sample, Figure 4.54a1 and b1. 

In the cross section surface shown in Figure 4.54a2 and b2, although the stress 

triaxiality of most area in nugget of the half weld sample is similar with that of 

full weld sample, the stress triaxiality of half weld sample closed to the cut 

surface is around 0.4 which is much smaller than that around the centre line of 

full weld sample (around 1.2), therefore different fracture mechanism could 

occur. 

 

Figure 4.54 Stress triaxiality of the nugget before failure, (a1) and (a2) half weld CP 

sample, (b1) and (b2) full weld CP sample. 

Microstructural morphology analysis along the crack path of half failed 
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DPCP samples with applied low, medium and high welding currents was carried 

out in order to better understand the influence of microstructure of the weld to 

the failure modes, Figure 4.55, the samples were prepared by removing 

deformed portion. As shown in Figure 4.55c and d, in DPCP-L, the crack first 

initiates from the sharp tip of the corona bond due to analysis as mentioned 

and cut through the martensitic laths along a relatively flat path and then 

deflect its path. The crack path deflection could be owing to the region of 

smaller and shorter martensite , highlighted in yellow squares in Figure 4.55b 

and c, it was reported that finer martensite laths has higher strength, as 

founded by Wang [233], which may resist the crack from cutting through. Then 

the crack path deflects back along around 45°angle as the tensile loading is 

sufficient to force the crack to propagate along horizontal direction.  

In DPCP-M, the path deflection also occurs when crack propagates to the 

area that has finer martensite. The crack first cuts through the longer columnar 

grains without much path deflection, this might be due to the fact that low 

energy crack path could form along the direction of grain growth due to 

interdendritic microsegregation of the solutes [221], Figure 4.55f. Then, the 

crack deflects its path when reaching the region of smaller martensite grains 

shown in Figure 4.55f, as this region might retard the crack propagation. 

Additionally, as mentioned that the low energy crack path might form along 

the grain growth direction (vertical direction), it could help the crack propagate 

through thickness direction, Figure 4.55h.  

In PF mode of DPCP-H sample, crack initiates at the tip of corona bond and 

propagates along circumference of the nugget and CGHAZ as shown in Figure 

4.55k. Several factors based on the microstructure may result in the failure 

mode transition: grain growth makes the nugget more ductile thereby the 

nugget has sufficient fracture toughness to resist the crack from cutting into 

the nugget; hardness measurement indicates that the material within the 

CGHAZ and at exterior of nugget is harder than that within the nugget which 

could be due to this region was first solidified results in higher dislocation 

density, thus crack is more likely to initiate in CGHAZ when the concentrated 

stress around the tip of corona bond is not sufficient to crack into the nugget. 

Moreover, Bouzekri et al. indicated that microcracks formed in CGHAZ due to 
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low-melting point element and microsegregation at grain boundaries in weld 

of DP780 [221], this may also be the reason help crack propagation in CGHAZ. 

 

 

Figure 4.55. Microstructural morphology along the crack path of half failed (a-d) 

DPCP-L, (e-i) DPCP-M as well as (j) and (k) DPCP-H samples. 

Continue to next page. 
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Although the weld size of LCCP samples are similar with DPCP samples, all 

LCCP samples failed through PF mode. This is due to the weld of LCCP is much 

more deformable than DPCP samples, therefore much larger bending 

deformation was induced by the bending moment compared to DPCP-H 

sample leading to failure in HAZ, Figure 4.35a9 and 4.36c21. The failure of LCCP 

samples confirms the deformation evolution analysis of DPCP samples that 

softer HAZ could lead to larger bending deformation prompting transition of 

failure mode from IF to PF. 

Figure 4.56 shows a possible stress model of CP samples based on the 

achieved strain evolution and fractography analysis in previous chapter 4.6 and 

a failure mechanism can be concluded.   

At start of deformation, angular motion of two legs results in bending in 

HAZ (between the highlighted blue and green circles Figure 4.56). The bending 

deformation adjacent to the notch tip tends to stretch the material within the 

nugget resulting in stress    in HAZ along two loading legs, meanwhile 

bending at exterior (highlighted in blue circles in Figure 4.56) of HAZ tends to 

compress the material in HAZ and nugget ahead of the corona bond tip 

towards the nugget, and consequently causes compressive stress    within the 

nugget ahead of the corona bond tip, according to     and     shown in 
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Figure 4.53d. Stress    normal to interface of the nugget around corona bond 

tip caused by loading tends to open up the nugget, resulting in a 

tensile-bending stress state with bending stress   . Shear stress might occur 

within HAZ/nugget between the highlighted blue and green circles due to 

relative motion of the loading legs and nugget, Figure 4.56. In further loading, 

bending stress increases according to Equation 4.2 as the increase of load  , it 

is noted that the reducing rate of the length   is much smaller than increasing 

rate of load before crack initiation in the weld. This results in increase of 

compressive stress   , , meanwhile, stress   and shear stress   also increase 

due to the increase of load   resulting in the rise of strain     and    , Figure 

4.53d, e and f. 

   
 

 
 

    

   
 

Equation 4.2 

 

Figure 4.56.  Stress analysis at the circumference and interface of the weld nugget in 

coach-peel sample. 

According to section 4.1.3, the weld section with low welding current, 

DPCP-L, is the least deformable, at the start of loading, the bending stress    is 

too small to induce sufficient bending deformation in HAZ around the crack tip 

before the amount of deformation induced by stress    is enough to 

propagate the crack into the nugget along the interface of the nugget, leading 

to IF mode, as shown in crack initiation and propagation of DPMiCP-L sample, 
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Figure 4.45. This is also confirmed by the observation of strain evolution of 

DPMiCP-L sample, Figure 4.50.  

However, sample with higher welding current, DPCP-H, shows different 

mechanism, fracture surface shown in Figure 4.42 indicates that the fracture is 

caused by bending stress    and shear stress. As the material witin HAZ is 

more ductile than samples with low welding current, therefore leading to larger 

bending deformation in HAZ under bending stress. It induces increase of 

compressive stress    leading to larger compressive deformation ahead of the 

crack tip,     in Figure 4.53d, e and f, retarding the crack initiation and 

propagation from the corona bond tip towards the nugget. Meanwhile, plastic 

deformation in horizontal direction around the corona bond tip in HAZ and 

nugget develops caused by bending stress, leading to strain concentration and 

following localised necking in HAZ, resulting in mode Ⅰ crack initiation at the 

interface between HAZ and nugget, further loading will increase such strain 

caused by bending leading to crack propagation in HAZ, as shown in Figure 

4.47. Maximum principal strain evolution of DPMiCP-H sample shows that the 

strain concentration is at CGHAZ around the corona bond tip, Figure 4.52d4. 

Although similar strain value is observed at vicinity of the tip in nugget, the 

failure occurs in CGHAZ. This is due to larger martensite grains in nugget which 

has better plasticity and can take more plastic deformation, meanwhile the 

smaller grains in FGHAZ resist the crack propagation, as observed in crack 

propagation in DPMiCP-H sample in Figure 4.47. As further loading, the shear 

stress developed ahead of the crack is sufficient to induce shear fracture, 

consequently pulling the nugget off the sheet.  

IF and PF phases of DPCP-M samples have similar failure mechanism with 

those of DPCP-L and DPCP-H samples. 

Additionally, load around yielding and highest load of DPTS samples with 

each welding current is much higher than DPCP samples, which could be 

affected by bending in DPCP samples. A rough stress calculation was carried 

out to obtain the shear stress   of DPTS-L sample within nugget and bending 

stress    of DPCP-L sample according to equations 4.2 and 4.3, since DPCP 

sample and DPTS sample can be assumed to be a cantilever beam problem and 
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a simple shear problem.  It was found that, shear stress is about 785MPa for 

DPTS-L sample which is similar with bending stress for DPCP-L sample of about 

840MPa, thus a small load is required to obtain a large stress due to bending of 

DPCP samples. 

  
  

 
 

Equation 4.3 

Where   is shear stress of nugget in TS sample,    is load around yielding, 

   is bending stress in CP sample at corona bond tip, M is bending moment, S 

is section modulus, l Is length between loading point and tip of corona bond, b 

is width of metal sheet and h is thickness of metal sheet. 

4.7 Failure mechanism analysis of spot weld under tensile 

loading condition  

4.7.1 Deformation and failure analysis of welds under tensile 

loading (results)  

Figure 4.57 shows the load-displacement curves for the U-shape samples 

in DP1000 and low carbon steel. Lines in black indicate the U-L samples with 

high welding current, lines in yellow indicate the U-M samples with medium 

welding current while the green lines show U-H samples with a lower welding 

current. As indicated by black arrows in Figure 4.57a, and b, the load 

dramatically drops and then increases, which is similar with unloading and 

loading phenomenon. This indicates the two half welds didn’t fail at the same 

time. According to the weld size measurement at the beginning of this section, 

no significant difference is observed between the two half welds, thus it could 

be due to the geometry difference of samples. Because of the spring back 

effect of DP1000, it is difficult to perfectly fabricate the U-shape samples. As 

shown in Figure 4.57c, which is an example showing the geometry difference of 

DPU sample, the angle difference of the notches at two sides of the weld are 

around 2°, and the loading legs are not perfectly aligned, which could lead to 

asymmetric loading leading to such unexpected failure. For LCU samples, the 



153 

 

large plastic deformation around loading legs could also affect symmetric 

loading of two welds, indicated in blue arrow in Figure 4.58b, thus the 

load-displacement curves of LCU samples might not be that reliable. Although 

such situation is observed, higher plastic energy is needed for DPU samples 

with applied higher welding current Figure 4.57b.  

 

(a) 

 

(b) 

 

(c) 

Figure 4.57. Load-displacement curves of U-shape samples with low, medium and high 

welding currents in (a) low carbon, (b) DP1000 and (c) example showing geometry 

difference of U-shape sample. The highlighted squares show the failure point of the 

painted samples, the highlighted circles show deformation evolution and failure of the 

samples without paint. 

Figure 4.58 shows the failed U-shape samples, all LCU samples failed 

through PF mode, Figure 4.58b while DPU-L and DPU-M samples failed 

through IF and DPU-H failed via PIF, Figure 4.58a. It can be seen that the 

loading legs of LCU samples are severely plastically deformed, blue arrows in 

Figure 4.58b. This could be due to the nugget is the strongest part of the 

sample caused by welding process, and it is harder to deform than the rest of 

the sample.   
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(a) 

 

(b) 

Figure 4.58. Failed U-shape samples in (a) DP1000 and (b) low carbon steel under three 

different welding currents. 

Figure 4.59 shows deformation evolution and failure of spot welds of 

LCU-L4, LCU-M4 and LCU-H4 samples indicated in black, green and yellow 

circles in Figure 4.57a. All samples fail via PF mode. 

The failure process of samples with applied low, medium and high welding 

currents are similar. Local deformation first occurs around corona bond tips 

within nugget in Figure4.59b, g and l, and then HAZ are dramatically stretched 

and bended resulting in a great mount of plastic deformation causing necking 

within HAZ, highlighted in yellow ellipses in Figure 4.59d, i and n, subsequently 

pulling the nugget off the sheets resulting in PF mode as shown in Figure 4.59e, 

j and o. In this case, though the load-displacement curves are not reliable, the 

strain evolution could be a good indicator to study deformation evolution and 

failure of the samples. 
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Figure 4.59. Images of deformation evolution and failure of LCU-L4, LCU-M4 and 

LCU-H4 samples without paint, deformation in various stages highlighted in black, 

yellow and green circles in Figure 4.57 (a) (f) and (k) before testing, (b) (g) and (l) 

around start of plastic deformation, (c) (h) and (m) during plastic deformation, (d) (i) 

and (n) highest load before failure, (e) (j) and (o) failure. 

Figure 4.60 shows deformation evolution and failure of DPU-L2/M2/H2 

samples indicated in load-displacement curves with black, yellow and green 

circles, Figure 4.57b. DPU-L and DPU-M samples fail via IF (Figure 4.60d and h) 

while DPU-H samples fail via PIF (Figure 4.60 m). 

Figure 4.60 a, b, c and d shows the deformation and failure process of 

DPU-L sample. Deformation localises around the corona bond tip highlighted 

in yellow circles  in Figure 4.60c and spreads through the nugget in a sudden 

leading to IF mode, Figure 4.60d. DPU-M sample failed via IF mode which has 

similar mechanisms with DPU-L sample, Figure 4.60h. Larger plastic 

deformation is observed in the nugget (highlighted in yellow circles in Figure 

4.60g) comparing to DPU-L sample just before final failure according to the 
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size of deformation bands. In DPU-H sample, the cracks initiate within nugget 

adjacent to corona bond tips, indicated by blue arrows in Figure 4.60j and 

propagate along the interface of the nuggets, indicated in blue arrows in Figure 

4.60k, and then change their paths to the thickness direction leading to PIF 

mode, Figure 4.60l and m. Additionally, bending can be observed for all three 

types of samples within HAZ in upper and lower legs, Figure 4.60c,g and k.  

 

 Figure 4.60. Images of deformation evolution and failure of DPU-L4, DPU-M4 and 

DPU-H4 samples without paint, deformation in various stages highlighted in black, 

yellow and green circles in Figure 4.57, (a) (e) and (i) before testing, (b) (f) and (j) 

yielding, (k) during crack propagation of DPU-H4 sample(c) (g) and (l) just before final 

failure and (d) (h) and (m) final failure. 

Figure 4.61 shows the associated measured out-of-plane displacement at 

the weld zones before final failure indicated in black, yellow and green squares 

in Figure 4.57. The maximum out-of-plane displacement in DPU samples is 

around 0.046mm while that of LCU samples is around 0.13mm at the onset of 

failure, red squares in Figure4.61, and the corresponding in-plane displacement 

are 0.2mm and 0.7mm, which are much larger. This indicates that 2D maximum 

principal strain could be the indicator of failure. 
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 (a)                    (b)                   (c) 

 

 (d)                     (e)                   (f) 

Figure 4.61. Out-of-plane displacement maps before failure of (a) DPU-L, (b) DPU-M, 

(c)DPU-H samples, (d) LCU-L, (e) LCU-M and (f) LCU-H samples. 

The strain dependency curves with respect to the selected subset size of 

DPU and LCU samples are shown in Figure 4.62. Same convergence criteria with 

CP samples. A same converge criteria with TS samples was used. Maximum 

principal strain keeps increasing for DPU samples and LCU samples as subset 

size decreases, and subsequently comes to convergence when subset sizes are 

around 31 and 25 pixels. Thus, subset sizes of 27 pixels and 25 pixels were 

selected for DPU and LCU samples with physical sizes of 340 micron and 330 

micron and spatial resolution of 12.6 micron/pixel and 12.2micron/pixel. 

Additionally, same with TS and CP samples, systematic error of strain 

measurements were analysed for DPU and LCU samples, Figure 4.63. The 

maximum strain values are around 0.004% indicating an ignorable error in 

strain measurement. 
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(a) 

 

(b) 

Figure 4.62. Strain dependency of (a) DPU and (b) LCU samples. 

 

   (a)                    (b)                      (c) 

 

  (d)                    (e)                     (f) 

Figure 4.63. Uncertainty analysis, systematic error of maximum principal strain of (a) 

DPU-L, (b) DPU-M , (c) DPU-H samples, (d) LCU-L, (e) LCU-M and (f) LCU-H samples. 

Figure 4.64 shows strain distribution and evolution in X, Y and shear 

direction as well as maximum principal strain distribution of LCU-L1/M2/H2 

samples, of several stages in load-displacement curves, the displacement 

shown in Figure 4.64 reflects each stage in the load-displacement curves in 

Figure 4.57a. In LCU-L sample, strain     concentrates within HAZ and nugget 

adjacent to the corona bond tip caused by bending, Figure 4.64a1. It becomes 
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larger as longer displacement and grows much faster leading to larger plastic 

deformation in X direction, Figure 4.64a9. Such stretch in X direction results in 

local necking in HAZ indicated by blue arrows in Figure 4.64a10. According to 

maximum principal strain concentration in Figure 4.64a12, the concentrated 

strain in X direction in HAZ is most likely to be the dominant strain component 

leading to PF failure. The strain evolution of LCU-M and LCU-H samples is 

similar with LCU-L sample. Additionally, the measured maximum principal 

strain values at HAZ where the strain concentrates are similar for each welding 

current and the strain values in the nugget are close to zero, Figure 4.64a12, b12 

and c12, this might reveal that the welding current has almost no effect on the 

weld deformation of LCU samples. 
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Figure 4.64. Distribution and evolution of strain components of various loading stages 

for (a) LCU-L1, (b) LCU-M2 and (c) LCU-H2 samples, showing strain components 

normal to loading direction,    , align to loading direction    , shear strain 

component    , and maximum principal strain   . 

Continue to next page. 
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Figure 4.65 shows strain distribution and evolution in X, Y and shear 

direction as well as maximum principal strain distribution of DPU-L3/M3/H2 

samples, of several stages based on displacement in load-displacement curves, 

Figure 4.57b. In DPU-L sample,     strain concentrates in nugget around the 

corona bond tip makes the greatest contribution to maximum principal strain 

leading to mode Ⅰ opening of the nugget and subsequently IF failure, Figure 

4.65a6 and a8. It can be observed that the maximum principal strain only 

concentrates at one side of the nugget, indicated by red arrow in Figure 4.65a8, 

this could be due to that the loading on two sides of nugget is not symmetric 

caused by the geometry difference leading to asymmetric stress state.  

Figure 4.65b1-b16 shows strain evolution of DPU-M samples. It has similar 

mechanism with DPU-L sample that strain concentration in Y direction 

dominates the failure. However, unlike DPU-L sample that strain     

concentrates in the centre of the nugget at 1.85mm, it concentrates in HAZ and 

nugget around two corona bond tips, red arrows in Figure 4.65a5 and b5, and 

develops to the centre of the nugget, this could be due to larger and softer 
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nugget slow the stress transfer.  

Strain patterns of DPU-H samples shows different mechanism. The strain 

    concentrates at two sides of the weld rather than the centre before final 

failure, red arrows in Figure 4.65c13. The crack propagates into the nugget at 

left side, yellow arrow in Figure 4.65c14, while it propagates along the boundary 

of nugget at right side, yellow arrow in Figure 4.65c13, and then leading to PIF 

mode. Similar with DPCP-H sample, strain concentration in X direction in HAZ 

dominates the right side which shows a PF failure, while strain concentration Y 

direction dominates the IF failure at left side, Figure 4.65c17-c20. 

The failure strain inducing the crack initiation can be obtained according to 

measured maximum principal strain, which is 1.15%, 1.95% and 3.02% for 

DPU-L/M/H samples, Figure4.65a4, b12, c12. The effect of welding current on 

failure behaviour is similar with DPCP samples.  

The observed failure modes and associate strain evolution of U shape 

samples are similar with symmetric CP samples. However, design of U-shape 

samples aimed to replicate the cross-tension sample, aiming to reduce the 

effect of bending to the failure of the weld and investigate the failure 

mechanism of weld section under tensile loading. Therefore, U-shape sample is 

not proper to be applied in such investigation.  
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Figure 4.65. Distribution and evolution of strain components of various loading stages 

indicated by displacement corresponding to Figure 4.57b for (a) DPU-L3, (b) DPU-M3 

and (c) DPU-H2 samples, showing strain components normal to loading direction,    , 

align to loading direction    , shear strain component    , and maximum principal 

strain   . 

Continue to next page 
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4.7.2 The effect of welding current on fracture mechanism of 

welds under tensile loading (results) 

Morphology of LCU samples is shown in Figure 4.66. Necking is observed 

within HAZ wherein larger ferrite grains can be observed for samples with each 

welding current. There is almost no plastic deformation in the nugget. The 

ferrite grains along the crack path are substantially elongated to loading 

direction highlighted in green squares in Figure 4.66a, b and c might indicate 

necking and subsequent ductile failure. The failure could be prompted by the 

deformation discontinuity at HAZ and nugget. 
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(a) 

 

(b) 

Figure 4.66. Microstructure in cross section surface of failed spot weld under (a) low 

welding current (LCU-L), (b) medium welding current (LCU-M) and (c) high welding 

current (LCU-H). 

Continue to next page. 
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(c) 

Figure 4.67a shows fracture surface of DPU-L sample. The brittle fracture 

surface with flat and reflective facets and some ductile dimples indicates 

quasi-cleavage fracture which might be caused by stress normal to the fracture 

surface, highlighted in blue squares in Figure 4.67a.  Ductile dimples along the 

cut surface edge indicate ductile fracture, highlighted in yellow squares in 

Figure 4.67a. This mechanism could be confirmed by the morphology of cut 

surface shown in Figure 4.67b. The zigzag crack path is observed in Figure 

4.67b, which might indicate the failure is caused by mode Ⅰ fracture.  
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(a) 

 

(b) 

Figure 4.67. Fracture surfaces (a) and microstructural morphology (b) of DPU-L 

samples showing domination quasi-cleavage fracture.  

It is clear that fracture mechanism of DPU-M sample is same with DPU-L 

sample according to the micrographs of fracture surfaces and morphology 

shown in Figure 4.68. 
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(a) 

 

(b) 

Figure 4.68. Fracture surfaces (a) and microstructural morphology (b) of DPU-M 

samples showing domination quasi-cleavage fracture.  

The IF phase of DPU-H sample, highlighted in dashed yellow rectangular in 

Figure 4.69a, shows same fracture mechanisms with DPU-M sample, 

highlighted in green and yellow squares in Figure 4.69a. However, shear 

fracture dominates the PF phase according to the slipping bands and 

elongated dimples highlighted in blue and purple squares in Figure 4.69a. The 

flat crack path and elongated and deflected martensite laths along the path 



170 

 

highlighted in green and purple squares in Figure 4.69b confirms that shear 

fracture leads to PF phase.  

 

(a) 

 

(b) 

Figure 4.69 Fracture surfaces (a) and microstructural morphology (b) of DPU-H 

samples showing domination of quasi-cleavage (IF phase) and shear fracture (PF 

phase).  
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4.7.3 Discussion 

Similar mechanisms with LCTS and LCCP samples, all LCU samples failed via 

PF modes due to necking caused by substantial bending deformation in HAZ 

because of the high ductility of ferrite grains.  

Figure 4.70 shows the measured strain evolution of DPU-L, DPU-M and 

DPU-H samples from beginning of loading to crack initiation within nugget 

adjacent to corona bond tips highlighted in white squares in Figure 4.70a, b 

and c. In DPU-L and DPU-M samples, strain evolution in x direction is 

consistent with maximum principal strain up to about 1.5mm elongation and 

3mm elongation, and then strain      start increasing up to initiation of failure, 

which could be due to the end of bending leading to IF mode. It is interesting 

that left side of weld in DPU-H sample fails via PIF while right side of weld fails 

via PF. The curves shown in Figure 4.70f and g indicates the difference, at left 

side of the weld, measured strain in X direction is smaller than that in Y 

direction at point of crack initiation, at right side of the weld, and measured 

strain in X direction is much larger than that in Y direction. Thus, this 

phenomenon might result in different failure modes. The difference of curves 

in Figure 4.70 f and g is due to that the geometry of DPU sample is not totally 

symmetric resulting in the different stress state within the nugget adjacent to 

two corona tips of the weld. The material within HAZ/nugget around tips with 

smaller angles could have longer bending arm leading to larger bending 

moment, strain evolution shown in Figure 4.70g. Similar with DPCP samples, 

increase delay of measured strain in Y direction is also observed, which is due 

to the same reason that materials in HAZ with higher welding current around 

the corona tips is more ductile and easier bended. The effect of welding current 

and microstructure on failure is also similar with DPCP samples. 
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Figure 4.70. Maximum principal strain evolution at crack initiation, (a) DPU-L, 

(b)DPU-M and (c)DPU-H, indicating the extracted position of strain evolution curves 

between start point of loading and crack initiation of (d) IF mode in DPU-L, (e) IF and 

PF modes in DPU-M as well as (f) and (g) IF and PF modes in DPU-H samples.  

According to the strain evolution and fractography analysis, the failure 

mechanism of IF mode of DPU sample is similar with DPCP sample. However, 

DPU-M sample failed via IF mode while DPCP-M sample failed through PIF 

mode, this could be due to the bending arm of U-shape sample is smaller than 

CP samples, causing that the bending stress is not large enough to induce 

sufficient bending deformation in HAZ in horizontal (X) direction before stress 

   prompts the crack goes through the nugget. DPU-H sample failed through 

PIF mode and shear fracture surface is observed in PF phase, Figure 4.69. This 

could also be due to the load in loading direction resulted in sufficient shear 

stress before the bending stress is enough to open the crack along loading 

direction in PF phase. 

Figure 4.71 shows the simple model of stress analysis at the circumference 
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and interface of weld nugget of the U-shape samples. Design of U-shape 

samples aims to replicate the stress state of cross-tension samples which is 

under tensile stress along loading direction as reported by Pouranvari et al. 

[234], specifically, reducing the influence of bending on the weld and make the 

welds under tension along loading direction. However, according to the strain 

evolution analysis in the results section, Figure 4.35, 4.36, 4.64, 4.65 and 4.53, 

bending still greatly affects the failure leading to the stress state similar with 

symmetric CP sample. Therefore, U-shape samples is not proper to meet the 

requirement. 

 

Figure 4.71. Stress analysis at the circumference and interface of the weld nugget. 

4.8 Summary 

In this chapter, microstructure characterisation and microhardness 

measurement of weld section in two types of materials was carried out. The 

hardness was found varying due to the difference in microstructural 

morphology in BM, HAZ and nugget. Moreover, Welding current showed 

negative correlation with hardness profile of weld of DP1000, while it had 

almost no effect on that of low carbon steels, this could also be due to the 

microstructure difference in welds of two types of materials. The stress state of 

de design sample geometries were validated according to the conventional 

samples. Deformation behaviour could be similar for TS and CP samples, but 

larger difference was found for U-shape samples. Deformation evolution of 

welds under TS, CP and U-shape samples under three levels of welding currents 
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was quantified using DIC technique, and the associated fractography analysis 

was conducted. It was found that deformation evolution under different 

loading conditions and welding currents greatly affect the failure mechanisms 

of samples in DP1000 steel, but shows less effect on failure of samples in low 

carbon steel. This could also be related to the presence of microstructural 

morphology difference of weld section of two types of materials. In situ tensile 

test of DPMiCP samples was done and crack development and deformation 

evolution were obtained. Results showed the effect of microstructure on crack 

initiation and propagation. Moreover, according to the obtained measured 

maximum principal strain, it is possible to determine the failure strain at the 

initiation of failure which could be used to identify a failure criterion for 2D FE 

damage modelling. 

According to the obtained results, the analysis of deformation and failure 

behaviour of welds and the effect of welding current on failure mechanisms of 

the weld under different loading conditions were conducted. 

In the next chapter, the local mechanical properties of the weld section 

were characterised with the proposed approaches and validated using FE 

method, aiming to validate the achieved experimental data and propose a 

potential and possible way for the future FE modelling development. 
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5 CHARACTERISATION OF MECHANICAL PROPETIES 

OF WELD SECTIONS FOR FUTURE WORK IN FE 

MODELLING DEVELOPMENT 

Several approaches were proposed in this chapter in order to characterise 

local mechanical properties of the weld section including true stress-strain 

curves and stress triaxiality. The approaches were then validated through 

comparing the load-displacement curves of FE model using obtained 

mechanical properties and corresponding experiment.  A commercial finite 

element package Abaqus/explicit was used to create the FE model. A 3D stress 

8-node linear brick, reduced integration Hex element, C3D8R, was applied into 

the simulation in order to reduce the computation time. The sample used for 

the validation was DPCP sample with applied high welding current. 

Johnson-Cook failure model was selected as the damage model to simulate the 

initiation of damage. Mesh refinement was implemented in order to enhance 

the simulation accuracy.  

5.1 Constitutive properties characterisation  

The constitutive properties of base metal, heat affected zone and nugget 

of the welds were obtained using different approaches, including uniaxial 

tensile test, DIC technique and nanoindentation.  

Engineering stress-strain curve of the given DP1000 material (base metal) 

was obtained using uniaxial tensile test and DIC technique. The standard 

subsize uniaxial tensile sample was selected and designed based on the tensile 

testing standard ASTM E8-13a [46], Figure 5.1. Two samples were made along 

the rolling direction using the given 1.2mm steel sheet and tested to ensure the 

consistency of the results. The area of interest of the samples was painted with 

random speckle patterns, Figure 5.2a, and 2D DIC technique was applied to 

achieve the deformed images with the corresponding load and crosshead 

displacement of each image frame during the test. The images were processed 

using the Davis software with a subset size of 21 pixels and a step size of 7 
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pixels after the strain measurement sensitivity analysis, Figure 5.2a. A virtual 

extensometer was applied along the gauge length, which is 25mm, according 

to the standard [46] in order to extract the displacement variation of the gauge, 

Figure 5.2b. Then, the engineering stress-strain curve can be calculated using 

the load, displacement of the gauge and area of the gauge. The true stress –

strain curve was calculated based on the obtained engineering stress-strain 

curve and shown in Figure 5.3. 

 

Figure 5.1. Drawing of subsize standard uniaxial tensile sample [46]. 

 

(a) 

 

(b) 

      Figure 5.2. (a) Unaxial tensile sample showing the loading direction, speckle 

pattern and selected subset size, (b) uniaxial tensiel sample showing the virtual 

extensometer and gauge length. 
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Figure 5.3. True stress-strain curve of DP1000. 

The nugget of resistance spot weld has a quasi-cylindrical structure and 

tiny volume as mentioned in the previous sections. In addition, the HAZ has 

various regions (SGHAZ, ICHAZ, FGHAZ and CGHAZ) with different mechanical 

properties within the small ring structure as mentioned in literature review. It is 

hardly determining the constitutive properties of the spot weld using standard 

uniaxial tensile testing method. In this case, nanoindentaion and numerical 

calculation were introduced to obtain the flow stress curves of nugget and HAZ. 

As mentioned in section 2.2, Young’s modulus E, strain hardening exponent  , 

yield strength    and strength coefficient K can be calculated according to the 

Nanoindentation data. Flow stress curve of the material is able to be obtained 

with these three parameters by the flow stress equation: 
𝝈  𝒌𝜺𝒏 

                                                                                                                                      

Equation 5.1 

Where   is true stress and   is true strain.  

Several steps were conducted to determine the parameters. Firstly, the 

weld section of DPCP-H sample was cold mounted, grinded to the centreline 

and polished properly in order to smooth out the cut surface of the weld and 

avoid any influence of the rough surface to the indentation results. Secondly, 

Nanoindentation was performed onto the sample surface using a Premier 
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nanoindenation machine with Berkovich indenter to get the necessary 

parameters including maximum indentation load      GPa, indenter contact 

area A,    , maximum indentation depth        , reduced modulus       , 

curvature of the loading curve   
    

    
       (17), GPa and unloading slope 

   

  
 when           , thirdly, Young’s modulus, strain hardening exponent 

  and yield strength    can be calculated by substituting the parameters in 

step 2 into the following equations 5.2-5.6 from literatures [42]–[44], lastly, 

strength coefficient K can be calculated by substituting       , true strain 

             and   into equation 5.1. 
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Equation 5.5 

            
 

  
        

                                                                                                                                                                                       

Equation 5.6 

 Where   is the Poisson ratio of the material and    is the Poisson ratio of 

the indenter.   is the Young’s modulus of indenter.        is the true stress 

when true strain is equal to 0.033.  

A Matlab (refer to appendix) code was developed to solve the unknown 
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parameters mentioned above. 

The flow stress curves of BM, HAZ and nugget were calculated based on 

the Nanoindentation data. The HAZ was divided into 7 regions averagely with 

an interval of around 0.15mm considering the area of indentation pattern and 

enough distance between each pattern, Figure 5.4a and b. Twelve indents were 

performed in each pattern to get an average value as the indent is too small to 

cover both ferrite and martensite. The flow stress curves of BM, nugget and 

HAZ of DPCP-H sample made of DP1000 are shown in Figure 5.5. The flow 

stress curves of BM calculated according to the Nanoindentation data was 

compared with that obtained from uniaxial tensile test as shown in Figure 5.4. 

The two curves are almost consistent which indicates that the flow stress curves 

calculated by the method mentioned is reliable. The calculated Young’s 

Modulus of BM, HAZ and nugget of DPCP-H sample in DP1000 are shown in 

Table 5.1. 

Table 5.1. Calculated Young’s Modulus of BM, HAZ and nugget of DPCP-H sample 

according to Nanoindentation data. 

 
HAZ-

1 

HAZ-

2 

HAZ-

3 

HAZ-

4 

HAZ-

5 

HAZ-

6 

HAZ-

7 
BM nugget 

E/GPa 205.5 208.4 208.7 210.1 205.4 209.6 209.1 204 211.5 
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(a) 

 

(b) 

Figure 5.4. (a) 12 indents in HAZ of weld of DPCP-H sample in DP1000, (b) 7 regions of 

HAZ of weld in DPCP-H sample in DP1000. 
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Figure 5.5. Flow stress curves of BM, HAZ (7 regions) and nugget calculated according 

Nanoindentation data and flow stress curve of BM obtained from uniaxial tensile test 

for the spot weld of DPCP-H sample in DP1000. 

5.2 Material constants characterisation of J-C failure model 

Johnson-cook failure model, which has been built in Abaqus, was selected 

to simulate the damage initiation of spot weld as this model does not have 

many unknown parameters needed to be calibrated and is proved to provide 

realistic solutions to damage of metals[235]. Johnson-cook failure model was 

proposed by John and Cook [129] and given in the following equation: 

                
   [      (  

 ̇ )]      
   

Equation 5.7 

where       are material constants     is fracture strain,    is stress 

triaxiality,   
 ̇  is strain rate and    is temperature [130]. 

As    and    are the constants related to strain rate and temperature 

which were kept constant in the coach-peel test, thus    and    were 

assumed to be zero and only   ,    and    were needed to be determined. In 

hence, equation 3.7 can be simplified as equation 5.8: 
                

    

Equation 5.8 

 In order to determine   ,    and   , it is necessary to get failure strain 
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and corresponding stress triaxiality at failure point of three different sample 

geometries. Thus, macro CP, TS and U-shape samples of high welding current 

were selected. Measured von mises strain of DPCP-H, DPTS-H and DPU-H 

samples using DIC technique at the point just before crack initiation was 

selected as the failure strain, Figure 5.6 d, e and f. Finite element models of 

DPCP-H, DPTS-H and DPU-H samples were created using Abaqus/explicit to 

get stress triaxility. The applied properties of flow stress of the weld were 

assumed to be same for DPCP-H, DPTS-H and DPU-H samples. The stress 

triaxiality of three types of geometries was obtained based on the same time 

point and displacement with experiment when the crack initiation started, 

highlighted in Figure 5.6 a, b and c. Table5.2 shows the failure strain and 

corresponding stress triaxiality and calculated constants    ,    and   .  

The obtained mechanical properties and damage constants of J-C damage 

model were then applied into the FE model to obtain the load-displacement 

curve of DPCP-H sample. 

 

Figure 5.6. (a, b and c) Stress triaxiality of the position where the crack initiated of FE 

model and (d, e and f) strain maps in DPCP-H, DPTS-H and DPU-H samples. 
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Table 5.2. Failure strain and corresponding stress triaxiality of DPCP-H, DPTS-H and 

DPU-H samples and calculated constants   ,    and   . 

Sample types Failure strain Stress triaxiality Constants 

DPCP-H 0.075 0.91 
          

           

        

DPTS-H 0.049 0.275 

DPU-H 0.04 0.874 

5.3  Geometry and mesh   

The geometries of macro CP sample were created in terms of the 

dimensions of the fabricated samples. The details of the created weld section 

are shown in Figure 5.7. Simplification was made to the nugget section 

(highlighted in yellow square, Figure 5.7) to simplified the simulation, unlike 

the real nugget which has an ellipsoid shape, it was created as cylindrical shape 

between two electrode indents (highlighted in blue square, Figure 5.7). Seven 

HAZ regions were generated adjacent to the nugget. Two pre-cracks (indicated 

in green lines in Figure 5.7) were made around the nugget using contour 

integral method between HAZ of two sheets to represent corona region of the 

weld.  

Figure 5.8a shows the created geometries and mesh of DPCP sample. An 

8-node linear brick element C3D8R was used to mesh the three types of 

geometries. Additionally, element deletion was on for failure simulation of high 

welding current DPCP sample (DPCP-H). Mesh was refined in the weld section 

to increase the simulation accuracy, Figure 5.8b. 
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Figure 5.7. Structure of the spot weld model. 

 

(a) 

 

(b) 

Figure 5.8. Geometry and mesh, (a) macro-CP and (b) mesh refinement of weld. 

5.4 Interaction and boundary conditions 

All the contacts were created between each contact surface using 

kinematic contact method without friction. Boundary conditions were created 

according to experiments of macro CP samples, Figure 5.9. Two legs of macro 

CP samples were sectioned into two parts in order to model the clamped 

section of two legs, Figure 5.9. Upper and lower surfaces of the loading leg 

(highlighted in yellow square, Figure 5.9) were constrained to the reference 

point (RP-1) and a tension rate of 1mm/s was assigned to the point RP-1. 

Upper and lower surfaces of the fixed leg were fixed.  
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Figure 5.9. Boundary conditions of the simulation macro-CP sample. 

5.5 Local mechanical properties validation of the weld 

section (macro coach-peel sample in DP1000)  

As mentioned in methodology section, the flow stress curves of different 

areas of HAZ and nugget were obtained based on nanoindentation method. 

The damage constants of J-C damage model were calculated. The following 

results are obtained using the material properties of macro coach-peel sample 

with applied high welding current, DPCP-H, was obtained as an example to 

validate the achieved flow stress properties. Figure 5.10 shows the mesh 

refinement curve of the model, the maximum load of load –displacement curve 

of the model was selected for the refinement, highlighted in yellow square in 

Figure 5.10. It is clear that there is a big drop of maximum load for element 

number around 40000, and then a convergence is observed when the element 

number is around 130000. Thus, an element number of around 130000 was 

select to get the results. 
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Figure 5.10. Mesh refinement based on the point highlighted in yellow circle in Figure 

5.11. 

A comparison has been made between displacement curves of FE model 

and experiment as shown in Figure 5.11. Rigid body motion of tensile machine 

has been removed through DIC technique for load-displacement curves of 

DPCP-H samples. An error analysis of maximum load before crack initiation and 

corresonding displacement between FE model and experiment has been 

carried out, highlighted in black and yellow circles in Figure 5.11, an average of 

load and displacement of tested samples was calculted, table 5.3. The errors of 

load of FE model is around 15.4% and the error of displacement is aournd 

16.7%, which are acceptable, proving that the proposed approach is reasonable 

to characterise the local mechanical properties of different sections of a spot 

weld. 
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Figure 5.11. Comparison between displacement curves of FE model and experiment 

with respect to DPCP-H sample. 

Table 5.3. Error analysis of load and displacement before crack initiation between FE 

model and experiment. 

Load of FE model 1925 

Corresponding 

displacement of FE 

model  

5.59 

Avg. load of test 1628 
Avg. displacement of 

test 
6.52 

Error 15.4% Error 16.8% 

5.6 Summary 

A validation was made with respect to the finite element modelling 

method using the experimental results. The errors of load and displacement 

before crack initiation are acceptable indicating the proposed mechanical 

property characterisation method is reasonable. However, challenges also exist, 

because of the difficulty of determining the damage constants of J-C material 

model as reported [236] for HAZ and nuggets of the welds, thus the flow stress 

obtained according to nanoindentation data was used for the determination. 

The constants regarding of strain rate and temperature were ignored in the J-C 

damage model used in the simulation. Other factors, including geometry 

difference between simulation and tested samples, errors of constitutive 



188 

 

relations of HAZ and nugget will also influence the results. These issues need to 

be resolved to optimise the current modelling method in the future work.  
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6 CONCLUSIONS AND CONTRIBUTION 

6.1 Conclusions 

Although full weld samples in DP1000 were not tested, the stress state 

analysis showed that the designed sample geometries could be acceptable to 

investigate the deformation evolution and effect of welding current on failure 

mechanism of spot weld in AHSS. Specifically, some conclusions can be 

obtained as follow: 

1. Increasing welding current results in increase of weld size and softening 

of weld section in samples in DP1000 due to a higher applied thermal energy 

leading to longer cooling rate. However, it only increase the weld size and has 

rare effect on the hardness of the low carbon steel samples. 

2. For welds under mixed tensile/shear loading, HAZ and nugget softening 

as well as larger nugget size is induced by higher welding current according to 

hardness analysis of welding section, it results in change of strain concentration 

from within the nugget to HAZ leading to necking in HAZ, and subsequently 

offloading of the nugget, thus leading to the transition of failure modes from IF 

mode to PF mode of DPTS samples. Shear stress within the nugget causes IF 

mode and stress along loading direction in HAZ and BM dominates PF mode. 

Only PF mode was observed in LCTS samples due to necking within HAZ. 

Moreover, DPTS samples with each welding current have higher energy 

absorption capacity.  

3. Higher welding current results in HAZ and nugget softening in samples 

under mixed tensile/bending loading leading to larger compression normal to 

interface of nugget, larger plasticity in HAZ and nugget and larger bending in 

HAZ, causing transition from IF mode to PF mode. Strain normal to the 

interface of the nugget caused by stress along loading direction makes the 

greatest contribution to IF, resulting in mode Ⅰ fracture in nugget. The failure 

mechanism of PF mode contains two parts, bending stress dominates the first 

part , leading to strain concentration at corona bond tip along the loading legs 

and subsequently mode Ⅰ  (opening) fracture in CGHAZ; shear stress and 
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bending stress dominates the second part leading to mode mode Ⅱ (in-plane 

shear) fracture. Meanwhile, larger bending leads to larger compression within 

nugget retarding to crack initiation in nugget. LCCP samples all failed through 

PF mode caused by necking within HAZ due to bending and tensile stress. 

Larger bending could be induced within a more ductile HAZ when comparing 

samples in DP1000 and low carbon steels. 

4. The U-shape samples are not proper to be used for investigation of 

tensile loading condition. The failure mechanisms are similar with CP samples. 

The unsymmetrical sample geometry results in unsymmetrical deformation and 

failure. The loading condition is similar to CP samples, and it is not valid to be 

used to investigate the failure of weld under pure tension loading.   

5. The smaller martensitic laths within centre of the nugget might resist the 

crack from passing through the nugget in DPCP samples leading to crack path 

deflection. 

6. The maximum principal strain around the corona bond tips at the critical 

point of crack initiation under each loading condition could be used as the 

threshold of failure. Since, the measured maximum principal strain is in-plane 

strain, the obtained failure strain could be used for helping develop 2D FE 

damage model. 

6.2 Contributions to the knowledge 

Based on the conventional testing methods and testing sample geometries 

for spot welds, this Ph.D. project proposed new sample geometries and testing 

methods to have a deeper investigation on failure mechanisms of spot weld 

under different loading conditions, and provided experimental data for further 

FE model development. The contribution of this research to the knowledge lies 

in： 

 Developing new sample geometries, including CP, TS and U-shape 

samples with double half welds to make the deformation of weld 

section visible. 

 Proposing new testing methods to comprehensively investigate the 
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failure mechanisms of spot weld under different loading conditions 

as well as the effects of welding current on failure mechanisms.  

 Validating the experimental data and proposing an initial FE 

simulation method to predict the failure of spot weld. 

Additionally, the proposed testing method and sample geometries could 

be applied in industries to investigate the failure and enhance the performance 

of spot weld. The experimental data could be used in the future FE model 

development.   
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7 FUTURE WORK 

Some work is required to be done in the future.  

 The geometries of U-shape sample will be optimised to make it 

proper for investigation of weld under tension loading. 

 The FE damage model will be developed based on the data achieved 

in the project, and to determine the local plasticity and damage in 

the materials. 

 As only microstructure of weld section and fracture surface were 

characterised using SEM. It is necessary to carry out a more 

comprehensive and in-depth analysis of microstructure and 

investigate the effect of stress state as well as microstructure on the 

fracture propagation in weld section in order to have some more 

understanding of the failure mechanisms.  

 Since the time was limited, the designed geometries was validated 

only based on the stress state of designed half weld samples and 

conventional full weld samples. Therefore, comparison of failure 

mechanism between full weld samples and designed half weld 

samples will be carried out to have a better validation of the 

designed samples.  
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9 APPENDIX 

% Nonlinear equations solver 
% for more details, check the help for fsolve function 
clc; 
clear; 
W = xlsread('DP1000CPHC.xlsx'); 
X = zeros(length(W)); 
for ii = 1:length(W) 
   A = W(ii,1); %reduced modulus  GPa 
   B = W(ii,2); %constant c GPa 
   C = W(ii,3); %hmax nm 
   D = W(ii,4); %elastic modulus GPa 
   E = W(ii,5); %dPu/dh N/m 
    fun = @(x)roots5segma(x, A, B, C, D, E); 
%        options.FiniteDifferenceStepSize = 0.1; 
   options = optimset('MaxFunEvals',500);  
   options=optimset('Display','on'); 
    x0 = [0.5;0.1;0.5]; 
    x = fsolve(fun,x0,options); 
    y(ii,1) = x(1); %segma0.033 
    y(ii,2) = x(2); %n 
    y(ii,3) = x(3); %segmay 
end 

 
function F=roots5segma(x, A, B, C, D, E) 
F(1)=-0.1*(-1.131*(log(A/x(1)))^3+13.635*(log(A/x(1)))^2-30.594*(log(A/x(1)

)+29.267))*x(1)-B; 
F(2)=-1+((((-1.40557*(x(2))^3+0.77526*(x(2))^2+0.1583*x(2)-0.06831)*(log(A/

x(1)))^3+(17.93006*(x(2))^3-9.22091*(x(2))^2-2.37733*x(2)+0.86295)*(log(A/x

(1)))^2+(-79.99715*(x(2))^3+40.5562*(x(2))^2+9.00157*x(2)-2.54543)*(log(A/x

(1)))+(122.65069*(x(2))^3-63.88418*(x(2))^2-9.58936*x(2)+6.20045))*A*C)/E); 
F(3)=x(3)*(1+D*0.033/x(3))^(x(2))-x(1); 
F=[F(1);F(2);F(3)]; 
end 

 


