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Abstract

Development of mechanism-based models for resistance spot weld
failure simulation of multi-material advanced high strength steel

sheets

Daniel Dorribo Dorribo

The automotive industry is constantly involved in the development of new projects

aimed at reducing weight, fuel consumptions and costs while improving passengers

safety. In order to achieve these increasing demands, Advanced High Strength Steels

(AHSS) have been introduced in recent years reducing vehicle structure weights and

improving the crashworthiness. With the increase in the bearing capacity of crash-

relevant structural components, the sheet metal joining techniques such as adhesive

bonding and resistance spot welding (RSW) become critical. In order to develop

the vehicle structure in these new projects, full-vehicle crash finite element simula-

tions are usually performed. Simplified beam-like models are currently used in these

simulations (with thousands of spot welds) to represent RSW joints response. The

maximum bearing force of these models are fitted using large experimental campaigns,

considering all the main factors that have the highest influence on the fracture re-

sponse of a welded joint. The objective of this thesis is twofold: (1) to develop a

model that is able to partially replace the extensive experimental campaign in pro-

viding parameters for the crash simulation simplified spot weld models, and (2) to

gain understanding of spot weld joints failure response in order to improve the current

simplified models.

To achieve these objectives, a detailed spot weld model for the prediction of spot

weld failure in joints in AHSS sheets is presented. The presented model includes a

definition of the local material properties as well as the geometry features of a spot

weld. In addition, an industrially suited fracture criterion, i.e. robust and without

a long-term calibration, is used for the prediction of maximum force. An energetic

fracture criterion based on the use of elastic-plastic fracture-mechanics is identified

as the better suited for the prediction of spot weld failure and joint bearing capacity.

The J-integral is evaluated in the weld notch and this value is compared with a

material parameter, the fracture toughness, in order to obtain the joint maximum

force.

The presented detailed FE spot weld model is validated to joints of two different
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steel grades of the AHSS family usually present in the current vehicle structure, a

hot formed martensitic boron-alloyed steel (22MnB5) and a cold formed dual phase

steel (DP 980). The validation is performed comparing the maximum forces obtained

with the finite element model and the results extracted from an extensive loading

test experimental campaign where the main factors that have an influence in the

spot weld fracture response are considered. The obtained simulated critical forces

of the loading tests present good agreement with the experimental ones in all tested

configurations.

Finally, based on the presented finite element spot weld model, some recommen-

dations are exposed for extending the model for new combinations and loading condi-

tions. The proposed procedure can be used to reduce the long-term characterization

campaigns used to calibrate the joints of a new AHSS grade, where fracture is trig-

gered by stress concentration ahead of a notch. Furthermore, some recommendations

for the future structure design are given taking into account the information obtained

with the present model.
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Grazas por suposto ao meu to por meterme no mundo da enxeera e meus padrios
e avs que sempre me falaron da lonxana Alemania. Moitas grazas especialmente a
Elena, esa persoa que estivo ao meu carón todos estes anos cunhas palabras sempre
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Chapter 1

Introduction

1.1 Motivation

The automotive industry is constantly involved in the development of new projects

aimed at reducing weight, fuel consumptions and costs. To achieve these safety

requirements, new materials such as the so-called AHSS are being introduced to

new car structures. These steels exhibit superior material properties as compared to

conventional steels, with ultimate tensile strength (UTS) of more than 750 MPa [3],

they allow weight reduction while maintaining or even improving passenger safety.

With the increase in the bearing capacity of crash-relevant structural components,

the response of joints achieved by techniques such as adhesive bonding and resistance

spot welding (RSW) become critical.

Nowadays, RSW is the most widely used sheet metal joining technique in the

automotive industry. A car’s structure typically presents more than five thousand

spot welds(SWs). Among them, more than two thousand involve at least one AHSS

sheet. RSW is a thermo-electric process that consists on generating heat at the

interface of the parts being welded by passing an electrical current through them under

a controlled pressure. As a result, this process induces changes in the microstructure

and hence the mechanical properties. The welding process leads to two distinct zones:

the fusion zone (FZ) or nugget and the so-called heat-affected zone (HAZ). The final

bearing capacity of the welded joints is mainly determined by the resulting weld

geometry and the resulting mechanical properties’ distribution, both depending on

the material composition of the joined sheets and the welding process itself [4]. With

1



1. Introduction

the introduction of AHSS, the improved mechanical properties of the base material

metal sheets lead to a new mechanical property distribution around the weld, making

to arise different failure mechanisms in the SWs not observed for conventional ductile

steels [5, 6].

Furthermore, during the development of new car projects, full-vehicle models

based on the FEM are used to perform crash simulations to assess the structure

integrity as well as occupants and pedestrian safety. The car structural components

are normally modeled using a 5-8 mm shell elements mesh. The mechanical response

of the SWs that join these components is simulated with simplified models to avoid

unaffordable computational costs. Briefly, the current procedures to predict SWs

failure in full-vehicle crash simulations use over-simplistic rigid beam models yet

giving reasonable results for standard ductile steels, mainly because failures usually

occur at the sheets base material and not in the joints [7–9]. However, these models

fail to predict the fracture of the SWs in AHSS due to the inability to accurate model

the specific failure mechanisms occurring in the spot welds [6, 10, 11]. Consequently,

these models were improved by introducing the maximum forces at the spot welds

obtained from extensive experimental characterization campaigns. However, these

experimental campaigns are extremely time and money consuming.

A comprehensive analysis of the resistance spot welds failure mechanisms in AHSS

considering multiple loading conditions, material, and thickness combinations would

improve the current models and likely reduces the experimental campaigns. For this

purpose, detailed FEM models of SWs have been developed during the last few years

and tested in isolated components [12–17]. These models reproduce in detail the

mechanical response of a joined specimen during different loading conditions, consid-

ering the inhomogeneities of the SW material and using a suited fracture criterion.

However, these models are not extensively used in the industry due to long-term

characterization campaigns that are needed for their calibration that must be done

each time the joints of a new steel grade have to be characterized.

1.2 Objectives

The main objective of this thesis is twofold: (1) to develop a detailed FEM model

that is able to partially replace the extensive experimental campaign in providing

parameters for the crash simulations, and (2) to gain understanding of the loading
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and fracture responses of SWs in AHSS in order to improve a simplified model yet

beyond current models that could be incorporated in full-vehicle crash simulations

with thousands of spot welds.

The model resulting from (1) must be applicable to multiple sheet material and

thickness combinations and a wide range of loading conditions, all relevant to full-

vehicle simulations. It is generally known that the fracture response of the SWs

strongly depends on the weld size for some loading conditions [4, 17]. Special attention

will therefore be devoted to this feature. Additional factors such as the side effects of

the welding process (presence of inclusions, porosities, residual stresses...), the metal

sheet coating, and the loading velocities are considered of low relevance in the final

fracture response and are not further analyzed in this thesis.

Previous research works show that failure of SWs at AHSSs under in-plane load-

ing conditions starts in the so-called softened HAZ with lower material properties

[6, 10, 18]. However, under out-of-plane loading conditions the onset of crack is lo-

cated at the weld notch due to the stress concentration in this singular zone that

further loaded results in the nugget fracture [6, 11, 17]. The main focus of this thesis

is the simple and robust modeling of fracture of spot welds under out-of-plane loading

conditions in AHSS joints. The proposed approach should minimize as much as possi-

ble the computational costs as well as complex numerical implementations no suited

for industrial purposes. A complete detailed characterization of the different weld

zones mechanical properties is beyond the scope of this thesis. However, a reduced

material characterization procedure will be followed if necessary for completing the

spot weld constitutive model.

1.3 Work approach

A FEM model for the prediction of SW failure in AHSS will be developed in this

thesis. As mentioned previously, the mechanical response of spot welded joints is

determined mainly by the geometry and the material properties resulting from the

welding process. Therefore, the mechanical characterization of the weld material as

well as the definition of the weld geometry are necessary. Furthermore, an appropri-

ated fracture criterion that assesses the intensity of weld notch stress field (i.e. the

failure trigger) is applied. The results obtained with this detailed FEM model are

validated with a large experimental campaign of loading tests of welded specimens

3



1. Introduction

that considers most of the main factors that have an influence on fracture response,

i.e. sheet thickness and material combinations, weld sizes and loading angles. Combi-

nations of steels of two AHSS grades are considered in this thesis. These steels are a

martensitic boron steeel (the so-called 22MnB5) and a dual phase steel (the so-called

DP 980).

The proposed work approach is sketched in Figure 1.1. The same procedure is

followed for the three material combinations analyzed in this thesis. Experimental

loading tests of the welded specimens are performed and the results are compared

with the results obtained from the detailed FEM model.

To define the spot weld model for a certain material sheets combination, several

spot welds are cross-sectioned in other to obtain the geometry, and perform a mi-

croscope optical observations and HV lines. On one side, the geometry parameters

are used in the detailed spot weld model. On the other side, from both the ob-

tained hardness and the metallography analysis, the most important welding zones

regarding material properties are distinguished. Material characterization of those

zones with no available data is carried out. Special micro-tensile tests are performed

and using an inverse FEM iterative optimization procedure the plasticity model of

the weld zones is fitted to the micro-tensile test force-displacement curves previously

gathered.

Based on previous preliminary simulations as well as experimental and simulation

works [10, 17, 19], a fracture criterion based on the J-integral is selected as the

best suited for the maximum force prediction of this kind of joints under out-of-

plane loading conditions. The J-integral is evaluated gathering the results of the

FEM simulation of the loading tests. A quantitative comparison between simulation

and experiment is conducted based on one validation metric: the maximum bearing

force. Experimentally obtained and simulated force-displacement curves have also

been compared qualitatively for validation purposes. The J-integral criterion can

predict fracture only in those cases in which it stars from the weld notch. A detailed

analysis of the fracture behavior of the experimental loading tests is also given in this

thesis to confirm this assumption.
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Figure 1.1: Proposed work approach covering the analysis for multiple combinations
of loads, material, and sheets’ thicknesses.

1.4 Chapter overview

An introduction to the main related topics with the thesis as well as the state of

the art in spot weld experimental failure characterization and simulation models are

presented in Chapter 2. It includes a short introduction to the car safety performance

assessment tests in Section 2.1, a description of AHSS in Section 2.2, an explanation

about the RSW process in Section 2.3, and the description of the experimental loading

tests used for the characterization of joints’ bearing capacity in Section 2.4. The

state-of-the-art of the modeling of spot weld loading and fracture response is also

introduced in Section 2.5, where the simplified models used for the full-vehicle crash

simulations are introduced and the detailed models that reproduce the experimental

loading tests of isolated joined specimens are presented. This chapter ends with a

review of the different current approaches to the modeling of fracture in spot welds.

The SW FEM model used in this thesis is presented in Chapter 3. This model is

validated in the next chapters using experimental loading tests.

A description of both the solved goberning equation as well as the constitutive

model is presented in Section 3.1 and 3.2, respectively. The definition of the mechan-

ical properties heterogeneities of the weld is presented in Section 3.3. The reasons

for the selection of the J-integral as fracture criterion is presented in Section 3.6. A

detailed explanation of this criterion is depicted. Some issues of the numerical model
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are analyzed in Section 3.7 taking into account the constraints of low computational

costs and use of a commercial explicit code. Some illustrative results of the SW FEM

model are presented in Section 3.8 using previous available data for 22MnB5 joints

in terms of material zones characterization.

The SW FEM model is applied to experimental tests of the ”similar joints” of

22MnB5 hot formed steel in Chapter 4. An experimental loading test campaign to

validate the model is presented in Section 4.1. The test matrix considers multiple

sheet thickness combinations, loading angles and different weld diameters obtained

using multiple sets of welding parameters. The geometry and the local material

properties distribution are analyzed in Section 4.2 using cross-sectioned spot welds

of all combinations of the test matrix. The strain hardening curves of the nugget

fusion zone were not available, consequently in order to confirm the assumption that

the mechanical properties of the nugget are the same as the base material, micro-

tensile tests of raw material and welded material are carried out in Section 4.3. The

experimental loading tests of the joining specimen are presented in Section 4.4. Lastly,

using all the detailed characterizations extracted from the previous sections, the spot

weld model for these types of joints is validated in Section 4.5 using the results

obtained from the experimental tests.

The model is applied for ”similar joints” of DP 980 material in Chapter 5. A brief

description of the experimental campaign is given in Section 5.1. The same proce-

dure followed in the previous chapter to define the geometry and the local material

properties distribution is given in Section 5.2. The parameters of the plasticity model

of the nugget material of this type of joints are not available. Thus a characterization

campaign using micro-tensile tests and finite element based parameters identification

has been conducted as described in Section 5.3. The experimental loading tests of the

joining specimen can be found in Section 5.4. The results are compared in Section 5.5

with simulated results in order to validate the spot weld model.

A similar procedure is used in Chapter 6 for dissimilar joints of 22MnB5 and DP

980 sheets, where the experimental campaign is presented in Section 6.1, the geometry

and the metallographic analysis is given in Section 6.2, and the characterization of the

nugget material is introduced in Section 6.3. The experimental loading tests results

are presented in Section 6.4. The validation of the model using the simulated and

experimental resuls is presented in Section 6.5.

Lastly, some hints for the application of the model for other spot welds that can

6



1.4. Chapter overview

be found in a full-vehicle appart from those analyzed in the previous chapters are

presented in Chapter 7. It includes other sheet combinations in Section 7.1, different

loading conditions in Section 7.2. In Section 7.3, the main differences that can be

found in real vehicle industrial welds when they are compared with those obtained in

laboratory conditions, like those analyzed in this thesis, are pointed out.

In Chapter 8 are presented a detailed summary of this thesis and the more relevant

conclusions.
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Chapter 2

State of the art

A short introduction and theoretical background of the topics related with the current

thesis is presented in this chapter. It includes an introduction to the vehicle crash tests

in Section 2.1, as well as a description of the AHSSs and the steel grades used in the

thesis in Section 2.2. Some details about the RSW process, as well as the properties

and geometry resulted from it depending on the joined steel grades are introduced in

Section 2.3, and finally the loading tests used to characterize the bearing capacity of

the joints are presented in Section 2.4.

Various attempts to model spot weld failure have been made for a long time. Two

different approaches have been followed for this purpose. On the one hand, simpli-

fied models are used in full-vehicle crash models and are fitted by using maximum

forces obtained from experimental tests. On the other hand, detailed FEM models

reproduce the spot weld response under some certain loading conditions in order to

obtain the joints bearing forces. These detailed models includes the spot weld het-

erogeneous material properties and geometry along with a suited fracture criterion.

Both types of spot welds modeling are described in detail in Section 2.5. Finally, this

thesis is focused on the detailed FEM models using an appropriate fracture criterion

to predict spot weld bearing capacity. For this purpose, several approaches used in

the literature to predict metal sheet’s joints fracture are presented and analyzed.
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2.1 Vehicle crash tests

The safety performance of a vehicle is assessed by passing a certain series of regula-

tions, consumer tests assessments and likely internal requirements. For instance, in

the case of European Union, vehicles are tested using Euro NCAP protocols. Front,

side and rear impact crash tests are carried out in order to asses the crash structure

integrity and occupants safety.

A comprehensive review of the previously defined project targets concerning car

structure integrity and passenger and pedestrians safety during the prototype phase

entail high costs due to the nature of tests and the prototypes themselves. To re-

duce the number of crashed cars, full vehicle finite element models are used (see an

example of a frontal crash model in Figure 2.1). In these models, the car structure is

modeled using shell type elements with a element size of around 5 mm providing high

prediction quality in terms of deformations. However, these simulations entail high

computational costs due to the great amount of computed parts. For instance, to

calculate 140 ms of a crash situation (the inital time where most relevant structural

events occor) more than 640 hours of CPU time are needed using the current models.

Figure 2.1: Full vehicle model of an Euro NCAP frontal crash. Source: SEAT, S. A.
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2.2 The Advanced High Strength Steels family

Regarding the development of vehicle structures, one of the most important features

is a safety cell that avoids external intrusions during crash to protect the cars pas-

sengers. For this reason, so-called AHSSs have been introduced in vehicle structural

components. Various research studies have shown that proper application of AHSS

can reduce a vehicles weight between 10 and 25 % [20]. The family of AHSSs are

defined by those steels with tensile strengths exceeding 780 MPa [3, 21]. These ex-

traordinary properties are achieved by different microstructures; conventional mild

steels (also known as ductile steels) have single-phase ferritic microstructure, however

the AHSSs have more complex microstucture that gives them a better performance.

This excellent mechanical performance of AHSS grades results in a high proportion

of this type of materials in the BiW of current vehicles. A modern car structure is

presented in Figure 2.2, most of the structural relevant components are fabricated in

two of the most used AHSS grades, the hot formed martensitic steels and the cold

formed dual phase steels.

Hot formed
martensitic boron steels

Cold formed 
dual phase steels

Figure 2.2: BiW of one modern vehicle. A high proportion of hot formed martensitic
and dual phase steels (both included in AHSS family) is observed. Source: SEAT,
S.A.

In this thesis, the joints of these two aforementioned steel grades are analyzed: On

one side, martensitic steel known as 22MnB5 and on the other side dual phase steel

known as DP 980. 22MnB5 belongs to the hot formed martensitic manganenese-

boron steels (MnB+HF) and DP 980 to dual phase steels (DP). Figure 2.3 shows

the global formability diagram used to classify the steel grades. The higher ultimate
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strength of martensitic steels can be observed. On the contrary, dual phase steels are

associated with a higher maximum elongation, and lower tensile strength. However,

it must be pointed out, than some authors have recently proposed that, instead of

ultimate tensile strength and maximum elongation, the crashworthiness of the AHSS

should be assessed by means of energetic parameters, such as fracture toughness or

the essential work of fracture [22]. The approach presented in this thesis for spot weld

fracture modeling is in accordance with the steel characterization recently proposed.

Figure 2.3: Global formability diagram for todays’s AHSS grades. Source: [23].

The first analyzed steel grade in this thesis is the 22MnB5, a hot forming boron

steel with martensitic microstructure. This steel is delivered as a ferritic/pearlitic duc-

tile microstructure, and during the press hardening process and quenching in cooled

stamping tools it is transformed into a fully martensitic brittle and high strength

microstructure. With this hot forming process the ultimate tensile strength reaches

values of around 1500 MPa with and maximum elongation decreases up to 6 % [24].

The chemical composition of this steel can be seen in Table 2.2. It is delivered with

aluminum-silicon coating (the so-called AlSi coating) that protects it against oxida-

tion and decarburation during hot forming process and that has also an influence on

the weldability. The final material microstucture and consequently the mechanical

properties depend on the press hardening process. In this work, only the steel with

full martensitic microstructure, also known as full hardened 22MnB5, is considered.
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C Mn P S Si Al Ti B
0.2-0.25 1.1-1.4 ≤ 0.025 ≤ 0.008 0.15-0.35 ≥ 0.015 0.02-0.05 0.002-0.005

Table 2.1: Chemical composition of 22MnB5 used in this work (wt. %)[24].

The second analyzed steel is the DP 980, also known HCT980X under the DIN

EN standard. It is a dual phase steel consisting of a ferrite matrix containing a hard

second phase of islands of martensite. This microstructure gives it an ultimate tensile

strength of around 980 MPa and an 11 % of maximum elongation [25]. Although the

ultimate tensile strength of 0.98 GPa is lower than 22MnB5 (UTS=1.5 GPa), the

cold forming process is profitable for the industry due to the lower production costs.

This steel is supplied with the chemical composition depicted in Table 2.2 and with

a zinc coating. The structural components of this steel are achieved using a cold

forming process. This process may introduce the so-called spring back phenomenon.

Spring back occurs when the material tries to return to its original shape after being

bent, consequently the desired finally geometries of the workpieces are not accurately

reached.

C Mn P S Si Al Ti+Nb B Cr+Mo
≤ 0.2 ≤ 2.90 ≤ 0.080 ≤ 0.015 ≤ 1.00 0.015 -2.0 ≤ 0.15 ≤ 0.005 ≤ 1,00

Table 2.2: Chemical composition of DP980 used in this work (wt. %)[25].

2.3 Resistance spot welding

The higher bearing capacity of the crash-relevant structural components leads to

higher relevance of the joints. RSW is the most important joining technique and

consequently it is crucial to know the loading and fracture response, i.e. the maximum

forces of joints, during vehicle crash situations as presented in Chapter 1.

A scheme of the RSW process is presented in Figure 2.4. It involves three stages:

(i) A force is applied to two or three metal sheets using two copper electrodes during

the so-called ”squeeze time”, (ii) an electrical current is applied with the electrodes

while pressure is maintained during the so-called ”weld time”, (iii) finally the current

is removed and the electrodes remain in place for the material to cool during the
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so-called ”forge time”. The electrical current produces heat in the interface of the

parts being welded due to Joule effect and leading to material melting. After cooling

and material solidification both sheets stay joined. The process total time ranges

from 1 to 2 seconds depending on the thickness of the sheets. The electrical current

can be applied in one or two pulses.
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Figure 2.4: Schematic representation of resistance spot welding process.

As previously presented, this thermo-mechanical process introduces in the joint

mechanical properties changes, geometrical features and imperfections that determine

the loading and fracture response of the spot welds. The thermal evolution around

the weld induces microstructure changes on the material that leads to a different

material properties distribution. Three main zones can be distinguished in a SW as

can be observed in the scheme of Figure 2.5: (i) The base material (BM), whose

properties are not modified due to the welding process, (ii) the FZ or nugget, where

the material is melted during the welding process, and (iii) the HAZ, in which the

microstucture and therefore the material properties are modified due to the different

thermal cycles with decreasing peak temperature. The HAZ is situated between BM

and FZ.

The spot weld miscrostrucutre distribution of multiple AHSS grades has been

deeply analyzed in [4, 26–29]. The microstructure distribution and consequently me-

chanical properties are usually characterized using hardness profile measurements
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using indentation lines crossing the spot weld. The hardness profiles schemes of mul-

tiple steels ranges are presented in Figure 2.5. It is observed, that the hardness of

the FZ has high values in all steel grades. They are a consequence of the untempered

martensitic microstructure resulting from the rapid cooling produced by the welding

process. For most of the steels, a martensitic hard HAZ (HHAZ) close to the FZ

can be found. This region experiences peak temperatures above Ac3 without reach-

ing the melting temperature transforming BM microstructure into austenite that is

transformed during cooling into martensite. The microstucture of region between

this HHAZ and the BM depends on the joined steeels composition and is given by

the different phase transformation due to the thermal evolution. Different hardness

values are observed for BM depending on the steel. Martensitic steels present high

hardness values and conventional steels low values in this zone [4]. During welding,

the martensitic base material is reheated leading to softer microstructures in the so-

called soft HAZ (SHAZ). Notice that this SHAZ cannot be found in the conventional

steels, where BM has low hardness values itself.

[HV]

[HV]

Distance from RSW center [mm]

[HV]

TL A3 A1 Ttemper

Fusion
 zone

HAZ BM

BM
FZ

HAZ

BMHAZ

Figure 2.5: Typical hardness profile of resistance spot welds of different steel grades.
From top to bottom: (i) conventional ductile steel and steels without HAZ softening,
(ii) dual phase steels which experiences HAZ softening (e.g. DP780 and DP980), and
(iii) martensitic steels [4]. Notice that the hardness profiles are subdivided in different
zones related with the peak temperatures reached during the welding process.

The welding process introduces not only material properties changes zones but
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also some geometrical features that would determine the spot weld loading response

[4]. The main geometrical features of a spot weld can be seen in Figure 2.6, and are

detailed as follows :

• Spot weld size: It depends mainly, but not only, on the set of welding param-

eters, such as applied force, currents and times. The nugget or fusion zone has

an oblate spheroid shape. When a spot weld is cross-sectioned, it appears as an

ellipse-like geometry called fusion line. The nugget diameter, that is defined

as the maximum axis of this ellipsis, is used normally to define the spot weld size

(see Figure 2.6). The faying surface is defined as the intersection between the

nugget spheroid and the sheets interface plane. The faying surface is parallel to

the sheets plane and has a circle shape. This circle is parametrized using the

so-called joining diameter, which is the same as nugget diameter in the case

of joints of both sheets of the same thickness but not for other combinations.

• Weld notch: It is a notch generated after the welding process. It refers to a

geometry with notch-like shape that is generated around the weld where both

sheets converge. Some authors postulate that the weld notch shape, sharp or

square, can affect the failure response of the spot welds [30]. Two notches can

be observed in both nugget extremes in the cross-sections but it is actually

an unique crack front with a circle shape surrounding the nugget. For coated

materials, such as 22MnB5, it has a very irregular geometry due to the presence

of the remaining coating [31].

• Weld penetration depth: It is the depth that the nugget penetrates into

each one of the sheets. If it is not enough the joints are not considered valid.

• Electrode indentation depth: It is the depth that electrodes forces generate

in both sides of the joint. It may have an influence on the joint failure response

just in case of very thin sheets (less than 0.8 mm).

Furthermore, the welding process leads sometimes to undesirable welding imper-

fections, which would have an influence on the RSW failure response, reducing the

maximum bearing forces. The most important imperfections are the welding voids in

the nugget and the welding splashes. Welding voids and porosities (see Figure 2.7) are

consequence of the shrinkage phenomenon during the solidification process, mainly
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Figure 2.6: Schematic resistance spot weld cross sections with the main geometrical
features [5, 6, 17].

due insufficient electrode applied load [4]. Furthermore, the welding splashes or ex-

pulsions may decrease the desired weld diameter, due to the expulsion of material.

They are caused mainly by high welding currents and low applied forces. These phe-

nomena along with other imperfections such as inclusions, or micro-cracks are very

difficult to control, because they do not depend exclusively on the welding parameters

but also on uncontrollable phenomena, such as the atmosphere conditions (mainly

humidity and temperature) or electrode cap state.

Welding void

Figure 2.7: Cross-sectioned spot weld with a welding void or pore.

2.4 Experimental characterization of spot weld

failure

Due to the complexity of spot welds, the joints loading and fracture response have

been deeply analyzed in many previous works [10, 16, 32–35]. Two loading test are

usually carried out in order to assess the fracture and load response. They are the
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”cross tension test” and ”tensile shear test” (see Figure 2.8). These tests need coupons

with simple sheet rectangular geometries and are used to evaluate joint maximum pure

normal forces in the case of cross tension (CT) test and pure shear forces regarding

tensile shear (TS) test. Some new specimens and tests have been used during the

past years to characterize the joint in more complex loading conditions. One example

is the KS-II specimen, that is used to load the joint at different angles [36]. The name

of the loading angle is given by the angle between the applied force direction and the

sheet plane. Apart from zero degrees tests (equivalent to TS test) and ninety degrees

test (equivalent to CT test), the joint can be loaded at sixty and thirty degrees.

Figure 2.8: Sketch of the Cross Tension (left) and Tensile Shear (right) tests.

Using these tests, the fracture response of a high number of steels ranges, sheets’

thickness combinations, and sets of welding parameters have been analyzed in pre-

vious works. Different failures modes are usually identified when referring the failed

spot weld appearance [4]. The typical failure modes for spot welds in conventional

steels based are [37]: (i) button pullout (BPO) in BM; and (ii) full interface failure

(FIF) or partial interface failure (PIF) [4, 33–35, 38].

In joints of AHSS’s sheets the aforementioned inhomogeneous material properties

distribution introduces new failure mechanisms: (i) failure due to necking in SHAZ,

and (ii) failure due to ductile shear in the FZ and HAZ boundary [6]. Fracture in

SHAZ leads to failed welds with BPO failure mode appearance (see BPO-SHAZ in
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2.4. Experimental characterization of spot weld failure

Figure 2.9). The failure mechanism along the boundary of the nugget leads in some

conditions to a new failure mode the so-called total dome failure (TDF) or partial

dome failure (PDF), usually found in 22MnB5 joints [11]. A scheme of all failure

modes can be seen in Figure 2.9.

BPO - SHAZ

BPO - BM TDF

PDF
Ductile steels failure modes
AHSS failure modes

FIF

PIF

Figure 2.9: Scheme of the multiple failure modes represented in cross sectioned spot
welds. The colored squares indicate the steel grades where the different failure modes
are more typically observed. Notice that in the case of BPO failure occurs at BM in
convectional ductile steel grades and at the SHAZ in the AHSS grades.

However, it is more important to analyze in detail the first fail zone than the final

appearance to understand the failure behavior and fracture mechanisms. Three main

potential fracture zones, and competing failure mechanisms are identified in general

in spot welds or different steels ranges as presented in Figure 2.10 [5, 6]: (i) strain

localization far away from the nugget (either in BM, or in the SHAZ), (ii) shear

between nugget and HAZ, and (iii) semi-brittle fracture through the nugget. They

depend on different factors as the base material properties, sheet thickness, spot weld

diameter, base material properties, loading case and the combination of all them. In

general, a failure mode cannot be neither associated uniquely to a combination of

these factors, and a factor configuration cannot be associated uniquely to a failure

mechanism. However, it can be concluded that some cases are prone to failure in

a failure mechanism. For instance, ductile or mild steels usually fail due to strain
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localization or necking in base material. This type of failure occurs in AHSSs for

some loading cases, such as in-plane conditions where the joints fail in SHAZ [18, 39].

However, due to the local properties distribution of AHSS spot welds, these joints fail

due to semi-brittle fracture of the nugget due to stress/strain concentration around

the notch tip when they are loaded under out-of-plane conditions [6, 10, 17].

Zone 3: BM or Soft HAZ

Zone 2: Nugget boundary

Zone 1: Nugget fracture

Figure 2.10: Schematic spot weld cross section with different potential failure zones.

2.5 Spot weld fracture modeling

The features of spot weld fracture response presented in Section 2.4 should be con-

sidered when spot welds are modeled in the FEM full-vehicle crash simulations, in-

troduced in Section 2.1. However, in these full-vehicle models, a good description

of strong localized phenomena such as failure of spot welds would need locally fine

re-meshing. Due to the Courant-Friedrich-Levy criterion for the critical simulation-

time-step, the elements have to be kept of specific minimum sizes to avoid escalating

computational costs. Thus, fully resolved detailed models for spot welds are not

attainable, tanking into account the great number of spot welds present in the full-

vehicle. For this reason, simplified models, where bearing capacity is obtained from

basic material properties (e.g. tensile strength), were introduced to describe the spot

weld failure. While providing reasonable results for conventional ductile steels, mainly

because most failures occur at the sheets rather than at the joints, these models fail

to predict the new failure mechanisms of AHSS joints presented in Section 2.3. The

maximum force of the AHSS joints was then extracted using data mining and large

experimental campaigns. However, due to the thousands of spot welds join sheets of

various materials and thicknesses, obtaining the maximum forces for all the possible

configurations would be too costly. In order to reduce this experimental test ma-

trix, FEM detailed models have been developed in order to reproduce the new failure
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modes and predict the maximum forces for multiple configurations. These models

use a detailed characterization of the joined material.

2.5.1 Simplified models

Over simplistic models were introduced at the beginning of the 2000s to represent the

spot weld mechanical response in the full-vehicle crash simulations [7, 40, 41]. These

models had different range of complexities, from simple single rigid beam models up

to more complex spider configurations or rate dependent models [8, 42]. In most of

these models, the spot weld is represented by a simple spring beam with linear elastic

properties that joins the shell elements of the mesh of the car structure parts.

Later, fracture was introduced in the over-simplistic beam models. Failure forces

are obtained from either analytical formulas considering the base material properties

or large experimental campaigns considering multiple steel types [9]. For the ana-

lytical formulas characterization methods, BPO failure is assumed by limiting the

force that the beams could bear by considering the weld to be a rigid cylinder and

evaluating the plastic collapse of the surrounding sheet upon loading [32, 43]. On the

other side, for FIF the maximum forces are calculated using linear elastic fracture

mechanics (LEFM), i.e., relating stress intensity factors at the weld notch with the

applied forces and comparing the values with the critical material toughness [44, 45].

Furthermore, some post-failure models to represent the evolution of the failed joint

after the first crack were introduced [46], as well as models represented mix-modes

valid for multiple loading cases [47] .

Other more complex solutions were introduced, such as the special hybrid Trefftz

element that represents the spot weld as a rigid cylinder, and solves the stress/strain

field in the vicinity of the spot weld nugget with high resolution using analytical

solutions. It enables the introduction of more accurate strain-based failure criteria

[48].

Some of these models have been industrially implemented in commercial softwares

[49], and they have been developed to improve the kinematics constraints modeling

between the joined sheets. However, these approaches fail for martensitic boron steels

joints because in contrast to other conventional automotive steels, the sheet material

in these SWs have comparable mechanical properties to those of weld material [4].

Consequently, weld material can no longer be considered nor rigid neither completely

elastic.
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2.5.2 Detailed models

The detailed models represent the spot weld using solid finite elements and an elastic-

plastic material model. Apart from the geometry definition, two features have to be

introduced in the model, the local material properties distribution of the spot weld

and a suited failure criterion.

In the first models, the mechanical properties heterogeneities around the weld were

not introduced [50–52]. The results given by these models showed some qualitative

conclusions, such as the stress concentration around the notch tip. However, poor

maximum forces estimation could be obtained.

To model the material properties changes, some authors introduced simple rules,

where the plasticity hardening curves of the multiple weld zones are scaled using

hardness measurements as a scaling factor [13, 53–56]. A second approach consists on

experimentally obtaining the mechanical properties of the weld zones using Gleeble

3500 thermomechanical simulator specimens, where the thermal evolution that is

suffered by the HAZ is applied to a base material tensile specimens [10, 16, 29, 39, 57].

A third alternative is to use welded micro specimens, that are designed to develop high

strains just in the weld heat-affected zone or the nugget. Two sheets are welded, one of

them is separated using a non-thermal process and the other sheet is trimmed in such

a way that the HAZ have the most reduced section of the specimen [16, 39, 57, 58]. A

particular case of this characterization procedure is the use of miniature tensile bars

extracted from the welding zones [59, 60].

Furthermore, in order to define the magnitudes of the geometrical parameters and

the dimensions of the HAZ zones, spot weld cross sections and hardness measurements

are typically used. Another possibility is to use welding process simulation software

(SORPAS R©, SYSWELD R©), that models the welding process, and the temperature

and material changes, given the geometry of the weld and the zones [61–64].

These detailed models introduce different fracture criteria that are detailed in

Section 2.5.3. However, all the available SW failure models mentioned above, have

not been applied in industry to obtain the maximum forces of the joints, due to the

complexity of the material characterization required.

22



2.5. Spot weld fracture modeling

2.5.3 Fracture criteria

Three types of fracture criteria can be distinguished to model spot weld failure. (i)

spot weld models based in the fracture strains of the different zones [56, 58, 64],

(ii) spot weld models that introduce a priori the failure zones and give them fracture

parameters, i.e. cohesive models [17, 55, 65, 66], and (iii) spot weld models that use

fracture mechanics to evaluate the intensity of stress concentration around weld

notch [5, 10, 17]. The validity of each one of these fracture criteria depends on the

fracture mechanisms observed during spot weld failure as introduced in Section 2.4.

The most used fracture criteria in the full-vehicle models are the strain-based

criteria. These ductile fracture criteria are based on fracture strains/stress and have

been developed to predict sheet failure. These criteria evaluate the evolution of the

strain of the material points using classical FEM simulations and compare it with

critical fracture strain values. In these models, the fracture strains are dependent on

the loading mode. Some examples are the modified Mohr Coulomb fracture criteria,

the Johnson-Cook criterion, the fracture forming limit diagram (FFLD), the Wilkins

model or the CrachFEM model [67–71]. Other fracture criteria evaluate the void coa-

lescence and void evolution during material loading and predict fracture using critical

void fraction [72, 73]. However, all these previous criteria need a large calibration

process and are better suited for sheet fracture than for spot weld fracture.

A second alternative to model spot weld failure are the cohesive zone methods.

These methods are used in general in the cases where the fracture surface is known a

priori, such as adhesive bonding [66, 74]. However, in the case of spot weld fracture

this fracture surface is unknown.

Finally, fracture mechanics methods are the most suited for propagation of cracks

in steels [75, 76]. The fracture mechanics theory has been extensively used after

the growth of the computational methods. Some theoretical methods based on the

fracture variational minimization problem were developed in recent years [77]. How-

ever, these models entail a complete new implementation in the commercial software,

which is beyond the scope of this thesis. Rice introduced a quantity to predict the

crack growth in lineal elastic materials using the energy release rate, the J-integral

[78]. The concept of the J-integral was extended to three dimensional, and non-lineal

crack configurations considering also the plastic strains [2, 79].

In previous works [5, 6, 10, 17, 60, 80], the approach of J-integral evaluation

around weld notch is used to predict the fracture response of AHSSs spot welded
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joints. The stress concentration around the notch is evaluated using J-integral and

compared to a critical value. However, the critical value of J-integral is related with

the nugget fracture toughness and the characterization of this mechancial material

property is not an easy task. The specimens that are usually employed for this

purpose, such as the fracture mechanics compact specimen, the disk-shaped compact

specimen, or the single-edge-notched bend SENB specimen [44], cannot be extracted

from a nugget due to its minute dimensions (around 6 mm diameter and 2 mm high).

Several approaches have been developed to extract these critical values of the spot

weld nugget material for different steel grades [19, 60, 80–82]. The values obtained in

these works must be taken with caution due to the uncertainties in the experimental

set ups, the variability of the results and some assumptions that are taken to evaluate

the J-integral using analytical equations. Two important qualitative conclusions can

be obtained from previous works where the material fracture toughness of steels are

analyzed. The critical J-integral varies depending on the fracture mode described

in Figure 2.11, i.e. mode I or opening mode has different critical fracture toughness

(JIC) than mode II or sliding mode (JIC) [81, 83]. Additionally, some authors propose

that due to the fact that nugget material is martensitic for most of the steels, the

nugget fracture toughness is always the same, independently of the base material

steel properties [19]. However, previous literature show also a strong variation on

the fracture toughness of martensitics steels with hardness values close to the ones

measured in the spot weld nuggets [84].

Figure 2.11: Fracture modes.
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Chapter 3

Resistance Spot Weld model

A detailed FEM spot weld model to simulate the fracture response of this type of

joints is developed in this chapter. The model must be simple enough for industrially

attainable computational costs while having enough accuracy to be able to capture

the different fracture modes. In the next chapters of this thesis an experimental

validation campaign of the presented spot weld model is carried out using a specifically

designed joining specimen that is loaded up to fracture. This specimen consists of

two U-profiles joined using the RSW technology that are loaded at different angles.

The governing equations of the spot weld FEM model are presented in Section 3.1

in order to better understanding the related numerical issues. The applied consti-

tutive model is then introduced in Section 3.2 and it is completed in Section 3.3

with the local material properties definition related with the welding process. The

geometry and the mesh of the spot weld and the specimen used in the experiments

is presented in Section 3.4. Furthermore, Section 3.5 presents the boundary condi-

tions used in the FEM simulations used to reproduce the experimental set up of the

loading tests. In Section 3.6, an energetic fracture criterion based on the use of the

J-integral is identified as the better suited for the purposes of this thesis. Thus, a

computational evaluation of the J-integral from FEM simulation data is proposed,

with special attention to important features as the identification of the critical notch

section, the first propagation direction, and mesh dependency. The numerical issues

related with the commercial software used in this thesis are described in Section 3.7

and some illustrative preliminary results are presented in Section 3.8.
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3.1 Governing equations

Due to the industrial purposes of this thesis, the finite element model is solved using

the commercial explicit Virtual Performance Solution (VPS) software, also known as

Pamcrash [85]. This code is able to solve explicit standard finite element problems.

Furthermore, some special user-libraries specially implemented in VPS for spot weld

material distribution properties have been used. These user-liberies are included

in the modular material model (MMM) framework [86]. Furthermore, a code has

been developed for the evaluation of the J-integral using the data obtained from the

standard FEM simulations performed with VPS and MMM.

VPS Explicit is a dynamic code, and consequently is based in the momentum

equation defined by

ρ0
Dv

Dt
−∇ · σ = ρ0b (3.1)

where ρ0 indicates the density of the material, D
Dt

indicates the material time deriva-

tive, v is the velocity, σ is the Cauchy stress tensor and b are the internal forces. The

right-hand term of this equation, i.e., the internal forces, are zero. Due to the low

velocities applied during the experimental loading tests, the first term of this equation

can be neglected. However, this term cannot be disabled in the VPS simulations, i.e.,

quasi-static simulations cannot be performed. Due to the necessary small size meshes

for strain field concentration solving (see Section 3.6.4) as well as the necessary small

time steps (product of the Courant-Friedrichs-Lewy condition [87]), large computa-

tional times are needed. More details about the computational time optimization

used to perform the simulations of this work are given in Appendix B.

3.2 Constitutive model

VPS is implemented at finite strains [85], and thus the constitutive relations are given

by

σ∇J = CσJ
el : De (3.2)

where σ∇J is an objective rate of the Cauchy stress and CσJ
el is the elastic moduli.

An objective rate of the Cauchy stress, i.e. the Jaumann rate of the Cauchy stress,
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is used in order to fulfill the objectivity integration criteria [88]. The Jaumann rate

of the Cauchy stress is defined by

σ∇J =
Dσ

Dt
−W · σ − σ ·W T (3.3)

where σ∇J is the stress tensor and W is the spin tensor defined as W = 1
2
((∇v)T −

∇v). Notice that no damage is introduced in the model.

Continuing with the terms of Eq. 3.2, De is the elastic rate-of-deformation defined

as De = D −Dp, where D is the total rate-of-deformation which is given by D =
1
2
(∇v + (∇v)T ), and Dp is the plastic rate-of-deformation given by a plastic flow

rule.

Furthermore, J2 plasticity, that is based on a von Mises yield surface, is the flow

theory followed in this work. Therefore the yield condition is given by

f(σ) = σeq − σk (3.4)

where σk is the yield stress of the material that is related with the accumulated

plastic strain using the hardening curves, and σeq is the equivalent von Mises stress

defined as σeq =
√

3
2
σD : σD, where σD is the deviatoric stress tensor defined as

σD = σ − 1
3
trσI. This model suggests that material yielding begins when the

equivalent von Mises stress reaches a critical value.

Due to the welding process, the local yield stress and the hardening curves are

heterogeneous in the weld vicinity as described in Section 2.3. This heterogeneity is

correlated with the HV distribution measured experimentally in the cross section of

the welds. This modeling of the multiple material zones is presented in the Section 3.3.

Finally, the description of fracture modeling is presented in Section 3.6.

3.3 Local material properties

In order to properly account for the material properties distribution of the spot weld

in AHSS joints, the mesh is divided in multiple zones that are modeled with the

corresponding material properties. Three welded zones are modeled as presented in

Figure 3.1: (i) the FZ or nugget, (ii) the HAZ that can be subdivided in two zones

called SHAZ and HHAZ, (iii) and the BM.

The nugget is represented as an ellipse rotated around an axis normal to the

sheet plane. The mayor axes of this ellipse are given by the spot weld diameter (see
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Figure 2.6), and the minor axis is one third of the sum of the both sheets’ thickness.

Therefore, the resulting function to define the oblate spheroid geometry of the fusion

zones is

x2

r2
n

+
y2

r2
n

+
z2

t2n
= 1 (3.5)

where rn is the nugget radius, and tn is defined as tn =
t1 + t2

3
where ti are the

thicknesses of both sheets (see Figure 3.1). The heat affected zones are those regions

confined in between the fusion zone border and a surface depicted also by ellipses.

The sizes of all ellipses depend mainly on the size of the spot weld, i.e. on the weld

diameter.

BM

FZ

SHAZ HHAZ

x

z

rn

tn

t1

t2

Figure 3.1: Scheme of cross sectioned spot weld with the modeling zones.

The characterization of material properties of the martensitic boron steel spot

welds made by Eller et al. [18, 64, 89] are used in the simulations of the current

chapter. In these works, the hardening curve at each point is correlated with the HV

of the 22MnB5 material. The HV values at each point are extracted experimentaly

from cross-sectioned spot welds and are introduced in the FEM model.

3.4 Geometry and mesh description

The geometry of the joining specimens is defined using a orphan mesh as depicted

in Figure 3.2. Only one quarter of the sample is modeled to reduce computational

costs. The generated mesh has 3D uniformly distributed under-integrated hexahedral

8-node solid elements with one integration point. The element size is around 1.5 mm

in the sheets and is reduced to 0.1 mm in the vicinity of the nugget. The resulting

mesh has approximately five hundred thousand elements.
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Weld notch

Figure 3.2: Mesh of the loading specimen and the spot weld model. From top left
to bottom right: Quarter model of the specimen, zoom in the spot weld zone, and
detail of the mesh in a front view of the cross sectioned specimen.

The welding process generates a particular spot weld geometry that is shown using

the finite element mesh in Figure 3.2. The main geometrical features described in

Figure 2.6 are introduced. Two sheets are joined by a circle joining surface with a

corresponding joining diameter. The dimension of this diameter is extracted from

experimental observations. The weld notch, with a strong influence in the fracture

response as presented in Section 3.6.1, is modeled by using an acute angle. Finally,

the electrode indentation is represented in both sides of the sheets. A detailed analysis

of the most suited mesh size is given in Section 3.6.4.

It is important to note that, the actual weld notch shape is extremely irregular and

depends on several factors, such as the applied electrode forces, the sheets protection

coating and the welding expulsions. This irregularity may influence on the strain

field around the weld during loading and consequently on the bearing capacity. In

order to quantitatively asses this influence, two different notch shapes are calculated

in previous simulations as can be seen in Figure 3.3: a square weld notch and a sharp

notch. Slight differences are observed between the strain field around the notch

for both shapes. However, due to the extreme localization of the strains, and the

high strain gradients, some very localized elements have completely different strain

values depending on the notch shape. This effect causes these elements to fail earlier
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leading to different calculated fracture forces if a strain-based fracture criterion is

used. However, when energy release rate approaches, such as a J-integral based

fracture criterion, are applied, the effect of localized strains is regularized and the

influence of the notch geometry is minimized.

0.1 0.0Total equivalent plastic strain []

Figure 3.3: Strain field around weld notch for two different shapes (square on the
left, sharp on the right).

3.5 Boundary conditions

The boundary conditions represent the experimental set up of the loading tests that

will be presented in the following chapters of this work, in which the two welded

U-profiles are loaded up to fracture at three different angles using a Zwick machine.

The bottom sheet is fixed using zero displacement and zero rotation constraint in a

set of nodes at the end of the U-profile flanges (see Figure 3.4). It represents the zone

where the specimens are screwed to the clamping device. In the other sheet, a vertical

displacement boundary condition is applied to a set of nodes of the corresponding

flanges and the displacement in the other directions and all rotations are locked. The

specimens are rotated to represent the correct loading angle as shown in Figure 3.4.

Due to the low loading velocities, the problem could be treated as quasi-static, i.e.

the time of the simulations has no physical meaning. The used code - VPS - does not

allow to perform this type of simulations. In order to reduce computational times and
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Fixed b. c.
Applied disp. b. c.

Specimen Normal tests Mix-mode tests Shear tests

Spot weld

B

A

A

B

A-A

B-B

B-B

B-B

Figure 3.4: Scheme of loading angles and boundary conditions. Arrows indicate
direction of applied displacement.

avoid spurious waves, a constant acceleration is applied instead of displacement ramp

as boundary condition. More detailed explanations can be found in Appendix B.

3.6 Spot weld fracture modeling in AHSS

In the case of AHSS spot welded joints, BPO fracture mode due to necking instability

at the SHAZ under spot weld in-plane loading conditions (see Figure 2.9 and Fig-

ure 2.10) has been extensively studied in previous works [6, 10, 15, 64]. This situation

is typically observed when a large welded vehicle structural component is bended or

loaded from two opposite zones, and the welded zone enters in necking regime leading

to catastrofic failure.

However, when during a crash situation two fifferent welded structural components

are trying to be separeted from each other, i.e. when the spot welds are loaded under

out-of-plane conditions (see Figure 3.5), nugget rupture has been observed initiating

at the weld nocth (see Figure 2.10). This situation may lead to complete separation

of both connected sheets resulting in structure collapse. A suited fracture criterion

for this type of failure in AHSS spot welded joints is still missing.

31



3. Resistance Spot Weld model

Out-of-plane In-plane

Figure 3.5: Different spot weld loading modes: In-plane and out-of-plane loading
conditions.

3.6.1 Spot weld failure in AHSS under out-of-plane loading

conditions

Ductile steels have low yield strengths and large fracture strains, whereas high yield

strengths and small fracture strains are typical in the case of AHSS (see Figure 2.3).

To illustrate the different critical failure zones in the case of spot weld loading de-

pending on these welded material features, a shear test of joints of two different steel

grades have been modeled and simulated. On the one hand a spot weld with a high

strength BM and a soft HAZ is modeled in order to represent a AHSS joint. On the

other hand the response of a spot weld with both the BM and the HAZ modeled

with low yield strength material is calculated representing a ductile steel. In both

cases the FZ is modeled as a high strength material. In order to have a common

criterion to assess the proximity to the fracture for both types of hardening curves,

an accumulated damage parameter (D) is used:

D =

∫ ε̄p

0

dε̄p
εf (HV )

(3.6)

where the effective plastic strains (ε̄p) are compared with the plastic strain to fracture

(εf ) which depends on the hardness (HV ) and the strain hardening curve of the

corresponding geometrical zone [90]. Notice that in this case this is just a qualitative

criterion to find the critical failure zones.

In Figure 3.6 it can be seen that the main critical zone is situated at the BM

in the case of ductile materials in which failure is induced by sheet necking in the

experimental observations. However, for AHSS the BMs have similar properties to

those of the fusion zone. Therefore, in agreement with experimental observations [6,

10, 11, 17], the critical zone is shifted to the weld notch due to the stress concentration

leading to failure in zones 2 and 3 following the scheme of Figure 2.10.

A fracture criterion that assesses the severity of stress/strain concentration ahead
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Accumulated damage [-]

Figure 3.6: Critical zones of spot weld in a shear loading case for a High Strength
Steel (left) and a ductile steel (right).

of the weld notch is necessary. Fracture models such as eigendeformation approaches

[77, 91, 92] that predict new crack features (e.g. crack propagation) is undesirable

due to the high computational costs. The fracture criterion must therefore be simple

and robust in order to be able to reproduce all loading and geometrical alternatives

without large experimental calibration. The Rice J-integral-based criterion is the

ideal choice beacause of the compromise between simplicity, low computational costs

and correct prediction of the spot weld fracture trigger. Thus, it is used in this

thesis for the assessment of the stress field intensity around the weld notch [78]. The

J-integral was defined for a two dimensional linear elastic cracked body as:

Jk =

∫
Γ

[
Wnk − σij

∂ui
∂xk

nj

]
ds, (3.7)

where Γ is a path beginning at the bottom crack face and ending on the top face (see

Fig.3.9(a)), n is the outward normal to Γ, σ the stress tensor, u the displacements, ds

the increment of arc length along Γ and W the total strain energy density defined by

W =
∫ ε

0
σijdεij, where εij are the components of total strain tensor ε. The subindex

k defines the coordinates of the crack tip coordinate system (see Figure 3.9(a)).

The J-integral is equivalent to the strain energy release rate that is a measure of

the energy available for an increment of crack extension. When it reaches a critical

value, which is a material property related with fracture toughness, a crack nucle-

ates and the joint fails. The extension of this concept to elastic-plastic materials is

presented next.
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3.6.2 Evaluation of the J-integral in elastic-plastic

materials in FEM frame work

The Equation 3.7 is defined for a two dimensional crack and uses strains and stresses

in a crack surrounding path Γ. It was introduced for linear elastic materials to be

evaluated with the assumption of LEFM.

The AHSSs have a brittle response, and could be considered a priori elastic up to

fracture under the modeling point of view. Pure normal and shear test simulations

using pure elastic and elastic-plastic material have been performed to evaluate this

assumption. The obtained stress field of both cases are presented in Figure 3.7.

Higher stresses are observed for the elastic case due to the singularity created by the

notch that is limited by the yield strength in case of elastic-plastic material. It must

be noticed, that the zone where stresses higher than 1.0 GPa (i.e. the raw material

yield strength) are reached is very confined in both modeling approaches.

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50
 Von Mises equivalent Stress [GPa]

(a) Elastic-plastic material.

(b) Pure linear elastic material.

Figure 3.7: Stress distribution around weld notch. Left: Normal test. Right: Shear
test.
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3.6. Spot weld fracture modeling in AHSS

However, despite the fact that the plastic zone is extremely confined around the

notch, the forces-displacement curves that are compared in Figure 3.8 show that the

results of pure elastic modeling are not valid for neither normal tests nor shear tests.

For this reason, the LEFM hypothesis cannot be used here.
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(b) Shear test.

Figure 3.8: Force displacement curves comparing pure lineal elastic and elastic plastic
models.

Furthermore, the weld notch, which has the role of crack front in the spot welds,

has a three dimensional geometry, defined as a circle around the weld nugget. There-

fore, the J-integral must be computed point-wise at each position of this crack front.

The critical section at which the J-integral must be computed along this crack front

or weld notch is analyzed in Section 3.6.3.

In this thesis, the computation of the J-integral has been performed using an

equivalent domain integral [2, 79, 93–95], that evaluates the J-integral in a 3D do-

main around the notch tip gathering the results from the standard FEM simulations

following the constitutive model presented in Section 3.2 and Section 3.3. The compu-

tation of the J-integral using a domain (volume) integral is numerically advantageous

since the capture of the singular field details near the crack front becomes unnecessary

giving more accurate results than the equivalent contour integral. The details of the

evaluation of the J-integral in FEM are presented in Appendix A. In this framework,

the J-integral yields

J1 =
1

f
[

∫
V

(
σij

∂ui
∂x1

∂s

∂xj
−W ∂s

∂x1

)
dV ], (3.8)
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3. Resistance Spot Weld model

where V is the volume of integration domain that is a hollow cylinder that surrounds

the a small portion of the notch at the correct weld section. This cylinder is defined

by radii rmin and rmax (see Figure 3.9(b)) and a height. This height must be small

but enough to contain at lest four elements in the cylinder axial direction. s is an

arbitrary defined function that enables the generation of an area/volume integral and

the value of f is obtained from the s-function value. The fields are expressed in the

local coordinate system of axes x1, x2, x3, shown in Figure 3.9(b).

Notch tip

Γ

x2

x1

(a) Two dimensions. (b) There dimensions.

Figure 3.9: Crack tip coordinates and the domain where J-integral is evaluated.

It must be noticed, that the procedure presented in Appendix A follows the con-

ventional J-integral definition, i.e. the material is considered non-linear elastic, and

consequenly, there are not plastic strains. However, this assumption is obviously

not valid for elastic-plastic materials where the total strain has contributions from

both elasticity and plasticity. Recently, the concept of J-integral has been derived to

elasto-plastic materials with the so-called Jep in accordance with incremental theory

of plasticity [96, 97]. The definition of this Jep considers that W in Eq. 3.7 should

include only the elastic strains, since plastic strains do not contribute to the fracture

energy. In order to achieve path-independent results in the computation of Jep, the

selected path, defined by the compuntational volume, must be completely enclosed

in the elastic zone where not plastic strains are present. Following Figure 3.10, it

can be seen when rmin and rmax are defined as 1.3 mm and 1.5 mm respectively,
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3.6. Spot weld fracture modeling in AHSS

the computational domain doesn’t contain material with plastic strains, i.e. mate-

rial with von Mises equivanlent stress higher than material yield stress (1 GPa) and,

consequently, the conventional J-integral procedure is equivalent to the Jep and it is

therefore correct.

Figure 3.10 presents also the results of the conventional J-integral using multiple

values of rmin and rmax. The size domain independency can be observed for almost

all cases, with the only exception of an extremely small domaing in the vicinity of

the notch, already reported in previous works [97].
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Figure 3.10: J-integral evaluation using multiple computational domain sizes. Almost
all curves are overlapped, only an exception can be noticed in the case of rmin =
0.0 mm and rmax = 0.2 mm.

In summary, in order to quantify the stress/strain concentration in the weld notch

and predict the failure of joints due to crack propagation from the weld notch, the

next procedure is followed:

1. Calculate the resistance spot weld model response of the loading tests using

standard FEM. The numerical features introduced in the previous sections are

used for this step.

2. Compute the point-wise J-integral gathering the data obtained in the previous

step and using the equivalent domain integral. The J-integral must be com-

puted in the critical crack advance direction and at the critical weld section

following the process detailed in Section 3.6.3.
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3. Resistance Spot Weld model

3. Compare the J-integral values with a critical material value, which is related

with the fracture toughness of the nugget material. The applied force at which

this value is reached corresponds with the joint bearing capacity.

3.6.3 First propagation direction and weld cross section

The first crack advance direction must be selected before evaluating the J-integral

to set x1 (see Figure 3.9(b)). Two approaches are used in this thesis to obtain it,

observations of the failed experimental test and the use of a numerical method. The

numerical method is based on a closed-form expression that determines the material

onset of instability [98]. This expression is obtained from the instability condition

given by

(g ⊗ h) : Cep : (g ⊗ h) > 0,∀g,h (3.9)

where Cep is the tangent elastic-plastic matrix. The vector h that maximizes the

left-hand side of the equation determines the crack advance direction. The spot weld

model proposed in this thesis doesn’t include damage, therefore damage related terms

in [98] are set to zero.

Moreover, the J-integral must be evaluated at the position the weld notch, at

which the crack advance takes place first. This critical section of the crack front

depends on the loading conditions and is analyzed in Section 3.8.1.

3.6.4 Mesh size and convergence

In the industry contest, uniform mesh are typically used. However, in the case of

notched geometries mesh refinement is necessary in the vicinity of notch tip when

using standard FEM in order to capture the notch tip stress/strain gradients. The

spot weld model presented in this chapter has been simulated with different mesh

sizes, from an element size of 0.4 mm to an element size of 0.05 mm. It can be seen

in Figure 3.11 that even with a mesh of 0.05 mm the strain field in the vicinity of the

notch tip is still not fully resolved. However, the use of uniform meshes and an explicit

dynamic FEM software (see more details in Appendix B) leads to extremely high

computational costs when a mesh size lower than 0.05 mm is used. For this reason,

the force-displacement curves for different mesh sizes are presented in Figure 3.12(a)

to check the influence of the mesh size in the obtained results. Slight differences are
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3.6. Spot weld fracture modeling in AHSS

observed between 0.01 mm and 0.005 mm element size, for this reason 0.1 mm has

been selected as the suited mesh size for the purposes of this thesis.

Total equivalent plastic strain

Figure 3.11: Strain fields around weld notch using different mesh sizes. M0.2, M0.1,
M0.05 indicate 0.2, 0.1 and 0.05 mm average mesh sizes respectively.

This strong mesh size dependency when solving strain fields leads to strong mesh

dependency of the strain-based fracture criteria. This mesh dependency is reduced

when the J-integral is used as fracture criterion. The dependency of the J-integral

when using different mesh sizes is shown in Figure 3.12(b). The 0.1 mm mesh size

is considered valid for the purposes of this thesis due to the sligh differences when

comparing with 0.05 mm results.
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(a) Force displacement curves.
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(b) J-integral evaluation.

Figure 3.12: Previous simulation loaded spot weld shear tests results at multiple

meshes. M04, M02, M01, M005 indicate 0.4, 0.2, 0.1 and 0.05 mm average mesh sizes

respectively.
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3. Resistance Spot Weld model

3.7 Numerical issues

The commercial code used in this thesis, i.e. VPS, has been specially developed

for full-vehicle simulation models. It has some non-customizable modeling features

suitable for these types of large scale simulations, such as explicit dynamics and large

strains, that are cuestionable for the characteriztion of the spot weld failure. In order

to check the validity of the simulations presented in the current thesis, a comparison

of the numerical results between the results obtained with VPS and with a more

customizable commercial software (i.e. ABAQUS/Standard) is given in this section.

VPS is an explicit dynamic code. However, because of the low applied veloci-

ties during the experimental tests a static code would be a priori suitable and would

reduce the computational costs. Normal tests are simulated using the commercial im-

plicit static code ABAQUS/Standard to check the influence on the force-displacement

curves of the dynamic term. Figure 3.13(a) shows that there are not any differences

observed between the VPS explicit dynamic and the ABAQUS/Standard implicit

static results. The use of a static code can reduce the computational times while

giving accurate results.

Another modeling feature that would decrease the computational times, is the

use of small-strain formulation instead of the large strain plasticity implemented in

VPS. Simulations with this formulation can be computed with ABAQUS/Standard,

however, the use of small-strain formulation does not present adequate results due to

the large displacements observed in the normal tests as can be seen in Figure 3.13(b).

Static - large deformations (Abaqus/Standard)

Explicit - Dynamic - large deformations (VPS)

(a) Explicit-dynamic (VPS) vs. static code
(ABAQUS/Standard).

Static - large deformations (Abaqus/Standard)

Static - small strains assumption (Abaqus/Standard)

(b) Small-strains formulation vs large-
strains plasticity.

Figure 3.13: Numerical analysis of spot weld model of normal test.
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3.8. Preliminary results and loading cases

3.8 Preliminary results and loading cases

Taking into account all the numerical features presented in the previous sections, some

ilustrative preliminary results of the three loading tests simulations are presented in

this section. The force-displacement results of the loaded welded specimens are shown

in Figure 3.14(a) for the normal, shear and mix-mode loading cases applied to a joint

of two sheets of 1.5 mm thickness.

Linear force-displacement curves with an extremely low slope are obtained for

the normal test. The low slope can be explained by considering the measured dis-

placements result mainly from the bending of the sheet surrounding the spot weld.

Therefore, low forces should be applied in order to separate both sheets. Although

these curves are commonly used to characterize a normal loaded spot weld, only the

obtained maximum forces should be considered relevant to characterize the failure

response in these tests, because the displacements are related with the surrounding

sheet and not with the spot weld elongation.

Furthermore, for shear tests, the curves show a stiffer linear initial regime, followed

by a non-linear regime that results from the plastic response of the material. These

curves are mainly associated with the relative displacement between both joined

sheets in the in-plane direction due to the spot weld deformations. The reached

displacements are much lower than those examined in normal tests. It is observed,

that despite the fact that the plastic zone is very confined around the notch tip (see

Figure 3.7), the force-displacement curves lose the linearity after a relative small

applied displacement.

Figure 3.14(b) represents the evolution of J-integral versus the applied force of

the loading specimen for the different loading cases. It is well known that the forces

applied in a normal direction in a notched geometry lead to higher stress concentration

(and consequently J-integral values) than the forces applied in tangential direction.

This phenomenon explains that the J-integral values obtained in the case of normal

tests are higher than in the shear tests case for the same applied force magnitude.

This higher J-integral values obtained for forces applied in normal direction explain

the lower bearing capacity of joints loaded under these loading conditions.

The mix-mode test is simulated in the present chapter considering locked lateral

displacements (taking into account the specimen position showed in Figure 3.4). Since

the specimen is rotated forty five degrees when comparing with both pure normal and

shear tests, both normal and tangentional components of total applied displacements
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3. Resistance Spot Weld model

have obviously the same magnitude. However, the loading specimen is much stiffer in

the tangential direction due to the bending of the material in normal direction, and

for the same applied displacement in both direction much higher resistance forces are

obtained in tangential direction. These forces are extremely predominant in the total

resistance force of the specimen, then the force-displacement curves of mix-mode tests

are very similar to those of shear tests as observed in Figure 3.14. In a similar way,

the higher tangential forces in the weld notch derived from this applied displacement

component lead to a predominant fracture response associated to the mode II failure.
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Figure 3.14: Ilustrative simulation results of loaded spot weld at multiple angles.

3.8.1 Critical notch section and crack advance direction

There are two relevant sections in the joining specimen tested in this thesis, the

cross section AA and the longitudinal section BB (see Figure 3.4). The preliminary

simulations show that the critical section at which stress concentration, and therefore

the J-integral, reaches higher values is Section AA for shear tests as observed in

Figure 3.15(b). Notice that in these tests, the weld notch at section BB is loaded

in pure mode II and at section AA is loaded in pure mode III (see fracture modes

in Figure 2.11). On the contrary, Figure 3.15(a) shows that section BB is the most

critical in normal tests. In these tests, the weld notch is loaded in mode I at all

sections of the weld notch. In the case of mix-mode tests, the critical section is

BB. Take note that in these tests, the applied displacements are a combination of
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3.8. Preliminary results and loading cases

those applied in the normal and shear tests: due to the normal applied displacement

all weld notch sections are loaded at mode I; furthermore, because of the applied

displacements parallel to sheet plane, section BB is loaded in mode II and section

AA in mode III. The stress concentration induced by the applied shear displacements

is higher than the stress intensities resulted from the applied normal displacements of

the same magnitude. Therefore the mix-mode test are closer to the shear tests under

the loading response point of view.
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Figure 3.15: J-integral evolution at different sections.
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Chapter 4

Application in resistance spot

welds of a hot formed steel

The FEM model presented in Chapter 3 is validated in this chapter using experimental

loading tests. The welded joints of a 22MnB5, martensitic boron steel, are used for

this validation purpose. This steel, belonging to the AHSS family (see Figure 2.3), is

extensively used in the automotive industry and has high mechanical properties after

the hot forming process as presented in Section 2.2.

A wide validation program is designed to cover the main variable’s combinations

which have an influence on the joints fracture response during a full-vehicle crash sit-

uation. The development of this experimental loading test campaign is presented in

Section 4.1. The characterization of the spot weld features used for the FEM model

are then presented. First, the geometrical features and metallurgical welding zones of

the welds are identified in Section 4.2. The mechanical properties, such as the plastic-

ity, of these zones are characterized in Section 4.3. The force-displacement curves and

the the loading tests failed spot welds for all the combinations of the experimental

campaign are presented and analyzed in Section 4.4. Finally, the experimental and

the simulated results are compared in Section 4.5 for validation purposes.

45



4. Application in resistance spot welds of a hot formed steel

4.1 Experimental validation campaign

An experimental characterization and validation campaign has been developed in

order to validate the FEM model for different conditions. First, the design of the text

matrix considering the most relevant variables during loading and fracture response

is presented. The welding process used for the multiple combinations is described.

4.1.1 Test matrix design

The experimental campaign must cover the main factors that have an influence on

the joints fracture response during a real crash situation. The text matrix focuses

on the three main factors controlling the joint fracture response: The sheet thickness

combinations that are related to the crash-relevant structural components thickness,

the loading angle associated with the local loading conditions of a joint during crash,

and the spot weld diameter that depends mainly on the welding parameters and the

sheet thickness combination. Other factors that can have an influence on the fracture

response such as the loading speeds, the influence of the sheets’ protection coat or the

welding imperfections are not analyzed in this work. Finally, welds of three sheets are

not considered not in the experimental campaign, an analysis of this type of joints

can be found in Section 7.1.

Three different sheet thicknesses have been considered in the present study: the

minimum and maximum values currently used in the automotive industry regarding

AHSS grades; 0.8 mm and 2.0 mm, and an intermediate value of 1.5 mm. All possible

combinations between the three values are taken into account in order to characterize

the influence of multiple thickness ratios. The resulting combinations are presented

in Table 4.1.

The fracture response of joints strongly depends on the weld size and the weld

size of a spot weld is given by some controlled factors such as the applied welding

parameters and the sheet’s thickness combination. However, it depends also on un-

controllable factors such as ambient conditions, electrode state or electrode contact

with the sheets during welding. Usually, a set of welding parameters is developed to

obtain a target weld diameter given by the welding standards depending on the sheet

thickness combination. The target diameter of the joints used in this work follows

the next formula: dn = 4.5
√
tc, where dn is the norm weld nugget diameter and tc is

a measurement of both thickness combinations. Usually tc = 0.2 tM + 0.8 tm is used,
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4.1. Experimental validation campaign

Group Sheet 1 Sheet 2
Number Thickness, t1 (mm) Thickness, t2 (mm)

1 0.8 0.8
2 0.8 1.5
3 0.8 2.0
4 1.5 1.5
5 1.5 2.0
6 2.0 2.0

Table 4.1: Sheets’ thickness combinations used for the experimental loading cam-
paign.

where tM is the maximum of both sheet thickness and tm is the minimum. However,

these diameters cannot be obtained with high degree of precision and exactitude due

to the uncontrolled factors. The actual joining diameters obtained in the joints of

this work with the corresponding thickness combinations can be seen in Table 4.2.

Notice that the joining diameters are smaller than the weld diameters in the cases of

joints with different thickness combination (see Figure 2.6).

In order to evaluate the influence of the weld size on the fracture response of joints

for a fixed thickness combination, the joints of one of the combinations (number 4

in Table 4.1) are tested using three different sets of welding parameters to obtain

different welding diameters. Apart from the dn diameter joints, a greater (dM) and

a smaller (dm) diameter are obtained and tested. More details about the welding

parameters are presented in Section 4.1.2.

The bearing capacity of the spot weld joints depends on the local loading condi-

tions that are applied to the joints. Among the multiple of loading tests used in the

literature (see Section 2.4) to chracterize the joints fracture response, a joining spec-

imen similar to KS-II specimen is used for the experimental campaign [36]. The two

U-profiles are welded and loaded at three different angles between the sheets plane

and the applied force: zero degrees to represent a pure shear test, ninety degrees rep-

resenting normal loading conditions and forty-five degrees that represent mix-mode

conditions (see Figure 3.4). The joints are loaded at these three angles for all the

combinations presented in Table 4.1. The analysis of the influence of the spot weld

diameter with the joints of combination 4 is only done for the normal and shear tests.

The combination number six is not loaded at mix-mode tests.
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4. Application in resistance spot welds of a hot formed steel

Joint Sheet 1 Sheet 2 Diameter (mm)
Code Mat t1 (mm) Mat t2 (mm) Target Obtained

U08U08n 22MnB5 0.8 22MnB5 0.8 dn = 4.0 3.60 ± 0.2
U08U15n 22MnB5 0.8 22MnB5 1.5 dn = 4.4 4.30 ± 0.2
U08U20n 22MnB5 0.8 22MnB5 2.0 dn = 4.6 4.00 ± 0.2
U15U15m 22MnB5 1.5 22MnB5 1.5 dm < 5.5 4.00 ± 0.2
U15U15n 22MnB5 1.5 22MnB5 1.5 dn = 5.5 5.00 ± 0.2
U15U15M 22MnB5 1.5 22MnB5 1.5 dM > 5.5 6.00 ± 0.2
U15U20n 22MnB5 1.5 22MnB5 2.0 dn = 5.7 6.20 ± 0.2
U20U20n 22MnB5 2.0 22MnB5 2.0 dn = 6.4 5.90 ± 0.2

Table 4.2: Sheet thickness combinations and corresponding target and obtained
nugget diameter in similar 22MnB5 joints.

The AlSi coating that protects the 22MnB5 sheets against oxidation leads to

an irregular weld notch (see more details in Section 4.2.2). The weld notch is a

critical zone regarding spot weld fracture in AHSS as introduced in Section 3.6.1.

Consequently, in order to analyze the AlSi coating influence on the fracture response,

the U15U15M joints are tested as well using specimens at which AlSi coating is ground

before welding. Only normal and shear tests are performed with these conditions.

Due to the uncertainties resulting from the welding process regarding spot weld

geometry and the low repeatability of the maximum forces obtained for some cases

in previous similar characterizations, the same tests are performed five times using

the same conditions for each tested combination.

4.1.2 Specimens welding

The joining specimens are welded using a NIMAK C-type servo spot weld gun com-

bined with a HWH control system. The main welding parameters are the applied

electrode force, the applied current and the corresponding application times. For the

joints tested in this section, the welding process of the scheme shown in Figure 4.1

is followed. The ”squeeze time” (tsq) is necessary to ensure the required ”applied

electrode force” (F ). Two electrical pulses, the ”weld current” (I1), and ”temper

current” (I2), are applied during the corresponding ”weld time” (ts1 ) and ”temper

time” (ts2). Between these pulses, no current is applied during the so-called ”cold

time” (tf1). During the ”hold time” (tf2), pressure is maintained after the heat cycle
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4.1. Experimental validation campaign

and it allows the molten material to solidify before releasing the welded sheet. The

values of the welding parameters for each combination are shown in Table 4.3. In

order to obtain the multiple diameters in combination 4 (t1 = t2 = 1.5 mm), different

temper currents are applied. Higher currents than those presented in the Table 4.1

were applied in specimens of this thickness combination in order to obtain larger di-

ameters. However, because welding splashes were observed during the welding process

and these specimens have been rejected.

Electrode force

Welding current

Figure 4.1: Overview of the welding process cycle used in this work for the similar
joints of 22MnB5 steel.

Joint Force (kN) Intensities (kA) Time (ms)
Code F I1 I2 tsq ts1 tf1 ts2 tf2

U08U08n 3.00 3.00 4.80 1000 200 20 400 200
U08U15n 3.00 3.00 5.00 1000 200 20 400 200
U08U20n 3.00 3.00 4.80 1000 200 20 400 200
U15U15m 3.80 3.00 4.30 1000 200 20 400 200
U15U15n 3.80 3.00 5.20 1000 200 20 400 200
U15U15M 3.00 3.00 6.20 1000 200 20 400 200
U15U20n 4.00 3.00 5.80 1000 200 20 400 200
U20U20n 3.00 3.00 5.40 1000 200 20 400 200

Table 4.3: Welding parameters for all thickness and target diameter combinations in
similar 22MnB5 joints.
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4.2 Geometry and local material properties

distribution of the spot welds

The geometry and the material properties distribution of the spot welds are analyzed

in order to characterize the detailed FEM model. The spot weld geometry and di-

mensions along with the welding metallographic zones considering the combinations

presented in Table 4.2 are analyzed using cross sectioned spot welds. Hardness line

measurements are performed in the cross sectioned spot welds in order to identify the

main metallographic zones and their dimensions.

4.2.1 Methodology

In order to analyze the geometry and the welding zones of the welds, macroscope

metallographic observations of cross sectioned spot welds are performed. For this

purpose, small samples are welded and cross sectioned. The samples consist of two

45 x 45 mm2 flat sheets which are extracted from larger flat sheets. In order to avoid

irregularities caused by the hot forming process the extraction operation stays away

from the larger sheet’s edges. After being welded, they are carefully cross sectioned

along a symmetry plane and mounted in epoxy resin. They are ground, polished

and chemically etched. Chemical etching is Nital 1 % that reveals ferrrictic and

martensitic microstructures. Micro-hardness measurements are taken following a line

crossing from the top sheet to the lower sheet and passes the nugget (see Figure 4.5).

The measurements are performed using a 0.1 kg load following the Vickers settings

and are spaced approximately 0.5 mm.

The analyzed sheet thickness and material combinations are those used for the

loading tests presented in Table 4.1. Combination number four is also analyzed

without the AlSi coating, in order to determine the influence of this coating in the weld

geometry and microstructure. This coating is removed after the hot stamping process

and before welding. The same sets of welding parameters presented in Table 4.3 for

the loading test are used for these specimens.

4.2.2 Cross sections and geometry analysis

Figure 4.2(a) shows a typical cross sectioned spot weld of a 22MnB5 steel with both

sheets of the same thickness (1.5 mm). The contour of the fusion zone, also called
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fusion line, can be identified clearly. It can be observed that the fusion zone is

situated in the middle of both sheets. No welding imperfections can be seen in this

cross section. The limits of the different heat affected zones that surround the fusion

zone are also noticeable. A spot weld of the same thickness combination in which AlSi

coating has been removed before welding is shown in Figure 4.2(b). Take note that

whether with or without the AlSi coating, the same fusion zone and HAZ shapes can

be observed. Detailed micro photographs of both weld notch samples are shown in

Figure 4.3, and an high irregular shape can be observed in the case of coated sheets.

Remains of AlSi are retained in the limits of the weld and may introduce brittle paths

where the crack may begin during loading. Micro cracks are observed as well in the

uncoated weld notch.

(a) With AlSi coat. (b) Without AlSi coating.

Figure 4.2: Cross sectioned spot weld general views. The joints have the same mate-
rial and thickness combination of 22MnB5 and t1 = t2 = 1.5 mm.

(a) Usual joint. (b) Without AlSi coating.

Figure 4.3: Detailed image of the weld notch of 22MnB5 similar joints of Figure 4.2.

A cross sectioned spot weld of a joint of two 2.0 mm sheets is presented in Fig-

ure 4.4(a). A similar nugget fusion line as the one observed for the combinations of

1.5 mm sheets can be see here. However, a welding void can be found in the middle of

the nugget. It can be explained by considering the high thickness values, that leads
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4. Application in resistance spot welds of a hot formed steel

to some difficulties during the complete solidification of the fusion zone resulting in

solidification voids. These voids may have an influence on the joints loading behavior

and they cannot be introduced in the detailed FE models.

Figure 4.4(b) shows a cross section of a joint with very different thickness combi-

nations, i.e. one thick sheet of 2.0 mm and one thin sheet of 0.8 mm. In these types

of combinations, the nuggets long axis is located in the middle point of both sheets,

displaced from the faying surface. The top border of the fusion zone is close to the

weld notch tip. This phenomenon would lead to the Partial or Total Dome failure

shown in Figure 4.20(c).

(a) U20U20n. (b) U08U20n.

Figure 4.4: General view of a cross sectioned spot weld general with dissimilar thick-
ness combination.

4.2.3 Metallography and hardness profile

The hardness profile of a joint is presented in Figure 4.5. On the right side of the

figure a simplified scheme neglecting the hardness measurements scattering effects is

represented. Three zones are distinguished from the hardness point of view: (i) The

FZ and the so-called hard HAZ HHAZ with a roughly uniform martensitic hardness

(480-520 HV), (ii) the so-called soft HAZ SHAZ with hardness decreasing until al-

most 300 HV, and the base material BM with the typical hardness of a fully hardened

22MnB5, i.e. 500 HV. The same profile is observed for all combinations, only differ-

ences in the dimensions of each zone are observed, i.e., the radii that represent the FZ,

SHAZ and HHAZ dimensions (r1, r2 and r3) are lineally dependent on the spot weld

radius. This hardness profile can be explained by observing detailed micrographs of

the metallography in different zones. The main welding zones are distinguished in

the general optical micrograph of Figure 4.6. In addition, it must be pointed out that

a confined hardness drop can be seen in some coupons in a extremely localized zone

at the fusion zone boundary. This phenomenon has already been reported by other
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authors and that has attributed it to phenomenological changes in the microstruc-

ture of the fusion line. This phenomenological change is probably caused by the

lower cooling rates due to carbon conditioned effusion from the fusion line towards

the fusion zone [99].

FZ Hard
HAZ

Soft 
HAZ

BM

r1
r2
r3

Localized soft 
zone

0
.1

CGHAZ

FGHAZ

ICHAZ

SCHAZ

Figure 4.5: The HV profile of a similar 22MnB5 steel joint (U15U15n). Left: Hardness
measurements. Right: Scheme of the profile with the main zones.

Figure 4.6: An optical micrograph of the fully hardened 22MnB5 similar spot weld
cross section. The multiple welding zones that are shown are: (i) The nugget or
fusion zone (FZ), the heat affected zone (HAZ) and (iii) the base material (BM).
HAZ is subdivided in the so-called fine grain HAZ (FGHAZ), the coarse grain HAZ
(CGHAZ), the intercritical HAZ (ICHAZ), and the subcritical HAZ (SCHAZ). These
zones are analyzed in detail in the micrographs presented in Figure 4.7.
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Figure 4.7: The optical micrographs of multiple spot weld zones of a similar 22MnB5
joint. From top left to bottom right: FZ presents a martensite phase due to rapid cool-
ing at which martensitic microstructures showed directional, columnar solidification
from the nugget boundary (first) towards the center (last). Some shrinkage defects
can be observed in the center of the fusion zone of some spot welds. FGHAZ and
CGHAZ are the closest zones to FZ, where the material temperature has increased
above Ac3 and has been completely transformed into austenite leading to martensitic
microstructure after rapid cooling. CGHAZ has staid longer than FGHAZ above
Ac3 leading to coarser martensitic grains. FZ and CGHAZ are gathered in the Hard
HAZ (HHAZ) under the hardness values, and therefore material properties, point of
view. The next layer is the ICHAZ, at which temperatures were above Ac1 without
reaching Ac3. It caused the partial transformation of base material into austenite and
stable ferrite. After cooling, the austenite phase was changed into martensite again.
Resulting microstructure consists of martensite and some ferrite phase. This area has
less than 100 µm of thickness. In SCHAZ, temperatures were bellow Ac1, changing
microstructure into tempered martensite. ICHAZ and SCHAZ are grouped in the
Soft HAZ (SHAZ). Finally the BM has a typical martensitic of the fully hardened
22MnB5.

In summary, a weld is divided in two zones from the hardness and corresponding

material properties point of view, on the one one FZ and HHAZ with high hardness

due to the martensitic microstructure, and on the other hand, a SHAZ with lower

hardness due to ferrite phases and tempered martensite and a martensitic BM with

high hardness. For modeling spot weld behavior BM and FZ/HHAZ are considered

extremely similar. Tensile tests used to validate this assumption are presented in

Section 4.3.
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4.3 Characterization of nugget material

properties

The metallography and hardness analyses of 22MnB5 spot welds that have been pre-

sented in the previous section have shown that, apart from the HAZ, the mechanical

properties of the nugget should be characterized in order to have a detailed plasticity

model of all spot weld zones of the material presented in this chapter.

For this purpose, micro tensile specimens specially designed to have nugget ma-

terial in the gauge zone are loaded up to fracture [15, 16, 58, 100]. The obtained

force-displacement curves of these tests are compared with those obtained from non-

welded specimens of the same geometry. Two specimen geometries are used, they

are named according to the loading conditions that they represent, uniaxial tension

(UT) and plane strain tension (PST). Figure 4.8 shows the geometries and the di-

mensions of both specimens that have been extracted from a previous Gumbsch et

al. work [101].

DETAIL A
SCALE 3:2  

(a) PST specimen.

DETAIL A
SCALE 3:2  

(b) UT specimen.

Figure 4.8: Reduced tensile tests specimens geometries. The small gauge zone where
high strains and fracture occur have fusion zone properties in the welded specimens.

4.3.1 Specimens production

In order to obtain fusion zone martensitic material in the gauge zone, where plastic

strains occur during loading, micro tensile specimens are extracted from welded plane

sheets. For this purpose, sacrificial coupons of 1.5 mm thickness are welded onto 130 x

60 x 1.5 mm coupons using the welding parameters depicted in Tables 4.3 for the t1 =

t2 = 1.5 mm thickness combination. The sacrificial plates are then carefully separated

with an electro discharge machining (EDM) wire, which is a suitable method for this

application, as the thin wire can get in between the two welded sheets and cut through
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4. Application in resistance spot welds of a hot formed steel

the hard nugget without damaging the surrounding HAZ. EDM is also used to cut

the coupons to produce the geometries of the UT and PST specimens. After the

extraction of the sacrificial coupons and cutting the specimens, they are ground on

both sides, in order to eliminate the electrode indentation, the irregularities of the

fusion zone surface and the AlSi coat. A thickness of 0.15 mm is ground from the side

of faying surface, and a 0.35 mm thickness is extracted from the electrode indentation

side. The resulting specimens have 1 mm thickness and no AlSi coating. A scheme

of the aforementioned procedure can be seen in Figure 4.9.

a b c

EDM

GrindingDETAIL A DETAIL B

A B

Spot 
weld

Blind sheet

BM

HHAZ

Figure 4.9: Scheme of the process followed to obtain the micro specimens.

[Scheme of the process followed to obtain the micro specimens, from left two right:
(a) Two plane coupons are welded, (b) The micro specimens are cut and the

sacrificial coupon is removed using EDM and (c) the micro specimens are ground.]

After the aforementioned procedure, a spot weld of around 6 mm diameter is

located in the center of the specimens. The shoulders of the specimens allow the

softened HAZ of the specimens to have a larger section. This then leads to strain

concentration and fracture only in the weld material during loading. Same specimens

of non-welded fully hardened material are tested. These coupons have the same ge-

ometry as the welded ones, and they are ground as well to obtain uncoated specimens

and the same thickness (1 mm). Five tests of each geometry are then performed to

check the repeatability.
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4.3. Characterization of nugget material properties

4.3.2 Mechanical tests

A 250 KN Zwick Roell universal material testing machine is used to load the specimens

with a small load cell of 10 kN. The extensions are measured using the DIC system.

A gauge length L0 = 4 mm is used for the PST specimen and L0 = 6 mm for the UT

specimens. These two points are situated on the sides of the zone where the plastic

strains are developed. The measured displacements between both points are used

for the force-displacement curves. These displacement’s measurements are performed

using a dedicated digital image correlation (DIC) algorithm.

Figure 4.10 shows the most representative force-displacement curves of welded

and unwelded specimens for both tested geometries. Similar results are observed

between welded and unwelded specimens for both geometries. Only slight differences

are observed in some tests in PST tests, probably due to sliding effects between

specimens and the clamping device. These results lead to the conclusion that the

plastic strain evolution is the same for those specimens with nugget material in the

gauge zone and those with fully hardened 22MnB5 base material. Consequently,

the assumption that BM, HHAZ, and FZ have identical mechanical properties (and

therefore same plasticity constitutive model) is validated. The same hardening curves

used for the fully hardened 22MnB5 base material can be used in the plasticity model

of the HHAZ and the FZ of the spot weld, during the detailed spot weld failure

modeling.
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(a) PST tests.
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(b) UT tests.

Figure 4.10: Reduced tensile 22MnB5 tests with and without weld material in the
gauge zone.
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4.4 Experimental loading tests of the joining

specimens

The experimental campaign introduced in Section 4.1 to evaluate the bearing capacity

of the joints are presented in this section. The production of the specimens as well as

the loading tests are explained in Section 4.4.1. The force-displacement curves of all

tested combinations are presented in Section 4.4.2. The main features are reported

in order to reproduce the exact boundary conditions during the FE modeling of spot

weld loading and francture. For this reason, a detailed analysis of the fracture of

these loading tests is given in Section 4.4.3.

4.4.1 Preparation of U-profiles and loading tests of welded

joints

U-profiles are used to produce the joining specimens of loading tests. These U-

profiles are extracted from flat sheets using a hot forming process where 22MnB5

with fully hardened grade properties is obtained. Five halves of the joining specimens

are extracted from each long U-profile using laser cutting technology.

Both halves of the joining specimens corresponding thicknesses are welded using

the procedure presented in Section 4.1.2. Then, the resulting joined specimens are

loaded using a universal Zwick Machine with a 250 kN cell. A device specially de-

signed for this purpose is used to apply the force from different loading angles. The

applied displacement velocities controlled by the Zwick machine are 10 mm/min for

normal tests, 5 mm/min for mix-mode tests and 2 mm/min for shear tests.

The displacements of both sides of the specimens are measured using DIC as

well as Zwick machine traverse measurements. DIC system allows measuring the

displacements directly in the specimen using images that are recorded during the

test.

4.4.2 Force-displacement curves

Figure 4.11 shows the shear tests force-displacement curves. Figure 4.11(a) displays

curves of the most representative test for each multiple thickness combinations. At

first glance, a strong dependency of the maximum forces on the thickness combination

is apparent. However, the curves of Figure 4.11(b), where tests with constant thick-
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4.4. Experimental loading tests of the joining specimens

ness combination and multiple weld sizes, show that the maximum force is extremely

sensitive to the spot weld diameter. Therefore, the maximum forces variation in Fig-

ure 4.11(a) is caused mainly by the differences in the spot weld diameter obtained

for each thickness combination (see Table 4.2). In addition, it must be noticed that

in Figure 4.11(b) the results of three tests for each weld size are plotted and have

high repeatable curves witch can be observed both for the maximum forces and the

loading curves shapes.

All the curves of Figure 4.11 are plotted using displacements measured by the

Zwick machine in the traverse. However, in Figure 4.11(a), the curves of two com-

binations (U08U15n and U15U20n) are plotted using the displacement measured by

DIC system in the clamping device, in other words the actual relative displacement

between both sheets. The DIC displacements are lower, because Zwick traverse also

measures the stretching of the machine and the small sliding displacement between

specimen and clamping device are included. For validation purposes of the FEM

model, the DIC measurement should be used.
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(b) Different spot weld diameters.

Figure 4.11: Force-displacement curves of shear tests for similar 22MnB5 joints.

The force-displacement curves of normal tests are shown in Figure 4.12. The

curves of the most representative test of each thickness’ combination are plotted in

Figure 4.12(a). Notice that the large measured displacements result from the sheet

bending around the weld during loading (see Figure 3.14(a)). This is the reason why

the slopes of the force-displacement curves increase with the thickness combination.

On the one hand, differences in the maximum forces are observed between the mul-
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4. Application in resistance spot welds of a hot formed steel

tiple sheet combinations. On the other hand, the loading tests results of joints with

different weld diameters (maintaining the thickness combination) are presented in

Figure 4.12(b). In this case, the curves of three tests are plotted for each welding

diameter. Slight differences can be observed between the tests of different weld sizes

regarding the maximum forces reached, however the differences are much lower than

in the case of shear tests. Some scattering can be observed for each weld diameter

regarding the onset of maximum forces. Notice that in the case of U15U15M, the

maximum forces are higher. However, take note of the strong force drop observed

earlier during loading. This force drop results from the first crack advance in the

joint, and it is considered the critical maximum force in this thesis. More details

about this phenomenon is given in Section 4.4.3. There are slight differences in the

loading slope and they are attributed to the low repeatability of the experimental set

up conditions.
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Figure 4.12: Force-displacement curves of normal tests for similar 22MnB5 joints.

Figure 4.13 shows the mix-mode tests force-displacement curves for multiple thick-

ness combinations specimens. In Figure 4.13(a) the results of three repetitions are

presented for each combination presenting high repeatability. Notice that in these

tests, the total applied displacements are a combination of displacements in both

directions, i.e. in parallel direction and normal direction. Consequently, the phenom-

ena that can be found for the both pure tests are observed. Due to the experimental

set up conditions, lateral displacements are not completely restricted. Therefore, the

lower resistance of the loading specimen to normal displacements (compare slopes of
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4.4. Experimental loading tests of the joining specimens

Figure 4.11 and Figure 4.12), the both sides the specimens tend to separate from each

other in the normal direction leading to lateral displacements regarding the 45 degrees

position (see Figure 3.4). These lateral displacements are experimentally measured

with the DIC device. In addition, the joints where one of the sheets is very thin, i.e.

t = 0.8 mm, present much lower maximum forces due to the lower weld diameter. A

low force drop can be seen in some curves in Figure 4.13(a). It derives from specimens

sliding from the grips, and it is not observed if the DIC displacements are plotted as

in Figure 4.13(b).
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Figure 4.13: Force-displacement curves of mix-mode tests for similar 22MnB5 joints
and multiple thickness combinations.

The influence of the AlSi coating on the loading and fracture response is presented

in Figure 4.14. Despite the differences observed in notch tip geometry (see Figure 4.2),

slight differences are observed in the force-displacement curves between coated and

uncoated sheets, both for normal and shear tests. The slightly higher maximum forces

presented in the shear tests are caused by the higher welding diameters obtained in

uncoated sheets, taking into account that the same welding parameters are used for

all specimens but the ausence of AlSi coating leads to higher melting current during

welding and consequently larger weld sizes. High scattering is observed in the onset

of crack forces for all normal tests. Therefore, unclear conclusions can be extracted

in these tests.

Finally, Figure 4.15 shows shear tests force-displacement curves of the same thick-

ness combinations (t1 = t2 = 0.8 mm) and welding parameters, but presenting dif-
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(b) Normal tests.

Figure 4.14: Force-displacement curves of tests with specimens of 22MnB5 with or
without AlSi coating.

ferent maximum forces. After a detailed observation of the failed experiments, it

has been found that those specimens with lower maximum forces are those with

welded splashes around the joint. This phenomenon can be explained when looking

the weld diameters. The joints with splashes present lower diameters, because some

melted material is expelled from the joint during welding. This lower diameter leads

to lower maximum forces due to the strong sensitivity of these tests to weld sizes.

Some splashes have been observed in the specimens on some normal tests, however

due to the low sensitivity to weld diameters in this kind of test no differences in the

force-displacement curves have been observed.
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Figure 4.15: Force-displacements curves of shear tests with and without welding
splashes. Lower maximum forces are obtained in those tests where welding splashes
were detected.
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4.4.3 Fracture analysis

Observing the force-displacement curves and fractured surfaces two fracture mecha-

nisms can be recognized in the tested welds: (i) brittle fracture through the nugget or

along the FZ boundary in shear and mix-mode tests, and (ii) ductile fracture through

the nugget in case of the normal tests.

An unstable crack advance that splits the nugget into two pieces after the onset

of the crack is observed in shear tests and it leads to brittle mode II failure of the

joint. A brittle surface can be observed after failure and the force-displacement curves

of the tests drops to zero drastically after crack nucleation (see Figure 4.11). The

same behavior can be observed in the mix-mode tests, with brittle force-displacement

curves and brittle failure surfaces. The shear component of the applied displacements

is predominant at this loading angle leading to mode II brittle failure.

In the case of normal tests, the crack advances in a stable way. First, weld

notch blunting occurs, followed by crack nucleation and finally crack propagation

(see Figure 4.16). After crack nucleation higher forces have to be applied in order to

propagate the crack through the material. The crack has in some cases a complex

three dimensional propagation path, as can be observed in the micro CT images of

the interrupted tests of Figure 4.17, following the weakest path in the FZ material.

This path depends on the specific FZ imperfections, leading to non-repeatability of

the failed spot weld final appearance. In some cases, the crack crosses the fusion

completely and in other cases it turns and advances until the outer surface of one of

both sheets (see an example in Figure 4.18). As a result, force-displacement curves

after the crack nucleation are not repeatable. From an industrial point of view, the

crack evolution is not critical, and the joint is considered to have failed after the crack

nucleation is signaled by the first force drop in the force-displacement curve.

Original weld notch Notch blunting Crack nucleation

Figure 4.16: Scheme of crack advance initiation in normal tests.
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(a) 2D image. (b) 3D image.

Figure 4.17: Micro CT photo of cross sectioned weld of an interrupted normal test.
A complex 3D crack propagation is observed.
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Figure 4.18: Differences in force-displacement curves of normal tests depending on
crack front advance path. During the test of the blue curve, the crack crossed the
nugget after the onset of the crack splitting the nugget in two parts and leading to
lower forces. However, in the test of green curve, the crack progation was different
on both sides of the nugget and could bear more up to the final collapse.

Independent of the fracture mechanism, the crack front propagation direction

determines the final appearance of the failed spot weld and the failure mode following

the clasificacion presented in Figure 2.9: (i) a fracture in the nugget boundary leads

to partial or total dome fracture mode (PDF-TDF), and (ii) a fracture through the

nugget leads to partial or full interface failure mode (PIF-FIF). For all cases, the

crack propagation is triggered by strain/stress concentration around the notch and

the only difference is the path followed by the crack front. In general, this direction

is determined by two factors, the loading mode and the local material properties.

In most cases, the crack front tends to follow the faying surface direction leading

to FIF and PIF failure mode. However, when one of the sheets is much thinner

than the other, this direction is very close to the nugget boundary. The nugget
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boundary has an extremely localized soft zone (see Figure 4.5 and [99]), and the

crack propagation follows this path leading to PDF or TDF failure mode. Both

types of crack propagation are presented in the failed cross-sectioned spot welds of

Figure 4.19.

2 mm PIF - Normal

2 mm TDF - Shear TDF - Normal2 mm

FIF - Shear2 mm

Figure 4.19: Cross sectioned spot welds of 22MnB5 joints. The first crack front
propagation depends on the sheet thickness ratio. This leads to a different failed spot
weld final appearance.

Joint code Shear Mix-mode Normal
U08U08n FIF - PDF FIF-TDF-BPO PIF-PDF
U08U15n PDF TDF-PDF PDF
U08U20n PDF -TDF TDF-PDF PDF
U15U15m FIF *** FIF
U15U15n FIF *** PIF-FIF
U15U15M FIF FIF PIF-FIF
U15U20n FIF FIF PIF-FIF
U20U20n FIF *** FIF

Table 4.4: Spot weld failure modes for each thickness combination, weld diameter
and loading mode of 22MnB5 joints.

The failure mode of all tests is presented in Table 4.4. It can be observed that

most of the joints show a FIF failure mode, only U08U15n and U08U20n joints present

PDF due to the high thickness ratio between the thicker and thinner sheet. It should

be noticed that in the case of U08U08n the failure mode variability is higher, because

the low dimensions make the imperfection of the weld get a higher importance during
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failure. Figure 4.20 shows multiple failed spot welds with a corresponding failure

mode, mode II is observed in all shear tests and mode I fracture in the case of normal

tests. Also, take note that weld solidification voids are observed in several cross

sectioned welds. These voids may reduce the bearing capacity of the joints.

(a) FIF - Shear test. (b) FIF - Normal test.

(c) TDF - Shear test. (d) PIF - Normal test.

(e) PDF - Shear test. (f) PDF - Normal test.

Figure 4.20: Cross-sectioned failed spot welds of 22MnB5 similar joints and corre-
sponding failure mode. The shear test spot weld can be seen on the left side and
all of these have a failure due to mode II fracture with different crack front advance
leading to multiple failure modes. On the right it can be observed the failed spot
welds of the normal tests where ductile mode I failure and this can be observed for
all cases.
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4.5 Model validation

The validation of the spot weld FEM model using the experimental tests shown in

the previous section is now presented. The features of the model related with the

22MnB5 joints are depicted in Section 4.5.1 and force-displacement curves obtained

from the simulations are compared with the experimental results in Section 4.5.2.

Finally, the obtained experimental and simulated maximum forces are compared in

Section 4.5.3.

4.5.1 Detailed model features of 22MnB5 joints

The numerical modeling features introduced in Chapter 3 are used to build up the spot

weld model: detailed 0.1 mm mesh to describe the weld geometry, detailed description

of the strain hardening plasticity model of the multiple weld zones and J-integral

evaluated at the critical section and direction of the weld notch. The geometry and

welding zones of the multiple tests presented in Section 4.1.1 are defined in the model,

for all the multiple thickness combinations and the welding diameters. The nugget

is defined as an oblate spheroid following the Eq. 3.5. The center is situated in the

middle point between both sheets, i.e., in case of both sheets of the same thickness

in the faying surface, and in the case of dissimilar thickness combinations at the

side of the thicker sheet. The corresponding HAZ dimensions for each diameter and

thickness’ combinations are introduced using a numerical parametrization inspired by

the hardening profiles presented in Section 4.2.3. The cylindrical hardness mapping

is applied using the piecewise defined function:

HV (r) =



HV N if r < rn

HV HHAZ if rn < r < rn + γ0 = r0

HV HHAZ − HV HHAZ −HV CHAZ

γ1

(r − r0) if r0 < r < r0 + γ1 = r1

HV CHAZ +
HV BM −HV CHAZ

γ2

(r − r1) if r1 < r < r1 + γ2 = r2

HV BM if r > r2

(4.1)

where the different dimensions are defined in the HV scheme of Figure 4.21. r is the

x-distance from the nugget central axis (see Figure 3.1). The HV refers to Vickers’
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4. Application in resistance spot welds of a hot formed steel

hardness values, and superindex HV N , HV HHAZ , HV CHAZ , and HV BM refer to the

nugget, hard HAZ, critical HAZ and BM. The values of the multiple parameters are

extracted from the hardness measurements of Section 4.2.3. rn represents the nugget

radio. The dimensions of the zones are set to γ0 = 1.25 mm, γ1 = 0.25 mm and

γ0 = 1.50 mm. Fully hardened 22MnB5 mechanical properties are applied for nugget,

HHAZ and BM following the conclusions extracted in Section 4.3.2. Therefore, the

hardness values are HV N = HV HHAZ = HV BM = 500 and HV CHAZ = 325. Notice

that the focus of this work is not the detailed characterization of these zones and

more detailed hardness profiles are explained in [18].

Distance from RSW center [mm]

[HV]
Nugget HHAZ SHAZ BM

500

325

Figure 4.21: Simplified hardness profiles used for the hardness-based constitutive
model of the welding zones. It is based on the experimental hardness profile presented
in Figure 4.5.

Also, the extremely confined soft zone that has been reported in the fusion zone

boundary represented in Figure 4.5 has not been introduced in the hardness profile

used for the weld zones modeling presented in Figure 4.21. The mechanical properties

drop of this confined zone cannot be characterized due to their tiny dimensions and

therefore cannot be modeled in the FEM model. However it may lead to a small reduc-

tion of the experimental maximum forces in joints with extremely different thickness

combinations.

68



4.5. Model validation

4.5.2 Force-displacement curves validation

Figure 4.22(a) shows the simulated force-displacement curves of shear tests, for joints

of multiple thickness combinations and different spot weld diameters. The curves

are plotted to the maximum forces extracted from Figure 4.22(b). In this figure,

the evolution of J-integral with the applied force has been plotted. The maximum

forces of the force-displacement curves are extracted from the intersection between

these curves and critical J-integral for mode II fracture (JIIC). The JIIC value is

set to 56 kJ m−2 as introduced in previous literature for a different steel (TRIP780)

with the same nugget martensitic hardness (500 HV) and therefore a similar fracture

toughness [10]. A strong sensitivity to the spot weld diameter for constant thickness’

combination can be observed for both types of curves (see combinations U15U15m

and U15U15M). In fact, all curves are more sensitive to the weld diameter than to

the thickness combination: the curves of U08U15n are similar to those of U15U15m

and the curves of U15U20n are similar to those of U15U15M because the diameters

of both pairs are very close (see Table 4.2). On the other hand, it can be observed

that the J-integral evolution curves are steep after some applied force value. For this

reason, the maximum force is not sensitive to the critical J-integral value.

The experimental results of two combinations are also plotted in the Figure 4.22(a),

considering the DIC measurements. A good agreement can be observed between the

experimental and simulated curves up to fracture.
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(a) Force-displacement curves.
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Figure 4.22: Simulation results of shear tests of 22MnB5 joints with the same thick-
ness combination and multiple diameters.
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4. Application in resistance spot welds of a hot formed steel

The simulated and experimental force-displacement curves of normal tests of two

different thickness combinations are presented in Figure 4.23(a). In this case the

agreement between experiments and simulations is lower in terms of displacements

due to unreliable boundary conditions. It can be explained by considering the high

sensitivity of the displacements to the boundary conditions during this loading test

as presented in Figure 4.24. The J-integral evolution is plotted in Figure 4.23(b)

for multiple thickness combinations and weld diameters and a higher dependency

on the thickness combination than in shear tests is observed. As opposed to shear

tests, neither the force-displacement curve nor the J-integral evolution curve have

high sensitivity to the spot weld diameter (see Figure 4.23(b)), as already observed

in the experimental tests. The critical forces are obtained with the intersection of

J-integral curve and critical J-integral. In the same way as in the shear case, this

critical value is obtained from previous literature, where the fracture of spot welds

in a TRIP780 steel was analyzed in normal loading conditions and JIC was set to

22.5 kJ m−2[17]. It must pointed out that J-integral-force curves are not as steep as

in the shear case. Consequently, sensitivity of the maximum forces to the critical

J-integral value in this mode I fracture (JIC) is higher.
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Figure 4.23: Simulation results for 22MnB5 joints of normal tests with multiple spot
weld diameters.

Force-displacement curves of simulation and experimental mix-mode tests are

shown in Figure 4.25(a). The simulations must introduce not only the applied dis-

placements in the vertical direction as boundary condition but also the lateral dis-
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4.5. Model validation

(a) Initial state. (b) Final state.

Figure 4.24: Front view of normal test. Small differences in the fix conditions would
lead to large differences in the displacements due to the variations in the bending of
the material surrounding the weld during loading.

placements experimentally measured. A good agreement can be seen between exper-

imental and simulated results. The differences in the displacements are a product

of the unriable boundary condition related to normal applied displacements. The

J-integral evolution is plotted in Figure 4.25(b) for different thickness combinations.

These curves are more similar to those observed in shear tests, i.e. they are steep

after some point and they are strongly sensitive to spot weld diameter. Mode II shear

fracture has been observed experimentally, consequently JIIC = 56 kJ m−2 is used as

critical value for the prediction of maximum forces.
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(b) Shear tests.

Figure 4.25: Simulation results for 22MnB5 joints of mix-mode tests with multiple
spot weld sheet thickness combinations.
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4. Application in resistance spot welds of a hot formed steel

4.5.3 Maximum forces validation

The maximum forces resulting from all the experimental tests and from the FEM

model followed the procedure presented in the previous section are presented in Fig-

ure 4.26. The results of the shear tests are presented in Figure 4.26(a). A good

agreement can be observed between the experimental and simulated results. The

small discrepancies, however, result mainly from an error in spot weld diameter mea-

surements and the variation of the weld sizes even for the same thickness combination

using the same set of welding parameters. In Figure 4.27 this strong sensitivity of

the maximum forces of the shear test to the weld size and its measurement errors

can be observed. The higher differences between experimental and simulated results

can be seen in the extreme combinations, such as in U08U08n and U20U20n. In the

case of U08U08n this underestimation is caused by the irregularities in the spot weld

geometry that have a greater importance with small sheet and spot welds dimensions.

In the case of U20U20n the lower experimental forces are consequence of the voids

observed in the weld nugget (see Figure 4.4).

Normal test results are presented in Figure 4.26(b). The forces of crack nucleatio,

i.e. the onset of crack, detected in the force-displacement curves were used as the

experimental critical forces as demonstrated in Figure 4.18. The simulated results

follow the trend of the experimental forces with a small underestimation for all cases.

Notice that for normal tests the higher scatter in the maximum forces is observed,

it results from the irregularities in the weld notch that have an influence on the first

crack nucleation during loading. The underestimation is probably attributed to the

low value of critical J-integral for mode I (JIC =22.5 kJ m−2) used in this thesis. This

value can be fitted more precisely to nugget material using independent experimental

tests. However, the results will not improve significantly and this characterization is

beyond the scope of this thesis.

Finally, mix-mode test results are presented in Figure 4.26(c). A good agreement

can be observed between experimental and simulated forces. Notice that in these

tests, the shear component of the applied displacements determines the mode II

fracture, therefore the errors in the nugget measurements introduce the errors in the

maximum forces calculations in the same as the shear tests.

The same simulated results for all tests types are plotted in Figure 4.26(d) using

a common scale. It can be seen that shear test forces are much higher than in normal

tests. As presented previously, the results of the mix-mode tests are closer to the
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Figure 4.26: A comparison of calculated and experimental critical forces of 22MnB5
joints. The experimental forces are plotted with error bars representing the standard
deviation considering the multiple tests used for each combination.

shear tests, due to the higher relevance of the shear component. Another result from

these simulated tests in that the increase of both sheets thicknesses sum corresponds

with an increase of the maximum forces. However, the reason is different depending

on each loading case. Figure 4.27 plots the results of both normal and shear tests

of sheets combinations with the same thickness and compares the maximum forces

depending on the weld diameter. In the case of shear tests, the maximum forces

variation results from the weld diameter variation that is related not only to the

thickness combination but also to the welding parameters. However, for normal

tests the sensitivity to the weld diameter is very low. The influence of the thickness

combination observed for these tests does not result from the weld diameter but

rather the sheets’ thicknesses due to different material bending around the weld and

the different crack front opening angle.
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Figure 4.27: Maximum forces represented as a function of the weld diameter in the
case of 22MnB5 joints. The experimental results are plotted with error bars for
the forces representing the standard deviation and error bars of welding diameters
considering the measurement errors of 0.2± mm. The colors indicate the different
thickness combinations.
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Chapter 5

Application in resistance spot

welds of a cold formed steel

The spot weld model presented in the previous chapters is further explained in this

chapter for joints of a different steel grade within the AHSS family, specially the dual

phase steel DP 980. This is a cold formed steel, with a dual phase martensitic-ferritic

microstructure extensively used in the automotive industry. More details of this steel

can be found in Section 2.2. Under the spot weld failure modeling point of view, the

different microstructure of this steel introduces a new material properties distribution

around the weld leading to different fracture response.

The same procedure followed in Chapter 4 for the 22MnB5 joints is followed here.

The test matrix used for the calibration and the validation of the FEM model is pre-

sented in Section 5.1. The geometry, dimensions and spot weld zones are analyzed

in Section 5.2. Following this analysis, the nugget material properties of this type of

joints must be characterized in order to complete the FEM model. This characteri-

zation is demonstrated in Section 5.3 using micro-tensile tests and an inverse FEM

optimization scheme. The experimental loading and fracture results of the welded

joints are presented in Section 5.4. Finally, the features of the spot weld model are

presented in Section 5.5 and the simulated results are compared with experimental

results with validation purposes.
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5. Application in resistance spot welds of a cold formed steel

5.1 Experimental validation campaign

The design of the test matrix follows similar criteria to those followed for the 22MnB5

joints in Section 4.1. In regards to the multiple thickness combinations, it is consid-

ered that the main geometrical features of spot welds have been already analyzed

for similar 22MnB5 joints in the previous chapter of this thesis. Consequently, only

one thickness combination is characterized in this chapter. The combination of two

of 1.5 mm sheets has been selected for this purpose. The weld size is considered

an important factor to analyze. For this reason, specimens are welded using three

different sets of welding parameters to obtain the maximum (dM), minimum (dm)

and nominal (dn) weld diameters, these parameters are presented in Table 5.2 and

the corresponding diameters obtained are given in Table 5.1. Notice that the welding

process of these joints have only one current pulse. All specimens are loaded using

the shear and normal tests following the scheme of Figure 3.4. The specimens with

nominal diameter (D15D15n) are loaded using the mix-mode tests as well.

Joint Sheet 1 Sheet 2 Diameter (mm)
Code Mat t1 (mm) Mat t2 (mm) Target Obtained

D15D15m DP 980 1.5 DP 980 1.5 dm < 5.5 5.10 ± 0.2
D15D15n DP 980 1.5 DP 980 1.5 dn = 5.5 6.10 ± 0.2
D15D15M DP 980 1.5 DP 980 1.5 dM > 5.5 7.20 ± 0.2

Table 5.1: Sheet and material thickness combinations and corresponding target and
obtained nugget diameter in similar DP 980 joints.

Joint Force (kN) Intensities (kA) Time (ms)
Code F I1 I2 tsq ts1 tf1 ts2 tf2

D15D15n 3.50 0.00 5.50 500 000 00 400 200
D15D15m 3.50 0.00 6.60 500 000 00 400 200
D15D15M 3.50 0.00 7.80 500 000 00 400 200

Table 5.2: Welding parameters for all thickness combinations and target diameters in
DP 980 joints. All weldings follow the scheme of Figure 4.1, without the first welding
pulse.
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5.2. Geometry and local material properties distribution of the spot welds

5.2 Geometry and local material properties

distribution of the spot welds

In order to characterize the material properties changes and the geometry resulting

from the welding process, the joints are analyzed following the same procedure already

presented in Section 4.2. The welds are cross-sectioned and a Vickers hardness is

measured with a line crossing the nugget from one sheet to the other.

Slight differences can be observed in the spot weld geometry of these DP 980

joints (presented in Figure 5.1) when comparing with 22MnB5 joints (represented in

Figure 4.2). However, the DP 980 spot welds present a sharper notch as observed

in Figure 5.3(f) due to the fact that Zn coating of this steel is thinner and does not

introduce the irregularities in the weld limits that are observed in the 22MnB5 joints

(see Figure 4.3).

Figure 5.1: Cross sectioned spot weld of DP 980 similar joints.

Figure 5.2 shows the hardness measurements and a scheme of the hardness profile

of a similar DP 980 joint. A hardness of 340-350 HV can be observed in the BM.

Continuing towards the weld center, a decrease of hardness values until 300 HV is

observed in the SHAZ. The hardness drop between BM and SHAZ hardness is much

lower than in 22MnB5 joints because the BM hardness of the latter ones is much

higher. Finally, around 400 HV are measured in the nugget and in the HHAZ. In

the boundary of the HHAZ higher values of hardness (almost 450 HV) are presented

due to the finer grain size in this zone. The lower hardness values of the fusion zone

when comparing with 22MnB5 joints nugget can be explained taking into account

that the martensitic hardness is strongly dependent on the steel carbon content [27].
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5. Application in resistance spot welds of a cold formed steel

The DP 980 steel has a lower carbon content than 22MnB5 (see Table 2.2 and Ta-

ble 2.2), therefore, its martensitic hardness is lower. The hardness profile can be

bettter explained when observing the micrographs of the multiple zones presented in

Figure 5.3.
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Figure 5.2: Vickers hardness profile of a similar joint of DP980 steel. Left side:
Hardness measurements of three different specimens welded with the same conditions.
Right side: Scheme of the hardness profile with the main weld zones.

Summarizing, for this type of joint, two regions can be considered from the mod-

eling point of view of material properties. Both FZ and HHAZ with pure martensite

microstructure, and on the other side the BM with dual phase microstructure. Micro

tensile tests are performed in Section 5.3.1 to characterized these zones. The soften-

ing of the SHAZ is considered negligible in these joints due to the low hardness drop

between FZ and SHAZ.
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Figure 5.3: Optical micrographs of multiple spot weld zones of a DP 980 joint. From
top left to bottom right: It can be seen that BM consists of a ferritic matrix with
dispersed martensite, with a great volume fraction of the latter and small presence
of ferrite. Microstructure show a slightly banded structure (banding aligned with
the rolling direction). The material of the so-called SHAZ has reached temperatures
bellow Ac1 leading to tempering of the martensite present in the BM and lower values
of hardness. As well as in the 22MnB5 joints, the FGHAZ and CGHAZ have suf-
fered complete reaustenization after being above Ac3. This austenite is transformed
again into martensite after the rapid cooling. The short periods of time above this
temperature produce the ultra fine grains of the FGHAZ leading to high hardness
values. Finally, predominantly needle-like martensitic microstructure is present in the
FZ, characterized by the columnar grains growing towards the center of the nugget
resulting from the melting process and rapid cooling.

5.3 Characterization of nugget material

properties

As presented in the previous section, the strain hardening behavior of BM and nugget

DP 980 joints must be characterized in order to complete the spot weld constitutive

model. The characterization of the BM can be performed following the classical

approaches using large coupons of raw material. A previous calibration of this mate-

rials hardening curves is used in this thesis. However, due to the small dimensions,

the parameters of the nugget material’s plasticity model must be calculated using a

different approach. In this thesis, the fracture criterion is not based on the plastic

strains, consequently a calibration of these curves extremely accurate is not needed,
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5. Application in resistance spot welds of a cold formed steel

therefore, only a first order approximation is applied. Plasticity model parameters,

such as the strain hardening curves of the fusion zone, are obtained from an inverse

FEM optimization procedure presented by Eller et al. [102]. In which the experi-

mental results of the micro tensile tests are compared with FEM simulations and the

parameters of the strain hardening curve are modified iteratively until reaching the

desired values.

5.3.1 Mechanical tests

The specimens are loaded with the Zwick machine using the same procedure presented

in Section 4.3. The obtained force-displacement curves are shown in Figures 5.4.

Unlike in the case of 22MnB5, some differences are observed between welded and

unwelded specimens’ curves. Slightly higher forces are reached in those specimens

with weld material in the gauge zone, however the fracture displacements are lower

in the welded specimens. The shape of the curves after the elastic part is not the

same for both specimen types, and they cross each other in the UT test case. These

phenomena can be explained by taking into account that both FZ and BM have

different microstructure as introduced in the previous section. The ferrite phases

of DP 980 BM gives it this more ductile behavior. However, the nugget material

is completely martensitic, and it is therefore more brittle. Much lower maximum

forces are reached in both cases when comparing with 22MnB5 tests presented in

Figures 4.10.

For these reasons, plasticity of DP 980 BM and the nugget material of the DP

980 welds is different. Consequently, the hardening curve of nugget material must

be calibrated. The classical transformation of the UT force-displacement curves into

true stress-strain plastic curve cannot be used in this case due to two reasons. It is

only valid up to the point of maximum uniform elongation, which is the strain at

which diffuse necking begins. Furthermore, the strain field is not homogeneous in the

gauge zone, therefore the hypothesis for calculating the strain-stress curve using these

specimens are not met. Consequently, a plasticity model is calibrated here using an

inverse FEM optimization scheme.
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Figure 5.4: Reduced tensile DP 980 tests with and without spot weld microstucture
in the gauge zone.

5.3.2 Plasticity model calibration

The main focus of this section is on calibration of the strain hardening behavior of

the DP 980 joints nugget material. An inverse FEM optimization scheme is used

in order to obtain the strain hardening curves parameters. It uses the experimental

force-displacement curves of the UT and PST tests presented in the previous section,

and compare them with FEM simulations where the parameters of the plasticity

model are changed iteratively to minimize a cost function. The simulation model

assumptions are presented in this section, then a cost function is detailed and finally

the obtained hardening curves are presented.

The simulation model represents the UT and PST specimens geometry using a 3D

mesh of 0.1 mm following scheme of Figure 5.5. It is calculated using VPS and based

in the same constitutive model used for the spot weld model that was presented in

Section 3.2. A simple von Mises yield criterion is used because a more complex yield

criterion is not necessary and would increase the computational costs. A previously

obtained strain hardening curve is applied to the BM and SHAZ. The parameters

of the strain hardening law of the FZ are fitted with this procedure. A Swift-Voce

hardening law is the most suited to fit the curve for small and large strains. This

law is the combination of power Swift law [103] and the Voce law [104]. The relation

between yield stress (σSV ) and effective plastic strain (ε̄p) is given by:
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5. Application in resistance spot welds of a cold formed steel

σSV = α ∗ (K(ε0 + ε̄p)
n) + (1− α)(σ0 +Q1(1− exp(−C1 ∗ ε̄p))) (5.1)

where K, ε0 and n are the parameters of the Swift law, σ0, Q1 and C1 are the

parameters of the Voce law following [105], and α is a mixing parameter for the

combination of both laws.

(a) PST specimen. (b) UT specimen.

Figure 5.5: FEM model of the specimens used for the plasticity model calibration
of the nugget material. The mesh is divided in two domains with corresponding
hardening curves, on one side the BM and SHAZ, and on the other side the FZ
along with the HHAZ. The FZ is defined with a cylindrical shape with a radius of
3 mm from the center of the specimen following the dimensions extracted from the
hardness profile of Figure 5.2. Double symmetry is applied to model the experimental
conditions and to avoid high computational costs.

To identify the model parameters of Eq. 5.1, the results of the simulations are

compared with the experimental results using a cost function. Similar to the approach

used by Eller [18], this cost function is defined by a weighted least-square deviation

between simulated and experimental force-displacement curves:

Y (X) = βYUT (X) + (1− β)YPST (X) (5.2)

in which β is a weighting factor, X=(K,ε0,n,σ0,Q1,C1,α) is the Swift-Voce hardening

parameters vector, and Y is defined as:

YUT (X) =
1

nF

NF∑
i=1

(
Fsim(di,X)− Fexp(di)

1
nF

∑nF
j=1 Fexp(dj)

)2 (5.3)

where nF is the number of sample points of the force-displacement curve and Fexp(di)

is the force at sample displacement di. The cost function is defined likewise for the
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5.4. Experimental loading tests of the joining specimens

plastic strain tension tests, YPST . The starting values of the parameter optimization

are extracted from a previous work [105].

The strain hardening curves obtained with the inverse FEM optimization scheme

are presented in Figures 5.6. They are compared with DP 980 base material curves.

For the small strains, presented in Figure 5.6(a), both curves have a similar shape,

with higher stresses obtained in the case of the martensitic fusion zone material.

However, when both curves are analyzed up to large strains (see Figure 5.6(b)), it

can be observed that they cross, the original dual phase base material reaches higher

forces at higher strains. The accuracy of the calibration is not important, due to the

fact that the material just reach a plastic strain in an extremely confined region close

to the notch tip when the joining specimens are loaded.
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Figure 5.6: Hardening curves obtained from the force-displacement curves using the
inverse FEM optimization scheme.

5.4 Experimental loading tests of the joining

specimens

The results of the experimental loading tests introduced in Section 5.1 are presented

in this section. The followed welding and loading methodology is the one introduced

for similar 22MnB5 joints in Section 4.4.1, i.e. the U-profile joining specimens are

welded and loaded at three different angles up to fracture.
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5. Application in resistance spot welds of a cold formed steel

5.4.1 Force-displacement curves

Figure 5.7(a) shows the shear test force-displacement curves of spot welds with three

different diameters. Strong sensitivity to the weld diameter can be seen in these

tests as already reported in the previous chapter for 22MnB5 similar joints (see Fig-

ure 4.11(b)). However, in this case the curves are not as brittle as the similar 22MnB5

joints, the force drop is not vertical after maximum force due to a stable crack prop-

agation after crack nucleation. In addition, the curves of three different tests are

plotted for each diameter showing high repeatability.

Figure 5.7(b) shows the force-displacement curves of the normal tests considering

three tests for each weld diameter. The typical curves related with not brittle fracture

already seen in Figure 4.12 for the 22MnB5 joints normal tests can be seen here. An

influence of the spot weld dimension on the onset of crack forces is observed. Another

important point is that the maximum forces are higher than those of 22MnB5 joints

of the same thickness combinations presented in Figure 4.12. The force-displacement

curves of the mix-mode tests are presented as well in Figure 5.7(b). This graph

only shows one tested thickness combination which was welded with an unique set

of welding parameters. Within all tests there was a good level of repeatability, as

well as a clear lineal behavior of the joint up to maximum force, when brittle fracture

occurs.
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Figure 5.7: Force-displacement curves of DP980 joints. Dot lines represent one test
for each combination in shear tests, where displacements where measure with DIC
device.
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5.4. Experimental loading tests of the joining specimens

5.4.2 Fracture analysis

The final appearance of the failed spot welds are analyzed to determine the onset of

crack. The same fracture modes detected in 22MnB5 joints are observed in the DP980

joints: All shear and mix-mode tests present a FIF mode with clear shear mode II

fracture surface as presented in Figure 5.8. This surface indicates that fractures starts

at the weld notch and cross the nugget splitting it into two parts.

(a) Shear test. (b) Mix-mode tests.

Figure 5.8: Top view of failed spot welds at Full Interface Failure mode of DP 980
similar joints.

However, normal tests present extremely irregular failed spot welds. A three di-

mensional crack propagation path has been seen in these joints beginning always

from the weld notch and causing the appearance of failed welds to present a singu-

lar geometries. Some failed joints show the common PIF fracture (see Figure 5.9(a)

and Figure 5.10(a)), where the spot weld material stays on one of the sides. Other

joints present a double button pull out failure (DBPF) appearance (see Figure 5.9(b)

and Figure 5.10(b)). In these joints crack front has advanced first from the notch in

the faying surface direction from both sides of the weld towards the nugget center,

however, at some point this direction changed and the crack continued outwards in

opposite directions for each side of both sheets. The direction that is taken by the

crack front depends on small inhomogeneities of the nugget material and is there-

fore not repeatable. For example, for the same thickness combinations and same

set of welding parameters different failed spot weld appearance have been noticed

at different test repetitions. These different crack front evolutions lead to a low re-

peatability of the force-displacement curves after the first onset of crack as observed

in Figure 5.7(b).
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5. Application in resistance spot welds of a cold formed steel

(a) PIF. (b) DBPF.

Figure 5.9: Cross sectioned failed spot welds of normal DP 980 similar joints.

(a) PIF. (b) DBPF.

Figure 5.10: Top view of failed spot welds of normal DP 980 similar joints.

The failure modes for all loading cases are presented in Table 5.3. As general con-

clusion, for all combinations the joint failure starts at the weld notch, even considering

the multiple failed weld appearance of the normal tests.

Joint code Shear Mix-mode Normal
D15D15m FIF *** PIF-DBPF
D15D15n FIF FIF PIF-DBPF
D15D15M FIF *** PIF-DBPF

Table 5.3: Failure modes for each thickness combination, weld diameter and loading
mode of similar DP 980 joints.
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5.5. Model validation

5.5 Model validation

The validation of the extended spot weld model is presented in this section. The par-

ticular features of the DP 980 joints that were characterized in the previous sections

are applied to the model in Section 5.5.1. The simulated results are compared with

the experimental ones in Section 5.5.2.

5.5.1 Detailed model features

The similar DP 980 joints are modeled using the same FEM model regarding the

constitutive model and the mesh description presented for similar 22MnB5 joints in

Sections 3.1 and 4.5.1. The only difference when comparing with the 22MnB5 joints

is the applied strain hardening curves for the multiple welding zones. Figure 5.11

shows a scheme of the material properties distribution applied for this type of joint

based on the hardness profiles depicted in Figure 5.2. For the BM with a dual phase

microstructure the properties of the DP 980 base material are considered. For the FZ,

the hardening curves obtained with the FEM optimization procedure in Section 4.5.1

are applied. The HAZ is divided in two parts: the hardness drop observed in SHAZ

is neglected and the strain hardening curve of the DP 980 BM is applied in this zone.

For the HHAZ with a martensitic hard microstucture, the a plasticity model of the

FZ is applied.

BM HHAZSHAZ

FZ

Figure 5.11: Schematic representation of the welding zones under plasticity modeling
point of view. The weld is modeled using two different hardening curves, one for BM
and SHAZ and a different one for HHAZ and FZ.

The J-integral is used as fracture criterion, based on the fracture analysis given

in Section 5.4.2. J-integral is evaluated in the critical section of the weld notch, and

in the faying direction, i.e. parallel to the sheet plane.
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5. Application in resistance spot welds of a cold formed steel

5.5.2 Force-displacement curves and maximum forces

validation

Figure 5.12(a) shows the simulated and experimental results of the shear tests consid-

ering multiple weld sizes. Both experimental and simulated curves present the same

shape and reach similar maximum forces, only some slight differences are observed

in the displacements due to measurement errors. Same critical J-integral for mode

II failure as in the similar 22MnB5 joints (i.e. JIIC = 56 kJ m−2) is used here to

calculate the maximum forces.

The same difficulties with reproducing the boundary conditions are observed in

Figure 5.12(b) for mix-mode tests. The maximum forces are well estimated, how-

ever the force-displacement curves are not fitted exactly due to the inexact repro-

duction of the lateral displacements observed in the real experiments. In the same

way as in 22MnB5 mix-mode test, mode II critical value of J-integral is used, i.e.

JIIC = 56 kJ m−2.
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Figure 5.12: Comparative between calculated and experimental force-displacement
curves of similar DP 980 joints. Notice that the discrepancies in the displacements
of the shear tests are caused by sliding of the specimen from the Zwick machine
clamping device that were corrected in the rest of tests presented in this work.

In the Figure 5.13(a) the force-displacement curves of the normal tests are plot-

ted. Some discrepancies can be seen in the displacements as in the case of 22MnB5

tests caused by the unreliable boundary conditions. However, if the same critical

J-integral is used as the 22MnB5 joints normal tests (i.e., JIC = 22.5 kJ m−2), then
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5.5. Model validation

the maximum force is clearly underestimated. A possible explanation is the different

fracture toughness between DP 980 and 22MnB5 nugget material due to the differ-

ences in the carbon contain. Previous works have reported a strong discontinuity

in fracture toughness of martensitic steels in the Vickers range of 400 to 500 [84],

this range includes, respectively the DP 980 and the 22MnB5 nuggets as observed in

Figure 4.5 and 5.2, and consequently their fracture toughness in mode I is different.

This martensitic nugget material fracture toughness variation leads to different higher

bearing forces.

In order to get an approximation of mode I fracture toughness, critical J-integral

is estimated by using an inverse engineering approach. This approach considers the

maximum forces obtained in the experimental normal tests, and intersecting this

value with the J-integral evolution curve in order to obtain the desired value. As a

first approximation, JIC = 53 kJ m−2 is considered the most adequate value, but it

must be pointed out that the maximum experimental forces presents high scatter,

leading to low accuracy in the obtained critical J-integral value.
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Figure 5.13: Experimental and simulated results of normal tests for DP980 joints.
Critical J-integral is obtained using inverse engineering from the experimental maxi-
mum forces. The scattering of the experimental force-displacement curves introduce
variation in the obtained critical value.

To extensively analyze the critical values of J-integral for mode I and mode II,

the experimental and the simulation maximum forces are plotted versus the weld

diameters of the joints. In the case of shear tests (see Figure 5.14(a)), all experimental

forces are predicted accurately using the same critical J-integral used for 22MnB5
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5. Application in resistance spot welds of a cold formed steel

joints. Strong sensitiveness to spot weld diameter can be observed and the slight

differences between simulation and experiments come consequently from the weld

diameter measurement inaccuracy.

For the normal tests, the Figure 5.14(b) shows lower weld diameter sensitivity

than the shear tests case both in the experimental and in the simulation results. As

presented in Figure 5.13, the critical J-integral mode I value presented for 22MnB5

joitns, i.e. JIC = 22.5 kJ m−2, and a value of JIC = 53 kJ m−2 fits the multiple

experimental values better. However, it underestimates the critical forces of larger

welds.
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Figure 5.14: Maximum forces represented as a function of the weld diameter in case
of DP980 shear tests. The experimental results are plotted with error bars for the
forces representing the standard deviation and error bars of diameter considering the
measurement errors of ± 0.2 mm.
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Chapter 6

Application in resistance spot

welds of two different steel grades

In the previous chapters of this thesis a spot weld FE model has been developed for

joints of two sheets of the same steel. However, resistance spot welds joining two

different steel grades can be usually found in a car structure. These types of joints

are analyzed in this chapter, considering the two steel grades presented in the the

previous chapters, the hot formed martensitic boron steel (22MnB5) and the cold

formed dual phase steel (DP 980).

A cognate approach to the one followed for the similar joints is presented in this

chapter. An experimental campaign considering multiple thickness combinations,

weld diameters and loading angles is designed in Section 6.1. The joints are ana-

lyzed in detail using cross sections in Section 6.2 in order to identify the geometric

features, the welding zones dimensions and the material distribution properties of

these types of joints. Following the same procedure presented for DP 980 similar

joints the calibration of the plasticity model parameters of the main welding zones

is done in Section 6.3. The experimental loading test results are presented in Sec-

tion 6.4. Finally, a comparison between experimental and simulated results is shown

in Section 6.5.
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6. Application in resistance spot welds of two different steel
grades

6.1 Experimental validation campaign

In order to analyze the influence of the sheet thickness ratio, three thickness com-

binations are used (see Table 6.1). In all cases the DP 980 sheet has a constant

thickness of 1.5 mm. There are three different thickness dimensions for the 22MnB5

sheets, a low value of 0.8 mm, a medium value equivalent of 1.5 mm and a maximum

value of 2.0 mm. Notice that the same thickness combinations have been analyzed for

joints of 22MnB5 sheets (see Table 4.2). The sets of welding parameters (depicted in

Table 6.2) are chosen to obtain the desired nominal weld diameters, dn. In specimens

with both sheets of the same thickness combination of 1.5 mm, three sets of welding

parameters have been applied to obtain multiple weld diameters.

Joint Sheet 1 Sheet 2 Diameter (mm)
Code Mat t1 (mm) Mat t2 (mm) Target Obtained

U08D15n 22MnB5 0.8 DP 980 1.5 dn = 4.4 4.80 ± 0.2
U15D15m 22MnB5 1.5 DP 980 1.5 dm < 5.5 5.00 ± 0.2
U15D15n 22MnB5 1.5 DP 980 1.5 dn = 5.5 6.50 ± 0.2
U15D15M 22MnB5 1.5 DP 980 1.5 dM > 5.5 7.00 ± 0.2
U20D15n 22MnB5 2.0 DP 980 1.5 dn = 5.7 6.20 ± 0.2

Table 6.1: Sheet and material thickness combinations and corresponding target and
obtained nugget diameter in 22MnB5 and DP 980 dissimilar joints.

Joint Force (kN) Intensities (kA) Time (ms)
Code F I1 I2 tsq ts1 tf1 ts2 tf2

U08D15n 3.00 3.00 5.10 1000 200 20 400 200
U15D15m 3.00 3.00 4.70 500 200 20 400 200
U15D15n 3.00 3.00 6.60 500 200 20 400 200
U15D15M 3.00 3.00 7.20 500 200 20 400 200
U20D15n 4.00 3.00 6.20 1000 200 20 400 200

Table 6.2: Welding parameters for all material, thickness and target diameter com-
binations in 22MnB5 and DP 980 joints.
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6.2. Geometry and local material properties distribution of the spot welds

6.2 Geometry and local material properties

distribution of the spot welds

Welded joints are cross sectioned in order to analyze the geometrical features and

the welding zones. Two of these cross sections are presented in Figures 6.2 following

the same procedure presented in Section 4.2.1. The observed spot weld geometry is

cognate to the one of similar joints showed in Section 4.2.2: The center of the fusion

zone is situated in the middle point of both sheets and the lighter stripes demarcate

the HAZ.

(a) U08D15n. (b) U20D15n.

Figure 6.1: Cross sectioned spot weld general view of not failed dissimilar joints.

The same hardness line measurements are carried for all the thickness combina-

tions depicted in Table 6.1, which use the same procedure presented in Section 4.2.1.

The hardness line starts from the DP 980 material, cross the nugget and finishes in

the 22MnB5 material. Figure 6.2(a) shows the hardness profiles of the three com-

binations. The shape of the profile is similar for all combinations. However, the

scattering in the values does not allow for a clear analysis of the values. An ideal-

ized scheme of the hardness line is presented in Figure 6.2(b) in order to clarify the

hardness zones. In between the hardness measurement points that are done at both

materials, the fusion zone values can be seen. These points have a constant hardness

value for each combination, that is in between the values of FZ hardness of similar

joints of both joined materials (see Figure 4.5 and Figure 5.2). The fact that the

FZ hardness is constant for all measurement points indicates that both material are

completely melted during the welding process. Although it is slightly appreciated

due to measurement scattering, it can be seen that in combinations with a higher

proportion 22MnB5 material, i.e., in which 22MnB5 sheet is thicker (U20D15), the

FZ hardness is slightly higher. This can be explained by taking into account that
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6. Application in resistance spot welds of two different steel
grades

the hardness value of martensite is strongly dependent on the carbon contain of the

steel. Consequently, the higher the 22MnB5 content in the mixed material of the

nugget is, the higher the amount of carbon is and consequently the hardness value

also increases.

It must be noted that a clear hardness drop can be seen in the nugget boundary

for some of the tested combinations. This hardness drop has been already reported

in the similar 22MnB5 combinations (see Section 4.2.3) and may be an indicator of

lower mechanical properties in a highly confined region surrounding the nugget.
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Figure 6.2: Hardness measurements of DP 980 and 22MnB5 joints with different thick-
ness combinations. The left side corresponds to DP 980 related material, including
BM and HAZ. The right side shows the hardness profile of fully hardened 22MnB5
HAZ and BM. Note that spot weld diameters are not the same for all combinations.

In conclusion, the material mechanical properties of the weld zones of dissimilar

joints can be extracted from the properties of the similar joints, which have been

already characterized in the previous chapters of this thesis. Only the mixed fusion

zone strain hardening behavior must be calibrated in order to define the detailed FE

model of the dissimilar joints. This procedure is presented in the next section.
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6.3 Characterization of nugget material

properties

In order to calibrate the hardening curves of dissimilar joints nuggets, it is necessary

to test of micro tensile welded specimens. The manufacturing and the results of these

mechanical micro tensile tests are presented in Section 6.3.1. A method to obtain the

hardening curves of the nuggets in dissimilar joints is presented in Section 6.3.2.

6.3.1 Mechanical tests

Micro specimens are manufactured with mixed weld material in the gauge zone in

order to evaluate the plasticity of nugget material. For this purpose, a similar pro-

cedure to that used in Section 4.3 is used in this chapter to obtain these specimens.

In this case, the sacrificial coupon is DP 980 material with 1.5 mm thickness. It is

welded onto a 130 x 60 x 1.5 mm coupons of 22MnB5 material using the welding

parameters of combination U15D15M on Table 6.2. The coupon specimens are re-

moved afterwards using EDM and the PST and UT geometries are cut in the 22MnB5

sheet. Therefore, the resulting specimens are constituted of 22MnB5 material and

have a mix nugget material in the gauge zone (see Figure 6.3). Five specimens of

both geometries are loaded following the process introduced in Section 4.3.2.

HHAZ

22MnB5 coupon

DP980 sacrificial coupon

Mixed nugget

SHAZ

After sacrificial coupon removing and grinding

Figure 6.3: Scheme of cross sectioned spot weld used for the nugget material char-
acterization of the dissimilar joints. A sacrificial DP 980 coupon is welded onto
the 22MnB5 coupon, after this sacrificial coupon is removed and ground, the mixed
nugget material (dark blue) remains in the center of the specimen.

Consistent repeatability can be observed on the force-displacement curves pre-

sented in Figures 6.4, in which the present section’s specimens are labeled as mixed

weld. The previously discussed micro specimen curves with welded material in the

gauge zone from similar joints are plotted as well in these figures. The same curve

shapes can be observed for all cases due to the martensitic microsture of the fusion

zones of all tested combinations. The increase of maximum force is related with
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the carbon contain of the different nugget materials, which was analyzed in the Sec-

tion 6.2. The lower is the carbon contain of the martensitic nugget material, the

lower is the ultimate strength of this material leading to a decrease of the reached

maximum forces.
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Figure 6.4: Reduced tensile tests with spot weld microstucture in the gauge zone
extracted from similar and dissimilar joints. Mixed weld indicates the results of
specimens welded with a DP980 sacrificial coupon as presented in Figure 6.3.

6.3.2 Plasticity model calibration

In order to obtain the plasticity model of dissimilar joints nugget material two ap-

proaches are proposed in this chapter: Either extracting it from the experimental

tests showed in the previous section using an inverse FEM optimization scheme al-

ready presented in Section 5.3.2, or using a interpolation mixed rule considering the

hardening curves in the fusion zones of welded joined materials.

First, the inverse FEM optimization scheme is used to obtain the strain harden-

ing curves of the nugget material from the force-displacement curves. FEM simulated

force-displacement curves of the PST and UT tests are compared with the experi-

mental results presented in the previous section. The FEM model is divided in two

zones. One of the zones has the properties of HAZ and BM of the similar 22MnB5

joints and the other zone has the properties of the mixed FZ that must be fitted.

The plastic model, i.e. the parameters of Swift-Voce law (see Eq. 5.1), of the second

zone are changed iteratively up to the point of fitting the experimental results. The
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6.3. Characterization of nugget material properties

obtained optimized hardening curves are presented in Figure 6.5. These curves are

compared with the hardening curves obtained for 22MnB5 and DP 980 nugget ma-

terial in the previous chapters of this thesis and previous works [18]. As expected,

the curves of the mix material nugget are approximately in the middle point between

both pure nugget materials. This phenomenon can be clearly observed for the small

strains in Figure 6.5(a), but a clear divergence can be found in the large strains in

Figure 6.5(b).

The second approach consists of calculating the hardening curve of the nugget

zone of dissimilar joints using the rule of mixtures, i.e. wighted mean of the nugget

hardening curves of the joined materials using the thickness ratio as a weighting

parameter:

σMIX
k (εp, xD) = xD · σDk (εp) + (1− xD) · σUk (εp) (6.1)

where σk indicates the strain hardening curve and the subindex D and U refer to

DP 980 and 22MnB5 material respectively. xD is the weighting parameter and is

calculated using xD =
tD

tD + tU
, where t indicates the sheet’s thickness. In the case

of joints with same thickness combination, the mixed curve is the mean of both

pure joint curves. The results obtained differ only slightly for small strains to those

obtained using the FEM inverse optimization as observed in Figure 6.5(a).
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Figure 6.5: Strain hardening curves of the weld nugget material for different steel
grades combinations.
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6.4 Experimental loading tests of the joining

specimens

The joints presented in Table 6.1 are loaded following the same procedure followed

in Section 4.4.1. Five repetitions are done for each combination.

6.4.1 Force-displacement curves

Figure 6.6(a) shows the force-displacement curves of the shear tests. The most rep-

resentative curve is plotted for each one of the multiple thickness combinations and

the weld sizes. Brittle fracture curves appear in almost all combinations (except for

U08D15n) as seen before in the previous chapters for all shear tests curves. U08D15n

presents a slightly different fracture mode that is detailed in Section 6.4.2. Similar

loading slopes are observed in all cases, the slight differences of tests U20D15n derives

from a measurement error. Analyzing the maximum force for each test reveals two

groups of curves, those of U08D15n and U15D15m, and those of U15D15n, U15D15M

and U20D15n. As with the material combinations presented in the previous chapters

the explanation for the appearance of these two groups is evident from the obtained

weld diameters of each combination (see Table 6.1). The first curves are related to

welds of less than 5 mm and the latter curves of those of more than 6.5 mm.
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(b) Mix-mode tests.

Figure 6.6: Force-displacement curves of shear and mix-mode tests for dissimilar
DP980 and 22MnB5 joints. DIC displacement measurments are considered in all
curves.
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6.4. Experimental loading tests of the joining specimens

In the same way that Figure 6.6(a) explains shear tests, Figure 6.6(b) shows

the force-displacement curves of the mix-mode tests. Five curves are plotted for

each combination presenting high repeatability. Linear loading curves up to brittle

fracture are observed in all curves. Again, the joints with larger diameters show a

higher maximum force (U15D15n and U20D15n).

The results or normal tests are plotted in Figure 6.7(a). Three curves are plotted

for each thickness combination. The curves have different slopes due to the bending

displacement of the sheet around the weld as observed in the similar 22MnB5 joints.

A significant lower maximum force is observed in the combination with a thinner

sheet, i.e. U08D15n. The force-displacement curves of normal tests with multiple

weld diameters are presented in Figure 6.7(b). While the sensitivity of the maximum

force to the weld size is not that high as in the shear tests case, slight differences

are observed. Notice that because the curves scatter these differences can be seen

only in a qualitative way. In summary, the obtained results for shear, normal and

mix-mode tests are comparable to those obtained for similar joints in terms of loading

and fracture response.
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(a) Different thickness combinations.

0 2 4 6 8 10 12 14
Displacement [mm]

0

2

4

6

8

10

Fo
rc

e
[k

N
]

U15D15m
U15D15n
U15D15M

(b) Different spot weld diameters.

Figure 6.7: Force-displacement curves of normal tests of dissimilar joints.

Finally, Figure 6.4.1 shows a comparison of the same loading tests applied in

joints of the material combinations tested in this thesis, with the same thickness

combination (two sheets of 1.5 mm) and a similar weld size, i.e. U15U15n with a

weld diameter of 5.00 ± 0.2 mm, D15D15m of 5.10 ± 0.2 mm, and U15D15m of

5.00 ± 0.2 mm. Similar maximum forces are observed for the three combinations in
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grades

the case of shear tests in Figure 6.8(a). One of the differences is the curves of similar

DP 980 joints show no brittle fracture, due to the stable crack advance. Furthermore,

the maximum force of similar 22MnB5 joint are roughly higher, however, it should

be noticed that the weld size and its inaccurate value may have an influence on this

different bearing capacity. Figure 6.8(b) shows the normal tests results. Lower onset

of crack forces are observed for the similar 22MnB5 joints. This is in accordance with

the fact that those nuggets with higher hardness, i.e. those where DP 980 material

is involved, have higher fracture toughness in mode I fracture mode.
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(b) Normal tests.

Figure 6.8: Force-displacement curves of joints with same thickness combination,
similar weld sizes and different material combinations.

6.4.2 Fracture analysis

The failure modes of all tested joints following the clasification of Figure 2.9 are

presented in Table 6.3. For shear and mix-mode tests FIF is observed in almost all

combinations (see example in Figure 6.9(a)). It leads to brittle failure curves and spot

weld brittle fracture surfaces. However, in the U08D15n joint, the crack front prop-

agation has surrounded the nugget leading to PDF mode as shown in 6.9(b). The

nugget has stayed attached to the thicker sheet, i.e. the DP 980 sheet. This attach-

ment is due to the proximity of crack tip to nugget top surface (see Figure 6.1(a)),

where lower extremely localized hardness values are measured as observed in Fig-

ure 6.2.

100



6.4. Experimental loading tests of the joining specimens

Joint code 00 deg 45 deg 90 deg
U08D15n PDF FIF PDF
U15D15m FIF *** FIF-PIF
U15D15n FIF FIF-PDF PIF
U15D15M FIF *** PIF
U20D15n FIF FIF PIF

Table 6.3: Failure modes for each thickness combination, weld diameter and loading
mode of dissimilar DP980 and 22MnB5 joints.

(a) FIF in U20D15n shear test. (b) PDF in U08D15n shear test.

Figure 6.9: Cross-sectioned failure spot welds of dissimilar joints shear tests.

In normal tests, the two failure modes are observed, TDF/PDF and PIF/FIF,

both presenting ductile fracture surfaces. For the combination U08D15n, clear PDF

is observed, the crack front propagates along the nugget boundary until some point

when it kinks and advances towards the outward surface of the thinner sheet (see

Figure 6.10(a)). Consequently the nugget stays attached to the DP 980 sheet. The

explanation for this fracture path is the nugget boundary confined soft zone in the

same way that for the shear tests case. In the case of similar thickness combinations

and small diameters, such as U15D15m, the crack propagates in the faying surface

direction up to the nugget center proximities where it kinks in some tests leading to

PIF. Either PIF or FIF appear in the failed joints depending on the crack kinking.

A clear ductile surface is formed in the faying plane as shown in Figure 6.11(a).

The remaining weld material stays in side of the dual phase material. For a larger

diameter, the fracture begins in the notch as well, and propagates in the faying plane

direction, however it kinks earlier and a greater portion of the welds stays on side of

the joints (see Figure 6.11(b)). This crack path gives a different final appearance of

the weld, similar to the BPO failure typical of the ductile steels, however they are

technically PIF where the rupture starts from the notch. Finally, in the U20D15n
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combination, the crack advances through the nugget in the faying direction and kinks

to the thinner sheet, i.e. DP 980 sheet. The remaining weld material stays on the

22MnB5 side (see Fig 6.10(b)).

(a) PDF mode. U08D15. (b) Mix of PDF and PIF modes.

Figure 6.10: Cross-sectioned failure spot welds of dissimilar joints normal tests.

(a) PIF in small diameter joints (U15D15m). (b) PIF in large diameter joints (U15D15M).

Figure 6.11: Top view of failure spot welds of dissimilar joints normal tests.

In conclusion, despite the fact of the dissimilar appearance of the failed joints, in

every case the crack is triggered by the weld notch stress concentration. Consequently,

the J-integral approach can be also applied in this case.
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6.5. Model validation

6.5 Model validation

6.5.1 Detailed model features

The same approach presented in the previous chapters for similar joints is applied

here for the dissimilar joints spot weld fracture modeling. The only distinction is the

differently applied plasticity zones characterization.

Under the modeling point of view, the dissimilar joints spot welds are divided in

three main zones, the zone related to the 22MnB5 sheet, the zone related to the DP

980 sheet and the FZ that is a mix of both materials (see Figure 6.12). The zones

related to the two joined materials are modeled with the same properties used for the

welding zones of the similar joints. However, the strain hardening of the fusion zone

is modeled using the mixing rule presented in Equation 6.1. Using the same model

set up of previous chapter, FEM simulations are performed. The simulated results

are used to calculate the J-integral as presented in the previous chapters.

BM HHAZSHAZ

FZ

BM HHAZSHAZ

Figure 6.12: Schematic representation of the welding zones of dissimilar joints under
plasticity modeling point of view. Grey zones refer to 22MnB5 material and blue
zones are related with the DP 980 material. The mix fusion zone is in the middle.

6.5.2 Force-displacement curves and maximum forces

validation

Simulated force-displacement curves of shear tests are plotted in Figure 6.13(a). The

maximum force of the simulations are from the critical J-integral evaluation using the

same critical value (JIIC = 56 kJ m−2) in the same way as the previous chapters. The

most representative curves of the two experiments are also plotted and the results of

the experiments and simulations correspond with each other.

Similarly, the force-displacement curves for mix-mode tests are presented in Fig-

ure 6.13(b). In this case, the same critical value of J-integral (JIIC = 56 kJ m−2)

is the value used for mix-mode and shear tests of every previously analyzed joint

of this thesis. The agreement of the curves is low in this case, because of the fact
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that the boundary conditions of the experimental test cannot be reproduced exactly.

However, the same trends followed by the experimental results regarding the loading

slopes depending on the thickness combinations can be observed in Figure 6.13(b).
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(a) Shear tests.
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(b) Mix-mode tests.

Figure 6.13: Comparative graph between force-displacement curves of dissimilar
joints. Notice that the experimental displacement are those of DIC system, that
have been measured in this case at the specimens.

The experimental and simulated force-displacement curves of normal tests are

presented in Figure 6.14(a). As in the normal tests presented for similar joints in the

previous chapters of this work, the slope of the experimental and simulated curves are

not identical due to the unreliable boundary condtions as explained in Figure 4.24.

In the same way as with the DP 980 similar joints, if JIC is set to 22.5 kJ m−2

as in 22MnB5 similar joints, the maximum forces obtained in Figure 6.14(b) are

clearly underestimated. It can be explained with the strong variation of the fracture

toughness (i.e. JIC) of martensitic steels in the transition from 450 HV values of the

dissimilar nugget to the 500 HV of the similar 22MnB5 nugget [84].

The maximum forces obtained with the FE model are compared in Figure 6.15

with the experimental maximum forces for all tested combinations. An excellent

agreement is achieved in the shear tests for all combinations. There two reasons for

the overestimation observed in the U15D15m combinations: the welding expulsions

in the failed spot welds and the uncertainty of the measured diameters. In order

to clearly identify the influence of the diameter measurement errors the maximum

forces are plotted against the weld diameter in Figure 6.16(a). These graphs also

consider the uncertainty of the experimental diameter measurements as a factor. The
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Figure 6.14: Experimental and simulated results of normal tests of dissimilar joints.

same conclusion can be applied to the underestimation of U20D15n joint forces. The

results of mix-mode tests are presented in Figure 6.15(c). There is a clear agreement

between the simulated and experimental results in all cases. The discrepancies in

U08D15n and U20D15n are explained by the diameter measurement errors.

For the normal tests forces presented in Figure 6.15(b), if the JIC = 22.5 kJ m−2

is used, there is a clear underestimation of the maximum force. For this reason, the

experimental critical forces along with the obtained critical forces obtained by simula-

tion using multiple critical J-integral values are plotted against the weld diameters in

Figure 6.16. A value of JIIC = 56 kJ m−2 seems to be the most suitable for maximum

force fitting. However, because of the uncertainties in the experimental maximum

forces and the set up conditions this value has to be taken with caution. Using this

value, the obtained maximum forces are plotted in Figure 6.15(b) as well leading to

better prediction. A clear overestimation can be seen in combination U08D15n. This

overestimation may be caused by the reduction of bearing capacity of this joint due

to the soft zone of the nugget boundary that is not introduced in the FEM model.

This soft zone triggers the fracture in these tests at the nugget boundary as presented

in Figure 6.10(a). As a quantitative conclusion, notice that because the critical J-

integral is higher in these joints, the sensitivity of the maximum force to the weld

diameter is higher than in the similar 22MnB5 joints because J-integral-force curves

are more separated when theJ-integral values are higher (see Figure 6.14(b)).

Both simulation and experimental maximum forces are plotted and compared
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(c) Mix-mode tests.
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Figure 6.15: Comparative graph between calculated and experimental critical forces
of dissimilar joints. Experimental results are represented with error bars showing the
standard deviation of the five tests performed for each combination.

in Figure 6.15(d) for all loading angles. The detailed FE model can estimate the

forces accurately in all cases. It can be seen as well, that with the loading specimen

configuration used in this thesis, a joint can bear a higher capacity in shear tests but

has a much lower bearing capacity in normal tests. The bearing capacity of mix-mode

tests are in between the other two, due to the influence of the phenomenon of both

pure loading cases.
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(a) Shear tests.
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Figure 6.16: Experimental and simulation forces at multiple diameters in dissimilar
22MnB5 and DP 980 joints. The experimental results are plotted with error bars for
the forces representing the standard deviation and error bars of welding diameters
considering the measurement errors of 0.2± mm. The colors indicate the different
thickness combinations. The lineal dependency of the maximum force with the weld
diameter appears in the shear tests, it can be seen that a small deviation in the weld
diameter of the FE model would produce significant differences in the maximum force,
0.1 mm error leads to 0.5 kN of maximum force difference.
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6.5.3 Influence in the results of unaccurte nugget plasticity

characterization

The results presented in Section 6.5.2 were acquired using the mix-rule introduced

in Equation 6.1 for the characterization of the nugget plasticity model, that is in-

terpolated from the similar joints nugget of the two welded materials. However, the

hardening curve of this zone obtained with this method diverges at large strains from

the curve obtained from the inverse FEM optimization procedure using micro welded

specimens with mix nugget material in the gauge zone as presented in Figure 6.5(b).

In order to analyze the robustness of the acquired results witch depend on the

nugget material plasticity characterization, the simulated results of the force-displacement

curves and J-integral evolution obtained with the two possible approaches are pre-

sented in Figures 6.17 and 6.18. In addition, the results of both tests appear to be

identical. These results can be explained by the large strains during weld loading

are confined to a small region close to the weld notch, therefore differences in the

characterization of this zone would not produce significant differences in the final

results.
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(b) J-integral evolution.

Figure 6.17: Simulation results of dissimilar shear tests depending on the method of
obtaining the nugget hardening curve.

Another important conclusion determined by these results is the strong stabil-

ity of the maximum force results obtained using the J-integral as fracture criterion

independent of the inaccuracy of the welding zones material characterization.
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Figure 6.18: Simulation results of dissimilar normal tests depending on the method
of obtaining the nugget hardening curve.
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Chapter 7

Model application in real vehicle

crash simulations

In the previous chapters, a detailed FEM model for predicting the bearing capacity of

RSW joints in AHSS sheets under out-of-plane loading conditions has been developed.

The failure model has been characterized and validated for joints involving sheets of

two different steel grades, a hot formed steel and a cold formed steel. Very promising

results have been obtained for all welded configurations taking into account that were

manufactured and tested with controlled laboratory conditions.

However, the presented model is still far from useful for full-vehicle crash simula-

tions because of two main reasons. On the one side, the high computational costs of

the detailed spot weld model are unaffordable for the full-vehicle crash simulations

with thousands of spot welds. On the other side, the model has been validated only

for a reduce amount of configurations and loading combinations, nevertheless in a ve-

hicle crash event thousands of spot welds of multiple configurations are loaded under

complex conditions.

This chapter discusses the differences between the spot weld simulated results

previously analyzed and the real spot weld response during a vehicle crash situation.

First, in Section 7.1 there is an analysis of sheets’ combinations that can be found in

vehicles structure and have not been considered in the previous chapters. The com-

plex loading conditions of joints during crash situations are analyzed in Section 7.2.

Finally, in Section 7.3 the geometry of the spot welds welding under laboratory con-
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7. Model application in real vehicle crash simulations

ditions is compared with the actual spot welds shapes that can be found in a vehicle

BiW of the production line.

7.1 Steel sheet combinations in vehicle structure

Only joints of two sheets of two different AHSS grades have been analyzed in this

thesis. However, in modern vehicle structure, there are spot welds involving multiple

steel grades as well as joints of more than two sheets. The most repeated welded

combinations in a vehicle structure that have not analyzed previously are presented

here, i.e. those involving ductile steels, those joining other AHSS grades and joints

of three sheets.

As presented in the Chapter 3 of this thesis, the spot welds that join a ductile

steel are prone to fail due to necking in the base material surrounding the joint with

a much lower mechanical properties than the weld nugget material (see Figure 2.5).

Therefore, the J-integral-based approach is not applicable in these cases. Never-

theless, failure would be predicted in the full-vehicle models by the strain fracture

criterion applied to the surrounding sheets of the joints modeled by shell elements in

the full-vehicle models.

Furthermore, to analyze welds of a different AHSS grade to those evaluated pre-

viously in this thesis the characterization procedure presented in Chapters 4 and 5 is

proposed:

1. A detailed analysis of the new material spot welds in order to identified the

main welding zones and to know which ones should be characterized.

2. A characterization of the strain hardening curves of the main zones using micro-

tensile tests or hardness-based characterization. Notice that a precise charac-

terization of these zones is not required.

3. A model validation using experimental normal and shear loading tests and the

characterized detailed FEM model. In order to obtain the critical J-integrals

both for mode I and mode II, independent characterization tests (such as the

standardized fracture mechanics test specimens [44]) are recommended. It

should be noticed that these specimens must be manufactured in such a way

that the crack propagation during testing occurs in the weld fusion zone. The

independent tests for JIIC characterization are specially recommended for the
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7.1. Steel sheet combinations in vehicle structure

normal tests due to the strong non linearity of the critical value depending on

the nugget composition and subsequent hardness.

In the case of dissimilar joints that weld a AHSS grade different from those already

presented in this thesis, the procedure from Chapter 6 is recommended, i.e.:

1. A characterization of HAZ and FZ using data extracted from similar joints

2. Obtaining the strain-stress curves of the mixed weld nugget using the rule of

mixtures based on the hardening curves extracted from the similar joints.

Finally, the joints at which three sheets are connected can be treated as two

separate spot welds under the modeling point of view. Usually in a real vehicle BiW,

the more repeated combination regarding AHSS sheets is a joint of two high strength

sheets with a ductile steel thinner sheet at the external part (see Figure 7.1). In

these cases, during real vehicle crash situations it is experimentally observed that the

structure welded joints failure occurs mainly because of the necking of the surrounding

ductile steel material. This failure would be detected by the sheet fracture-strain

criterion in full-vehicle simulation. However, in order to predict the bearing capacity

of the joint at the two AHSS sheets side, a J-integral approach should be applied

in the corresponding notch. Theoretically, the same aforementioned procedure for

a new material should be followed, i.e. characterization of the similar joint nugget

material of each one of the three steels and the use of the rule of mixtures in order to

obtain the plasticity of the mixed nugget. Nevertheless, as a first approximation the

calculation of the bearing capacity of the two AHSS sheets joint can be treated as an

isolated joint. It must be treated as a joint with the corresponding diameter and the

properties distributions of the spot weld without taking into account the influence of

the ductile steel.

Spot weld

Ductile steel

AHSS

AHSS AHSS

AHSS

Ductile steel

AHSS

Figure 7.1: Scheme of cross sectioned spot weld joining three sheets. These joints
can be modeled as two separate joints.
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7.2 Loading conditions during crash situations

The detailed spot weld model was validated by applying three different loading an-

gles to the joints in order to test the fracture response. However, in a real vehicle

crash situation the structure joints are loaded at complex loading conditions. For this

reason, isolated welds are usually experimental tested at different angles (e.g. using

KS-II at 60◦ and 30◦ ). However, it must be taken into account that the total ap-

plied displacement can be divided in normal and tangential components and normal

direction has much lower resistance due to the material bending (see Section 3.8).

Consequently, the applied displacement in 30◦ and 60◦ directions lead to a strong

resistance related with the tangential component. This higher resistance in tangen-

tial direction leads to predominant mode II failure in these tests. Consequently, to

simulate these mix-mode tests using the present detailed model, JIIC is recommended

unless pure normal displacements are applied. On the contrary, for the peeling tests

and normal tests, there is no tangential component applied to the weld, therefore the

mode I is dominant and JIC is recommended.

7.3 Differences between idealized and actual spot

welds

The joints presented in this work have been welded in ideal laboratory conditions

and those joints with clear visible imperfections have been rejected to validate the

model. However, in an actual automobile structure, imperfections and irregularities

can frequently be seen in the resistance spot welds. Some of these irregularities are

permitted by the welding norm if their dimensions are under some limited values for

quality level. Some of these imperfections are micro-cracks in the nugget or in the

heat affected zone, pores in the nugget, porosity, metallic or oxidic inclusions, lack

of fusion, welding splashes leading to pressed out material, asymmetric nuggets, and

nugget penetration depth too small or excessive gap between sheets. Figure 7.2 shows

a scheme of some of the imperfections accepted by the norm.

All these imperfections lead to the fact that geometry of an actual spot weld in a

car structure may differ for the idealized geometries of the weld used in this thesis.

For example, an irregular geometry of a spot weld from a real car structure can be

seen in Figure 7.3. Likewise, some imperfections in the base material mechanical
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Small penetration depth Assymetric nugget

Contraction of sheet thickness Lack of fusion

Figure 7.2: Sketch of some welding irregularities permitted by the welding norm [1].

properties are permitted in the norm for the structural sheets, particularly in the

case of hot formed steels. As an example, hardness values of less than 450 HV are

permitted for some zones of the sheets due to the stamping conditions.

Figure 7.3: Cross section of a spot weld extracted from a car body of the production
line. The irregular geometry is caused by electrode misalignment during welding.

All these imperfections may reduce the bearing capacity of joints when comparing

them with the results of the detailed finite element model presented in this thesis.

The quantification of this reduction of the bearing forces is extremely complex and

must be done using an stochastic analysis. This analysis is beyond the scope of the

present thesis. r
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Chapter 8

Conclusions

Current full-vehicle crash simulations rely on very simple elastic beam models for

resistance spot welds. In the case of AHSS, failure of the joints is critical. The

spot welds are assumed to fail when a certain bearing capacity is reached. A very

extensive and expensive campaign is needed in order to characterize the bearing

capacity of the joints depending on the geometry of the weld (and thus welding

conditions), the loading angles, the thickness and steel grade of the AHSS sheets,

among other parameters. The main objective of this thesis is to alleviate the cost of

the experimental characterization campaign by developing a detailed finite element

model to reproduce the experimental characterization tests of spot welds in AHSS

and determine the bearing capacity of the joint with enough level of accuracy. This

bearing capacity is the only joint failure parameter that is fed to the full-vehicle

crash simulations regarding the thousands of joints present in a vehicle. The model

has been validated against experiments for multiple possible combinations of sheets’

thicknesses, loading conditions and material grades based on the automobile crash-

relevant structural components.

Based on preliminary results of a spot weld model it was concluded that it is

necessary to have a detailed description of the weld geometry using a fine mesh, to

introduce the right material mechanical characterization of the welding zones and an

adequate fracture criterion. The bearing capacity of the joints has been estimated in

the simulations of this thesis using an energetic J-integral-based fracture criterion.

This criterion has the advantage of being extremely robust, not too sensitive to the

unavoidable small variability in the geometry and the material properties of the welds.
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8. Conclusions

In addition, it is simple to implement and to use. The model returns curves of J-

integral values versus force. By simply intersecting these curves with a critical value

(a mechanical parameter for the joint material) an estimate for the bearing capacity

of the joint is obtained, the critical value of the J-integral depends on the fracture

mode.

The model has been applied to joints in the hot formed martensitic boron steel

fully hardened 22MnB5, then to joints in the cold formed dual phase steel DP980 and

finally to joints between both steel grades. The procedure followed in all cases is to

compare the results of the detailed finite element model with those obtained with the

experimental loading tests. On one side, the corresponding hardening curves of the

welding zones are applied to the spot weld model and with the FEM simulation re-

sults, the J-integral is evaluated to obtain the maximum forces. On the other side, the

joints are experimentally tested using different configurations and the experimental

maximum forces are obtained.

In the case of fully hardened 22MnB5 spot welds, the calibration of the hardening

curves of the different welding zones obtained from a previous work [18] has been

used for the model. Furthermore, micro-tensile tests have been peformed in order

to check that the plasticity of the martensitic nugget is the same as the fully hard-

ened 22MnB5. Multiple experimental loading tests have been carried out to validate

this model, considering different sheets’ thickness combinations, spot weld sizes and

loading modes. From these experiments, important conclusions have been extracted.

The fracture begins in all cases from the weld notch. However, two fracture modes

with corresponding spot weld fracture surfaces have been distinguished. On one side,

ductile fracture curves and surfaces have been observed in the joints loaded in the

normal tests where mode I failure occurs. On the other side, brittle shear fracture and

associated brittle force-displacement curves are observed in both shear and mix-mode

tests, which fail under mode II. Two critical J-integral values extracted from previous

works are used in the simulations in order to obtain the critical forces, one for mode

I (i.e. JIC) and a different one for mode II (i.e. JIIC) [5, 6, 10, 17]. The experimental

and simulated results exhibit good agreement in almost all analyzed cases using the

proposed model. The observed discrepancies are mainly attributed to imperfections

and mechanical phenomena in the actual welds that are very difficult to model, such

as welding defects, voids or a extremely localized soft zone around the fusion zone.

For the validation of the model for DP 980 joints, a similar procedure has been
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applied. Several experimental loading tests of spot welds of different sizes and loaded

at different angles have been performed in this case as well. In these experimental

tests, the same failure modes of those of 22MnB5 joints have been observed. Small

differences have been detected when comparing with 22MnB5 joints: On one side,

a stable crack advance after maximum force is observed for the shear tests; on the

other side the kink of crack propagation direction for some normal tests leads to

different final failed spot weld appearance. Regarding the detailed spot weld model,

the hardening curves of the martensitic weld nugget were not available. These curves

have been obtained in this thesis from micro-tensile tests of welding specimens using

an inverse FEM optimization procedure. These hardening curves, along with those of

the base material already available, have been introduced in the spot weld model to

perform the simulations where the J-integral is evaluated. The obtained maximum

forces present very good agreement with the experiments for shear and mix-mode

tests when using the same JIIC value as in the 22MnB5 joints. However, when JIC

value of 22MnB5 joints is used for normal tests of DP 980 steel joints, the maximum

forces are underestimated. A higher JIC value has been proposed, in accordance with

previous works where this value depends on the hardness value of a martensitic steel.

These differences in the hardness values have been observed between the nuggets of

22MnB5 and DP 980 welded joints due to the different carbon contain of both steels.

Lastly, the model has been validated for dissimilar joints, i.e. joint where sheets

of both steels are involved. In this case, the experimental loading tests campaign

include different sheets’ thickness combinations, spot weld sizes and loading angles.

The same fracture modes observed in similar joints have been detected in this case.

Furthermore, regarding the detailed model apart from the already available plasticity

parameters of both BMs and HAZ, the model should be completed with the hardening

curves of the homogeneous mixed fusion zone, where neither data nor a procedure to

obtain them were available. Consequently two methods have been proposed to obtain

the hardening curves: to apply the rule of mixtures using the hardening curves of the

nugget of both 22MnB5 and DP 980 joints and to perform micro-tensile tests along

with the FEM optimization procedure (as introduced for DP 980 weld material).

Both approaches presented similar results and the rule of mixture is recommended

for future works because of the simplicity. The maximum forces obtained with the

spot weld model using these curves exhibit good agreement with the experimental

results for shear and mix-mode tests using the same JIIC of 22MnB5 and DP 980
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8. Conclusions

similar joints. However, for the same reason as in the DP 980 joints (the martensitic

nugget carbon contain), a higher JIC than for 22MnB5 joints is proposed to reproduce

correctly the maximum forces of normal tests.

The extracted conclusions have been analyzed for other joints configurations that

can be found in a full-vehicle structure. The obtained information about spot weld

failure in joints of AHSS with the present work will be very useful in the future for a

better vehicle structure development. The most important conclusions are the strong

sensitiveness of the joints to the weld size under shear loading conditions, the reason

of the lower bearing capacity of the joints when the weld notch is loaded in normal

direction and the reduction of spot welded joints maximum forces in the case of weld

imperfections such as voids or splashes.
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Appendix A

Implementation of the J-integral

calculation in the FE framework

As presented in Chapter 3 of this thesis, the detailed modeling of resistance spot weld

fracture must be done using elastic-plastic material models using a criterion to asses

the stress concentration around the weld notch. The contour J-integral introduced

by Rice is usually used for the characterization of fracture in theses cases [78]. The

J-integral was initially presented for a two-dimensional, planar, cracked nonlinear

elastic body, using the small-strains assumption and neglecting internal body forces.

The Rice J-integral is given by

J1 =

∫
Γ

[
Wn1 − σij

∂ui
∂x1

nj

]
dS. (A.1)

Hereby Γ designates an arbitrary counterclockwise path drawn from the lower to the

upper crack flank (see Fig. A.1); n is the outward normal unit vector to Γ, W is the

strain energy density, σ the Cauchy stress tensor, u the displacement, and dS the

arc length increment along Γ. The subindex 1 in J refers to the evaluation of the

J-integral in the x1 direction.
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A. Implementation of the J-integral calculation in the FE
framework

Notch tip

Γ

x2

x1

Figure A.1: Crack front and J-integral coordinate system and arbitrary contour.

A.1 Evaluation of J1 using the equivalent domain

integral technique

In the present thesis, the J-integral is calculated from the results of the stress, strain

and displacement fields obtained from FE calculations. The form of the J-integral in

Eq. A.1 is poorly suited to numerical analysis. For this reason, it was expressed in

terms of an area integral and converted into a volume integral following the equivalent

domain integral (EDI) technique [2, 94, 95]. In addition, the deformation theory

of plasticity, as exposed by Anderson [44], can be applied under the conditions of

proportional loading. Considering all these statements, the J-integral is evaluated in

a three dimensional cracked body after applying the divergence theorem in Eq. A.1

and introducing an arbitrarius but continuous function (it is known as s-function and

is explained in Section A.1.3). Therefore J-integral is evaluated following the next

equation:

J1 =
JS + JW + JA

f
, (A.2)

where f is evaluated from s-function. The different terms are defined by

JS = −
∫
V−Vε

(
W

∂s

∂x1

− σij
∂ui
∂x1

∂s

∂xj

)
dV, (A.3)

JW = −
∫
V−Vε

[
∂W

∂x1

− ∂

∂xj

(
σij

∂ui
∂x1

)]
s dV, (A.4)
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A.1. Evaluation of J1 using the equivalent domain integral technique

JA =

∫
A1+A2

(
Wn1 − σij

∂ui
∂x1

nj

)
s dA, (A.5)

Vε and V refer to cylindric domains surrounding the crack front. Vε and V have

both the same axys that is tangent to the crack front line. Vε is defined in order to

avoid computing terms in the vicinity of crack front due to the numerical issues of

FEM solution related with the notch tip singularity. A1 and A2 are the both lateral

surfaces of a domain defined as V − Vε as presented in Fig. A.2. The different terms

are evaluated in the present work as follows.

Figure A.2: Integral 3D domain around the notch tip. Surfaces, volume and s-
function definition. Taken from [2].

A.1.1 Evaluation of JS using finite element values with one

integration point

V − Vε is a volumetric domain that can be subdivided into a finite number of finite

elements, therefore Eq. A.3 can be written as

JS = −
∑

elements

{JSelement} . (A.6)
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A. Implementation of the J-integral calculation in the FE
framework

Considering, the parametric representation of displacements and s-function

ui = NM uMi s = NL sL (A.7)

where NM are the ’shape’ functions, i is the direction of the crack-front coordinate

system and the superscripts M and L refer to the node number. And taking into

account the rules for volume integration in the finite element framework, Eq. A.3 can

be written for each element as

JSelement = −
∫ +1

−1

∫ +1

−1

∫ +1

−1

{
W
∂NL

∂x1

SL − σij
∂NM

∂x1

∂NL

∂xj
uMi S

L

}
(det(J)) dV

(A.8)

where det(J) is the determinant of the Jacobi matrix. This equation can be written

as

JSelement = −RL SL (A.9)

where SL is the value of s-function at each node and RL is defined by

RL =

∫ +1

−1

∫ +1

−1

∫ +1

−1

{
W
∂NL

∂x1

− σij
∂NM

∂x1

∂NL

∂xj
uMi

}
(det(J)) dV. (A.10)

Using the quadrature rule of finite elements implemented in the used VPS - MMM

code, the Eq. A.10 can be written as

RL =

{
W
∂NL

∂x1

− σij
∂NM

∂x1

∂NL

∂xj
uMi

}
(det(J))wp (A.11)

where wp is the weight corresponding to the Gaussian integration point at a point p.

A.1.2 Total strain energy density

In the evaluation of J-integral following the deformation theory of plasticity, the real

elastic-plastic material is treated as nonlinear elastic. Therefore, the total strains are

considered elastic. Therefore:

W = W e =

∫ εe

0

σ : dεe =

∫ ε

0

σ : dε =

∫ t

0

σ :
dε

dt
dt. (A.12)

A time discretization is applied to Eq. A.12 to obtain:
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A.1. Evaluation of J1 using the equivalent domain integral technique

Wn = W e
n =

n∑
i=1

[
σi + σi−1

2

]
: [εi − εi−1] = Wn−1 +

[
σn + σn−1

2

]
: [εn − εn−1]

(A.13)

where σ is the Cauchy stress tensor, εe is the total strain tensor (asumming that all

strains are pure nonlinear elastic) and n indicates the step.

A.1.3 s-function

The s-function is a mathematical artifact to evaluate the J-integral in a 3D domain.

It must be arbitrary but continuous in the computational domain, and it should have

a zero value in the A surface (external surface of domain V (see Fig. A.2) and a

non-zero value in Aε (that is the cylindrical surface of Vε, the volume of a small tube

around the crack front segment).

The s-function is defined in such a way that its value is 1 at the inner cylinder

(r =
√

(x2
1 + x2

2) = rmin where rmin is the radius of Aε) and 0 at the outer cylinder

(r = rmax where rmax is the radius of A) and at both sides of the integral domain

(A1 and A2). The defined function will be linear in r and x3 direction independently,

therefore:

s(r, x3) = s(r)s(x3), (A.14)

where:

s(r) =



1 if r ≤ rmin

rmax − tolS − r
rmax − rmin − 2tolS

if rmin < x < rmax

0 if r ≥ rmax,

(A.15)

where tolS is a tolerance value to ensure that at least some nodes of Aε have s = 1.

It depends on the mesh size, for the 0.1 mm mesh used in this work, the value of

tolS = 0.2 is recommended.

s(x3) =


DL
2
− |x3|
DL
2

if |x3| ≤ DL
2

0 otherwise ,

(A.16)

where DL is the high of the cylinders in Fig. A.2.
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A. Implementation of the J-integral calculation in the FE
framework

A.2 Evaluation of the second integral of Eq. A.2,

JW

It is possible to demonstrate that the second term of J1 is zero [93] following the next

procedure. Consider the next equality:

∂W

∂x1

=
∂W

∂εij

∂εij
∂x1

. (A.17)

IF deformation plasticity is assumed, then the total strain energy density is recover-

able, and consequently stresses have a potential, the components of the stress tensor

can be written as
∂W

∂εij
= σij. (A.18)

In addition, the momentum equation shown in Eq. B.2 leads to:

∂σij
∂xj

= 0, (A.19)

and thus, taking Eq. A.19 the next development can be done

∂

∂xj

(
σij

∂ui
∂x1

)
=
∂σij
∂xj

∂ui
∂x1

+ σij
∂2ui
∂x1∂xj

= σij
∂2ui
∂x1∂xj

. (A.20)

Furthermore, assuming small strains theory

∂2ui
∂x1∂xj

=
∂εij
∂x1

(A.21)

Using all the previous equations it is obtained

∂W

∂x1

− ∂

∂xj

(
σij

∂ui
∂x1

)
=
∂W

∂εij

∂εij
∂x1

− σij
∂2ui
∂x1∂xj

= σij
∂εij
∂x1

− σij
∂εij
∂x1

= 0. (A.22)

Leading to the conclusion that second term of J1 in Eq. A.2 is zero.

A.3 Evaluation of the third integral of Eq. A.2,

JA

In Eq. A.14 s-funtion has been defined in such a way that its value is zero on both

sides of the domain (A1 and A2). If this s-function is used and applied to Eq. A.5,
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A.3. Evaluation of the third integral of Eq. A.2, JA

the value of s is zero in the integration surface domain. Consequently, with the right

choice of s-function, this third term is also zero.

JA =

∫
A1+A2

(
Wn1 − σij

∂ui
∂x1

nj

)
s dA =

∫
A1+A2

(
Wn1 − σij

∂ui
∂x1

nj

)
0 dA = 0.

(A.23)
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Appendix B

Reduction of quasi-static solutions

CPU Time in a explicit dynamic

code

VPS-explicit is a explicit dynamic code, therefore the solved equation during the

simulations performed in this thesis is

ρ0
Dv

Dt
−∇ · σ = 0 (B.1)

where ρ0 indicates the density of the material, Dv
Dt

is the material time derivative

of the velocity (v), σ is the stress tensor. However, due to the low accelerations

applied during the experiment, the analyzed problem is quasi-static, i.e. the first

term of Eq. B.1 is negligible when compared with the second term, therefore Eq. B.1

is equivalent to:

∇ · σ = 0. (B.2)

Consequently, there is no time-dependency in the numerical model. In other

words, the time of the simulation has no physical meaning.

In order to model the experimental conditions, the applied boundary conditions

were done using an applied displacement ramp from zero at the initial time to the

desired final displacement (dE) at the end of simulation time (tE). However, this ramp

introduces a extremely high acceleration in the first time step calculation producing

spurious waves. To avoid this, instead of applied displacement, constant acceleration
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B. Reduction of quasi-static solutions CPU Time in a explicit
dynamic code

boundary conditions are applied (time and therefore accelerations have no physical

meaning). With these new boundary conditions, the applied acceleration is controlled

at any time and no spurious waves are produced (see both results in Fig. B.1). The

applied acceleration (a) is obtained from the maximum desired displacement at the

end of simulation time, i.e. a =
2dE
t2E

.

0.00 0.05 0.10 0.15 0.20
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0

5

10

15

20
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rc

e
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N
]

Applied displacement b.c.
Applied acceleration b.c.

Figure B.1: Obtained force displacement curves depending on type of boundary con-
ditions.

Furthermore, the time step of explicit dynamic codes such as VPS explicit is

delimited by the CourantFriedrichsLewy condition [87] defined by:

∆t ≤ fsc ∗ [
h

c
] (B.3)

where ∆t is the stable time step, fsc is a scale factor to improve stability, h is the

smallest element dimension in the model, and c =

√
E

ρ
is the acoustic wave speed

where E is the Young’ modulus.

In order to avoid reduced time steps that would increase the computational costs of

large models, VPS code has two mass scaling parameters that let limit the time steps:

INITMASSSCALE and DYNAMASSSCALE. When the time step associated with an

element through Eq. B.3 is lower to the one given by the mass scaling parameters,

the code increses the time step by scaling up the density in the specific elements

that are contronlling the time step. Consequently, the code adds a non-physical mass

to these elements, that would not disturb the final results if the added mass is not

comparable with the initial model mass. INITMASSSCALE is related with the size of
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the elements of the undeformed mesh. DYNAMASSSCALE is related to the elements

of the deformed mesh.

Considering all these features, the different not physical terms are modified to

reduce computational time (tCPU). This time depends on the number of time steps

(nTS), that is:

nTS =
tE
∆t

(B.4)

where tE is the time of the simulation. To reduce nTS and consequently tCPU , one

option is to increase the ∆t, that is, increasing the limits of INITMASSSCALE,

and DYNAMASSSCALE. The threshold for this increase of ∆t is a too high added

numerical mass and therefore a too high non-physical density, that would make the

first term of Eq. B.1 of the same magnitude than second term. The second option is

to reduce the non-physical tE, however due to the relation between this time and the

applied accelerations, the first time of Eq. B.1 is also increased leading to a similar

threshold in terms of calculation time.
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et stratégies de prédiction dans le cas des tôles en acier pour automobile. PhD
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