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Chapter 1  

Introduction 

“Life is made of ever so many partings welded together” - Charles Dickens 

 

1.1 Resistance spot welding 

Resistance spot welding (RSW) is one of the oldest electrical joining methods that 

was originally invented by Elihu Thompson in 1885 after accidentally fusing copper 

wires during an experiment years earlier. Thompson described the basic principle of 

resistance spot welding as follows [1]:  

"All that was required was a transformer with a primary to be connected to the 

lighting circuit and a secondary of a few turns of massive copper cable. The ends of 

this cable were fitted with strong clamps which grasped the pieces of metal to be 

welded and forced them tightly together. The heavy current flowing through the 

joint created such a high heat that the metal was melted and run together."  

RSW is by far the most widely used joining method in automotive industries, 

where the sheet metals are assembled together to fabricate a car body structure. One 

of the great advantages of RSW that has made it popular  among automobile 

manufacturers is that it can be completely automated through robotic arms found on 

assembly lines. Commercialization of  RSW arises from its low-cost, robustness, high 

speed and cleanness making it an excellent candidate for mass production in joining 

and assembly lines. 

As described by Thompson, two or more pairs of  overlapped metals are pressed 

by means of two electrodes through which electrical current flows leading to 

localized heating, melting and formation of the joint (Figure 1.1). The heat generated 

during RSW due to interface contact resistance and bulk resistance can be described 

as: 

� = ���� (1.1) 

where Q is the generated heat, I the welding current, R the total resistance, and t the 

welding time. These parameters can be adjusted in a way that the desired size and 

form of weld nugget is generated. Evidently, the applied welding current is the most 

predominant factor governing the heat input as doubling of current will quadruple 

the generated heat during the given period of time. Both AC and DC machines can 

be used in order to provide high current density to form molten material at the faying 
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surface. While it has been shown that the power source type does not affect the weld 

quality, it is believed that DC machines are more efficient in reducing electrical 

demand [2]. The amount of the heat being generated is also directly proportional to 

the welding time as an increase in welding time leads to generation of higher heat 

input. Generally, current and time are complementary factors and a desired change 

in heat input is achieved by either changing  current or time. Weld unit time 

measurement for DC power supplies is milliseconds, whereas weld time in AC 

machines is measured in cycles with 60 cycles/second for the typical 60Hz North 

American machine. The required amount of time is determined by the material 

thickness and its coating condition. It has been shown that for zinc coated steel 50%-

100% increase in welding time is essential [3]. Conversely, too long a welding time 

may result in surface flashing, expulsion, voids and excessive indentation, which 

have detrimental effects on the mechanical performance of the weld. Another 

parameter determining the heat input of RSW is bulk resistance, which is a function 

of the material and temperature. The bulk resistivity of the materials commonly used 

for RSW shows an increase with temperature as expected. Besides, it is reported that 

the bulk resistivity of iron is very sensitive to temperature and its value is greater 

than copper [4]. Contact resistance during RSW is mainly determined by the applied 

force via electrodes. Contact resistance at the electrode-sheet and sheet-sheet 

interface is inversely proportional to the applied force. Higher applied force leads to 

a better contact between sheets and reduces the contact resistance. Hence, the 

amount of heat input decreases with increase in applied force [5]. However, high 

force can result in large electrode indentation and reduction in strength of the weld. 

Too small force does not create the desired contact area between electrode-sheet and 

sheet-sheet interfaces. In a properly adjusted force, contact between electrodes and 

sheet surface remains at level that no melting occurs at electrode- sheet interface, 

and the electrode is able to cool down the weld efficiently. In this case, most of the 

heat is generated at the faying surface of the two sheets to be joined.  

 

Figure 1-1 Schematic sketch of RSW [6]. 
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  One of the most important characteristics of  RSW is its rapid thermal cycle. 

Normally, heating is very fast (i.e. above 2000 ℃/� ) and holding time at peak 

temperature is too short (i.e. few milliseconds), followed by rapid cooling on the 

order of 105 ℃/� [7]. In all forms of RSW, molten material is formed because of rapid 

heat generation owing to the high resistance of metallic sheets to current flow at the 

interface. The current is  switched-off , while the electrodes hold the parts together 

for a controlled period of time (hold time). During the hold time, molten material 

starts to resolidify while the water-cooled electrodes accelerate heat conduction. 

Therefore, the formation of a welded button completes in a few seconds resulting in 

a non-equilibrium state within the material. Hold time is a very important factor that 

affects the final microstructure of the weld and strongly determines the cooling rate 

of RSW. Any reduction in hold time decreases the cooling rate, leading to the 

formation of coarser microstructure with lower hardness. 

1.2 Advanced high strength steels 

The emission of CO2, NOx and particulates from commercial vehicles is a major 

issue with respect to global warming. Light vehicles have been estimated to account 

for 20% of the total CO2 delivered into the atmosphere in Europe, the USA and other 

developed global areas. The growth of the number of vehicles worldwide continues 

to increase and associated with this is increased damage to the environment, as the 

internal combustion engine still remains by far the most common power source for 

vehicles. To tackle these issues, the automotive industry is striving for the reduction 

of car body weight to increase the fuel efficiency and reduce CO2 emission without 

compromising the safety and crashworthiness of vehicles. Development of a new 

generation of steels named as ‘advanced high strength steels’ (AHSS) is a successful 

attempt to help the engineers to meet requirements for safety, CO2 emission and 

durability at lower costs. This new generation of materials provides higher strength, 

while maintaining the high formability required for the complex aesthetic designs of 

new vehicles.  

The earliest grades of AHSS were unveiled and applied to the car body in 1998 

when a consortium of 35 sheet steel producers working on the Ultra-Light Steel Auto 

Body (ULSAB) program introduced their designed lightweight steel auto body 

structure that would fulfil the requirements for safety and fuel efficiency. AHSS were 

further developed in strength and ductility through pursuant programs such as 

Future Steel Vehicle (FSV) started by World Auto Steel in 2008. The FSV program 

enabled the steel makers to enhance the strength of AHSS to the GPa range and 

paved the way for a 39% reduction in car body weight. Over the years, owing to 

simultaneous development of new processes and equipment to produce and form 

materials, new types and grades of AHSS have been introduced [8].  

Figure 1.2 shows the total elongation versus strength chart of different steel 

groups. The microstructure of conventional mild steels is mostly composed of single 
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phase with chemical composition containing low carbon and minimal alloying 

elements. These materials can be readily formed and their high ductility is of 

paramount importance. Widely used and produced low-to-high strength mild steels 

include IF (interstitial free), bake hardened and HSLA (high strength low alloy) 

steels offering yield strengths up to 550 MPa that is decreasing by increase in 

ductility. Conversely, the chemical compositions of AHSSs are sophisticatedly 

designed to produce complex multiphase microstructures through precisely 

controlled heating and cooling processes. The multiphase microstructure of AHSS 

enables high strength and good formability to be simultaneously attained. The AHSS 

family can be divided into several types including Dual Phase (DP), Ferritic-Bainitic 

(FB), Complex Phase (CP), Transformation-Induced Plasticity (TRIP), Martensitic 

(MS), Hot-Formed (HF) and Twining-Induced Plasticity (TWIP) steels. Recently, a 

third generation of AHSS has been developed offering superior strength-ductility 

combination compared to the  first and second generation with more efficient joining 

capabilities, at lower costs [8].  

 

Figure 1.2 Global formability diagram presenting the range of mechanical properties for 
different groups of steels [8]. 

 

Figure 1-3 Prospective application of AHSS in car body structure [8]. 

It has been well documented that AHSS are the fastest growing materials for the 

future automotive applications as shown in Figure 1.3. It arises from the fact that the 

automotive industry strategy to reduce greenhouse gas emissions has been founded 

on vehicle weight reduction. While the superior strength of the material is of crucial 

importance to guarantee the safety of the vehicle in the crash event, AHSSs are 
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qualified to meet this requirement with thinner materials. Besides, lightweight car 

bodies can be constructed with little or no additional cost compared to conventional 

car body structures encouraging steel makers to extend their effort to push the limit 

of properties proposed by AHSS. 

1. 2.1 DP steels 

DP steels were the very first family of automotive AHSS with the microstructure 

generally containing of two phases of ferrite and martensite (Figure 1-4) offering 

ultimate tensile strength (UTS) ranging from 450 to 1200 MPa. However, due to 

non-ideal thermomechanical processes, DP steels may contain small fractions of 

other phases such as bainite, retained austenite, and pearlite. The strength of DP 

steel is a function of the volume fraction of the martensite phase; a larger volume 

fraction of martensite culminates in higher strength and lower ductility of DP steel.  

 

Figure 1-4 Typical microstructure of DP steel [9]. 

These steels exhibit a high ratio of UTS/Yield Stress because of their lower yield 

point and higher strain hardening coefficient. The ductile ferrite phase can absorb 

the strain around the hard martensite islands that leads to higher uniform elongation 

and consequently high work hardenability. They also show bake hardening effect so 

that the yield strength increases at the elevated temperature of the paint baking 

process of the finished product. Excellent combination of high strength, good 

formability and low production cost together with deformation hardening, which 

conveys a high energy absorbing ability or crashworthiness, make DP steels an ideal 

candidature for safety critical parts in car bodies, e.g. bumpers, B-pillars, side impact 

beams, etc. It is projected that DP steels will keep their rank as the most widely used 

materials in the current and future generations of cars (Figure 1-5). 



Chapter 1
 

6 

 
Figure 1-5 Different steel types share in in 2015 Ford Edge car [10]. 

DP steels are produced either by controlling of austenite transformation after 

hot rolling or by inter-critical annealing after cold rolling [11]. Commercially, the first 

step is rapid heating of initial rolled microstructure (ferrite + pearlite) to above the 

Ac1 temperature. It is associated with nucleation of austenite at ferrite grain 

boundaries and partial dissolution of carbides. During the second stage, all pearlite 

and carbides should be completely dissolved. Speich et al. [9] proposed a three-step 

mechanism for the formation of austenite during this stage. In the beginning, 

dissolution of pearlite and growth of austenite into the primary pearlite phase is the 

governing process. This phenomenon is controlled by the diffusion of carbon in the 

austenite and its path lies along the interface of austenite/pearlite phases. At higher 

annealing temperatures, carbon diffusion is accelerated and austenite growth rate is 

very fast. However, at lower annealing temperatures, diffusion of substitutional 

elements becomes the determining factor. It has been reported that a decrease in 

annealing temperature from 780 ℃  to 730 ℃ changes the transformation nature 

from interstitial diffusion-controlled growth to substitutional element-controlled 

growth. Then, the growth of austenite in ferrite becomes the governing step, during 

which carbon partitions between ferrite and austenite to attain the equilibrium 

carbon concentration based on the lever rule in the inter-critical region. It has been 

shown that substitutional atoms cannot diffuse during the growth of austenite and a 

para-equilibrium condition exists at the interface [12]. The latest part of the 

annealing stage is governed by the diffusion of substitutional elements (usually 

manganese). Finally, the steel is cooled down to room temperature in order to 

transform austenite to martensite.  

Manganese is added to the DP steel chemical composition to the encourage 

formation of austenite and a finely dispersion of martensite after subsequent cooling. 

Manganese is an austenite stabilizer and moves the range of diffusional products to 

lower temperatures and slower cooling rates leading to higher hardenability of 

austenite.  It can also increase the volume fraction of austenite during heating at 

inter-critical temperatures by decreasing the carbon content at the eutectoid point 

[10]. It was also found that addition of silicon can increase the hardenability of 

austenite by enhancement of manganese partitioning between ferrite and austenite 
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[13]. Other alloying elements including Mo, Ni, V and Cr might be also added to the 

DP steel chemical composition. 

1.3 Problem definition 

In spite of AHSS excellent combination of strength and ductility, their 

integration into the car body structure is associated with welding-related problems. 

The weldability of AHSS concerns two major issues; manufacturing ability and 

mechanical response of the resistance spot weld. Manufactureability is mainly 

related to the issues concerning the making of welds in mass production lines. 

Problems are reported about lifetime of the electrodes that are used to join the AHSS 

sheets in the automotive industry. The electrodes are more degraded during RSW of 

AHSS compared to that of conventional mild steels. It is mainly related to the higher 

hardness of AHSS that leads to higher wear rate and deformation of the electrodes, 

limiting the number of the welds that can be made by an electrode. It results in 

undesirable effects on the efficiency of the production line in terms of cost and time. 

Mechanical performance of AHSS resistance spot weld is another major issue that 

has put major challenges on the application of these steels in car body structure. The 

safety of vehicles is also determined by the property of resistance spot welds that 

assemble all steel components together. High alloying strategies, higher strength 

levels and new coating technologies have raised new questions about the 

qualification of AHSS resistance spot welds to meet the requirements for the 

crashworthiness of the vehicles. 

A key parameter defining the weld quality and mechanical response is the 

failure mode. Pull out or full plug failure is considered as the most desirable failure 

mode during which the failure occurs outside the weld in the base metal or heat 

affected zone (HAZ) when the weld nugget remains intact. It provides an important 

advantage in design as the properties and failure of the base material and HAZ 

usually can be understood and predicted reasonably well. On the other hand, the 

weld nugget with its complicated microstructural characteristics is difficult to model 

and predicted, leading to over or under estimation of the response of structural 

integrity. Unfortunately, AHSS are known to be more susceptible to weld metal 

failure than conventional mild steels. The sophisticatedly designed microstructure 

of AHSS is adversely changed due to the severe thermal cycle applied during RSW. 

In fact, despite improved mechanical properties of  AHSS, the strength and ductility 

of their resistance spot welds do not enhance accordingly and often suffer from 

degraded fracture strength and rather low toughness. Furthermore, higher stress 

concentration at the weld edge with increase in the strength of the base material 

leads to a decline in the joint strength of AHSS. Figure 1-6 shows the variation in 

tensile-shear (TS) and cross-tension (CT) strength versus base material strength. As 

shown, in applied shear test, the weld strength increases with increase in base metal 

strength, although the failure mode changes to interfacial mode during which the 

failure occurs inside the weld nugget. Problems arise mainly in the cross-tension 
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tests of spot welds in AHSS steels of strength > 800 MPa, where welds are subjected 

to a mode I type loading. The lowered cross-tension strengths (CTS) and poor failure 

modes of spot welds form a direct obstacle for successful implementation of these 

new advanced steels in the automotive industry. Therefore, improvement of the CTS 

and failure mechanisms is essential. 

 

Figure 1-6 Schematic representation of sample strength (peak load) as a function of base 
metal strength, under standard tensile-shear (TS) and cross-tension (CT) testing. 

1.4 Outline of the thesis 

The key aspect of the current research is to understand the relationship between 

the heterogeneous weld microstructure, local mechanical properties and the total 

energy to failure of resistance spot welds in DP steels and to predict the failure mode 

under different loading conditions. The focus is on the interplay between weld 

microstructure, weld metal strength/toughness and weld failure mode, and on how 

these can be improved by alternative weld process settings or by adjustments in the 

alloying strategy. The project aims at getting fundamental insight into the 

microstructural evolution of DP resistance spot welds to clarify the effect of grain 

orientation and texture on the deformation and failure behaviour of the welds during 

external loading. In order to identify optimized process and alloying strategies, it is 

necessary to understand how the metallurgical properties affect the actual 

mechanical performance. To do that, unique measurement of the residual stress 

state by using a combination of digital image correlation and focused ion beam 

milling is implemented. In addition , the thesis probes local strength, ductility and 

fracture toughness of spot weld microstructures at the micro-scale. The following is 

the detailed outline of the chapters of this thesis: 

 A review on the resistance spot welding of AHSS is presented in chapter 2. 

It includes some basic definitions for resistance spot welding attributes, 

mechanical testing methods, loading configurations and failure modes. 

Failure mechanisms of different failure modes during mechanical testing 
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are discussed and important parameters affecting the metallurgical and 

mechanical response of AHSS are reviewed. 

 The effect of welding parameters and scheme on the microstructural 

evolution of the weld nugget of DP steel is explored in chapter 3. The 

crystallographic features of the martensite formed in the weld zone is 

analysed via orientation imaging microscopy (OIM) to acquire deeper 

insight into the microstructure-property relationship [14]. 

 In chapter 4 the residual stress state at the weld edge is quantified via a 

combined focused ion beam milled slit method and digital image 

correlation technique. The residual stress normal to the plane of the crack 

is analysed for the welds made with different currents and schemes and a 

correlation is established between the mechanical properties and residual 

stress at the weld edge [15]. 

 The local fracture toughness is measured in different weld zones using in-

situ micro-mechanical testing method and results are presented in chapter 

5. Notched micro-cantilever bending is used to evaluate the fracture 

toughness and failure behaviour of different weld zones [16]. 

  In chapter 6 the effect of chemical composition and mainly carbon content 

on the microstructure and mechanical properties of DP resistance spot 

welds is investigated [17]. 

 A detailed analysis on the mechanical behaviour and failure mechanism of 

the third generation AHSS is presented in chapter 7. The effect of weld 

scheme and also post heat treatment on the microstructural characteristics, 

micro-fracture toughness and standard-scale mechanical testing response 

of the welds are studied [18]. 
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