
 

 

 University of Groningen

Resistance spot welding of advanced high strength steels
Chabok, Ali

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Chabok, A. (2019). Resistance spot welding of advanced high strength steels: Mechanical properties and
failure mechanisms. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/0425d3f5-2077-4bd8-9e51-5609c7493611


 

 
The research presented in this thesis was performed in the Advanced 
Production Engineering (APE) group of Engineering and Technology institute 
Groningen (ENTEG) and Materials Science Group of Zernike Institute for 
Advanced Materials at the University of Groningen, The Netherlands. 

This research was carried out under Project Number T22.7.13508 in the 
framework of the Partnership Program of the Materials innovation institute 
M2i (www.m2i.nl) and the Technology Foundation TTW (www.stw.nl), which 
is part of the Netherlands Organization for Scientific Research (www.nwo.nl). 

 

 

Front cover: Cross section of a double pulse resistance spot weld of DP1000 
steel. Stitched [001] inverse pole figure, optical micrograph and kernel 
average misorientation maps. 

Back cover: Notched micro-cantilever bending used to measure the fracture 
toughness at micro-scale. 
 
 
ISBN: 978-94-034-1451-5 (Printed version) 
ISBN: 978-94-034-1450-8 (Electronic version) 
Print: Zalsman Groningen B.V. 
 
 
 
 
 
 
 



 
 
 
 
 

Resistance Spot Welding of  

Advanced High Strength Steels 
 

Mechanical Properties and Failure Mechanisms 
 
 
 

PhD thesis 
 
 

to obtain the degree of PhD at the 

University of Groningen 

on the authority of the 

Rector Magnificus Prof. E. Sterken 

and in accordance with 

the decision by the College of Deans 

 
This thesis will be defended in public on  

 
Monday 18 March 2019  at 11.00 hours 

 
 

by 

Ali Chabok 

 
born on 10 September 1984 

in Shabestar, Iran 



Supervisors 
Prof. Y.T. Pei  

Prof. J.Th.M. de Hosson  

 
 

Assessment Committee 
Prof. I.M. Richardson  

Prof. L.A.I. Kestens  

Prof. P.R. Onck  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Dedicated to my parents, my wife  

and  
to my all mentors 



 



Contents 

Chapter 1   Introduction ............................................................. 1 

1.1 Resistance spot welding ......................................................................................... 1 

1.2 Advanced high strength steels .............................................................................. 3 

1. 2.1 DP steels ........................................................................................................ 5 

1.3 Problem definition ................................................................................................ 7 

1.4 Outline of the thesis ............................................................................................. 8 

Reference .................................................................................................................... 9 

Chapter 2   Resistance spot welding of AHSS - a literature review ....... 11 

2.1 Resistance spot weld attributes .......................................................................... 12 

2. 2 Mechanical testing of resistance spot welds ...................................................... 15 

2.3 Stress distribution and damage mechanism during mechanical testing ........... 19 

2.4 Microstructural evolution and hardness distribution in FZ ............................. 26 

2.5 HAZ softening .................................................................................................... 30 

2.6 Segregation ......................................................................................................... 33 

2.7 Weld fracture toughness ..................................................................................... 35 

2.8 Failure mode prediction ..................................................................................... 36 

2.9 Conclusion ......................................................................................................... 38 

Reference .................................................................................................................. 39 

Chapter 3   Weld scheme effect - microstructure and mechanical 

performance  .......................................................... 43 

3.1 Introduction ....................................................................................................... 44 

3. 2 Experimental ...................................................................................................... 45 

3. 3 Results and discussion ...................................................................................... 46 

3.3.1 Mechanical properties ................................................................................ 47 

3.3.2 Microstructure of the sub-critical heat affected zone ............................... 48 

3.3.3 Crystallographic features of martensite .................................................... 51 

3.4 Conclusion .......................................................................................................... 59 

Reference ................................................................................................................. 60 

Chapter 4   Residual stress  ....................................................... 63 



4.1 Introduction ....................................................................................................... 64 

4. 2 Experimental ..................................................................................................... 64 

4. 3 Results and discussion ....................................................................................... 65 

4.3.1 Residual stress ............................................................................................. 67 

4.3.2 Weld cross section and hardness distribution ........................................... 74 

4.3.3 Crystallographic features of martensite .................................................... 76 

4.4 Conclusion .......................................................................................................... 81 

Reference ................................................................................................................. 82 

Chapter 5   Micro-mechanical characterization  ..................................... 83 

5.1 Introduction ....................................................................................................... 84 

5. 2 Experimental ..................................................................................................... 85 

5. 3 Results and discussion ...................................................................................... 86 

5.3.1 Microstructure ............................................................................................ 86 

5.3.2 Mechanical properties ................................................................................ 87 

5.3.3 Fracture toughness .................................................................................... 89 

5.4 Conclusion .......................................................................................................... 98 

Reference ................................................................................................................. 98 

Chapter 6   Effect of chemical composition  .................................. 101 

6.1 Introduction ...................................................................................................... 102 

6. 2 Experimental .................................................................................................... 103 

6. 3 Results and discussion ..................................................................................... 104 

6.3.1 Microstructural evolution ......................................................................... 104 

6.3.2 Mechanical properties .............................................................................. 110 

6.4 Conclusion ......................................................................................................... 117 

Reference ................................................................................................................ 118 

Chapter 7   3rd generation AHSS resistance spot weld  ..................... 119 

7.1 Introduction ....................................................................................................... 120 

7. 2 Experimental .................................................................................................... 121 

7. 3 Results and discussion ..................................................................................... 122 

7.3.1 Mechanical properties ............................................................................... 122 

file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276904
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276906
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276907
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276908
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276909
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276910
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276911
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Chapter%205_R.docx%23_Toc534276912


7.3.2 Effect of PB ................................................................................................ 125 

7.3.3 Effect of weld scheme ................................................................................ 126 

7.3.3 Micromechanical properties .................................................................... 131 

7.4 Conclusions ....................................................................................................... 144 

Reference ................................................................................................................ 144 

Summary  ............................................................................................ 147 

Samenvatting ........................................................................................ 151 

Publications .......................................................................................... 155 

Acknowledgment .................................................................................. 157 

 

 

 

 

 

 

file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Summary_jeff_YT.docx%23_Toc534277041
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Summary_jeff_YT.docx%23_Toc534277041
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Summary_jeff_YT.docx%23_Toc534277041
file:///D:/thesis/Yutao&amp;Jeff%20revise/Final/Summary_jeff_YT.docx%23_Toc534277041


 



1 

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). 
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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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Chapter 2  

Resistance spot welding of AHSS 

- a literature review 

This chapter is a literature review to capture preliminary insight into the RSW of 

AHSS with emphasis on DP steels. First, it provides an introduction to the basic 

definitions of resistance spot weld physical and metallurgical attributes. 

Conventional testing methods to evaluate the mechanical proprieties of resistance 

spot welds and different failure modes are explained. Next, the stress distribution 

and damage mechanism for different failure modes during mechanical testing of 

AHSS resistance spot welds are discussed. The parameters that affect the 

microstructural evolution of fusion zone and heat affected zone and also hardness 

distribution over the weld zone are analysed. The effect of embrittlement elements 

on the mechanical response of the welds is briefly reviewed and, finally, the 

commonly used models developed for the prediction of the failure mode and critical 

weld nugget size are introduced. 
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2.1 Resistance spot weld attributes  

The typical cross section of a resistance spot weld is shown in Figure 2.1. The 

fusion zone (FZ) is the region that is melted and resolidified during RSW. Weld metal 

composition and solidification condition strongly affect the soundness and 

serviceability of the joint. The solidified material in the FZ can be considered as a 

cast structure within a small volume. First, the solid phase nucleates at the contact 

surface of electrode and sheet metal and then crystal growth occurs towards the 

centreline. Because of the rich chemistry of DP steels, the FZ microstructure after 

rapid cooling mainly consists of martensite and to some extent of bainite. The FZ size 

(D) is defined as the width of the weld nugget at the sheet/sheet interface and is the 

most important parameter determining the mechanical performance of the weld as 

it governs the bonding area of the joint. The FZ size is controlled by the welding 

parameters; mainly welding current, welding time and electrode force. Electrode 

indentation depth is another factor that can affect the mechanical properties of the 

resistance spot weld and is dependent on the electrode force and the temperature of 

sheet/electrode interface. Apparently, increasing the heat input results in an 

increase in the temperature of the sheet/electrode interface that in turn leads to a 

larger penetration depth as a results of higher plastic deformation applied by the 

electrodes. Maximum penetration depth should be considered less than 10% of the 

sheet thickness as a too large penetration depth can reduce the mechanical strength 

of the weld. 

 
Figure 2-1 Resistance spot weld cross section [1]. 

Figure 2.2 illustrates the change in weld nugget size with welding current. As 

shown, an increase in welding current leads to a rapid growth of the weld nugget. At 

higher welding current the growth rate decreases and finally there is decrease in 

nugget size that corresponds to the expulsion phenomenon during which the molten 

area is too large to be held by the electrodes and it is associated with the ejection of 

the molten material from between the sheets. An ideal weld nugget has sufficient 

diameter and penetration. A small weld nugget has too low a strength to carry the 

loads in crash events and shows reduced fatigue life under normal operation of the 

vehicle. Conversely, an oversized nugget needs higher energy and time to be welded 

making RSW an inefficient and costly process. The splash limit is exceeded when 

excessive heat input is used for welding. Macroscopic voids form because of 
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splashing of molten materials; hence decrease the load-bearing surface of the weld 

and impair the mechanical properties of the joint. 

 
Figure 2-2 Weldability lobe based on change in weld nugget size with welding current [2]. 

 The weldability range or lobe is defined as the region where an acceptable joint 

is produced using an appropriate combination of welding time and current. The 

weldability range is limited by the minimum acceptable weld size and splash limit. 

The width of the welding lobe determines the welding window that can produce 

acceptable welds. Various industrial standards have been proposed for minimum 

weld nugget size. For example, the American Welding Society (AWS), Society of 

Automotive Engineering (SAE), and the American National Standards Institute 

(ANSI), recommend a weld nugget diameter � = 4√�, where D and t are the weld 

nugget diameter and sheet thickness respectively [3]. Also, Japanese JIS Z3140 and 

German DVS 2933 standards proposed the minimum weld nugget size as � = 5√� 

[4,5]. All of these standards have been derived from extensive experimental testing 

and are empirical in nature. Based on these equations, the minimum weld nugget 

size is not affected by mechanical properties and it changes only as a function of sheet 

thickness. 
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The Heat affected zone (HAZ) is the zone affected only by the weld thermal cycle 

and is not melted during RSW. The HAZ is located adjacent to the nugget and 

experiences lower peak temperature. Based on the distance from the weld nugget 

and peak temperature, the HAZ can be divided into four regions as shown in Figure 

2-3. (1) The sub-critical HAZ (SC-HAZ) at which the peak temperature is well below 

Ac1 leading to tempering of metastable phases such as martensite and bainite as well 

as coarsening of carbides. Normally, the SC-HAZ does not show distinct changes, as 

the peak temperature does not cause any phase transformation. Hence, it is difficult 

to distinguish this region from the base metal (BM). (2) The inter-critical HAZ (IC-

HAZ) at which the peak temperature varies between Ac1 and Ac3 undergoes partial 

transformation. Austenitization occurs in this range and increase in the peak 

temperature results in an increase in the fraction of ferrite dissolved into austenite. 

Rapid cooling leads to the transformation of inter-critically formed austenite to 

marteniste. (3) The fine grained HAZ (FG-HAZ), where the peak temperature is 

above Ac3 and a fully austenitized microstructure is formed during the heating stage 

that subsequently transforms to an ultra-fined martensitic structure. (4) The coarse 

grained HAZ (CG-HAZ) experiences a higher temperature compared to the FG-HAZ. 

Austenite grain growth is facilitated at elevated temperature and coarsened 

martensite is formed after subsequent rapid cooling.  

 
Figure 2-3 A schematic image showing various weld zones based on experienced peak 

temperature for a low carbon steel [6]. 

Voids, cracks and shrinkages are also influential on the mechanical response of 

resistance spot welds. In most of the cases, crack leads to lower mechanical 

performance of the weld. However, surface cracks, which originate from liquid metal 
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embrittlement, do not affect the weld mechanical behaviour as they are not located 

at the position of maximum loading. Voids can be formed in the weld nugget because 

of two possible reasons: expulsion and solidification shrinkages. As already 

discussed, expulsion is associated with the ejection of the molten material from the 

weld nugget resulting in the formation of voids and deterioration of the weld quality. 

The shrinkages are formed because of differences in the contraction rates of the weld 

nugget and surrounding solid material. It was found that the materials with a higher 

content of alloying elements are more prone to solidification shrinkages. It was 

shown that longer holding time and higher electrode forces help to reduce shrinkage 

voids [7]. 

As seen in Figure 2-1, a notch or pre-crack is formed at the circumference of the 

weld. The failure behaviour and mechanical properties of the weld are strongly 

affected by the shape of the notch, e.g. sharp versus square. A sharp notch increases 

the stress concentration at the weld edge leading to preferential crack propagation 

through the weld nugget [8].  

2. 2 Mechanical testing of resistance spot welds 

Different test methods have been proposed to evaluate the mechanical 

behaviour of the resistance spot welds. The most widely applied loading modes to 

assess spot welds are shear and peel. To apply these loading modes, several sample 

types have been suggested. Among them lap-shear or tensile-shear samples and 

cross-tension samples are the most frequently used (Figure 2-4). 

 

Figure 2-4 Tensile-shear (lap-shear) and cross-tension sample geometries [9]. 

Figure 2-5 represents a typical load-displacement curve of a spot weld during 

mechanical testing. The mechanical performance of the joint is evaluated based on 

the following parameters achieved from the mechanical tests: 

- Peak load Pmax: The maximum force measured during testing; 

- Ductility: This could be described by the maximum elongation at the peak 

load or failure energy at the peak load (surface below tensile curve); 
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- Weld nugget size: One of the most important indeces to evaluate the weld 

quality; 

- Failure mode: Failure mode is the qualitative measure of mechanical 

performance of weld joints. 

It is worthwhile to note that mechanical testing of a welded sample is somehow 

different from the bulk material, since the welded sample is composed of non-

homogeneous materials with strong gradient in properties. This is why the strength 

of the weld is often expressed in load instead of stress and displacement instead of 

strain [6]. The maximum load and displacement strongly depend on the sample 

dimensions and loading conditions. Therefore, the reported values must always be 

accompanied by the detailed description of the testing method.  

 
Figure 2-5 A typical load-displacement curve of a mechanically tested resistance spot weld 

[1]. 

The AWS has proposed a list of eight potential failure types that could occur 

during destructive testing of AHSS spot welds [3]. The most characteristic failure 

modes are: pull-out failure (PF) (mode 1); partial interfacial failure (PIF) (mode 5) 

and interfacial failure (IF) (mode 7) as shown in Figure 2-6. In the IF mode, the weld 

fails at the interface of two sheets leaving half of the weld on one sheet and half on 

the other. In the PF mode, failure may occur in the BM or HAZ at the perimeter of 

the FZ. In this case, the weld nugget is completely torn from one sheet. It is also 

possible to get combinations of these two modes, in which the crack propagates 

through the FZ and is then redirected through the thickness (PIF).  

The failure mode has a very strong influence on the load bearing capacity and 

energy absorption capability of the weld. Generally, the PF mode is considered as the 

preferred failure mode, as it is associated with larger plastic deformation and energy 

absorption capability as opposed to the IF mode, that is an indication for the reduced 

crashworthiness in the automotive industry [1]. Thus, welding parameters are always 

adjusted to produce a weld that guarantees the PF mode as it can be a demonstration 

of a good quality weld. 
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Figure 2-6 Schematic sketch of various failure modes during mechanical testing of resistance 

spot welds [1]. 

Although the process-structure-property relationship is well investigated and 

understood for conventional mild steels, resistance spot welding and also quality 

control of AHSS come with some issues as the microstructure of AHSS resistance 

spot welds show non-equilibrium phase transformations that completely change the 

sophisticatedly designed original structure of the BM [10]. They also suffer from a 

higher tendency to fail in the IF mode [11]. Furthermore, the high susceptibility of 

AHSS resistance spot welds to the formation of shrinkage voids in the FZ because of 

their rich chemistry has been reported [12]. As described already, the equation 4√� 

is proposed by standards for the minimum weld nugget size to ensure the PF mode 

of resistance spot welds. However, it was shown that this criterion does not always 

reliably predict the failure mode in the case of AHSS and larger weld nugget size is 

required to guarantee the desired failure mode of the weld. Failure modes of 

resistance spot welds for different steel grades from low carbon to high strength 

steels with strength ranging from 206 to 655 MPa were investigated and the 

minimum weld nugget sizes to ensure the PF mode were determined [13]. Figure 2-

7 shows the results of the required minimum weld nugget size for a high strength 

steel with different thicknesses. The 4√� recommendation is also superimposed on 

the graph. As shown, no direct correlation can be made between the thickness of the 

sheets and critical weld size for the PF mode on high strength steels. In particular, 

when the sheet thickness is higher than 1.5 mmm, the 4√� recommendation cannot 

guarantee the PF mode. It can be inferred that other metallurgical parameters in 

addition to the sheet thickness may play a role in determining the critical weld nugget 

size.  

Marya et al. [14] studied the failure mode of DP600, DP780, DP800, DP980 

and TRIP800 resistance spot welds and found that the general recommendation of 

4√� is not sufficient to obtain the PF mode; they developed an empirical model that 

also considers the hardness ratio of the weld nugget and failure location. Sun et al. 



Chapter 2
 

18 

 

[15] examined the effect of the weld nugget size on the peak load and energy 

absorption of DP800 steel during tensile-shear testing as shown in Figure 2-8. A 

gradual increase in peak load and energy absorption versus weld nugget size was 

found despite the large scattering in data. Similarly, they showed that the weld size 

guidance of 4√� cannot produce nugget PF mode for DP800 resistance spot welds. 

 
Figure 2-7 Critical weld nugget size for a high strength steel with different sheet thickness 

[13]. 

 

 
Figure 2-8 Peak load (a) and energy absorption (b) variation of DP800 resistance spot weld 

during tensile-shear testing[15]. 
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2.3 Stress distribution and damage mechanism during 

mechanical testing 

The real stress/strain distribution during mechanical loading of resistance spot 

welds is so complicated due to complexities in sample and loading geometry and also 

non-homogenous properties of different weld zones. The presence of the notch at the 

weld edge and also its shape can vary the stress concentration around the edge even 

20 times higher than the nominal stress [16]. A model was proposed by Chao [9] for 

the stress distribution around a resistance spot weld during tensile- shear and cross-

tension testing in the case of PF mode. It was assumed that the PF failure during 

tensile-shear testing occurs due to uniaxial tensile stresses around the weld nugget, 

assuming a rigid circular weld nugget. A harmonic tensile stress distribution around 

the weld nugget was proposed as shown in Figure 2-9a. In the case of the cross-

tension test, the PF is predominantly governed by the shear around the weld nugget 

and a harmonic tensile stress distribution around the circular weld nugget was 

proposed as shown in Figure 2-9b. 

 
Figure 2-9 Stress distribution around the weld nugget for PF mode during tensile-shear (a) 

and cross-tension (b) testing [9]. 

Finite element modelling and fracture mechanics calculations were carried out 

by Radakovic and Tumuluru [17] to predict resistance spot weld failure modes in 

tensile-shear testing of AHSS. It was found that the required load for the PF mode is 

proportional to the tensile strength, thickness of the sheet and weld nugget size. The 

force that leads to IF failure mode is a function of the fracture toughness of the weld, 

sheet thickness and weld diameter. They showed that as the strength of the steel 

increases, the fracture toughness of weld to avoid the IF mode must also increase. 

According to their model, the maximum local strain is concentrated in the weld 

nugget in the case of theIF mode, whereas for the PF mode, the maximum plastic 

strain is concentrated outside the weld nugget at the inner surface of the sheet and 

decreases in direction to the outer surface leading to necking and failure at this 

location (Figure 2-10). 
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Figure 2-10 Predicted plastic strain distribution that occurs during IF (a) and PF (b) mode 

in tensile-shear loading [17]. 

Lin et al. [18] also conducted a two-dimensional plane strain elastic-plastic 

finite element analysis to simulate the PF mode of a DP resistance spot weld in 

tensile-shear loading (Figure 2-11). It was shown that the necking outside the weld 

nugget starts with localized shear bands from the surface of the sheet along the 45° 

lines as schematically shown in Figure 2-11a. As the shear forces increase, the shear 

bands develop and finally necking occurs outside the weld nugget near the 

intersection of the two 45° bands. The location of necking failure was modelled as 

about one thickness away from the nugget when the finite deformation of the sheet 

or the elongation of the neck region is accounted for as shown in Figure 2-11b. 

  
Figure 2-11 A schematic image of the shear bands in the location of necking (a) and a contour 

of the equivalent plastic strain [18]. 

 Brauser et al. [19] investigated the local surface deformation behaviour of 

similar and dissimilar spot welded steels in tensile-shear loading via an optical strain 

field measurement system. Figure 2-12 illustrates the maximum local strain (x, max) 

versus tensile-shear load together with visualization of measured strain field. For 

example, the TRIP steel HCT690T shows a less ductile behaviour and fails after a 

small range of plastic deformation. The maximum surface deformation is obtained 

in the HAZ and BM transition zone and its value is nearly 5% (Figure 2-12b). In 

contrast, a micro-alloyed HX340LAD spot weld exhibits a larger plastic deformation 

until failure and fails in a very ductile manner compared to the other welds. The 

maximum strain concentration is again concentrated at the HAZ-BM transition zone 

outside the weld and it reaches a maximum value of 15% (Figure 2-12d). The method 

is an excellent approach to visualize the deformation behaviour of the spot weld 

during mechanical loading for the PF mode outside the weld nugget. However, it fails 

to monitor the plastic strain when the failure occurs in the weld nugget at the faying 

surface of the two sheets.  
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Figure 2-12 Load in tensile-shear test versus maximum local strain together with 

visualization of the local strain [19]. 

 
Figure 2-13 Simple loading condition describing stress distribution at the interface of two 

sheets and circumference of a weld nugget during tensile-shear(a) and cross-tension (b) tests 

[1].  

Oversimplified loading condition and stress distribution during mechanical 

loading can be summarized as shown in the schematic sketches of Figure 2-13. 

During tensile-shear testing, the weld nugget is subjected to shear stresses, while the 

HAZ and BM experience shear in the thickness direction and tensile stress in the 

loading direction (Figure 2-13a). In the cross-tension test, the main loading type in 

the weld nugget is tensile and mode I crack tip opening occurs at the weld edge. In 

the HAZ and BM the main loading state is shear as well as bending moments during 

testing (Figure 2-13b). 
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Damage of AHSS spot welds during tensile-shear loading was investigated by 

Dancette et al. [20], by means of combination of microtomography, metallography 

and fractography. Strain localization and failure in the BM was observed for large 

spot welds except for DP980 steels. Presence of relatively soft BM and SC-HAZ 

promoted the PF mode of these spot welds. The development of PF damage during 

tensile-shear loading of DP450 spot weld is shown in Figure 2-14. The sample is 

loaded elastically until point A with no evidence of damage. It is followed by 

significant plastic deformation and beginning of necking outside the weld from point 

A to B as presented in the optical microscopy image. Due to the initially not aligned 

opposite tensile forces the weld starts to rotate under the action of the bending 

moments. As seen in the 3D microtomographic view, no damage is visible in the weld 

itself at point B, despite slight notch opening at the weld edge. At the maximum load, 

necking leads to failure in the BM/SC-HAZ and subsequently a sudden drop in load 

(point C). Finally, the specimen tears from the BM upon further loading at point D. 

 
Figure 2-14 Damage development in the PF mode of DP450 resistance spot weld during 

tensile-shear testing [20]. 

The IF mode was observed for small welds and also for large DP980 spot welds 

influenced by the strong tangential component of the resultant load at the faying 

surface. The damage development for IF mode of DP980 steel with higher thickness 

compared to DP450 in tensile-shear test is shown in Figure 2-15. Similar to the PF 

mode, the weld is elastically loaded until point A, without any damage evidence. 

Slight rotation of the weld nugget is observed at point B close the maximum load as 
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observed in the optical micrograph. A slight decrease of the slope of the loading curve 

at point B indicates some level of plastic deformation. Because of higher sheet 

thickness and also higher stiffness the degree of rotation is much smaller compared 

to the DP450 weld. As observed in the 2D microtomographic image at point B, there 

is small notch tip propagation in the transverse direction. Because of macroscopic 

resultant shear loads, a mode III anti-plane shear loading of the crack tip occurs as 

opposed to the mode II in-plane shear that is expected in the loading direction. The 

final fracture occurs suddenly and in an unstable way at the faying surface of two 

sheets at point C leading to the formation of sheared fracture surface. 

 
Figure 2-15 Damage development in the IF mode of DP980 spot weld in tensile-shear testing 

[20]. 

Figure 2-16 illustrates the fracture surface of DP980 spot weld after tensile- 

shear loading failed in the IF mode. While the flank side of the weld shows a complex 

fracture surface with limited ductility, elongated dimples in the central part of the 

weld in accordance with the in-plane shear loading can be observed. 

A similar approach was used to evaluate the fracture mode during cross-tension 

loading of AHSS [21]. The damage process upon PF mode for the DP450 steel is 

presented in Figure 2-17. The vertical displacement of the grippers that clamp the 

horizontally positioned two sheets of cross-tension specimen results in 

superimposed bending and tension in both the lower and upper sheets. The stress is 

concentrated around the weld and a plastic zone starts to develop in the initial stages 

of loading. This leads to folding of the sheet in this area that also changes the slope 

of the curve at the displacement around 4 mm. Further loading results is strain 

concentration at the BM/HAZ outside the weld nugget as illustrated at point A. 

Microtomography at point B, close to the maximum load, reveals development of a 

crack from the inner side of the sheet. Also, the coating is cracked on the outer side 

of the sheet. Point C corresponds to the stage that the crack reaches the outer surface 
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of the sheet leading to a sudden drop in load. Further loading tears the weld in the 

BM until the sample completely fails. 

 
Figure 2-16 Fracture surface of the DP980 spot weld failed in IF mode during tensile-shear 

loading [20]. 

 
Figure 2-17 PF mode of large DP450 spot weld during cross-tension testing [21]. 

Another commonly observed failure type during cross-tension testing is the PF 

mode by ductile shear in the HAZ caused by the notch tip propagation at the weld 

edge. The damage mechanism of this failure mode for an IF260 spot weld is observed 

in Figure 2-18. As observed at point A, the weld at its initial configuration shows a 

sharp crack tip at the weld edge. Mode I loading applied during cross-tension testing 

tends to open the notch tip. However, the ductile microstructure of the weld nugget 

and HAZ in the case of IF260 steel leads to blunting of the crack tip (point B). Crack 

initiation from the notch tip is firstly observed at point C, very close to the maximum 

load. Finally failure develops from the cracks initiated from the notch tip in a sudden 
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manner, shortly after point C. DP495 and DP590 also failed in the same manner 

except that their HAZ showed less ductile behaviour due to higher hardness. 

 
Figure 2-18 Ductile shear fracture of large IF260 spot welds during cross-tension testing 

[21]. 

 
Figure 2-19 PIF crack propagation in the weld nugget of DP980 spot weld during cross-

tension loading [21]. 

If the weld nugget has low fracture toughness, mode I loading of the notch tip 

during cross-tension loading may result in brittle or semi-brittle fracture at the 

faying surface. The damage mechanism of the DP980 spot weld, which failed in the 

PIF mode is shown in Figure 2-19. Mode I loading leads to crack initiation at the 
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notch tip after few millimetre displacement at point A. The complex solidification 

structure of the weld together with the asymmetric nature of the loading during 

cross-tension testing results in a complicated crack path upon loading, as shown at 

points B and C. As shown in 3D reconstruction of microtomograph of the weld 

nugget, a single complex crack deviated upward in the upper sheet and downward in 

the lower sheet. The maximum load during this failure mode is obtained once the 

crack reaches the outer surface in the weld nugget (point C). Final fracture occurs 

when the crack is sufficiently developed and allows complete separation of the sheets 

(point D). 

Figure 2-20 depicts the fracture surface of three different kinds of fracture 

during cross-tension test. The fracture surface the PF mode by necking in the BM is 

covered by dimples showing ductile fracture behaviour (Figure 2-20a), while the PF 

mode by shear in the HAZ shows typical elongated dimpled structure for ductile 

shear failure (Figure 2-20b). PIF is associated with cleavage as well as a small area 

of ductile fracture as illustrated in Figure 2-20c.  

 
Figure 2-20 Fracture surface of PF mode by necking in the BM (a), PF mode by shear in the 

HAZ (b) and semi-brittle PIF in cross-tension loading [21]. 

2.4 Microstructural evolution and hardness distribution in 

FZ 

The final microstructure of the FZ is mainly governed by the thermal cycle of 

the welding and chemical composition of the BM. A severe thermal cycle is applied 

to the materials during the RSW process. The heating and cooling rate of RSW is 

much higher than conventional welding techniques. The cooling time from 800 °C 

to 500 °C (Δt8-5) for 0.8 mm sheet thickness is ~ 0.06 s , which is much shorter than 

Δt8-5= 8 s for shielded metal arc welding [1]. The heat dissipation during RSW is 

controlled by two mechanisms: heat dissipation through the water-cooled electrodes 

and heat dissipation via the adjacent colder BM. It was shown that ratio of the heat 
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loss via the electrodes to the heat loss via the adjacent BM is a function of the 

electrode diameter divided by the square of the sheet thickness. Therefore, for small 

welds with a diameter smaller than that of the electrode tip and thin sheets, the heat 

loss mechanism is dominated by the water-cooled electrodes, whereas welds larger 

than the electrode tip and thicker sheets are cooled mainly through heat loss by the 

adjacent BM. Because of technical difficulties in the experimental measurement of 

the cooling rate, several analytical and finite element models have been developed to 

determine the thermal cycle of the welding process [22–24]. An analytical approach 

was proposed by Gould et al. [10] to predict the cooling rate during RSW: 
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where ϴ is the temperature, t is time, α is the thermal diffusely, Δx and ΔxE are the 

sheet and electrode face thicknesses, respectively, ϴP is the peak temperature in the 

spot weld, kE and kS are the thermal conductivities of the electrode material and steel, 

respectively. An increase in the sheet thickness decreases the cooling rate as it 

increases the distance of the molten area from the water cooled electrodes. Based on 

this analytical model, decreasing the sheet thickness from 2 mm to 0.8 mm increases 

the cooling rate from 2000 to 10000 K s-1. Increasing the welding current, welding 

time and decreasing the electrode force reduce the cooling rate. 

The solidification path of most of low carbon steels can be expressed as: 

������ → 	�������� → ���������	 → ������� + ������� + ���������� 

If the cooling rate is high enough, depending on the carbon concentration, it is 

possible for austenite to be formed directly from molten material without δ ferrite 

transformation [25]. Figure 2-21 illustrates the weld cross section and optical 

macrograph of the FZ and HAZ of resistance spot welded IF steel. The central region 

of the FZ is composed of equiaxed grains connected to the columnar grains that 

penetrate into the HAZ. The FZ microstructure is characterized as Widmanstätten 

ferrite (Figure 2-21b), while the arrows in Figure 2-21c show the presence of 

allotriomorphic ferrite in the HAZ. 

Due to very high cooling rates of RSW, fully martensitic microstructure can be 

easily formed in the FZ of AHSS. Higher alloying element contents added to the 

chemical composition of these steels increase their hardenability and facilitate the 

formation of martensite even at lower cooling rates [27]. The microstructure of the 

FZ and FZ/HAZ transition zone for the resistance spot welded DP600 steel is shown 

in Figure 2-22 presenting a fully martensitic structure.  
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Figure 2-21 Optical micrograph of weld cross section (a), FZ (b) and HAZ (c) of IF steel 

resistance spot weld [26]. 

 
Figure 2-22 Electron microscopy micrograph of FZ (a) and FZ/HAZ transition zone (b) for 

DP600 resistance spot weld [12]. 
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The FZ hardness is an important factor concerning the weldability of AHSS and 

mechanical performance of the welds for automotive applications. The hardness of 

martensite formed in the FZ of a spot weld is mainly but not only influenced by 

carbon content as well as cooling rate. Den Uijl et al. [28] carried out extensive work 

on the relationship between chemical composition and post weld hardness of high 

strength steels for automotive applications and developed empirical relations of 

hardness prediction for a specific welding process (i.e. RSW, laser welding and 

plasma arc welding). The following empirical equation was derived for the weld 

hardness of RSW with forced cooling time according to their work:  

���� = 229 + 1088 ∗ (� +
��

��
+

��

���
+

��

��
+

��

��
) (2-2) 

Yurioka et al. [22] proposed the following expression for carbon equivalent (CE) 

as an indication of the hardenability of the steel: 

��� = � + �(�) ∗ [5� +
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+

��

�
+

��

��
+
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��
+

����������

�
] (2-3) 

where  

	�(�) = 0.75 − 0.25tanh	[20 ∗ (� − 0.12)] (2-4) 

 
Figure 2-23 CEY versus FZ hardness [27]. 

The accommodation factor of A(C) allows the CEY to be applicable for a wide 

range of carbon content from 0.02 to 0.2 %wt. Figure 2-23 shows the CEY and 

average FZ hardness of different steels gathered by Khan et al. [27]. It is shown that 

the FZ hardness increases with richer chemistry of the BM with higher CEY. CEY 

shows a linear relationship between fusion zone hardness and BM chemistry (r = 

96:1%). Extracting the linear relationship between FZ hardness and CE gives the 

following equation: 

���� = 630��� + 188 (2-5) 

where HVFZ is FZ hardness and CEY is carbon equivalence calculated using Eq.(2-3). 
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2.5 HAZ softening 

The HAZ hardness is also an important parameter that effectively determines 

the failure mechanism and weld strength. Several investigations reported the 

decrease in the hardness of the SC-HAZ with respect to the BM hardness in DP steel 

spot welds [15,29–32]. Figure 2-24 illustrates a typical hardness distribution of 

different weld zones with reduction of hardness at the SC-HAZ of a DP980 resistance 

spot weld. 

 
Figure 2-24 Hardness distribution of different weld zones of DP980 resistance spot weld [36]. 

A comprehensive study was carried out by Baltazar et al. [33–35] using a 

nanoindentation technique. Figure 2-25 shows the microstructure of the SC-HAZ at 

different distances from the Ac1 line together with that of the BM of resistance spot 

welded DP980 steel. The Ac1 line was determined as the boundary between the IC-

HAZ and the SC-HAZ. The SC-HAZ at a distance of 100 µm from the Ac1 line was 

characterized as a ferrite matrix and severely decomposed martensite or tempered 

martensite (TM) as shown in Figure 2-25a. Sub-micron particles arising from 

nucleation and growth of carbides are shown inside the broken martensite phases by 

arrows. Similar microstructure with no distinguishable change was found at 200 µm 

from Ac1 (Figure 2-25b). The microstructure of the SC-HAZ at 400 µm from the Ac1 

line was characterized by more clear boundaries of martensitic phase and finer 

decoration of carbides (Figure 2-25c). Considerable reduction in the volume fraction 

of sub-micron sized particles were detected at 600 µm distance from Ac1 (Figure 2-

25d). At a distance of 800 µm, sub-micron sized carbides can barely be seen. 

However, the martensite phase still shows decomposed characteristics compared to 

that of the BM with solid and undecomposed martensitic phase dispersed in the 

ferrite matrix (Figure 2-25e, f). It can be inferred that the tempering of martensite is 

responsible for the reduction of hardness in the SC-HAZ.  
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Figure 2-25 Microstructure of SC-HAZ at 100 µm (a), 200 µm (b), 400 µm (c), 600 µm (d), 

800 µm (e) distance from Ac1 line towards BM. (f) Microstructure of BM of DP980 steel [34]. 

Nanoindentation testing was performed at different distances from the Ac1 line 

toward BM. The change in the hardness of martensite, tempered martensite and 

ferrite at different distances from the Ac1 line towards BM is shown in Figure 2-26. 

The nanohardness of martensite in the BM was measured as 7.2 ± 0.8 GPa, while the 

nanohardness of tempered martensite (TM) at the distance of 100 µm from the Ac1 

line revealed a reduction in hardness to 4 ± 1.2 GPa. There is gradual increase in 

nanohardness value of martensite from the Ac1 line towards the BM. Slight reduction 

in nanohardness was observed in ferrite near the location of Ac1. It was attributed to 

the reduction in the dislocation density of ferrite in the SC-HAZ. 
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Figure 2-26 Variation of nanohardness of martensite, tempered martensite and ferrite phase 

with distance from Ac1 [34]. 

The degree of softening is strongly dependent on the volume fraction of 

martensite in the BM. Figure 2-27 depicts the hardness profile over the weld zones 

for three different grades of DP steel. As shown, the SC-HAZ of DP780 and DP980 

resistance spot welds are considerably softened, as opposed to the SC-HAZ of DP600 

with no trace of softening. The degree of softening is greater for the DP980 resistance 

spot weld compared to that of the DP780 steel, which is attributed to the larger 

martensite volume fraction of higher DP grades that shows higher potential for non-

isothermal tempering of martensite during the welding process. 

 
Figure 2-27 Vickers hardness profile over the weld zones of DP600, DP780 and DP980 

resistance spot welds [14]. 
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An increase in the heat input also intensifies the degree of softening as the 

reduced cooling rate increases the time that the SC-HAZ is subjected to a non-

isothermal tempering process [36]. It was also reported that the SC-HAZ is softer in 

the case of thicker sheets because of the lower cooling rate of the spot weld [31]. The 

BM chemistry is another parameter affecting the degree of softening as the BM with 

higher Cr or Mn content shows higher resistance to SC-HAZ softening [37]. 

2.6 Segregation 

Embrittlement elements such as phosphorous and sulphur tend to segregate at 

grain boundaries of the solidifying fusion zone. In the case of materials with a high 

hardness (martensitic microstructure), the presence of small amounts of 

phosphorous and sulphur can have detrimental effects on the integrity of the welds. 

Experimental work carried out by van der Aa et al. [38] identified phosphorus 

segregation as one of the main causes for brittle weld metal failure during cross- 

tension testing of resistance spot welds. Elemental segregation leads to decreased 

coherency between the grains in the nugget zone of the spot weld. Two mechanisms 

aggravate the segregation effect: the solidification mechanism and widening of the 

solidification trajectory. In the case of low alloyed steel with the carbon as the main 

alloying element, the primary phase formed during the solidification is δ ferrite. 

Further cooling leads to the transformation of the δ phase to austenite, which 

subsequently transforms to martensite. Segregation occurs at the first grain 

boundaries during liquid to δ transformation. It is believed that the subsequent 

transformation of δ to austenite replaces the initially segregated boundaries with the 

ones depleted of P and S. Steels with higher alloying element contents solidify 

directly from liquid to austenite and finally martensite. This solidification path 

retains the boundaries that are rich in P and S. With increase in alloying element 

content, especially carbon, the solidus temperature decreases, while the liquids 

temperature is less affected, which results in wider solidification trajectory leading 

to more segregation of P and S at the grain boundaries [39,40]. Amirthalingam et al. 

[41] studied the cross-tension properties of three different high strength steels 

labelled as CP, 2CP and CPB. CP steel contains 0.07 wt% carbon and 0.08 wt% 

phosphorous, while 2CP with same amount of P has carbon twice that of the CP steel 

(0.14 wt%). CPB has the same chemical composition as CP steel with addition of 

0.0027 wt% boron. Figure 2-28 illustrates the cross-tension strength of the three 

steels as a function of weld dimeter together with plug ratio (%). The 2CP steel with 

the highest carbon content shows the lowest cross-tension strength, whereas the CPB 

spot welds have the highest maximum load and also the largest plug ratio. Based on 

the quasi-binary phase diagram, in 2CP steel, austenite forms from the liquid/δ-

ferrite by a peritectic reaction. However, with the super-fast cooling rate of resistance 

spot welds, it is possible for austenite to form directly from liquid. The lower 

mechanical performance of 2CP steel was attributed to the higher carbon content 

and consequently higher carbon segregation at the grain boundaries of the resistance 
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spot welds. Phase field simulations also showed that the addition of boron to the 

chemical composition of the CPB steel is able to decrease the phosphorous 

segregation during the solidification process and thereby reduce the embrittlement 

of the weld and enhance the mechanical properties.  

 
Figure 2-28 Cross-tension strength of three steels with different chemical composition[41]. 

Nippon developed the most widely used relation for Carbon-Phosphorous- 

Sulphur equivalent to predict the failure mode of the weld in peel mode tests [42]:  

Ceq= C+ Si/30 + Mn/20 + 2P + 4S < 0.24 (in %wt) (2-6) 

Based on this empirical equation, the compositional limit to ensure PF mode during 

peel test is a Ceq < 0.24 for typical hold time (T) of 25 cycles. Increase in sheet 

thickness and decrease in hold time, reduces the cooling rate of the weld shifting the 

compositional limit to Ceq < 0.31 (Figure 2-29). 

 

Figure 2-29 Effect of steel chemical composition on the failure mode according to Nippon 

[42].  
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2.7 Weld fracture toughness 

The fracture toughness of the weld is one of the most important factors that 

strongly affects the strength and failure mode of resistance spot welds. However, its 

measurement is a challenging task due to geometry and sample size restrictions. 

Furusako et al. [43] carried out a computational study on the fracture toughness of 

the weld edge during a cross-tension test using an elastic-plastic fracture mechanics 

model. Assuming that the crack starts to propagate when the crack propagation 

driving force (J) around the nugget under a tensile load reaches the fracture 

toughness (Jc) of the nugget edge, they attempted to derive the value of J and 

measure the value of JC of the edge during the cross-tension test. It was also assumed 

that the stress that is applied to the nugget increases not axi-symmetrically, but at 

four points 90° apart in the same plane. Two kinds of virtual cracks were allowed to 

propagate from one of these points; interfacial cracks and vertical cracks. Figure 2-

30 a and b show the simulated distribution of maximum principal stress at the weld 

edge under a load of 4kN during a cross-tension test for interfacial and vertical cracks, 

respectively. The virtual crack is opened during loading and the decrease in potential 

energy due to opening was divided by the crack area to calculate the J-value. The 

variation of J-value with nugget diameter under a load of 5 kN for each of the two 

types of cracks is shown in Fig. 2-30c. As presented, the J-value decreases under the 

same load with the increase in weld size in accordance with the experimental results. 

The J-value for the nugget diameter of 3√t, when the crack propagates through the 

weld nugget, is slightly higher than the vertical crack. However, for the larger weld 

sizes (4√t and 5√t), the J-value for the crack propagating through the sheet thickness 

is larger than the interfacial crack value. Results obtained are in agreement with the 

experimental results show that the cross-tension strength increases and the failure 

mode changes from IF mode to PF mode with increase in weld nugget size. Therefore, 

they believed that it is possible to improve cross-tension strength by restraining the 

increase in the J-value or increasing the fracture toughness, Jc, of the weld edge. 

 

Figure 2-30 Distribution of maximum principal stress during cross-tension testing for 

interfacial (a) and vertical (b) virtual cracks.(c) J-value dependence on the nugget dimeter 

under the load of 5 kN [43]. 
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They also used scale compact tension specimen (CT) to measure the Jc at the 

weld edge of two types of 980 MPa steel sheets with different chemical compositions, 

one with 0.13 wt% carbon and another with 0.30 wt% carbon content (Figure 2-31). 

The Kc values for 0.13 % C and 0.30% C nuggets were measured as 84 MPa.√m and 

29 MPa.√m, respectively. The corresponding Jc values were also converted as 30 

kN/m and 3.7 kN/m, respectively. The cross-tension strength of two welds was 

measured as 2.4 kN for 0.30% C and 6.6 kN for 0.13% C. Consequently, it was shown 

that the cross-tension properties can be improved by the increase in the fracture 

toughness of the weld edge. 

 

 
Figure 2-31 CT specimen preparation position (a) and appearance of miniature CT sample 

(b) [43]. 

2.8 Failure mode prediction 

The weld diameter is the most important factor governing the failure mode of 

the spot weld. As discussed earlier, different empirical equations are used in the 

automotive industries to determine the minimum weld nugget size and predict 

failure mode. However, although these equations work well for low-carbon steels, 

they do not give reliable recommendations for high strength steels. It arises from the 

fact that these equations only describe minimum weld nugget as a function of sheet 

thickness and ignore other metallurgical and geometrical factors. Therefore, some 

attempts have been carried out to develop analytical or empirical models to 

determine the minimum weld nugget size for AHSS. For instance, Marya et al. [14] 

proposed an experimental model to predict minimum weld nugget size of dual-phase 

steel to guarantee the PF mode during tensile-shear test expressed as: 

�� = 0.53��.�� + 8.48 �
����

����
�
��.��

  (2-7) 
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Any spot weld that has a diameter smaller than dc is likely to fail via IF fracture. 

Conversely, any weld that has a larger diameter is expected to fail via the PF mode. 

Based on this model, thicker sheet requires a larger weld nugget to avoid the IF mode. 

Besides, higher Hmax/Hmin ratio (Hmax maximum hardness (FZ), Hmin minimum 

hardness, i.e, BM and SC-HAZ) reduces the required minimum weld nugget size for 

PF mode.  

Van den Bossche [44] developed and analytical criterion to determine the 

critical weld nugget size to guarantee the PF mode spot welds during tensile-shear 

testing of AHSS as following: 

�
�

�
�
�	
= �1.5 �

����

����
� �

�

�
��

�.�

  (2-8) 

where ����  and ����  are the yield strength of the BM and FZ. The model was 

developed based on the assumption that the fracture occurs in the area that first 

yields (the FZ or the BM). It also delivers the fact that for AHSS in addition to the 

sheet thickness, the material properties must be taken into account to determine the 

critical weld nugget and failure mode.  

Pouranvari and Marashi [45] proposed another analytical model for the critical 

weld nugget during tensile-shear test by assuming that the driving force for the IF 

fracture mode is shear stress at the weld nugget and the driving force for the PF mode 

is the tensile stress around the weld nugget. Assuming a cylindrical nugget with 

diameter of D and height of 2t, the failure load the IF failure mode (FIF) can be 

estimated as: 

  ��� =
�

�
�����        (2-9) 

where ���  is the shear strength of the FZ. For the PF mode another simplified 

assumption is considered as the onset of failure occurs when the maximum radial 

tensile stress outside the weld nugget reaches the ultimate tensile strength of the 

failure location. Thus, the failure load of the PF mode (FPF) can be expressed by: 

  ��� = �������        (2-10) 

where ���� is the ultimate tensile strength of the failure location outside the weld 

nugget. The failure mode during tensile-shear test is determined by the competition 

of these two driving forces. It depends on which one reaches its critical value. The PF 

mode occurs if	��� < ���. Therefore, using equations 2-9 and 2-10, the critical weld 

nugget size can be defined as: 

  ��	 =
������

���
 (2-11) 

An equation for the critical weld nugget size for the cross-tension mechanical 

tests was derived by Smith as [46]: 
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��	 = 2.93 �
����

��
���

�/�

��/�	  (2-12) 

where ����  is the shear strength of the PF failure location and ��
�� is the fracture 

toughness of the FZ. It was assumed that the failure mode is a results of the 

competition between shear plastic deformation outside the weld nugget (PF) and 

crack propagation into the weld nugget (IF). Similar models were developed by Chao 

[9], Ku and Chiang [47] and Sun et al. [48] for the failure load and mode prediction 

of resistance spot welds. As presented, all the developed models rely on the 

information on the local mechanical properties of the weld such as hardness, yield 

strength, shear strength and fracture toughness. Therefore, gaining deeper insight 

into the mechanical properties of different weld zones is of paramount importance 

that leads to achieve prediction of the mechanical response of AHSS resistance spot 

welds. 

2.9 Conclusion 

Conventional 4√� or 5√� recommendations for the minimum weld nugget size 

are not reliable for the resistance spot welds of AHSS. AHSS are more susceptible to 

weld metal failure and it is essential to consider the metallurgical properties of the 

welds in the development of models for failure behaviour of spot welds. It was shown 

that the formation of brittle phase of martensite in the weld nugget of AHSS leads to 

higher hardness, higher brittleness and lower mechanical performance. High 

strength AHSS shows SC-HAZ softening due to tempering of martensite during the 

heating cycle of RSW, which makes the microstructural evolution and deformation 

response of the welds more complicated. The effect of embrittlement elements such 

as phosphorous and sulphur on the mechanical properties of the welds was discussed 

and it is shown that the higher carbon equivalent of AHSS makes their 

microstructure less tolerant of phosphorous and sulphur. 

Despite the extensive work carried on the RSW of AHSS, it still lacks a deeper 

insight into the process-microstructural-property correlation of spot welds. 

Martensite as the predominant phase formed in the FZ of AHSS plays an important 

role in the mechanical response of the weld in cross-tension or tensile-shear loading. 

A more comprehensive investigation on the microstructural characteristics of 

martensite can be helpful to better understand the deformation behaviour of AHSS 

spot welds. Besides, as presented in section 2.8, all the analytical models developed 

for the prediction of the failure mode for AHSS are based on information about the 

local mechanical properties of different weld zones including the FZ and HAZ. In-

situ small-scale mechanical tests can be a rigorous approach to evaluate the 

mechanical behaviour of different weld zones to make an accurate correlation 

between the welding parameters, microstructure and mechanical response.  
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Chapter 3  

Weld scheme effect-microstructure 

and mechanical performance*  

This chapter reports on the microstructural evolution of resistance spot welded 

1000MPa dual phase steel under two different welding conditions, and their relation 

to the mechanical performance and failure mechanisms. It is shown that a double 

pulse weld scheme leads to an enhancement in cross-tension strength compared to 

single pulse welding. The second pulse subdivides the initial fusion zone of the first 

pulse into two zones. The inner part remains in the liquid form after the first pulse 

and is solidified with a columnar structure after the second pulse, whereas the outer 

layer becomes recrystallized during the second pulse leading to the formation of an 

equiaxed structure of prior austenite grains (named as Rex-zone). Characteristics of 

martensite formed in the Rex-zone and coarse-grained heat affected zone, where the 

crack initiated and propagated, are investigated using OIM. It is shown that change 

in welding scheme from single to double pulse effectively alters the characteristics of 

martensitic microstructure of weld zones. The results obtained demonstrate that the 

Rex-zone has a lower fraction of high-angle grain boundaries and coarser structure 

of Bain groups as opposed to the coarse-grained heat affected zone with large 

fraction of high-angle grain boundaries and finer Bain groups. Besides, double pulse 

welding creates softer sub-critical heat affected zone which reduces stress 

concentration at the nugget edge during cross-tension test.  

  

                                                           

* This chapter has been published in the following journal: 

A. Chabok, E. van der Aa, J.Th.M. De Hosson, Y.T. Pei, Mechanical behavior and failure 

mechanism of resistance spot welded DP1000 dual phase steel, Mater. Des. 124 (2017) 

171-182. 

 



Chapter 3
 

44 

3.1 Introduction 

As already discussed in chapter 1 and 2, for AHSS of strength > 800MPa, the cross-

tension strength of the RSW joints tends to decrease with increasing tensile strength 

of the base material [1]. This is attributed to the relatively high level of alloying 

elements in combination with an increased stress concentration at the weld nugget 

circumference during loading. Because of ultrafast cooling of the weld during RSW, 

fully martensitic microstructure can be easily formed which could lead to brittleness 

of the joint. Due to lower fracture toughness of nugget, crack can easily propagate 

through the weld causing brittle fracture during cross-tension test [2–4]. One 

approach to address this issue is to temper the martensitic microstructure of the weld 

by post heat treatment to enhance the ductility [5,6]. However, low current 

tempering generally requires long pulse times and the resulting longer cycle times 

make this type of post weld treatment less feasible in industrial applications. Muneo 

et al. [7] reported that pulse welding scheme can be an effective way to enhance the 

mechanical strength of AHSS resistance spot welds and to expand the applications 

of high tensile strength steel sheets in automotive industries. Zhong et al. [8] 

investigated the effect of double pulse welding on the cross-tension strength of 

DP600 spot welds and showed that the strength and energy absorption capability of 

the weld enhances significantly via the new weld scheme. They showed that double 

pulse welding leads to the microstructure consisting of acicular ferrite and lath 

martensite in the weld nugget that improves the ductility of the joint. Sawanishi et 

al. [4] applied a short post pulsed current and studied its effect on the mechanical 

performance of the weld via peel tests. They showed that the propagation of the crack 

was arrested much longer when the weld with pulsed current was applied. They 

ascribed the enhancement of the mechanical performance to higher fracture 

toughness of the weld resulting from lower segregation of alloying elements such as 

phosphorus and sulphur. A similar approach was used by using combination of finite 

element and phase modelling [9]. It was shown that the segregation of phosphorus 

at grain boundaries of solidifying zone could be significantly reduced using a simple 

double pulse welding process. Although the reduction of segregation by short time 

post pulsing has been widely studied, none of the above studies reported the effects 

on the martensitic properties of different welding zones. 

This chapter presents a detailed work on the crystallographic characteristics of 

the martensitic phase which forms during RSW. It aims at studying the effect of 

welding scheme (single and double pulse) on the mechanical properties and 

microstructural evolution of DP1000 steel. The effects on the mechanical properties 

were studied using cross-tension and nanoindentation tests. Furthermore, OIM was 

used to investigate the crystallographic features of the formed martensite and their 

effect on the mechanical performance of the weld. 
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3.2 Experimental 

The chemical composition of the investigated DP steel is listed in the Table 3-1. 

The nominal sheet thickness and the zinc coating thickness are 1.5 mm and 50 

g/mm2, respectively. Resistance spot welds were produced using a 1000 Hz MFDC 

pedestal welding machine with constant current regulation and constant load of 4.5 

kN. Weld electrodes (F1 16-20-5.5) and single pulse weld schedule were taken from 

the VDEh SEP1220-2 welding standard [10]. In order to study the effect of welding 

scheme on the mechanical and microstructural characteristics of the welds, two 

welding schedules, a single and double pulse weld schemes, were applied. Figure 3-

1 shows a schematic of the welding schedules for single and double pulse processes. 

The highest possible current of 8 kA was selected to produce the largest weld size. 

This current is safely below the maximum current at which expulsion occurs. For the 

single pulse welding, 550 ms of squeeze time followed by 380 ms as welding time 

and 300 ms of holding time was applied. For the alternative double pulse welding a 

non-standard procedure was selected. During this welding process, after 40 ms of 

cooling time, the second pulse was applied with the same duration and current as of 

the first pulse.  

Table 3-1 Chemical composition (wt. %) of DP 1000 steel used in the present study. 

Cross sections of the welds were prepared with conventional metallographic 

methods and their microstructure was studied via optical microscopy (OM) and 

scanning electron microscopy (SEM). For OIM analyses, the samples were 

mechanically polished and then electrochemically polished using a solution of 90% 

CH3COOH + 10% HClO4 at 20 V voltage and 21 °C for a period of 25 s. The OIM 

characterization was carried out by electron back scatter diffraction pattern using a 

Philips ESEM-XL30 scanning electron microscope equipped with a field emission 

gun operating at 20 kV. 

 
Figure 3-1 RSW scheme for single pulse weld (a) and double pulse weld (b). 
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Vickers microhardness measurements were performed at 200 g load for a 

loading time of 15 s. Nanoindentation test was performed with a Berkovich indenter 

at the constant maximum load of 3000 µN. A minimum number of 50 indentations 

were conducted for each sample. In order to evaluate the mechanical performance of 

the welds produced by different welding scheme, cross-tension tests were performed 

for both single and double pulse welds (150×50 mm samples). The properties were 

evaluated through the average value of four specimens under the same welding 

condition. 

3.3 Results and discussion 

The cross-sectional overview of the weld nuggets is shown in Figure 3-2. Single 

pulse weld shows a typical FZ microstructure with columnar grains resulting from 

the rapid solidification process of the RSW (Figure 3-2a). In the case of double pulse 

weld, the initial FZ structure of the first pulse is subdivided into two zones: the inner 

part composed of columnar grains, and the outer layer that has an equiaxed 

microstructure. The dashed lines in Figure 3-2b indicate the boundaries of the inner 

part and outer layer. The inner part (named as FZ2) remains in the liquid state after 

the first pulse and is solidified in a typical solidification structure after the second 

pulse, while the outer layer is recrystallized (named as Rex-zone) with applying the 

second pulse. The microstructure of the Rex-zone is shown in Figure 3-2c composing 

of martensitic microstructure formed within the equiaxed prior austenite grains 

(PAGs). Some prior austenite grain boundaries (PAGBs) are indicated with white 

arrows confirming the migration and rotation of austenite grain boundaries in the 

Rex-zone maybe because of occurrence of recrystallization during the second pulse. 

  

 
Figure 3-2 OM micrograph showing the cross section of single pulse weld (a) and double 

pulse weld (b). (c) SEM image showing the Rex-zone of double pulse weld with arrows 

indicating the prior austenite grain boundaries. 
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3.3.1 Mechanical properties 

Figure 3-3a depicts representative load-displacement curves of single and 

double pulse welds. Average maximum load and absorbed energy till the maximum 

load for two weld schedules are shown in Figure 3-3b. Energy absorption till the 

maximum load measures the capability of the weld to absorb the energy of impact 

load during a mechanical incident such as crash accident [17]. As it can be seen, 

double pulse welds exhibit better mechanical performance as the average maximum 

load increases from 9.2 kN for single pulse weld to 11.7 kN for double pulse weld. 

Moreover, the average energy absorption rises from 55.3 J for single pulse welds to 

75.2 J for double pulse welds. These results confirm that applying the second pulse 

can significantly enhance the mechanical performance of resistance spot welded 

DP1000 steels. 
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Figure 3-3 Representative load-displacement curve, (b) average maximum load and 

absorbed energy of single and double pulse welds in cross-tension test (number of samples 

per test = 4). 

The nugget size of both welds is ~7 mm, ruling out possible effect of the nugget 

size on the mechanical behaviour of the welds. Cross sections of fractured samples 

after cross-tension test are shown in Figure 3-4, together with an insert indicating 

the fracture path of the welds. Both welds fail in pull-out failure mode, as the FZ 

remains intact after the cross-tension test (Figure 3-4a and b). In the case of the 

single pulse welds, failure occurs at the CG-HAZ adjacent to the FZ. On the contrary, 

two failure zones are associated with the double pulse welds. On the left side, failure 

occurs close to the weld nugget as the crack penetrates a small distance in the Rex-

zone and then is redirected towards the sheet thickness. On the right side, fracture 

originates at SC-HAZ, outside the weld nugget and close to the base metal leading to 

creating a lip. Both failures can occur simultaneously or separately. The average 

diameter of actual fracture area for the single pulse and double pulse weld was 

measured as 6.5 and 7.1 mm, respectively. Obviously, double pulse welding leads to 

larger fracture area, although both welds fail in PF mode. 
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Figure 3-4 Cross sectional view of cross-tension tested single pulse weld (a) and double pulse 

weld (b) with an insert schematically showing the fracture path. 

Figure 3-5 depicts the measured Vickers hardness distribution across the 

different microstructural zones of the welds. The average hardness of the FZ in the 

single pulse weld is 415 HV. A slightly lower hardness of 407 HV is measured in the 

FZ2 of the double pulse weld, while a significant drop in the hardness of the Rex-

zone to 380 HV is observed. Furthermore, both welds show softening in the SC-HAZ 

with respect to the base metal with the hardness value of 303 HV. As it is shown in 

Figure 3-5, the degree of softening is more pronounced for the double pulse weld, 

with a minimum hardness level 260 HV versus 281 HV in the SC-HAZ of the single 

pulse weld. 

 
Figure 3-5 Microhardness profile of the single and double pulse welds together with insert 

of cross-section of double pulse weld . 

3.3.2 Microstructure of the sub-critical heat affected zone 

Softening of HAZ in DP steels plays an important role in affecting the failure 

mode and mechanical properties of DP steels, since it reduces the stress 

concentration at the weld nugget edge during mode I loading [11]. It was proved that 
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the tempering of martensite phase in SC-HAZ is responsible for the softening 

phenomenon. Baltazar et al. [12–14] assessed the SC-HAZ of resistance spot welded 

DP steel via nanoindentation and showed that ferrite phase has negligible 

contribution to the softening of SC-HAZ, whereas the tempered martensite plays the 

major role.  

Figure 3-6 shows the average nanohardness of the martensite phase at different 

distances from the IC-HAZ towards the base material. The SC-HAZ of the double 

pulse weld exhibits much softer tempered martensite. The average nanohardness of 

the martensite phase located at the distance of 50 µm is yet lower than that of the 

martensite formed in the same location in the single pulsed RSW. Furthermore, the 

average nanohardness of martensite phase in the SC-HAZ of the double pulse weld 

shows insignificant changes over a large distance from IC-HAZ. The nanohardness 

at the distance of 750 µm increases to 4.6 GPa which is much lower than the 

corresponding nanohardness 6.4 GPa of martensite in the single pulse weld. 

 

 
Figure 3-6 Cross section micrograph of resistance spot weld showing nanoindentation grids 

at various distances from IC-HAZ, schematically (a), nanohardness value of martensite at 

different distances from IC-HAZ towards base metal (b). 

Figure 3-7 depicts the microstructures of SC-HAZ and base metal of the two 

welds. The microstructure of base metal consists of martensite islands (α’) dispersed 

in the matrix of ferrite phase (α) (Figure 3-7a). Figure 3-7b and c show the 

microstructure of the SC-HAZ of single pulse and double pulse welds at the distance 

of 50 µm from IC-HAZ, respectively. Clearly, both processes lead to features of 

tempered martensite with broken and decomposed islands and to the presence of 
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sub-micron particles. In both welds fine dispersion of sub-micron white particles 

along the PAGBs, martensite block boundaries and interlath boundaries is visible 

(white arrows). These particles are formed as a result of nucleation and growth of 

carbides during tempering process. Microstructures of single and double pulse welds 

at the distance of 1000 µm from IC-HAZ are revealed in Figure 3-7d and e, 

respectively. It can be inferred that the double pulse weld has still characteristics of 

 

Figure 3-7 SEM micrographs showing the microstructure of base metal (a), and of SC-HAZ 

of single pulse weld (b, d) and double pulse weld (c, e) at the distance of 50 µm and 1000 µm 

from IC-HAZ, respectively. Arrows indicate fine carbide particles along the PAGBs, block 

boundaries and interlath boundaries. 
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tempered martensite, although the decomposition of martensite seems to be limited. 

In contrast, single pulse weld at this distance shows similar characteristics to the 

microstructure of base metal. Therefore, it can be concluded that double pulse 

welding not only softens the martensite close to the IC-HAZ, but also widens the zone 

which is subjected to the tempering process. 

3.3.3 Crystallographic features of martensite 

OIM was used to study the effect of the welding scheme on the microstructural 

evolution of martensite which is formed at CG-HAZ and Rex-zone. The fracture 

toughness of the weld is strongly affected by the parameters which determine the 

mechanical properties of martensite formed in these zones. Crucial parts of the welds, 

where the crack initiates and propagates, were investigated with OIM. According to 

the fracture paths shown in Figure 3-4, OIM maps were collected from the CG-HAZ 

of single pulse weld and Rex-zone and CG-HAZ of double pulse weld. The locations 

of OIM maps are schematically shown with black squares in Figure 3-8. 

 
Figure 3-8 Schematic image of locations where OIM maps were collected. 

There exists a similarity between cross-tension test configuration and standard 

compact tension sample which is used to measure the fracture toughness under 

mode I loading condition. Here, the interface area surrounding the weld nugget edge 

acts as the pre-crack that subsequently propagates through the weld nugget under 

loading. Thus, parameters which affect the fracture toughness of martensite should 

be studied thoroughly for a better understanding of the mechanical behaviour of the 

welds during the cross-tension test. Toughness affects the speed of a propagating 

crack [15]. When martensite is tough, the microstructure is resistant against crack 

propagation and the mean crack velocity is rather low. Accumulation of alloying 

element such as phosphorous along grain boundaries stimulates intergranular 

fracture in steels because it affects the resistance to shear between the metallic bonds. 

The relatively low content of phosphorous in the investigated DP steel may result in 

negligible embrittlement. However if it causes segregation at grain boundaries, it 

would be problematic in the FZ as it is originated from rapid solidification process 

of RSW. In the case of both single and double pulse welds, fracture occurs outside 

the FZ, where the segregation of P is insignificant. Considering the low content of 
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phosphorous and failure behaviour of the welds, it is of importance to study the 

crystallographic features of martensite which can affect its fracture toughness. The 

fracture toughness of martensitic microstructure is strongly affected by its resistance 

to transgranular fracture as the main fracture mode in lath martensite [15]. 

Transgranular fracture results from rapid propagation of crack along a particular 

crystallographic plane [16]. For high strength steels with a BCC structure cleavage 

fracture occurs on {100} planes [17]. The crack path along this plane can be 

influenced once it approaches a grain boundary. It has been shown that high angle 

grain boundaries are strong barrier against crack propagation and they are able to 

arrest or deviate the crack path effectively [18,19]. Also, it was reported that high 

density of high-angle grain boundaries with misorientations larger than 45° 

enhances the toughness of HAZ of low carbon steel [20]. 

It is generally considered that the orientation relationship (OR) between the 

prior austenite and the resulting martensite in low alloy steels (for example Ni < 28 

wt.%) is described by Kurdjumov-Sachs (K-S) relation [21], which is	(111)�||(011)�� 

and [1�01]�||[1�1�1]��, namely the close packed planes and directions of marteniste are 

parallel to those of prior austenite. Theoretically, because of symmetry, a prior 

austenite grain can transform into 24 different equivalent crystallographic variants. 

24 variants of martensite evolved based on K-S OR are denoted as V1-V24 in Table 

3-2. Martensite laths that share the same habit plane of {111}γ (e.g. V1 to V6) are 

aggregated in one packet. Therefore, 24 variants are subdivided into four different 

packets within one prior austenite grain. Variants can also be divided into three 

different groups named as Bain groups. A variant of martensite can be evolved from 

parent austenite by two steps of “Bain strain” and rigid body rotation [22]. Bain 

strain is associated with contraction in one direction of parent lattice and identical 

expansion in two other directions. As there are three different selections for 

compression axes: x, y and z, 24 variants can be grouped into three Bain groups 

based on compression axes. The misorientation angle and axes of V1 and other 23 

variants are also included in Table 3-2. As illustrated, variants that belong to 

different Bain groups keep high misorientation angle larger than 47.1°, whereas 

variants within one Bain group have a low misorientation angle in between (smaller 

than 21.1°). 

Figure 3-9 shows the inverse pole figure (IPF) maps and misorientation 

distribution of CG-HAZs and Rex-zone of the two welds. Maps of CG-HAZ were 

collected from the area exactly close to the boundary of FZ in the single pulse weld 

and to the Rex-zone of the double pulse weld (see Figure 3-8). Prior austenite grain 

boundaries (PAGBs) are indicated by black lines. A software ARPGE [23] was used 

to reconstruct PAGBs. Statistical analyses reveal that the average prior austenite 

grain size and martensite packet size of CG-HAZ decreases from 13 and 8.1 µm in 

single pulse welds to 9.4 and 5.5 µm in double pulse welds, respectively. The average 

prior austenite grain and packet size in the Rex-zone of double pulse weld close to 
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Table 3-2  Misorientation angle/axes between V1 and other variants. 

Variant 
No. 

Plane parallel Direction parallel 
Rotation angle / axes 
from V1 

Bain group 

V1 (111)//(01 1) [-1 0 1] //[-1-1 1]' - B1 

V2  [-1 0 1] //[-1 1-1]’    60° / [ 1 1 -1] B2 

V3  [ 0 1-1] //[-1-1 1]’    60° / [ 0 1 1] B3 

V4  [ 0 1-1]γ //[-1 1-1]α’ 10.5° / [ 0 -1 -1] B1 

V5  [ 1-1 0]γ //[-1-1 1]’    60° / [ 0 -1 -1] B2 

V6  [ 1-1 0]γ //[-1 1-1]’ 49.5° / [ 0 1 1] B3 

V7 (1-11)//(011) [ 1 0-1]γ //[-1-1 1]’ 49.5° / [-1 -1 1] B2 

V8  [ 1 0-1]γ //[-1-1 1]’ 10.5° / [1 1 -1] B1 

V9  [-1-1 0]γ //[-1 1 1]’ 50.5° / [-10 3 -13] B3 

V10  [-1-1 0]γ //[-1 1-1]’ 50.5° / [-7 -5 5] B2 

V11  [ 0 1 1]γ //[-1-1 1]’ 14.9° / [13 5 1] B1 

V12  [ 0 1 1]γ //[-1 1-1]’ 57.2° / [-3 5 6] B3 

V13 (-111) //(01 1) [ 0-1 1]γ //[-1-1 1]’ 14.9° / [ 5 -13 1] B1 

V14  [ 0-1 1]γ //[-1 1-1]’ 50.5° / [-5 5 -7] B3 

V15  [-1 0-1]γ //[-1-1 1]’ 57.2° / [-6 -2 5] B2 

V16  [-1 0-1]γ //[-1 1-1]’ 20.6° / [11 -11 6] B1 

V17  [ 1 1 0]γ //[-1-1 1]’ 51.7° / [-11 6 -11] B3 

V18  [ 1 1 0]γ //[-1 1-1]’ 47.1° / [-24 -10 21] B2 

V19 (11-1)//(011) [-1 1 0]γ //[-1-1 1]’ 50.5° / [-3 13 10] B3 

V20  [-1 1 0]γ //[-1 1-1]’ 57.2° / [ 3 6 -5] B2 

V21  [ 0-1-1]γ //[-1-1 1]’ 20.6° / [ 3 0 -1] B1 

V22  [-1-1 0]γ //[-1 1-1]’ 47.1° / [-10 21 24] B3 

V23  [ 1 0 1]γ //[-1-1 1]’ 57.2° / [-2 -5 -6] B2 

V24  [ 1 0 1]γ //[-1 1-1]’ 21.1° / [ 9 -4 0] B1 

the pre-crack is 15.6 and 9.2µm, respectively. Misorientation distribution reveals 

that the fraction of low angle grain boundaries is higher in the CG-HAZ of the single 

pulse weld compared to that of the corresponding area of the double pulse weld. In 

contrast, the CG-HAZ of the double pulse weld shows the strongest peak at the high-

angle grain boundary range (> 47°) and the smallest fraction of low angle grain 

boundaries (Figure 3-9e). Figure 3-9f depicts that the Rex-zone of the double pulse 

weld has the highest fraction of low angle grain boundaries and the lowest fraction 

of high-angle grain boundaries.  
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Figure 3-9 IPF maps of (a) CG-HAZ of single pulse weld, (b) CG-HAZ and (c) Rex-zone of 

double pulse weld, with PAGBs shown in black lines. (d-f) Misorientation angle distribution 

corresponding to (a-c), respectively. 

Figure 3-10 shows the length fraction of intervariant boundaries between V1 

and other variants in the CG-HAZs of the two welds and the Rex-zone of double pulse 

weld. Variants that belong to the same Bain group are marked with arrows. It is clear 

that in all three zones most of intervariant boundaries belong to the variants which 

are within the same crystallographic packets (i.e. V1/ V2-V6). Figure 3-10a shows 

that in the CG-HAZ of single pulse weld the highest fraction of boundaries is V1/V4. 

These two variants belong to the same Bain group and share a low misorientation 

angle of 10.53°. Among inter-packet boundaries, V1/V12(V20) and V1/V8 have 

higher length fraction. The former one is shared between variants that belong to 

different Bain group with a high misorientation angle, whereas the latter is shared 

between variants from the same Bain group with a low misorientation angle. In the 

CG-HAZ of the double pulse weld the fraction of intervariant boundaries changes 

significantly (Figure 3-10b). In this zone most of boundaries separating blocks of 

martensite are highly misoriented. Comparison of the inter-variant boundary 

population of the CG-HAZs for the two welds reveals that for the double pulse weld 

the fraction of V1/V4 noticeably decreases, whereas the fraction of V1/V3(V5) and 

V1/V2 with high misorientation angle of 60° increases significantly. Figure 3-10c 

shows that the blocks of martensite transformed from the recrystallized austenite are 

mostly misoriented with low angle boundaries. In this zone the fraction of 

intervariant boundaries between variants belonging to the same Bain group is higher 
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(i.e., V1, V4, V8). The population of high misorientation angle intervariant 

boundaries (> 47°) such as V1/V2 and V1/V3(V5) is low, whereas the intra-packet 

boundary of V1/V4 and inter-packet boundary of V1/V8 depict higher length fraction.  

  

 
Figure 3-10 Length fraction of intervariant boundaries between V1 and other variants in the 

CG-HAZ of single pulse weld (a), the CG-HAZ (b) and Rex-zone (c) of double pulse weld. 

Variants of the same Bain group as V1 are marked with arrows. 

It is clear that double pulse welding leads to the formation of Rex-zone that 

shows stronger variant selection as the dominant intervariant boundaries are those 

belonging to the same Bain group. On the contrary, blocks of martensite in the CG-

HAZ of double pulse weld are misoriented with high-angle boundaries as the most 

of variants belong to different Bain groups. The variants belonging to different 

packets and Bain groups are coloured in different tints in Figure 3-11. The colour 

coding applies to each PAG separately. White and black lines are imposed to the 

maps indicating the low angle (5-15°) and high angle (> 15°), respectively. PAGBs are 

shown with bold black lines. Every single martensite packet is subdivided into two 

or three Bain groups as indicated in Figure 3-11 (d-f). These Bain groups are 

separated from each other with high-angle boundaries. In addition, each Bain group 

contains variants of martensite separated with low angle boundaries. Obviously, the 

density of low angle grain boundaries (white lines) drops significantly in the CG-HAZ 

of the double pulse weld (see Figure 3-11b and e). Besides, much finer Bain groups 
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are formed in this zone compared to the CG-HAZ of single pulse and the Rex-zone of 

the double pulse weld. 

 
Figure 3-11 Packets maps of martensite in CG-HAZ of single pulse weld (a), CG-HAZ (b) and 

Rex-zone (c) of double pulse weld. (d-f) Bain maps corresponding to (a-c), respectively. 

White lines indicate low angle (-15°) and black lines are high angle (> 15°). 

Improvement in the mechanical performance of resistance spot welded AHSS 

under peel type loading is considered to be related to two factors: first is the 

reduction of stress concentration at the weld nugget edge by the SC-HAZ softening. 

HAZ softening improves the ductility of spot welds and enhance load bearing 

capacity and energy absorption capability that promote pull-out failure mode [24]. 

Second is the fracture toughness of the weld nugget, which can be affected by 

elemental segregation and/or martensite properties. Furusako et al. [25] showed 

that the fracture toughness at the weld edge strongly affected the strength and failure 

mode during cross-tension test. They found that post-weld treatment led to an 

increase in the fracture toughness of the weld and consequently enhanced the 

strength and load bearing capacity of the weld. Sawanishi et al. [4] attributed the 

enhancement of the mechanical performance of the pulsed scheme weld to a higher 

fracture toughness of the weld resulted from lower segregation of alloying elements 

such as phosphorous and sulphur. However, no significant change in the 

microstructure of the weld edge was reported. As shown in this study, the weld 

circumference is severely affected by the second pulse and its microstructure 
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changes significantly. Besides, in the case of both single and double pulse welds, 

fracture occurs outside the weld nugget but rather through the CG-HAZ where the 

segregation of phosphorous and sulphur is not considerable in comparison with that 

in the weld nugget. 

Summarizing all the above data demonstrates that large difference in the 

variant pairing in the different zones of single and double pulse welds is observed. 

Finer microstructure with larger misorientation angle is achieved in the CG-HAZ of 

double pulse weld in comparison with its Rex-zone and the CG-HAZ of single pulse 

welds. The change in the microstructure of martensite in different zones could be 

explained by the linear elasticity theory. The variant pairing in shear transformation 

of lath martensite is a function of both constraint and deformation. In the case of 

martensitic transformation in unconstrained condition and without deformation, 

the elastic strain can be relaxed by the formation of single variant of martensite to 

minimize the surface energy. By contrast, if the growth of martensite lath is limited 

by its surrounding matrix, the elastic strain is largely relaxed by the formation of new 

variants with higher misorientation angle belonging to different Bain group [26, 27]. 

The shear transformation of martensite can be constrained by matrix phase, grain 

boundaries which interfere with the growth of single variant of martensite and 

promote formation of variants with larger misorientation angle with respect to each 

other. The peak temperature experienced by the Rex-zone of double pulse weld is 

obviously higher than its CG-HAZ leading to recrystallization of the austenite at high 

temperatures. Recrystallization is associated with the migration of high-angle grain 

boundaries and rearrangements of dislocation configurations. Higher peak 

temperature exposed at the Rex-zone homogenizes the matrix and decreases the 

density of defects. Growth of austenite grains may also occur, leading to more 

homogenization of matrix and reduction of fraction of prior austenite grain 

boundaries. Thus, the factors that constrain the martensitic transformation at the 

Rex-zone are less effective. This culminates in martensitic microstructure with a 

stronger variant selection in which coarser Bain groups with high fraction of low 

angle grain boundaries are formed. The finer microstructure of CG-HAZ in the 

double pulse weld could be attributed to the reverse transformation of austenite at 

lower temperatures. Lower peak temperature at CG-HAZ compared to the Rex-zone 

avoids recrystallization and growth of prior austenite grains. Also rapid cooling after 

the first pulse may lead to partial transformation of austenite to ferrite or even 

bainite or martensite. The second phase can split and break the initial austenite 

grains. Once the second pulse is applied reverse austenite transformation occurs at 

the CG-HAZ. During the second pulse, the second phase and austenite boundaries 

may act as favourable nucleation sites for the formation of new austenite grains 

resulting in finer prior austenite grains. Furthermore, dislocations induced by the 

electrode force after the first pulse may also act as heterogeneous nucleation sites. 

As the peak temperature is lower than recrystallization temperature, these 

dislocations may remain in the microstructure leading to the formation of finer PAGs. 
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The PAGs are strong constraint against the growth of lath martensite. As a result 

smaller martensite packets and Bain groups are formed inside the PAG (see Figure 

3-11). This is similar to the refinement of PAGs by thermal cycling in which reverse 

transformation of martensite to austenite is applied to refine the size of austenite 

grains [28–32]. 

 
Figure 3-12 IPF map of a fractured double pulse weld (black lines indicate boundaries with 

misorientation between 15 and 50°, red lines show the boundaries with misorientation 

higher than 50°). 

Figure 3-12 shows the IPF map of the crack propagation path inside the Rex-

zone of a double pulse weld. Pre-crack and its direction are shown by a black arrow. 

Grain boundaries with misorientation between 15° and 50° are shown in black lines 

and grain boundaries with misorientation larger than 50° are imposed by red lines. 

Three main deflection points of cracking path combined with misorientation angle 

of grain boundaries are highlighted. As illustrated, the crack is strongly deflected 

once it crosses over grain boundaries with misorientation higher than 50°. It 

confirms that the fracture toughness of the weld and crack propagation are strongly 

dependent on the morphological and crystallographic characteristics of martensite 

phase formed during RSW. 

Although the weld nugget size is the same for both single and double pulse welds, 

larger fracture area is obtained for the double pulse weld as the failure occurs in the 

SC-HAZ on one side of the weld. The microstructural characteristics and fracture 

behaviour of the resistance spot welded DP1000 steel samples can be summarized 

in Figure 3-13. Crack in the single pulse weld immediately deflected toward the CG-

HAZ. In the case of double pulse weld, on one side of the weld, crack penetrates small 

distance into the Rex-zone. Rex-zone has coarse structure of Bain groups and low 

fraction of high-angle grain boundaries. However, this area is thick enough and 

contains reasonable number of equiaxed PAGs containing packets and Bain groups. 

PAGs, martensite packet and Bain group boundaries are considered having high-

angle boundaries that are effective in arresting the crack propagation as more energy 
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is needed for crack to path through them. Thus, crack deviates towards CG-HAZ 

since it is forced to cross over several equiaxed prior austenite grains in the Rex-zone. 

PAGs are finer at the CG-HAZ of double pulse weld and lead to smaller packets of 

martensite. Besides, variant pairing in this zone results in the evolution of 

martensitic microstructure with finer Bain groups. Boundaries along these Bain 

groups are highly misorientated and can effectively arrest and deflect cracks. On the 

other side, the failure occurs at the SC-HAZ and results from severe softening of 

martensite. The better mechanical performance of double pulse weld can be 

explained by three factors. First, double pulse welding generates softer SC-HAZ 

which acts as failure location at one side of the weld. Second, on the other side, crack 

starts and propagates firstly in the Rex-zone which has a equiaxed structure of PAGs, 

packets and Bain groups that can effectively arrest against the crack propagation, 

although it has a lower fraction of high-angle boundaries and coarser Bain groups. 

And third, after penetration into the Rex-zone, crack deviates through the CG-HAZ 

that has high fraction of high-angle boundaries and finer structure of PAGs, 

martensite packets and Bain groups that retard crack propagation. It should be noted 

that the cross-tension loading of resistance spot welds is complex since it involves a 

non-homogeneous geometry, with a non-homogeneous microstructure subjected to 

a non-homogeneous loading conditions. To identify the specific contributions of all 

parts of the weld zone would require more localized testing of specific parts of the 

weld microstructure. Therefore,  three factors for better mechanical performance of 

the double pulse weld should be considered without any priority. 

 
 

Figure 3-13 Schematic sketch showing the microstructure and crack path in single pulse weld 
(a) and double pulse weld (b). Prior austenite grain boundaries and martensite packet 
boundaries are shown in bold black lines, Bain group boundaries and low angle 

3.4 Conclusion 

The effects of welding parameters on the cross-tension strength, failure 

behaviour and microstructural evolution of DP1000 steel were investigated. Two 

RSW processes with single and double pulse current were applied.  
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The main conclusions are summarized as follow: 

1. Double pulse welding enhances cross-tension strength and energy abortion 

capability of the weld compared to the sample welded with single pulse 

process. Maximum load for the weld size of 7 mm and sheet thickness of 1.5 

mm increases from 9.2 kN for single pulse weld to 11.7 kN for double pulse 

weld. The absorbed energy of the single pulse weld at maximum load is 55.3 

J. This value rises to 75.2 J with applying the second pulse. Larger fracture 

area with the average diameter of 7.1 is achieved for the double pulse weld 

compared to the fracture area of single pulse with the average diameter of 

6.5 mm. 

2. Double pulse welding leads to the formation of softer SC-HAZ. Besides, it 

creates a Rex-zone in front of the pre-crack with lower hardness. 

3. It was found that the weld scheme strongly affects the crystallographic 

features of martensite phase that forms at different weld zones. 

4. Grain boundary characterization shows that a low fraction of high-angle 

grain boundaries and coarser structure of Bain groups are formed in the 

Rex-zone of double pulse welds. 

5. Finer structure of prior austenite grains, martensite packets and Bain groups 

are formed in the CG-HAZ of double pulse weld. 

6. Better mechanical performance of double pulse weld was attributed to three 

main factor without priority: First, severe softening at the SC-HAZ of double 

pulse weld leading to reduction in the stress concentration around the weld 

edge during mode I loading which stimulates failure outside the weld. 

Second,  formation of thick Rex-zone with equiaxed structure of PAGs . And 

third, CG-HAZ containing large fraction of high angle grain boundaries and 

fine structure of Bain groups are . High-angle grain boundaries are strong 

barrier against crack propagation and enhance fracture toughness of 

microstructure.  
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Chapter 4  

Residual stress* 

In this chapter, the effect of resistance spot welding current and scheme (i.e. single 

and double pulse welding) on the residual stress of resistance spot welded DP1000 

steel is investigated. It is shown that double pulse welding at low welding current 

decreases the maximum cross-tension strength and mechanical energy absorption 

capability of the welds. The factors that lead to lower mechanical performance of 

double pulse welds are scrutinized. Local residual stress mapping reveals that the 

compressive residual stress perpendicular to the plane of the pre-crack either 

decreases or is fully released at the weld edge of double pulse welds. OIM analyses 

show that the martensite formed in front of the pre-crack of double pulse weld has a 

lower fraction of high-angle grain boundaries and a coarser structure of Bain groups 

as opposed to the corresponding area of single pulse weld. Lower mechanical 

performance of double pulse welds produced at lower welding current is ascribed to 

the lower compressive residual stress normal to the plane of crack and the formation 

of martensitic structure in front of the pre-crack with a lower fraction of high-angle 

grain boundaries and coarser Bain groups.  

 

  

                                                           

* This chapter has been adopted from the following published papers: 

A. Chabok, E. van der Aa, I. Basu, J.Th.M. De Hosson, Y.T. Pei, Effect of pulse scheme on 

the microstructural evolution, residual stress state and mechanical performance of 

resistance spot welded DP1000-GI steel, Sci. Technol. Weld. Join. 23 (2018) 649-658. 

A. Chabok, E. van der Aa, J.Th.M. De Hosson, Y.T. Pei, Mechanical behavior and failure 

mechanism of resistance spot welded DP1000 dual phase steel, Mater. Des. 124 (2017) 

171-182. 
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4.1 Introduction 

Residual stresses in resistance spot welds play an important role affecting the 

mechanical performance of the joints. They are self-equilibrating stresses existing in 

materials in the absence of any external loads or thermal gradients. Accurate and 

precise measurement of the magnitude, orientation and distribution of residual 

stresses is of importance to evaluate the durability of welded components. Various 

studies have been carried out to simulate and measure the state of residual stress in 

spot welded joints [1–5]. Lawrence et al. [6] showed that fatigue strength of spot 

weld improves either by reducing tensile residual stress or inducing compressive 

residual stress. It was found that preloading treatment could remarkably enhance 

the fatigue strength by inducing large compressive residual stress at the site of crack 

initiation at the nugget edge. Anastassiou et al. [7] found that residual stress 

increased with the thermal cycle intensity and decreased with expulsion or post heat 

treatment. While X-ray diffraction was used to experimentally measure residual 

stress at macroscale, downscaling the resolution of measurement to micron or even 

sub-micron scales in different weld zones seems to be vital to precisely correlate 

between the welding scheme and the local residual stress state. Advent of new 

generation dual beam field emission gun-scanning electron microscopes (FEG-SEM) 

equipped with a focused ion beam (FIB) has enabled precise milling of small volumes 

in materials. The measure of local stress release due to the milling process can be 

subsequently quantified by measuring the induced surface displacements by means 

of digital image correlation (DIC) methods. One of the commonly implemented 

milling geometries to determine stress gradients is the rectangular slit geometry, 

wherein stresses are measured along the normal to the plane of slit [8,9]. 

In this chapter, the effect of welding current and scheme, namely single and 

double pulse welding, on the mechanical performance of resistance spot weld is 

investigated. Micro-slit milling method is used to measure the local magnitude of 

residual stress in the crucial parts of the weld where a crack initiates and propagates 

under cross-tension test. Besides, microstructural evolution of weld zones was 

studied using OIM. Finally, a correlation is made between microstructure, residual 

stress state and mechanical performance of the welds.  

4.2 Experimental  

The material examined was DP1000 dual phase AHSS with a thickness of 1.5 

mm with chemical composition presented in Table 3-1. Resistance spot welds were 

produced using the same machine and procedure described in chapter 3. The effect 

of welding current and scheme on the mechanical and microstructural 

characteristics of the welds were studied using the weld schedules shown in Figure 

4-1. The minimum welding current of 6.4 kA was selected based on 4t equation (t 

is the sheet thickness) to ensure the formation of minimum weld nugget size 

proposed by standard ANSI/AWS/SAE [10]. The highest possible current of 8 kA 
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was selected to produce the largest weld size as explained in chapter 3. Two welding 

currents of 7 and 7.5 kA between the minimum and maximum currents were also 

applied to study the effect of welding current on the mechanical properties of the 

weld. Single and double pulse schemes were applied with the same schedules as 

presented in chapter 3 but with three extra currents, as shown in Figure 4-1 b. 
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Figure 4-1 RSW scheme for single pulse weld (a) and double pulse weld (b). 

Residual stress measurement started with the decoration of sample surface with 

yttrium stabilized zirconia nano-particles to provide sufficiently random, high-

contrast features suitable for effective DIC. An area of interest is imaged under the 

SEM. After capturing the first image, the sample is tilted by 55°, such that the surface 

is oriented perpendicular to the FIB and milled by Ga+-ion beam. Slits were milled 

with width of 0.5, depth of 2.5-3.5 and length of 20-30 µm. Then the sample was 

tilted back to 0° to capture the identical region after milling. The displacement field 

perpendicular to the plane of slit was detected via DIC by comparison of SEM images 

before and after milling. SEM images were captured with a resolution for 768 x 768 

pixels under scan integration mode, in order to optimize for both image quality as 

well as minimize imaging drifts. DIC was performed using software GOM Correlate 

2016. The magnitude of residual stress perpendicular to the plane of slit was 

measured by empirically fitting the experimentally detected displacements with the 

displacements calculated from analytical solution for an infinite length slit in an 

isotropic linear elastic material [11]: 

����(�) = 	
�.���

��
���� ∫ cos �

��
�

�1 +
�����

�(���)
� ∗ (1.12 + 0.18. sech(tan �))�� (4-1) 

where af is the depth of the slit, E’= E/(1 - ν2), E is the Young’s modulus, ν is the 

Poisson’s ratio, θ = arctan (d/a), with d the distance to the slit, and a changing 

between 0 and af. 

4.3 Results and discussion 

Average maximum load and absorbed mechanical energy till the maximum load 

for different welding currents of two weld schemes are shown in Figure 4-2a and b, 

respectively. The mechanical properties of the single and double pulse welds 

produced with the welding current of 8 kA were presented and discussed in chapter 

3. As shown also here, double pulse welding can significantly enhance the 
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mechanical response of the welds at 8 kA. However, surprisingly, double pulse 

welding deteriorates the mechanical performance of the welds at lower welding 

currents of 6.4 and 7 kA. As illustrated, the average maximum load and absorbed 

energy for the single pulse welds decreases with applying the second pulse at the 

welding currents of 6.4 and 7 kA. However, double pulse welding at 7.5 kA enhances 

the mechanical performance compared to the single pulse welds. The mechanical 

results of the welds with 6.4 and 7 kA are in contrast to previous reports which 

showed that double pulse welded or post-treated samples always show a better 

mechanical performance [12–15]. 
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Figure 4-2 Average maximum load (a) and absorbed energy till maximum load (b) in cross-

tension tests. 

Cross sections of fractured samples after cross-tension test for three welding 

currents of 6.4, 7 and 7.5 kA are shown in Figure 4-3. Samples welded at 6.4 kA failed 

in PIF mode as the crack propagated at the faying surface of two sheets into the FZ 

and then redirected through the sheet thickness. However, the nugget zone of double 

pulse weld seems to be more damaged compared to the nugget of single pulse weld 

(Figure 4-3a,b). Samples welded at 7 kA also failed in PIF mode as seen in Figure 4-

3c,d. In the case of single pulse weld, on the right side, the crack penetrates into the 

FZ and then propagates through the sheet thickness. On the left side, however, 

failure mainly occurs in CG-HAZ outside the nugget. In double pulse weld, on both 

sides, crack propagates into the Rex zone in front of the pre-crack and then are 

redirected through the sheet thickness. Single pulse sample welded at 7.5 kA failed 
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in the similar manner as the single pulse weld of 7 kA with PIF mode (Figure 4-3e). 

Double pulse weld of 7.5 kA failed in PIF mode as well. However, there is small crack 

penetration into the Rex zone on the both sides followed by crack propagation 

through the sheet thickness. Besides, the plug ratio is larger than the corresponding 

single pulse weld (Figure 4-3f). 

  

  

  
Figure 4-3 Cross section of failed single pulse-6.4 kA (a), double pulse-6.4 kA (b), single 

pulse-7 kA (c), double pulse-7 kA (d), single pulse-7.5 kA (e) and double pulse-7.5 kA (f) 

resistance spot welds. 

4.3.1 Residual stress  

Residual stress is an important factor that can affect crack initiation and 

propagation during mode I loading of cross-tension test. According to the failure 

mode of the welds presented in Figure 4-3, the zones in front of the pre-crack 

including FZ of single pulse welds and Rex-zone of double pulse welds can be 

considered as the crucial parts that determine the crack initiation and propagation 

rate. Micrometer-sized slits were made parallel to the direction of the pre-crack at 

different distances from the weld edge toward fusion zone and the magnitude of the 

residual stress in the direction normal to the plane of the slit and/or crack was 

obtained. Figure 4-4a shows the SEM image of the decorated surface together with 

the location of slits milled at different distances from pre-crack. The white dot-
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dashed line indicates the border between the Rex-zone and FZ2 in the case of double 

pulse sample welded at 6.4 kA. Obviously, all five slits are within the FZ of single 

pulse weld (not shown), while in the case of double pulse weld, first three slits are 

located in the Rex-zone. 

The surface displacement fields measured by DIC after stress release for slit 1 of 

single pulse weld at 6.4 kA are shown in Figure 4-4b. As illustrated, displacements 

of decorating particles are toward the milled slit showing the presence of 

compressive residual stress. As shown in Figure 4-4c and d, the fitted residual stress 

value for slit 1 in front of the pre-crack for the single pulse weld at 6.4 kA is -418 MPa. 

In order to calculate the fitted σ, the averaging method presented by [11] was used 

through which the displacements along the lines parallel to the slit are averaged prior 

to fit to Eq. 4-1. 
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Figure 4-4 Milled slits at different distances from the pre-crack (a); Surface displacement 

fields measured by DIC (b), experimental and theoretical displacement curves (c) and fitted 

curve based on comparison of experimental and theoretical displacements (d) for slit 1 of 

single pulse weld at 6.4 kA.  

The measured displacement fields and fitted residual stress around slit 1 in front 

of the pre-crack of the double pulse weld at 6.4 kA is shown in Figure 4-5. It is shown 
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that the residual stress drops to -66 MPa for slit 1 of double pulse weld, which is 

significantly lower than the measured stress value for the corresponding slit of the 

single pulse weld. Such a small residual stress was close to the range of resolution of 

the measurement method and led to unrealistic displacement field in the area far 

away from the slit, making it impossible to fit the displacement data to the analytical 

solution. Thus only the area within the distance of 4 µm from slit was considered in 

the fitting procedure. 
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Figure 4-5 Surface displacement fields measured by DIC (a), experimental and theoretical 

displacement curves (b) and fitted curve based on comparison of experimental and 

theoretical displacement (c) for slit 1 of double pulse weld at 6.4 kA. 
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Averaging method reduces the noise of measurement when homogenous 

distribution of residual stress is detected around the slit. However, when the 

detected displacement around the slit is non-homogeneous, averaging procedure 

leads to loss of resolution. Instead, multiple fitting described in [11], can be used 

through which displacement along each column of facets are averaged and fitted 

separately to Eq. 4-1 leading to higher lateral resolution. Multiple fitting method also 

enables to map the magnitude of the residual stress along the slit. Figure 4-6 

represents the evolution of the measured residual stress from the pre-crack toward 

the FZ for both single and double pulse welds obtained using multiple fitting. As 

shown, higher compressive residual stress perpendicular to the plane of the pre-

crack was measured in the vicinity of crack tip for single pulse weld. In contrast, in 

the case of double pulse weld, the compressive residual stress is either very low or 

almost completely released close to the pre-crack. As shown in Figure 4-4a, slits 1 to 

3 are located in the Rex-zone and their corresponding compressive residual stress is 

very low compared to the residual stress measured around slits 1-3 of the single pulse 

weld. Moving into FZ2 (slits 4 and 5), the gradient of residual stress tends to 

converge with the measured values of the single pulse weld. 

 

Figure 4-6 Gradient of residual stress from pre-crack towards fusion zone obtained using 

multiple fitting procedure for single pulse and double pulse samples welded at 6.4 kA. 

Figure 4-7 shows the displacement fields and fitted residual stress for the slits 

made exactly in front of the pre-crack of the single and double pulse welds at 7 kA. 

The magnitude of the residual stress for the single pulse weld is -405 MPa (Figure 4-

7a,c), which is very close to the residual stress magnitude around the slit 1 of the 

single pulse weld at 6.4 kA. As shown in Figure 4-7b and d, the measured residual 

stress in front of the pre-crack for the double pulse weld at 7 kA is -67 MPa. The value 

is again very close to the corresponding slit of double pulse weld at 6.4 kA. What can 

be inferred is that increase in welding current from 6.4 to 7 kA dose not lead to 

noticeable change in the residual stress state and magnitude in front of the pre-crack 

at the weld edge. 
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Figure 4-7 Surface displacement fields measured by DIC for single pulse (a) and double pulse 

(b) welds at 7 kA. (c) and (d) Corresponding experimental and theoretical displacement 

curves and fitted residual stress value. 

The displacement fields and measured residual stress values of the slits made 

in front of the pre-crack for single and double pulse welds at 7.5 kA are presented in 

Figure 4-8. Residual stress magnitude for the single pulse weld is still very close to 

the values obtained for the two other single pulse samples at lower currents of 6.4 

and 7 kA. However, double pulse weld at 7.5 kA shows  increase in compressive 

residual stress to -230 MPa, higher than ~ -66 MPa of double pulse samples welded 

at 6.4 and 7 kA. 
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Figure 4-8 Surface displacement fields measured by DIC for single pulse (a) and double pulse 

(b) welds at 7.5 kA. (c) and (d) Corresponding experimental and theoretical displacement 

curves and fitted residual stress value. 

The surface displacement fields and fitted residual stresses for the slit 1 of the 

single pulse and double pulse samples welded at maximum current of 8 kA are shown 

in Figure 4-9. The measured residual stress magnitude for the single pulse is -415 

MPa (Figure 4-9a,c), very close to the other single pulse welds with lower currents. 

In the case of double pulse weld at 8 kA, the residual stress value around the slit 1 at 

the weld edge is -273 MPa (Figure 4-9b,d). The measured residual stress for the 

double pulse is still lower than the residual stress of the corresponding slit of single 

pulse weld, but higher than the measured residual stress of the slit 1 for the double 

pulse weld at minimum current of 6.4 and 7 kA (~-66 MPa). However, this 

magnitude is very close to the residual stress of the double pulse sample welded at 

7.5 kA.  
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Figure 4-9 Surface displacement fields measured by DIC for single pulse (a) and double pulse 

(b) welds at 8 kA. (c) and (d) Corresponding experimental and theoretical displacement 

curves and fitted residual stress value. 

Figure 4-10 shows the gradient of residual stress from the pre-crack towards the 

FZ for the single and double samples welded at maximum current of 8 kA. Almost 

similar trend to the welds at minimum current of 6.4 kA is obtained as higher 

compressive residual stress was measured for the single pulse weld. However, 

apparently, higher compressive residual stress values are obtained for the double 

pulse welded sample at 8 kA compared to the double pulse weld at 6.4 kA.  

In fact, the results obtained on the residual stress measurement propose that 

the change in welding current for the single pulse scheme does not lead to a 

significant change in the residual stress state and magnitude at least in front of the 

pre-crack. For double pulse welds, although the residual stress does not change with 

increase in current from 6.4 kA to 7, there is considerable increase in compressive 

residual stress of double pulse welds produced at the currents of 7.5 and 8 kA. 

However, in overall, single pulse welds shows higher compressive residual stress 

compared to the double pulse samples in all welding currents. 
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Figure 4-10 Gradient of residual stress from pre-crack towards fusion zone obtained using 

multiple fitting procedure for single pulse and double pulse samples welded at 8 kA. 

 Looking carefully at the obtained mechanical results and residual stress 

measurements of two weld schemes can lead to a correlation between cross-tension 

properties and residual state and magnitude in front of the pre-crack. Double pulse 

samples with low compressive residual stress normal to the plane of the pre-crack 

(i.e. 6.4 and 7 kA) shows lower cross-tension properties compared to the single pulse 

welds. Once the compressive residual stress in front of the pre-crack increases to a 

certain amount at 7.5 and 8 kA welding currents, double pulse welds outperform the 

single pulse samples. 

It was shown that in mode-I loading, residual stresses normal to the crack plane 

affect crack growth rate, whereas those residual stresses parallel to the crack have 

little effect [16]. High compressive residual stress perpendicular to the plane of the 

pre-crack can effectively restrain mode-I crack tip opening and thus increase the load 

that is needed for crack initiation and propagation. As the residual stress 

measurements show, double pulse welding at low currents leads to the formation of 

Rex-zone which has very low compressive residual stress normal to the plane of pre-

crack. It seems that the thermal history imposed by the second pulse of low currents 

can release the compressive residual stress in the Rex-zone leading to a lower 

resistance against crack initiation.  

4.3.2 Weld cross section and hardness distribution 

As already discussed in chapter 2 and 3, cross-tension test configuration is very 

much similar to standard compact tension sample which is used to measure the 

fracture toughness under mode I loading condition. Here, the notch at the weld 

nugget edge acts as the pre-crack that subsequently propagates through the weld 

nugget under loading. It was shown in chapter 3 that for the double pulse welds, the 

highly orientated texture of grains evolved from the solidification process in the 

fusion zone at the weld edge is changed into equiaxed structure of PAGs. This can 

avoid delamination of the structure through the elongated PAGs during crack 

propagation and leads to better mechanical properties. This is of great importance 



Residual stress
 

75 

when intergranular fracture occurs through the fusion zone and elemental 

segregation is severe. The cross-sectional overview of the weld nuggets for the single 

and double pulse samples welded at minimum current of 6.4 kA is shown in Figure 

4-11. Similar to the welds produced at maximum current of 8 kA (see Figure 3-2), for 

the double pulse weld, the initial FZ of the first pulse is transformed to two different 

zones: the inner part composed of columnar grains (FZ2), and the outer layer that 

has an equiaxed microstructure of PAGs (Rex-zone), highlighted with white lines in 

Figure 4-11d. 

  

  
Figure 4-11 OM micrograph showing the cross section of single pulse weld (a, c) and double 

pulse weld (b, d) at 6.4 kA. 

As shown in the case of weld produced at 8 kA in chapter 3, double pulse welding 

leads to more severe softening of SC-HAZ. This can reduce the stress concentration 

at the weld edge during mode I loading and may results in failure outside the weld 

nugget. Figure 4-12 depicts the measured Vickers hardness distribution across the 

different microstructural zones of the welds at 6.4 kA. Two major differences 

between the two welds can be identified. First, there is significant drop in the 

hardness of the Rex-zone compared to the FZ2 of double pulse and FZ of single pulse 

welds. Second, the single pulse weld does not show significant softening at the SC-

HAZ, as the hardness of SC-HAZ is almost equal to the hardness of the base metal, 

whereas the minimum hardness of 269 HV is measured in the SC-HAZ of the double 

pulse weld versus the hardness (303 HV) of the base metal. It is worthwhile to note 

that the degree of softening is less pronounced at low current of 6.4 kA compared to 

the double pulse weld made at high welding current of 8 kA (see Figure 3-5). 

Considering all the mentioned factors, it is expected that the double pulse weld 

would show higher mechanical performance compared to the single pulse weld. 

However, surprisingly, the second pulse of low welding currents (i.e. 6.4 and 7 kA) 
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deteriorates the mechanical properties of the welds in this study. This unexpected 

mechanical behaviour can be ascribed to the residual stress state and magnitude in 

front of the pre-crack as discussed. 
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Figure 4-12 Microhardness profile of the single and double pulse welds at 6.4 kA. 

4.3.3 Crystallographic features of martensite  

Based on the failure mode shown in Figure 4-3, OIM maps were collected from 

the FZ of single pulse weld and the Rex-zone of double pulse weld at 6.4 kA (Figure 

4-13). Considering K-S OR between prior austenite and martensite, variants 

belonging to different packets and Bain groups of martensite are coloured in 

different tints. White and black lines are imposed on the maps indicating the low 

angle (5-15º) and high angle (> 15º) boundaries, respectively. PAGs are shown with 

bold black lines. Every single packet in the FZ of single pulse weld is subdivided into 

two or three Bain groups as revealed in Figure 4-13a and c. As observed in Figure 4-

13b and d, the Rex-zone of double pulse weld shows higher density of low angle grain 

boundaries. Furthermore, Bain zones are much coarser in this zone compared to the 

FZ of single pulse weld. 

In Figure 4-14a and b, theoretical variants of K-S OR is rotated and 

superimposed on the {001} pole figure of single PAGs in FZ of single pulse and Rex-

zone of double pulse welds, respectively. Three Bain groups are represented by , ○ 

and □, respectively, in calculated K-S pole figures and by three different colours in 

experimental ones. As shown, the overall shapes of pole figures exhibit good 

agreement between the experimental and theoretical results indicating that K-S OR 

is still applicable in this study in spite of small deviations. In both cases, there are 

variants that do not appear at the position of theoretical K-S OR, indicating that 

variant selection occurs for two zones. However, variant selection is much heavier in 

the Rex-zone of the double pulse weld as more variants are absent. Clearly, variants  
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Figure 4-13 Packet maps of martensite in the FZ of single pulse (a) and Rex-zone of double 

pulse welds (b) at 6.4 kA. (c, d) Bain maps corresponding to (a) and (b), respectively. White 

lines are low angle (5-15º) and black lines are high angle (> 15º) boundaries. 

 

  

  

Figure 4-14 {001} pole figure of single PAG in FZ of single pulse weld (a) and Rex-zone of 

double pulse weld (b) Pole figure of single packet of martensite in FZ of single pulse weld (c) 

and Rex-zone of double pulse weld (d).(welding current of 6.4 kA) 
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of martensite belonging to one Bain group do not appear in the pole figure of Rex-

zone. Figure 4-14c and d illustrate the pole figures of single packets of martensite for 

two different zones correspondingly. While all three Bain groups are present in the 

crystallographic packet of martensite in the FZ of single pulse weld (Figure 4-14c), 

the packet is dominated by almost one Bain group (coloured in blue) in the Rex-zone 

of the double pulse weld (Figure 4-14d). This is in accordance with the 

microstructural characteristics of the martensite formed in front of the pre-crack for 

the samples welded at maximum current of 8 kA as the double pulse welding 

culminates in martensitic microstructure with a stronger variant selection in which 

coarser Bain groups with high fraction of low angle grain boundaries are formed.  

  

  

Figure 4-15 IPF map and corresponding color coded KAM map of single pulse weld (a, c) 

and double pulse weld (b, d) made at welding current of 6.4 kA. 
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Figure 4-15a and b show the IPF maps of the single and double pulse welds 

made at welding current of 6.4 kA, respectively. The PAG boundaries are highlighted 

by black lines. As shown, the finer and more compact structure of the single pulse 

weld transforms to a coarser structure of PAGs in the Rex-zone and also FZ2. Figure 

4-15c and d depict the corresponding kernel average misorientation (KAM) maps of 

the two welds. KAM shows the average misorientation of a measurement point with 

its six neighbours and is a qualitative measurement of local strain distribution. 

Maximum misorientation of 5° was imposed to calculate the KAM maps in the 

second neighbour configuration. Misorientations larger than 5° were not taken into 

account since they are considered to develop low- and high-angle grain boundaries. 

The KAM is presented in the color-coded map with five colours corresponding to the 

misorientation angle between 0° and 5° (see Figure 4-15c and d). The local residual 

strain could be safely explained by KAM map as an increase in the strain leads to an 

increase in the local lattice rotation. Thus, higher local misorientation of a given pixel 

with respect to its neighbours shows higher local residual strain in the lattice. As 

illustrated in Figure 4-15c, the KAM value for single pulse weld decreases with 

moving over CG-HAZ towards FZ, and then increases again in the FZ. For double 

pulse weld, the lowest KAM values are achieved in the Rex-zone (Figure 4-15d). Thus 

the FZ2 with higher residual stress is surrounded by the Rex shell that has lower 

residual stress. For both samples, the outer CG-HAZ far from the nugget shows the 

highest KAM value that indicates the highest residual stress.  

Figure 4-16 depicts the IPF maps and their corresponding KAM maps of single 

and double pulse welds at maximum current of 8 kA. As shown much thicker Rex 

zone is formed in the case of double pulse weld at higher current. However, the KAM 

map shows the similar trend in residual stress of different zone. Double pulse 

welding results in the formation of the Rex zone, which shows lower residual stress 

compared to its surrounding zones. These results are in agreement with the 

measured residual stress values using micro-slit milling method as lower residual 

stress values were measured at the weld edge of double pulse samples compared to 

single pulse ones. 

To summarize, lower mechanical performance of double pulse weld at low 

welding currents can be explained by two factors: First, the state of residual stress 

perpendicular to the plane of pre-crack at the weld edge; second, the crystallographic 

characteristics of martensite formed in the Rex-zone. Lower compressive residual 

stress normal to the plane of the pre-crack, decrease in the fraction of high-angle 

grain boundaries and stronger variant selection in the Rex-zone of double pulse weld 

reduce the resistance of the weld against crack propagation during mode I loading 

by cross-tension test. In contrast, there is higher compressive residual stress in front 

of the pre-crack of single pulse weld which is composed of blocks of martensite that 

are highly misorientated and indicate weaker variant selection.  
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Figure 4-16 IPF map and corresponding color coded KAM map of single pulse weld (a, c) 

and double pulse weld (b, d) made at welding current of 8 kA, respectively. 

The above mentioned results clearly confirm how complicated is the mechanical 

response of resistance spot weld during cross-tension test. Higher welding current 

of 7.5 and 8 kA showed significantly improved mechanical performance of double 

pulse welds as opposed to the lower currents of 6.4 and 7 kA. In the case of double 

pulse welds made at 7.5 and 8 kA, the compressive residual stress reaches above 200 

MPa, which is higher than the corresponding value for the double pulse welds made 

at lower currents (~ - 66 MPa), although still lower than the residual stress of single 

pulse welds. The increase in the compressive residual stress for the double pulse weld 

at high welding currents can be attributed to the thermo-mechanical characteristics 

of RSW. During RSW not only a thermal cycle is applied to the joint but it is also 
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imposed to plastic deformation applied by the electrodes. The weld is subjected to a 

larger plastic deformation during the double pulse welding compared to the single 

pulse scheme. It seems that the thermal cycle of the second pulse is able to largely 

release the residual stresses in the Rex-zone of the double pulse weld at low welding 

currents. However, as the plastic deformation applied by the electrodes increases 

with the welding current, residual stress is built up in front of the pre-crack with the 

second pulse of high current. It is also worth noting that double pulse welding at high 

welding current leads to more intensive SC-HAZ softening that reduces the stress 

concentration at the weld edge during cross-tension test. Besides, larger size of 

nugget formed at higher welding current becomes the most important parameter 

that changes the failure mode to PF mode during which the crack initiates and 

propagates outside the nugget. This may also make the residual stress state less 

effective on enhancing the mechanical performance of the weld. Therefore, multiple 

factors are involved in determining the mechanical properties of the welds, including 

weld size, SC-HAZ softening, characteristics of phase transformation and the state 

of residual stresses at the weld edge.  

4.4 Conclusion 

Mechanical performance, microstructural evolution and the state of residual 

stress in front of the pre-crack were studied for single and double pulse welded hot 

dip galvanized DP1000 steel. It was found that double pulse welding at low welding 

currents deteriorates cross-tension strength and energy absorption capability of the 

weld. Residual stress measurement showed that the compressive residual stress 

perpendicular to the plane of the pre-crack decreases significantly for the double 

pulse welded sample made at 6.4 and 7 kA. Furthermore, OIM investigations 

revealed that the Rex-zone of double pulse weld in front of the pre-crack consists of 

a low fraction of high-angle grain boundaries and coarser structure of Bain groups. 

Lower mechanical performance of double pulse welds produced at low welding 

current was attributed to the formation of Rex-zone in front of the pre-crack with 

lower compressive residual stress and smaller fraction of high-angle grain 

boundaries, which lead to lower resistant against crack initiation and propagation. 

It was also found that higher welding current leads to higher compressive 

residual stress in front of the pre-crack at the weld edge of double pulse welds, 

although it is still lower than the residual stress of single pulse samples. This can 

explained by the higher plastic deformation applied by the electrodes at high welding 

currents that builds up higher residual stress in the weld nugget. Welding at higher 

currents increases the nugget size as the most important parameter that can change 

the failure mode from IF to PF. Besides, SC-HAZ softening is more severe for the 

double pulse welds at high currents leading to reduced stress concentration at the 

weld edge during mode I loading. These parameters may make the effect of residual 

stress on the mechanical response of the welds less stronger.  
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Chapter 5  

Micro-mechanical characterization* 

In this chapter in-situ micro-cantilever bending tests carried out on resistance spot 

welded DP1000-GI dual-phase high-strength steel in order to derive the mechanical 

response of the welds is presented. Notched micro-cantilevers were milled using 

focused ion beam milling at the base metal, inter-critical, fine-grained and coarse-

grained heat affected zones, and fusion zone. It is shown that due to large plastic 

yielding, linear elastic fracture mechanics are inapplicable. To evaluate the fracture 

toughness of different weld zones, cyclic loading was applied to track the crack size 

and the conditional fracture toughness of weld zones was measured using crack tip 

opening displacement and J-integral methods. It was found that micro-cantilever 

bending method provides insight to the fracture toughness and local mechanical 

response of different weld zones. The results obtained can be used to make an 

accurate correlation between resistance spot welding process, microstructure and 

mechanical response of DP1000-GI dual-phase high-strength steel welds. 

  

                                                           

* This chapter has been published in the following journal: 

A. Chabok, E. Galinmoghaddam, J.T.M. De Hosson, Y.T. Pei. Micromechanical 

evaluation of DP1000-GI dual-phase high-strength steel resistance spot weld. J. Mater. 

Sci., 54 (2019) 1703–1715. 
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5.1 Introduction 

As already discussed in chapter 2, section 2.8, different models have been 

proposed to derive the critical weld nugget size and to predict strength of resistance 

spot welds [1–3]. They are mainly based on local mechanical properties of resistance 

spot weld such as fracture toughness, yield strength and ductility of different zones. 

It was already shown that the fracture toughness of the weld is one of the most 

effective factors determining the mechanical properties of resistance spot welds [4,5]. 

However, considering the small size of spot welds (typically 5~7 mm) and the size of 

heat affected zones (ranging from 0.1 mm to 0.7 mm), local mechanical 

characterization of spot welds necessitates unique experimental approaches. Tong et 

al. [6], used miniaturized tensile bars with a length of 3 mm to measure tensile 

properties of the welds. However, a simulated microstructure of HAZ was used, as it 

was impossible to cut such a sample from its narrow area. Also, it was impossible to 

analyze the mechanical performance of FG-HAZ, CG-HAZ and IC-HAZ separately. 

Nanoindentation is also routinely used to investigate the mechanical properties of 

different zones [7]. However, it cannot be used to evaluate the fracture toughness of 

ductile phases that are formed during RSW, as it is based on the length of cracks 

emanating from the residual indentation impression. 

Recently, fracture analysis using notched micro-cantilevers made by FIB 

milling was developed. Advent of in-situ electron microscopy based fracture 

instruments has provided a solid base for this novel approach. Using this method, 

stress intensity factor was successfully measured for NiAl single crystals [8], WC-

based coatings [9], Si single crystal [10] and zirconia [11]. While most of the 

investigated materials showed brittle behavior even at micro-scale, Wurster et al. [12] 

applied the J-integral and crack tip opening displacement methods successfully to 

critically evaluate the fracture toughness of tungsten single crystal which failed in a 

ductile manner. Costion et al. [13] measured the fracture toughness of acicular ferrite 

and upper bainite. They found that despite of different microstructural 

characteristics of two phases, their mechanical responses at micro-sale are quite 

similar.  

The response of resistance spot welds to mechanical loading is significantly 

different from that of the base metals. That is so because of the microstructure / 

property gradients formed in the FZ and HAZ, as well as due to the geometrical 

constraints of spot welding. Strength and hardness mismatch among the FZ, HAZ 

and BM create stress concentrations in the microstructural zone of the lowest 

strength or hardness under deformation. In order to predict the mechanical 

performance and failure of spot welds, therefore, the gradients and mechanical 

properties must be determined at a microstructural level.  

To the best of our knowledge, there is no literature reporting the strength and 

fracture toughness of different microstructural zones in AHSS spot welds. This is 

largely attributed to the fact that direct measurement of mechanical properties of 
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different regions of spot weld is hardly possible without appropriate means such as 

FIB cutting of micro-specimens and in situ testing devices. The present chapter aims 

at studying the fracture behavior of different weld zones at micrometer-scale using 

FIB made notched micro-cantilevers.  

5.2 Experimental 

DP 1000 AHSS 1.5 mm thick plates were resistance spot welded using the 

method presented in chapter 3 with the welding current of 6.4 kA. After sectioning 

of the weld through the center, its cross-section was ground and polished 

mechanically, followed by a chemical-mechanical polishing with a mixture 

containing 90% of colloidal silica and 10% of hydrogen peroxide. The microstructure 

of different zones was examined using OIM. The OIM characterization was carried 

out by electron back scatter diffraction pattern using a Philips ESEM-XL30 scanning 

SEM equipped with a field emission gun operating at 20 kV. Nanoindentation tests 

were performed using MTS XP Nano-indenter machine, equipped with a Berkovich 

indenter. 10 indentations were conducted for each weld zone at the constant 

maximum load of 30 mN. 

  
Figure 5-1 (a) Representative micrograph of FIB-milled cantilever with a notch and (b) in-

situ microcantilever bending overview (the sample is tilted 25° with respect to the electron 

beam). 

Milling of cantilevers in selected regions of DP1000-GI welds was conducted on 

Tescan LYRA SEM-FIB dual beam microscope. The cantilever beams with a nominal 

length of 15 µm, a thickness of 5-5.5 µm and a width of 4-4.5 µm were roughly milled 

using higher current Ga+-ion beam (10 nA, 3 nA and 600 pA) and polished using 

lower current (200 pA and 40 pA) at 30 kV (Figure 5-1). The cantilevers were 

notched using a low ion beam current of 10 pA to produce sharp notch as much as 

possible with the crack length to width (a/t) ratio of 0.35-0.4. The bending of 

cantilevers was performed in the dual beam microscope by a nanotester (ASMEC, 

Germany) under the displacement-controlled mode equipped with a spherical 

diamond indenter. This minimizes possible impression by a sharp indenter on the 

cantilever and, therefore, the measured displacement is primarily the deflection of 
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the cantilever rather than local deformation in the contact area. Several loading and 

unloading steps with the rate of 20 nm/s were applied to monitor the crack 

propagation during bending. 

5.3 Results and discussion 

5.3.1 Microstructure 

Figure 5-2a shows an OM image of the weld cross section together with labels 

for different weld zones. Image quality (IQ) map of each zone are shown in Figure 5-

2b-f. BM consists of dual phase structure of ferrite and martensite. Because of higher 

dislocation density and lattice distortion martensite shows lower IQ and appears 

darker in the image, which enables separation of ferrite from martensite (Figure 5-

2b). The peak temperature in the IC-HAZ ranges between Ac1 and Ac3. The increase 

in the peak temperature within this range results in an increase in the volume 

fraction of ferrite dissolved into the austenite. Subsequent rapid cooling induced by 

the electrodes leads to the transformation of inter-critically austenite phase back to  

  

    

Figure 5-2 Cross-section of the resistance spot weld showing different weld zones (a). IQ map 

of the BM (b), IC-HAZ (c), FG-HAZ (d), CG-HAZ (e) and FZ (f). 
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dual martensite-ferrite phase (Figure 5-2c). As illustrated the volume fraction of 
martensite phase is higher in this zone compared to BM. FG-HAZ often lies in the 
area with partial or full transformation but little grain growth. As shown in Figure 5-
2d, this area is composed of ultra-fine martensite combined with small fraction of 
untransformed ferrite. The average block thickness of martensite in this zone is 515 
nm. The peak temperature in the CG-HAZ exceeds well above the Ac3 temperature, 
leading to the formation of fully austenitized microstructure. The CG-HAZ is 
adjacent to the weld nugget, which facilitates grain growth. Subsequent rapid cooling 
transforms CG-HAZ to coarser martensitic microstructures with an average block 
thickness of 960 nm (Figure 5-2e). FZ is the zone which is melted and resolidified 
during the welding leading to the formation of elongated blocks of martensite inside 
the columnar structure of prior austenite grains (Figure 5-2f). The average block 
thickness in the FZ was measured as 1.1 µm. 

5.3.2 Mechanical properties 

Nanoindentation experiments were performed to assess local yield strength of 
material at different weld zones. To minimize the effect of nanoindentation size and 
the inhomogeneity of multiphase materials such as the DP1000-GI dual-phase high-
strength steel, special attention was made in the selection of the maximum load for 
nanoindentation, which had to be large enough to ensure that the indentation 
included both ferrite and martensite phases at the different weld zones. In rare cases 
only martensite or ferrite was indented leading to very high or low hardness value, 
these indentation data were identified by means of SEM inspection on the 
indentations and excluded from the measurement. The representative load-
displacement curves for the five zones are shown in Figure 5-3. The average hardness 
and Young’s moduli (E) values are listed in Table 5-1. As illustrated, the BM and FG-
HAZ have the lowest and highest hardness values, respectively. As expected, similar 
moduli E were measured for different weld zones as their structure is almost 
martensitic. A relatively lower value of E was obtained for the BM with dual phase 
structure of ferrite and martensite. The IC-HAZ also has a comparable E value as 
that of the FG-HAZ, CG-HAZ and FZ. 
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Figure 5-3 Load-displacement curves of nanoindentation test for different weld zones. 
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Table 5-1 Hardness and elastic modulus of weld zones obtained using nanoindentation test. 

 H (GPa) E (GPa) 

BM 3.9 ± 0.13 219 ± 7.5 

IC-HAZ 5.2 ± 0.28 228 ± 19.6 

FG-HAZ 6.3 ± 0.25 239 ± 6.8 

CG-HAZ 5.6 ± 0.27 226 ± 13.6 

FZ 5.1 ± 0.11 234 ± 15.4 

To extract yield strength and strain hardening exponent from nanoindentation 

data, dimensional analysis developed by Dao et al. [14] was used. They established a 

forward and reverse algorithm to determine analytical solutions to relate indentation 

data to elasto-plastic properties of ductile materials. Assuming that plastic behavior 

of the material can be approximated by a power law description, the nominal stress 

σ can be defined by: 

� = ��(1 +
�

��
��)

� (5-1) 

The stress at the plastic strain (��) of 0.033 is described by:  

�

��.���
= 	−1.131[ln(

�∗

��.���
)]� + 	13.635[ln(

�∗

��.���
)]� − 	30.594[ln(

�∗

��.���
)] + 29.267

 (5-2) 

where C is the curvature of the loading curve and is defined by: 

P = �ℎ� (5-3) 

E* is the reduced Young modulus and is given by: 

�∗ =
�

�.��

√�

√�

���

��
|�� (5-4) 

For a Berkovich indenter the contact area A is equal to 24.56ℎ�
� . By determining 

the slope of unloading at maximum load-depth, 
���

��
|��, strain hardening exponent 

can be calculated using: 

�

�∗��

���

��
|�� = (−1.40557�� + 0.77526�� + 0.1583� − 0.06831)[ln(

�∗

��.���
)]� +

(17.93006�� − 9.22091�� − 2.37733n + 0.86295)	[ln(
�∗

��.���
)]� + (−79.99715�� +

40.5562�� + 9.00157� − 2.54543)[ln(
�∗

��.���
)] + (122.65069�� − 63.88418�� −

9.58936� + 6.20045) (5-5) 

The yield strength can be obtained by: 

��.��� = ��(1 +
�

��
0.033)� (5-6) 
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Representative ��.��� was selected as it was found that dimensionless function of Eq. 

5-2 normalized with respect to ��.��� is independent of strain hardening exponent n. 

The extracted σy and n value for different weld zones are depicted in Figure 5-4. 

The BM shows the highest average n value of 0.2 and the lowest σy of 656 MPa, which 

is in good agreement with the yield strength (~700 MPa at 0.2% offset) of DP1000-

GI steel measured with standard tensile test. The FG-HAZ achieves the highest σy of 

1940 MPa and the lowest n value of 0.018. This is attributed to the ultra-fine fully 

martensitic structure of FG-HAZ. Decrease in block thickness of martensite as the 

mean free path of dislocations leads to a higher yield strength, but it diminishes the 

capacity of material to work harden after yielding. While the second highest σy and 

the second lowest n value are measured in CG-HAZ, IC-HAZ and FZ show almost the 

same range of yield strength and n values despite their different microstructures.  

 

Figure 5-4 Extracted yield strength and strain hardening exponent n from nanoindentation 

tests. 

5.3.3 Fracture toughness 

Local fracture properties of ductile materials cannot be identified through 

indentation methods as they are based on the measurement of crack length at 

indentation corners that were originally applied for brittle materials [15]. Therefore, 

micro-sized cantilever testing seems to be the most feasible method to evaluate the 

fracture properties of weld zones. Micro-cantilevers were milled in different weld 

zones as described in section 5-2. For the FZ two cantilevers were milled in two 

different directions as schematically shown in Figure 5-5a. In this map the columnar 

grain boundaries of two prior austenite grains are shown as black lines. The inverse 

pole figure map from the top side of the two cantilevers is shown in Figure 5-5b and 

c, respectively. Block boundaries are highlighted by black lines. The cantilever 

labeled as FZ-A was fabricated along the columnar grain in which the block 

boundaries cross over the notch and make an angle around 45° with it (Figure 5-5b). 

0

500

1000

1500

2000

2500

BM     IC-HAZ  FG-HAZ  CG-HAZ     FZ

Y
ie

ld
 s

tr
e
n
g
th

 (
M

P
a
)

 Yield strength

0.00

0.05

0.10

0.15

0.20

0.25

S
tr

a
in

 h
a
rd

e
n
in

g
 e

xp
o
n
e
n
t 
n  n value



Chapter 5
 

90 

The second one named as FZ-C was milled across the columnar grain in which the 

block boundaries are almost parallel to the notch (Figure 5-5c). 

  

Figure 5-5 Overview of the FZ together with schematic image of milled cantilevers in two 

directions (a), invers pole figure map from top side of cantilever milled along (b) and across 

(c) the columnar structure of prior austenite grain.(Prior austenite grain boundaries in (a) 

and block boundaries in (b) and (c) are highlighted with black lines. Cantilever sizes have 

been drawn exaggeratedly in (a) for better indication) 

Figure 5-6 shows the experimental load-displacement curves for bending the 

microcantilevers of the different weld zones. Partial unloading segments were used 

after a specific displacement interval (500 nm). This enables to determine the 

stiffness of the cantilever by each unloading segment for tracking crack propagation. 

Three different stages are observed for the bending of all cantilevers. The first stage 

(I) is associated with yielding and strain hardening which shows an increase in load 

with displacement. Stage (II) is achieved by a force plateau during which the change 

in load with displacement is insignificant. The force plateau is followed by stage (III) 

that shows a continuous decrease in load with increasing displacement. As observed, 

all the cantilevers show large plastic deformations during loading that make the 

linear-elastic fracture mechanics (LEFM) inapplicable. 

As not all the requirements set by the standards [16,17] to determine the stress 

intensity factor (KIC) are satisfied by micro-sized cantilever testing, all the measured 

values of fracture toughness are termed “conditional” in this study and labelled with 

a subscript “Q”. The conditional stress intensity using LEFM for a notched cantilever 

is obtained by [12,17]: 

��� = 	
���

���/�
	�(

�

�
) (5-7) 

where FQ is the force determined according to [16], L is the bending length between 

the notch and the loading point, w the width and t the thickness of microcantilever 
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(see Figure 5-1). Dimensionless shape factor f(a/t) for a rectangular cantilever 

geometry is calculated using the expression taken from [12]: 
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Figure 5-6 Load displacement curve of the BM (a), IC-HAZ (b), FG-HAZ (c), CG-HAZ (d), FZ-

A (e), FZ-C (f). 
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If LEFM is applied to the maximum load where the crack initiates in Figure 5-6 

the lowest and highest KIQ of 1.46 and 3.35 MPa m½ is extracted for the BM and FG-

HAZ, accordingly. ASTM standard [17] sets restrictions for the sample dimension as 

the ligament size (t-a0) must be larger than 2.5	(
���
�

��
� ). According to the obtained KIQ 

and yield strength, the minimum ligament size for the BM and FG-HAZ would be 

12.3 and 7.45 µm, respectively, which are larger than the proposed size by the 
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standard. LEFM can only be used when there is not large-scale yielding in front of a 

crack tip and thus provides the lower limit of the fracture toughness. 

Therefore, other methods including J-integrals and crack tip opening 

displacement (CTOD) have been applied to evaluate the fracture toughness of semi-

brittle and ductile materials, which we discuss in the following sections. 

5.3.3.1 CTOD 

CTOD is one of the most widely used non-linear methods to determine the 

fracture toughness of ductile materials with large-scale yielding. According to the 

standard for macro-scale samples [17], a notch or pre-crack must be created using 

fatigue test. It requires specific sample geometries like the arc-shaped or 3-point 

bending specimens. None of them are fulfilled at micro-scale testing and thus again 

the ‘conditional’ values are calculated. In order to determine CTODQ, it is needed to 

measure the crack mouth opening displacement (CMOD). It was carried out by 

capturing multiple SEM images during the loading process of beams. Figure 5-7 

shows the plot of bending force versus CMOD for the tested cantilevers. Three stages 

can be identified in the plots. Small CMOD is achieved by yielding (stage I), which is 

followed by a noticeable CMOD as reaching the force plateau (stage II). More 

pronounced CMOD is observed after the force plateau while it is accompanied by a 

drop in load and hence larger crack propagation (stage III). As indicated in Figure 5-

7c, stage II of force plateau ends with slightly smaller but still comparable CMOD for 

the FG-HAZ compared to other samples. However, it is associated with a much 

higher load. 
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Figure 5-7 Force-CMOD curves of the BM (a), IC-HAZ (b), FG-HAZ (c), CG-HAZ (d), FZ-A (e) 

and FZ-C (f) cantilevers. All the scale bars in the insert SEM images are 1 µm. 

The CTODQ can be calculated by [18]: 



Micro-mechanical characterization
 

93 

����� = �� = 	��
�� + ��

��
= ��

��,����
� (����)

���
+

���(����)���

���(����)���
 (5-9) 

where dn is a dimensionless factor equal to 0.5 assuming plain strain condition. 

��	and E take the values obtained in section 5.3.2 via nanoindentation tests. ��� is the 

plastic rotational factor and based on the hinge model for the single-edge bend 

geometry and set to 0.44. ���  is the plastic part of the displacement and can be 

achieved by making a construction line from the end of force plateau parallel to the 

initial elastic loading line of force-CMOD curve. The fracture toughness KIQ, δ is then 

calculated from: 

��,� = �
�

��

���

(����)
�� (5-10) 

The calculated KQ, δ values for the BM, IC-HAZ, FG-HAZ, CG-HAZ, FZ-A and 

FZ-C are 4.96, 7.20, 11.59, 10.05, 7.9 and 7.38 MPa m½, respectively. 

5.3.3.2 J-integral 

Beside the possibility to measure CTOD, J-integral can be used to evaluate 

fracture toughness of materials with large scale yielding. This method is based on a 

precise knowledge of crack extension during loading. This can be achieved by 

measuring the beam stiffness for each unloading segment. Crack propagation leads 

to a reduced ligament size and thus a lowered bending stiffness. By determining the 

stiffness (ki) for each unloading segment, the change in ligament size (t-ai) can be 

estimated using [12]: 

� − �� = �
����

�

��

�
 (5-11) 

As already discussed, the stage I is associated with yielding and strain hardening. 

Strain hardening occurs because of significant plasticity in front of a notch leading 

to high resistance against crack propagation. The unloading segments show an 

increase in the stiffness before reaching the maximum load. It was assumed that no 

crack prorogation occurs during strain hardening and unloading segments before 

reaching the maximum load were excluded for the sake of determining the turning 

point of stiffness evolution that corresponds to crack propagation. In stage II a force 

plateau is reached as two factors in completion: strain hardening and blunting of 

newly formed crack tip tends to increase the load, whereas crack propagation leads 

to a smaller beam cross section and decreases the required load for further 

deformation. The FG-HAZ shows more limited strain hardening and force plateau. 

In contrast, in the case of the CG-HAZ, FZ-A and FZ-C, it takes larger displacement 

to overcome the stage II. The third stage (III) is characterized by continuous decrease 

in load and bending stiffness that is because of stable crack growth, which completely 

overcomes the strain hardening.  
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Figure 5-8 illustrates the plot of the estimated crack extension by each step of 

unloading. Two distinct stages of crack extension for all the samples can be identified. 

The first stage is called crack blunting during which the crack growth rate is slow. 

This stage corresponds to the stage II of force plateau in the force-displacement 

curves in Figure 5-6 and Figure 5-7. During the second stage, sharp crack 

propagation with higher growth rate occurs. It corresponds to the stage III that is 

associated with stable crack growth and continuous decrease in load presented in 

Figure 5-6 and 5-7. Clearly, crack blunting is less effective in the FG-HAZ as the 

transition to the second stage of crack propagation occurs after the third unloading 

segment. The crack blunting effect is the strongest in the case of the CG-HAZ as the 

transition to the second stage is delayed after the 6th unloading step. However, the 

smallest crack extension is observed for the FG-HAZ as opposed to the BM with the 

largest crack length. It should be also considered that crack propagation occurs at 

much higher loads for the FG-HAZ sample. 
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Figure 5-8 Crack extension versus unloading step for the BM (a), IC-HAZ (b), FG-HAZ (c), 

CG-HAZ (d), FZ-A (e) and FZ-C (f). 

The J-integral of ith unloading segment can be calculated using [17]: 
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�
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� [1 −

����(���)

(���(���))
] (5-12) 

The J-integral is split into two parts, namely elastic and plastic part. The elastic part 

is calculated using KIQ that is obtained this time by setting FQ = F0.95 in the ith 

unloading part. F0.95 is the load obtained by making a construction line with 95% of 

the slope of the reloading part of every unloading segment. In the plastic part, η is a 

constant and equals to 2 [12], Apl represents the area beneath the load displacement 

curve excluding the triangle part defined by the ith unloading line. Once the JQ is 

extracted from J curve versus crack extension, the conditional fracture toughness 

can be achieved by: 
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��,� = 	�
���

����
	 (5-13)	

Figure 5-9 shows J-Δa curves for different cantilevers. All the curves exhibit 

typical shape as observed for the ductile materials tested at macroscale with a 

blunting line followed by stable crack growth. J-Δa curve for the stable crack growth 

must be fitted by the power law of the form: �(∆�) = 	�� �
∆�

�
�
��

, where k is a constant 

and C1 and C2 are determined by fitting procedure. In a standard test, a construction 

line parallel to the blunting line is drawn at the offset of 0.2 mm. The intersection of 

this line with the curve of stable crack growth gives JQ value. However, it is not 

possible to make such a large offset at the micrometer scale used in the work. 
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Figure 5-9 J-integral versus crack extension(J-Δa) curves of the BM (a), IC-HAZ (b), FG-

HAZ (c), CG-HAZ (d), FZ-A (e) and FZ-C (f). 

Here we also follow Wuster et al. [12] who proposed another method to extract 

JQ from the J-Δa. It includes fitting of the data with two linear functions. The first 

line describes the initial part of the curve for blunting part, while the second line is 

made by fitting the data for the stable crack growth part. The intersection of these 

two lines holds an estimate for the critical J that indicates a transition from one stage 
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to another. The standard test restricts the maximum J value and crack propagation 

to gain a valid value for the fracture toughness. The limitation for J-integral and 

crack extension is given by ������ = ��
����

��
 and ������� = 0.25(� − ��), respectively 

[19].  

The dashed lines in Figure 5-9a show these limitations for J value and crack 

extension for the BM. As observed, J value limitations are not met as all the 

measured values are above the Jlimit. In contrast, the measured values of the crack 

extension are below the maximum crack propagation Δamax allowed by the standard. 

The same conditions hold for all other samples as the Jlimit requirements are not 

fulfilled, whereas the crack extension is smaller than Δamax. However, as Δamax values 

( ≥ 0.7 µm) for other samples are far above the measured crack extension, they have 

not been shown in the graphs. 

 

Figure 5-10 Measured conditional fracture toughness values using LEFM, CTOD and J-

integral methods. 

The conditional fracture toughness values measured using the three methods, 

namely LEFM, CTOD and J-integral are shown in Figure 5-10. LEFM only provides 

the lower bound of the fracture toughness for ductile materials. CTOD method yields 

lower fracture toughness compared to J-integral. It can be attributed to the sample 

size effect as there is an increase in the yield strength with decrease in sample size 

[20]. Demir et al. [21] studied micro-cantilever bending of single crystalline copper 

and reported higher flow stress for smaller beams. Increase in the yield strength due 

to size effect decreases the required sample size, but on the other hand increases the 

fracture toughness measured through CTOD method. In the present study, the yield 

strength of different weld zones was extracted from nanoindentation test at which 

the effect of sample size is effective, especially when the depth of penetration is small. 

By taking into account this issue, the selected maximum load for nanoindentation 

was high enough to yield a large indentation depth, which makes the scale dependent 

effects negligible. This is reflected also in the obtained yield strength for the BM, 
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which is in consistency with the yield strength measured at macro-scale. As the 

incorporated yield strength obtained from nanoindentation might be lower than the 

real yield strength of the structure in front of the notch, the CTOD method leads to 

lower fracture toughness value compared to the J-integral. The rise in yield strength 

at micro-scale can be attributed to the limited amount of active dislocation sources 

in small volume or to the dislocation pile up at the center of cantilever. Therefore, J-

integral method results in more realistic values compared to CTOD method in this 

particular case. Nevertheless, the trend of measured fracture toughness using CTOD 

method is consistent with the values obtained from J-integral. 

As indicated the FG-HAZ yields the highest fracture toughness using both 

CTOD and J-integral methods. It can be ascribed to the ultra-fine structure of the 

FG-HAZ. It was already reported that the refinement of martensite can effectively 

enhance its fracture toughness [22–24]. Packet and block boundaries are effective 

barrier against crack propagation that leads to higher energy for the crack to cross 

over the boundary. It should be noted that the maximum crack extension for all the 

samples are smaller than their corresponding transition flaw size (�� = ���
� ���

�⁄ ). 

Therefore, the failure of the welds is governed by plastic yielding (otherwise at crack 

sizes larger than at, the failure would be dominated by fracture mechanics). For the 

FG-HAZ with higher yield strength, higher energy is consumed at the crack tip to 

create new surfaces for crack propagation.  

   
Figure 5-11 Fracture surface of bended cantilevers for the FG-HAZ (a), FZ-A (b) and FZ-C 

(c). 

The measured values of the fracture toughness of weld zones at micro-scale are 

lower Figure 5-11 shows representative fracture surface of bended cantilevers for the 

FG-HAZ, FZ-A and FZ-C. As indicated, samples fail in a ductile manner as the 

fracture is associated with the formation of micro-voids and dimples. Therefore, it 

can be deduced that micro-cantilevers yield before fracture. It is also worth noting 

that more homogeneous fracture surface is observed for the FZ-C. It can be because 

of alignment of the notch along the block boundaries that makes the delamination of 

structure and crack propagation easier. It is also reflected in the measured fracture 

toughness, as the FZ-C shows larger crack propagation and lower fracture toughness 

compared to FZ-A. 
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The measured values of the fracture toughness of weld zones at micro-scale are 

lower than the reported values for martensitic steels. It can be attributed to the fact 

that the crack extension is small at micro-scale and not all the toughening 

mechanisms such as crack deflection and crack bridging are activated. Therefore, 

micro-cantilever bending tests measure the toughness values for the crack initiation 

stage, which may increase through a larger crack propagation [25]. Nevertheless the 

method provides insight about the fracture behavior of different zones in RSW for 

comparative study. It can be used to correlate between welding parameters, 

microstructure and mechanical performance.  

5.4 Conclusion 

Local mechanical properties of different weld zones of DP1000-GI resistance 

spot weld were evaluated using nanoindentation and micro-cantilever bending tests. 

The yield strength and strain hardening exponent were derived from 

nanoindentation tests. FIB made notched micro-cantilevers were used to measure 

the fracture toughness of different weld zones. It is shown that the bending of 

cantilevers is associated with large plastic yielding, which makes the linear-elastic 

fracture mechanics inapplicable.  

Cyclic loading can be applied to measure the fracture toughness at micro-scale 

using J-integral and crack tip opening displacement methods. It enables tracking 

crack extension by measuring the beam stiffness at each unloading segment. The 

measured values are lower than the fracture toughness of macro-sized samples. 

However, the method can be successfully implemented to the investigation of 

resistance spot welds for comparative study. It paves the way to make detailed and 

accurate correlation between welding parameters and mechanical performance in 

order to develop a model for the prediction of mechanical properties of resistance 

spot welds. 

Reference 

[1] D.J. VandenBossche, Ultimate strength and failure mode of spot welds in high strength steels, 
(1977).  

[2] M. Marya, K. Wang, L.G. Hector, X. Gayden, Tensile-shear forces and fracture modes in single 
and multiple weld specimens in dual-phase steels, J. Manuf. Sci. Eng. 128 (2006) 287. 

[3] R.A. Smith, Sizing of spot welds by elastic/plastic analysis, in: Fracture and fatigure: Elasto-
Plasticity, Thin Sheet and Micromechanisms Problems, Pergamon, 1980: pp. 49–56. 

[4] S. Furusako, G. Murayama, H. Oikawa, T. Nose, F. Watanabe, H. Hamatani, Y. Takahashi, 
Current problems and the answer techniques in welding technique of auto bodies (first part), 
Nippon Steel Tech. Rep. 103 (2013) 69–75. 

[5] M. Pouranvari, Fracture toughness of martensitic stainless steel resistance spot welds, Mater. Sci. 
Eng. A. 680 (2017) 97–107. 

[6] W. Tong, H. Tao, N. Zhang, X. Jiang, M.P. Marya, L.G. Hector, X.Q. Gayden, Deformation and 



Micro-mechanical characterization
 

99 

fracture of miniature tensile bars with resistance-spot-weld microstructures, Metall. Mater. Trans. 
A. 36 (2005) 2651–2669. 

[7] V.H. Baltazar Hernandez, S.K. Panda, Y. Okita, N.Y. Zhou, A study on heat affected zone 
softening in resistance spot welded dual phase steel by nanoindentation, J. Mater. Sci. 45 (2010) 
1638–1647. 

[8] F. Iqbal, J. Ast, M. Göken, K. Durst, In situ micro-cantilever tests to study fracture properties of 
NiAl single crystals, Acta Mater. 60 (2012) 1193–1200. 

[9] D. Di Maio, S.G. Roberts, Measuring fracture toughness of coatings using focused-ion-beam-
machined microbeams, J. Mater. Res. 20 (2005) 299–302. 

 [10] J. McCarthy, Z. Pei, M. Becker, D. Atteridge, FIB micromachined submicron thickness 
cantilevers for the study of thin film properties, Thin Solid Films. 358 (2000) 146–151. 

 [11] E. Camposilvan, O. Torrents, M. Anglada, Small-scale mechanical behavior of zirconia, Acta 
Mater. 80 (2014) 239–249. 

 [12] S. Wurster, C. Motz, R. Pippan, Characterization of the fracture toughness of micro-sized tungsten 
single crystal notched specimens, Philos. Mag. 92 (2012) 1803–1825. 

 [13] W.L. Costin, O. Lavigne, A. Kotousov, A study on the relationship between microstructure and 
mechanical properties of acicular ferrite and upper bainite, Mater. Sci. Eng. A. 663 (2016) 193–
203. 

 [14] M. Dao, N. Chollacoop, K.J. Van Vliet, T.A. Venkatesh, S. Suresh, Computational modeling of 
the forward and reverse problems in instrumented sharp indentation, Acta Mater. 49 (2001) 3899–
3918. 

 [15] A.G. Evans, E.A. Charles, Fracture toughness determinations by indentation, J. Am. Ceram. Soc. 
59 (2018) 371–372. 

 [16] ASTM E3999-90, Standard Test Method for Plane-Strain Fracture Toughness of Metallic 
Materials, (1997). 

 [17] ASTM E1820-18, Standard test method for measurement of fracture toughness, (2001). 

 [18] C.F. Shih, Relationships between the J-integral and the crack opening displacement for stationary 
and extending cracks, J. Mech. Phys. Solids. 29 (1981) 305–326. 

 [19] J. Ast, T. Przybilla, V. Maier, K. Durst, M. Göken, Microcantilever bending experiments in NiAl 
– Evaluation, size effects, and crack tip plasticity, J. Mater. Res. 29 (2014) 2129–2140. 

 [20] Y. Wei, J.W. Hutchinson, Steady-state crack growth and work of fracture for solids characterized 
by strain gradient plasticity, J. Mech. Phys. Solids. 45 (1997) 1253–1273. 

 [21] E. Demir, D. Raabe, F. Roters, The mechanical size effect as a mean-field breakdown phenomenon: 
Example of microscale single crystal beam bending, Acta Mater. 58 (2010) 1876–1886. 

 [22] C. Wang, M. Wang, J. Shi, W. Hui, H. Dong, Effect of microstructural refinement on the 
toughness of low carbon martensitic steel, Scr. Mater. 58 (2008) 492–495. 

 [23] C. Zhang, Q. Wang, J. Ren, R. Li, M. Wang, F. Zhang, K. Sun, Effect of martensitic morphology 
on mechanical properties of an as-quenched and tempered 25CrMo48V steel, Mater. Sci. Eng. A. 
534 (2012) 339–346. 

 [24] T. Zhou, H. Yu, S. Wang, Effect of microstructural types on toughness and microstructural 
optimization of ultra-heavy steel plate: EBSD analysis and microscopic fracture mechanism, 



Chapter 5
 

100 

Mater. Sci. Eng. A. 658 (2016) 150–158. 

 [25] X.K. Zhu, J.A. Joyce, Review of fracture toughness (G, K, J, CTOD, CTOA) testing and 
standardization, Eng. Fract. Mech. 85 (2012) 1–46.



101 

Chapter 6  

Effect of chemical composition* 

This chapter reports on the factors governing the mechanical properties of hot dip 

galvanized DP1000 resistance spot welds during tensile-shear and cross-tension 

tests. In particular the effects of chemical composition on the microstructural 

evolution and mechanical properties of DP1000 resistance spot welds are studied 

thoroughly. It is shown that DP1000 steel with higher carbon content attains a 

martensitic microstructure in the weld nugget with smaller prior austenite grains 

and finer block sizes. The intervariant boundary fraction analysis also reveals that 

DP1000 steel containing lower carbon content shows stronger variant selection as 

the fraction of variants belonging to the same Bain group is higher for this steel. 

Intervariant plane distribution also reveals that the most of intervariant boundaries 

for both steels terminated at or near {011} slip planes. Mechanical testing of the 

welds reveals that the steel with higher carbon content shows a better mechanical 

performance in tensile-shear test, whereas the DP steel with a lower carbon content 

exhibits higher maximum load of cross-tension test. The key factor controlling the 

mechanical response of resistance spot welds during two different mechanical tests 

are explored via nanoindentation, slit-milling method combined with digital image 

correlation and micro-cantilever bending. It is demonstrated that strength and/or 

hardness of the weld nugget is the key parameter governing the tensile-shear 

strength of the spot welds, while the fracture toughness of the weld is the 

predominant parameter that determines the cross-tension strength.  

  

                                                           

* A. Chabok, E. van der Aa, J.Th.M. De Hosson, Y.T. Pei. A study on the effect of chemical 
composition on the microstructural characteristics and mechanical performance of DP1000 
resistance spot welds. Submitted 
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6.1 Introduction 

It goes without saying that chemical composition of the base material is one of the 

important parameters affecting the mechanical performance of the weld. Oikawa et 

al. [1] investigated the effect of base material strength on the cross-tension strength 

(CTS) of resistance spot welds. It was found that the CTS increases with base material 

strength up to 590 MPa and decreases noticeably from 780 MPa upward. Radakovic 

and Tumuluru [2] also showed that the CTS for the 980 MPa steel was slightly lower 

compared to that of the 780 MPa steel. They speculated that the decrease in CTS is 

due to lower ductility of the 980 MPa steel. It was also reported that the base material 

strength affects the stress condition at the weld edge as the mild steels with lower 

strength are easy to bend. It shows lower shear stress at the edge of the weld nugget 

and thus a lower tendency to interfacial failure mode compared to AHSS [3]. 

Pouranvari and Marashi [4] studied the tensile-shear mechanical properties of three 

different grades of DP resistance spot welds. They found that IF mode susceptibility 

increases in the order of DP600, DP980 and DP780. Lower tendency of DP980 to IF 

mode than DP780 was attributed to higher HAZ softening of DP980. 

The desired volume fraction of ferrite and martensite in DP steel can be 

obtained using a combination of chemical composition and heat treating parameters. 

As a results, the same grade of DP steels can have significant difference in chemical 

composition among different steel makers. While the strength and formability of DP 

steels have drawn many attentions in automotive industries, correct material 

selection for different part of the car body based on the spot weldability of DP steels 

must also be taken into account. Development of low carbon DP1000 steel aims at 

applying it to structural parts that protect the cabin when the vehicle crashes 

together with fulfilling of the requirements of low carbon equivalents for spot 

welding for heavy gauge up to 2mm in platform [5]. 

Although extensive efforts were made to clarify the mechanical behavior and 

failure mechanism of DP steel resistance spot welds, it still lacks the detailed 

observation on the effect of base material chemical composition on the 

microstructural evolution of the weld nugget and its effect on the mechanical 

response of the weld. Besides, because of sample size constraints, it is not feasible to 

measure the local mechanical properties of the weld such as tensile and fracture 

toughness properties.  

This chapter provides an insight into the microstructural characteristics of two 

DP1000 steels with different chemical compositions. Effects of carbon as the main 

difference in the chemical composition of two steels on the crystallographic features 

of martensite in the weld nugget of two steels are studied in details via OIM. The 

mechanical properties of resistance spot welds are evaluated via tensile-shear and 

cross-tension tests. Then the factors controlling the tensile-shear and cross-tension 

properties of two steels are investigated by nanoindentation, slit-milling method and 

notched micro-cantilever bending. 
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6.2 Experimental 

Two DP1000 hot dip galvanized grade steels labelled as LC (low carbon) and 

HC (high carbon) with the same thickness of 1.5 mm and different chemical 

composition were examined. The chemical composition and mechanical properties 

of two DP steels are given in Table 6-1. The carbon content of the LC steel is 0.061 

wt.% as opposed to the higher carbon content of 0.157 wt.% for HC steel. Carbon 

equivalent (CE) numbers for the LC and HC were calculated as 0.29 and 0.33 using 

the equation proposed by Ito et al. [6]. 

Table 6-1 Mechanical properties and chemical composition of studied steels. 

 Yield strength 
(MPa) 

Ultimate strength 
(MPa) 

C (wt.%) Mn+Cr+Mo 
(wt.%) 

Si+Al 
(wt.%) 

LC 683 969 0.061 2.865 0.414 

HC 779 999 0.157 2.785 0.142 

Resistance spot welds were produced using a 1000 Hz MFDC pedestal welding 

machine with constant current regulation and constant load of 4.5 kN. Welding 

electrodes (F1 16-20-5.5) and the weld scheme were taken from the VDEh SEP1220-

2 welding standard [7]. For tensile-shear test a range of welding current from 4.8 to 

8.4 kA was used to make weld nuggets with different sizes. In the case of cross-

tension test maximum and minimum welding currents were selected for each 

material to produce the minimum weld nugget size proposed by standard 

ANSI/AWS/SAE [8] and maximum weld size before splash, respectively. For HC 

weld an extra medium welding current was also used. The cross-tension properties 

were evaluated through the average value of four specimens under the same weld 

nugget size. Cross sections of the welds were prepared with conventional 

metallographic methods and the microstructure was studied via OM and SEM. For 

OIM analyses, the samples were mechanically polished and then electropolished 

using a solution of 90% CH3COOH + 10% HClO4 at 20 V voltage and 21 °C for a 

period of 25 s. The OIM characterization was carried out by electron back scatter 

diffraction pattern using a Philips-FEI ESEM-XL30 scanning electron microscope 

equipped with a field emission gun operating at 20 kV. Vickers microhardness 

measurements were performed at 200 g load for a loading time of 15 s. In order to 

extract the tensile properties of the weld nugget using the algorithm presented in [9], 

nanoindentation test was performed with a Berkovich indenter at the constant 

maximum load of 50 mN. A minimum number of 20 indentations were conducted 

for each sample. Micro-slit milling combined with DIC method was used to measure 

the residual stress normal to the plane of the pre-crack at the weld edge using the 

method presented in chapter 4. To evaluate the local fracture toughness, notched 

micro-sized cantilevers were milled in front of the pre-crack at the weld edge as 

described in chapter 5. Because of large plastic deformation during bending of micro-

cantilevers, linear elastic fracture mechanics cannot be used. Thus, cyclic loading 

was applied to measure the J-integral value at micro-scale. 
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6.3 Results and discussion 

6.3.1 Microstructural evolution 

Figure 6-1a and b show the IPF maps of the weld nugget size for the LC and HC 

resistance spot welds, respectively. Black lines represent the grain boundaries with 

the misorientation angle of > 15°. Increase of carbon content in HC steel leads to the 

formation of a martensitic microstructure with much finer blocks and PAGs in the 

weld nugget. Figure 6-1c and d show the reconstructed PAGs maps for LC and HC 

welds, respectively. PAG columns in the LC steel are wider up to ~100 µm and 

elongated along the radial direction of the weld nugget. In the case of the HC steel, 

the PAGs become narrower (< 50 µm) and the dendrites of the same morphology 

contain several PAGs inside.  

  

  

Figure 6-1 IPF map of the weld zone for LC (a) and HC (b) steels. (c) and (d) The 

corresponding reconstructed maps of PAGs. Black lines represent the grain boundaries with 

misorientation angle higher than 15°. 

Figure 6-2 shows the IPF maps of smaller area for two welds together with the 

point to point and point to origin misorientation along the vectors. Blocks of 

martensite are separated by the grain boundaries with misorientation angle around 

60° (black lines). Each block is composed of laths of martensite that are misoriented 

by low angle grain boundaries smaller than 15° (white lines). The misorientation 

profile in the HC weld reveals multiple peaks at 60° with a few micron width as 
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opposed to the LC weld that shows few wider peaks at 60°. Several peaks are shown 

inside the blocks of the LC weld corresponding to the lath substructure of martensite 

with low misorientation angle. 

 

 
Figure 6-2 (a) and (c) IPF maps of the selected area in the weld nugget of LC and HC steels, 

respectively. (b) and (d) Misorientation profile through the vectors in LC and HC IPF maps. 

PAG, block and lath boundaries are shown by bold black, light black and white lines, 

respectively. 

Statistical analysis of the PAG size is shown in Figure 6-3a. The average PAG 

size decreases from 137 µm for the LC steel to 67 µm for the HC steel weld. The 

decrease in the PAGs size can be attributed to the higher carbon content of the HC 

steel that leads to the segregation of carbon atoms at the boundaries leading to 

dragging effect on the grain boundary movement. Activation energy for grain growth 

was found to increase by addition of alloying elements like carbon [10]. Figure 6-3b 

shows the distribution of the measured block thickness in the nugget of two steels. 

Apparently, addition of higher carbon content to the chemical composition of the 

steel results in the thickness reduction of the blocks of the martensite. The average 

block thickness in the HC steel weld is 2.4 µm as opposed to the thicker blocks of the 

LC steel weld with the average thickness of 3.8 µm. In low carbon alloys, the 

formation of lath in a large block is associated with large plastic accommodation in 

the parent austenite matrix. By addition of carbon content, the austenite matrix 

becomes harder due to the solid solution hardening. Thus, the strain of the 



Chapter 6
 

106 

martensitic transformation cannot be relieved easily and self-accommodation by 
combination of martensite laths is intensified leading to the formation of finer blocks 
and packets [11].  
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Figure 6-3 PAG size distribution (a), block thickness distribution (b) misorientation angle (c) 
and intervariant length fraction (d) of LC and HC weld nuggets. 

Misorientation angle distribution shown in Figure 6-3c reveals a bimodal 
distribution for both weld with two peaks at low (~5-10°) and high (~50-60°) 
misorientation angles. Misorientation distribution of the HC weld shows a weaker 
peak at low angle grain boundaries and stronger at higher misorientation angles. The 
increase in the fraction of high angle grain boundaries might be attributed to the 
finer blocks of the HC weld. The length fraction of intervariant boundaries between 
V1 and other variants were also measured assuming the K-S orientation relationship 
between prior austenite and martensite (Figure 6-3d). More details on the grouping 
of martensite variants and their orientation have been presented in chapter 3. The 
HC weld shows a reduction in the length fraction of intervariant boundaries shared 
between V1 and V4/ V8 variants. These variants belong to the same Bain group and 
their misorientation angle is ~10.5°. However, the fraction of V1/V3=V5 intervariant 
boundary with high misorientation angle of 60° is the largest for the HC weld. In 
contrast, the most frequently observed intervariant boundary for the LC weld is 
V1/V4. The results obtained clearly show that the solidification structure of the 
resistance spot weld transforms to a microstructure with finer blocks of martensite 



Effect of chemical composition
 

107 

separated by high angle grain boundaries and less tendency to variant selection by 

addition of higher carbon content. 

 
Figure 6-4 Plane normal distribution for the boundaries with misorientation axis of <111>. 

Position of {110}, {112} symmetric tilt boundaries and {111} twist boundaries are shown by 

triangles, squares, and circles, respectively. 

The intervariant character distribution was carried out using a stereological 

five-parameter procedure deeply discussed in [12]. The characterization is based on 

the observation of many boundaries or segments (more than 50000 traces for cubic 

materials) in the 2D EBSD plane section. Each segment with a given misorientation 

is characterized by its own great circle. The single correct habit plane is appeared in 

the great circle of every segment/ boundary with the same misorientation where the 

great circles intersect each other. Grain boundary plane orientation distribution was 

computed for all 24 misorientation angle/axes pairs proposed by the K-S orientation 

relationship. The grain boundary plane distribution about <111> axis with different 

misorientation angles for two weld are shown in Figure 6-4. In the case of 10.5° 

misorientation angle, the LC weld shows a maximum at the position of the plane 

normal of twist boundaries at which the boundary plane normal is parallel to the 

misorientation axis (the circle mark). For the HC weld, the distribution shows also 
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multiple peaks on the zone axis of tilt boundaries as the zone of normals is 

perpendicular to the misorientation axis of <111>. For the misorientation angles of 

49.5° and 60°, the maximum distribution is mainly centered on the zone axis of tilt 

boundaries in the absence of any intensity at the zone axis of twist boundaries. The 

misorientation angle of 60° for the two welds shows the highest peak at {110}//{110} 

symmetric tilt boundary as both side of the boundary have the same surface. Besides, 

the population of the symmetric tilt boundaries is higher for the HC steel weld. 

 
Figure 6-5 Plane normal distribution for the boundaries with misorientation axis of <011>. 

The intervariant plane distribution around [011] misorientation axis is shown 

in Figure 6-5. Qualitatively, similar distribution of grain boundary planes are 

obtained for the both welds for a given misorientation angle. The maximum intensity 

increases for the two welds with increase in misorientation angle from 10.5° to 60°. 

Multiple peaks appear in the misorientation angle of 10.5° mostly centered on the 

{110} twist boundaries. A significant change in the distribution is observed for the 

misorientation angle of 49.5° as the maximum is only centered on the {110} twist 

boundary. Almost a similar distribution is achieved for the misorientation angle of 

60° for two welds, although the HC steel weld shows much higher population at the 

position of {110} twist boundary. 
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Figure 6-6 Plane normal distribution for the boundaries with higher index. 

The grain boundary plane distribution for misorientation angle/axis with 

higher index is shown in Figure 6-6. The distributions in the two welds mostly show 

a peak at or around {110} plane position. The maximum intensities of the 

distribution are lower for higher indices compared to the misorientation axis of [111] 

and [011]. Furthermore, no tilt or twist character is observed for the high index 

misorientation. The analysis reveals that the most of the intervariant planes in the 

microstructure of the LC and HC steel welds are terminated at or near to {110} planes. 

The obtained results are in agreement with the reported grain boundary character 

distribution of lath martensite [12] and bainite [13]. It is attributed to the 

crystallographic constraint of shear transformation of martensite that leads to the 
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formation{110} planes that are not necessarily favorable from boundary energy point 

of view. It arises from the fact that the martensitic microstructure of resistance spot 

welds is evolved from a transformation process that is different from typical grain 

growth phenomenon, which mainly promotes the boundaries with less energy (i.e., 

{112} tilt boundaries for polygonal ferrite) [14].  

As the majority of the intervariant boundaries end up on the {011} plane, the 

linear intercept between the boundaries proposed by K-S orientation relationship 

can be used as a measure to estimate the distance between {011} plane boundaries. 

The mean liner intercept between the intervariant boundaries with misorientation 

axis of [011] would represent the distance between {011} twist type planes as most of 

these intervariant boundaries end on twist type boundaries of {011} plane. 

Accordingly, the mean distance between the intervariant boundaries with 

misorientation axis of [111] can be used to estimate the distance between {011} 

symmetric tilt planes. Figure 6-7 shows the mean liner intercept of the {011} tilt and 

twist plane type for two microstructures as a function of misorientation threshold. 

In general, the HC steel weld shows a finer mean liner distance between {011} twist 

and tilt plane types compared to the weld structure of the LC steel.  
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Figure 6-7 Mean inter-planar distance of {011} boundary plane for twist (a) and tilt (b) types. 

6.3.2 Mechanical properties 

6.3.2.1 Tensile-shear results 

The weld growth curve with current for two steels is presented in Figure 6-8a. 

Expectedly, the weld nugget size becomes larger with increase in welding current. 

Similar trend and also weld nugget size is observed for both steels at different 

welding currents. Change in maximum peak load of tensile-shear test with weld 

nugget size is shown in Figure 6-8b. A gradual increase in peak load with increase in 

the weld nugget size is observed for two steels. The HC steel shows a higher strength 

than the LC steel during tensile-shear mechanical test. The LC steel shows IF mode 

for all the weld nugget sizes. The HC steel has a higher tensile-shear strength (TSS) 
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for all the currents and its failure mode changes from the IF to the PF mode as the 

weld size reaches to ~ 7 mm.  
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Figure 6-8 (a) Weld growth curve as a function of welding current (a), and (b) TSS of LC 

and HC resistance spot welds. 

Figure 6-9 shows the Vickers hardness distribution over the weld zones for two 

steels. The average hardness of the weld nugget for the LC is 361 HV that is lower 

than the average hardness value of 415 HV for the HC steel. Upper critical heat 

affected zone (UPHAZ) of the HC steel also yield higher hardness compared to the 

LC steel weld. Both samples show softening at the SC-HAZ as there is decrease in the 

hardness with respect to the hardness of base metal. However, the degree of 

softening is higher for the HC steel weld. 
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Figure 6-9 Vickers hardness distribution over the different weld zones for the HC and LC 

steels. 

Based on an oversimplified stress distribution model, during tensile-shear, the 

sheet interface in the weld nugget is subjected to the shear stress along the sheet 

interface, while the dominant stress mode in the HAZ or base metal in the thickness 

direction and loading direction is shear and tensile, respectively. Thus, the failure 

mode during tensile-shear is the result of the competition between shear plastic 
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deformation at the weld nugget and necking outside the weld in the HAZ or base 

metal. If the shear stress reaches its critical value before the necking in the HAZ or 

base metal, the weld will fail in IF mode. 

A simplified analytical model can be developed to estimate the maximum load 

for the IF mode (FIF) during tensile-shear testing by assuming a cylindrical weld 

nugget with diameter of D [15]: 

��� =
�

�
����� (6.1) 

where ��� is the shear strength of the weld nugget. In order to evaluate the shear 

strength of the weld nugget, nanoindentation tests were carried out and the obtained 

data were processed by the algorithm described in [9]. The average yield strength of 

the weld nugget for the HC and LC steels are measured as 1435 and 1136 MPa, 

respectively. According to von Mises-Hencky theory the shear yield strength can be 

estimated as 0.577σy. Therefore, the shear yield strength of the HC and LC welds 

would be calculated as 827 and 655 MPa, respectively. It is already documented that 

the hardness and consequently the strength of the resistance spot weld does not 

change remarkably with the change in welding current [16]. In order to assess the 

controlling factor of the peak load in the IF mode of spot welds during the TSS test, 

the test result was fitted using Eq. 6.1 as shown in Figure 6-8b for two kinds of steel 

welds. A very good agreement is found between the analytical model based on the 

nanoindentation test and the peak load of the tensile-shear test. This confirms that 

the shear yield strength and/or hardness of the weld nugget is the dominant 

controlling factor for the IF fracture during tensile-shear test of spot welds. The LC 

steel weld with lower carbon content and coarser structure of martensite shows lower 

strength compared to the HC steel weld containing higher carbon concentration and 

finer microstructure. As a result, TSS of the LC steel welds is inferior to that of the 

HC resistance spot welds. 

6.3.2.2 Cross-tension results 

The CTS for the two minimum and maximum weld nugget sizes are shown in 

Figure 6-10. As opposed to the tensile-shear test, LC steel welds exhibit better 

mechanical performance during cross-tension testing compared to HC steel welds. 

At smaller weld nugget size, the HC steel weld fails in PIF mode, whereas the LC steel 

welds fail in PF mode both at both small and large weld sizes. The difference in the 

mechanical behavior of two steels during two different mechanical tests arises the 

key question about the controlling factor that determines the failure mode and peak 

load of spot welds during cross-tension test. 



Effect of chemical composition
 

113 

 

5 6 7
6

9

12

PF

 LC
 HC

C
T

S
 s

tr
e

n
g

th
 (

k
N

)

weld nugget size (mm)

PIF

PF

PF

PF

 

Figure 6-10 CTS of LC and HC resistance spot welds. 

The main loading mode during cross-tension test at the weld edge is mode I 

during which the tensile stress normal to the plane of the crack is applied. Our 

previous investigation in chapter 4 showed that the state and magnitude of the 

residual stress in front of the pre-crack may affect the crack opening and propagation 

during the cross-tension test. Slit milling method was used to evaluate the residual 

stress magnitude in front of the pre-crack for two welds. Micrometer-sized slit was 

made parallel to the pre-crack at the weld edge and the residual stress normal to the 

plane of the slit and/or pre-crack was measured. Figure 6-11 shows the surface 

displacement field measured by DIC after stress release for the LC and HC welds with 

the nugget diameter of 7 mm. As shown, the decorating particles are displaced 

toward the slit after milling, which shows the presence of compressive residual stress 

normal to the plane of the pre-crack at the weld edge for both welds. The magnitude 

of the residual stress perpendicular to the plane of the slit was measured using Eq. 

4-1. The fitted σ value for the slit made in the nugget edge of the LC and HC steel 

welds are shown in Figure 6-11c and d, respectively. The larger displacement filed 

obtained for the HC steel weld slit is because of larger depth of milling (3 µm) 

compared to the milling depth of the LC weld slit (2.5 µm). Nevertheless, as 

illustrated, the magnitudes of the fitted residual stresses for two welds are almost 

similar ~ -410 MPa. The thermal history of the welding process of two steels 

including peak temperature and cooling time (800-500 °C) was simulated using 

Sorpas software shown in Figure 6-12. A quite similar peak temperature and cooling 

time for different weld zones are shown in the simulated data. Thus, the obtained 

results from the residual stress measurement are not surprising as both welds are 

subjected to almost similar thermal history leading to a negligible difference in the 

residual stress. 
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Figure 6-11 Surface displacement field measured by DIC at the nugget edge of LC (a) and HC  

(b) steel welds; (c) and (d) corresponding fitted σ values. 

 
Figure 6-12 Calculated peak temperature and cooling time distribution for LC (a) and (c), 

and HC (b) and (d) steel welds, respectively ( using Sorpas software). 

Fracture toughness of resistance spot welds is another important parameter 

that can heavily influence the crack opening and propagation during mode I loading 

of the cross-tension test. Notched micro-cantilever bending presented in chapter 5 

can be a versatile method to simulate the response of the microstructure of the weld 

to crack opening mode and subsequently to evaluate the fracture toughness of the 

weld quantitatively. Figure 6-13a and b show the location of the cantilever and 

loading direction schematically and a fabricated notched micro-cantilever, 
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respectively. As the bending of the cantilevers is associated with large plastic 

deformation, cyclic loading was applied to measure the conditional fracture 

toughness value using J-integral method. Several loading and unloading steps with 

the rate of 20 nm/s were applied to monitor the crack propagation during bending. 

  
Figure 6-13 Location of the micro-cantilever and loading direction shown schematically (a), 

and fabricated micro-cantilever (b). 

Figure 6-14a and b illustrate the load-displacement curves for LC and HC steel 

welds, respectively. Both cantilevers show strain hardening before reaching the 

maximum load followed by gradual decrease in load with further displacement. It is 

assumed that no crack propagation occurs during strain hardening, before reaching 

the maximum load. As seen, the crack propagation starts at almost same 

displacement for two cantilevers. However, the crack propagation for the LC 

cantilever is accompanied by higher load compared to the HC weld. The measured 

crack size for each unloading segment for two cantilevers is shown in Figure 6-14c 

and d. Initial slow crack growth followed by stable crack propagation is shown for 

both cantilevers. However, the final crack size for the HC cantilever is larger 

compared to the cantilever of the LC weld. Figure 6-14e and f show the plots of J 

value versus crack size for the LC and HC micro-cantilevers, respectively. The J value 

for each segment was calculated using Eq. 5-12. The data for two initial slow crack 

growth and stable crack propagation stages were linearly fitted. The intersection of 

two lines holds an estimate for the critical J that indicates a transition from one stage 

to another. Once the JQ is extracted from J curve versus crack extension, the 

conditional fracture toughness can be achieved by ��,� = �
���

����
 . The KQ, J value for 

the LC and HC weld is measured as 43.7 and 35.9, respectively. 

Apparently, the LC steel welds show higher fracture toughness compared to the 

HC steel welds. It can be attributed to the higher carbon content and alloying element 

added to the chemical composition of the HC steel that results in higher brittleness 

of the martensitic structure in the fusion zone of the weld. Besides, intervariant  



Chapter 6
 

116 

0 1 2 3 4 5 6 7 8
0

1

2

3

4

5

L
o
a
d
 (

m
N

)

Displacement (µm)

a LC

       
0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

L
o
a
d
 (

m
N

)

Displacement (µm)

b HC

 

8 9 10 11 12 13 14
0.0

0.1

0.2

0.3

0.4

0.5

0.6

blunting

Stable crack growth

Crack 

C
ra

ck
 e

xt
e
n

si
o

n
 (

µ
m

)

Unloading step

c LC

 
7 8 9 10 11 12 13 14

0.0

0.1

0.2

0.3

0.4

0.5

0.6

C
ra

ck
 e

x
te

n
si

o
n
 (

µ
m

)

Unloading step

d HC

 

0.0 0.1 0.2 0.3 0.4
6000

8000

10000

J-
in

te
g
ra

l (
N

/m
)

Crack extension (µm)

e

Jc= 7729

LC

 
0.0 0.1 0.2 0.3 0.4 0.5 0.6

4000

6000

8000

J-
in

te
g
ra

l (
N

/m
)

Crack extension (µm)

f

Jc=5219

HC

 
Figure 6-14 Load-displacement curves for LC (a) and HC (b) micro-cantilevers. 

Corresponding crack extension size for each unloading step (c, d) and J-integral plot versus 

crack size (e, f). 

character distribution analysis revealed that the {011} inter-planar distance for the 

HC steel weld is smaller than the LC steel weld. {011} is the slip plane of bcc structure 

and since the lamellar structure of martensite is highly misorientated along these 

planes, the slip is likely to take place along <111> direction. Therefore, the slip 

distance is limited by the spacing between the boundaries that are terminated at {011} 

planes. 2 slip systems out of 12 equivalent {110}<111> slip system are activated at 

this situation. However, based on general plasticity 5 independent active slip system 

is required for a successful slip. Therefore, for the HC steel weld with a structure with 

smaller {011} inter-planar distance, the stress relaxation at the crack tip due to 
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slipping is restricted and the crack propagation by fracture becomes more likely. 

Deteriorated fracture toughness properties were similarly observed for the steel with 

dense lamellar layers of {011} plane boundaries [13]. Although not shown here, grain 

boundary segregation of the weld structure can play an important role affecting the 

fracture toughness and crack propagation during cross-tension test. It was shown 

that during equilibrium solidification of the steel with carbon content of 0.07 wt.% 

(similar to the LC steel) liquid completely solidifies to δ ferrite, whereas for the steel 

with higher carbon content of 0.14 wt.% (similar to the HC steel) a peritectic reaction 

occurs first during which the austenite forms from liquid/δ ferrite. This leads to a 

higher segregation of alloying elements such as Mn and P at the solidifying grain 

boundaries of the weld and thus, deteriorated mechanical performance for the steel 

weld with higher carbon content [17]. The results obtained suggest that the failure 

mechanism and mechanical properties of the weld during cross-tension test is 

mainly governed by the fracture toughness of the weld. 

6.4 Conclusion 

The effects of chemical composition on the microstructural evolution and 

mechanical properties of resistance spot welded DP1000 steels were investigated. A 

finer martensitic microstructure was developed in the weld nugget of the steel with 

higher carbon content. In contrast, the LC steel weld with lower carbon 

concentration attains a coarser blocks of martensite with higher fraction of low angle 

grain boundaries. The intervariant character distribution analysis showed that for 

both welds most of the intervariant boundaries terminated at {011} slip plane of bcc 

structure. The mean liner intercept between the intervariant boundaries with 

misorientation axis of [011] and [111] was used to estimate the distance between {011} 

twist and symmetric tilt boundaries, respectively. It was shown that the {011} inter-

planar distance for the HC steel weld is smaller than the LC steel weld. Mechanical 

tests revealed contradictory results for two steels. The HC steel welds showed better 

mechanical properties during tensile-shear test, whereas the LC steel welds 

outperformed the HC steel welds during cross-tension mechanical test. It was found 

that the controlling factor of the IF fracture mode for tensile-shear test is yield shear 

strength of the weld, whereas the fracture toughness of the weld is the important 

parameter determining the CTS of the welds. The HC steel weld with higher carbon 

content and finer microstructure shows higher hardness and shear strength leading 

to better performance of the TSS test. On the other hand, notched micro-cantilever 

bending illustrated that the fracture toughness of the LC steel weld is higher than the 

HC steel one. It was attributed to the lower carbon concentration and a bit larger 

{011} inter-planar distance of the microstructure. Besides, it was discussed that 

higher carbon concentration of the HC steel weld may stimulate the carbon and 

phosphorous segregation at the prior austenite grain boundaries resulting in 

deteriorated fracture toughness. 
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Chapter 7  

3rd generation AHSS resistance 

spot weld 

In-situ micro-cantilever bending experiments were executed and analyzed in a 

detailed and quantitative manner to evaluate the effect of texture and post-welding 

heat treatment on the local fracture toughness of spot welds. In particular the 

objective is to explore by these in-situ experiments the structure-property 

relationship in advanced high strength steel resistance spot welds. An interesting 

finding is that, through a switch from single to double pulse scheme the texture of 

martensite formed in the fusion zone becomes responsible for a significantly higher 

fracture toughness of the area in front of the pre-crack. In addition, we found that 

the paint baking heat treatment also results in a higher fracture toughness through 

the tempering of the martensitic microstructure. A quantitative correlation is made 

between the macro-scale mechanical performance and micro-scale notched 

cantilever bending tests. 

  

                                                           

 A. Chabok, M. Ahmadi, H.T. Cao1, E. van der Aa, M. Masoumi, J.Th.M. De Hosson, Y.T. Pei. 
A new insight into the fracture behavior of 3rd generation advanced high strength steel 
resistance spot welds. Submitted 



Chapter 7
 

120 

7.1 Introduction 

The design of AHSS was an attempt to push the limits of the strength and toughness 

of structural steels for engineering applications in automotive industries. As already 

discussed in Chapter 1 and 2, the chemical composition of AHSS is sophisticatedly 

designed to produce a multiphase microstructure through a precisely controlled 

heating and cooling processes. AHSS enable decreasing the vehicle weight for 

improved fuel economy and reduced impact to the environment whilst improving 

crash energy absorption for better protection (greener and safer cars). Recently, the 

third generation of AHSS have been introduced to the automotive industry providing 

even better strength-ductility combinations compared to the traditional (1st 

generation) high strength steels and AHSS [1]. However, the problems associated 

with the RSW of this new generation of steels have remained unsolved. 

Extensive research work has been carried out on the simultaneous 

enhancement of the strength and fracture toughness of bulk martensitic 

microstructure via grain refinement through sever plastic deformation [2], micro-

alloying [3] and thermal treatments [4–7]. Attempts were made also to modify the 

texture of steel to enhance its fracture properties via thermomechanical processing 

steps [8–10]. However, the microstructure and texture modification of a resistance 

spot weld come with special limitations in terms of sample size and economic 

efficiency in a mass-scale production line. Modifications in the weld scheme are one 

of the few limited measures to alter the microstructural and textural evolution of the 

weld nugget without compromising process efficiency in time and energy.  

It was already shown experimentally (see chapter 3) that applying a double 

pulse weld scheme can effectively enhance the cross-tension properties of the spot 

weld. In particular, it was demonstrated that the double pulse welding subdivides 

the primary nugget into two weld zones. The outer layer in front of the pre-crack with 

an equiaxed structure of PAG and the inner layer with a typical columnar structure 

result from the solidification process. The change in cross-tension of spot welds with 

a change in weld scheme can arise from change in either strength or fracture 

toughness of the weld nugget. Whilst the strength of the microstructure can be easily 

related to its hardness, the fracture toughness evaluation is still a big challenge in the 

case of small-scale samples of resistance spot welds. Several computational and 

analytical models have been designed to predict the cross-tension strength mainly 

based on the local mechanical properties of the weld such as hardness and fracture 

toughness [11–14]. However, unfortunately, experiments concentrating on the 

fracture toughness of RSW are scantly available as the conventional standard test 

methods fail in the evaluation of the local fracture toughness of different weld zones 

due to the geometrical constraints of spot welds. This is more problematic in the case 

of double pulse welded samples in which the thin outer layer at the weld edge 

controls the crack initiation and propagation during cross-tension test. One may 

even conclude that the studies so far, lack a deeper  understanding of the mechanical 
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response of the weld zones as the direct measurement of mechanical properties of 

different regions of spot welds is hardly possible due to limitation of small sizes. To 

bridge this discrepancy notched micro-cantilever beam bending seems a feasible 

technique to evaluate the fracture toughness of weld zones. 

The present chapter concentrates on manipulating of the texture in the weld nugget 

by changing in the weld scheme as a controlling design tool so as to achieve the 

desired mechanical performance. In-situ micro-cantilever bending is used to reveal 

the effect of texture change on the local fracture toughness in high strength steel 

resistance spot weld. The detailed information about the microstructure and micro-

fracture toughness was used to make a bridge to the mechanical performance of the 

weld at a macro-scale. In addition, the effect of paint baking (PB) cycle as a 

conventional manufacturing process in automotive industries on the mechanical 

response of the weld has been studied.  

7.2 Experimental  

The material used in this study was 1.5 mm thick cold rolled and galvanized 3rd 

generation 1 GPa AHSS (VDA239-100 CR700Y980TDH) with a multi-phase 

microstructure composed of ferrite, martensite, bainite and retained austenite. 

Resistance spot welds were produced using a 1000 Hz MFDC pedestal welding 

machine with constant current regulation. Welding electrodes (F1 16-20-5.5) and 

single pulse weld scheme were taken from the VDEh SEP1220-2 welding standard 

[15]. An electrode force of 4.5 kN was applied. Two weld schedules were applied in 

order to study the effect of pulse scheme on the mechanical performance and 

microstructural evolution of resistance spot welds. For the single pulse welding, 550 

ms of squeeze time followed by a 380 ms welding time and a 300 ms of holding time 

with welding current of 6.4 kA was applied. For the alternative double pulse welding 

a non-standard procedure was selected. During this welding process, two 380 ms 

weld pulses with equal current level as the single pulse weld, and a cooling time of 

80 ms in between were applied. Effect of post-heat treatment on the mechanical 

properties of the resistance spot welds were investigated by heating the welds at 

180 °C for 20 min (oven heating). The heat treatment is equivalent to the PB process 

carried out in automotive industries during which the painted car body structures 

are subjected to an elevated-temperature baking process. 

The OIM characterization was carried out via collecting and indexing electron 

back-scatter diffraction patterns using a Philips ESEM-XL30 SEM equipped with a 

field emission gun operating at 20 kV. Nanoindentation tests were performed using 

an MTS XP Nano-indenter XP, equipped with a Berkovich indenter. Minimum of 10 

indentations were conducted for each weld at the constant maximum load of 30 mN. 

The micro-cantilevers with a nominal length of 15 µm, a thickness of 4.5 µm and a 

width of 5 µm were milled in the selected region using the procedure described in 

chapter 5 (Figure 7-1a). 
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Finite element analysis (FEA) was performed to make a correlation between the 

beam stiffness and crack size. Cantilevers with different notch to thickness ratios (a/t) 

were simulated in the elastic regime without considering plastic deformation or 

crack propagation. Another set of simulations were used to understand the plastic 

deformation response of micro-cantilevers. The indenter and the cantilever were 

considered as semi spherical infinitely stiff body and homogenous deformable solid, 

respectively. The notched micro-cantilevers were modelled according to the 

dimensions used in the actual experiments. One end face of the cantilever was fixed 

against all rotations and displacements. Utilizing displacement mode control 

simulation, the indenter pressed the end of the cantilever toward the opposite Y-axis, 

and the reaction force between the indenter and the sample was acquired until the 

maximum force was reached (the onset of crack initiation). Based on the response of 

each micro cantilever, the associated mechanical properties were regenerated to 

capture the experimental load displacement curves. The mesh sensitivity of the 

results was checked and the optimum mesh size was selected. C3D8 element type 

was utilized and mesh refinement was generated on the notch tip to attain accurate 

stress/strain field (Figure 7-1b). 

For transmission electron microscopy (TEM) characterization, FIB slicing was 

employed to prepare lamellas in a dual beam FIB/SEM microscope (Lyra, Tescan). 

In the case of bent cantilevers, the samples were milled from both sides until 1 µm 

thick and then gently transferred to a three-post copper grid using a lift-out 

manipulator. Subsequently, the samples were further thinned by focused ion beam 

to 100 nm for TEM observations with a JEOL 2010-FEG transmission electron 

microscope. 

  
Figure 7-1 (a) In-situ bending of FIB-milled micro-cantilever and (b) the geometries and 

corresponding mesh used in 3D finite element simulations. 

7.3 Results and discussion 

7.3.1 Mechanical properties 

Figure 7-2 shows the cross-section of the single and double pulse welds. A 

martensitic structure with a typical columnar structure of PAGs resulting from rapid 

solidification of the weld is obtained for the single pulse weld (Figure 7-2a). Similar 

to the DP resistance spot welds, the FZ of the double pulse is composed of two 
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different martensitic microstructures: the outer layer with equiaxed PAGs and inner 

core composed of columnar PAGs (Figure 7-2b).  

  
Figure 7-2 Cross-section of the resistance spot welds made by (a) single pulse welding and 

(b) double pulse welding. 

0

2

4

6

8

10

12

14

M
a
x
im

u
m

 l
o
a
d
 (

k
N

)

 Maximum load

SingleP SingleP-PB DoubleP DoubleP-PB

0

10

20

30

40

50

60

70

80

 Energy absorbtion

E
n
e
rg

y
 a

b
s
o
rb

ti
o
n
 (

J
)

a

 

  

  
Figure 7-3 Cross-tension properties of four different welds. Cross-section of failed samples: 

(b) SingleP, (c) SingleP-PB, (d) DoubleP and (e) DoubleP-PB. 

The CTS and energy absorption capability of the welds are shown in Figure 7-

3a. The weld size for all single and double pulse samples is ~ 5 mm that rules out the 

effect of nugget size on the mechanical properties. As clearly shown, double pulse 

welding can significantly enhance the mechanical properties of the welds (DoubleP), 

doubling the maximum load and 4.5 times higher of energy absorption capability 

compared to the single pulse welds (SingleP). Besides, the PB treatment leads to 

largely enhanced mechanical performances, both the maximum load and energy 

absorption capability of the welds (SingleP-PB vs. SingleP, DoubleP-PB vs. DoubleP). 

The double pulse weld with PB (DoubleP-PB) shows the highest maximum load and 
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energy absorption capability among the four samples. The failure modes of the welds 

are shown in Figure 7-3b-e. SingleP fails in the IF mode as the crack directly 

propagates through the fusion zone (Figure 7-3b). The failure mode changes to the 

PIF mode with the PB treated single pulse weld (SingleP-PB) as the crack firstly 

propagates into the fusion zone and then redirected towards the sheet thickness 

(Figure 7-3c). DoubleP weld also fails in the PIF mode, however the plug ratio is 

much larger compared to SingleP-PB sample (Figure 7-3d). DoubleP-PB that shows 

the best mechanical performance fails in the PF mode as the failure occurs outside 

the weld and the fusion zone remains intact after the test (Figure 7-3e). 

Fracture surfaces at the faying surface of interfacial and partial interfacial 

failure exhibit semi-cleavage fracture as well as small areas of ductile fracture 

characterized by dimples for SingleP, SingleP-PB and DoubleP samples shown by 

arrows (Figure 7-4a-c). As observed, the fraction of the area failed in ductile manner 

is becoming larger with applying PB. Besides, the dimpled area becomes even larger 

by changing the weld scheme from single to double (Figure 7-4c). In the case of 

DoubleP-PB sample, the failure occurs by shear in the HAZ outside the weld and is 

characterized by mixed intergranular brittle and elongated dimpled ductile fracture 

(Figure 7-4d). 

  

  

Figure 7-4 Fracture surface of (a) SingleP, (b) SingleP-PB, (c) DoubleP and (d) DoubleP-PB 

(the insert shows the location of SEM observation). 
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7.3.2 Effect of PB 

Figure 7-5 shows the TEM images of the martensitic structure formed in the 

fusion zone of paint baked and unbaked single pulse welds. As shown in Figure 7-5a 

and b the structure of the SingleP sample is composed of fully lath martensitic 

structure. In the case of paint baked single pulse sample (SingleP-PB), transition � 

carbides are detected inside the lath of martensite (Figure 7-5c, d). As can be seen, 

paint baking at 180 °C for 20 min leads to low-temperature tempering of the 

martensitic structure of the weld. The first stage of tempering of martensite is 

associated with the segregation of carbon atoms to dislocations and interstitial sites 

and occurs at the temperature below 100 °C. It is followed by the precipitation of 

transition carbides that happens at temperatures between 80 °C and 200 °C [16]. 

Low temperature and short period of time used for the paint bake process cannot 

lead to subsequent stages of tempering including decomposition of austenite, 

recovery and formation of coarse cementite particles as they are considered to occur 

only at higher temperature and longer time. It is noteworthy that similar 

precipitation behavior is expected for the paint baked double pulse (DoubleP-PB) 

sample (not presented here). 

  

  

Figure 7-5 TEM bright field images of the martensitic structure and corresponding SAED 

pattern for the SingleP (a, b) and SingleP-PB (c, d). 
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7.3.3 Effect of weld scheme 

In the resistance spot weld, the sharp pre-crack at the faying surface of two 

overlap sheets acts as an intrinsic crack at the weld nugget. The microstructural and 

mechanical characteristics of the area in front of the pre-crack are crucial as the pre-

crack tends to start and propagates through this zone. In order to study the effect of 

the weld scheme on the crystallographic features of martensite and to make a 

structure-property relationship, the weld was polished down from the top surface 

until the half of the nugget at the faying surface of two sheets. Large area OIM scan 

data for the single pulse and double pulse welds in front of the pre-crack are shown 

in Figure 7-6 and Figure 7-7, respectively. The schematic image of the weld and the 

location of the scanned area in front of the pre-crack are also indicated. The plane of 

observation is parallel to the plane of the pre-crack that propagates into the fusion 

zone during the loading. Both the weld samples exhibit a typical lath structure of 

martensite. The columnar boundaries of PAGs can be clearly distinguished in the 

martensitic structure in the IPF map of single pulse weld Figure 7-6a. As can be seen 

clearly, the double pulse weld scheme transforms the initial columnar structure in 

the outer layer of the fusion zone to the martensitic structure with equiaxed PAGs 

(Figure 7-7a).  

 

 

 

 
Figure 7-6 (a) Normal direction IPF, (b) CPP packet and (c) Bain packet maps of SingleP 

weld. (d) Calculated IPF texture in normal direction together with the schematic image of 

the scanned area. 
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Figure 7-7 (a) Normal direction IPF, (b) CPP packet and (c) Bain packet maps of DoubleP 

weld; (d) calculated IPF texture in normal direction together with the schematic image of 

the scanned area. 

Generally reported of K-S OR [17] was used to study the crystallographic 

features of the martensite formed during RSW. As explained in chapter 3, based on 

the K-S OR, a single PAG transforms to 24 different variants of martensite. These 

variants are classified into four close-packed plane (CPP) packets, which are 

composed of six variants keeping their {110} planes parallel to one of the four 

{111}�planes. Figure 7-6b and 7-7b illustrate the map of CPP packets of the two 

samples in four different colors. 24 variants can also be classified by three different 

Bain groups as there are three different options for Bain axes. The 24 variants of 

martensite grouped into three different Bain packets are shown in three different 

colors in Figure 7-6c and 7-7c for the single and double pulse welds, respectively. 

Each Bain packet is composed of variants of martensite sharing low angle boundary, 

whereas every different Bain packets are separated by high angle boundaries. In both 

CPP packet and Bain packet maps, PAGBs are shown by black lines. The quantitative 

analysis of the microstructure of single and double pulse welds is listed in Table 7-1. 

As illustrated, the PAGs size becomes coarser by applying double pulse weld scheme. 
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CPP and Bain packet sizes are also smaller for the single pulse weld, although the 

difference is not as significant as PAG size. Overall, single pulse welding leads to finer 

microstructure compared to the double pulse welding.  

Table 7-1 Martensite unit sizes for the single and double pulse welds. 

 PAG diameter (µm) CPP packet (µm) Bain packet (µm) 

SingleP weld 46.4 ± 24.4 6.6 ± 1.4 5.3 

DoubleP weld 87.3 ± 42.3 8.3 ± 1.3 6.3 

Figure 7-8 shows the IPF map of crack propagation path into the FZ captured 

from the cross-section of the weld that corresponds to the cleavage fracture of single 

pulse weld. The PAGBs are shown in black lines in the IPF map. The insert shows the 

location of the scanned area in front of the pre-crack indicated with an open arrow. 

It confirms the transgranular fracture of the single pulse weld, i.e. without 

delamination of the structure from the prior austenite grain boundaries but largely 

deflected at PAGBs. Ductile fracture associated with bending and rotation of 

martensite blocks is also observed indicated by dashed circles. Hypothetically, as the 

fracture surface characterization reveals a transgranular cleavage fracture, 

coarsening of the martensitic microstructure of double pulse weld should deteriorate 

the mechanical performance of the weld, which is against the obtained cross-tension 

results. 

 
Figure 7-8 IPF map outlining the fracture path of the single pulse weld (the insert shows the 

location of scanned area in front of the pre-crack). 

The orientation of grains in the two samples with respect to the normal direction 

shows a significant difference between the texture of the solidification structure for 

the single pulse weld (Figure 7-6d) and thermo-mechanically processed structure of 

the double pulse weld (Figure 7-7d). The SingleP weld shows a stronger <001>//ND, 

whereas the dominant texture changes to <011>//ND in the case of the DoubleP weld. 

Orientation distribution function (ODF) was estimated by statistical kernel density 

estimation method [18] of OIM data collected with respect to the pre-crack direction. 

Figure 7-9a and b show the ODF section of the Euler space at 45° for the single and 

double pulse welds, respectively. As noticed from Figure 7-9a, the major component 

for the martensitic structure formed in the single pulse weld resulting from the rapid 

solidification of RSW shows maximum intensities at (001)[11�0]  and (001)[1�1�0] 
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rotated cube texture. Applying the second pulse decreases the intensity of the rotated 

cube component while a texture with the major components at Goss (110)[001] and 

rotated Goss (110)[11�0] is developed (Figure 7-9b). 

     
Figure 7-9 ODF at φ2=45° for the martensitic structure of (a) single pulse and (b) double 

pulse weld. 

  

                   
Figure 7-10 The normal direction IPF map of reconstructed PAGs of (a) the single pulse and 

(b) double pulse weld. (c) and (d) ODF textures corresponding to (a) and (b). 

The texture development during RSW was further analyzed by the orientation 

of reconstructed PAGs. The normal direction IPF maps of PAGs for single and double 

pulse welds are shown in Figure 7-10a and b, respectively. Their corresponding ODF 

at �� = 45° are shown in Figure 7-10c and d. As shown in Figure 7-10c, the PAG 

structure of the single pulse weld shows a very strong texture with dominant 

component of cube {100}<001> texture. A more random texture is obtained for the 
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PAGs of the double pulse weld, although the major texture component is still cube. 

Cube texture is considered as the dominant component of the recrystallized austenite 

[19]. However, the prior austenite and also martensite microstructure of the single 

pulse weld resulted from the rapid solidification of the weld and the occurrence of 

recrystallization of austenite cannot justify the Cube texture of PAGs.  

Table 7-2 Orientation of the grains numbered in Figure 7-10a and misorientation angle 

between their <001> and ∇Tmax. 

Grain number 
Grain Orientation with 

respect to pre-crack Pinched off? 
Misorientation angle 

between <001> and ����� 

1 (1	1�	27)	〈29����	2�1〉	 No 5.2 

2 (3	18	23����)	〈28	5�	3�〉 No 8 

3 (1�	3�	4)	〈21����	5�	9�〉 Yes 40 

4 (	3�	1�	25)〈41����	2�	5〉 No 3.6 

5 �15����	16����	4�〈12	7�	17〉 Yes 51.9 

6 (1�	1	4�)〈1	5	1〉 No 17.5 

7 (13����	5	26����)〈13����	13	4〉 Yes 45 

RSW with a stationary heat source leads to the formation of elongated grains 

with a texture highly dependent on the maximum thermal gradient (�����). Table 

7-2 shows the orientation of the grains numbered in Figure 7-10a with respect to the 

direction of the pre-crack. Assuming that ����� lies in the plane of the section and 

its direction is parallel to the pre-crack from the center of the weld towards its edge, 

the minimum misorientation between <001> and ����� was calculated. It is shown 

that the grains with their <001> direction making an angle smaller than 20° with the 

����� direction are allowed to grow across the weld nugget. In contrast, those grains 

that their <001> direction is misoriented with larger angles relative to �����  are 

mostly pinched off and blocked by the neighbour fast growing grains. It is generally 

accepted that the major axes of the columnar grains during the solidification lies 

along the direction of ����� . In the case of metals of cubic lattice structures the 

grains that their <001> axes are mostly parallel to the maximum heat flow grow 

rapidly since they fulfil the favored crystal growth direction, whereas the other grains 

that are badly misoriented in this respect are stifled [20]. Careful examination of the 

orientation of grains with small angle between <001> and ����� (i.e. grain number 

1, 2, 4 and 6) reveals that their indices are close to the ideal cube {100}<001> texture. 

Thus, it can be inferred that the Cube texture of the austenite for the single pulse 

weld results from the solidification texture that tends to align the <001> axes of the 

columnar grains parallel to the maximum heat flow. The dominant cube texture of 

the double pulse weld may result from the recrystallization process that occurs once 

the second pulse is applied leading to equiaxed grains of prior austenite phase. 

Another possibility for the Cube texture of double pulse sample can be partial re-

melting of the outer layer. In this case, partial re-melting of the PAGBs results in the 

transformation of columnar grains to the equiaxed ones. Thus, the structure keeps 
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its original texture without formation of new grains. As shown, the structure is more 

randomized compared to the single pulse weld as also shows a minor texture 

component around (113)[11	�0] and Brass (110)[112�]. Brass texture is considered as 

one of the main components of deformed austenite [21] and its minor presence with 

small deviation from ideal component may indicate the partial deformation of 

austenite under the pressure of the electrodes for the double pulse weld.  

The variants of martensite proposed by K-S OR can be produced by 90 ° rotation 

of prior austenite about each of 24 <112> axes. However, Bain transformation can 

readily estimate the orientation of the martensite products, although it never 

happens in reality. Based on Bain transformation, 3 variants of martensite are 

obtained by 45 ° rotation around each of three <100> axes. Both single and double 

pulse welds show cube texture of PAGs. The rotation of 45 ° around <100> axes for 

the cube texture leads to the formation of rotated cube, Goss and rotated Goss 

martensite products, which is in correspondence with the ODF textures of Figure 7-

9. The single pulse weld shows a stronger texture around the rotated cube 

component that is a typical texture in the as-cast columnar structures. It was already 

shown that columnar grains in the as-cast strips show pronounced rotated cube 

texture [22,23] and also they form a strong texture of <001> parallel to the normal 

direction in the cast slabs [24]. Waterschoot et al. [25] also showed an obvious 

variant selection in favor of the rotated cube instead of Goss and rotated Goss in the 

bcc structure transformed from cube texture of prior austenite. Transformation 

texture of the double pulse weld shows a stronger texture around rotated Goss and 

Goss components. It is known that the Goss orientation is formed by the shear 

texture of bcc materials [10]. Wittridge et al. [26] also showed that the presence of 

the Goss component in the bcc transformation structure is an indication that the 

prior austenite is subjected to shear deformation. The rotated Goss component is 

also known to be dominant after plane strain compression [27]. In the case of the 

double pulse weld, the structure is subjected to a larger plastic deformation applied 

by the electrodes. As a result the intensity of shear and compression texture 

components are intensified, leading to a stronger texture of Goss and rotated Goss 

compared to the single pulse weld at which the rotated cube orientation is the major 

component of the transformation texture from cube orientation of austenite.  

7.3.4 Micromechanical properties 

To examine the effect of the texture development and also post-heat treatment 

on the cross-tension properties of the resistance spot welds, micromechanical tests 

in front of the pre-crack were performed to obtain a deeper insight into the failure 

mechanism of the welds. Nanoindentation tests were carried out to evaluate the 

tensile properties of the region in front of the pre-crack. The reversed algorithm 

developed by Dao et al. [28] was used to extract the yield strength and strain 

hardening exponent. The extracted yield strength and work hardening exponent n of 

the zone in front of the pre-crack for four different welds are shown in Figure 7-11. 
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The BM was also indented to verify the accuracy of the extracted yield strength and 

n value compared with the corresponding properties measured by macromechanical 

standardized tensile test (red bars). As shown in Figure 7-11, there is a good 

agreement between the yield strength of the 3rd generation steel obtained from 

standard tensile test and the extracted value using the nanoindentation technique. 

The n value is slightly overestimated by the nanoindentation technique; however, it 

can be still used for the comparative study of the different weld samples. The change 

in weld scheme and PB heat treatment make no big difference on the yield strength 

of the welds, although the SingleP sample shows slightly higher average yield 

strength compared to the other samples. Accordingly, insignificant change is 

observed for the n values (0.040~0.055) of the welds. The data obtained using 

nanoindentation technique illustrates that the weld scheme and also post-heat 

treatment lead to minor change in the tensile properties of the weld in front of the 

pre-crack. 
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Figure 7-11 Tensile properties of four different weld samples obtained using nanoindentation. 

The red bars show the tensile properties of the BM obtained from standard tensile test. 

In order to evaluate the local fracture toughness of the microstructure formed 

in front of the pre-crack, micro-cantilever bending was carried out. Figure 7-12 

shows the experimental load-displacement curves of the weld samples. As already 

shown (see section 7.3.3), the change in the weld scheme results in change in the 

developed texture of martensite in the weld fusion zone. However, the difficulty of 

the micro-cantilever bending is that the process is a localized test making an 

evaluation of the global mechanical properties questionable. To overcome this 

problem and minimize the effect of anisotropy on the measured fracture toughness, 

the cantilevers were milled and notched inside the grains with an orientation 

representative of the texture of the whole microstructure. In the case of single pulse 

welds, the dominant texture is <001>//ND, whereas the major texture for the double 

pulse samples is <011>//ND. The inserts in the graphs of Figure 7-12 show the 
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approximate location of the milled cantilevers for each sample. It should be noted 

that the cantilever sizes have been drawn over-exaggerating, just for indication. As 

shown, the bending of all cantilevers is associated with considerable plastic 

deformation after yielding. Three different stages can be observed during the 

bending of the cantilevers.  

All the samples show strain hardening effects with increasing load upon 

displacement after yielding (stage I). Then the maximum load is obtained, which is 

also characterized by the onset of crack growth, followed by the force plateau (stage 

II). This stage is followed by the gradual decrease in load vs displacement (stage III). 

Load-displacement curves displayed in Figure 7-12 provide preliminary insight on 

the fracture properties of different samples as the bending of SingleP cantilever is 

accompanied by a limited strain hardening after yielding and also the extension of 

the force plateau is negligible. The maximum load value is the lowest for this sample, 

whereas the DoubleP-PB cantilever shows the highest maximum load.  

  

  
Figure 7-12 Load-displacement curves of the micro-cantilever bending test for SingleP (a), 

SingleP-PB (b), DoubleP (c) and DoubleP-PB (d) samples. The inserts show the approximate 

location of the milled cantilevers for each sample. Cantilever sizes have been drawn 

exaggeratedly for better indication. 

Linear-elastic fracture mechanics (LEFM) was used to evaluate the conditional 

critical stress intensity (���) values for the bended samples using Eq. 5-7. As any 

small change in the geometrical dimensions such as bending length or beam 

thickness alters the force levels in the load-displacement curves, the respective stress 

intensity factor graphs normalized with the sample geometry were plotted against 

displacement using Eq. 5-7 and Eq. 5-8 as shown in Figure 7-13 without considering 

crack propagation. The inserts in Figure 7-13 show the notch tip after the loading of 



Chapter 7
 

134 

cantilevers. A very rough fracture surface is observed for the tested cantilevers in 

front of the notch showing a ductile fracture behavior. However, compared to other 

samples, the SingleP cantilever exhibits a more homogeneous and flat fracture 

surface. Using LEFM the conditional fracture toughness value was calculated as 7.16, 

7.52, 7.58 and 11.26 MPa m1/2 for SingleP, SingleP-PB, DoubleP and DoubleP-PB 

welds, respectively. The plastic zone in front of the notch can be estimated using Irvin 

approximation [29]: �� =
�����
�

����
� . ASTM standard [30] also sets restrictions for the 

sample dimension as the thickness must be larger than 2.5	(
�����
�

��
� ). For the sample 

thickness smaller than t1, the measured fracture toughness corresponds to the plane-

stress fracture toughness, while for the samples thicker than t1, plane-strain fracture 

toughness is measured. The calculated plastic zone thickness t1 for SingleP, SingleP-

PB, DoubleP and DoubleP-PB samples is 1.6, 1.98, 1.98 and 4.57 µm, respectively. 

However, the critical sample thickness proposed by the standard is not fulfilled as it 

is calculated as 39, 46, 46 and 107 µm, correspondingly. Since the geometrical 

constraints are not met and also all the tested samples behave in a ductile manner, 

LEFM cannot be used to derive the valid fracture properties but it can provide the 

lower limit for the fracture toughness. However, the requirements for the 

measurement of plane-strain fracture toughness are fulfilled, thus, the results are 

presented as conditional fracture toughness. 
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Figure 7-13 Stress intensity factor graphs corresponding to the load-displacement curves of 

Figure 7-12. 

7.3.4.1 Crack tip opening displacement (CTOD) approach 

In order to determine CTOD, it is needed to measure the crack mouth opening 

displacement (CMOD), according to Eq.5-9 in chapter 5. The CMOD was determined 
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using in-situ SEM observation. The load-CMOD graphs are plotted in Figure 7-14 for 

the bent samples as it can be a measure to evaluate the crack blunting and 

propagation behavior. As observed, the end of the force plateau for the SingleP 

sample is associated with the lowest CMOD compared to the other sample. In 

contrast, the DoubleP-PB shows the highest CMOD value at the end of force plateau. 

The end of force plateau is considered as the point when the crack nucleates, and 

with further displacement the crack grows with gradually decreasing load. Hence, it 

can be inferred that the notch is blunted more before the crack onset in the case of 

DoubleP-PB sample leading to larger CMOD value. The KQ, δ values for the SingleP 

SingleP-PB, DoubleP and DoubleP-PB were calculated using Eq. 5-9 and Eq. 5-10 as 

9.44, 11.91, 12.34 and 16.03 MPa m½, respectively. 
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Figure 7-14 Load-CMOD graphs for (a) SingleP, (b) SingleP-PB, (c) DoubleP and (d) 

DoubleP-PB samples. 

7.3.4.2 J-integral approach 

For the sake of comparison and to position the results of the previous section in 

context we explored another approach, i.e. the J-integral method to characterize the 

fracture toughness of the materials with large-scale yielding. As presented in Figure 

7-12, partial unloading segments were applied after specific interval of 500 nm. 

Partial unloading enables to track the crack extension during the loading of micro-

cantilevers by measuring the beam stiffness. The crack propagation decreases the 

ligament size and thus leads to the reduction in the bending stiffness. Figure 7-15a 



Chapter 7
 

136 

shows the change is stiffness as a function of the number of unloading segment for 

DoubleP-PB sample as an example. The sample shows increase in bending stiffness 

until the 4th unloading segment (maximum load) corresponding to the strain 

hardening stage. Thus, it can be reasonably assumed that no crack propagation 

occurs until the load-displacement curve attains the maximum load at the 4th 

unloading step. Then, there are small reductions in the stiffness of the beam until the 

7th unloading part indicating the occurrence of crack propagation but with slower 

rate. And finally, the beam stiffness decreases steadily until the last unloading step 

that corresponds to the stable crack growth stage. The simulated beam stiffness 

normalized to the maximum stiffness value is plotted in Figure 7-15b. In the case of 

DoubleP-PB sample, the initial notch size a0/t is 0.58. The decrease in stiffness in 

percent for every a/t > 0.58 is calculated by dividing the stiffness of every unloading 

step by the stiffness value of a0/t =0.58. Thus, it is possible to calculate the crack size 

in different unloading segments from the relative decrease in stiffness using the 

graph in Figure 7-15b. 

0 2 4 6 8 10 12 14 16
5

6

7

8

9

10

S
ti
fn

e
s
s 

(m
N

/µ
m

)

Unloading step 

a

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

re
la

ti
v
e
 s

ti
fn

e
s
s
 (

%
)

a/t ratio

b

 
Figure 7-15 Measured beam stiffness for every unloading segment for DoubleP-PB cantilever 

(a). Stiffness plot for different a/t ratios obtained from FEA (b). 

 Figure 7-16 represents the measured crack extension size for every unloading 

step. Two distinct stages can be identified. The first stage after the crack propagation 

is associated with a slow crack growth, i.e. a crack blunting stage. The second stage 
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is called stable crack growth and the crack growth rate is higher, which is also 

associated with gradual decrease in the load. The measured crack sizes in Figure 7-

16 show that the SingleP sample has the largest crack size (~0.85 µm) after bending 

as opposed to the DoubleP-PB sample with the smallest crack size (~0.45 µm). 

Furthermore, the final crack size in the DoubleP sample is slightly larger than that 

of the SingleP-PB cantilever. 
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Figure 7-16 Crack extension versus unloading step for the SingleP (a), SingleP-PB (b), 

DoubleP (c) and DoubleP-PB (d) samples. 

The calculated J values for each unloading segment against crack size were 

calculated by Eq. 5-12 and plotted in Figure 7-17. SingleP sample shows the lowest 

critical J value as opposed to the DoubleP-PB sample with the highest Jc value. A 

small rise in Jc is observed for the DoubleP sample compared to the SingleP-PB 

sample. 

The conditional fracture toughness values measured using three methods, 

namely LEFM, CTOD and J-integral are summarized in Figure 7-18. LEFM provides 

only the lower bound of the fracture toughness for ductile materials. CTOD also 

delivers lower values for the fracture toughness compared to J-integral method. 

Nonetheless, the trend of the fracture toughness values for all the samples using 

three different methods are quite similar. SingleP shows the lowest fracture 

toughness, whereas the DoubleP-PB sample reaches the highest. Furthermore, 
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DoubleP sample exhibits a very small increase in fracture toughness compared to the 

SingleP-PB sample.  
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Figure 7-17 J-Δa curves for SingleP (a), SingleP-PB (b), DoubleP (c) and DoubleP-PB (d) 

cantilevers. 
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Figure 7-18 Measured conditional fracture toughness values using LEFM, CTOD and J-

integral methods. 

As generally accepted, the strength and to a certain extent also the toughness of 

martensite are improved by the refinement of the structure. PAG, CPP and Bain 

packets with high angle grain boundaries are effective against crack propagation and 

finer structure of these units can enhance the fracture toughness of martensite 
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[31,32]. However, double pulse welds with coarser martensitic units show higher 

fracture toughness implying the strong effect of texture on the mechanical response 

of the microstructure. Generally, cleavage fracture occurs along the {001} planes in 

the bcc materials as they provide an easy path for crack to propagate [33]. It is widely 

reported that the rotated cube component has a detrimental effect on the fracture 

properties of steel [9,18,34,35]. 

 It was shown that decrease in the intensity of the rotated cube texture by 

appropriate thermo-mechanical process can enhance the fracture toughness of the 

structure. In contrast, the grains with orientation of <011>//ND play a key role to 

improve the fracture properties as {011} plane is one of the main slip planes of the 

bcc structure for plastic deformation. These planes contribute to the nucleation and 

coalesce of micro-voids and increase the amount of plastic deformation and 

absorbed energy during fracture. Hence, the major Goss and rotated Goss texture 

components of the double pulse weld in front of the pre-crack can be the main factor 

that results in higher fracture toughness compared to the single pulse sample. In the 

case of paint baked samples, the tempered martensite formed in front of the pre-

crack becomes less strained compared to the fresh martensite of unbaked sample as 

the transition carbides precipitate inside the laths. It is also considered that the 

carbon segregation to lattice defect at the initial stage of the tempering may lead to 

slight increase in hardness [16]. However, no noticeable changes in the hardness of 

paint baked and unbaked samples are observed in the present study. This can be 

attributed to the relatively low carbon content of the steel that provides no sufficient 

carbon for hardening (~ 0.2 wt.%). Softening of martensite by low-temperature 

tempering is unlikely until the temperature rises up to 200 °C. In fact, low-

temperature tempering of the spot welds during PB treatment results in neither 

significant increase nor decrease in the hardness of the martensitic microstructure, 

but adds certain amount of improvement to the fracture toughness of the martensite 

formed in the fusion zone of the weld.  

The cracking behavior of SingleP and DoubleP-PB cantilevers with the lowest 

and highest fracture toughness was further analyzed by TEM as shown in Figure 7-

19. The side of the bent cantilevers was further milled using FIB to roughly reach the 

center of the bent cantilever samples. Different failure behavior can be readily seen 

from the TEM images. The dashed yellow line lies on the initial crack before stable 

crack growth, while the red dash line highlights the crack after propagation. As 

shown, the initial crack is heavily blunted in the DoubleP-PB sample with the highest 

fracture toughness. In contrast, the crack blunting before crack propagation is much 

less effective in the case of SingleP sample. Besides, the difference in the final crack 

size of the two samples can be clearly seen, as the crack size is smaller for the 

DoubleP-PB cantilever. It should be noted that there is a relatively good agreement 

between the observed crack size by TEM and the measured crack extension using the 

beam compliance and FEA in Figure 7-16, although the TEM only shows the crack 

size in the center of the cantilever and the average crack size through the whole 
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thickness might be a bit different. It was already shown by Skogsrud et al. [36] that 

for the crack lying on the (001) plane, small density of dislocations is emitted from 

the crack tip making dislocation loops as shown by white arrows in Figure 7-19a. 

These loops lead to the formation of voids slightly ahead of the tip immediately 

connected to the crack front upon increase in load. For this crack system, no strong 

pattern of dislocations is formed in front of the crack and they do not have an easy 

way to blunt the crack intensively. In the case of crack system lying on the (011), 

depending on the crack direction, the emitted dislocations can be either parallel or 

not parallel to the crack tip. If the emitted dislocations are not parallel to the crack 

front, the deformation will be concentrated in the crack center leading to the 

difference in crack propagation between the center and edge of the cantilever. In this 

case, the high amount the dislocation density at the edges leads to the relaxation of 

the crack tip and higher fracture toughness. If the emitted dislocations are parallel 

to the crack front, they can be formed on the slip system of {112}<111> resulting in 

blunting of the crack front. In this crack system, the crack propagation is associated 

with a large density of emitted dislocations ahead of crack front leading to a large 

plastic deformation needed for failure. It is noteworthy that the blunting effect of the 

crack in DoubleP-PB arises from two factors. First, the crack is subjected to a larger 

plastic deformation because of change in the texture and second, low temperature 

tempering of the microstructure drastically increases the fracture toughness of the 

structure. These two parameters collectively lead to the smallest crack size associated 

with heavily blunted crack tip. 

   

Figure 7-19 TEM examination of the bent cantilever for SingleP (a) and DoubleP-PB (b) 

samples. 

Figure 7-20a and b are a comparison of the obtained load-displacement curves 

using FEA and corresponding experimental bending test for SingleP and DoubleP-

PB samples until the maximum force is reached (the onset of crack initiation), 

respectively. A good agreement is found between the simulated and experimental 

results. Figure 7-20c and d show the stress distribution in front of the crack tip at  
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Figure 7-20 Experimental and simulated Load-displacement curves until the maximum load 

for (a) SingleP and (b) DoubleP-PB samples. Stress distribution at the maximum load for (c) 

SingleP and (d) DoubleP-PB cantilevers. The strain distribution at the maximum load for (e) 

SingleP and (f) DoubleP-PB samples. 

the onset of crack propagation for SingleP and DoubleP-PB samples, respectively. As 

it can be observed, the stress required for initiation of cracking in the notch tip of the 

cantilevers is attained essentially different both in terms of magnitude and 

distributions. For SingleP, maximum stress area (reaching 3.9 GPa) mostly spreads 

toward the opposite Y-axis with a narrow pattern, whereas, for DoubleP-PB sample, 

the stress field for the crack propagation (reaching 5.5 GPa) is expanded along X-

axis. The simulation also provides a predictive view on the crack propagation upon 

further loading. As seen, for the SingleP sample, a larger area in front of notch 

reaches the required stress for the crack propagation proposing an easier path for 

the crack to extend with loading. In the case of DoubleP-PB sample, a very confined 
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area in front of notch shows the highest stress field needed for the crack to propagate. 

Thus, the crack can only extend through a limited distance and extra plastic 

deformation is needed for the further propagation. According to Figure 7-20 e and f, 

the higher equivalent plastic strain in maximum load before crack initiation is 

attained for DoubleP-PB sample. It is also more widened enabling the notch to 

hinder the sharp crack initiation, as opposed to the very thin and narrow strain 

localization in Z-direction for sample1 case.  

The CTOD was measured as 95 and 233 nm from in-site SEM observation and 

using Eq. 5-9 for SingleP and DoubleP-PB, respectively. The corresponding values 

obtained from simulation are 75 and 145 nm, respectively. The relatively small 

deviation can be attributed to the errors in the CMOD measurements from SEM 

image, when it comes to detect the changes in distance at nano-scale. Nevertheless, 

the simulation also approves larger CTOD and also much stronger crack tip blunting 

before propagation in the case DoubleP-PB sample with the highest fracture 

toughness value. 

7.3.4.3 Final remarks 

A connection was found between the micro-mechanical performance of the 

formed microstructure in the weld nugget and its cross-tension properties. Results 

obtained from nano-indentation tests revealed that the change in weld scheme and 

also post-welding heat treatment leads to no significant change in the tensile 

properties of the weld zone in front of the pre-crack. Although the ductility was not 

examined in this study, the measured n value from nano-indentation test shows the 

ability of the microstructure for uniform elongation after yielding and can be used as 

a rough estimation for the ductility of the weld. As shown, no noticeable change in n 

value was measured. By contrast, the micro-cantilever bending demonstrated that 

the double pulse welding and also PB process after welding can effectively enhance 

the fracture toughness of the martensitic microstructure formed in front of the pre-

crack. It is shown that cross-tension properties of the resistance spot weld are 

governed by the fracture toughness of the microstructure formed in front of the pre-

crack. During the cross-tension test, the area in front of the pre-crack is subjected to 

mode I loading and notched micro-cantilever bending with the same loading 

configuration can be used to simulate the response the weld to the loading during 

large-scale mechanical test. The crack is heavily blunted during mode I loading of 

DoubleP-PB cantilever leading to higher cross-tension maximum load and energy 

absorption capability. By contrast, the weld microstructure of SingleP shows more 

brittle behavior during micro-cantilever bending providing an easier way for the 

crack propagation and also deteriorated cross-tension performance compared to 

other welds. The failure mode in the cross-tension test is the result of the competition 

between the shear plastic deformation outside the weld in the heat affected zone or 

the base metal and crack propagation into the fusion zone. If the fracture toughness 

in front of the pre-crack is high enough so that the yielding occurs outside the weld 
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before crack propagation into the weld, the failure happens in PF mode. Smith [11] 

derived an equation for the critical weld nugget size to ensure PF failure based on 

this completion as follows: 

D�=2.93 (
���

��
��	) t�/�  (7-1)  

where τ�� is the shear strength of the coarse-grained heat affected zone where the 

failure occurs in the PF mode, K�
��	 is the fracture toughness of the weld in front of 

the pre-crack and t is the sheet thickness. The yield shear strength of the HAZ was 

estimated from the obtained data from yield strength in tension of nano-indentation 

test as τ�� = 0.577	��
��. Figure 7-21 illustrates the calculated critical weld nugget size 

(black dots) using Eq. 7-1 for different welding schemes and paint baking treated 

welds against the measured average weld nugget size (5 ± 0.1 mm). As observed, only 

for the DoubleP-PB sample, the critical weld nugget size that guarantees the PF mode 

is smaller than the experimentally measured weld nugget size. In the case of DoubleP 

sample, the measured value is very close to the critical weld size but still smaller. 

According to this graph, in the case of SingleP sample, to ensure that the weld fails 

in PF mode the minimum weld nugget size must be ~ 6.7 mm. To verify the validity 

of the measurements, extra welds were made with different nugget sizes as shown by 

red dots in Figure 7-21. The minimum weld nugget size proposed by the standard 

ANSI/AWS/SAE [15] was made for the DoubleP-PB sample. The weld size is smaller 

than the previously investigated sample but still slightly larger than the critical weld 

size. As shown, the DoubleP-PB sample even with the minimum weld nugget size 

fails in PF mode. In the case of SingleP-PB and DoubleP samples, the possible 

maximum current was used to make weld with the largest size right before expulsion. 

Both the weld sizes are larger than the proposed critical weld nugget sizes. DoubleP  

sample shows a PF as the weld fails from coarse-grained heat affected zone. However, 

in the case of SingleP-PB on the left side, there is a small penetration of the crack 

into the fusion zone that leads to PIF mode with a large plug ratio and small damage 

in weld zone. The small discrepancy between the proposed weld nugget size for PF 

and the observed failure mode at a larger weld size for SingleP-PB might be 

attributed to the single micro-mechanical measurement of the fracture toughness. 

More measurements with more statistical reliability can lead to more accurate 

prediction of the weld failure. The SingleP weld still shows no PF mode failure in 

accordance with the proposed critical weld size. It was not possible to make a weld 

with the nugget size larger than the critical weld size as expulsion occurs at such a 

large weld current. Nevertheless, the combined nanoindentation and notched micro-

cantilever bending techniques seem to provide a comprehensive and deeper insight 

of the fracture behavior of the resistance spot welds.  
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Figure 7-21 The proposed critical weld nugget size for four spot weld samples (black dots). 

The dashed red line shows the average weld nugget size of the investigated samples. For 

verification, new weld samples with different nugget sizes were examined (red dots) and 

their failure mode have been shown as inserts to the graph. 

7.4 Conclusions 

An in-situ micro-cantilever bending method was successfully implemented in 

scanning electron microscopy to solve the problems associated with the resistance 

spot welding as a process widely used in mass production lines. The method was used 

to evaluate the effect of texture modification and post heat treatment on the local 

fracture toughness of the resistance spot welded 3rd generation high strength steel. 

Texture of the martensitic microstructure in front of the pre-crack was manipulated 

via change in weld scheme as double pulse welding changed the texture of the single 

pulse weld from <001>//ND to <011>//ND. Paint baking cycle was also applied at 

180 °C for 20 min and as characterized by the precipitation of transition  carbides.  

Micro-cantilever bending test revealed that change in the texture of martensite 

and also  carbide precipitation enhance the fracture toughness of the weld in front 

of the pre-crack. It was also shown that there is a direct correlation between the 

micro-fracture toughness of the weld and its cross-tension strength and energy 

absorption. Finally, the critical weld nugget size was calculated based on the 

nanoindentation and micro-cantilever bending results to predict pull-out failure of 

the weld at different welding parameters. A good agreement was observed between 

the proposed critical weld size and the experimental evidence of failure modes. 
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Summary 

The safety of passenger cars and lorries is determined significantly by the 

performance of resistance spot welds (RSW) that keep the components of steel 

together. Advanced high strength steels (AHSS) are known to be more susceptible 

to weld failure than conventional mild steels. A key issue encountered in the 

current development of the AHSS and next-generation automotive steels is the 

catastrophic failure of the welds, accompanied by considerably reduced strengths 

and toughness. Problems arise mainly in the cross-tension 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 strength and poor failure mode of spot welds form a 

direct hurdle for a successful implementation of these new advanced steels in the 

automotive industry. Therefore, improvement of the mechanical performance of 

AHSS resistance spot welds is of vital importance to ensure the safety and 

crashworthiness of the cars. The present work aims at identifying the process-

structure-property relationship in the RSW of dual phase (DP) steels and third 

generation AHSS steels. Special attention is paid to the microstructural evolution of 

the welds as a function of welding scheme and parameters. 

The precise effect of the welding scheme (i.e. single and double pulse) on the 

microstructural evolution and mechanical response of DP1000 resistance spot 

welds were studied in Chapter 3. It was found that double pulse welding at the 

maximum welding current, fairly below the expulsion current, enhances the cross-

tension strength of the welds significantly. It was shown that the second pulse in 

the double pulse scheme subdivides the initial fusion zone (FZ) of the first pulse 

into two zones. The inner part remains in the liquid form after the first pulse and is 

resolidified with a columnar structure after the second pulse, whereas the outer 

solidified layer becomes recrystallized during the second pulse leading to the 

formation of an equiaxed structure of prior austenite grains (PAGs) (named as Rex-

zone). Orientation imaging microscopy characterization revealed that the Rex zone 

has a low fraction of high-angle grain boundaries and a coarser structure of so-

called Bain groups compared to the FZ of single pulse weld. However, finer 

structure of PAGs, martensite packets and Bain groups are formed in the coarse 

grained heat affected zone (HAZ) of the double pulse welds. More severe softening 

of sub-critical HAZ, formation of equiaxed PAGs in the Rex zone and finer 

structure  coarse grained HAZ in the double pulse weld led to the better mechanical 

properties in cross tension test. 

Residual stress measurements in front of the pre-crack at the weld edge were 

the main objectives of chapter 4. As far as the correlations between residual stress 
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and mechanical properties of the welds are concerned the following important 

conclusions could be drawn:  double pulse welding of DP1000 steels at low welding 

currents deteriorates the mechanical performance, whereas at higher currents 

double pulse welds outperform the welds produced by single pulse scheme. Local 

residual stress mapping using the slit milling method combined with digital image 

correlation revealed that the compressive residual stress perpendicular to the plane 

of the pre-crack decreases or is even fully released at the weld edge of double pulse 

welds. Diminished mechanical performance of double pulse welds produced at 

lower welding current is attributed to the lower compressive residual stress state 

normal to the plane of crack and the formation of martensitic structure in front of 

the pre-crack with a lower fraction of high-angle grain boundaries and coarser Bain 

groups, which lead to lower resistant against crack initiation and propagation. 

RSW constitutes of complex microstructure gradients with a variety of 

mechanical responses in a confined space. It is of crucial importance to measure 

the local mechanical properties of the weld in order to make an accurate prediction 

of the failure mode and mechanical performance of the weld. Chapter 5 mainly 

focuses on the methodology used to measure the local fracture toughness of RSW. 

Fracture toughness at micro-scale was measured using notched micro-cantilevers 

milled at different weld zones using focused ion beam. Due to large plastic yielding, 

linear elastic fracture mechanics were inapplicable. Instead cyclic loading was 

implemented to track the crack size and the conditional fracture toughness of weld 

zones was measured using crack tip opening displacement and J-integral methods.   

Effect of chemical composition of DP1000 steel on the microstructural 

evolution and mechanical properties of resistance spot welds were investigated in 

chapter 6. It was shown that a higher carbon content of DP steel leads to the 

formation of martensitic microstructure in the weld nugget with smaller PAGs and 

finer block sizes. Furthermore, DP steel containing lower carbon content showed a 

stronger variant selection as the fraction of variants belonging to the same Bain 

group is higher for this particular steel. High carbon DP steel showed better tensile-

shear properties, whereas low carbon DP steel showed higher maximum load in 

cross-tension testing. Nanoindentation and micro-cantilever bending techniques 

were utilized to determine the factors that govern the mechanical response of RSW 

during two different mechanical testing methods. It was shown that the tensile-

shear properties are mainly determined by the strength/hardness of the weld 

nugget, whereas fracture toughness of the weld is the main factor governing the 

cross-tension performance of resistance spot welds. 

The microstructural evolution and mechanical properties of the 3rd generation 

AHSS resistance spot welds were studied in chapter 7. It was demonstrated that 

the texture of the martensitic microstructure can be controlled via change in the 

weld scheme from single to double. It was shown that double pulse welding 

changes the texture of the single pulse weld from <001>//normal direction of 
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sample reference frame (ND) to <011>//ND. The effect of texture and post heat 

treatment of the local fracture toughness of the welds was evaluated using micro-

cantilever bending. It was revealed that the change in texture of martensite and 

also  carbide precipitation during paint baking treatment enhance the fracture 

toughness of the weld in front of the pre-crack. A direct correlation was found 

between the fracture toughness of the weld edge and cross-tension properties. 

Using the combination of nanoindentation and micro-cantilever bending, critical 

weld nugget size was calculated to ensure pullout failure mode during cross-tension 

testing.
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Samenvatting 

De veiligheid van personenauto's en vrachtwagens wordt in belangrijke mate 

bepaald door de prestaties van weerstandspuntlassen (RSW) die de verschillende 

onderdelen gemaakt uit  staal bij elkaar houden. Van geavanceerde hoogsterkte 

staalsoorten (AHSS) is bekend dat deze gevoeliger zijn voor lasfouten dan 

conventionele zachte staalsoorten. Een belangrijk probleem bij de huidige 

ontwikkeling van de AHSS en de volgende generatie automobielstalen is het 

catastrofale falen van de lassen, dat gepaard gaat met een aanzienlijke vermindering 

van de sterkte en taaiheid. Problemen doen zich voornamelijk voor bij de 

dwarstrekspanningstesten van puntlassen in AHSS-staal met een sterkte hoger dan 

800 MPa, waarbij lassen worden onderworpen aan de zogenaamde modus I type 

belasting.  

De verlaagde dwarstrekspanningssterkte onder Mode-I belasting van 

puntlassen vormen een directe belemmering voor een succesvolle implementatie van 

deze nieuwe geavanceerde staalsoorten in de automobielindustrie. Daarom is 

verbetering van de mechanische prestaties van AHSS-weerstandspuntlassen van 

vitaal belang om de veiligheid en crashbestendigheid van de auto's te garanderen. 

Het huidige onderzoek  is gericht op het identificeren van de proces-structuur-

eigenschap relatie in het RSW van dubbele fase (DP) staal en derde generatie AHSS 

staal. Speciale aandacht wordt besteed aan de microstructurele evolutie van de 

lassen als functie van het lasschema en de parameters. 

Het effect van het precieze lasschema (d.w.z. enkelvoudige en dubbele puls) op 

de microstructurele evolutie en mechanische reactie van DP1000 

weerstandspuntlassen woden besproken  in hoofdstuk 3. Het bleek dat 

dubbelepulslassen bij de maximale lasstroom, tamelijk onder de uitzetstroom, de 

dwarstrekspanningssterkte van de lassen aanzienlijk verbetert. We hebben  

aangetoond dat de tweede puls in het dubbele pulsschema de initiële fusiezone (FZ) 

van de eerste puls onderverdeelt in twee zones. Het binnenste centrale deel blijft in 

de vloeibare vorm na de eerste puls en wordt na de tweede puls opnieuw gestold met 

een kolomstructuur, terwijl de buitenste gestolde laag tijdens de tweede puls 

herkristalliseert, wat leidt tot de vorming van een gelijkassige structuur van eerdere 

austenietkorrels (PAGs) (genaamd Rex-zone). Oriëntatie beeldvorming microscopie 

karakterisering bleek dat de Rex-zone een lage fractie van hoge-hoek korrelgrenzen 

en een grovere structuur van de zogenaamde Bain groepen heeft in vergelijking met 

de FZ van enkelvoudige pulslas. Echter, een fijnere structuur van PAGs, 

martensietpakketten en Bain groepen worden gevormd in de grofkorrelige warmte 

beïnvloede zone (HAZ) van de dubbele pulslassen. De substantiële  verzachting van 

subkritische HAZ, de vorming van gelijkassige PAGs in de Rex zone en fijnere 
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structuur grofkorrelige HAZ in de dubbele pulslas leidde tot de betere mechanische 

eigenschappen in de dwarstrekspanningstest. 

Residuele spanningsmetingen voor de pre-scheur aan de laskant zijn  de 

belangrijkste onderwerpen  in hoofdstuk 4. Wat betreft de correlaties tussen 

residuele spanning en mechanische eigenschappen van de lassen kunnen de 

volgende belangrijke conclusies worden getrokken: dubbele pulslassen van DP1000 

staalsoorten bij lage lasstromen verslechteren  de mechanische prestaties, terwijl bij 

hogere stromen dubbele pulslassen beter presteren dan de lassen geproduceerd door 

het enkelvoudige puls schema. Lokale residuele spanningsmappings met behulp van 

de spleetfreesmethode in combinatie met digitale beeldcorrelaties toonden aan dat 

de residuele drukspanning loodrecht op het vlak van de pre-scheur afneemt of zelfs 

volledig wordt vrijgegeven aan de lasrand van dubbele pulslassen. Verminderde 

mechanische prestaties van dubbele pulslassen geproduceerd bij lagere lasstroom 

wordt toegeschreven aan de lagere residuele drukspanning loodrecht op  het 

scheurvlak en de vorming van martensiet achtige structuur voor de pre-scheur met 

een lagere fractie van hoge-hoek korrelgrenzen en grovere Bain groepen, die leiden 

tot lagere weerstand tegen scheurinitiatie en voortplanting. 

RSW bestaat uit complexe microstructuur gradiënten met een verscheidenheid 

aan mechanische reacties in een beperkte ruimte. Het is van cruciaal belang om de 

lokale mechanische eigenschappen van de las te meten om een nauwkeurige 

voorspelling te maken van het faalgedrag  en mechanische prestaties van de las. 

Hoofdstuk 5 richt zich voornamelijk op de methodologie die gebruikt wordt om de 

lokale breuktaaiheid van RSW te experimenteel te bepalen. De breuktaaiheid op 

microschaal werd gemeten met behulp van gekerfde microcantilevers uitgefreesd op 

verschillende laszones met behulp van een gefocusseerde  ionenbundel. Door de 

grote plastische vervorming  is lineaire elastische breukmechanica niet toepasbaar. 

In plaats daarvan werd cyclische belasting toegepast om de scheurgrootte te volgen 

en werd de conditionele breuktaaiheid van de laszones gemeten met behulp van de 

zogenaamde scheurtip-opening-verplaatsing en J-integrale methoden.   

Effecten van de chemische samenstelling van DP1000 staal op de 

microstructurele evolutie en mechanische eigenschappen van weerstandpuntlassen 

worden in detail gepresenteerd  in hoofdstuk 6. Er werd aangetoond dat een hoger 

koolstofgehalte van DP staal leidt tot de vorming van martensiet  in de lasklomp met 

kleinere PAGs en fijnere blokmaten. Bovendien vertoonde DP staal met een lager 

koolstofgehalte een sterkere variantenselectie omdat de fractie van varianten die tot 

dezelfde Bain-groep behoren hoger is voor dit specifieke staal. Hoogkoolstof-DP 

staal had betere trek-schuifsterkte-eigenschappen, terwijl laagkoolstof-DP staal een 

hogere maximale belasting vertoonde bij dwarstrekspanningstesten. Nano-

indentatie en micro-cantilever buigtechnieken werden gebruikt om de factoren te 

bepalen die de mechanische reactie van RSW bepalen tijdens twee verschillende 

mechanische testmethoden. Er werd aangetoond dat de trek-schuifsterkte 
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eigenschappen  grotendeels worden bepaald door de sterkte/hardheid van de 

lasklomp, terwijl de breuktaaiheid van de las de belangrijkste factor is die de 

dwarstrekspanningsprestaties van weerstandspuntlassen beïnvloedt 

De microstructurele evolutie en mechanische eigenschappen van de 3de 

generatie AHSS-weerstandspuntlassen worden in hoofdstuk 7 besproken. Er werd 

aangetoond dat de textuur van de martensitische microstructuur gecontroleerd kan 

worden via een verandering in het lasschema van enkelvoudig naar dubbel. Er werd 

aangetoond dat dubbele pulslassen de textuur van de enkele pulslas veranderen van 

<001>//normale richting van het monsterreferentiekader (ND) naar <011>/ND. 

Het effect van de textuur en nabehandeling van de lokale breuktaaiheid van de lassen 

werden  geëvalueerd met behulp van micro-cantilever buiging. Er werd aangetoond 

dat de verandering in textuur van martensiet en ook  carbide precipitatie tijdens de 

zogenaamde ‘verf bak’- behandeling de breuktaaiheid van de las voor de pre-scheur 

verbeteren. Er werd een directe correlatie gevonden tussen de breuktaaiheid van de 

lasrand en de dwarstrekspanningseigenschappen. Met behulp van de combinatie van 

nano-indentatie en micro-cantilever buiging, werd de kritische lasklompgrootte 

berekend om de pullout-faalmodus tijdens dwarstrekspanningstesten te garanderen. 
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