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ABSTRACT 

 

 Liquid metal embrittlement (LME) is a serious and prevalent issue during resistance spot 

welding with the new generation of galvanized advanced high strength steels. Extensive studies 

focus on the elimination of LME cracking during the welding process; however, little research 

has been performed on the mechanical performance of spot welds if LME is present. 

Additionally, mechanical performance at low temperatures is of interest due to the range of 

operating conditions automobiles are exposed to.  

 An experimental matrix was established using three ranges of crack sizes, three testing 

configurations (cross-tension, coach peel and flange-tensile) and three temperatures (room 

temperature down to -40 °C). Small cracks (551 ±169 µm) were found to have no effect on the 

mechanical performance of spot welds compared to uncracked samples. There was no 

degradation in peak load, energy absorption or change in failure mode. Large cracks 

(1194 ±246 µm) showed significant degradation in all three of these categories, while medium 

cracks (910 ±202 µm) had mixed results, due to the fact that the crack length range spans 

between small and large cracks. In all testing configurations large LME cracks changed the 

failure mode compared to uncracked welds, e.g. button pull-out failure in large and some 

medium uncracked welds protruded into the base metal, whereas cracked weld failure was fully 

contained in the weld nugget, with LME present on the fracture surface. Low temperatures did 

not have a significant effect on the results. Cracked samples followed the same trends with 

decreasing temperature as their uncracked counterparts. The failure mode was independent of 

temperature.  

 Finite Element modeling (FEM) was also used to examine von Mises stresses at the LME 

crack tip and weld edge for a 3D cross-tension test. The objective was to identify a crack length 

and geometry at which the crack tip stress is higher than the weld edge stress, implying the crack 

degrades mechanical properties and changes the failure mode. Four parametric studies were 

conducted for each of the crack variables: center angle, arc angle, crack angle and crack length. 

�)�R�U���F�U�D�F�N�V���O�D�U�J�H�U���W�K�D�Q���D�E�R�X�W���������������P�����W�K�H���F�U�D�F�N���W�L�S���V�W�U�H�V�V���L�V���O�D�U�J�H�U���W�K�D�Q���W�K�H���Z�H�O�G���H�G�J�H���V�W�U�H�V�V�����7�K�H��

results from these studies support findings from previous literature and the experimental testing 

performed in this study. 
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CHAPTER 1 

INTRODUCTION 
 

 This chapter discusses the motivation and industrial relevance for this research. Research 

questions are proposed and the structure of the thesis is explained.  

1.1 Industrial Relevance 

Light-weighting efforts in the automotive industry introduce a need for steel development 

with higher strength and higher ductility. New targets set for fuel efficiency and crash 

performance have led to advancements in advanced high strength steels (AHSS). For corrosion 

resistance, steels are coated with zinc, which leads to a high susceptibility to LME cracking in 

some grades such as transformation induced plasticity (TRIP) steels if certain conditions are met 

during welding. The main joining process used in the automotive industry is resistance spot 

welding (RSW) with between 2,000 and 5,000 spot welds on an average car [1]. Spot welds are 

often used because of the high efficiency and relatively low cost. Research is being conducted to 

improve LME resistance in these steels; however, there are only a few studies on the influence of 

LME cracks on mechanical performance. The objective of this project is to determine crack 

lengths and morphologies as well as loading conditions that are critical for spot weld mechanical 

integrity. 

1.2 Research Questions 

 The focus of this research is based on the following three questions. These questions have 

been formulated based on the gaps found in current literature about LME cracking: 

1. Can critical crack conditions be predicted where LME cracks degrade performance 

through comparison of stresses at the crack front and around a spot weld? 

2. During mechanical testing with various loading conditions, does crack length affect 

mechanical performance and failure mode?  

3. How does the mechanical performance of specimens with LME cracks depend on 

temperature down to -40 °C?  
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1.3 Thesis Outline 

To answer the research questions, this study is split into two complementary parts. 

Questions 2 and 3 are answered with an experimental testing matrix and question 1 is answered 

using Finite Element Modeling (FEM). After presenting the background to this research in 

Chapter 2, Chapter 3 explains the experimental procedure for both the experimental matrix and 

the FEM details. Results for the mechanical testing and FEM are found in Chapters 4 and 5, 

respectively. Chapter 6 relates the two studies to each other, with final conclusions to the 

research questions presented in Chapter 7. Chapter 8 discusses future work. 

An additional study focusing on lap-shear experimental testing of a different alloy and 

associated FE modeling can be found in Appendix A. This paper was published in the Materials 

Science and Technology Conference Proceedings in Portland, OR in October of 2019 and received 

the 2020 Jerry Silver Award. Additional contribution to this paper was by Dr. Matthew L.S. 

Zappulla (advised by Prof. Brian Thomas) who aided in all aspects of FEM. 
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CHAPTER 2 

BACKGROUND 
  

 A literature review of transformation induced plasticity (TRIP) steel, resistance spot 

welding (RSW), failure mechanics of spot welds, liquid metal embrittlement (LME), and an 

introduction to Finite Element Modeling (FEM) is presented in this chapter. 

2.1 TRIP Steel 

 High strength TRIP steels are a class of steels that exhibit both high strength and high 

ductility. The microstructure of TRIP steels is retained austenite in a ferrite matrix, along with 

islands of martensite and possibly bainite, which strengthen the material. The microstructure of a 

TRIP1180 steel is shown in Figure 2.1 [2]. Typical alloying in TRIP steels includes carbon, 

manganese, and silicon, which are intended to stabilize austenite at lower temperatures. Upon 

deformation, the retained austenite transforms into martensite, which strain hardens the material. 

The strain hardening also suppresses necking, which leads to high ductility in the material.  

 At low temperatures, there is a decrease in austenite stability and stress-assisted 

transformation may occur, rather than strain-induced. Stress-assisted transformation refers to the 

activation of pre-existing martensite nuclei, whereas strain-induced transformation occurs on 

new nucleation sites produced by plastic deformation [3], [4]. The relationship between these 

two mechanisms is shown schematically in Figure 2.2. Near the �/ �Ì temperature, or martensite 

start temperature, austenite transformation is spontaneous, and has an increasing linear stress 

dependence, up to the �/ �Ì
��  temperature. At �/ �Ì

�� , the yield strength of the austenite is lower than 

that required for stress-assisted transformation, and the temperature dependence is reversed. At 

this point, strain-induced transformation starts to occur due to the new nucleation sites created by 

slip. Ultimately, the �/ �× temperature is reached, where there is no longer transformation due to 

insufficient driving force [3], [4]. When stress-assisted transformation occurs at low 

temperatures, yielding behavior is dependent on transformation, rather than yielding by slip, 

which results in a plateau near the yield point in stress-strain curves [5]. 
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Figure 2.1 Scanning electron micrograph of the microstructure of TRIP1180 steel with 
retained austenite (A) in a matrix of ferrite (F) along with islands of bainite (B) and 
martensite (M) [2]. 

 

Figure 2.2 Schematic of the relationship between stress-assisted and strain-assisted 
transformation of martensite. Adapted from [4]. 
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2.2 Resistance Spot Welding 

 RSW is a joining technique commonly used in the automotive industry due to the high 

efficiency and low cost. Two thin sheets of metal are joined together by electrical resistive 

heating between the metal sheets and two water-cooled copper electrodes. The amount of heating 

in the metal is dependent on the amount of current and resistance, the largest resistance being in 

between the two sheets of metal. Figure 2.3 illustrates the welding process and points of 

resistivity, along with the relative temperature through the cross-section of the electrodes and 

metal sheets. The high heat produced by resistance forms a weld nugget in between the two 

sheets of steel. 

 

Figure 2.3 A schematic of the RSW process showing the temperature profile for seven 
locations, with the interface between the two sheets of metal having the highest 
temperature [6]. 

 

 The three main steps in RSW are the squeeze, weld, and hold time. A diagram of a basic 

weld schedule is shown in Figure 2.4. Squeeze time is defined as the time between the electrodes 

clamping the metal until the weld current is initiated. The force of clamping is also controlled 

and varies for different weld schedules, defined as electrode force. Weld time is the time that the 

thin sheets are exposed to the weld current, and the hold time is the time between the cessation of 
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the current and when the sheets are unclamped. There can be multiple pulses of current in one 

weld schedule, where the combination of weld time and hold time is defined as a cycle. These 

variables, along with the weld current and electrode force, can be modified to achieve a desirable 

weld nugget.  

 
Figure 2.4 Schematic welding schedule showing an example of electrode force and current 

during the squeeze, weld and hold times. 

 

 The heat generated in the resistance process is directly related to the current input and is 

governed by the equation: 

�4� �,���5�W  (2.1) 

where Q is the amount of heat generated, I is the current, R is the resistance of the work piece 

and t is the time that the current flows [7]. The highest resistance and temperature occurs 

between the two metal plates being welded, which is where the weld nugget forms. As the 

resistance and heat increases between the two sheets, the metal between the two plates melts. 

 The size of the weld nugget is critical to its strength. Larger weld nuggets have a larger 

load bearing area, and therefore the weld has an increased load carrying capacity. The common 

industry standard for the minimum size of a weld nugget, shared by the American Welding 
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Society (AWS), Society of Automotive Engineers (SAE) and the American National Standards 

Institute (ANSI), is defined as: 

�† 
L �v�¾�–  (2.2) 
where d is the weld nugget diameter and t is the thickness of the sheet [6]. This equation has 

been tested extensively for a multitude of steel alloys and is used because it is largely 

independent of the base alloy [1]. If a spot weld fails to meet this minimum, the load capacity of 

the weld may not be great enough for the required crash performance and fatigue life. 

2.3 Spot Weld Testing Configurations and Failure Mechanics 

 Due to the abundance of spot welds in an automotive body, comprehensive testing of the 

welds must be performed to fully encompass the various stress states a weld may experience. 

Currently, there are no industry-wide standards for crash performance, so appropriate testing is 

user-defined and therefore data comparisons are difficult [8]. Spot weld testing is also heavily 

reliant on the geometry of the weld, thickness of the sheet, and material properties, which further 

complicates comparisons. Various types of testing for spot welds have been established to 

embody the complicated loads a spot weld may experience.  

 One of the most common tests performed to test spot weld integrity is the tensile-shear 

configuration due to its simplicity, shown in Figure 2.5. The sample is easy to produce, weld, 

and test without any special equipment. The main loading of a tensile-shear sample puts the weld 

in shear. However, once the tensile load is applied, the weld rotates and a more complicated 

stress state develops. To eliminate nugget rotation, the coach peel test was developed, a 

schematic of which is shown in Figure 2.6.  

 

Figure 2.5 Tensile-shear spot weld configuration under tensile-shear force F, with sheet 
thickness, t, and nugget diameter, d [9]. 
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Figure 2.6 Coach peel spot weld configuration under coach-peel force, P, with sheet thickness, 
t, nugget diameter, d, and eccentricity, e [9]. 

 

 Cross-tension configurations are also extensively used for crash performance tests, a 

schematic of which is shown in Figure 2.7. This configuration has a simpler stress state due to 

the elimination of weld nugget rotation. Additionally, to analyze uniaxial stresses on the spot 

weld, the flange-tensile test was developed. The weld simply joins two tensile bars and is pulled 

in tension. The ends of the sample are either arc welded or have additional spot welds to ensure 

that the applied load is dispersed equally on both tensile bars.  

 In reality, loading is more complicated because there are multiple welds and multi-axial 

stress states in automobiles [10]. To simulate these better, small testing components have been 

developed. Both T-section and top-hat geometry tests incorporate multiple welds. Loads can be 

applied either with quasi-static or elevated strain rates. After testing, all spot welds are analyzed 

to determine the type of failure. 

 

Figure 2.7 Cross-tension spot weld configuration under cross-tension force, T, with sheet 
thickness, t, nugget diameter, d, and load spacing, c [9]. 
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 Failure in a spot weld is dependent on the stress intensity factor. Zhang has proposed 

stress intensity equations at the spot weld for tensile-shear, cross-tension and coach peel 

samples [9], with the assumption that the edge of the spot weld at interface between the welded 

sheets is simulative of a sharp crack. Three stress intensity factors, KI, KII and KIII , occur at the tip 

�R�I���W�K�L�V���³�F�U�D�F�N�´���D�Q�G��correlate to three modes of deformation, a schematic of which is shown in 

Figure 2.8. Mode I is due to tensile stress, Mode II is the forward shear mode, and Mode III is 

the parallel shear mode [11]. For tensile-shear configurations, the maximum stress intensity 

factors, KI and KII, occur at point A in Figure 2.5, which is the front vertex of the spot weld, in 

line with the loading direction, and the maximum KIII  occurs on the edge, at point B in Figure 

2.5. The equations for these values are given by: 

 �. �,� 
�¾���)

���Œ�G�¾�W
 (2.3) 

 �. �,�,� 
���)

�Œ�G�¾�W
 (2.4) 

 �. �,�,�,� 
�¾���)

�Œ�G�¾�W
 (2.5) 

where F is the tensile-shear force in Newtons, d is the weld nugget diameter in millimeters, and t 

is the thickness of the sheet in millimeters. For cross-tension configurations, KI and KII  occur at 

point A in Figure 2.7. Due to symmetry in the sample, there is no value of KIII . The values of KI 

and KII  are given by: 

 �. �,� 
���¾���F�7

�����Œ�G�W�¾�W
 (2.6) 

 �. �,�,� 
���F�7

�����Œ�G�W�¾�W
 (2.7) 

where c is the spacing between the location of applied loads in millimeters and T is the 

cross-tension force in Newtons. For a coach peel configuration, the maximum stress intensity 

factor, KI, is at point A in Figure 2.6, and KII  and KIII  have no value. The equation for the stress 

intensity for a coach peel sample is: 

 �. �,� 
���¾���H�3

�Œ�G�W�¾�W
 (2.8) 

where P is the coach peel force in Newtons and e is the load eccentricity in millimeters [9].  
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Figure 2.8 Schematic of loading modes on the cross-section of a spot weld, where the location 
of stres�V���L�Q�W�H�Q�V�L�W�\���I�D�F�W�R�U�V���L�V���W�K�H���³�F�U�D�F�N���W�L�S�´���I�R�U�P�H�G���E�\���E�R�W�K���V�K�H�H�W�V���R�I���V�W�H�H�O���D�Q�G���W�K�H��
weld nugget.  

 

The two main failure modes for spot welds are pull-out and interfacial fracture. Pull-out 

fracture is preferred because this failure is associated with high strength and ductility and is more 

likely to occur in larger weld sizes. This form of fracture can be characterized by the weld nugget 

remaining intact and being completely removed from one sheet of metal. Interfacial fracture is 

characterized by fracture through the diameter of the weld nugget along the interface of the two 

metal sheets. These failure modes are shown schematically for a tensile-shear configuration in 

Figure 2.9(b) and (c), respectively. Fractographs of each mode are shown in Figure 2.10(a) and 

(b) from tensile shear experiments in the present study on a TRIP1180 steel. Mixed-mode 

fracture also occurs, where the failure is neither fully interfacial nor button pull-out; instead, 

there is a portion of the weld nugget from one sheet that is pulled out, leaving a hole that varies 

in size, and the rest of the fracture is interfacial, shown in Figure 2.10(c). 

 

Figure 2.9 Schematic cross section through tensile-shear sample, showing (a) the sample 
before testing, (b) weld pull-out failure mode, with sheet bending under load also 
shown, and (c) interfacial failure mode. 
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(a)           (b)              (c) 

Figure 2.10 Fractographs of spot welding failures showing (a) interfacial failure (b) button 
pull-out failure and (c) mixed-mode failure.  

 

Simplified free body diagrams for the three main testing configurations were developed 

to understand the stress state of the spot weld related to both interfacial and button pull-out 

failure. The diagrams shown are sectioned according to both these failure modes and the primary 

reactant stresses driving fracture are labeled. A schematic for tensile-shear testing is shown in 

Figure 2.11, where F is the initial force in Figure 2.11(a), and M is the reactant moment caused 

by loading. There is a shear stress on the weld nugget, �2, for interfacial failure and shear stresses 

on the sides of the weld for button pull-out failure. Coach peel is shown in Figure 2.12, where 

interfacial failure has a normal stress on the weld nugget and button pull-out failure has shear 

stresses at the edge of the weld. Cross-tension is shown in Figure 2.13, where there are two 

moments due to the applied force. Interfacial failure also has a tensile stress at the weld nugget 

and there are shear stresses during button pull-out failure.  

 

Figure 2.11 Free body diagram of a tensile-shear sample upon (a) initial loading force, F, for 
(b) interfacial fracture and (c) button pull-out failure with reactant shear stresses, �2, 
and reactant moments, M. 
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Figure 2.12 Free body diagram of a coach peel sample upon (a) initial loading force, F, for 
(b) interfacial fracture and (c) button pull-out failure with reactant shear stresses, �2, 
tensile stress, �1, and reactant moments, M. 

 

 

Figure 2.13 Free body diagram of a cross-tension sample upon (a) initial loading force, F, for 
(b) interfacial fracture and (c) button pull-out failure with reactant shear stresses, �2, 
tensile stress, �1, and reactant moments, M. 

 

 Both button pull-out and interfacial failures have a governing equation associated with 

them proposed by [1]. Interfacial failure is directly associated with the fracture toughness of the 

weld nugget by the equation: 

�3�I� ���������.�&�G
��

��
W

�W
W (2.9) 

where Pf is the failure load, KC is the fracture toughness, d is the weld diameter and t is the sheet 

thickness [1]. The equation for button pull-out failure is based on a simplified analysis, assuming 

the base material is ductile and the weld nugget and heat affected zone (HAZ) are hard and rigid. 

The stresses around the nugget are therefore shear and the failure load are governed by: 
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�3�I� �W�G�2�I (2.10) 
where �2f is the fracture stress in shear, or the shear strength of the heat affected zone [1]. The 

ultimate failure mode of a sample is dependent on which failure criterion is met first. A critical 

weld nugget diameter can then be defined, below which interfacial failure occurs and above 

which failure is button pull-out [1]. The predicted failure load calculated from equations 2.3 and 

2.4 is shown in Figure 2.14 as a function of weld size. The critical weld nugget diameter from 

these equations does not perfectly equate to equation 2.2, probably due to the AWS/SAE/ANSI 

standard intentionally being conservative for automotive applications [1].  

 �$�O�W�K�R�X�J�K���L�Q�W�H�U�I�D�F�L�D�O���I�D�L�O�X�U�H�V���D�U�H���F�R�P�P�R�Q�O�\���O�D�E�H�O�H�G���D�V���³�E�D�G���Z�H�O�G�V�´���D�Q�G���E�X�W�W�R�Q-pull-out 

�I�D�L�O�X�U�H���D�V���³�J�R�R�G���Z�H�O�G�V���´���W�K�H�U�H���K�D�V���E�H�H�Q���U�H�V�H�D�U�F�K���E�\���5�D�G�D�N�R�Y�L�F���D�Q�G���7�X�P�X�O�X�Uu that suggests 

differently [12]. As the strength of the base metal steel increases, the minimum weld nugget 

diameter also increases unless the fracture toughness of the weld also increases. However, the 

fracture toughness of martensite, which composes the weld nugget, does not change with weld 

nugget size. Therefore, a weld in a high strength steel may have a high load-carrying capacity but 

still exhibit interfacial failure [12]. Ultimately, a weld cannot be judged purely by the type of 

failure present, but load capacity and energy absorption are also key factors in differentiating 

�³�J�R�R�G�´���D�Q�G���³�E�D�G�´���Z�H�O�G�V���� 

 

Figure 2.14 Schematic showing the curves of the governing equations for both interfacial failure 
(dotted line) and button pull-out failure (solid line) for a given thickness. Adapted 
from [1].  
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2.4 Liquid Metal Embrittlement 

 In general, LME decreases the ductility of metal by embrittlement from specific liquid 

metals; however, no large impact on other properties of the material have been found [13]. The 

main mechanism for LME associated with zinc to occur is through liquid zinc penetrating the 

grain boundaries of the base metal, causing brittle fracture under load. This type of LME only 

occurs if there is a high enough temperature for the zinc to melt, and the zinc must be in direct 

contact with the base metal on the atomic level [13]. The minimum temperature for LME to 

occur is the melting point of the zinc.  

 There is also research that shows the minimum temperature for LME is higher than the 

melting temperature for zinc and occurs between 600 and 900 °C [13]�±[18]. Multiple reasons for 

this phenomena have been proposed, including that the ductility trough is kinetics-based [15], 

[16] or that liquid zinc at lower temperatures forms Fe-Zn intermetallic compounds rather than 

penetrating the grain boundaries [14], [18]. The upper temperature of the ductility trough is 

associated with the evaporating temperature of liquid Zn, about 907 °C.    

 Tensile stresses are also required for LME to occur. A study by Beal et al. investigated 

the relationship between temperature and strain rate on LME cracking in Fe-22Mn-0.6C 

twinning induced plasticity (TWIP) steel [15]. The study focused on the peak loads of hot tensile 

tests, which the author defines as critical stress, should correlate with the stress at which LME 

occurs. For each temperature tested and a strain rate of 1.3x10-1 s-1, the critical stress versus UTS 

is shown in Figure 2.15. For all strain rates, the critical stress was significantly lower than that of 

the UTS of bare (LME-free) TWIP steel within the ductility trough. Rather than compare critical 

stress to the UTS, a study by Jung concludes that as long as the stress surpasses the yield strength 

within the ductility trough, LME can occur. This conclusion is based on studying the strains at 

which zinc penetrates the grain boundaries [16].  

2.4.1 LME in Spot Welds 

 For RSW of Zn-coated steels, two of the three conditions needed to produce LME cracks 

are fulfilled easily. There is high heat from the resistance between the two metal sheets, and zinc 

is present from the coating. The third criterion, a tensile stress is also present. There are stresses 

acting on the weld due to the RSW process, both from changes in temperature and from 

electrode indentation.  
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Figure 2.15 The UTS of bare Fe-22Mn-0.6C TWIP steel compared to the critical stress for LME 
for the same steel that was coated with zinc by electrogalvanizing, at a strain rate of 
1.3x10-1 s-1. Reproduced from [15]. 

 

 In addition to these three parameters, various studies have found that it is possible to form 

brittle Zn-Cu intermetallic compounds such as ��-Cu5Zn8 and �0-CuZn5 in the LME crack 

[19]-[21]. These compounds are created by a reaction between the copper electrodes of the spot 

welder and the zinc-coated TRIP steel. The production of these compounds helps promote LME 

or surface cracking in the sample when the intermetallic is present on the surface of the weld 

nugget during cooling. Due to the stresses during cooling, the brittle intermetallic may crack. It 

can also weaken the interatomic bonding of the steel, which helps propagate cracks. 

 Three main types of cracking have been observed in spot welds. The orientations of these 

cracks are shown in Figure 2.16. The Type A cracks are located on the surface of the metal sheet 

where the copper electrode makes contact and are generally perpendicular to the surface of the 

sheet. Type B cracks are located on the same surface as Type A; however, they are located 

outsi�G�H���R�I���W�K�H���H�O�H�F�W�U�R�G�H���F�R�Q�W�D�F�W���Z�L�W�K���W�K�H���V�K�H�H�W���D�Q�G���D�W���D�Q���D�Q�J�O�H���Q�H�D�U���W�K�H���³�V�K�R�X�O�G�H�U�´���R�I���W�K�H���+�$�=����

Type C cracks are located in between the two sheets of metal. Like Type A cracks, Type C 

cracks are perpendicular to the surface of the metal but are located outside of the weld nugget.  
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Figure 2.16 Three possible types and locations of LME cracking in spot welded Zn-coated steel. 

  

 Due to the complexity of LME cracks, various studies have defined crack severity 

differently. Many studies quantify cracks by maximum crack length, others by total length of 

surface cracks, total crack surface area, surface cracking ratio, number of cracks, and mean crack 

length. Wintjles et al. �S�U�R�S�R�V�H�G���D���³�F�U�D�F�N���L�Q�G�H�[�´���Z�K�L�F�K���D�F�F�R�X�Q�W�V���I�R�U���Dll types of cracks and has 

shown a direct correlation with the loss in strength in tensile-shear configurations with LME 

cracks [22]. The crack index is essentially a ratio of the total length of cracks to sheet thickness 

defined as: 

�&�U�D�F�N���,�Q�G�H�[� ��
�Q�/
�W

 (2.11) 

where n is the number of cracks, L is the lognormal median crack length, and t is the thickness of 

the sheet [22]. The lognormal median can also be substituted by the median crack length for 

simplicity. These measurements are taken from a cross-section of the weld.    

 To study the stress and temperature distribution during RSW, a finite element model of 

RSW for zinc-coated TWIP steel was created by Jung [16]. This simulation used three pulses, or 

three short weld times sequentially, with a welding current of 8 kA. The temperature of the weld 

nugget was measured, along with the effective von Mises stress field of the weld nugget. The 

progression of both temperature and stress during the simulation is shown in Figure 2.17. 
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Figure 2.17 Finite element modeling of the development of temperature field and stress field 
during RSW of TWIP steel [16]. (see electronic version for color image) 

 

 Specifically, the temperatures across the weld nugget on the surface of the top sheet 

(path 1) and between the sheets (path 2) are higher than the melting point of zinc, 419.5 °C, until 

a distance far from the weld nugget where both temperatures decrease. These paths and gradient 

at the end of the last weld pulse are shown in Figure 2.18. The temperature of path 1 also falls 

within the presumed ductility trough temperature range, 600 to 900 °C, at a distance of 

approximately 3 mm from the center of the weld nugget. The temperature for both paths is 

within the temperature range of the ductility trough outside the region where the electrode 

contacts the sheet. The temperature gradient along path 1, has a significant increase in 

temperature at the shoulder where Type B cracks occur; the temperature increase arises since 

there is no contact with the water-cooled electrode. Temperatures within the ductility trough in 

the same location were found in other FEM studies as well [15], [17].  
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Figure 2.18 Finite element modeling of the development of the temperature field at the end of 
the last welding pulse of a RSW on TWIP steel. The temperature gradient versus 
distance from the center of the weld nugget for path 1 (electrode/metal interface) 
and path 2 (between the two metal sheets) shows temperatures above the melting 
temperature of zinc [16]. (see electronic version for color image) 

 

 The stress state at the shoulder of the weld is complex, FEM results of which are shown 

in Figure 2.19 [16]. �9�R�Q���0�L�V�H�V���V�W�U�H�V�V�H�V���G�X�U�L�Q�J���F�R�R�O�L�Q�J���D�U�H���V�K�R�Z�Q�����Z�L�W�K���V�W�U�H�V�V�H�V���L�Q���E�R�W�K���W�K�H���111 

�D�Q�G���122 directions for each step of the welding process. There is a compressive stress from 

clamping of the electrodes in the y-�G�L�U�H�F�W�L�R�Q�����122, on the weld metal during the squeeze and weld 

time, as indicated on the figure. Additional compressive stresses occur during welding from the 

cold metal surrounding the weld nugget during thermal expansion in the x-direction, �111. 

Thermal contraction during cooling produces a tensile stress in the x-direction, as indicated on 

the figure, on the weld nugget near the shoulder where Type B cracks occur, shown both in the 

image of th�H���V�S�R�W���Z�H�O�G���D�Q�G���W�K�H���O�L�Q�H���S�U�R�I�L�O�H���R�I���W�K�H���111 stress. 
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Figure 2.19 Finite element modeling of the development of the stress field during cooling of a 
RSW on TWIP steel, showing high tensile stresses on the shoulder of the weld. The 
stress versus distance from the center of the weld nugget for path 1 (electrode/metal 
inter�I�D�F�H�����L�Q���E�R�W�K���W�K�H���[���D�Q�G���\���G�L�U�H�F�W�L�R�Q�V�����1�������D�Q�G���1���������L�V���V�K�R�Z�Q���I�R�U���H�D�F�K���V�W�H�S���R�I���W�K�H��
welding schedule. There are large stress gradients near the shoulder during cooling 
[16]. (see electronic version for color image) 

 

2.4.2 The Influence of Welding Parameters on LME Cracking 

 Multiple studies have found that the length of LME cracking is related to differences in 

the weld schedule. Research has been conducted on various Zn-coated AHSS alloys and 

geometries; however, the weld schedules used in these various studies are not directly relatable 

due to different alloys, thickness, types of coating, etc. Despite the differences across alloys, 

there are a few trends in parameters that can be changed to produce different lengths and 

quantities of LME cracks including the weld current, weld time, hold time, and electrode force. 

Crack length can also be dependent on the electrode tip geometry and misalignment in 
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electrodes. Changes in all of these parameters influence two of the three criteria for LME to 

occur: a high temperature (in the ductility trough, 600 to 900°C) and a critical stress.  

 A study by Kim et al. investigated the impact of various welding parameters, including 

weld current, hold time, weld time and electrode force, on the surface cracking ratio in a 

galvannealed TRIP590 steel [21].  These trends are shown in Figure 2.20, where the surface 

cracking ratio percentage is plotted versus various weld parameters. The authors defined surface 

cracking ratio as a qualitative ratio, where a higher percentage is related to a higher cracking 

occurrence. The method for calculating surface cracking ratio was not provided. Surface 

cracking ratio increased with increasing weld current and time, decreased with increasing force 

and decreased slightly with increasing hold time.  

 

Figure 2.20 Effect of various welding parameters on the surface cracking of spot welds of 1.6 
mm thick galvannealed TRIP590 steel welded on a 60 Hz single-phase AC welder 
with 8 mm dome-type Cu-Cr electrodes [21]. 

 

 One of the most common parameters used to control crack size is the weld current [2], 

[15], [19]-[21], [23], [24]. With increasing weld current, there is a higher susceptibility to LME 

cracking. Ka�ã�þ�ik and Spi�ã�ik found that with increasing welding current, there was a larger 

indentation from the electrodes. This indentation causes high stresses at the shoulder of the weld, 

where Type B cracking occurs [23], [24]. The increased current also increases the temperature, 

which is also related to LME cracking. An increase in weld time has the same effect as 

increasing the weld current [2], [20], [21], [25], [26]. 
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 Other studies have been performed on the influence of various types of weld current 

pulsing to eliminate LME. A study by DiGiovanni et al. utilizes a ramp down welding current to 

suppress the formation of LME cracking in TRIP1100 steel [27]. The ramp down current, which 

means the current decreased from a peak to zero during the weld time, was compared to a double 

pulse weld schedule with a consistent current for both pulses. LME cracking decreased in both 

length and quantity in the ramp down method compared to the double pulse weld schedule. FEM 

was also used to determine that the decrease in current kept the temperature below the 

temperature associated with the ductility trough for longer periods, reducing the amount of time 

for LME to occur. Stresses associated with RSW were also reduced because of less thermal 

contraction due to the low temperature at the end of welding and before cooling [27]. Other 

studies looked at the influence of double pulse welding on AHSS, where results showed two 

pulses of equal current decrease the amount of LME present [28], [29]. A low current pre-pulse 

also produced a decrease in LME cracking by evaporating some zinc prior to welding [21], [28]. 

 The hold time of the weld, when there is no current running through the electrodes but 

the electrodes are still imposing pressure on the weld, has the opposite effect of weld current and 

time. With increasing hold time, there is a decrease in LME cracking. The weld cools down and 

solidifies during the hold time. By extending the hold time, the weld is held in compression 

longer, which then reduces the tensile stress when the electrodes are released. The lack of tensile 

stress in turn can keep the metal from reaching the critical stress needed for LME to occur [19], 

[21]. Smaller hold times are especially detrimental for Type A and C cracking [2].  

 The length of LME cracks is also dependent on the force of the electrodes. With an 

increase in electrode force, there is a decrease in average crack length [19], [21], [23], [30]. 

Barthelmie et al. studied spot welding of a galvanized high-manganese steel (FeMn) to a 

galvanized microalloyed fine-grained steel (HX340LAD) for various electrode parameters. 

Increasing the electrode force for two different electrode caps of 5.5 and 8 mm diameter results 

in a decrease in crack length as shown in Table 2.1 [23]. When the electrode force was increased 

from 4.5 to 5.6 kN, the average Type B crack length decreased by at least 1 mm. 

 The geometry of the electrode tip also can significantly impact the amount and severity of 

cracking. There are at least six different types of electrode tips commonly used, shown in Figure 

2.21 [6]. In the automotive industry, the electrode tip most commonly used is a Type B, 

dome-shaped electrode cap. These electrodes are most common due to the ability to be 
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conditioned easily to produce consistent welds, which is ideal for assembly line efficiency [6]. 

An electrode tip with larger radii should reduce the tension stress on the corners of the weld, 

where LME Type B cracks occur. Using a large electrode diameter with a higher electrode force, 

Barthelmie et al. found a 50 pct decrease in average crack length compared to a small electrode 

with small force, as shown in Table 2.1 [23]. 

 

Table 2.1 Average crack lengths in mixed joints of 1.5 mm thick TWIP Steel, designated as 
FeMn+Zn, and a microalloyed high strength low alloy steel, designated as 
HX340LAD+Zn; Adapted from [23]. 

Electrode 
Cap (mm) 

Electrode 
Force (kN) 

Average Crack 
Length in 

FeMn+Zn (mm) 
F16x20 5.5 4.5 12.6 
F16x20 5.5 5.6 11.5 
F16x20 8.0 4.5 8.1 
F16x20 8.0 5.6 6.7 

 

Figure 2.21 Standard electrode face and nose shapes [6]. 

 

 The entire shape of the electrode also has an influence on LME cracking. Different 

shaped tips produce different stress states on a weld nugget, which results in different types of 

cracking. Various studies have shown that there were fewer and smaller cracks when using a 

Type F (radius) electrode [21], [23], [31]. Specifically with radius electrodes, Type B cracking is 
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eliminated [31] and Type A cracking is less severe [21] Results from a study on galvanized 

TRIP1100 by DiGiovanni et al. are shown in Figure 2.22 for a dome (Type B), truncated 

(Type E) and radius-type (Type F) electrode tip [31]. The radius electrode shows no cracking on 

the shoulders, and significantly less cracking on the surface where Type A cracks occur 

compared to the other two electrode types. A truncated electrode led to the most Type B LME 

cracks due to an increase in stress on the shoulder of the weld [31]. 

 

Figure 2.22 Cross-sections of TRIP1100 spot welds and LME crack index for (a) Type B dome, 
(b) Type E truncated and (c) Type F radius-type electrodes [31]. (see electronic 
version for color image) 

 

 Misalignment of electrodes produces asymmetrical force and current on the weld, which 

also leads to LME cracking. In a weld where the electrodes are perfectly aligned, the largest 

force from the electrodes is at the edges of the weld, which leads to Type B cracking. However, 

when the electrodes are misaligned, the force on the weld distributes asymmetrically, which 

leads to even higher stresses around the edges of the weld [32]. The maximum stress and the 

stress at the center of the weld simulated during finite element analysis for two sheet thicknesses 
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are listed in Table 2.2 [32]. The increased stress from misaligned electrodes can be high enough 

to cause LME, along with other detrimental effects such as expulsion and inconsistent welds. 

 

Table 2.2 Stress from electrode force on surface under different electrode alignments with 
2.67 kN of electrode force [32]. 

 Sheet Thickness 
(mm) 

Maximum 
(MPa) 

At Center 
(MPa) 

Perfect Alignment 0.8 131 73.7 
Misalignment 0.8 299 38.5 

Perfect Alignment 1.7 106 78.4 
Misalignment 1.7 195 45.3 

 

 Choi et al. showed that changing certain variables in the weld schedule can produce 

Type B crack lengths of different sizes rather consistently [2]. The material used was TRIP1180 

with a nominal composition of Fe-0.17C-2.6Mn-1.5Si with a yield strength, ultimate tensile 

strength and elongation of 960 MPa, 1200 MPa, and 16 pct, respectively. To produce small 

cracks, defined as 20-���������P�����D�Q�G���P�H�G�L�X�P���F�U�D�F�N�V����������-�����������P�����J�D�O�Y�D�Q�L�]�H�G�����*�,�����7�5�,�3�����������V�W�H�H�O��

w�D�V���X�V�H�G�����/�D�U�J�H���F�U�D�F�N�V���J�U�H�D�W�H�U���W�K�D�Q�������������P��were formed using a Zn-Mg alloy coating (ZM). 

Focusing on Type B cracking only, this study found that the number and depth of the cracks 

increased as a function of weld time. Table 2.3 gives a summary of the weld schedule, nugget 

diameter and crack depth for samples with a hold time of 1000 ms. This study provides a 

prediction for crack size based on the weld schedule and coating of TRIP1180 steel; however, it 

should be noted that to produce large cracks, the coating on the steel was changed.  

 

Table 2.3 Welding parameters and associated Type B crack depth for a hold time of 
1000 ms [2]. 

Size Coating Weld 
Time (ms) 

Nugget 
Diameter (mm) 

Crack 
�'�H�S�W�K�������P�� 

Small GI 400 6.32 27-80 
Medium GI 800 6.24 136-325 
Large ZM 400 5.65 642-757 

2.4.3 Mechanical Performance versus LME 

 In the same study by Choi et al., samples with various crack sizes were tested with tensile 

shear and cross tension tests with monotonic and fatigue loading to find a correlation between 



 

 25 

crack length and mechanical properties [2]. Spot welded samples of TRIP1180 steel without 

coating were also tested for comparison. For tensile-shear samples, there was no significant 

degradation in the load-displacement data from samples with no cracks compared to those with 

small or medium cracks. A comparison of load-displacement data from specimens with small 

cracks to those samples with no cracks is shown in Figure 2.23. The same trend was found with 

cross-tension tensile samples. The samples without cracks exhibited similar load-displacement 

data compared to samples with small and medium cracks. Fatigue life was also investigated in 

the same study and compared for samples with and without small cracks. The difference in the 

number of fatigue cycles between the crack free samples in the uncoated condition and the 

samples with small cracks was insignificant.  

 
Figure 2.23 Tensile shear load-displacement data for Zn-coated TRIP1180 steel for samples 

containing small LME cracks and samples without cracks. Adapted from [2]. 

 

 The data for samples with large cracks were �Q�R�W���U�H�S�R�U�W�H�G�����E�X�W���L�W���Z�D�V���V�W�D�W�H�G���W�K�D�W���³�W�K�H��

performance of spot welds exhibiting large LME cracks wa�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���U�H�G�X�F�H�G�´ [2]. A value 

�I�R�U���³�M�R�L�Q�W���H�I�I�L�F�L�H�Q�F�\�´�����-�(�����Z�D�V���F�D�O�F�X�O�D�W�H�G���I�R�U���S�H�D�N���O�R�D�G���D�Q�G���H�Qergy absorbed for monotonic 

testing and cycles to failure for fatigue for the two types of tests performed on samples of small, 

medium and large cracks. The two tests were the tensile shear and cross tension test. The JE 

�Y�D�O�X�H���L�V���D���³�U�D�W�L�R���R�I���W�K�H���D�Y�H�U�D�J�H���S�Drameter for the Type B LME cracked samples relative to the 
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�D�Y�H�U�D�J�H���I�R�U���F�U�D�F�N���I�U�H�H���V�D�P�S�O�H�V�´ [2]. A comparison of the joint efficiencies, shown in Figure 2.24, 

indicates a large degradation for samples with large cracks, whereas the small and medium 

cracked samples have a JE value above 90 pct for each performance metric. Large cracks were 

the most detrimental in cross-tension absorbed energy and fatigue cycles.  

 

Figure 2.24 Joint efficiency percentages for small, medium and large LME cracks in TRIP1180 
steel. Data is presented for tensile shear (TS) and cross tension (CT) samples for 
peak load, absorbed energy and fatigue cycles to failure [2]. 

 

 In another study performed on electrogalvanized AHSS with chemical composition of 

Fe-2.0 Mn-0.2 C-1.5 Si (wt pct), similar tests were conducted [33]. Tensile shear and cross 

tension tests resulted in no change in mechanical properties for steels that were Zn-coated versus 

uncoated steel. The LME cracks present in the samples had depths up to around 300 ���P�����D�Q�G��

therefore would be classified as small to medium sized Type B cracking in the previous study 

[2]. Fatigue tests were also performed on cross-tension samples and showed no sign of LME 

crack propagation. The failure for these fatigue tests originated in the notch at the weld nugget, 

produced by the two sheets, not on the surface where the Type B cracking occurs. Type C 

cracking occurs in that notch area, so is of higher concern due to the potential interaction with 

the LME cracking at the interface between the two metal sheets.  
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 DiGiovanni et al. also investigated the impact of LME cracks on mechanical 

performance [34]. Three different galvanized AHSS grades were studied in the lap-shear 

configuration: dual-phase 980 (DP980), TRIP690 and TRIP1100. DP980 only had crack lengths 

under 100 µm, TRIP690 had some cracks up to 600 µm but most were under 100 µm, and the 

TRIP1100 had cracks ranging from 100 to 1100 µm, with the majority on the larger side. The 

cracks present in the samples were not Type B; however, 82% of the TRIP1100 cracks were 

Type A cracks that were close to the periphery of the weld. Both DP980 and TRIP690 showed a 

decrease in strength associated with the spot weld cracks, but not as significant as TRIP1100 

where there was an average 43.5% decrease in strength. Although the cracks were not Type B, 

the results still reflect the trend in other studies, where large cracks are detrimental to the 

strength [34]. The same periphery Type A cracks in TRIP1100 were studied in terms of their 

location around the weld nugget in lap-shear testing [35]. The study found that when the LME 

crack was lined up with the point of highest stress intensity, defined by Zhang as point A on 

Figure 2.5, there was the greatest loss in strength [9], [35]. 

 Fracture surfaces of the cracked TRIP1100 failures were also examined for the influence 

of LME. The failure mode was button pull-out along the weld nugget with a sharp change in 

fracture direction vertically, where Type A cracks develop, shown in Figure 2.25. Energy 

dispersive x-ray analysis (EDX) was used to examine the elements present on the fracture 

surface at the top of box D; the results are shown in Figure 2.26. There is a concentration of zinc 

on the fracture path, indicating that the LME crack was involved in the change in fracture path 

and a reason for the loss in weld strength. The study also indicates that there is crack propagation 

during testing, determined by a growth in circumferential crack length, which was measured 

before and after testing. It is suggested that button pull-out fracture and LME crack propagation 

meet during fracture, which lowers the strength of the weld [31].  
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Figure 2.25 Image of the cross-section of a cracked weld after tensile-shear testing TRIP1100 
showing fracture around the weld nugget with a sharp transition up to the surface 
[31]. 

 

Figure 2.26 (a) SEM image of a coated TRIP1100 steel fracture surface with (b) the EDX map 
for Fe and (c) the EDX map for Zn, showing high concentrations on the fracture 
surface [31]. 
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CHAPTER 3 

EXPERIMENTAL AND MODELING PROCEDURES 
 

 This chapter introduces the material used in this study and the weld schedules used to 

achieve different crack lengths. The testing matrix is also discussed, which was designed to test 

different crack sizes for various testing configurations and temperatures. Additionally, the Finite 

Element Modeling setup is included for a three-dimensional cross-tension configuration.  

3.1 Mechanical Testing 

 To study the impact of LME cracks on mechanical properties at various temperatures, a 

testing matrix was developed with multiple spot weld specimen configurations. 

3.1.1 Experimental Material 

 Welding and mechanical testing were performed on TRIP1180 galvanized (GI) steel 

provided by the Auto/Steel Partnership. The sheet was 1.6 mm thick, with a nominal 

composition of 0.195 wt pct C, 2.25 wt pct Mn and 1.56 wt pct Si. The microstructure is a 

mixture of ferrite, martensite and retained austenite. The retained austenite volume fraction for 

this material is between 8 and 15 pct, per the supplier. Metallographic samples were ground and 

polished to 1 µm. Samples were then etched with 1 pct Nital for a maximum of five seconds. 

Base microstructure characterization was performed on a JEOL 7000F field emission scanning 

electron microscope (FESEM) and is shown in Figure 3.1. 

 

Figure 3.1 FESEM image at 5000x of the TRIP1180 base microstructure used in this study.  
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 The TRIP1180 sheet was cut using water-jet for cross-tension and tensile-shear 

geometries. For coach peel samples, the material was sheared and then bent after welding using a 

v-die to separate the two sheets. Due to spring-back, final flattening was done with a hammer, 

shown schematically in Figure 3.2. 

 

Figure 3.2 Schematic of coach-peel bending post-welding showing (a) v-die separation and 
initial bending. Final bending to account for spring-back was done with a hammer 
indicated by the arrows in (b). Not to scale.  

 

3.1.2 Testing Matrix 

 Three spot weld testing configurations were utilized. These tests are cross tension, coach 

peel, and flange tensile; schematics of each are shown in Figure 3.3. Each configuration was 

tested at various temperatures from -40 °C up to room temperature; a temperature of -40 °C is 

used by automotive companies as an estimate of the lower bound of temperature vehicles 

experience. Additionally, three different weld schedules were used to produce cracks for three 

different size categories: small, medium and large. Extra samples were welded at each of these 

conditions to have correlating samples to use for crack characterization. 
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(a) (b) (c) 

Figure 3.3 Schematic of three testing configurations used in the testing matrix: (a) cross-
tension, (b) coach-peel, and (c) flange-tensile, where d is the weld diameter, t is the 
sheet thickness, and P is the load. All dimensions are in millimeters. 

 

3.1.3 Weld Schedule 

 Welds were produced on a mid-frequency direct current resistance spot welder at the GM 

Tech Center in Warren, MI [36]. The weld schedule chosen is intentionally aggressive compared 

to standard weld schedules to produce LME cracking. The schedule consisted of eight 

progressive sloping impulses, where the current increases within each pulse and the amount of 

current increase is dependent on the defined finishing current, shown schematically in Figure 3.4. 

The first impulse is always 5 kA and the final impulse is varied to achieve various crack sizes. 

Each pulse consisted of 130 ms weld time with 40 ms cool time between. The squeeze time was 

1000 ms and the hold time was 250 ms. 
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Figure 3.4 Schematic of the weld schedule, with eight progressive sloping impulses. The 
starting current is 5 kA, and the finishing current varies but is shown as 10 kA in 
the figure [36]. 

 

 All samples were welded using Type B electrodes. The electrode tips were dressed every 

50 welds, using three one-second pulses and then conditioned. New electrode tips were used for 

each sample configuration. The electrode force was 4.0±0.3 kN, which was checked 

intermittently with an electrode force gauge during welding.  

 To determine which maximum currents to use to produce cracks of various sizes, three 

welds were produced for each finishing current between 7.5 kA and the expulsion limit, 10.5 kA, 

at 0.25 kA intervals. The expulsion limit was determined when all three welds had expulsion; no 

Type B LME cracks were observed at expulsion. A light optical microscope was used to 

determine the mid-point of the crack, where the deepest part of the crack should be located, and 

each sample was sectioned accordingly, as shown in Figure 3.5. The percentage depth of the 

cracks into the sample was measured and the average of the three samples was graphed, as 

shown in Figure 3.6; there is a linear relationship between the LME crack depth and the final 

welding current. Three currents, indicated with stars (8.25, 9.0 and 9.75 kA), were chosen to 

�S�U�R�G�X�F�H���³�V�P�D�O�O���´���³�P�H�G�L�X�P���´���D�Q�G���³�O�D�U�J�H�´���F�U�D�F�N�V�����U�H�V�S�H�F�W�L�Y�H�O�\�� The size of crack associated with 

each is discussed in Chapter 5. Each weld schedule was also used to produce welds on uncoated 
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samples to produce consistent weld nugget sizes for testing. Samples were stripped of the Zn 

coating with hydrochloric acid prior to welding. All samples that had expulsion were discarded 

and not used in this study.  

 

Figure 3.5 LOM image of a weld with a Type B LME crack, with a dotted line indicating 
where the weld was sectioned to measure crack depth and length. (see electronic 
version for color image) 

 

Figure 3.6 LME crack depth, in percentage of sheet thickness, versus the weld finishing 
current; an average of three samples with standard deviation is shown. The data 
were used to determine the currents to make three different crack lengths. The 
currents chosen for the three different size cracks are indicated with stars.  
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3.1.4 Paint Baking 

 All samples were heat treated in a convection furnace to represent the paint-bake cycle 

that all cars undergo during production. The samples were heated at 175 ±5 °C for 35 min, which 

assured the samples were at temperature for at least 20 min. The samples were placed on 

refractory blocks and arranged in a way to allow air flow around all sides of the sample, and no 

samples were stacked. Samples were then air cooled to room temperature. 

3.1.5 Crack Characterization 

 Between four and six weld coupons for each of the three currents utilized were sectioned 

at the center of the crack, determined by light optical microscopy (LOM) shown in Figure 3.5. 

Additionally, one sample from each weld schedule was sectioned to 10 mm width and analyzed 

using a Zeiss Xradia 520 Versa 3D X-ray microscope and the Scout and ScanTM Control System 

to produce computed tomography (CT) images. A 0.04x objective and HE6 filter were used. The 

exposure time was 1.5 sec using a voltage of 160 kV. Data analysis was done with Dragonfly 

Pro. Crack lengths were also determined for these samples, and all data was used to determine 

the crack length ranges for each of the three sizes.  

 All samples that were used for testing were examined using LOM to determine the LME 

crack location. Both sides of each sample were examined, and the crack location was drawn onto 

the sample. ImageJ was used to determine the location and circumferential length for each 

sample prior to testing. LOM was also used to ensure that only Type B cracks were present in the 

weld; welds with other types of cracks were not used in this study.  

3.1.6 Mechanical Testing 

 Static strength testing for the coach peel and flange-tensile configurations was performed 

on an MTS servohydraulic axial test frame with hydraulic sheet grips. A crosshead speed of 

0.394 in·min-1 (10 mm·min-1) was used to determine the peak load and energy absorption to 

fracture. For low temperature testing, a low temperature chamber was used that utilizes liquid 

nitrogen to cool the chamber. Samples were tested at room temperature, -10, and -40 °C. The set 

points of the low temperature chamber were -12 and -45 °C, respectively, based on 

thermocouples placed on the specimens, and specimens were held for a minimum of 8 minutes 

prior to testing to allow for the sample to reach the target temperature. Additional unwelded GI 



 

 35 

tensile bars were tested at each temperature on the same test frame, but for an engineering strain 

rate of 10-3 s-1.  

 Cross-tension testing was performed on a servohydraulic axial test frame at the same 

crosshead speed of 0.394 in·min-1 (10 mm·min-1). Since the testing configuration does not fit in 

the low temperature chamber, an EXAIR® compressed air Adjustable Spot Cooler with dual 

point hose nozzles was used to achieve the lowest temperature possible, shown in Figure 3.7. 

The temperature at the center of the weld nugget averaged 1.2 °C with a variance of ± 4 °C at a 

distance 6 mm away; the temperature depended on proximity to the spot cooler nozzle since it 

blows on the top and bottom of the sample from one side each. The spot cooler was turned on 

five minutes prior to the beginning of each test to achieve a steady state temperature distribution. 

Lower temperatures were not achievable with the spot cooler. 

 

Figure 3.7 Spot cooler set-up for cross-tension testing. 

 

3.1.7 Hardness Testing 

 Hardness tests on a LECO AMH55 Automated Hardness Indenter were conducted on one 

cross-sectioned weld of each crack size, where the path transverses the weld nugget on a 

diagonal, shown in Figure 3.8. Vickers hardness was tested with indentations 200 µm away from 

each other, 500 g of load and 10 sec dwell time.  
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Figure 3.8  Cross-section of a cracked sample with hardness indentations traversing the weld on 
a diagonal.  

 

3.1.8 Digital Image Correlation 

 Digital Image Correlation (DIC) was also performed on flange-tensile testing at room 

temperature to examine fracture path around a spot weld with LME cracks. DIC was performed 

with a Basler ace acA2500-14um camera with a Schneider Kreuznach Macro Componon-S 

4.0/80 lens with linear polarizer and red-light bandpass filter with a field of view around 

26.7 x 20 mm. Post-processing was done using the VIC-2D software with a subset size of 41, 

step size of 7 and filter size of 15. 

3.2 Finite Element Modeling 

 Determining the role of stress state on the mechanical performance of spot welds with 

LME is challenging because LME cracks have complex geometries and orientations relative to 

the welded material. For these complex geometries, analytical solutions do not exist, so Finite 

Element Modeling (FEM) [37] is a useful tool to identify and study trends in the stresses around 

cracks in various testing configurations.  

Accurate finite element modeling requires careful handling of geometry generation, 

meshing, material property models, and appropriate boundary conditions. Furthermore, once a 

basic model has been created, result independent mesh convergence must be established. Finally, 

the validation of expected behavior and output variables should be conducted using data or an 

analytical solution if available. In this work, a three-dimensional model of the cross-tension 

configuration was developed, with varying LME crack geometries. The models were 

post-processed to evaluate stresses, particularly near the crack tip and the weld.  
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3.2.1 Model Domain 

 The simulation domain for the model is representative of two perpendicular sheets spot 

welded together. Each sheet is 150 mm by 50 mm and 1.6 mm thick. The two sheets are oriented 

perpendicular to each other and overlap at the center as shown schematically, and modeled in 

Abaqus, in Figure 3.9. The weld nugget is represented by a 6 mm tie constraint, chosen on weld 

sizes in previous literature, and is located at the center of each sheet, 75 mm and 25 mm from the 

edges of the sheet. 

  

   (a)                  (b) 

Figure 3.9  Cross-tension testing configuration as (a) an engineering drawing, where the shaded 
regions are the grip area and (b) modeled in Abaqus.  

 

3.2.1.1 Crack Cases and Orientations 

 For a 3D LME crack, there are four main variables: crack length, crack angle, center 

angle, and arc angle, which are all shown in the schematic of a spot weld LME crack in Figure 

3.10. The center angle is defined by the angle between the x-axis and center of the crack on the 

x-y plane. The LME crack is assumed to be symmetrical, where the center angle correlates with 

the largest crack length in the center of the crack when viewed from the surface. The arc angle is 

associated with the length of the curved LME crack when viewed on the surface. If the weld is 
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sectioned along the center angle, shown in Figure 3.10(b), there are two more crack variables, 

the crack length and crack angle. The crack angle is the acute angle formed between the surface 

of the steel sheet and the LME crack. Crack length is measured from the intersection with the 

surface into the sheet. For visualization, a 3D schematic of the crack modeled in Abaqus is 

shown in Figure 3.11.  

 Parametric studies were performed for each variable. Center angle was the first 

parametric study, where a fixed arc angle of 90°, crack angle of 41°, and crack length of 460 µm 

were chosen based on the crack geometry of a representative weld, measured using a micro 

X-ray CT scanner and ImageJ. �(�D�F�K���V�X�F�F�H�V�V�L�Y�H���V�W�X�G�\���X�V�H�G���W�K�H���³�Z�R�U�V�W���F�D�V�H�´���I�U�R�P���W�K�H���V�W�X�G�L�H�V��

before it; e.g. the second parametric study, arc angle, used a center angle value that correlated 

with the highest stress at the crack front. Center angle was varied from 0 to 90°, arc angle was 

varied from 30 to 150°, crack angle was varied from 5 to 85°, and crack length was varied from 

���������W�R�������������P�� 

  

   (a)                  (b) 

Figure 3.10  Geometry of (a) LME crack geometry as seen by looking at the top of the weld and 
(b), the cross-sectional view if the weld was sectioned along the center angle, 
showing the four variables studied: center angle, arc angle, crack angle and crack 
length. These dimensions are shown in frame of reference of the cross-tension 
configuration as an example. 
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Figure 3.11  LME crack modeled in Abaqus, showing the crack in red. (see electronic version 
for color image) 

 

3.2.1.2 Crack Model Implementation 

 The seam method was used to represent the LME crack. A seam crack is defined by an 

edge or face with overlapping nodes that is originally closed and embedded in a solid part [38]. 

The seam can freely open during deformation, but the crack will not propagate. An example of 

seam creation and opening in a rectangular prism is shown in Figure 3.12. After partitioning the 

LME crack into the model, the surface shown in red in Figure 3.11 was designated as a seam.  

 

Figure 3.12  A seam crack embedded in a solid part in Abaqus [38]. 

 

 Originally, eXtended Finite Element Modeling (XFEM) was planned to examine the 

stress intensity at the crack front. However, XFEM requires very specific element types that were 
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incompatible with the complex curved geometry of the LME crack. Furthermore, modeling a 

given crack opening was also difficult due to geometry issues.  

3.2.2 Partitioning 

 In any finite element model, proper meshing of the geometry is vital and becomes 

increasingly difficult with more complicated geometries. The complexities of the LME 

geometries studied in this work required careful partitioning, biasing, and other mesh control 

techniques to accurately represent the geometry while still being efficient with computational 

resources. Partitioning is used to subdivide a model domain into smaller, more manageable areas. 

These smaller areas are often regions of critical interest for results, and smaller areas tend to be 

easier to mesh than the bulk geometry.  

 The weld nugget in the center of each sheet of steel was first partitioned to produce the 

weld nugget surfaces and associated tie constraint, shown schematically in Figure 3.13. The 

diameter of the partition, between the two sheets of steel, represents the weld edge. A crescent 

shape was then partitioned onto the top surface of the weld nugget and extended through the 

thickness of the top sheet. The inner diameter of the crescent is the arc angle. The outer diameter 

was determined based on the desired crack angle and length geometry. The offset of the crescent 

from the weld edge, and therefore the radius of the arc angle, was determined from cracks seen 

by Choi et al. [2]. The inner diameter of the crescent (the arc angle) is extruded along the desired 

crack angle through the partitioned crescent-area, creating the desired crack length. This 

�H�[�W�U�X�G�H�G���V�X�U�I�D�F�H�����Z�K�L�F�K���I�R�U�P�V���D���F�X�U�Y�H�G���³�I�L�Q�J�H�U�Q�D�L�O�´-type surface, is what was used for the seam 

crack.  

 When the sample is loaded, the weld edge also acts as a crack tip. Since stresses approach 

infinity at crack tips, the value of stress must be taken at a location near, but not at, the crack 

front and weld edge. For the weld edge, stresses are obtained from an outer circle offset 0.01 mm 

away from the edge. The stresses for the crack front are obtained along a horizontal path 

0.01 mm below the deepest part, i.e. middle, of the crack front, which is where maximum 

stresses occur except at very large crack lengths. Both paths are shown schematically in Figure 

3.14 and in the Abaqus model in Figure 3.15. 
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Figure 3.13  Schematic of partitioning of the LME crack (in red) in the top plate. Half of the 
weld area is shown, with the through-thickness weld nugget partition which is in 
light grey. The crescent through-thickness partition is in dark grey. (see electronic 
version for color image)  

 

Figure 3.14  LME crack modeled in Abaqus, showing the paths in red where the stresses are 
obtained for the crack front and weld edge. (see electronic version for color image) 
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(a)                      (b) 

Figure 3.15  Location of paths used for the acquisition of stresses in 3D cross tension model, 
both 0.01 mm away from the (a) middle of the crack front and (b) weld edge. (see 
electronic version for color image) 

3.2.3 Meshing 

 Ten-node tetrahedral elements (C3D10) were used for meshing. Mesh convergence was 

performed at two locations in the model: near the crack front and at weld nugget edge. Mesh 

refinement is carried out for the purposes of result independence, i.e. mesh resolution should 

have no influence on the model results [39]. Until mesh convergence is achieved, the output 

variables may not be accurate. Additionally, over-refinement of a mesh adds further unnecessary 

computational expense. For the mesh convergence study, six different starting element seed sizes 

were used, with edge lengths along both the crack front and weld edge path as shown in Table 

3.1. The von Mises stresses along the crack front path are graphed versus path distance in Figure 

3.16. The average stress was taken for each peak by averaging values from -0.05 to 0.05 mm, 

and the values were plotted versus one over the seed size, shown in Figure 3.17. At the crack 

front, convergence is achieved at a seed size of 0.025 mm and finer. The same evaluation was 

conducted for the weld edge, and convergence was also achieved at 0.025 mm. To ensure 

convergence and minimize computational expense, a seed size of 0.0125 mm was chosen. Mesh 

size and associated number of elements, degrees-of-freedom and run time are shown in Table 

3.1.  
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Figure 3.16  Plot of von Mises stress along the crack front path for various seed sizes, showing a 
mesh convergence at 0.025 mm. 

 

Figure 3.17  Plot of average von Mises stress along the crack front path versus seed size, 
showing mesh convergence at 0.025 mm (40 mm-1). 

 

Table 3.1 Number of elements, degrees of freedom and run time for various mesh sizes along 
the crack front used for mesh convergence. 

Mesh Size 
(mm) 

Number of 
Elements 

Degrees of 
Freedom 

Run Time 
(min) 

0.5 96,661 467,667 20.08 
0.1 192,491 863,349 95.96 
0.05 479,251 2,037,633 274.1 
0.025 406,354 1,863,741 128.1 
0.0125 522,414 2,354,694 209.3 
0.01 531,760 2,401,455 264.2 
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 An example of the final model seeding is shown in Figure 3.18. The fine 0.0125 mm 

seeding is along the critical features: crack front, crack path, weld edge and weld path. The other 

lines of less significance that were created during the portioning process seen in Figure 3.18 have 

a seed size of 0.04 mm. Edges that make up each sheet (150 x 50 x 1.6 mm dimensions) have 

2 mm seeding since they are not of interest and are not expected to affect the stress results. An 

example of the final meshing can be seen in Figure 3.19. 

 

Figure 3.18  Half of the weld on the top plate of a cross-tension test modeled in Abaqus, 
showing finer seeding along the crack front/path and weld edge/path.  

 

Figure 3.19  Example meshing of the cross-tension configuration in Abaqus, using 10 node 
tetrahedrons, with finer mesh closer to the weld.  
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3.2.4 Boundary Conditions  

 Selection of accurate boundary conditions is critical to ensure that the model has realistic 

behavior compared to the intended domain. Boundary conditions encompass constraints, applied 

displacements, and applied loads on the model. Incorrect boundary conditions can result in many 

unwanted effects such as unrealistic stiffness and behavior where the material cannot move as it 

is supposed to due to over-constraint, or unrealistic deformations, displacements and rotations 

such as rigid body motion as a result of under-constraint. Errors in loading can also occur, e.g. if 

a load is applied at a point rather than a surface, or on the wrong portions of a specific surface, 

results can be vastly different [40]. Once boundary conditions are established, comparison of the 

results against known solutions or engineering estimations is important to ensure that the 

behavior of the model is reasonable.  

 The shaded areas of Figure 3.9 represent the grip area, where the sheet is fixed in the 

set-up. It is assumed that the material within the grips can translate in the z-direction but has no 

deformation due to the applied translation. The grip area of the bottom sheet is fixed, and all 

surfaces of the grip area of the top sheet have a uniform z-displacement of 10 mm applied, 

chosen based on displacements observed by Choi et al. prior to fracture [2]. Built in Abaqus 

surface-to-surface hard contact was applied to the seam representing the crack, so that the nodes 

on the two surfaces of the seam would not penetrate [38]. Friction was neglected and all other 

surfaces remain stress free. 

3.2.5 Material Property Model  

 The simplified material model used in this work is assumed to be homogeneous, 

isotropic, and isothermal with linear-elastic behavior. A �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I�����������*�3�D���Z�D�V���X�V�H�G����

based on stress-strain data for a TRIP1180 steel.  

3.2.6 Solution Details 

  The model was solved using a single quasi-static isothermal stress analysis step in 

Abaqus/Standard (implicit) with adaptive time stepping. Heat transfer as well as deformation 

heating was not considered in the model. Simulations were run on multiple cores of a  

Dell Precision T7920 workstation with 16 Intel Xeon 2.10 GHz dual-core processors and 64 GB 

of DDR3 SDRAM and required about 4 hours of wall clock time on average. 
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3.2.7 Model Validation 

 The ultimate goal of using FEM for LME crack stress analysis is to compare stresses at 

simulated LME crack fronts to those around the spot weld. The first step in analyzing the models 

is to compare the von Mises stresses near the crack front and around the spot weld, between the 

two sheets. The von Mises stress is an equivalent stress parameter defined by the following 

equation [41]: 
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As the von Mises stress is an equivalent stress, it is independent of the choice of axis, which is 

important in this study since the principal stress orientations along the crack front vary, and are 

not the same as the spot weld. Additionally, there was variation in the principal stress 

orientations in the models that depended on crack geometry, so an equivalent stress is necessary 

to compare the models to one another. Traditionally crack propagation is associated with mode I 

opening; however, due to the bending in the cross-tension configuration, the mode of opening at 

the crack tip may not have a large critical tensile stress, but instead may be a combination of 

modes. A schematic cross-section of an LME crack under loading in cross-tension is shown in 

Figure 3.20, showing that the imposed loading causes crack closure and shearing. The von Mises 

equivalent stress therefore provides a useful way to evaluate the multiaxial nature of the stresses 

at the crack front.  

 

Figure 3.20  Schematic of possible stresses acting on the LME crack during cross-tension 
testing. 

 

 Parametric studies were performed on the four crack variables previously outlined with 

the following ranges: center angle (0 to 90°), arc angle (30 to 150°), crack (5 to 85°) and crack 
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�O�H�Q�J�W�K�������������W�R���������������P�������7�K�H���U�D�Q�J�H�V���I�R�U���H�D�F�K���Y�D�U�L�D�E�O�H���Z�H�U�H���F�K�R�V�H�Q���G�X�H���Wo symmetry or 

partitioning and meshing constraints.  

 A model with a coarse mesh was run without an LME crack to verify the boundary 

conditions lead to behavior consistent with physical testing. The maximum von Mises stress that 

occurs in this model is point A in Figure 3.21(a). In an analysis by Zhang, point A is also the 

location of the maximum stress intensity shown in Figure 3.21(b), so it is expected that this 

location has the highest stress [9], [42].  

  

(a) (b) 

Figure 3.21  Preliminary cross-tension set-up (a) modeled in 3D with Abaqus with point A 
indicating where the highest Mises stress is located, indicated in (b) by Zhang [9]. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 
 

 The following chapter contains a multi-variable testing matrix for spot weld testing with 

various crack sizes, configurations and temperatures. Results from the low temperature tensile 

testing of the base material and crack characterization of the spot welds are discussed first, 

followed by a summary of the results of each spot weld testing configuration.  

4.1 Low Temperature Tensile Testing 

 Stress-strain curves at various temperatures for TRIP1180 GI are shown in Figure 4.1, 

and a summary of yield strength (YS), ultimate tensile strength (UTS) and elongation is shown in 

Table 4.1. The yield point occurs at a lower stress in the lower temperature tests, likely because 

these temperatures are below the �/ �æ
�� associated with stress-assisted transformation of austenite to 

martensite. �$�W���O�R�Z���W�H�P�S�H�U�D�W�X�U�H�V�����D�I�W�H�U���W�K�H���L�Q�L�W�L�D�O���³�\�L�H�O�G���S�R�L�Q�W�´���W�K�H��work hardening rate is 

relatively flat and then increases again. The UTS and elongation increase as temperature 

decreases, which is probably because there is a greater extent of stress-assisted and strain-

induced austenite to martensite transformation promoting work hardening. 

4.2 Weld Nugget Diameter Effects 

 Across all tests and configurations, as the following results in this section will show, the 

peak load generally increases for increasing crack size. This correlation is due to the increase in 

current during the weld schedule. As discussed in section 2.2, as heat input into the weld 

increases the weld nugget size increases. All weld nuggets were above the minimum size, 

defined by Equation 2.2 as 5.06 mm. Average weld sizes measured from the cross-sectioned 

samples were 7.77 ±0.21 mm for small welds, 8.39 ±0.18 mm for medium welds, and 9.15 ±0.23 

mm for large welds. For reporting purposes, the designations small, medium and large for crack 

size also apply to the size of weld nugget and therefore, size refers to the crack and weld 

synonymously. The weld nugget diameter increase also directly relates to an increase in strength 

of the weld. Therefore, the peak load changes between cracked welds of different sizes are not 

necessarily directly relatable. Instead, the peak loads must be compared to the uncracked version 

of the weld, where the weld nugget size is the same.   
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Figure 4.1 Engineering stress-strain curves for representative tensile specimens tested at room 
temperature (RT), -10 and -40 °C, showing different yield point behavior, UTS and 
elongation.  

 

Table 4.1 Number of elements, degrees of freedom and run time for various mesh sizes along 
the crack front used for mesh convergence. 

Temperature 0.2% YS 
(MPa) 

UTS (MPa) Elongation 
(pct) 

RT 1133 1257 10.1 
-10 °C 1115 1323 11.3 
-40 °C 1114 1374 11.8 

4.3 Crack Characterization 

 Using measurements from all weld coupons, the average and standard deviation for 

maximum crack length into the sample for each weld size is: 551 ±169 µm for small cracks, 

910 ±202 µm for medium cracks, and 1194 ±246 µm for large cracks. Additionally, the crack 

index, as shown in equation 2.11, was determined for small, medium and large cracks as 0.74, 

1.39, and 1.49, respectively. The high crack index for medium cracks stems from the propensity 
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to have multiple medium cracks on either side of the medium welds, whereas the large welds 

tended to have one large crack rather than many.  

 Data from the x-ray CT scans were included in the averages; however, the values were 

significantly higher than those of the cross-sectioned samples. Specifically, from the CT scans, 

the small cracked sample had a maximum crack length of 896 µm, the largest medium crack was 

1223 µm, and the largest large crack was 1442 µm. These high values relative to those found by 

sectioning show that the maximum crack length is often not revealed with the sectioning 

procedure. All values are presented in Table 4.2. The crack index should help account for 

sectioning issues by including all cracks in the cross-section, not just the largest crack; however, 

the crack indices of the CT samples were also vastly different at 1.59, 2.17, and 1.26 for small, 

medium, and large cracks, respectively. The crack index is not consistently higher or lower than 

the average of the cross-sections.  

 

Table 4.2 Measured crack lengths and crack index from a cross-section of sample welds, 
either from micro X-ray CT scan (CT) or sectioning (S). Average crack length 
measurements utilized the largest crack length, found in crack length column 1.  

 Crack 
Size 

Analyzed 
With 

Crack Length �����P�� Crack 
Index 1 2 3 4 

1 S CT 896 267 850  1.59 
2 S S 285    0.18 
3 S S 476    0.30 
4 S S 590 532   0.70 
5 S S 571 250 264  0.50 
6 S S 528 500 100 238 0.92 
7 S S 516 429 258  0.80 
8 S S 545 490 242  0.92 
9 M CT 1223 799 938 457 2.17 
10 M S 954 800 382 202 1.48 
11 M S 885 527 544  1.02 
12 M S 809 609 507  1.14 
13 M S 682 547 302 385 1.17 
14 L CT 1442 575 262  1.26 
15 L S 1450 535 796  1.49 
16 L S 902 813 674  1.52 
17 L S 1148 654 502 694 1.69 
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 Even with perfect sectioning at the center of the crack, LME cracks are not always 

symmetrical. The asymmetry in location of the largest crack can be seen by comparing the CT 

scan of a crack as seen from the surface versus 448 µm below the surface, as shown in Figure 

4.4. Deeper into the sample, it can be seen that what appeared as one crack on the surface, now 

has two portions at least 448 µm deep, neither of which correlate with the center of the crack 

shown with a red arrow. 

 

(a)                    (b) 

Figure 4.2 CT scans of an LME crack (a) on the surface of the sample and (b) 448 µm deep 
from the surface, demonstrating that the maximum crack depth does not necessarily 
correlate with the center of the crack on the surface, with the red arrow indicating 
the center of the crack as seen from the surface.  

4.4 Hardness Testing 

 A representative Vickers microhardness plot for a medium sized weld nugget is shown in 

Figure 4.3. Each area of the weld nugget is sectioned and defined, with the base metal readings 

on the far ends. An arrow also indicates where the Type B LME crack is present in the HAZ. The 

average hardness throughout the weld nugget and HAZ is 506 HV. The distance in Figure 4.3 is 

normalized for the medium sized weld nugget, but the same trends were seen for all weld nugget 

sizes, with cracks occurring in the same area of the HAZ. Therefore, the thermal history of the 

various weld schedules did not influence microstructure and hardness. 
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Figure 4.3 Hardness profile diagonally traversing a representative medium cracked weld, with 
indications of the areas of the weld nugget and where the LME crack is located.  

 

4.5 Cross-Tension Results 

 This section presents various data comparisons produced from the cross-tension testing. 

A comprehensive list of the values and failure modes of all samples can be found in Appendix B. 

4.5.1 Peak Load and Energy Absorption 

 A summary of the average peak load and energy absorption of the cross-tension tests for 

each crack size and temperature is shown in Figure 4.4. The average values of both samples with 

small cracks did not change in comparison to the same size uncracked samples within the margin 

of error. The load-displacement curves for samples with small cracks, at both room and low 

temperature, were similar to curves for the uncracked samples of the same size, an example of 

which is shown in Figure 4.5(a). Overall, small Type B LME cracks had no influence on the 

mechanical properties measured with cross-tension testing. 

 For medium cracks, the change in peak load between cracked and uncracked samples is 

again within the margin of error. The average peak load for uncracked samples is higher at both 

temperatures than the cracked samples due to one sample out-performing the others in peak load; 

however, each temperature has one uncracked load-displacement curve that falls within the 

curves of the cracked samples. Therefore, it is interpreted that the influence of medium cracks on 
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peak load is negligible. However, there is a significant decrease in displacement, and therefore 

energy absorption, when comparing medium size cracked to uncracked welds. The decrease in 

displacement is similar to that of the large cracks, shown in Figure 4.5(b). Despite there being no 

significant decrease in peak load, medium cracks degrade the mechanical performance measured 

by energy absorption.  

 
(a)                 (b) 

Figure 4.4 Summary of the cross-tension testing results of (a) average peak load and (b) energy 
absorption versus crack (or weld) size for welds that were cracked (C) versus welds 
that were not cracked (NC) for testing performed at room temperature (RT) and low 
temperature, 1.2 ±4 °C, (LT). 

 

  The load-displacement curves show differences between the large crack samples and 

their uncracked counterparts. The difference is prominent in the room temperature tests, shown 

in Figure 4.5(b). Both the peak load and energy absorption are dramatically different between the 

two conditions, which can also be seen in Figure 4.4. Large cracks clearly degrade the 

mechanical performance of spot welds at both room and low temperatures. Large cracked 

samples have a larger degradation than medium cracked samples due to the stark difference in 

load carrying capacity of the welds. Load carrying capacity is based on the circumference of the 

weld and the thickness of the sheet. The large uncracked weld has a larger circumference than 
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medium welds which explains the large increase in peak load. However, large cracks in the weld 

decrease the effective thickness of the sheet, which can account for the large degradation.  

 Comparing across all crack sizes, the peak load does not significantly decrease for large 

and medium cracks compared to small cracks. Similarly, the energy absorption is fairly 

consistent for all crack sizes at the same temperature. However, the degradation compared to the 

uncracked samples increases as the crack size increases. For larger weld nuggets, it appears that 

despite the crack size, the peak load and energy absorption are consistent with a small weld in 

the crack or uncracked condition.  

 
(a)        (b) 

Figure 4.5  Load-displacement curves for cracked and uncracked samples at room temperature 
with (a) small welds and cracks, showing similar behavior and (b) large welds and 
cracks showing significantly different behavior in both load and displacement. 

 

4.5.2 Failure Mode 

 Cross-tension failures are often a mixed-mode failure, rather than fully interfacial or 

button pull-out. The most common failure that was observed is defined as a mixed-mode 

fracture, an example of which is shown in Figure 4.6(a) for a small cracked sample. For samples 

that failed in this way, the failure is neither fully interfacial nor button pull-out; instead, there is a 

portion of the weld nugget from one sheet that is pulled out, leaving a hole that varies in size, 

and the rest of the fracture is interfacial. The weld nugget attached to the other sheet also 

partially pulls away from the base metal, with varying degrees. Button pull-out was also present 
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in the larger weld samples, where the weld nugget from one sheet of steel is completely 

removed, leaving a full weld-nugget sized hole. In some cases, the button from the other sheet 

partially pulled away as well and in other cases it did not, shown in Figure 4.6(b) and (c), 

respectively. Since no interfacial failure occurred in these tests, relating back to the free body 

diagram presented in Chapter 2, failure is likely controlled by the shear stresses around the 

circumference of the weld exceeding the critical strength of the weld or HAZ interface with the 

base metal. 

     
(a)              (b)             (c) 

Figure 4.6  Images of the three main cross-tension failure types of cracked samples: 
(a) mixed-mode where button pull-out and interfacial failure are present, (b) button 
pull-out with pull-out also occurring partially from the bottom sheet, and (c) button 
pull-out with the other sheet still intact. LME cracks are also present with the oxide 
tempering colors present on the fracture surface in (b) and (c) and are indicated with 
arrows. 

 

 Uncracked cross-tension samples of all sizes exhibited the same failure types. With 

increasing weld size, the amount of weld nugget removed also increases, as shown for uncracked 

specimens in Figure 4.7. The largest weld nuggets all have button pull-out failure, unlike the 

mixed-mode failures present in the conditions with small and medium welds. The cracked 

specimens exhibit the same trend in fracture mode as a function of weld size, as shown in Figure 

4.8. At all temperatures for small cracks, the majority of failures were mixed-mode. Samples 

with medium cracks were almost all mixed-mode with a couple that were button pull-out only. 

Finally, the samples with large cracks were all button pull-out.  

 In addition to the progression of button pull-out failures in the welds, the influence of 

LME cracks is visible on the fracture surface. LME cracks were visible due to discoloration from 

various oxide temper colors during the thermal cycle of the spot weld, seen clearly in Figure 
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4.6(c) and partially in Figure 4.6(b). These cracks affect the failures of uncracked versus cracked 

large welds, seen by comparing Figure 4.7(c) and Figure 4.8(c). For the cracked samples, as 

shown in Figure 4.8(c), the fracture is fully contained with the weld nugget, where there is full 

button pull-out. In the uncracked sample, the button pull-out fracture extends to the 

lower-strength base metal, outside of the weld nugget. The change in failure mode seems to be 

the result of large LME cracks being present, and fracture interacting with the LME crack rather 

than extending into the base metal. It is interpreted that the LME crack thus provides a path of 

lower fracture resistance. Fracture into the base metal also accounts for the large difference in 

energy absorption, not because of high strength of the base metal, but because of additional 

displacement. Some uncracked medium weld samples also fractured in the same way as shown 

Figure 4.7(c) for the large weld specimen. LME cracks therefore change the fracture mechanisms 

of the medium and large welds, which explains the decreases in peak load and energy absorption. 

     
(a)              (b)             (c) 

Figure 4.7  Images of three different uncracked cross-tension tests: (a) small, (b) medium, and 
(c) large welds, showing an increasing amount of button pull-out with increasing 
weld size.   

     
(a)              (b)             (c) 

Figure 4.8  Images of three different cracked cross-tension tests: (a) small, (b) medium, and (c) 
large cracks, showing an increasing amount of button pull-out with increasing 
crack/weld size.  
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 However, the small weld samples do not have the same degradation in mechanical 

properties in the cracked specimens, even though some samples had LME present on the fracture 

surface. The fracture mode was the same for the cracked and uncracked samples. In the cracked 

samples, half of the failures had the LME crack present on the fracture surface and half did not, 

examples of which are shown respectively in Figure 4.9(a) and (b). There is no difference 

between peak load and energy absorption within error for small cracked specimens with or 

without LME on the fracture surface, shown in Figure 4.10. Therefore, even with LME 

potentially changing the fracture mode of the weld, there was no influence on mechanical 

properties. 

         
(a)                   (b) 

Figure 4.9  Images of three different cross-tension tests with a small cracked weld that (a) had 
LME present on the fracture surface (rainbow discoloration) and (b) did not have 
LME present on the fracture surface. (see electronic version for color image) 

 
Figure 4.10  The energy absorption and peak load of samples with LME present on the fracture 

surface versus fracture surfaces without LME for specimens with small cracks. 
There is no degradation in properties when LME was present on the fracture 
surface. 
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4.5.3 Temperature Effects 

 There was no consistent impact on peak load, energy absorption or failure mode 

associated with decreasing temperature. Small and medium cracked and uncracked welds 

showed very little difference in peak load with decreasing temperature. Large cracked welds also 

showed no impact from temperature, but uncracked welds did. The degradation is most 

significant at room temperature and less significant at low temperatures when comparing cracked 

to uncracked samples. Toughness is expected to decrease with decreasing temperature, which 

would reduce the peak load and energy absorption of uncracked welds. Additionally, through 

stress-assisted and strain-induced austenite transformation, there may be more martensite in the 

base metal, which also may be reducing the toughness. The failure modes showed no correlation 

to temperature. 

4.5.4 Crack Location 

 To examine the influence of crack location, the peak load is compared to the center angle 

and arc angle of the original crack prior to testing on the sheet where button pull-out occurred, 

i.e. the sheet that was left with a hole. This relationship is graphed in Figure 4.11 for all tests. 

There is no correlation between peak load and these two factors, which is expected since the 

average peak load across all cracked samples had very little variation.  

    
(a)       (b) 

Figure 4.11  The peak load versus (a) center angle and (b) arc angle for all cross-tension tests. 
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 Small cracks were specifically examined since there was LME present on some fracture 

surfaces but not on others. A way to visualize these cracks is by showing where the LME cracks 

are circumferentially in terms of orientation in the testing configuration as shown in Figure 4.12 

for the small cracked specimens. These graphs were developed to analyze the concentration of 

cracks at certain locations around the spot weld. The red lines represent cracks that had LME on 

the fracture surface while the black lines did not. For fracture with LME, the cracks are fairly 

evenly distributed around the weld, whereas fractures without LME are more concentrated on the 

right side of the weld, around 90°. Although the peak load and energy absorption are not 

influenced by the presence of LME on the fracture surface, as previously shown, the presence of 

LME may be associated with the crack location. These results will be discussed further in 

Chapter 6.  

 

Figure 4.12  The crack locations for small cracked cross-tension samples showing cracks that 
had LME on the fracture surface (red) versus cracks without LME on the fracture 
surface (black). (see electronic version for color image) 

 

4.5.5 Summary 

 For small cracked samples, there was no degradation in peak load and energy absorption 

compared to uncracked samples. The failure mode was the same across all tests, with LME 

present on some fracture surfaces. The LME present had no influence on peak load or energy 

absorption compared to samples without LME on the fracture surface. However, the presence of 

LME on the fracture surface may be influenced by the location of the LME crack.    
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 Medium cracks do not have a significant impact on the peak load, but have an influence 

on energy absorption and failure mode. Ultimately, when the cracks are large, there is significant 

degradation in both peak load and energy absorption. The failure mode changes slightly for large 

cracked specimens. Rather than button pull-out protruding into the base metal, it is contained 

within the weld nugget and there is LME present on the fracture surface. 

4.6 Coach Peel Results 

 This section presents various data comparisons produced from the coach peel testing. A 

comprehensive list of the values and failure modes of all samples can be found in Appendix C. 

4.6.1 Peak Load and Energy Absorption 

 A full comparison of average peak loads and energy absorption for each test condition is 

shown in Figure 4.13 and Figure 4.14. For small cracks, there is no impact on the mechanical 

properties of the weld. Moreover, at each temperature there are cracked samples that outperform 

the uncracked samples. Small cracks also follow the same trends in temperature as the uncracked 

samples, where there is a slight increase in peak load at -10 °C. Energy absorption also has a 

peak at -10 °C for both cracked and uncracked samples, both due to failure mode discussed in 

section 4.6.2. Peak load and energy absorption both decrease at -40 °C compared to the room 

temperature samples, which is discussed more in section 4.6.3. Overall, at all temperatures, the 

peak load and energy absorption are within the margin of error for cracked and uncracked 

specimens, so small cracks do not degrade the mechanical properties of coach peel samples.  

 Medium cracks have a significant impact on failure by peak load comparison in Figure 

4.13.  However, there is a large standard deviation in the cracked samples due to the mix of 

failure modes. The energy absorption data, shown in Figure 4.14, more clearly shows 

degradation due to the presence of cracks. The load-displacement curves for medium cracks 

at -40 °C, examples of which are provided in Figure 4.15, show the clear decrease in 

displacement in cracked specimens, leading to the difference in energy absorption. Large cracks 

also result in a decrease in mechanical performance. Although the peak load drop is less 

significant, especially at lower temperatures, the energy absorption drop is substantial. The 

load-displacement curves for large cracks are very similar to those of the medium cracks shown 

previously in Figure 4.15.  
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Figure 4.13  The coach-peel average peak load versus crack (or weld) size for welds that were 

cracked (C) versus welds that were not cracked (NC) for testing performed at room 
temperature (RT), -10 °C and -40 °C.  

 
Figure 4.14  The coach-peel testing results for average energy absorption versus crack (or weld) 

size for welds that were cracked (C) versus welds that were not cracked (NC) for 
testing performed at room temperature (RT), -10 °C and -40 °C. 
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Figure 4.15  Load-displacement curves for coach-peel samples of uncracked (black) and medium 
cracked (gray) welds at -40 °C, showing a significant difference in displacement, 
and therefore energy absorption. 

 

4.6.2 Failure Mode 

 The coach peel tests produce slightly different failure modes than the cross-tension tests. 

Both tests had button pull-out failure, but coach peel also had full interfacial failure, where the 

fracture penetrates through the entire weld nugget between the two sheets of steel. Mixed-mode 

is slightly different in coach peel testing because there is only button pull-out on one sheet 

whereas cross-tension exhibited button pull-out on both sheets. The percentage of button pull-out 

in coach peel is defined by the area of the weld nugget that was removed. Two small weld 

samples exhibited mostly interfacial failure; however, one side had a crack in the weld nugget. 

The �³cracked weld�  ́samples exhibited slightly higher values for both peak load and energy 

absorption, which accounts for the peak in both of these average values for uncracked small 

welds at -10 °C. 

 The terms and the orientation of the fractography used in this section are shown 

schematically in Figure 4.16. For coach peel testing with interfacial and mixed-mode failures, 

�Z�H�O�G���I�D�L�O�X�U�H���V�W�D�U�W�V���D�V���L�Q�W�H�U�I�D�F�L�D�O���R�Q���W�K�H���V�L�G�H���R�I���W�K�H���Z�H�O�G���W�K�D�W���W�K�H���O�R�D�G���L�V���E�H�L�Q�J���D�S�S�O�L�H�G�����R�U���W�K�H���³�O�R�D�G��

�V�L�G�H���´���/�R�D�G-displacement curves show serrations around 1.5 kN, which correlates with the onset 



 

 63 

of interfacial failure, shown for the small cracked and uncracked samples at room temperature in 

Figure 4.17. Samples that have full interfacial failure break at this point, whereas samples with 

mixed-mode failure continue to increase in load until button pull-out fracture occurs in the 

remaining ligament. Interfacial failure is associated with mode I opening and tensile stresses on 

the weld nugget as shown with the free body diagram in Chapter 2. In mixed-mode, the shear 

stresses around the circumference of the weld nugget exceed the normal stress during fracture, 

which leads to partial button pull-out.    

 

Figure 4.16  Schematic of a coach-�S�H�H�O���V�D�P�S�O�H�����V�K�R�Z�L�Q�J���W�K�H���³�I�D�U���V�L�G�H�´���D�Q�G���³�O�R�D�G���V�L�G�H�´��
designations of the weld and orientation of following fractographs.  

 

Figure 4.17  Load-displacement curves for uncracked (black) and small cracked (gray) welds at 
room temperature, with indications where interfacial and button pull-out failures 
occur.   

 

 For samples with small cracks, besides the two samples with cracked welds, failure was 

either fully interfacial or mixed-mode. For mixed-mode failure of small cracked samples, there 

was no visible LME on the fracture surface, shown in Figure 4.18(a). For medium cracks with 
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mixed-mode failure, there is consistently LME cracking observed on the far side of the fracture 

surface of the weld, which looks similar to the fracture surface shown in Figure 4.18(b). With an 

LME crack present, as was seen in cross-tension testing, there is an additional stress intensity 

around the weld nugget and less HAZ that the fracture has to penetrate. The presence of an LME 

crack therefore decreases the load necessary to fully fracture the weld. Comparing the cracked to 

uncracked samples, there is a stark contrast in the area where the weld fracture ends, shown in 

Figure 4.19. Similar to the cross-tension samples, all cracked samples fail within the weld nugget 

along the LME crack, whereas fracture extends into the base metal in some uncracked samples.  

  
(a)             (b) 

Figure 4.18  Fractography of (a) a weld failure with small cracks, where no LME is present on 
the fracture surface and (b) a weld with large cracks, where LME can be seen at the 
far side of the weld fracture. (see electronic version for color image) 

  
(a)             (b) 

Figure 4.19  Fractography of weld failures with medium welds, where (a) LME is present on the 
fracture surface and (b) there are no LME cracks and the failure protrudes into the 
base metal. 
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 Overall, medium cracks have a significant impact on the mechanical performance of a 

weld in coach peel testing. It should be noted that many of the medium cracked samples failed 

interfacially, which resulted in lower peak loads and energy absorption and therefore decreases 

the averages. However, even mixed-mode failures showed a significant decrease in properties as 

was shown in Figure 4.15. All weld failures with large cracks have the LME crack present on the 

far side of the weld, and again the uncracked samples fracture through the base metal rather than 

break within the weld nugget. Similar to the medium crack specimens, the presence of large 

cracks significantly decreases mechanical properties.  

 Mixed-mode failure is associated with larger peak loads and energy absorption compared 

to fully interfacial failure. Additionally, both the peak load and energy absorption increase when 

the percentage of button pull-out increases, shown in Figure 4.20. The peak load for both 

uncracked and cracked samples follow the same increasing trend with increasing percentage of 

button pull-out. Energy absorption also increases, but uncracked samples have a stronger 

dependence of energy absorption and amount of button pull-out than the cracked samples. 

Cracked samples likely have less dependence due to the range of crack lengths in the welds, 

which changes the load carrying capacity. Peak loads occur at smaller displacements in the 

load-displacement curves for mixed-mode failures after the interfacial failure compared to button 

pull-out failure. Peak load increases with increasing button pull-out because there is a larger load 

carrying capacity, and therefore requires more shear stress to fracture. When LME is present 

around this circumference, the load carrying capacity decreases. With less capacity, the failure 

occurs at a smaller displacement and therefore energy absorption is lower. 

 Another point to consider about the influence of LME cracks is that they only have an 

impact when there are button pull-out failures. For the small cracked samples, which had no 

LME on the fracture surface, the failure mode was either fully interfacial or mixed mode. The 

small uncracked welds all exhibited interfacial fractures, which is associated with low peak 

loads. In comparison, all of the large uncracked samples failed in button pull-out, and their 

cracked counterparts failed in mixed mode with LME present on the fracture surface. LME 

cracks do not appear to have an influence if the failure mode is interfacial. Referring back to 

equation 2.4 and Figure 2.12, button pull-out is associated with ductile fracture of the base metal 

around the rigid body of the weld; thus, the fracture mode is dependent on the shear strength of 

the base metal. Type B cracks are generally located at the interface between the base metal and 
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heat affected zone, so they may interact with button pull-out failure. In contrast to the small 

welds which primarily exhibit interfacial fracture, the large welds favor button-pull-out, so LME 

cracks have a larger influence on mechanical properties. 

  
        (a)                 (b) 
Figure 4.20  Analysis of percentage button pull-out compared to (a) peak load and (b) energy 

absorption, showing that with increasing button pull-out, there is an increase in both 
peak load and energy absorption. 

4.6.3 Temperature Effects 

 The decrease in peak load and energy absorption of the uncracked welds at low 

temperatures is most significant at -40 °C compared to room temperature, except for the energy 

absorption of medium welds, which has a large standard deviation. The drop in properties with 

temperature for the cracked samples is not as consistent across the crack sizes or as significant. 

Peak load and energy absorption are comparable across all temperatures when cracks are present. 

The most significant decrease is at -40 °C for small cracked samples. There was a slight increase 

in the number of samples with interfacial failure for these tests compared to room temperature, 

which decreases the peak load and energy absorption. Mixed-mode failures have significantly 

higher peak loads and energy absorption, as shown in Figure 4.17, which skews the averages 

significantly for these small cracked samples. The ratio of mixed-mode to interfacial failure was 

not significant enough to interpret a temperature influence on failure mode of small cracked 

samples.  
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 As seen from the free body diagram in Figure 2.12, there is a tensile stress acting upon 

the weld nugget, which drives interfacial fracture. These tensile stresses for interfacial failure 

emulate a mode I opening of the two sheets, simulative of a weld nug�J�H�W���³�F�U�D�F�N���´���$�V���V�K�R�Z�Q���L�Q��

Figure 4.17, interfacial failure is indicated by the serrated section at the beginning of the 

load-displacement curve. Using the average across this serration, the interfacial failure load was 

determined for each uncracked test, shown in Figure 4.21. As expected, the interfacial fracture 

load, which can correlate to fracture toughness for a given weld size, decreases for decreasing 

temperature. The interfacial fracture load also increases as weld size increases, likely due to 

geometry dependence. 

 
Figure 4.21  Average interfacial failure load for uncracked samples of all size and temperatures.  

4.6.4 Crack Location 

 LME crack locations for large cracked samples are shown in Figure 4.22. The area of 

particular interest is at 0°, i.e. the far side of the weld, where all LME cracks are present. LME 

cracks at this location are more significant since button pull-out is present on the far side of the 

fracture surface, and button pull-out failure is more likely to interact with LME cracks. Medium 

cracks are of particular interest in coach peel since there were two modes of failure, interfacial 

and mixed mode. The LME crack location for interfacial failures is shown in black and samples 

with LME cracks present on the mixed mode fracture surface are shown in red in Figure 4.23(a). 



 

 68 

For all samples with LME present, there are cracks at 0°; however, samples with interfacial 

failure also had cracks present at 0°, except for one. Most small cracked samples also had cracks 

present at 0°, shown in Figure 4.23(b), but no LME on the fracture surface. Therefore, if cracks 

are small enough, they do not influence failure even if they are located at the critical point, 0°. 

Another reason is that as discussed, smaller welds are more likely to fail interfacially, where 

LME will not interfere with the fracture mode. However, small samples that failed in 

mixed-mode had an LME crack at 0°, but LME was not present on the fracture surface. 

Ultimately, only medium to large cracks impact the failure even if there are cracks present at the 

critical point in coach peel testing.  

 

Figure 4.22  The crack locations for large cracked coach-peel samples showing a large 
concentration of cracks at 0°. 

 
(a)                 (b) 

Figure 4.23  The crack locations for (a) medium cracked coach-peel samples that failed 
interfacially (black) and mixed-mode (red). Crack locations for (b) small cracked 
samples are shown that all failed without LME on the fracture surface. (see 
electronic version for color image) 
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4.6.5 Summary 

 For small cracks, there again was no degradation in properties when comparing cracked 

to uncracked samples. Decreases in temperature decreased both peak load and energy absorption, 

but the decrease is due to a slight increase in more interfacial failures at low temperature skewing 

the data averages. Medium cracks also had various types of failure, but these were not reliant on 

crack location. There was a large decrease in peak load and energy absorption for medium and 

large cracks. The presence of LME cracks at the far side of the weld changes the failure mode, 

which contributes to the decrease in properties.   

4.7 Flange-Tensile Results 

 This section presents various data comparisons produced from the flange-tensile testing. 

A comprehensive list of the values and failure modes of all samples can be found in Appendix D. 

4.7.1 Peak Load and Energy Absorption 

 The flange-tensile test is not widely used, but is beneficial to understand the influence of 

LME cracks on spot weld properties. The test produces normal stresses on the weld 

through-thickness without a bending moment, rather than mixed-modes of stress as experienced 

in the other standard spot weld tests. The average peak loads for all crack sizes and temperatures 

of flange-tensile testing are shown in Figure 4.24. For all uncracked samples, the peak load 

increases with decreasing temperature, which was consistent for each weld size and is explained 

in section 4.7.2. 

 For small cracked samples, the peak load at each temperature is within the margin of 

error compared to the uncracked samples. The averages for cracked samples also increased with 

decreasing temperature, which is the same trend that was seen in the uncracked samples. The 

medium cracked samples have a comparable peak load to the uncracked samples at -40 °C 

though with a larger margin of error; however, the medium cracked specimens have degradation 

in peak load for -10 °C and RT. Large cracked samples have significant degradation in peak load 

compared to the uncracked conditions, especially as temperature decreases, which is the opposite 

trend compared to the medium uncracked samples.  
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Figure 4.24  The flange tensile testing results for average peak load versus crack (or weld) size 
for welds that were cracked (C) versus welds that were not cracked (NC) for testing 
performed at room temperature (RT), -10 °C and -40 °C. 

 

 Energy absorption comparison for flange-tensile tests has a high degree of scatter, which 

made it inconclusive. The high scatter stems from high loads, compared to cross-tension and 

coach peel, and a wide range of displacements due to the various failure modes. Load-

displacement curves of flange-tensile tests with various types of failure are shown in Figure 4.25. 

For each type of failure, outlined below, there is a distinct difference in displacement and 

therefore energy absorption. Therefore, an analysis of the failure modes, as presented in the next 

section, is analogous to an analysis of energy absorption.  

4.7.2 Failure Mode 

 There are four main types of failure that are unique from cross-tension and coach peel 

tests due to the simple uniaxial stress state. The four failure types are shown in Figure 4.26. One 

fracture mechanism is a gage length failure (designated as GL), where the specimen breaks 

simultaneously in both tensile bars in the gage length outside of the weld nugget shown in Figure 

4.26(c); this mechanism results in the highest peak load. The stress associated with the peak load 
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of GL failures is comparable to the ultimate tensile strength of the base metal. Another 

mechanism is a through weld failure (designated as TW), which has the second highest peak 

loads observed. This failure, where the fracture penetrates through the middle of the weld, was 

the least common, and is shown in Figure 4.26(d). The other two fracture mechanisms happen 

along an LME crack around the weld nugget and have comparable peak loads and energy 

�D�E�V�R�U�S�W�L�R�Q�V�����³�2�Q�H���Z�H�O�G���I�D�L�O�X�U�H�´�����G�H�V�L�J�Q�D�W�H�G���D�V���:�������U�H�I�H�U�V���W�R���D���I�D�L�O�X�U�H���Z�K�H�U�H���R�Q�H���R�I���W�K�H���W�H�Q�V�L�O�H��

bars fractures fully, along th�H���/�0�(���F�U�D�F�N���D�Q�G���W�K�H���R�W�K�H�U���W�H�Q�V�L�O�H���E�D�U���L�V���V�W�L�O�O���L�Q�W�D�F�W�����$���³�W�Z�R���Z�H�O�G��

�I�D�L�O�X�U�H�´�����G�H�V�L�J�Q�D�W�H�G���D�V���:�������U�H�I�H�U�V���W�R���I�U�D�F�W�X�U�H���R�I���E�R�W�K���W�H�Q�V�L�O�H���E�D�U�V���D�U�R�X�Q�G���W�K�H���Z�H�O�G���Q�X�J�J�H�W���R�Q��

LME cracks at the same time. These failure modes are shown in Figure 4.26(a) and (b). 

 

Figure 4.25  Load-displacement curves for cracked welds at room temperature from flange 
tensile tests, with indications of where each test failed (X) and the type of failure 
associated with each, showing the large difference in displacement and therefore 
energy absorption. Types of failure include gage length (GL), through-weld (TW), 
one-weld (W1) and two-weld (W2). 

 

 For all samples without cracks, failure occurred in the gage length. Therefore, the peak 

load is the same for each size weld at the same temperature, as shown in Figure 4.24. The 

martensitic microstructure produced in the weld nugget is stronger than that of the base metal, so 

failure is expected to occur in the gage length. The peak load and energy absorption of samples 
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that fail in the gage length should be consistent, and independent of the size of the weld, because 

these values are congruent with the base material properties.  

   

 
          (a)          (b)          (c)         (d) 
Figure 4.26  The four main types of failures in flange-tensile testing, from left to right: (a) one-

side weld failure (W1), (b) two-side weld crack failure (W2), (c) gage length failure 
(GL) and (d) through-weld failure (TW). Black marks on the samples indicate 
where the crack was located.  

 

 In the cracked conditions, a few other tests fractured in the gage length rather than near 

the weld. Most of these were samples with small cracks at room temperature and -10 °C, and one 

was with a large crack at room temperature. All gage length failures had peak loads and energy 

absorption similar to the uncracked samples of the same weld size. The only through-weld 

failures were in two specimens at room temperature with small cracks.  

 Failures of W1/W2 were examined specifically to compare peak load and energy 

absorption to crack size, shown in Figure 4.27. All peak loads were comparable despite the crack 

size. Most of these failures occurred before the yield point was reached, but as shown in Figure 

4.25, some failed at a higher displacement and therefore had a significantly higher energy 

absorption, as seen at -40 °C for small and medium cracks. A summary of the energy absorption 

for all W1 and W2 failures is shown in Figure 4.27(b). Across all sizes and temperatures, there is 
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a large amount of scatter in energy absorption caused by the few tests that failed after the yield 

point, which makes the comparison difficult. 

  

(a)                  (b) 

Figure 4.27  Comparison of (a) average peak load and (b) average energy absorption of W1 and 
W2 failures only, versus the crack (or weld) size for flange-tensile testing 
performed at room temperature (RT), -10 °C and -40 °C showing insignificant 
changes in peak load and large ranges of energy absorption.  

 

 The fracture behavior of each sample with W1 and W2 failures was the same. The 

fracture is mostly horizontal across the tensile bar, perpendicular to the applied stress, in every 

test as shown in Figure 4.28. It was not clear where fracture initiates in these samples, whether at 

the edge of the tensile bar or at the LME crack, so digital image correlation (DIC) testing was 

performed on samples with medium cracks. DIC was conducted with a strain overlay, which is 

shown in Figure 4.29 for one sample right before fracture occurred, where the tensile stress is left 

and right. The original LME crack fully encircled the weld, so there are two distinct circles with 

higher stress intensity. The outer ring is the weld nugget and the inner ring is the LME crack. 

The highest strain first occurs on the LME crack, close to the edge of the tensile bar. Fracture 

first propagates from this area straight down towards the edge of the tensile bar, while the other 

side of the crack follows and propagates via the LME crack around the weld out to the other side 

of the tensile bar. These paths and final fracture of the sample are shown in Figure 4.30.  
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 One reason the fracture initiates near the weld nugget, rather than in the gage length, is 

that when there is a crack present, the cross-section area of the tensile bar is smaller and an 

additional stress intensity is present on the crack front, as seen with the DIC study.  

 

Figure 4.28  Flange-tensile weld failure of a small crack, showing a mostly horizontal fracture 
through the gage length, that is perpendicular to the applied load, which follows 
part of the LME crack. 

 

Figure 4.29  DIC with strain overlay, showing a high strain concentration on the LME crack near 
the weld edge, with tensile direction shown with white arrows. (see electronic 
version for color image) 
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Figure 4.30  Fractograph of the sample tested with DIC, showing the final fracture with red 
arrows starting at the initiation point and following the progression of fracture. (see 
electronic version for color image) 

 

4.7.3 Temperature Effects 

 The effect of temperature on the uncracked samples mimics that of the plain tensile 

samples performed in section 4.1. There is an increase in the load carrying capacity due to low 

temperature in all tests since all failures were in the gage length, or base metal, where there is an 

increase in UTS as temperature decreases, as indicated by the base metal tensile properties. In 

coach peel and cross-tension configurations, failure always occurred in the weld which is why 

the same trends were not observed. 

 Stress-assisted austenite transformation could account for the large energy absorptions at 

low temperatures seen in Figure 4.27(b). These energy absorptions for small and medium cracks 

are large due to samples surpassing the yield point before fracture, shown in Figure 4.25. At low 

�W�H�P�S�H�U�D�W�X�U�H�V�����W�K�H���³�\�L�H�O�G���S�R�L�Q�W�´���R�I���W�K�H���E�D�V�H���P�H�W�D�O��decreases due to stress-assisted austenite to 

martensite transformation. Therefore, before a strain at which fracture occurs is reached, the base 

metal could be strengthening and elongating significantly resulting in large energy absorption. 
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4.7.4 Crack Location 

 For both center angle and arc angle, there was no correlation with crack location and size 

with peak load or energy absorption, where 0 and 180° are the tensile locations, shown in Figure 

4.31. A radial map was also generated to compare W1/W2 failures to GL failures for small 

cracks, shown in Figure 4.32. There is no concentration of cracks for W1/W2 failures, and even 

with GL failures there were LME cracks surrounding the weld. Therefore, the crack length seems 

to be particularly more important than the location of the crack.  

     

(a)              (b) 
Figure 4.31  The peak load versus (a) center angle and (b) arc angle for all flange-tensile tests. 

 
Figure 4.32  The crack locations for small cracked flange-tensile tests showing samples with GL 

or TW failures (black) and samples with W1/W2 failures (red). (see electronic 
version for color image) 
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4.7.5 Discussion 

 One factor that should be considered with using flange-tensile testing is the small gage 

width. Due to the small area where the spot weld is located, it is not possible for the weld to be 

surrounded by base metal. The oxidation colors on the side of every flange tensile test show that 

the heat was high enough during the welding process to change the microstructure even at the 

lowest current, the discoloration of which is shown in Figure 4.33. Although the test was 

designed to mimic welds close to the edge of the sheet metal, in production there would be extra 

base metal on one side of the weld. Additionally, the weld schedule used was very aggressive to 

produce LME cracks for the study and production welds may not have the same heat escape out 

of the side as was seen in this study.  

 

Figure 4.33  Discoloration from the welding process on the side of the gage from a flange-tensile 
test. (see electronic version for color image) 

 

4.7.6 Summary  

 Small cracks once again showed the least amount of impact on mechanical properties. 

Small cracked samples showed the largest amount of failures that were not W1 or W2, although 

some did fail in this way, and peak loads were within the margin of error compared to the 

uncracked samples. Medium and large cracks were both detrimental to peak load, and showed 

propensity to fail in W1 or W2 failure modes. It can be concluded that small cracks have a 

negligible degradation on spot weld integrity in this loading mode, similar to the other tests used 

in this study. 

4.8 Experimental Study Summary 

 The results show that when small cracks are present in a spot weld, there is negligible 

impact on the mechanical properties of the spot weld. For every test and temperature with small 

cracks, peak load and energy absorption were not degraded by the presence of a crack compared 
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to the uncracked samples of the same weld size, with the exception of the failure mode in 

flange-tensile testing. Even when LME cracking was present on the fracture surface, as seen in 

the coach peel testing, there was no significant degradation in properties. 

 Medium cracks showed various degrees of degradation throughout the samples. They 

were the most detrimental during coach peel testing where energy absorption was significantly 

depleted, and it was clear that the fracture mode changed with LME present. While the results 

varied, medium cracks were generally detrimental in every test in load, energy absorption, and/or 

fracture mode. For large cracks, across all tests and temperatures, the mechanical performance 

was significantly degraded and fracture modes changed.  

 Temperature effects for cross-tension testing were minimal, with the exception of 

uncracked large welds, where the peak load and energy absorption decreased as temperature 

decreased; however, the lowest temperature accessible was only near 0 °C in this test. For each 

crack size, the properties at each temperature were comparable. Uncracked samples in coach peel 

testing generally decreased in peak load and energy absorption with decreasing temperature, and 

the cracked samples either followed the same trend or the average values were the same across 

all temperatures. Flange-tensile tests showed the most consistent temperature relationship, with 

uncracked samples increasing in peak load with decreasing temperature due to flow stress 

increases associated with the formation of deformation induced martensite. Small cracked 

samples also showed an increase in peak load with decreasing temperatures, while peak load 

decreased in medium cracked specimens tested at -10 °C, and large cracks showed the opposite 

trend. Throughout all testing configurations, failure mode was not dependent on temperature.  

 In this study, small cracks are associated with small welds. Although the weld nugget size 

is above the critical weld nugget size, the small welds exhibited interfacial failures in both 

cracked and uncracked samples during coach peel testing. Due to the tendency for interfacial 

failure to occur, the fracture surface is generally unaffected by the LME crack because LME 

cracks surround the weld nugget, where button pull-out failure occurs. In other words, LME 

cracks may only be significant when button pull-out occurs. This study indicates that there is no 

degradation in spot weld performance when small Type B LME cracks are present; however, 

further tests on welds with small cracks are necessary. Most importantly, small cracks in large 

welds need to be studied to evaluate if they impact the button pull-out failures larger welds 

undergo.  
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 All three tests were influenced by LME cracks in very different ways. Four main 

variables were used to determine the LME sensitivity of each test. Peak load degradation was the 

largest for cross-tension. Energy absorption degradation was largest for flange-tensile testing due 

to the high loads the test was capable of. Flange-tensile also had the most significant change in 

failure mode when uncracked and cracked samples were compared; however, both cross-tension 

and coach peel also showed differences in failure mode for large cracked and uncracked welds. 

LME cracks interacted with fracture in all three types of test configurations, as indicated by LME 

on the fracture surfaces. Crack location proved to be insignificant for both cross-tension and 

flange-tensile, but was extremely relevant for coach peel testing. LME was only significant if it 

was present on the far side of the weld.  
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CHAPTER 5 

FINITE ELEMENT MODELING RESULTS AND DISCUSSION 
  

 Parametric studies for cross-tension testing were conducted individually for each of the 

four variables: center angle, arc angle, crack angle, and crack length. Each study builds on each 

other in an effort to interpret crack configurations that influence mechanical performance. 

5.1 Center Angle Results 

 The first parametric study conducted varied the center angle, which evaluates the 

influence of the location of the crack on the surface of the specimen. The angle was varied from 

0° to 90°, which represents all possible crack locations when considering symmetry, indicated in 

Figure 5.1(a).  A fixed arc angle of 90°, crack angle of 41°, and crack length of 460 µm were 

chosen based on the crack geometry of a representative weld. The average von Mises stress at 

the center of each crack front, along with the weld edge peaks are shown in Figure 5.1(b). 

 
(a)       (b) 

Figure 5.1  (a) Schematic of a weld indicating the LME crack (bolded) center angle and arc 
angle dimensions for reference and (b) the stresses at the 0 and 180° peaks of the 
weld edge and at the crack front for various center angles. 
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 The average von Mises stress at the crack front increases as the center angle approaches 

0°. The 0° weld edge peak also increases to a lesser degree as the center angle of the crack 

approaches 0°, while the 180° weld edge peak decreases. The weld edge peaks are close in value 

when the center angle is 90°, which is expected due to the symmetry of the crack at that position. 

Overall, the average von Mises stress near the crack front is less than half of the maximum stress 

at the weld edge. The von Mises stress at both locations on the weld edge varies by less than 

20 MPa. Since the stresses at the crack front are significantly lower than that at the weld edge, 

and the weld edge stresses change minimally, the center angle, or location, of an LME crack is 

not expected to have a major influence on the failure mode or mechanical behavior of a spot 

weld tested in cross-tension over the range of parameters evaluated. 

5.2 Arc Angle Results 

 A center angle of 0° was chosen because this condition represents the highest stress at the 

crack tip from the center angle study. The arc angle was varied from 30 to 150° (corresponding 

to crack lengths on the surface of 1.57 mm to 7.86 mm), with a fixed crack angle of 41°, and a 

fixed crack length of 460 µm, shown schematically in Figure 5.2(a). The average von Mises 

stress values at the crack front and the weld edge peaks are shown in Figure 5.2(b). 

 
(a)             (b) 

Figure 5.2  (a) Schematic of a weld with a crack (bolded) with a center angle of 0° and arc 
angle dimension indicated for reference and (b) the stresses at the 0 and 180° peaks 
of the weld edge, along with the crack front for various arc angles. 
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 As the arc angle increases, the von Mises stress at the crack front also increases. 

However, similar to the center angle study, the stress at the crack front is less than half the value 

of the weld edge. The von Mises stress at the 0° peak, where the crack is located, increases by 

18 MPa at the maximum arc angle, while the 180° peak varies insignificantly. The low stresses 

at the crack front and insignificant change in stress at the weld edge suggest that the arc angle of 

an LME crack has no major influence on the failure mode or mechanical performance of a spot 

weld tested in cross tension over the range of parameters evaluated. 

5.3 Crack Angle Results 

 The influence of the crack angle into the thickness of the steel sheet was evaluated. Based 

on the previously presented studies, the center angle and arc angle were chosen to be 0° and 130° 

respectively, as these values represent the highest stress at the crack tip; the crack length was 

fixed at 460 µm. The crack angle was varied between 5° and 85°, shown in Figure 5.3(a). The 

average von Mises stress at the crack tip and at the weld edge are graphed versus the crack angle 

in Figure 5.3(b). 

 
(a)              (b) 

Figure 5.3  (a) Schematic of a weld with a crack (bolded) indicating the crack length and angle 
for reference and (b) the stresses at the 0 and 180° peaks of the weld edge, along 
with the stress near the crack front for various crack angles. 

 

 The average von Mises stress at the crack front reaches a maximum stress at 35° and 

decreases as it approaches 0° and 90°. The stress at the 0° weld edge peak, where the crack is 
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located, also reaches a maximum at 35° with a smaller variation than exhibited at the crack front. 

The stress at the 180° peak varies insignificantly with crack angle. The crack front stress values 

are again less than half of the stress values at the weld edge. Crack angles from various published 

studies of Type B LME cracks are plotted and compared to the von Mises stresses near the crack 

tip in Figure 5.4 [2], [16], [20], [23], [30], [33], [43]. The majority of cracks observed in 

literature occur at angles around 45°, close to where the von Mises stress at the crack tip is the 

highest as found in this work. However, these stresses are still significantly less than the stresses 

around the weld edge, which only vary slightly with the crack angle. Therefore, failure is still 

predicted to occur at the weld edge, rather than the crack front.  

 
Figure 5.4  Average von Mises stress near the crack tip (diamonds) compared to frequency of 

crack angle (bars) taken from various published Type B LME cracks [2], [16], [20], 
[23], [30], [33], [43]. 

 

5.4 Crack Length Results 

 The crack length parametric study was conducted for crack lengths between 100 and 

650 µm. A center angle of 0°, arc angle of 130°, and crack angle of 35° were used to produce the 

highest stresses at the crack front. The stresses at the crack front and weld edge are shown in 

Figure 5.5. 

 As the crack length increases, the average von Mises stress increases almost linearly. The 

stresses at the 0° peak increase as well, while the 180° peak stays relatively constant. A 
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maximum crack length of 650 µm was originally chosen due to the design of the model 

geometry. The model constrained the crack front to only extend to the weld nugget diameter due 

to partitioning issues and the complexity of the crack. The model was redesigned to allow for 

longer crack lengths, where the entire crack was reconstructed with different partitioning, and the 

crack curvature was slightly changed. Crack lengths up to 2050 µm were then studied. The von 

Mises stresses at the crack front and weld edge for all crack lengths are shown in Figure 5.6.  

 

Figure 5.5  Average von Mises stresses at the 0 and 180° peaks of the weld edge, along with 
the crack front for various crack lengths up to 600 µm. 

 

Figure 5.6  Average von Mises stresses at the 0° and 180° peaks of the weld edge, along with 
the crack front for various crack lengths up to 2050 µm. 
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 Once the crack protrudes past the weld edge, after 650 µm, the stresses at the crack front 

and around the weld nugget decrease sharply; this sharp decrease may be due to an artifact of the 

redesigned model or be a real effect of the crack extending past the weld nugget edge. To 

understand the decrease in stress at the crack front at large crack lengths, the actual crack front, 

rather than a path 0.01 mm away, was analyzed to determine if the maximum stress still occurs at 

�W�K�H���F�H�Q�W�H�U���R�I���W�K�H���F�U�D�F�N�����,�W���Z�D�V���I�R�X�Q�G���W�K�D�W���Z�L�W�K���D���F�U�D�F�N���O�H�Q�J�W�K���R�I���������������P���R�U���O�D�U�J�H�U�����W�K�H���S�H�D�N���V�W�U�H�V�V��

along the crack front does not occur at the middle of the crack. For example, the average von 

Mises stress along the crack front, normalized by dividing the stress by the maximum, is 

compared between a smaller crack, 750 µm, and a larger crack, 2050 µm, in Figure 5.7. For the 

large crack, the maximum stress is reached at two points on the crack front that correlate with the 

weld diameter. The same correlation is seen by utilizing isosurface contours in Abaqus 

post-processing. In Figure 5.8(a), elements from the 350 µm crack length model that have a von 

Mises stress above 110 MPa are shown; the highlighted elements show the entirety of the crack 

front and weld edge. Increasing the isosurface contour to show 300 MPa and higher, the weld 

edge thins out and the ends of the crack start to disappear as shown in Figure 5.8(b). As the 

minimum stress of the isosurface increases, the ends of the crack disappear, showing the highest 

stresses occur in the middle of small cracks. For a 2050 µm crack length, stresses above 

110 MPa and 400 MPa are shown in Figure 5.9. Above 110 MPa, both the weld edge and crack 

front are fully seen; however, above 400 MPa, the center of the crack front (where the highest 

stresses were seen at 350 µm) is not apparent and the highest stresses are located directly on top 

of the weld edge.  

 

Figure 5.7  Normalized von Mises stresses along the crack front for two crack lengths, showing 
the difference in location of maximum stress. Raw data is smoothed with a span of 
10% for clarity. 
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(a)              (b) 

Figure 5.8  Abaqus output for a 350 µm crack length showing isosurface contour for von Mises 
stresses greater than (a) 110 MPa and (b) 300 MPa, showing the weld edge as well 
as the center of the crack front having higher stresses than the corners. 

 

(a)              (b) 

Figure 5.9  Abaqus output for a 2050 µm crack length showing isosurface contour for von 
Mises stresses greater than (a) 110 MPa and (b) 400 MPa, showing the weld edge as 
well as the crack having the highest stresses over the weld edge.  
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 A possible reason for this change in peak location is because the material below the 

middle of the crack is not constrained by the weld nugget when it extends past the weld diameter, 

schematically shown in Figure 5.10. Therefore, the stress at the crack front area outside of the 

weld edge decreases, and the largest stress occurs where the crack front crosses the weld nugget 

edge.   

 

(a)              (b) 

Figure 5.10  Schematic showing (a) when the LME crack tip is constrained by the weld nugget 
and (b) when the crack tip protrudes past the weld nugget constraint (dotted line). 

 

 The change in crack geometry also changes the area on the weld edge where the highest 

stress is located. The average Mises stresses along the weld edge are graphed, comparing a 250 

and 2050 µm crack in Figure 5.11. For the 2050 µm crack, the second peak, which correlates 

with 0°, exhibits a small dip at the top of the peak instead of a maximum value. A fairly steady 

maximum value across a 3 mm range of the 0° peak implies that the weld may not fail exactly in 

the center of the weld as Zhang showed, but rather anywhere along the weld edge with the 

maximum value [9]. There is also a large decrease in stress of the 180° peak that correlates with 

crack sizes larger than 650 µm, which is when the crack starts to protrude past the weld edge. It 

is still unclear if the large crack is the cause of the drop in stress, or if it is an artifact of the 

change in model geometry. Due to the partitioning that was necessary to account for large crack 

lengths, the local mesh sizes were directly affected. However, the stresses at 180° are not 

relevant to the outcomes of this model because the von Mises stress at the 0° peak are 

consistently higher than 180°. 
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Figure 5.11  Normalized von Mises stresses along the weld edge for two crack lengths, showing 
the difference in maximum stress distribution of the second peak. The raw data is 
smoothed with a span of 10% for clarity. 

 

 The amount of crack opening also changes as the crack length increases. A change in 

crack opening is likely related to the lack of constraint when the crack surpasses the weld nugget 

diameter. To visualize the crack openings, a contact opening (COPEN) contour is utilized in 

Figure 5.12.  The COPEN contour in Abaqus shows the amount of opening (positive values) or 

closing (negative values) of a crack, and is used in this research for visualization purposes only. 

A y-z plane cross-section at 0° of the 650 µm crack, where the stress at the crack tip is the 

highest, is shown in Figure 5.12(a). From the models of cracks still within the weld nugget, 

i.e. with a crack length of 650 ���P���D�Q�G���O�H�V�V�����W�K�H�U�H���L�V���P�R�V�W�O�\���V�K�H�D�U���G�L�V�S�O�D�F�H�P�H�Q�W���D�O�R�Q�J���W�K�H���O�H�Q�J�W�K���R�I��

the crack. For models where the center of the crack front is outside of the weld nugget area, there 

is shear across the crack faces, but there is also crack opening near the crack tip, which can be 

seen in red in Figure 5.12(b) for a 2050 µm crack. At these larger crack fronts, there is minimal 

opening near the maximum stress, i.e. located right above the weld edge, closer to the behavior 

of the smaller cracks. The y-plane cross-section of the same 2050 µm crack is rotated to 30° in 

Figure 5.12(c) to show the lack of opening near the crack tip away from the region of maximum 

stress. Overall, areas along the crack front that exhibit mostly a shearing mode of opening have a 

higher associated stress and correlate with the maximum stress along the crack front. At larger 

crack sizes that have more freedom at the crack tip, cracks seem to have more mixed modes of 
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opening which complicates the stress state. Shear stresses associated with the crack potentially 

interact with shear stresses associated with button pull-out failure, but additional investigation 

and model development must be performed which is discussed further in section 6.1.  

 Since the crack path established does not lie 0.01 mm below the maximum stress at the 

crack front for larger cracks, another method was used to find the maximum stress of the crack 

front for further analysis. Along the crack front, the two nodes with the largest von Mises stress 

that correlate with the two peaks shown in Figure 5.7 were found. Each element that contained 

that maximum node was established, and then the von Mises stress for each node contained in 

each of those elements was recorded. The distance from the maximum node was also measured. 

These measurements resulted in a relationship of von Mises stress versus distance from the 

original maximum nodes, shown for a crack length of 1750 µm in Figure 5.13. For each crack 

size, the von Mises stress generally decreases as distance from the maximum node increases. The 

maximum stress extracted from this data was the largest von Mises stress at least 0.01 mm away 

from the maximum node. For example, for a crack length of 1750 µm, a value of 509 MPa was 

chosen and is indicated with a star in Figure 5.13. The same analysis was done for all crack sizes, 

including small cracks where the maximum crack occurs in the middle of the crack front and 

results are shown in Figure 5.14.  

   Using the modified approach, the von Mises stress for small cracks is higher than 

original values pulled from the crack path 0.01 mm below the crack front, but still follows the 

same increasing trend. For cracks larger than 650 µm, the stress with the modified approach 

increases and plateaus, whereas it was previously shown to decrease at larger crack lengths. At 

1150 µm, the von Mises stress at the crack front is comparable to the stresses at the weld edge 

and surpasses the weld edge stress after a crack length of 1250 µm. At the plateau of crack front 

stress (larger than 1000 µm), the von Mises stresses are almost equivalent to those at the weld 

edge. Thus, it is possible that crack propagation will occur at both locations for these larger crack 

length values depending on the relative material properties at those locations. Additionally, the 

size of the ligament is smaller for large crack sizes, which implies that fracture will happen at 

smaller displacements and may change the failure mode. Therefore, large LME cracks in the 

weld can be detrimental to the failure mode and mechanical properties of the spot weld. 
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Figure 5.12  Abaqus models showing the contact opening (COPEN) contour for (a) a 650 µm, 
cut-view at 0° where stress at the crack tip is at a maximum. Red arrows indicate 
how shearing at the crack face. (b) A 2050 µm crack length, cut-view at 0° showing 
opening towards the crack tip and (c) the same 2050 µm crack, cut-view at 30° 
where stress at the crack tip is at a maximum, and no opening is present. (see 
electronic version for color image) 
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Figure 5.13  The von Mises stress of each nearest node to the maximum node on the crack front, 
versus the distance from the maximum node for a crack length of 1750 µm. The 
maximum stress used for the new analysis is indicated with a star.  

 

Figure 5.14  Average von Mises stresses at the 0° and 180° peaks of the weld edge, along with 
the crack front for various crack lengths. The modified analysis of crack front 
stresses is shown compared to the original analysis.  
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5.5 Discussion 

 The objective of this parametric study was to determine critical crack locations and 

geometries where there would be a potential degradation in mechanical performance. For a 

change in failure mode of the weld to occur, the stress near the crack front must be greater than 

that at the weld edge. In the study for each of the four defined variables of a 3D LME crack, the 

stress near the crack front only exceeded the stresses at the weld edge for crack lengths larger 

than approximately 1000 µm. For other cases, when the stress at the crack front was not larger 

than the stress at the weld edge, fracture is not expected to originate at the LME crack; however, 

an LME crack may still influence the failure of a spot weld. In almost every parametric study, 

there is an increase in stress near the weld edge correlated with the change in crack geometry. 

Thus, failure may occur at the weld at lower applied displacements or loads due to the presence 

of the crack.  

 Although stress comparisons from the FE models imply failure occurs at the weld edge, 

the fracture path is likely affected by the presence of the LME crack. If the fracture intercepted 

the LME crack, there would be zinc on the fracture surface as seen in previous studies [34] or as 

temper oxidation as seen in the current study, despite the fracture not originating at an LME 

crack. Zinc would also be present on the fracture surface for large LME cracks, when fracture 

occurs on both the crack and weld edge simultaneously.  
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CHAPTER 6 

RELATING MECHANICAL TESTING TO FEM 
 

 Mechanical testing performed for this study, along with results from literature, are 

compared to the FEM results in this section.  

6.1 Modeling Assumptions and Limitations 

 There are a multitude of factors that affect the mechanical performance of the spot weld 

samples, which were not all captured in the FE model. One major difference, as discussed 

earlier, is that the model created in this work does not incorporate the various microstructures 

and related properties in the spot weld. The FE models also assume linear-elastic stress-strain 

behavior throughout the entire sample. In reality, plastic deformation occurs at various locations 

in the specimens during loading, which could possibly change the stress distribution. Another 

missing variable is the geometry of the electrode indentation; a flat sheet was assumed whereas 

the electrode leaves an indent in the sheet during welding. Type B cracks are observed on the 

shoulder of the weld, so the electrode indent could be significant to the stresses at the crack front.  

 Another factor to be taken into consideration in future models is that no LME crack is 

perfectly symmetric and straight as assumed in this model. The largest part of the crack may not 

correlate directly with the center of the crack. There can also be multiple cracks around the weld 

and on both sides of the weld. All of these factors affect stress intensities in or around the weld, 

which may impact spot weld integrity.  

 Ideally, XFEM or a similar analysis approach would be used to determine stress 

intensities at the crack front and account for crack propagation in the sample and around the 

weld. A more in-depth investigation into failure criteria is necessary, e.g. is there a local stress 

intensity being exceeded or is the local strength above the UTS? Failure may also be a 

combination of fracture from both the crack tip and weld edge simultaneously, but cannot be 

confirmed without crack propagation in the model. Investigating stresses further, with correlation 

to the free body diagrams, can help predict failure mode. Additional FEM studies that would 

support this work would include low temperature effects and models for coach peel and 

flange-tensile testing. 
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 Extra development and validation of the models is necessary to fully understand all 

aspects of LME cracking in a weld; however, the FE models developed in this study help 

understand previously unclear stress states within the weld and at the crack. The parametric 

studies have also shown a correlation to the experimental mechanical performance.  

6.2 Cross-Tension Testing Comparison 

 This parametric study supports experimental results from literature, presented in section 

2.4.3. For crack lengths under 300 µm, previous studies found that the LME cracks had 

insignificant impact on the peak load and absorbed energy during cross-tension testing [2], [33]. 

Referring back to the parametric study in section 5.4 and Figure 5.6, the FEM study suggests that 

failure would occur at the weld edge rather than the crack front due to the higher stresses at the 

weld edge. For crack lengths below 300 µm, model results show that there is very little change in 

the stresses at the weld edge due to the presence of an LME crack. However, between 600 and 

800 µm, where the cracks extend outside of the weld edge, the stress at the weld edge increases, 

and experimentally mechanical properties decreased. A larger stress at the weld edge likely leads 

to lower peak load and absorbed energy, which was observed in the physical testing by previous 

studies [2], [33]. 

 Results from the parametric study in this work also supports the mechanical testing 

results shown in section 4.5�����)�R�U���V�P�D�O�O���F�U�D�F�N�V�����D�U�R�X�Q�G�������������P�����W�K�H�U�H���Z�D�V���Q�R���G�H�J�U�D�G�D�W�L�R�Q���L�Q���S�H�D�N��

load due to the low stresses at the crack tip and negligible increase in stress at the weld edge. 

Medium cracks fall within the region where the stresses at the crack front are still smaller than 

those at the weld edge but are still increasing with crack length as shown in Figure 5.14. In 

experimental testing, there was some degradation in properties for medium crack samples, but 

with a significant standard deviation which could be due to the large array of crack sizes. For 

medium cracks, the high end of crack length range falls where the weld edge and crack front 

stresses are equal. The size of large cracks also falls in this area of stress equivalency. There was 

significant degradation in the experimental results of large cracked samples compared to their 

uncracked counterparts, which is supported by FEM when cracks are larger than 1000 µm 

because the weld edge and crack front stresses are equal. FEM results show that the stresses at 

the crack front start to plateau in the range of medium and large cracks. The weld edge stress 

also plateaus around the same stress, and therefore peak load and energy absorption should be 

fairly constant at large crack sizes. 
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 Moreover, the location of the crack (center angle and arc angle) in the parametric study 

had minimal impact on the stresses. The experimental studies also showed that there was no 

direct correlation to either of these factors in cross-tension testing for all crack sizes. Since 

cross-tension tests are symmetrical, this finding is not surprising, especially with cracks with 

large arc angles that encompass more than half of the weld nugget. Large cracks were the most 

detrimental, so if the weld nugget is completely or almost completely surrounded by a large 

crack, part of the crack will be at the critical location found in the FE model. Experimentally, 

there were large drops in peak load and energy absorption for the large crack specimens, which 

supports this finding. 

 When specifically looking at small cracks, it was found that failures without LME on the 

fracture surface had cracks concentrated near 90°, shown in Figure 4.12. In the FE models, a 

center angle of 90° was found to be the least detrimental for stresses at the crack front. Failure 

still occurs at 0° at the weld edge for these tests (or 180° due to symmetry), so it is not surprising 

that LME was not found on these fracture surfaces. All small crack failures that did have LME 

present on the fracture surface were closer to either 0 or 180° where the crack has a larger 

impact. 
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CHAPTER 7 

CONCLUSIONS 
 

 To summarize the findings in this study, the conclusions are addressed through the 

research questions originally proposed in Chapter 1. 

 

1. Can critical crack conditions be predicted where LME cracks degrade performance 

through comparison of stresses at the crack front and around a spot weld? 

 

 FE models of the cross-tension test provide relative stress levels associated with an LME 

crack and the weld edge. The highest stresses in cross-tension testing occur around the spot weld 

edge where fracture occurs. When an LME crack is added, there is stress intensity at the crack 

tip, and at large enough crack lengths stresses at the crack front are higher than that at the weld 

edge, which is interpreted to potentially affect failure mode and mechanical properties of the spot 

welded joint.  

 For cross-tension testing, the FE models predict that the most detrimental crack 

configurations occur at center angles near 0°, large arc angles (e.g. 130° used in the parametric 

study), and crack �D�Q�J�O�H�V���Q�H�D�U�������ƒ�����$�W���F�U�D�F�N���O�H�Q�J�W�K�V���R�Y�H�U���������������P with these conditions, the von 

Mises stresses at the crack front are larger than the weld edge, and therefore are predicted to have 

detrimental effects to the mechanical properties.  

 

2. During mechanical testing with various loading conditions, does crack length affect 

mechanical performance and failure mode?  

 

 Crack length has a significant effect on mechanical properties and failure mode of spot 

welds when compared to uncracked specimens. Small cracked samples showed no degradation 

or change in peak load, energy absorption, or failure mode in any test condition. In contrast, 

specimens with large cracks exhibited significant degradation in peak load and energy 

absorption. The specimens with medium cracks had more scatter in the extent of degradation due 
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to the overlap in crack size with both small and large cracks, which implies that a critical crack 

length falls within that range.  

 Failure mode was significantly impacted in all testing configurations for large, and some 

medium cracked samples. For cross-tension and coach peel testing, large uncracked welds had 

button pull-out failure where the pull-out protruded into the base metal. Large welds that were 

cracked also exhibited mostly button pull-out failure, but these failures were fully contained 

within the weld nugget and also had LME present on the fracture surface. LME was present on 

some small cracked cross-tension tests; however, there was no degradation in mechanical 

properties compared to small weld tests without LME on the fracture surface. In flange-tensile 

testing, all uncracked samples failed in the gage length. Most of the cracked samples, especially 

for medium and large cracks, failed around the weld along the LME crack or through the center 

of the weld. Small cracked flange-tensile tests showed all types of failure, including failure in the 

gage length.  

 The crack location was only found to be critical for coach peel testing. When LME was 

present on the fracture surface of coach peel tests, it was located on the far side of the weld; there 

was never LME present on the load side of the weld.  Results from both cross-tension 

experimental testing and flange-tensile testing did not have a direct correlation with crack 

location, but these tests have more symmetry and thus more locations where LME cracks may 

interact with fracture.  

 It was necessary to use various criteria to determine the severity of LME cracking 

because every testing configuration had a different metric that showed the largest change 

between uncracked and cracked specimens. Flange-tensile tests showed the most substantial 

change in energy absorption and failure mode, cross-tension tests had the largest peak load 

degradation, and coach peel tests were the most sensitive to crack location.  

 

3. How does the mechanical performance of specimens with LME cracks depend on 

temperature down to -40 °C?  

 

 Almost all testing was affected by low temperatures, especially for larger, uncracked 

welds.  Temperature had the most influence on flange-tensile testing, where uncracked samples 

increased in peak load and energy absorption as temperature decreased. Small cracked samples 
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followed the same trend, large cracked samples showed the opposite trend and medium cracked 

samples showed a decrease at -10 °C. Coach peel testing exhibited the opposite trend, where the 

uncracked samples decreased in peak load and energy as temperature decreased. Cracked 

samples either followed the same trend or average value was constant across all temperatures. 

Cross-tension testing showed the least influence of temperature except for uncracked large 

welds, where both peak load and energy absorption decreased significantly at low temperature; 

all other cross-tension tests were comparable at room and low temperature.  
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CHAPTER 8 

FUTURE WORK 
  

 This study showed that small cracks do not have a significant impact on the mechanical 

performance of spot welds. Small cracks were measured and classified in this study just after the 

spot welding process. Realistically, these small cracks may propagate during normal automotive 

use and may become medium and large cracks that do effect spot weld performance. In one 

study, Choi et al. found that cracks did not seem to propagate during tensile-shear fatigue and 

were not detrimental to the mechanical performance [2]; however, fatigue influence needs to be 

investigated further, likely in a similar matrix developed in this study.  

 There are several possibilities for additional testing that would support the research done 

in this study. Temperature effects would be elucidated further with cross-tension testing 

at -40 °C. Also, testing of additional samples at each condition would be beneficial due to the 

large mix of failure modes, and more tests might show some additional trends in fracture 

response that were not apparent in this study. There were three testing configurations chosen in 

this study, but there are more used in literature and other studies that could expand the 

understanding of the influence of LME cracks, e.g. tensile-shear and KSII. Component testing, 

where multiple spot welds are evaluated in one crash test, could also be beneficial because it 

emulates  vehicle service conditions more than a single weld test. Along with crash testing, high 

strain rate testing could also be performed to evaluate strain rate effects on performance. 

 Controlling the LME cracks would also be of interest. Potentially the zinc layer could be 

removed selectively so that the circumferential length and location of the crack was controlled. 

This control would allow for experimental parametric studies, reflecting what was done with 

FEM. There could also be more consistency between tests. It would also be useful to have a 

consistent weld nugget size with various crack lengths for an easier comparison, whereas this 

study had increasing weld nugget size with increasing crack size. Utilizing less aggressive weld 

schedules would also be more representative of actual performance of spot welds with LME 

cracks.  

 Additionally, there is an innumerable amount of work that can be done with FEM. 

Improvements to the cross-tension model were previously outlined in Chapter 6. These 
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modifications, along with developing new models for other types of testing, would give more 

insight as to how LME cracks influence stresses, and therefore mechanical properties and failure 

mode, of the various tests. Even with the models developed in this study, more investigation and 

post-processing could help with further understanding of LME cracks, e.g. an in-depth analysis 

could be done to find principal stresses at the crack front to determine what modes of fracture are 

occurring at the crack front.  
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APPENDIX A 

EFFECT OF LIQUID METAL EMBRITTLEMENT ON MECHANICAL BEHAVIOR OF 

ADVANCED HIGH STRENGTH STEEL SPOT WELDS AT AMBIENT 

AND LOW TEMPERATURES 

 

Kayla M. Molnar, Matthew L.S. Zappulla, John G. Speer, Kip O. Findley 

Reproduced from Materials Science and Technology Conference Proceedings 2019 

A.1 Abstract 

 Along with research aimed at understanding and improving liquid metal embrittlement 

(LME) resistance, the effects of LME cracks on mechanical performance should also be 

considered. Literature studies of tensile-shear and cross-tension tests with LME cracks did not 

�L�Q�G�L�F�D�W�H���V�L�J�Q�L�I�L�F�D�Q�W���S�U�R�S�H�U�W�\���G�H�J�U�D�G�D�W�L�R�Q���G�X�H���W�R���F�U�D�F�N�V���V�P�D�O�O�H�U���W�K�D�Q�������������P���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H����

In the present work, the quasi-static strength of spot welded specimens from a galvanized 

advanced high strength steel was tested using tensile-shear and cross-tension with weld crack 

lengths near 480 µm. Each configuration was tested at room temperature and temperatures as 

low as -10°C. The peak load decreased with decreasing temperature for both test configurations, 

but there was no correlation of peak load with crack size or location. The failure modes of the 

cross-tension tests were consistent between test temperatures. However, tensile-shear tests 

showed predominantly button pull-out failure at low temperatures and interfacial failure at room 

temperature. Finite element models were also developed for a 2D tensile-shear configuration to 

provide insight on critical crack geometries that affect performance. The highest stress near the 

crack tip exists for crack angles of approximately 60° with respect to the surface sheet surface, 

and stresses increase with increasing crack length. However, these stresses near the crack tip are 

significantly smaller than those at the weld edge; therefore, the models predict that LME cracks 

would have no influence on the tensile-shear failure mode. 

A.2 Introduction 

 New targets set for fuel efficiency and crash performance in the automotive industry have 

led to new developments in advanced high strength steels (AHSS). Zn-coated AHSS have 

exhibited susceptibility to liquid metal embrittlement (LME) during spot welding. Automobiles 
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contain between 2000 and 5000 spot welds, and therefore the integrity of spot welds is 

important [1].  

 Many studies focus on the elimination of LME, but fewer studies have been performed to 

evaluate the influence of LME cracks on mechanical properties. Previous work has shown there 

is no degradation in cross-tension, tensile-shear and fatigue properties when Type B LME cracks 

�D�U�H���V�P�D�O�O�H�U���W�K�D�Q�������������P��[2,3]. A schematic cross-section of a spot weld shows an example of 

Type B cracking in Figure A.1 as well as other crack types. Significant changes in peak load, 

absorbed energy and fatigue cycles to failure are only observed when cracks are larger than 

600 ���P���>�������@�����)�X�U�W�K�H�U�����W�K�H���L�Q�I�O�X�H�Q�F�H of temperature on mechanical behavior of specimens with 

LME is important to consider for lower temperature service conditions of vehicles, and has not 

previously been evaluated.  

 For an LME crack to be detrimental to the load-bearing capacity of a spot weld, the 

stresses driving crack propagation must be greater than the stress for button pull-out or interfacial 

fracture [9]. Comparing stress states around the weld edge and crack front is both experimentally 

and numerically challenging due to the complex three-dimensional geometry of LME cracks. As 

there are no existing analytical solutions for stresses around spot weld cracks, Finite Element 

Analysis (FEA) modeling should be an attractive method for analyzing critical crack geometries. 

 

Figure A.1  Possible types and locations of LME cracking in spot welded Zn-coated steel. 

 

A.3 Experimental Procedure 

A.3.1 Experimental Material 

 A galvanized AHSS with susceptibility to LME cracking was employed for the 

mechanical testing study. The steel is 1.5 mm thick with a tensile yield strength, ultimate tensile 

strength, and total elongation of 770 MPa, 1090 MPa, and 20 pct, respectively. Spot welds for 

each testing configuration were produced with the intention of creating Type B LME cracks. 
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Welding was performed with 8 mm ISO Type B electrodes with an electrode force of 1100 lb 

and weld current of 9.7 kA. The weld time was 26 cycles, and the hold time was 10 cycles on a 

60 Hz spot welder. 

A.3.2 Crack Characterization 

 One tensile-shear and one cross-tension sample were analyzed using a Zeiss Xradia Versa 

3D X-ray microscope to study the full 3D geometry of the LME cracks. Since all welds were 

produced with the same weld schedule, the cracks observed with the micro CT scan were 

considered representative of all welds provided. The remaining test samples were analyzed using 

red dye penetrant to determine the location and circumferential length of the Type B cracks as 

�V�H�H�Q���I�U�R�P���W�K�H���V�X�U�I�D�F�H�����Z�K�L�F�K���L�V���U�H�I�H�U�U�H�G���W�R���L�Q���W�K�L�V���Z�R�U�N���D�V���³�D�U�F���D�Q�J�O�H�´�����)�R�U���H�[�D�P�S�O�H�����W�K�H���D�Y�H�U�D�J�H��

weld diameter was 7.9 ±0.3 mm, so the circumferential length of a crack with a 90° arc angle is 

6.2 mm. All crack dimensions from the X-ray CT microscope and red dye testing were measured 

using ImageJ software. 

A.3.3 Mechanical Testing 

 Static strength testing of both specimen configurations was performed on a 

servohydraulic axial test frame. For both tests, a crosshead speed of 0.394 in/min (10 mm/min) 

was used to determine the peak load to fracture. Samples of each configuration were tested at 

room temperature or at low temperature using an EXAIR® compressed air Adjustable Spot 

Cooler with dual point hose nozzles. For the tensile-shear samples, the nozzles were aligned with 

the spot weld, as shown in Figure A.2(a). The temperature at the center of the weld was 

approximately -10 °C and increased by 3 °C at a distance 6 mm away from the center. For 

cross-tension testing, the spot cooler nozzles were inserted into the testing configuration, as 

shown in Figure A.2(b). The nozzles were further from the weld due to the geometry of the test 

fixtures, so the temperature at the center of the weld nugget was higher than the tensile-shear 

tests and averaged 1.2 °C with a variance of ± 4 °C at a distance 6 mm away; the temperature 

depended on proximity to the spot cooler nozzle since blows on the top and bottom of the sample 

from one side each. The spot cooler was turned on five minutes prior to the beginning of each 

test to achieve a steady state temperature distribution. 
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(a)          (b) 

Figure A.2  Spot cooler set-up for (a) tensile-shear and (b) cross-tension testing. 

 

A.4 Finite Element Modeling Methodology 

 A Finite Element model was developed using Abaqus/Standard to replicate the behavior 

of a 2D standard tensile-shear test [44]�����$���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I�������������*�3�D���Z�D�V���X�V�H�G�����Z�K�L�F�K���L�V��

typical for carbon steel alloys. The material model is linear-elastic isotropic. The model uses the 

geometry shown schematically in Figure A.3, with a tie constraint used to represent the weld. A 

2 mm y-displacement was imposed on the ends of the specimen to match the displacement 

achieved in previous AHSS spot weld tensile shear studies [2]. The specimen and crack 

dimensions are shown in Figure A.3. The crack opening on the surface, 30 µm, and distance 

from the edge of the weld nugget, 567 µm, were also derived from a paper by Choi et al. [2]. The 

crack angle and length were varied in the parametric study. The crack angle was varied between 

5° and 90° for a fixed crack length of 295 µm. Crack length was varied between 25 and 825 µm, 

to encompass the range of crack lengths found in previous studies of AHSS, with a fixed crack 

angle of 60° [2]. A mesh convergence study was performed, and an element size of 0.125 mm 

was chosen for the global mesh with a more refined mesh around the crack tip. 

A.5 Results and Discussion 

A.5.1 Crack Characterization 

 A representative cross-section of a spot weld obtained from the x-ray CT scan is shown 

in Figure A.4. The 3-D scan revealed that the average representative crack angle with respect to 
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the sample surface is 40°, and the maximum crack length is 480 µm. The LME cracks are also 

symmetrical on both sheets of material. The arc angle for the representative spot weld was 78°, 

while the average arc angle for all other spot welded specimens was 70°. The location of the 

crack around the weld nugget varied between specimens. 

 

Figure A.3  Schematic of the geometry of a 2D tensile-shear test and crack geometry used for 
finite element modeling. 

 

Figure A.4  Cross-section image of a representative spot weld, imaged using the Zeiss Xradia 
Versa 3D x-ray microscope. 
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A.5.2 Cross-Tension Testing 

 The average peak load was 4.67 kN with a standard deviation of 0.11 kN for the low 

temperature specimens and was 5.23 kN with a standard deviation of 0.38 kN for the room 

temperature samples. Overall, there was a 10.7% decrease in peak load at low temperature. For 

both test temperatures, the failure mode was a combination of partial interfacial failure and 

button pull-out as shown in the fractographs in Figure 5.  

 The arc angles of the specimens tested ranged from 44° to 90°, but at low temperatures 

the peak load had no correlation with arc angle. Similarly, at room temperature, the difference in 

peak load did not correlate to differences in the crack arc angle or crack location. At both 

temperatures, failure mode was consistent and also did not correspond with crack geometry or 

location. 

   

(a)    (b)    (c) 

Figure A.5  Room temperature cross-tension weld failure showing (a) sheet with weld nugget 
removal and partial interfacial fracture, (b,c) opposite sheet showing button pull-out 
failure. 

 

A.5.3 Tensile-Shear Testing 

 The tensile shear test results were classified into two groups. Four tests exhibited 

significantly lower peak loads at both room and low temperatures with an average of 21.3 kN 

and standard deviation of 2.30 kN. All of these welds had significant expulsion compared to 

welds from the other group as shown in Figure A.6. Crack lengths and locations do not correlate 

to the area of expulsion. In the specimens with no expulsion, the peak loads were 29.62 kN with 

a standard deviation of 1.09 kN for low temperature and 33.17 kN with a standard deviation of 

3.19 kN for room temperature. The average peak load of tests without expulsion decreased by 
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10.7% at low temperature. Although both cross-tension and tensile-shear decreased in peak load 

by the same amount, temperatures for tensile-shear were more than ten degrees colder.  

            

(a)     (b) 

Figure A.6  Photographs of failed tensile-shear welds with (a) no expulsion and (b) expulsion.  

 

 For all low temperature tests, the failure mode was either button pull-out or double button 

pull-out, where the weld nugget was removed from both sheets of material. At room temperature, 

the failure mode was predominantly interfacial or partial interfacial. Interfacial failures are 

traditionally associated with lower loads and a lower fracture toughness than button pull-out 

failures. However, in this study, there was interfacial fracture at high loads and higher 

temperatures i.e. where fracture toughness is presumably higher [1,6,7]. Chao illustrated that 

button pull-out failure is directly related to the shear strength of the heat affected zone (HAZ), 

and therefore low temperatures may decrease this shear strength [1]. Again, there was no 

correlation between the peak load and crack size or location.  

A.5.4 Finite Element Modeling 

 The simulated deformed tensile shear specimen model is shown in Figure A.7; 

additionally, the Mises stress contours are plotted in Figure A.7(b) and (c). For each 

configuration in the parametric study, the maximum Mises stress was determined in addition to 

the Mises stress near the crack tip. The von Mises stress is utilized because it is an equivalent 

stress, so it is independent of the choice of axis, which is important in this study since the 

principal axes at the crack front and spot weld are not the same. Additionally, spot weld cracks 

may be subject to mode I, II, and III opening stresses. While the dominant opening modes have 

not been determined yet, the von Mises stress is related to all three modes or mixed mode 
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loading. The maximum stress was always located at the edge of the weld nugget tie constraint as 

indicated in Figure A.7(c) rather than near the crack tip. 

 

 

      (a)                           (b)                              (c) 

Figure A.7  2D tensile-shear sample with crack (a) after deformation, (b) closer detail at weld 
nugget, and (c) the location of maximum stress at weld edge and near the crack tip 
with an arrow showing the rotation of the bottom plate when the load is applied. 

 

 The results showing the Mises stress as a function of crack angle are presented in Figure 

A.8(a). The Mises stress near the crack tip peaks around 60°. The frequency of crack angles from 

various published studies of Type B LME cracks are graphed and compared to the Mises stresses 

near the crack tip in Figure A.9 [2,3,8-12]. The majority of cracks in literature occur at angles 

around 40° to 55°, where the Mises stress at the crack tip is the highest. However, recall that the 

maximum stresses near the weld nugget are significantly higher than the stress near the crack tip 

for each geometry. The maximum stresses at the weld nugget are also significantly higher for the 

full range of crack lengths modeled, as shown in Figure A.8  (b). For the crack length 

study, an angle of 60° was chosen to model the worst-case scenario of the crack. With increasing 

crack length, the stress at the crack tip increases but is still less than half of the maximum stress 

near the weld nugget. The maximum stress also increases with increasing crack length, 

particularly at crack lengths greater than 300-�����������P�����%�\���L�Q�F�U�H�D�V�L�Q�J���W�K�H���F�U�D�F�N���O�H�Q�J�W�K�����W�K�H��

distance between the crack tip and edge of the weld nugget decreases. A smaller distance, i.e. a 

larger crack, allows for more rotation of the bottom plate, which is likely the cause of increasing 
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maximum stress at the edge of the weld nugget. This rotation, indicated in Figure A.7(c), also 

closes and shears the crack opening.  While the maximum stress near the weld nugget increases 

at large crack lengths, the applied load is consistent with that applied for the smaller crack 

lengths. Thus, failure may occur sooner at large crack lengths, resulting in a lower peak load. 

 

(a)                (b) 

Figure A.8  Maximum Mises stress in the model, which is located at the edge of the weld 
nugget, and Mises stress near the crack tip versus (a) the crack angle at a fixed 
�F�U�D�F�N���O�H�Q�J�W�K���R�I�������������P���D�Q�G�����E�����W�K�H���F�U�D�F�N���O�H�Q�J�W�K���D�W���D���I�L�[�H�G���F�U�D�F�N���D�Q�J�O�H���R�I�������ƒ�� 

 

Figure A.9  Mises stress near the crack tip (triangles) compared to frequency of crack angle 
(bars) taken from various published Type B LME cracks [2,3,8-12]. 
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 In work by Choi et al. and Benlatreche et al., there was no degradation in properties 

when Type B LME cracks were present in the tensile-shear configuration compared to samples 

with no cracks [2,3] ; these findings are contrary to the results of the FE model in this work. 

However, the trend shown by the models is for a specific orientation of the crack with respect to 

the applied load; furthermore, the crack location in the model is associated with the highest stress 

intensity at the crack as well as the entire configuration, as shown by Zhang [9]. Experimentally, 

the crack location varied on each sample, and thus, the effects of the crack may not be significant 

which could explain why this trend is not commonly observed. Additionally, since the maximum 

stress is located at the weld edge and the stress near the crack tip is small compared to the 

maximum stress, the model results suggest there should be little influence from the crack on the 

failure mode of the weld.  

A.6 Summary 

 Mechanical testing of cross-tension and tensile-shear configurations, show that spot weld 

performance is not degraded by crack size or location. With low temperature testing, decreases in 

peak load were found for both configurations, as well as a change in failure mode for 

tensile-shear loading. FE modeling of the tensile shear configuration showed that the stresses 

near the weld nugget are higher than near the crack tip for the range of crack angles and lengths 

evaluated, indicating no effect of the crack on failure mode. However, as crack length increases 

the maximum stress near the weld edge increases, indicating that the specimen may fail sooner 

and therefore decrease the peak load.  
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APPENDIX B 

CROSS-TESION TESTING DATA 
 
Table B.1 Summary of cross-tension testing data, including peak load, energy absorption, and 

fractography of each test for various currents, coatings, and temperatures. The 
original center angle and arc angle from the sheet of button pull-out (top fracture 
surface of each image) is also included. 

 
Final 
Weld 

Current 
(kV) 

Coating 
Temp 
(°C) 

Center 
Angle 

Arc 
Angle 

Peak 
Load 
(kN) 

Energy 
Absorption 

(J) 
Fracture Surface 

1 8.25 Bare 0   1.52 32.5 

 

2 8.25 Bare 0   1.94 62.9 

 

3 8.25 Bare 23   9.02 47.6 

 

4 8.25 Bare 23   6.90 21.3 
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5 8.25 GI 0 227 210 1.81 44.4 

 

6 8.25 GI 0 122 73 1.75 39.0 

 

7 8.25 GI 0 94 151 1.71 36.2 

 

8 8.25 GI 0 339 216 1.47 24.8 

 

9 8.25 GI 0 0 0 1.45 25.0 

 

10 8.25 GI 0 29 171 1.76 40.1 
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11 8.25 GI 23 303 211 1.87 39.2 

 

12 8.25 GI 23 305 237 1.77 49.2 

 

13 8.25 GI 23 145 180 1.66 35.6 

 

14 8.25 GI 23 349 237 1.62 34.8 

 

15 8.25 GI 23 87 131 1.81 51.5 

 

16 8.25 GI 23 324 167 1.69 33.9 
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17 9.00 Bare 0   2.29 102.5 

 

18 9.00 Bare 0   2.02 79.3 

 

19 9.00 Bare 23   7.96 23.5 

 

20 9.00 Bare 23   10.66 91.2 

 

21 9.00 GI 0 235 307 2.12 75.9 

 

22 9.00 GI 0 228 334 1.83 51.3 
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23 9.00 GI 0  360 1.73 41.9 

 

24 9.00 GI 0  360 1.57 31.4 

 

25 9.00 GI 0 220 333 1.46 24.6 

 

26 9.00 GI 0 332 331 1.54 24.6 

 

27 9.00 GI 23 142 335 1.91 38.1 

 

28 9.00 GI 23  360 1.92 52.5 
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29 9.00 GI 23  360 1.79 38.4 

 

30 9.00 GI 23  360 1.91 46.0 

 

31 9.00 GI 23 288 254 1.83 63.5 

 

32 9.00 GI 23 79 114 1.29 20.3 

 

33 9.75 Bare 0   2.12 60.2 

 

34 9.75 Bare 0   2.11 83.0 
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35 9.75 Bare 23   13.04 125.5 

 

36 9.75 Bare 23   12.22 115.8 

 

37 9.75 GI 0 257 252 1.17 16.4 

 

38 9.75 GI 0 34 180 1.50 33.9 

 

39 9.75 GI 0 215 313 1.85 54.1 

 

40 9.75 GI 0 226 328 1.47 29.3 
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41 9.75 GI 0 23 229 1.39 30.3 

 

42 9.75 GI 0 30 188 1.53 33.2 

 

43 9.75 GI 23 114 262 1.24 27.4 

 

44 9.75 GI 23 302 162 1.36 21.3 

 

45 9.75 GI 23 308 133 1.69 42.3 

 

46 9.75 GI 23 305 169 1.81 61.0 
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47 9.75 GI 23 87 278 1.65 37.2 

 

48 9.75 GI 23 8 166 1.69 39.4 
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APPENDIX C 

COACH PEEL TESTING DATA 
 

 A full summary of coach peel testing is shown listed in Table C.1. Each failure type is 
indicated as either interfacial (IF), mixed-mode (MM), cracked weld (CW) and button pull-out 
(BP). If LME was present on the fracture surface, the associated center angle and arc angle are in 
bold. Additionally, if the failure was MM, the respective percentage of button pull-out is listed. 
Representative fractography of IF, MM, CW and BP failure are shown in Figure 4.1 through 
Figure C.4.  
 
Table C.1 Summary of coach peel testing data, including peak load and energy absorption for 

various currents, coatings, and temperatures. Each test has two center and arc angles 
listed, from both sides of the tests. The LME crack where fracture occurred is in 
bold. Type of failure is also listed. 

 
Final 
Weld 

Current 
(kV) 

Coating Temp 
(°C) 

Center 
Angle 

Arc 
Angle 

Peak 
Load 
(kN) 

Energy 
Absorption 

(J) 

Failure 
Type 

Pct 
Button 
Pull-
Out 

1 8.25 Bare -40   1.13 0.92 IF  

2 8.25 Bare -40   1.14 0.91 IF  

3 8.25 Bare -10   2.39 10.95 CW  

4 8.25 Bare -10   1.25 1.03 IF  

5 8.25 Bare 23   1.52 1.77 IF  

6 8.25 Bare 23   1.58 1.58 IF  

7 8.25 GI -40 
12 123 

0.92 0.66 IF  
291 62 

8 8.25 GI -40 
251 239 

0.90 4.03 MM 2.7 
25 54 

9 8.25 GI -40 
344 125 

0.95 0.73 IF  
76 164 

10 8.25 GI -40 
15 112 

0.76 0.47 IF  
145 93 

11 8.25 GI -40 
299 245 

2.24 8.75 MM 6.0 
10 112 

12 8.25 GI -40 
28 109 

1.03 0.70 IF  
335 82 

13 8.25 GI -10 
14 82 

2.53 11.45 CW  
264 234 

14 8.25 GI -10 
288 217 

2.55 12.87 MM 5.3 
33 73 

15 8.25 GI -10 221 102 2.57  MM 12.8 
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14 75 

16 8.25 GI -10 
356 61 

2.54 9.24 MM 14.4 
20 94 

17 8.25 GI -10 
319 71 

1.18 0.94 IF  
17 84 

18 8.25 GI -10 
335 41 

1.01 0.66 IF  
354 133 

19 8.25 GI 23 
51 70 

1.17 8.48 IF  
250 129 

20 8.25 GI 23 
346 102 

1.86 6.28 MM 9.0 
7 141 

21 8.25 GI 23 
308 150 

1.41 2.93 IF  
28 127 

22 8.25 GI 23 
286 200 

2.02 5.85 MM 7.5 
15 80 

23 8.25 GI 23 
330 78 

2.24 8.18 MM 16.4 
324 200 

24 8.25 GI 23 
343 105 

2.69 15.06 MM 33.0 
51 254 

25 9.00 Bare -40   2.66 21.13 MM 20.8 
26 9.00 Bare -40   2.86 32.41 MM 54.6 
27 9.00 Bare -10   2.94 22.89 MM 28.1 
28 9.00 Bare -10   3.15 23.99 MM 46.2 
29 9.00 Bare 23   2.72 21.46 MM 38.4 

30 9.00 GI -40 
285 292 

1.32 9.99 MM 27.6 
335 87 

31 9.00 GI -40 
67 283 

1.26 0.96 IF 
 

346 254  

32 9.00 GI -40 
347 90 

2.17 6.99 CW 
 

294 300  

33 9.00 GI -40 
349 101 

1.08 0.88 IF 
 

5 115  

34 9.00 GI -40 
5 92 

2.48 8.68 MM 25.3 
272 120 

35 9.00 GI -40 
354 85 

2.50 8.98 MM 31.3 
83 314 

36 9.00 GI -10 
 360 

2.09 9.11 MM 14.5 
86 329 

37 9.00 GI -10 
 360 

2.40 7.61 MM 21.3 
166 150 

38 9.00 GI -10 58 257 2.40 12.21 MM 20.3 
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 360 

39 9.00 GI -10 
39 264 

1.90 5.96 MM 5.4  360 

40 9.00 GI -10 
15 175 

2.15 6.44 CW  
45 234 

41 9.00 GI -10 
 360 

1.35 1.11 IF  
65 262 

42 9.00 GI 23 
334 264 

2.51 9.62 MM 30.4 
63 273 

43 9.00 GI 23 
302 238 

1.45 4.42 CW  
61 285 

44 9.00 GI 23 
348 110 

2.24 10.03 MM 23.3 
54 244 

45 9.00 GI 23 
95 256 

1.58 1.72 IF  
21 293 

46 9.00 GI 23 
300 242 

1.39 1.42 CW  
29 296 

47 9.00 GI 23 
42 201 

1.29 1.37 IF  
11 317 

48 9.75 Bare -40   2.62 20.26 MM 29.6 
49 9.75 Bare -40   2.44 17.06 MM 32.1 
50 9.75 Bare -10   2.53 25.86 MM 38.6 
51 9.75 Bare -10   2.65 22.08 MM 36.5 
52 9.75 Bare 23   3.28 37.33 MM 57.6 
53 9.75 Bare 23   3.28 26.86 MM 62.1 

54 9.75 GI -40 
286 320 

2.83 12.67 MM 36.8  360 

55 9.75 GI -40 
 360 

2.72 12.16 MM 37.1  360 

56 9.75 GI -40 
 360 

2.37 7.34 MM 30.7  360 

57 9.75 GI -40 
322 145 

2.65 9.60 MM 31.2 
30 106 

58 9.75 GI -40 
 360 

2.81 9.68 MM 37.9 
129 327 

59 9.75 GI -40 
 360 

2.07 5.89 MM 12.0 
166 298 

60 9.75 GI -10 
279 331 

2.32 9.31 MM 34.6 
86 310 

61 9.75 GI -10 
298 310 

2.87 8.90 MM 35.6  360 
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62 9.75 GI -10 
 194 

2.46 7.39 MM 29.0 
280 265 

63 9.75 GI -10 
315 265 

2.46 8.34 MM 30.7 
86 315 

64 9.75 GI -10 
266 289 

2.55 8.41 MM 28.2 
100 282 

65 9.75 GI -10 
319 185 

2.56 7.91 MM 26.8 
4 104 

66 9.75 GI 23 
314 166 

2.78 11.53 MM 36.5  360 

67 9.75 GI 23 
287 282 

3.01 13.87 MM 32.9 
328 104 

68 9.75 GI 23 
21 156 

2.39 9.67 MM 36.2 
112 316 

69 9.75 GI 23 
26 202 

3.05 10.71 MM 37.0 
118 308 

70 9.75 GI 23 
39 192 

2.99 8.56 MM 39.7  360 

71 9.75 GI 23 
333 102 

2.76 11.28 MM 32.9 
325 324 

 

  

Figure C.1 Representative fractography of both fracture surfaces in interfacial fracture (IF) in 
coach-peel testing.  
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Figure C.2 Representative fractography of both fracture surfaces in cracked weld failure (CW) 

in coach-peel testing.  

  
Figure C.3 Representative fractography of both fracture surfaces in mixed-mode failure (MM) 

with LME present on the fracture surface in coach-peel testing.  

  
Figure C.4 Representative fractography of both fracture surfaces in mixed-mode fracture (MM) 

with no LME present on the fracture surface in coach-peel testing. 
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APPENDIX D 

FLANGE-TENSILE TESTING DATA 
 

Table D.1 Summary of flange-tensile testing data, including peak load and energy absorption 
for various currents, coatings, and temperatures. Each test has the center angle and 
arc angle for the LME crack on the fracture surface. Type of failure is also listed 
and representative fractography is found in Figure D.1 through Figure D.4. 

 
Final 
Weld 

Current 
(kV) 

Coating Center 
Angle 

Arc 
Angle 

Temp 
(°C) 

Peak 
Load 
(kN) 

Energy 
Absorption 

(J) 

Failure 
Type 

1 8.25 Bare   -40 59.0 678.6 GL 
2 8.25 Bare   -40 64.4 633.7 GL 
3 8.25 Bare   -10 62.2 656.5 GL 
4 8.25 Bare   -10 62.2 659.0 GL 
5 8.25 Bare   23 59.8 604.3 GL 
6 8.25 Bare   23 59.7 607.6 GL 
7 8.25 GI 123 109 -40 56.3 115.3 W1 
8 8.25 GI 132 141 -40 62.4 284.0 W1 

9 8.25 GI 
202 67 

-40 55.1 541.4 W2 
329 82 

10 8.25 GI 153 209 -40 52.7 41.1 W1 
11 8.25 GI  360 -40 51.1 365.5 W1 
12 8.25 GI 155 119 -40 46.0 27.4 W1 
13 8.25 GI 345 120 -10 48.9 32.2 W1 
14 8.25 GI 49 235 -10 62.8 616.2 GL 
15 8.25 GI 273 302 -10 46.7 29.5 W1 
16 8.25 GI 160 124 -10 49.8 34.9 W1 
17 8.25 GI  360 -10 52.6 43.1 W1 
18 8.25 GI   -10 63.8 674.1 GL 
19 8.25 GI 234 249 23 47.9 37.1 W1 
20 8.25 GI 84 265 23 49.7 41.8 W1 
21 8.25 GI  360 23 48.7 38.9 W1 
22 8.25 GI   23 60.0 415.2 TW 
23 8.25 GI   23 60.6 616.1 GL 
24 8.25 GI   23 59.9 359.7 TW 
25 9.00 Bare   -40 51.9 631.5 GL 
26 9.00 Bare   -40 54.8 697.4 GL 
27 9.00 Bare   -10 62.1 606.4 GL 
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28 9.00 Bare   23 59.7 617.3 GL 
29 9.00 GI 47 237 -40 56.5 144.4 W1 
30 9.00 GI  360 -40 61.9 270.1 W1 
31 9.00 GI 347 304 -40 51.7 420.6 W1 
32 9.00 GI  360 -40 54.6 398.6 W1 
33 9.00 GI  360 -40 49.2 366.3 W1 
34 9.00 GI 297 321 -40 41.4 21.9 W1 
35 9.00 GI 303 306 -10 49.3 35.6 W1 
36 9.00 GI 5 135 -10 48.4 32.6 W1 
37 9.00 GI 92 257 -10 45.8 28.0 W1 
38 9.00 GI  360 -10 53.4 50.1 W1 

39 9.00 GI 
73 135 

-10 49.4 43.6 W2 
292 99 

40 9.00 GI 100 193 -10 41.8 21.3 W1 

41 9.00 GI 
180 320 

23 57.1 149.4 
W2 

289 126  

42 9.00 GI  360 23 55.5 76.4 W1 
43 9.00 GI 134 200 23 54.6 63.7 W1 
44 9.00 GI 149 332 23 59.6 267.5 W1 
45 9.00 GI 190 314 23 54.3 59.6 W1 
46 9.00 GI  360 23 52.0 56.7 W1 
47 9.75 Bare   -40 48.8 608.7 GL 
48 9.75 Bare   -40 64.3 658.7 GL 
49 9.75 Bare   -10 62.3 650.7 GL 
50 9.75 Bare   -10 62.4 664.6 GL 
51 9.75 Bare   23 59.8 591.3 GL 
52 9.75 GI 237 297 -40 39.0 19.1 W1 

53 9.75 GI 
57 333 

-40 45.8 27.6 W2  360 
54 9.75 GI 16 270 -40 52.4 202.5 W1 
55 9.75 GI  360 -40 44.2 25.0 W1 
56 9.75 GI  360 -40 47.7 31.3 W1 
57 9.75 GI  360 -40 45.7 27.7 W1 
58 9.75 GI 45 180 -10 50.0 36.7 W1 
59 9.75 GI 22 161 -10 52.9 76.9 W1 
60 9.75 GI 15 206 -10 49.0 37.2 W1 
61 9.75 GI 49 216 -10 55.1 205.8 W1 
62 9.75 GI 353 282 -10 52.0 48.0 W1 

63 9.75 GI 
 360 

-10 43.4 24.8 W2 
350 304 

64 9.75 GI 69 187 23 46.4 34.1 W1 
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65 9.75 GI 38 238 23 51.7 51.1 W1 
66 9.75 GI  360 23 57.1 168.8 W1 
67 9.75 GI 218 308 23 50.9 48.5 W1 
68 9.75 GI   23 60.1 624.4 GL 
69 9.75 GI 180 206 23 56.7 207.3 W1 

 

  

Figure D.1 Representative fractography of a one-weld failure (W1) in flange-tensile testing.  

  

Figure D.2 Representative fractography of a two-weld failure (W2) in flange-tensile testing.  
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Figure D.3 Representative fractography of a gage length (GL) in flange-tensile testing.  

 

Figure D.4 Representative fractography of a through-weld failure (TW) in flange-tensile 
testing.  


