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Abstract

Nowadays, ecological policy encourages carmakers to reduce the global vehicle weight. Fine
steel sheets assemblies with different thickness optimizing each part of the assembly are
used and steelmakers develop steels which are more and more resistant namely Advanced
High Strength Steel (AHSS) with a good compromise between mechanical strength and
ductility (stamping). During the mechanical tests of heterogeneous AHSS welding, unusual
fracture modes are observed, in particular along the interface between the Heat Affected
Zone (HAZ) and the Fusion Zone or molten zone (FZ). These fractures generally occur
with lower strength than expected for these welding.

The objectives of the study are to understand fracture mechanisms during mechanical
testing and create a mechanical FE model is developed to be able to predict mechanical
strength of the welded assemblies.

Firstly, a study of heterogeneous welding constituted of two well-known steel grades
of ArcelorMittal aims at understanding failure mechanism and parameters affecting the
failure modes. Different configurations are studied with thickness. FE model is built
with mechanical response identified of each zone (base materials, heat affected zones and
fusion zone), using ArcelorMittal models and experimental data. Failure criteria based
on ductile damage taking into account the influence of the triaxiality are used and some
cohesive elements are used to simulate interfacial failure. Two configurations of mechanical
testing in the case of Resistance Spot Welding (cross tension and tensile shear tests) are
considered. Model predictions were very accurate with experimental failure modes and
strengths.

Then, this FE modelling method was successfully applied to a highly heterogeneous
spot welding case including a new third generation low density AHSS concept with high
aluminum and manganese content. Failure modes and strengths obtained were compa-
rable. Moreover, FE modelling method was applied on more complex configurations, in
particular on a triple thick spot welded assembly. The robustness of the model to predict
partial failure modes and strengths of a triple thick spot weld has been demonstrated. In
addition, FE modelling methodology was extended to another welding type: arc welding.
In this case, two sheets are welded in ab overlap configuration with a filler wire. FE model
allows predicting the failure zone and strength of welded assembly.

Keywords: resistance spot welding, arc welding, dissimilar welding, automotive high
strength steel, cross tension, tensile shear, failure mode, ductile damage, FE modelling,
microstructure, low density steel, martensitic steel.
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Introduction

Nowadays, carmakers have to satisfy more and more drastic environmental standards.
These standards aim at reducing the vehicle greenhouse gas emissions, but also gas pro-
duced during car manufacturing. This policy leads carmakers to reduce the vehicle weight,
and particularly the body in white (BIW) which represents more than 70% of the total
car weight. Moreover, equally severe safety standards have to be taken into account to
guaranty user protection in case of accident. These two major issues lead carmakers to
develop new and stronger materials in order to lighten the structure on one hand and to
strengthen it on the other hand.

Carmakers are using thin steel sheets of different grades and thicknesses for joined
assemblies depending on their role in the structure. To do so, they develop new steel grades
with a good compromise between strength and ductility. Automotive High Strength Steels
(AHSS) development correspond to this requirement.

On the other hand, Resistance Spot Welding (RSW) is a widely used welding process
in the automotive industry, mainly for the assembly of body in whites (BIW). This process
exhibits many advantages: it is very fast, cost-effective, without any material added and
particularly adapted to steel which is the main material used in vehicle structures. On
average, a car contains between 4000 and 5000 spot welds.

Automotive High Strength Steels (AHSS) are more and more engaged in safety parts of
BIW because of their high mechanical properties and low density. Joining AHSS with more
conventional steels is a particular challenge for steelmakers but it allows to absorb large
amounts of energy in case of crash. Heterogeneous welding of two steel sheets with different
grades creates peculiar features in the weld, especially in the fusion zone microstructure,
on the weld geometry (nugget shift in resistance spot welding) and on the appearance of
brittle zones which could lead to easier weld failure with low strength.

The weldability of ferritic steels has been widely studied in the last decades and allows
to establish actual standards used in the automotive industry. The development of more
alloyed and technical steels like AHSS has raised many questions on the welding process.
AHSS spot welds are characterized by rather low strength and unconventional failure
modes such as partial interfacial or dome failures during cross tension and tensile shear
mechanical tests.

The goal of this PhD is thus to get a netter understanding of the behaviour of this
highly heterogeneous welds and to develop a modelling approach to permit the prediction
of the strength and failure mode of such welds.

In order to introduce the various concepts used in the experimental and simulation parts
of this study, chapter 1 of this manuscript is dedicated to a literature review. In a first
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Introduction

section, experimental aspects of welding and mechanical testing are being addressed. A
presentation of the studied steel family and welding processes is done. Then, mechanical
tests used to characterize welds and failure modes are presented. The state of the art
in terms of mechanical behaviour understanding for AHSS homogeneous as well as for
heterogeneous spot welds is presented. Finally, simple analytical models, then Finite
Element models for spot welded assemblies mechanical behaviour are introduced with
different modelling approach of failure.

In chapter 2, heterogeneous welding assemblies of Usibor1500 and DP600 AHSS are
studied. Base materials and their microstructures are characterized and the different
welding configurations are presented. The weldability of these steel grades is analysed and
their heat affected zones (HAZ) characterized. Then, the mechanical test results of these
welded assemblies are presented and more particularly their failure modes and strengths
in order to understand failure mechanisms. Finally, key parameters influencing the failure
mode and strength are discussed.

Chapter 3 of the manuscript focuses on the highly heterogeneous welding assembly
of DP600 with a Duplex steel (low density ferrite-austenite concept under development).
Steel making, metallurgical concept, microstructures and mechanical properties of Duplex
steels are presented. Then, the weldability of Duplex steels with DP600 steel are studied.
A fine characterization of HAZ and fusion zones of the welded assemblies is carried out in
order to identify the zones whose mechanical behaviour needs to be discretized. Lastly,
failure modes and strengths of welds are discussed.

In chapter 4, a Finite Element (FE) methodology for spot weld mechanical testing
is presented. First, zones discretization is explained based on micro-hardness tests and
microstructure observations. Elastic-plastic behaviour identification procedure and duc-
tile damage criterion are described. Cohesive zone implementation to predict interfacial
failure is also presented. Then, a comparative study between experimental and simulated
results of failure modes and strengths is carried out in the case of heterogeneous weld-
ing (Usibor1500/DP600 spot welds). Finally, a comparative study in the case of highly
heterogeneous assemblies (Duplex/DP600 spot welds) is also presented.

Chapter 5 focuses on the limitations and potentialities of the model described in the
chapter 4. Solver influence is firstly presented. Then, a parametric study is carried out to
highlight the mesh size and boundary conditions influence. FE model potential is discussed
by presenting two extended cases of modelling. Triple sheets assemblies of Usibor2000 and
DP780 steels are presented by comparing experimental and simulated failure strengths and
modes on the whole welding range. Subsequently, the FE model is extended to another
welding process: namely arc welding. Usibor1500 arc welds are modelled and compared
to experimental results.
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1.1 Generalities

Steel has for long been the material of choice for carmakers worldwide. The use of steel has
allowed automotive manufacturers to achieve desired standards of strength and safety for
their vehicles at relatively low costs compared to other materials. However, reducing the
weight of automobiles has become an extremely important consideration for carmakers. To
achieve this goal, steel makers developed new steels with imposed mechanical properties
and lower weight but they have to assemble them to others grades. Resistance spot
welding (RSW) is a joining process for metal sheets where opposing forces and current
are applied on several steel sheets. Resistance spot welding is the predominant joining
process in automotive industry for assembling automotive bodies and large components.
Typically, a car body contains about 5000 spot welds joining two or more sheets of different
thicknesses [RIV 04].
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1.1.1 Steels for automotive industry

1.1.1.1 Automotive steels

Automotive steels can be classified in several different ways. One of them is a metallurgical
designation providing some process information and giving three main product groups:

• Conventional ferritic automotive steels for stamping: Interstitial Free (IF), Al-killed,
• Mild steels: High Strength Low Alloyed (HSLA), Bake Hardening (BH), Isotropic

steels (IS),
• Automotive High Strength Steels (AHSS) : Dual Phase (DP), Transformation In-

duced Plasticity (TRIP), Twinning Induced Plasticity (TWIP), Press-Hardening
Steels (PHS), 3rd generation (high strength high formability HSHF, quenching and
partitioning Q&P, etc...).

The balance between strength and elongation of flat steels for automotive application
is collected on the figure 1.1.

Figure 1.1: Formability of flat steels for automotive application [KEE 04].

The first group contains two main concepts: Mild steels, low strength Interstitial-Free
(IF) steels. Mild steels have an essentially ferritic microstructure. IF steels have ultra-low
carbon levels designed for low yield strengths and high work hardening exponents. These
steels are designed to have more stretchability than Mild steels. Some grades of IF steels
are strengthened by a combination of solid solution elements, precipitation of carbides
and/or nitrides, and grain refinement. A common element added to increase strength is
phosphorous (a solid solution strengthener). The higher strength grades of IF steel type
are widely used for structural applications.

The second group is globaly represented by four main concepts: High Strength Low
Alloyed (HSLA), Bake Hardening (BH), Isotropic steels (IS) and high strength Interstitial-
Free (IF) steels. HSLA steels are strengthened primarily by micro-alloying elements con-
tributing to fine carbide precipitation and grain-size refinement. BH steels have a basic
ferritic microstructure and are strengthened primarily by solid solution strengthening. A
unique feature of these steels is the chemistry and processing designed to keep carbon in
solution during steelmaking and then allowing this carbon to come out of solution during
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paint baking. This increases the yield strength of the formed part. IS steels have a basic
ferritic type of microstructure.

The last group is the more famous: one Automotive High Strength Steels (AHSS).
It contains many steel concepts: Dual Phase (DP), Transformation Induced Plasticity
(TRIP), Press Hardened Steels (PHS), Twinning Induced Plasticity (TWIP), Ferritic-
Bainitic (FB), Martensitic (MS). Since the metallurgy and processing of AHSS grades
are somewhat novel compared to conventional steels, they are described here to pro-
vide a baseline understanding of the link between their remarkable mechanical properties
and their processing. Advanced High-Strength Steels (AHSS) are complex, sophisticated
materials, with carefully selected chemical compositions and multiphase microstructures
resulting from precisely controlled heating and cooling processes. Various strengthening
mechanisms are employed to achieve a range of strength, ductility, toughness, and fa-
tigue properties. These steels have been designed to exhibit light weight and to meet the
challenges of today’s vehicles for stringent safety regulations, emissions reduction, solid
performance, at affordable costs.

The AHSS family includes Dual Phase (DP), Ferritic-Bainitic (FB), Martensitic (MS),
Transformation-Induced Plasticity (TRIP), Hot-Formed (HF), and Twinning-Induced Plas-
ticity (TWIP). These first and second generation AHSS grades are uniquely qualified to
meet the functional performance demands of certain parts. For example, DP and TRIP
steels are excellent in the crash zones of the car for their high energy absorption. For
structural elements of the passenger compartment, extremely high-strength steels, such
as Martensitic and boron-based Press Hardened Steels (PHS) result in improved safety
performance. Recently there has been increased funding and research for the develop-
ment of the "3rd generation" of AHSS. These steels provide on improved strength-ductility
combinations compared to present grades, with a potential for more efficient joining ca-
pabilities, at lower costs. These grades will exhibit unique microstructures to achieve the
desired properties.

This work will focus on the welding of three AHSS concepts:
• Dual Phase (DP)
• Press-Hardened Steels (PHS)
• Duplex (3rd AHSS generation)

1.1.1.2 Dual Phase steels

DP steels consist of a ferritic matrix containing a hard martensitic second phase in the
form of islands. Increasing the volume fraction of hard second phases generally increases
the strength. DP (ferrite plus martensite) steels are produced by controlled cooling from
the austenite domain (in hot-rolled products) or from the two-phase ferrite plus austenite
phase (for continuously annealed cold-rolled and hot-dip coated products) to transform
some austenite to ferrite before a rapid cooling transforms the remaining austenite to
martensite. Due to the production process, small amount of other phases (Bainite and
Retained Austenite) may be present.

Depending on the composition and process route, steels requiring enhanced capability
to resist cracking on a stretched edge (as typically measured by hole expansion capacity)
can have a microstructure containing significant quantities of bainite. Figure 1.2 shows a
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Figure 1.2: Schematic microstructure of DP steel.

schematic microstructure of DP steel, which contains ferrite and martensite islets. Figure
1.3 shows a real microstructure of a DP600 after Nital 1% chemical etching and heat
treatment to reveal the interganular martensite (blue). The soft ferrite phase is generally
continuous, giving these steels excellent ductility. When these steels deform, strain is
concentrated in the lower-strength ferrite phase surrounding the islands of martensite,
creating the unique high initial work-hardening rate (n-value) exhibited by these steels.
The work hardening rate combined with the excellent elongation creates DP steels with
much higher ultimate tensile strengths than conventional steels of similar yield strength.

Figure 1.3: Microstructure of DP600 steel using Nital 1% reagent and 250 ◦C annealing
for 2 hours (Ferrite is pink phase, and martensite is blue one).

The DP steels hardenability is ensured thanks to carbon, manganese, silicon, chromium,
molybdenum, vanadium or nickel. Different DP steels exist following the chemical compo-
sition, controlling the ferrite fraction. Moreover, DP steels high grades have precipitates
which contribute to hardening. These steels allow a lightening of automotive products by
their high mechanical resistance (figure 1.4).

1.1.1.3 Press hardened martensitic steels

The implementation of press-hardening applications and the utilization of hardenable
steels are promising alternatives for optimized part geometries with complex shapes and
no spring back issues. Boron-based hot-forming steels (between 0.001wt% and 0.005wt%
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Figure 1.4: Formability of DP steels for automotive application [KEE 04].

boron) have been in use since the 1990s for body-in-white construction. A typical minimum
temperature of 850 ◦C must be maintained during the forming process (austenitization)
followed by a cooling rate greater than 50 ◦C s−1 to ensure that the desired mechanical
properties are achieved. The final microstructure of Hot Formed (HF) steel is similar to
Martensite. Stress-strain curves after quenching are similar to martensitic (MS) steels.
The MS steels are characterized by a martensitic matrix containing small amounts of fer-
rite and/or bainite. Within the group of multiphase steels, MS steels provide the highest
strengths, up to 2000 MPa ultimate tensile strength (figure 1.5). MS steels are often sub-
jected to post-quench tempering to improve ductility, and can provide adequate formability
even at extremely high strengths.

Figure 1.5: Formability of MS steels for automotive application [KEE 04].

Usibor1500 (22MnB5 as received before press hardening) belongs to this family. Due to
full martensitic microstructure (figure 1.6), its mechanical strength is very high (∼1500 MPa).
Usibor1500 and 22MnB5 are hot formed grades intended for use in automobile structural
and safety components like front and rear bumper beams, door reinforcements, windscreen
upright, B-pillar reinforcements or floor and roof reinforcements.

The very high mechanical strength of the final part enables to achieve weight savings
of 30 % to 50 % compared to conventional cold forming grades. The main advantages of
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Figure 1.6: Microstructure of Usibor1500 (22MnB5) boron steel using Nital 1% reagent
(fully martensitic).

Usibor1500 and 22MnB5 are:
• Ability to achieve complex geometry in both the direct process (forming in austenitic

state) and the indirect process (good cold formability). Their very good hot forma-
bility makes it possible to offer steel solutions that integrate several functions (elim-
ination of reinforcement parts and assemblies).

• Total absence of spring back.
• Uniform mechanical properties obtained in the part.
• High fatigue strength (Usibor1500) and impact resistance, allowing substantial weight

reduction

1.1.1.4 Third AHSS generation: Duplex

The third and last type of AHSS concept is under development and belongs to the 3rd

AHSS generation. The current aim in the development of 3rd generation steels for au-
tomotive applications is to increase strength keeping at least the same formability (High
Strength High Formability HSHF). Several concepts like carbide free bainite, medium
manganese steels or others could bring an important reduction in the weight of vehicles.
Driving forces for these developments are strict European Union regulations concerning
CO2 emissions for the coming years and also alternative materials. However in this phi-
losophy there is a hidden limit dictated by structural rigidity concepts. Therefore an
optimal concept would be one which brings a lower density, in addition to an increased
strength at iso-formability. This is the key issue behind the concept of Duplex lightweight
steels, a reduced density through aluminium additions. Duplex concept consists in adding
manganese (Mn) and aluminium (Al) to obtain a typical Duplex structure, austenite and
ferrite (figure 1.7).

An evaluation showed that Duplex steels is a very stable concept concerning process-
ing which could reach a lightening potential of 20 % in comparison to a DP600 at iso-
formability. This weight saving is obtained in two ways:

• Decreasing the steel sheet thickness by increasing mechanical properties of Duplex
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Figure 1.7: Typical Duplex structure; gray phases are austenite and blue phases are ferrite
[BAR 14]

compared to DP600
• Reducing the steel density by adding light alloying elements (e.g. aluminium). How-

ever there are still several challenges to solve before these grades could be available
on the market.

1.1.2 Resistance spot welding

1.1.2.1 Principle

Developed by Pr. Thomson in 1877, Resistance Spot Welding (RSW) process is a low cost
welding technique predominantly used in automotive industry. For instance, a car body
has between 3000-5000 spot welds. It is an appropriate welding technique for joining thin
sheets having a thickness varying from 0.5 mm to 4 mm [CAZ 89].

RSW has two advantages, it is a low cost and very fast process. Resistance welding
creates a joint welded by Joule effect by injecting a high intensity current (several kA
following materials and sheet thicknesses) between two or more steel sheets held in contact
by two electrodes (principally copper alloys, Cu-Cr, Cu-Zr or Cu-Cr-Zr). The supplied
heat leads to the formation of a molten nugget, which solidifies when the current is stopped.
The heat produced H during the process is defined by:

H =
∫ t0

0
R× I2dt (1.1)

where R is the sum of resistances (Ω) encountered in the system, I is the current
intensity (A), t0 is the phenomenon duration (s) and t is the time variable (s).

The typical encountered resistance is around hundreds of µΩ, and the applied voltage
is several Volts [ZHA 06]. The intensity current can be, either Direct Current (DC) or
Alternative Current (AC), and may be applied by specific welding cycles (alterning hot
and cold times).

A compression force is applied during welding process, ensuring the steel sheets clamp-
ing before current application and holding during and after the heating phase. This stress
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is around hundreds of daN, depending on the sheets thickness. A typical spot welding
cycle (figure 1.8) consists of four main stages [SRI 05]:

• The squeezing time: pressure is exerted via electrodes on the metal sheets in intimate
contact until the force becomes stable. In the ArcelorMittal laboratory, only the top
electrode is moving whereas the bottom electrode is fixed.

• The welding time: due to the current flow through the electrode tips and the pieces to
be welded an important amount of heat is supplied by Joule effect at the interface of
metal sheets. There are two steps in the welding time: firstly, the contact resistance
between the two sheets is the higher, that leads to a high Joule effect and supplied
heat at this location. Then the contact resistance highly decreases when temperature
increases. The released heat leads to the melting of metal sheets.

• The holding time: once the current stopped, the nugget solidifies whereas the pres-
sure is maintained. The heat is evacuated via the electrodes which are water cooled
via conduction in the steel sheets. The metallurgical phases quality and the spot
weld mechanical behaviour directly depend on the holding time.

• The electrode unloading: at the end of welding process cycle, the top electrode goes
up.

Figure 1.8: Different steps of the welding process.

Basically, a set of parameters are directly affecting the weld quality [SRI 05]:
• The pressure exerted by the electrodes, F (daN). Depending on the mechanical

behavior of the metal to be welded and also on the thickness of steel sheets, it
generally varies from 200 daN to 600 daN;

• The current intensity, I (kA) is a very important parameter, because it directly
influences the amount of heat generated by Joule effect as mentioned above. The used
intensity is either single-phase alternative current (AC-50Hz) or medium frequency
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direct current (MFDC-1000 Hz). The intensity current generally varies from 5 kA to
15 kA;

• The welding time (periods): generally it is about 10-50 periods for a 50 Hz frequency,
i.e. 0.2 s-1 s. Following the standards, it directly depends on the steel sheets nature
and thickness. In case of high sheet thicknesses or high mechanical strengths, the
current could be pulsed alternating between hot time (with current) and cold time
(without current);

• The holding time (periods) necessary for solidification and heat dissipation;
• The geometry of electrodes, often truncated cone shaped with an hemispheric active

face to control the contact surface size. Indeed, the electrodes have a major role
on three aspects: mechanical (process pressure), electrical (current), and thermal
(cooling).

1.1.2.2 Spot weld geometry

Figure 1.9 is a schematic representation of a spot weld cross section including electrodes
axis. The spot weld geometry generally shows three particularities:

• An assembly discontinuity;
• The presence of a notch root likely to induces stress concentration in case of me-

chanical load.
• Indents on external faces of the assembly due to electrode force.

Figure 1.9: Scheme of a spot weld cross section showing the molten nugget, the HAZ and
the base material.

Generally, three main zones could be described. The first is the molten nugget (or fusion
zone) corresponding to the zone where steel was liquid during process then was quickly
cooled down to room temperature. The molten nugget firstly solidifies at the nugget
periphery by germination of a solid phase then by growth of elongated grains (called
dendrites) along the normal direction of the solidification front. Nugget solidification
ends at the centre with the formation of equiaxed grains. Main solidification defects, like
shrinkage cavities, are located in this zone.

The second zone is the Heat Affected Zone (HAZ), corresponding to the zone where
initial microstructure was affected by the thermal cycle of the welding process. Usually,
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the heat affected zone is defined by a zone which underwent temperature from 700 ◦C up
to the melting temperature.

Finally, the last zone corresponds to the base material, where the microstructure has
not been modified by the welding thermal cycle.

The observed microstructures on a spot weld result from phase transformations under
fast heating and cooling conditions. Therefore, a microstructural characterization after
welding is only giving partial information on the thermal cycle undergone by the materials.
The three main parameters influencing the final spot weld microstructure are:

• The maximal temperature reached locally,
• the cooling rate,
• chemical composition of steel.
The heating and cooling rates during the welding process do not permit to use the

phase diagram to predict final microstructures in the spot welds. However, the phase dia-
gram is generally used to approximate the obtained microstructures. Zhang and Senkara
[ZHA 06] used the Iron-Carbon diagram to establish a correlation between the maximal
temperature locally reached during the welding process (Tmax) and the different observed
microstructures after welding (figure 1.10).

The cooling rate is the second main parameter affecting the final microstructure of spot
welds. It differs following the location in the spot weld and according the sheet thicknesses,
and is in the order of thousand degrees per second. In some cases, using thermocouples
wisely positioned around the spot weld allows to evaluate the cooling rate, but this can
interfere with the process.

Figure 1.10: Maximal temperature reached during the spot welding process as a function
of the position in the spot weld and related to the Fe-C phase diagram [ZHA 06].
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A finer decomposition of weld zones based on maximal temperature and the resulting
microstructure can be listed as follows (and summarized in table 1.1).

Zone Abbreviation Temperature
Fusion Zone FZ Tfusion < Tmax

Coarse Grain HAZ CGHAZ Ac3 � Tmax < Tfusion

Fine Grain HAZ FGHAZ Ac3 < Tmax � Tfusion

Intercritical HAZ ICHAZ Ac1 < Tmax < Ac3

Subcritical HAZ SCHAZ Tmax < Ac1

Table 1.1: Weld zones and the related maximal temperatures reached (Tfusion is the fusion
temperature).

• Fusion Zone (FZ): In this zone, the maximal temperature reached is higher than
the melting temperature of steel (Tmelting). The observed microstructure after cool-
ing is dendritic, coarse at the nugget centre and thinner at the nugget boundary.
Moreover, interdendritic segregation is generally observed. This zone is a mixture of
the two (or more) steel sheets.

• Coarse Grain HAZ (CGHAZ): This zone corresponds to the zone which reached
a maximal temperature between about 1100 ◦C and the melting temperature. During
welding time, austenite grain coarsening occurs providing an important hardenability
and quenchability to this zone. The observed microstructure after cooling is generally
martensitic and homogeneous.

• Fine Grain HAZ (FGHAZ): the maximal temperature reached is between about
Ac3 and ∼1100 ◦C. Following the Iron-Carbon phase diagram, austenitization is
complete in this zone. During welding time, the new austenite microstructure, in-
homogeneous and particularly thin, substitutes the initial one. After cooling, the
observed microstructure is generally a little bainitic and martensitic with limited
heterogeneities.

• InterCritical HAZ (ICHAZ): In this zone, the maximal temperature reached is
between Ac1 and Ac3. The partial austenitization (coexistence of α ferrite and γ
austenite) leads to important microstructure changes.

• SubCritical HAZ (SCHAZ): This zone corresponds to the zone which reached a
maximal temperature between about 600 ◦C and Ac1. Generally, no effect is observed
on the grain size, but some metallurgical changes can already occur depending on
the initial state. For martensitic steel, tempering can occur in this zone.

In the case of heterogeneous spot welding, the nugget may be asymmetric with respect
to the interface between the two sheets. The formation of the nugget is governed by three
main physical factors:

• bulk resistivity (R in Ω m),
• thermal conductivity (K in W m−1 K−1),
• melting point (Tliquidus in ◦C)
These three factors are strongly depending on the alloys composition. Consequently,

when the alloying elements content increases, the bulk resistivity also increases. Since the
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conductivity is the inverse of the resistivity, it will decrease.
Concerning the melting point, it decreases when the alloying elements content increases.

Therefore, the higher the difference in terms of alloying elements concentration between
the two pieces to be welded, the higher the difference between their melting points, bulk
resistivities and their thermal conductivities. As depicted in figure 1.11, the higher the
difference in alloying elements, the more asymmetric the nugget will be with respect to
the interface between the two sheets A and B. Hence, it is observed that the nugget is
shifted towards the most alloyed sheet as observed by Russo Spena [RUS 16] and Krajcarz
[KRA 10].

Figure 1.11: Influence of the difference of alloying elements concentration on the formation
of fusion zone.

Three cases can be distinguished:
• The melting starts at the interface A/B and the molten zone is homogenized due to

the convection phenomena;
• The fusion occurs firstly in the most alloyed sheet because of its lower melting point

and after in the second one;
• The fusion takes place only in the most alloyed sheet. Subsequently, the dissolution

of the sheet B by the liquid metal A occurs. Dissolution starts at the grain bound-
aries because of their high energy and inhomogeneity compared to the rest of the
microstructure [AHM 06].

1.1.2.3 Mechanical testing

There are many destructive tests to characterize spot welds as shown in figure 1.12. Cross
tension test and tensile shear test are commonly used in the automotive industry to char-
acterize the quasi static mechanical behaviour of spot welds. These tests allow to measure
the load needed to break a spot weld and observe the failure mode. The ultimate load at
failure is called cross tension strength (CTS) for the cross tension test and tensile shear
strength (TSS) for the tensile shear test. Note that despite the name, CTS and TSS are
“load” quantities (in Newton) and not stresses (load per unit area).
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Figure 1.12: Destructive tests on spot welds according to [NIS 82].

The geometry of these two tests (among others) are detailed in figure 1.12. In both
cases, three main failure modes are observed:

• The Button Pull-Out (BPO): one of the steel sheets fails around of the spot weld.
The sheet has a hole and the other one has a Button.

• On the contrary, failure could occur at the interface between the two steel sheets.
This is called Full Interfacial Failure (FIF).

• Between these two extreme cases, a small button surrounded by damaged area at
the sheets interface may be obtained. This failure mode is called Partial Interfacial
Failure (PIF). When Partial Interfacial Failure occurs, a Plug Ratio (PR) is defined
corresponding to the ratio between the button diameter (db) and the weld diameter
(dw) as shown in equation 1.2 and in figure 1.13.

PR = db/dw (1.2)

Thus, a PR equal to 0 corresponds to Full Interfacial Failure and a PR equal to 1
to Button Pull-Out. Intermediate values of PR correspond to Partial Interfacial Failure
(PIF).

Beyond these three main failure modes, the American Welding Society (AWS) has col-
lected a total of eight different failure modes, where Button Pull-Out (BPO) and Full
Interfacial Failure (FIF) are the two extreme modes [GOU 05]. The eight modes, repre-
sented in figure 1.14, are described as following:

• mode 1 failure: This is the Button Pull-Out (BPO) failure mode previously defined.
This has been the conventionally accepted failure mode for mild steels.

• mode 2 failure: defined as a partial-thickness fracture and partial-button pull. In
this mode, a button of at least 20% of the area is pulled from the opposing sheet.
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Figure 1.13: Schematic representation of the plug ratio in the case of Partial Interfacial
Failure (PIF).

The weld nugget shows no evidence of failure.
• mode 3 failure: also known as a partial-thickness fracture. Failure occurs in the

HAZ around the weld nugget, but not through the nugget itself. In some case, it is
related to Total Dome Failure (TDF).

• mode 4 failure: defined as a partial-thickness fracture, partial-button pull, and
partial-interfacial fracture in which the weld nugget partially separates.

• mode 5 failure: a Partial Interfacial Failure (PIF), partial-button pull, and a partial
weld nugget separation.

• mode 6 failure: a combined partial-thickness and Partial Interfacial Failure. It is
characterized by a fracture through at least 20% of part of the mating sheet thickness,
as well as weld nugget separation.

• mode 7 failure: this is a complete fracture of the weld nugget along the faying
surface plane. It corresponds to the Full Interfacial Failure (FIF).

• mode 8 failure: showing no fusion of the parent materials. This occurs when the
sheets separate and show no evidence of nugget formation.

Characterizing failure modes in this way allows them to be ranked in terms of severity
and provides a tool for analysing mechanical performance as a function of failure mode
severity. Once it is correlated with mechanical performance, this failure mode ranking
system can be used to assess spot weld quality in AHSS.

Only the mode 1, 5 and 7 are commonly observed on former steel generations, but
the use of multiphased steels produces more and more of the intermediate (and usually
undesired) failure modes (2, 3, 4, 6), even if the load bearing capacity of the spot welds
remain acceptable.

1.1.2.4 Weldability range

The weldability range represents the welding intensity current interval in which the spot
welds are acceptable. The acceptability of a spot weld differs according to the different
standards, but the most usual criteria are:

• welding/button diameter, a minimal diameter is generally imposed;
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Figure 1.14: Different failure modes identified by AWS [GOU 05].

• failure mode, a spot weld is often defined as acceptable when the failure mode is a
Button Pull-Out (BPO);

• spot weld strength, acceptable spot welds need to have a strength higher than a
critical value.

In the ISO 18278-2 (2004) standard [ISO 04], a minimal button diameter is imposed
(4 mm for sheets with a thickness under 1.3 mm and 6 mm for a thickness equal or higher
than 1.3 mm). Moreover, welding parameters (electrode diameter, electrode force, welding
time, holding time) are also set by the standard according to steel sheet thicknesses, UTS
and coating.

For given welding parameters, there is a minimal intensity to create a molten nugget at
the sheets interface. Below this intensity, steel sheets are not welded, but could possibly
be bonded by diffusion or by coating brazing. Above this intensity, during mechanical
tests (CTS or TSS), Full Interfacial Failure (FIF) is generally observed for low intensity.
When the current intensity increases, Button Pull Out (BPO) tends to be the main failure
mode [WIL 79] [FER 98].

When the button diameter reaches the minimal diameter given by standards, the min-
imal intensity for acceptable welding is identified and corresponds to the lower boundary
of the welding range (Imin). Later, when the intensity is increasing, there is a intensity
for which the nugget growth reaches the notch root producing liquid metal expulsion at
the interface because of the electrode force (also called splashing). This phenomenon de-
termines the upper boundary of weldability domain (Imax). The weldability domain is
illustrated in figure 1.15.

Other standards have different definitions of the minimal button diameter:
• dbmin = 4

√
e, following the Japanese Standards Association [JSA 89],

• dbmin = 5
√
e, following the American Welding Society [PET 06],

where e is the steel sheet thickness in mm.
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Figure 1.15: Welding range definition with the weld diameter according to Blondeau
[BLO 01].

1.1.3 Arc Welding

1.1.3.1 Principle

Arc welding is a welding process using a welding power supply to create an electric arc
between an electrode and the base material in order to melt the metals at the welding point.
The welding region is usually protected by some shielding gas. Arc welding processes may
be manual, semi-automatic, or fully automated. First developed at the end of the 19th
century, arc welding became commercially important in shipbuilding during the Second
World War. Today it remains an important process for the fabrication of steel structures
and vehicles, especially the Gas Metal Arc Welding process.

Figure 1.16: Schematic representation of arc welding according to Anderson [AND 01].

Arc welding in the steel industry mainly requires a filler wire to weld the two steel
sheets (see figure 1.16). During the arc welding process, almost the same zones as in spot
welding appear around the welding area. The three main zones are:

• fusion zone (molten zone or weld bead) which is a mixture of filler wire with molten
base material. The lower the fusion temperature of the base material the more the
base material is diluted (which may affect the fusion zone chemical composition and
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properties);
• HAZ modified by thermal cycle during welding process;
• base material with initial microstructure and mechanical properties.
There are five main parameters in the arc welding process, with varying influence on

the weld bead geometry. These parameters are:
• Current intensity and tension: it controls the weld bead size and its penetration in

the steel sheet. Welders generally refer to guidelines to estimate the right current to
use and adapt it depending of the welding geometry obtained. In fact it corresponds
to an welding energy;

• Distance between the electrode and the steel sheet: this distance directly affects the
energy quantity (heat) transmitted into the joint. The distance needs to be wisely
chosen to prevent spatter and energy loss;

• Torch angle: there are in fact two torch angles, the work angle and the travel angle.
The work angle is the angle between the joint cross section and the torch (ideally
90°, to transmit a maximum of energy into the joint). The travel angle is the angle
between torch and line of travel (around 10°, to give a better control of weld bead
penetration).

• Welding and filler speed: an optimal welding speed needs to be identified for arc
welding. If the torch move is too slow, the weld bead will be too large because of
molten filler wire quantity. Moreover, too much heat is going into the joint. On the
contrary, if the torch speed is to high, the weld size will be too small because of low
molten filler wire quantity brought.

• Gas nature: Usually used to protect the weld area from oxygen and water vapour,
different gas or gas mixture could be use for arc welding. The gas nature could affect
the weld quality by changing the number of inclusion in the weld bead. Shielding gas
composition has a high effect on the arc stability according to Gadallah [GAD 12].

Figure 1.17: Schematic representation of the five arc welding designs according to Minnick
[MIN 07].

The American Welding Society defines a joint as “the manner in which materials fit
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together”. Following this definition, there are five basic types of arc weld joints (figure
1.17):

• Butt joint;
• T-joint;
• Lap joint;
• Corner joint;
• Edge joint.

1.1.3.2 Mechanical testing

Generally, laboratory joints are welded in two types: butt and lap. These weld geometries
allow better mechanical characterisation by tensile tests. Weld joint are cut in several
samples with a constant width (between 25 mm and 50 mm).

Figure 1.18: Illustration of arc welding mechanical test: a) schematic representation and
b) picture of a sample in the tensile test machine.

In the case of overlap weld type, the tensile tests performed on arc welds are similar
to the TSS test of Resistance Spot Welding (RSW) however there is no symmetry. The
description of arc welding tensile test is illustrated in figure 1.18.

As in RSW testing, the load and displacement are recorded during the test until failure.
After the mechanical test, investigations are undertaken to identify the failure mode. As
in RSW testing, failure could occur in different zones of the weld (base material, HAZ,
fusion zone), implying different failure modes.

1.2 Mechanical behaviour of spot welds under quasi-static
loading

1.2.1 Spot weld behaviour

The AHSS weldability generally shows some particularities compared to ferritic steel weld-
ing because of the high strength of sheets, of their higher resistivity due to alloying elements
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and of their hardenability (brittleness of formed phases). The main consequence of these
particularities is that AHSS spot weld failure modes tend to partial or full interfacial
failure.

These particularities induce a modification of welding parameters, in particular an
increase of electrode force, an adjustment of welding and holding time to control the
thermal cycle and the use of pre and post treatments ([JON 81], [CHU 02], [SHI 04] and
[IIS 06]). These treatments could modify in particular the toughness or promote blunt
shape in the notch root limiting the stress concentration.

Gould and Workman [GOU 98] summarized the conditions favouring interfacial failure:
• High stress triaxiality, in particular when weld diameter is small;
• Brittleness of notch root and nugget microstructures (carbon content);
• Presence of cavities in the nugget periphery, preferential path of crack propagation.
The first condition is essentially related to mechanical consideration due to spot weld

geometry and loading type whereas the two others are closely related to steel grade (chem-
ical composition).

1.2.1.1 Chemical composition effect on failure mode

Many authors studied the failure mode sensitivity to chemical composition ([NIS 82],
[MOO 89], [FER 98], [MAR 05], [GOU 98], [RAD 12]). These studies generally proposed
a ”carbon equivalent“ formulation to take into account the hardenability effect of elements
like carbon, silica or the manganese and segregation effect of elements like phosphorus or
sulphur during welding. The most used formulation was proposed by Nishi [NIS 82]:

Ceq = C + Si

30 + Mn

20 + 2 · P + 4 · S (1.3)

where the chemical composition is in mass percentage.
This relationship was obtained on a hundred of cold rolled steel sheets with a thickness

of 0.8 mm, identical welding parameters except for the welding intensity current which was
adapted to obtain a constant welding diameter and the holding time (5 or 25 periods).
Thus, depending on the chosen holding time, a critical Ceq allows to distinguish spot welds
failing in a interfacial mode or in a button pull out mode.

Nowadays, AHSS ultimate tensile strengths are higher and higher. This is obtained
thanks to chemical composition, and more precisely to carbon content in the steels. Carbon
is used to obtain very hard and resistant phase such as martensite in the steel. However
during the welding process, martensite undergoes particular thermal cycles. Thus, in the
sub critical HAZ (SCHAZ) where the temperature reached is under Ac1, a tempering of
initial martensite occurs. It leads to a softening of this zone. This phenomenon is visible
on steel grades containing at least 10 % of martensite (UTS over 800 MPa) in particu-
lar in Dual Phase (DP) steels as observed by [BIR 12], [SUN 06], [KHA 08], [HER 08],
[DAN 11b] and [POU 12].

The phenomenon of tempering is higher when the base material carbon content in-
creases. 22MnB5 Boron steel belongs to the press hardened martensitic steel and has
a high carbon content which leads to a fully martensitic microstructure after process.
The welding of these steels induces the apparition of a hardness drop in the sub critical
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Figure 1.19: Typical hardness profile between GA780DP and 22MnB5 after RSW with
tempering in the 22MnB5 HAZ according to [CHO 11].

HAZ, where hardness is around 300 Hv compared to the base material and the HAZ (over
Ac3) where hardness is between 450 Hv and 500 Hv as observed by [CHO 10], [JON 11],
[CHO 11] and [HUI 16].

In some cases, the softening in sub critical HAZ can promote the necking during me-
chanical tests and promote the pull out failure mode but the spot weld strength is decreased
at the same time.

1.2.1.2 Welding process effect

The geometrical parameters of weld assemblies are known to directly influence their me-
chanical response. Among these parameters, the weld nugget diameter and the corre-
sponding sheet thickness are among the most important and strongly affect the mechanical
behaviour of spot welds. Numerous authors use them directly to express the spot weld
strength like [JON 81], [SAK 03], [POU 07], [SUN 08], and [HER 08].

Many authors observed the intensity current influence on the nugget diameter. Pouran-
vari and al. [POU 07] and Hayat [HAY 10] state that increasing weld current and weld
time increase weld nugget diameter (figure 1.20.a). However, they also observed the weld
nugget diameter remains constant for higher welding current and welding time. Hernandez
and al. [HER 08] also show the effect of increasing current on weld size on three similar
and dissimilar welding configurations of DP600 and DP780 (figure 1.20.b). In high current
intensities, the nugget diameter tends to a maximal diameter.

As shown by Sakuma and al. [SAK 03], Pouranvari and al. [POU 07], Sun and al.
[SUN 08] and many other authors, the nugget diameter is the main parameter influencing
the spot weld strength, regardless if a cross tension test or a tensile shear test is per-
formed. Pouranvari and al. [POU 07] and Sun and al. [SUN 08] worked on tensile shear
test. While Pouranvari and al. [POU 07] stated that nugget size is the most important
controlling parameter determining stress distribution in the weld nugget interface and its
circumference, Sun and al. [SUN 08] observed that welds of DP800 and TRIP800 steels
with larger fusion zone size typically generate higher peak loads and energy absorption
levels. Sakuma and al. [SAK 03] observed the performance of similar welding of two differ-
ent grades varying their thickness. In addition to studying tensile shear performance, they
also studied the cross tension test. Indeed, the weld performances were highly dependent

20 © 2017 – Thibaut HUIN – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés



Mechanical behaviour of spot welds under quasi-static loading

Figure 1.20: Welding parameters influence on nugget size: a) Intensity current and holding
time effect on nugget diameter according to Pouranvari and al. [POU 07] and b) Intensity
current effect on nugget diameter of similar and dissimilar DP spot welds according to
Hernandez and al. [HER 08].

on the fusion zone size as shown in figure 1.21.b.

Figure 1.21: Nugget size influence on spot weld performance: a) Lap shear peak load
versus fusion zone size for DP800 welds according to Sun and al. [SUN 08]. b) Changes
in spot weld strength due to welding current of 780 MPa cold-rolled steel sheet according
to Sakuma and al. [SAK 03].

Nugget size directly controlling the spot weld performance, many authors used nu-
merical modelling to simulate the welding process and predict the nugget shape and size.
Luo and al. [LUO 09] performed a regression modelling and process analysis of resistance
spot welding to evaluate the influential parameters on nugget formation. They concluded
that the welding process effects on nugget size are not linear and it is important to pay
more attention to process variables in order to obtain the best spot weld design. In this
context, Srikunwong and al. [SRI 03] [SRI 05], Eisazadeh and al. [EIS 10], Shen and al.
[SHE 10] and Moshayedi and al. [MOS 12] proposed coupled thermal-electro-mechanical
Finite Element (FE) models for predicting temperature distribution and spot nugget size
in a spot welded steel joint. Srikunwong and al. [SRI 03] established a robust FE mod-
elling procedure which allows to understand the effect of welding parameters on nugget
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formation in the case of two and three sheets assembly (figure 1.22). Eisazadeh and al.
[EIS 10] and Moshayedi and al. [MOS 12] observed that when the welding time increases,
temperature of the faying surface of sheets rises quickly until this area is melted and the
nugget is formed, as also described by Krajcarz and al. [KRA 10]. Moreover, Eisazadeh
and al. [EIS 10] also stated that increasing the load on the electrodes decreases the nugget
size because it increases the contact surface area. Shen and al. [SHE 10] used a coupled
thermal-electro-mechanical FE model to study the influence of initial gap between DP600
steel sheets on nugget formation and expulsion. They found that increasing initial gap
spacing quickly rises the temperature of sheets and the weld nugget can form earlier.

Figure 1.22: Nugget size prediction compared to experiments using FE modelling accord-
ing to: a) Srikunwong and al. [SRI 05] and b) Shen and al. [SHE 10].

In addition to the tempering in the SCHAZ presented previously, some authors also in-
sist on the role of steel microstructure in the spot weld zones like Tweed and al. [TWE 87],
Gould and al. [GOU 98], Lambert-Perlade and al. [LAM 04b] [LAM 04a] Hernandez and
al. [HER 08], Pouranvari and al. [POU 09], Dancette and al. [DAN 11b], Krajkarz and
al. [KRA 13] and Alizadeh and al. [ALI 14].

During the welding process, the fusion zone is solidified very quickly creating a par-
ticular equiaxed microstructure in the nugget. Alizadeh and al. [ALI 14] observed that
presence of martensite and δ-ferrite in the nugget of martensitic stainless steel spot welds
leads to interfacial failure. Krajkarz and al. [KRA 13] also observed interfacial failures in
the nugget, but related it to the high number density of particles originating from rapid
solidification facilitating the crack initiation in the nugget.

Hernandez and al. [HER 08] and Pouranvari and al. [POU 09] focused on the fusion
zone in the case of dissimilar welding of two steel grades, where the two steel sheets are
diluted. They observed that hardness difference between HAZ and fusion zone added to
the nugget solidification orientation could lead to interfacial failures. Dancette and al.
[DAN 11b] observed that the decrease in cooling rate after electrodes removal is expected
to favour an auto-tempering of the martensite in formation.

Some authors focused on the micromechanics of encountered phases in spot welds such
as martensite and bainite. Tweed and al. [TWE 87] studied the micromechanisms of the
failure in C-Mn weld joints and developed a model for cleavage. Lambert-Perlade and al.
[LAM 04b] also observed and modelled the micromechanisms of cleavage in high strength
low alloy (HSLA) steel HAZ. Gourgues [GOU 03] focused on the relationship between
microstructure and cleavage crack propagation, highlighting the role of former austenite
grain size in the crack propagation.
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1.2.2 Mechanical behaviour of homogeneous AHSS spot welds

1.2.2.1 Failure mode mechanism

Failure mode and strength are two significant characteristics of spot weld behaviour. For
a mechanical test, these two characteristics are almost systematically used to defined the
weldability of a steel. TSS and CTS tests are widely used in the automotive industry
(in laboratory). In the first one, the interface between the two steel sheets is subjected
to shear and stress triaxiality in the notch root is relatively low. On the contrary, in
the second one, stress triaxiality is very high because the notch root is loaded in opening
mode. Many authors were interested in failure mechanism understanding of spot welds
[ZUN 97], [LIN 02], [CHA 03a], [LAN 04], [LEE 05a], [MAH 07] and [LEE 05b] in partic-
ular to propose a model for predicting the failure strength.

When the nugget diameter is high enough, the important resultant load at weld centre
induces a pull out failure mode by ductile failure in the sheet thickness around the nugget.
This case is observed by Zuniga and Sheppard [ZUN 97] during peel test on HSLA steel, by
Chao [CHA 03a] and Lee [LEE 05a], or by Lin [LIN 02]. It is also observed by Langrand
[LAN 04] and Mahelle [MAH 07] for complex loads, but with a dominating normal load.

Figure 1.23: Cross tension test: a) Load-deflection curves according to [LEE 05a], b)
Pull-Out in the nugget border and c) the corresponding ductile sheared fracture surface
according to [CHA 03a].

Ductile sheared surfaces illustrated in figure 1.23 are typical of the button pull out
failure mode. Zuniga [ZUN 97] observes that the exact location of pull out is between the
Fine Grain HAZ (FGHAZ) and the molten nugget border. He also observes that crack
propagation along the thickness occurs just before reaching the maximal strength (figure
1.23.a).

However, when the dominating load is tangential in the spot weld, like in the tensile
shear tests, the failure is generally located in the base material with huge plastic strain
(necking) or in the HAZ with ductile surfaces (figure 1.24). In this case, the maximal
strength is obtained when failure is initiated in the necking zone. The progressive loss of
strength corresponds to steel sheet tearing around spot weld (figure 1.24.a).

Interfacial failure mode (FIF) generally appears when nugget diameters are small or
when steel sheet are thick. This failure mode could be obtained during the two types
of test (CTS and TSS). In the case of CTS test (or peel test), the interfacial failure
occurs by opening of notch root and propagation in the nugget. However, during TSS
tests, failure occurs by shearing of the interface by tangential load. Williams and Jones
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Figure 1.24: Tensile shear test: a) Load-deflection curves according to [LEE 05a], b) Pull-
Out in the base material according to [ZUN 97] and c) ductile fracture surface according
to [CHA 03a].

[WIL 79] affirm that interfacial failure should not be associated to brittle failure, even if
brittle failure is often observed in the notch root because of martensite with high carbon
content and opening mode. They observed ductile fracture surfaces in the case of ferritic
steel spot weld testing. Moreover, Pouranvari [POU 07], Tao [TAO 08] and Dancette and
al. [DAN 11a] also observe sheared ductile fracture surfaces after tensile shear tests and
interfacial failure (figure 1.25).

Figure 1.25: Interfacial failure during TSS test: a) Schematic stress dispersion in the spot
weld according to [POU 07], b) Pull-Out in the base material according to [TAO 08].

Nevertheless, there is a transition mode between the two previous failure modes: partial
interfacial failure (PIF). It occurs in particular for AHSS (dual phase steel (DP) or TRIP)
during cross tension tests. However, as observed by Khan and al. [KHA 08], PIF could
also occur during tensile shear tests. Dancette and al. [DAN 11a] characterized the
damage sequence of AHSS spot welds in cross tension, and observed PIF on DP980 spot
welds (figure 1.26.a). They identified two main mechanisms in the nugget: (i) ductile
shear around the weld from the notch tip and (ii) semi-brittle fracture in the weld nugget,
starting at the faying surface. Nait-Oultit and al. [NAI 08] mentioned two potential
mechanisms to explain the crack deviation of PIF:

• micro segregation effect around the weld and in the columnar grains of the fusion
zone,

• microstructural barriers in the fine grain zone around nugget due to high grain
boundaries density.

For ten years, many study focuses on the tensile shear test of AHSS like Choi and
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Figure 1.26: Partial Interfacial failure: a) micrograph of DP980 spot welds in cross tension
according to Dancette and al. [DAN 11a], b) macroscopic visual aspect and c) micrograph
of final failure occurred both in the weld nugget and the base metal (M800GI 2.0 mm)
according to Bouzekri and al. [BOU 10].

al. [CHO 10], Bouzekri and al. [BOU 10], Jong and al. [JON 11], Pouranvari and al.
[POU 11] [POU 12], Dancette and al. [DAN 12], Abadi and al. [ABA 14], Spena and al.
[RUS 15] and Wang and al. [WAN 16].

The transition between button pull out failure and full interfacial failure mode of DP
weld joints was studied a lot. Abadi and al. [ABA 14] observed that the higher the DP
steel grade is, the larger the nugget diameter should be to obtain button pull out mode.
Pouranvari and al. [POU 12] showed that increasing the fusion zone size allows to obtain
pull out failure mode on DP980. Dancette and al. [DAN 12] and Spena and al. [RUS 15]
observed that tensile shear strengths of spot welds increase with the welding current until
expulsion occurs and reduce strengths.

However, for Peterson [PET 02] and Bouzekri and al. [BOU 10], the failure mode has
no particular effect on the failure strength, even if the energy absorbed is clearly lower in
the case of interfacial failure mode. Sun and al. [SUN 06] [SUN 08] observed the same
phenomenon in cross tension, but spot welds that failed in button pull out mode showed
a performance 10% higher than in interfacial failure during tensile shear tests.

Indeed, the welding of AHSS is sensitive to the base material chemical composition and
strength. The higher the strength of the base material and the more highly alloyed the
chemical composition, the higher the scattering in the transition between BPO and FIF.
A large carbon content induces tempering in the sub critical HAZ and then softening of
weld joint. Other elements like sulphur induces segregation in the nugget and its border.
These phenomena conduct to a complex mix of failure modes such as partial interfacial
failure or partial dome failure.

1.2.2.2 Improvement of fracture behaviour

In the automotive industry, interfacial failures are usually considered as brittle and low
strength. Some authors focused on improving the failure modes of spot weld by modifying
the process or using pre- and post-treatment on spot welds. Peterson [PET 96] [PET 02],
Cretteur and al. [CRE 02], Chuko and al. [CHU 02], Mimer and al. [MIM 04], Liao
and al. [LIA 10] and Chabok and al. [CHA 17] worked on metallurgical Post-Weld Heat
Treatment (PWHT) to improve weld joints performance or promote button pull out failure
mode.
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Mimer and al. [MIM 04] includes an in-process martensite tempering to reduce weld
hardness and prevent interfacial failure. Chuko and al. [CHU 02] defined a post weld
tempering incorporated to the welding cycle to improve behaviour of C-Mn resistance
spot welds. Using lower currents and longer (30-35 cycles) tempering times provides the
most robust tempering response to reduce hardness. Liao and al. [LIA 10] characterized
the microstructures in the fusion zone of DP600 dual phase steel after resistance spot
welding with tempering-pulse technology using optical microscopy, SEM and TEM.

Cretteur and al. [CRE 02] proposed a complete optimized welding process including
pre and post-heating parameters. With this optimised cycle, the interface between both
sheets and the heat affected zone (HAZ) are free of cracks and no brittle fractures are
observed on TRIP700 spot welds. Chabok and al. [CHA 17] observed the effect of a
double pulse welding on the microstructure of DP1000 spot welds. They improved the
cross tension strength by 30% and the absorbed energy.

Peterson [PET 02] focused on the dilution in fusion zone by adding a thin low alloyed
steel sheet at the interface, eliminating the interfacial failure but modifying the weld
strength.

Figure 1.27: Improvement of weldability of TRIP steels by use of in-situ pre and post-heat
treatments according to Cretteur and al. [CRE 02]: a) optimised welding cycle comparison
with standard welding cycle, b) CTS improvement and c) TSS improvement.

Some authors used shorter time heat treatments to desegregate the weld like Sawanishi
and al. [SAW 14] and Van der Aa and al. [AA 15]. Sawanishi and al. [SAW 14] improved
the strength of DP980 spot welds and changed the fracture mode from partial interfacial
to button pull out. The joints were then observed in situ during tear tests and the
pulsed current was effective in improving the ductility of the nuggets. Then EPMA of
the nugget demonstrated that the segregation of phosphorus was prevented in the joint
welded with the pulsed current. Van der Aa and al. [AA 15] also studied DP980 spot
weld assemblies. They proposed a method to predict phase transformations and elemental
segregation during resistance spot welding. Firstly, they identified Phosphorus segregation
as the most problematic factor for weld strength. Thanks to FE model, a double pulse
weld leads to significant improvement of behaviour and strength during cross tension test,
compared to spot welds made with standard single pulse.

1.2.3 Mechanical behaviour of heterogeneous AHSS spot welds

In the vehicle weight reducing policy, carmakers optimize the car body using many steel
grades. This is why many authors are interested in the dissimilar welding of these grades.
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Mechanical behaviour of spot welds under quasi-static loading

Heterogeneous welding induces particularities of the spot weld in two aspects: the first is
the nugget geometry which is no longer symmetric depending on the heterogeneity degree,
and the second is in particular in the metallurgy of the nugget due to dilution.

Many authors observed the positive effect of dilution in the nugget like, Hernandez
and al. [HER 08], Biro and al. [BIR 12] and Zhang and al. [ZHA 14]. Hernandez and
al. [HER 08] compared the homogeneous welding configurations of DP600 and DP780 to
their heterogeneous one. For similar nugget diameter, a pull out failure mode was generally
observed in dissimilar welds with DP600 paired to other AHSS compared to an interfacial
failure mode for DP600 welded to itself. They also observed that the transition weld
diameter was lower for dissimilar configuration. Biro and al. [BIR 12] observed the same
positive effect during the cross tension test on DP980 and TRIP800 spot welds. They
stated that thermal effect and notch root location could explain a part of the positive
deviation but the main reason is geometrical (mechanical).

Moreover, some authors showed that the positive effect mainly comes from the nugget
preferentially shifting into one of the two sheets. This shifting could come from two
reasons:

• the steel sheets grade are close but their thicknesses are very different,
• the sheet thicknesses are the same but chemical compositions of steels are highly

different (thermal conductivity).
Hernandez and al. [HER 08], Marashi and al. [MAR 10], Pouranvari and al. [POU 10a],

Huin and al. [HUI 16] and Yuan and al. [YUA 17] highlighted this sheet thickness
influence on spot welds strength in particular during tensile shear tests. Marashi and
al.[MAR 10] and Pouranvari and al. [POU 10a] observed that final solidification line
moves from sheet/sheet interface to the geometrical centre of the total thickness of the
joint with increasing welding time (figure 1.28.a). This reduces the tendency of a dis-
similar thickness spot weld to fail in the interfacial failure mode during tensile shear test
increasing the TSS. One factor often mentioned to influence the tensile shear strength of
dissimilar spot welds is the Ultimate Tensile Strength (UTS) of the thinnest sheet base
metal according to Marashi and al.[MAR 10].

Figure 1.28: Micrographs and sketch of nugget shifting because of: a) sheet thicknesses
according to Marashi and al. [MAR 10] and b) steel grades heterogeneity (high difference
of thermal conductivities) according to Wei and al. [WEI 16].

Yuan and al. [YUA 17] focused on heterogeneous welding of DP600 steel with a low
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carbon ferritic steel with dissimilar thicknesses. Due to the two factors previously enu-
merated, they showed that no interfacial failure occurred except for low intensity current
where dome failure occurred. Failure is shifted to pull out failure in the low carbon ferritic
steel. Choi and al. [CHO 11], Liu and al. [LIU 16] also highlighted the nugget shift-
ing in the case of heterogeneous welding. Russo Spena and al. [RUS 16] observed that
spot welding of TWIP and Q&P steels promotes the occurrence of an asymmetrical weld
nugget with a greater dilution of TWIP steel because of its lower melting temperature
and thermal conductivity. Welded samples tend to exhibit higher shear tension strength
but failed in dome failure mode for a low welding current.

Wei and al. [WEI 16] focused on the heterogeneous welding of DP1000 steel with
TWIP980 steel (high Mn) and observed the hardness and microstructure of the nugget
depends on the dilution conducting to a full austenite nugget microstructure in the case of
TWIP homogeneous welding and TWIP/DP heterogeneous welding, and to a full marten-
site in the case of DP homogeneous welding. The decreasing Mn content in the nugget
decreases the stability of the austenite conducting to more stacking faults and twins in
the case of DP/TWIP welding than TWIP/TWIP, during deformation process. The high
content of alloying element could reduce the tensile shear strengths.

Figure 1.29: Micrograph of A5052 aluminium alloy and DP600 steel spot weld cross section
according to Chen and al. [CHE 16].

Chen and al. [CHE 16] observed the ultimate nugget shifting proceeding to the highly
heterogeneous welding of A5052 aluminium alloy and DP600 steel. In this case, there was
no melting on the two metals, each having its own nugget (figure 1.29). Intermetallic layers
formed during the welding process and constitute the weak point of spot welds showing
cleavage fracture morphology.

1.3 Modelling of spot welded assemblies mechanical behaviour

1.3.1 Analytical models

The spot weld failure mode evolution could be described by analytical models involving
simple mechanical description. These models are presented in this section for the two
loading modes: cross tension and tensile shear.

1.3.1.1 Cross tension model

When button pull out failure mode occurs, the failure strength could be estimated as-
suming a stress distribution around the spot weld and integrating it on the button lateral
surface. During cross tension, the most simple hypothesis consists in assuming a uniform
stress distribution (figure 1.30.a). Considering the failure mechanism of button pull out
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mode, the cross tension strength could be related to the shear stress (τ). This description
was adopted by many authors: Smith [SMI 80], Sakuma and al. [SAK 03], Chao[CHA 03b]
[CHA 03a], Kuo and al. [KUO 04] and Sun and al. [SUN 06]. They established direct
relations between the cross tension strength and the lateral surface of button (Af ):

CTSBP = Af · τ (1.4)

Figure 1.30: Button pull out failure mode: a) Schematic of failure surface Af accord-
ing to Dancette [DAN 09] and b) Stress distribution around button according to Chao
[CHA 03b].

The analytical expression could differ following the authors:
• Chao [CHA 03b] [CHA 03a] described τ with an angle dependence as shown in figure

1.30.b,
• Sun and al. [SUN 06] used the yield strength (YS) of the HAZ.
• Sakuma and al. [SAK 03] used the base material UTS and an adjusting constant.
However, when full interfacial failure mode occurs, two kind of approaches are used.

The first one consists in expressing the strength as a function of the failed surface (with a
diameter dn) and steel strength as the button pull out models previously exposed (figure
1.31). Kuo and al. [KUO 04] and Sun and al. [SUN 06] focused on this approach intro-
ducing YS (RelF Z) or UTS as critical parameters obtaining this equation for Sun and al.
[SUN 06]:

CTSF IF = π ·
(
dn

2

)2
·RelF Z (1.5)

Figure 1.31: Full interfacial failure mode: a) Schematic of failure surface Af according to
Dancette [DAN 09] and b) Stress distribution around button according to Chao [CHA 03a].
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The second approach introduces the linear elastic fracture mechanic to estimate the
brutal crack initiation from the notch root. Smith [SMI 80] and Chao [CHA 03b] estimate
the mode I stress intensity factor (KIc) in the notch root of spot weld from Tada and
al. [TAD 85] formulation (figure 1.32). They expressed the cross tension strength when
interfacial failure occurred by:

CTSF IF = 1.25 ·KIc ·
(
dn

2

)5/2
(1.6)

whereKIc is the mode I stress intensity factor to the fusion zone toughness. All authors
agreed to link the cross tension strength of spot weld to the nugget diameter. Using the
strength formulations for the two failure modes, Chao [CHA 03b] defined a critical nugget
diameter describing the failure mode transition (figure 1.32.b).

Figure 1.32: a) Mode I stress intensity factor in a spot weld notch root and b) critical
nugget diameter for failure mode transition according to Chao [CHA 03a].

1.3.1.2 Tensile shear model

The model developed for cross tension tests are reproduced for tensile shear tests to
estimate the spot weld strength. As before, an approach based on the failed surface
for the button pull out failure mode was assumed by Sakuma and al [SAK 03], Chao
[CHA 03a], Kuo and al. [KUO 04] and Pouranvari and al. [POU 07] conducting to the
following expression:

TSSBP = α · e · dn ·RBM (1.7)

where e and dn are respectively sheet thickness and nugget diameter, RBM is the UTS
of the base material and α is an adjusting parameter.

Similarly, for interfacial failure, Sakuma and al. [SAK 03], Kuo and al. [KUO 04] and
Satonaka and al. [SAT 04] expressed the tensile shear strength as:

TSSIF = γ · π ·
(
dn

2

)2
·RF Z (1.8)
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where dn is the nugget diameter, RF Z is the UTS of the fusion zone and γ is a adjusting
parameter.

Sevim and al. [SEV 06] chose the linear elastic mechanic approach using this time the
mode II stress intensity factor because of the loading mode.

Since the applied load on the spot weld is not that easy to identify during cross ten-
sion and tensile shear tests, some authors were interested on the spot weld behaviour
under mixed lads. Chao [CHA 03a], Lin and al. [LIN 02] [LIN 03] and Langrand and al.
[LAN 04] focused on the relation between the stress state and failure criterion.

1.3.2 Finite element models

As the automotive industry uses more and more alloyed steel with high strength (AHSS),
analytical models are not sufficient any more to describe spot weld behaviour. Further-
more, heterogeneous welding complexifies the analytical approach because of the different
HAZ created. To better describe the mechanical behaviour of spot weld, some authors de-
cided to use a Finite Element (FE) modelling approach. Fine spot weld behaviour models
were built in order to understand the mechanisms and to provide criterion for developing
a simplified model to predict the failure behaviour of spot weld in body in white structures
(essentially for crash application modelling).

1.3.2.1 Homogeneous spot weld modelling

Deng and al. [DEN 00], Abid and al. [ADI 04], Xu and al. [XU 14] and Nielsen and
al. [NIE 15] studied the stress distribution in the spot weld using FE modelling with 3D
elements. They mainly focused on the tensile shear test of spot welds, even if Deng and al.
[DEN 00] also studied spot weld behaviour during peel test. During peel test, Deng and
al. [DEN 00] stated that applying an elastic loading leads to a linear distribution of the
S11 stress (normal stress to the interface between nugget and base material at the notch
root) in the sheet thickness where neutral fibre is the symmetry. They observed that the
bending stress state is dominant in the notch root zone and the nugget centre is stress
free.

Indeed, during the tensile shear test, Deng and al. [DEN 00], Abid and al. [ADI 04],
Xu and al. [XU 14] and Nielsen and al. [NIE 15] observed the S11 stress presents a
singularity at the notch root and its distribution in the sheet thickness suggests a combined
bending and tension stress state (figure 1.33). Deng and al. [DEN 00] also observed that
S13 (shear component favouring the interface shearing) becomes predominant when the
nugget diameter decreases. Xu and al. [XU 14] identified four preferential angles where
yielding could initiate. They also stated that stress distribution along nugget could be
useful for determining the stress intensity factor (SIF).

The notch root of spot weld is inherently a zone containing stress singularities. It
plays the main role during static tests in the crack initiation. Some authors decided to
characterize these singularities using the stress intensity factor (SIF) firstly introduced by
Pook [POO 75] [POO 79]. Supported by FE modelling, Zhang and al. [ZHA 99], Bouafia
and al. [BOU 09] and Sadasue and al. [SAD 16] studied the evolution of SIF in the three
modes (I, II and III). They observed the mode I is dominant in cross tension whereas the
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Figure 1.33: Stress distribution during tensile shear test according to Abid and al.
[ADI 04]: a) S11 stress singularity at the notch root and b) S11 stress distribution in
the sheet thickness.

mode II is dominant in tensile shear.

a. Heat Affected Zones (HAZ) discretization
Beyond the elastic plastic behaviour of spot weld assembly (stress distribution in the

weld), many authors interested to the complete numerical prediction of spot weld strength
under different loading. Radakovic and al. [RAD 08] used a very simple approach consist-
ing in modelling the whole spot weld like a homogeneous part with properties based on a
experimental test on base material. This approach is only efficient if button pull out mode
is studied, but not for other spot weld behaviours. Yang and al. [YAN 08] used a fine
discretization of the heat affected zones based on a hardness map performed on the spot
weld cross section (figure 1.34.a). Elastic plastic constitutive laws of the different zones
were established based on a standard convention table, the hardness can approximately
be converted into the tensile strength. Dancette and al. [DAN 11b] and Mahelle and al.
[MAH 07] showed that the HAZ constitutive laws could be obtained by thermal mechan-
ical simulation process using Gleeble machine to reproduce the welding thermal cycle on
standard tensile samples.

Figure 1.34: Discretization in many zones of the spot weld: a) according to Yang and al.
[YAN 08] and b) according to Mahelle and al. [MAH 07].

b. Failure strain criterion
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To complete their model, Yang and al. [YAN 08] introduced a failure strain criterion
to describe the cross tension strength when button pull out mode occurs. Dancette and
al. [DAN 12] also introduced a failure strain for each zone of their model, but corrected
the ductile damage failure criterion with a damage evolution based on the measurement
of effective plastic displacement at fracture of tensile test samples. Song and al. [SON 11]
proposed a failure criterion based on the axial and shear loads applied on the spot weld
with a calibrating factor β which is different depending on the steel grade. This failure
criterion provides a relatively good description of the failure load in the case of button
pull out failure.

Chung and al. [CHU 16] used a failure strain criterion but introduced the triaxiality
dependence. Numerical inverse method on tensile tests was used to calibrate the constitu-
tive laws of the different zones as well as the failure criteria. A Stress-triaxiality dependent
effective fracture strain was proposed depending on the toughness of each zone (ductile
or brittle). There was a reasonable degree of agreement between the experimental results
and the simulations for the failure modes and strengths of weld joints of the three steel
grades tested.

c. Void volume fraction failure criterion
These simple failure criteria provide good correlation of the load-displacement response

in the case of button pull out failure, however, in AHSS spot welding, interfacial failures
occur and need to be predicted. Many authors understood that the critical point of
spot weld modelling is the stress triaxiality consideration in the ductile damage criterion
because of singularities in the notch root. Borhana and al. [BOR 12] and Kosnan and al.
[KOS 14] used a Rice and Tracey description [RIC 69] for their different zone constitutive
laws. The law parameters are identified on the base material and extended to HAZ and
fusion zone based on scaling of hardness. They obtained a good agreement on the load-
displacement curve when spot weld failed in button pull out mode (in tensile shear for
Bohrana and in cross tension for Kosnan). Kong and al. [KON 08] used a Gurson [GUR 77]
model taking the existence of voids into account indirectly through their average diameter
value to better describe the plastic flow of low carbon steel during tensile shear test. The
Gurson ductile damage model parameters were identified by inverse method of tensile
test on the base material. Lamouroux and al. [LAM 07] also used a Gurson ductile
damage model but introduced the evolution of Tvergaard and Needleman [TVE 84] to
better describe damage evolution of the steel (GTN-model). Using an inverse method
for parameter identification, Lamouroux and al. [LAM 07] obtained a good agreement of
load-displacement curves during tensile shear, lap shear and coach peel tests on several
configurations with different thicknesses. However, no comparison between experiments
and simulation on the failure modes is presented.

Some authors were interested in predicting the failure mode transition from interfacial
failure to button pull out when the nugget diameter increases. Sommer [SOM 10] intro-
duced three damage criteria in parallel to described the DP600 spot weld behaviour during
tensile shear tests. The spot weld zone constitutive laws were adapted with a Gologanu
Leblond Devaux (GLD) model [GOL 97] (improvement of Gurson model for non spherical
void) and the combined fracture criteria of Thomason and Embury and critical shear stress.
The main advantage of this model is the Embury description of the shear at the inter-
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Figure 1.35: Comparison between experiments and simulation of load-displacement re-
sponse and failure mode: a) cross tension according to Kosnan and al. [KOS 14] and b)
tensile shear according to Nielsen [NIE 08].

face and the GLD-model which allows to describe interfacial failure. However, the model
cannot describe partial interfacial failure. Nielsen [NIE 08] [NIE 10] also expanded the
GTN-model to the GLD-model and concluded the GLD-model gives later drop in the load
carrying capacity, which is due to a dependency on the void shape for the void growth rate.

d. Cohesive zones implementation
The mechanisms of interfacial failure of AHSS spot weld in cross tension are mainly

brittle, usually presenting cleavage. Some authors chose to introduce cohesive zone be-
haviour to better describe these mechanisms (generally used to define interface under the
three crack propagation modes (modes I, II and III)). The behaviour is usually described
by a traction-separation law where the area under the curve corresponds to the interface
toughness (figure 1.36.a).

Cavalli and al. [CAV 05] were the first to use the cohesive element approach in a
mechanical FE modelling of aluminium spot weld behaviour. They identified mode I
cohesive parameters on coach peel test failing in interfacial failure mode whereas mode II
and III cohesive parameters were identified thanks to spot weld failing in the interfacial
mode during tensile shear test. Then, cohesive parameters are validated on peel test.

Dancette [DAN 09] [DAN 12] also used cohesive zone to predict the interfacial failure
of TRIP780 steel spot welds during cross tension. The model allows to capture the com-
petition between semi-brittle fracture at the interface and ductile failure by button pull
out at the weld boundary (figures 1.36.b and 1.36.c). The cohesive elements calibration
was done by inverse method on spot weld load-displacement response.

Dang [DAN 15] also introduced cohesive elements at the sheets interface to predict
interfacial failures.

Lacroix and al. [LAC 15] developed an in-situ methodology using the wedge test to
observe the crack propagation in the nugget when interfacial failure occurs. Their FE
model allows to estimate relevant values for the fracture energy and the fracture stress
(fusion zone toughness) even if the maximum load of spot weld is overestimated.

1.3.2.2 Heterogeneous spot weld modelling

Heterogeneous spot weld modelling is not common, only a few authors studied the subject
in the past years. The main reason comes from the difficulties induced by the heterogeneity
in the composition and mechanical properties. First, the nugget shifting involves very
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Figure 1.36: Cohesive zones in spot weld modelling according to Dancette and al.
[DAN 12]: a) Bilinear mode I cohesive zone model at the faying surface, b) load-
displacement curves and c) failure type for the homogeneous 1.5 mm weld assembly.

Figure 1.37: Model of crack propagation in DP600GI spot weld according to Lacroix
and al. [LAC 15]: a) Crack front and fractured area at different stages of the wedge
indentation, b) comparison of experimental results and simulation, load (F) and crack
advance vs. wedge displacement, c) load (F) and crack opening angle (CTOA) vs. crack
advance.

particular geometries for HAZ and fusion zone which need to be finely described in order
to well predict the spot weld behaviour. Secondly, the fusion zone being a mixture of
the two different steel sheets, it constitutive law is not easy to establish. The resultant
behaviour of the nugget is significantly different from the two base materials. The fusion
zone size and its particular equiaxed solidification makes the identification of its behaviour
by direct testing difficult. Moreover, additional zones (for the two steel sheets) need to be
mechanically characterized, which represents a larger amount of work.

Long and al. [LON 16] studied the welding of 1.5 mm DP600 steel with a 1.2 mm low
carbon steel and the tensile shear response of the spot weld. The material properties of base
metals are measured thanks to tensile tests. The strength properties of the weld nugget
and of the different heat affect zones are estimated by extrapolation of the hardness values
compared to the base material. The peak load and failure mode of weld joint depend on
the resistance force generated by the failure zone. No failure criterion was introduced, and
failure zone was considered as the necking zone. Finally, the model is in good agreement
with the experimental elastic plastic response of the spot weld (figure 1.38).

Burget and Sommer [BUR 13] modelled the spot weld assembly of a 1.0 mm 22MnB5
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Figure 1.38: Model of DP600 steel and low carbon steel heterogeneous spot weld under
tensile shear load according to Long and al. [LON 16], comparative result of load versus
displacement and failure mode: a) interfacial failure, b) button pull out failure.

press hardened steel (1500 MPa) with a 1.5 mm micro alloyed high strength low-alloyed
steel (HC340LAD, 415 MPa). They used an inverse method on three particular test spec-
imens (smooth and notched tensile and double notched shear) to calibrate Gologanu ma-
terial models and adjust a Thomason-Brown-Embury failure criterion for the different
material zones of the weld. The spot weld discretization and the different mechanical
tests modelled are presented in figure 1.39.

Figure 1.39: Model of 22MnB5 press hardened steel and micro alloyed high strength low-
alloy steel heterogeneous spot weld according to Burget and Sommer [BUR 13]: a) Zone
discretization and mesh, b) various loading modes applied.

The model is well predicting the spot weld load response in all the loading modes (figure
1.39.b) except in coach peel test. Focusing on the tensile shear test, the failure load is
very well predicted but not the failure mode. When failure initiated in the coarse grain
HAZ from the notch root in the experiments, failure initiated in the soften tempered zone
of the 22MnB5 in the model. More generally, when Burget and Sommer [BUR 13] model
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Conclusion

predicts the failure mode well, a deviation on the failure load is observed and when the
failure load corresponds to the experiments, failure mode is not totally well predicted.

Figure 1.40: Model of 22MnB5 press hardened steel and micro alloyed high strength low-
alloy steel heterogeneous spot weld under tensile shear loading according to Burget and
Sommer [BUR 13]: a) experimental and simulated load-displacement curves comparison,
b) experimental and simulated failure mode comparison.

Noh and al. [NOH 17] used exactly the same methodology than Chung and al. [CHU 16]
on two heterogeneous spot weld assemblies:

• 1.6 mm dual phase DP980 steel welded to 1.2 mm TRIP980 steel,
• 1.2 mm GMW2 steel welded to 1.2 mm TRIP980 steel.
Experimental and simulation response of the tensile shear and U-shape tension tests

were compared. For tensile shear tests on the two configurations, the spot weld load
response in simulation is underestimated compared to the experimental one. However,
in U-shape test, the spot weld load response is overestimated and does not really repro-
duce the elastic plastic behaviour of experimental spot welds (figures 1.41.a and 1.41.b).
The failure modes seem to be well reproduced (figures 1.41.c and 1.41.d). Moreover, no
interfacial failure are proposed in this study.

1.4 Conclusion

Many studies on the AHSS spot weld mechanical behaviour have been carried out. The
modelling of button pull out failure mode has been processed by characterizing the critical
plastic strain or using a ductile damage model. The introduction of triaxiality stress
seems to be necessary observing the complex stress distribution in the spot weld during
the different tests. Some authors showed the importance of having a good description of
shear behaviour of materials in their ductile damage criterion (triaxiality stress close to
0) because it is often dominant.

However, interfacial failure causes more problems because of its brittleness in opening
mode tests (cross tension or peel tests). Analytically, two approaches were used, first
consisting to estimate the spot weld strength by the failed surface and the fusion zone
strength, and the second introduced crack initiation study using a calculation of the stress
intensity factor (SIF) in opening mode (mode I) at the notch root. The second formulation
is widely used in the literature to characterize the spot weld fatigue behaviour.
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Figure 1.41: Comparison of experimental and simulated of the dissimilar DP980-TRIP980
button pull out failed spot welds according to Noh and al. [NOH 17]: a) failure strength
under lap-shear test, b) failure strength under U-shape test, c) failure modes under lap-
shear test and d) failure mode under U-shape test.

One more recent modelling approach consists in introducing a cohesive zone at the
interface between the sheets to represent the brittle decohesion in the case of interfacial
failure. However, few authors used this approach in the case of spot weld modelling,
even if this cohesive zone can be used in all simulation types (elastic plastic, non linear,
dynamic) and could be coupled to other failure criteria. The potential of this approach
is very interesting because it could eventually predict partial failure modes, representing
a crack bifurcation contrary to ductile damage models where initiation control the final
failure mode.
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Chapter 2

Experimental results of
heterogeneous welding
(Usibor1500/DP600)

Chapter 1 introduced the global heterogeneous welding problematic of Automotive High
Strength Steels (AHSS). This second chapter focuses on the fine experimental characteriza-
tion of heterogeneous welding of a martensitic steel (Usibor1500) with a ferrite-martensitic
Dual Phase steel (DP600). Two welding processes widely used in the automotive industry
are studied namely, resistance spot welding (RSW) and Arc welding. In this chapter, the
experimental procedure will be developed and the material properties, weldability of as-
semblies, microstructure understanding, failure mechanisms related to the different failure
modes and the influence of sheet thickness on the spot weld and its failure modes will be
treated. Arc welding of Usibor1500 steels will also be addressed.
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2.1 Materials and welding configurations

2.1.1 Materials

In this chapter, the study focuses on the assembly of the AHSS Usibor1500 with the Dual
Phase DP600 in a cold rolled state. The first one, Usibor1500, is used for security and
structural parts of body in white (BIW), like door and B-pillar reinforcements. Its me-
chanical strength is very high (1500 MPa) which allows for a lightening of vehicle structure
of 30 % to 50 % compared to conventional cold forming grades while maintaining an im-
portant crash performance. Usibor1500 is a hot-stamped steel (22MnB5) which allows
to obtain complex geometries exhibiting perfect mechanical properties homogeneity. Af-
ter heat treatment, the steel is 100 % martensitic (figure 2.1.a) and its tensile strength
is around 1500 MPa with a maximal elongation of 6 % (figure 2.2). Usibor1500 is coated
with a 25 µm thick Al-Si coating after quenching.

Figure 2.1: Optical view of a) Usibor1500 fully martensitic microstructure and b) DP600
microstructure (ferrite is white phase and martensite is dark phase).

The Dual Phase (DP) steels exhibit a good compromise between strength and drawabil-
ity. The DP microstructure is composed of two phases: a soft ferritic matrix very ductile,
strengthened with a variable quantity of hard phase (often martensite). The association
of the two phases provides a very high ductility (so manufacturability), but also good
mechanical properties which results in a good fatigue strength and a high energy absorp-
tion capability. Thanks to their mechanical properties, DP steels are proper candidates to
structural and security parts of BIW. In this study, we will focus on the Dual Phase steel
DP600, with an Ultimate Tensile Strength (UTS) of 600 MPa and an elongation around
20 % (figure 2.2). To obtain these mechanical properties, the DP600 microstructure con-
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Materials and welding configurations

tains 10 % of martensite localized at the ferrite grain boundaries(figure 2.1.b). DP600 is
coated with pure zinc (10 µm thick hot dip galvanized GI coating).

Figure 2.2: Mechanical properties of DP600 and Usibor1500 steel grades (Uniaxial ISO
tensile test).

The chemical compositions of base materials are given in table 2.1. Carbon content in
the DP600 is around 0.087 wt% whereas it is 0.220 wt% in the Usibor1500. G3Si is the
material used for the filler wire during the arc welding process. As detailed below, DP600
and Usibor1500 are available with two sheet thicknesses in this study: 1.2 mm and 2.0 mm.

Steel grade (x 0.001 wt%) C Mn B Si N P Cr Cu Al
DP600 1.2 mm 88 1870 - 150 4 13 97 25 21
DP600 2.0 mm 85 1885 - 241 5 14 210 12 32
G3Si (filler wire) 75 1460 - 547 6 11 182 - 26
Usibor1500 1.2 mm 221 1184 3 256 42 12 187 12 32
Usibor1500 2.0 mm 218 1149 3 266 - 12 189 - 35

Table 2.1: Chemical composition of steel grades (x 0.001 wt%).

2.1.2 Welding configurations

In the study, different thicknesses for each steel grade will be used. The thickness range
goes from 1.2 mm to 2.0 mm, which are usual thicknesses found in the BIW. To study
the influence of thickness on the resistance spot welding of AHSS in terms of microstruc-
tures and resultant mechanical properties, four configurations with varying thicknesses are
welded. In the first two configurations, the sheet thickness is the same for Usibor1500 and
DP600 (1.2 mm or 2.0 mm), these configurations will be called similar thickness configu-
rations. The two last configurations are dissimilar in thickness. The first one corresponds
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

to the welding of 2.0 mm Usibor1500 with 1.2 mm DP600, whereas it is the opposite in
the second one. These configurations are illustrated on the figure 2.3.

Figure 2.3: Spot welding configurations.

For arc welding, 1.5 mm and 2.0 mm Usibor1500 steel sheets are used, and heterogeneity
comes from the filler wire used during process. A G3Si wire, with a chemical composition
close to the DP600 one, is used to weld two overlapped Usibor1500 steel sheets with
different thicknesses (figure 2.4).

Figure 2.4: Arc welding configurations.

2.2 Spot weldability

In this part, the spot weldability of the different configurations will be discussed as well
as the influence of the process on microstructure, nugget formation and hardness of the
different heat affected zones (HAZ). For each configuration, the welding range is investi-
gated using the ISO 18278-2 (2004) standard. The welding parameters directly depend
on the steel sheet thicknesses and particularly on the thinnest one. The main welding
parameters are collected in table 2.2. Welding time is expressed in periods (p) depending
of the current frequency (50Hz in Europe).
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Spot weldability

Welding
parameters

Electrode
diameter

Pulse
Number

Welding
time

Holding
time

Electrode
force

DA 6 mm 1 17p 17p 400 daN
DB 8 mm 4 12p 25p 500 daN
DC 6 mm 1 17p 17p 400 daN
DD 6 mm 1 17p 17p 400 daN

Table 2.2: Welding parameters, p=0.02 s.

Using the parameters of each configuration, the welding range is investigated by chang-
ing the welding intensity according to two conditions:

• Minimal welding intensity (Imin) is given when a weld nugget diameter of 4mm is
obtained;

• Maximal welding intensity (Imax) is obtained when three samples can be welded at
the same intensity without splash (expulsion of molten metal) (if one of the three is
splashing during the process, intensity should be reduced until obtaining three spot
welds without splash).

Using this methodology, the welding ranges obtained with a SCHLATTER Selecta P2
(AC mode) machine for the four configurations are shown in figure 2.5. The welding ranges
are at least 2 kA large,which corresponds to a good weldability of the two steel grades.

Figure 2.5: Spot welding intensity range of the four welded configurations.

The welding ranges of the four configurations are used to define three intensity values
per configuration:

• Lower end intensity (close to Imin)
• Middle intensity (chosen in the middle of [Imin,Imax])
• Higher end intensity (close to Imax)
The three intensities are used to weld mechanical tests samples. The reason for selecting

different intensities along the range is that the weld diameter depends on the energy
provided by Joule effect. For each configuration and intensity, seven samples are welded,
one for the microstructural observations, three for the cross tension strength tests (CTS)
and three for the tensile shear strength tests (TSS). The micrographic sample is cut
perpendicular to the weld, polished and chemically etched to reveal the different zones
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

of the spot weld (Base material BM, heat affected zone HAZ, fusion zone FZ).
Using the polished samples, micrographic observations and micro hardness tests were

carried out to characterize the heat affected zones and the fusion zone. Samples were
cut at the middle section of the nugget with a tabletop cut-off machine, polished and
chemically etched. The samples are polished to the micron step by step obtaining mirror
and chemical etched by two chemical reagents, Bechet-Beaujard (Picric acid) and Nital
3 % (Nitric acid). Bechet-Beaujard permits to reveal the former austenite grain boundaries
which allows to easily observe the nugget (figure 2.6.a). Nital is widely used in the steel
industry to reveal microstructure, ferrite grains and martensitic structures in particular
(figure 2.6.b). Microscopic observations were performed using a Zeiss Imager A1m device.
During all experiments (from welding to observations), Usibor1500 was taken as the upper
sheet.

Figure 2.6: Chemical etching of a spot weld with a) Bechet-Beaujard reagent and.b Nital
3 % reagent.

The micrographic views of dedicated samples allow to compare the nugget size when
the intensity changes. Figure 2.7 shows the Usibor1500-DP600 spot welds cross sections
for two thickness configurations (DB, homogeneous and DD, heterogeneous) and the three
positions in the welding range (lower end, middle and upper end). One can observe
the increase in nugget size with increasing welding current intensity regardless of the
configuration.

Micro-hardness tests were carried out on metallographic samples with a EMCOTEST
M1C010 device with a 500 g Vickers setting (Hv0.5). All profile lines began with Usi-
bor1500 base metal zone, through the fusion zone and ended within the DP600 base metal
(figure 2.8.c and 2.8.d). Observing simultaneously the micrographic view and the hardness
profile, some particular zones can be interpreted. Micro hardness profiles are presented in
figure 2.8.a and 2.8.b for two configurations. The resistance spot welding process has direct
consequences on local microstructures and hardness in the two steel grades. The DP600
ferritic martensitic steel shows a Heat Affected Zone (HAZ) almost two times harder than
the base metal. This is a well-known consequence of the local thermal cycle exceeding the
complete austenitization temperature Ac3 and the subsequent fast cooling rate giving rise
to an almost fully martensitic microstructure. The situation is different on the Usibor1500
side, where the base metal is already mainly martensitic with a high hardness. The local
thermal cycle induces first some martensite tempering (hardness drop) where the peak
temperature did not exceed about 700℃ during the process. A higher peak temperature
(above Ac3, closer to the weld nugget) produces some fresh martensite as in the DP600
HAZ, but with a higher hardness due to the higher carbon content of Usibor.

Note that for the sake of simplicity in this presentation, the global “HAZ“ label is given
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Spot weldability

Figure 2.7: Spot weld metallographic cross sections for DB and DD configurations at the
three positions in the welding range (Usibor1500 is always the upper sheet): a) DB lower
end, b) DB middle position, c) DB upper end, d) DD lower end, e) DD middle position;
and f) DD upper end.

only to the zones where the peak temperature exceeded Ac3 in the solid state, even if
metallurgical transformations may have occurred below (e.g., martensite tempering). The
weld nuggets present intermediate hardness levels due to the homogenization of carbon
content between DP600 and Usibor1500 and to the high cooling rate giving birth to very
hard martensite. Based on the preceding and according to literature, six different hardness
zones can be highlighted in these profiles:

• Usibor1500 base metal,
• Usibor1500 tempered zone,
• Usibor1500 HAZ,
• Fusion zone,
• DP600 HAZ,
• DP600 base metal.
It is important to note that the weld nugget chemical composition depends on the

thickness ratio between Usibor1500 and DP600. Focusing on carbon content in the two
types of steels and considering a simple rule of mixture, a thin Usibor1500 sheet on top of a
thick DP600 one (DD configuration) will produce a fusion zone with a lower average carbon
content than in the homogeneous thickness configurations (DA or DB). Consequently, the
maximum carbon content in the fusion zone will be obtained in the DC configuration (thick
Usibor1500 sheet with a thin DP one). These tendencies are verified by average hardness
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

Figure 2.8: Spot weld hardness profiles for DB (Usibor1500 2.0 mm-DP600 2.0 mm) and
DC (Usibor1500 2.0 mm-DP600 1.2 mm) configurations: a) DB hardness profile, b) DC
hardness profile, c) DB metallographic cross-section and d) DC metallographic cross-
section.

measurement of the weld nugget for the four configurations: weld nugget hardness is about
420 Hv in DA and DB configurations, 470 Hv in DC and 419 Hv in DD configurations.
This is in accordance with the facts that the fusion zone is mainly martensitic and that
martensite hardness is strongly dependent on carbon content.

2.3 Failure modes

The steel sheets were cut into 125x38 mm coupons along the transverse direction and
resistance spot welded following ISO 18278-2 standard. Mechanical tests were carried out
on Zwick tensile machine with a 100 kN load cell at a crosshead speed of 15 mm/min.
Special hydraulic jaw assemblies were used in cross tension and tensile shear, according
to the standards (respectively ISO-14272 and ISO-14273). All the samples are disposed
with Usibor1500 as upper sheet in the tensile machine. Then displacement is imposed
until spot weld failure. Two important characteristics of spot weld fracture are usually
extracted and recorded after such destructive tests: failure load and failure mode. While
the former is explicitly defined by the maximum load reached during the test, the latter
refers to a specific classification and measurement procedure described in the following.
Mild steel spot welds usually fail by Button Pull-Out (BPO) or Full Interfacial Failure
(FIF). AHSS usually present additional failure modes: Partial Interfacial Failure (PIF)
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but also the so-called Total (or Partial) Dome Failure, where the fracture path follows the
FZ-HAZ interface (figure 2.9).

Figure 2.9: Spot weld failure modes: Button Pull-Out (BPO), Partial Interfacial Failure
(PIF), Full Interfacial Failure (FIF), Partial Dome Failure (PDF), and Total Dome Failure
(TDF).

Failure modes are investigated with the naked eyes first. If a button was formed, its
diameter is measured using a vernier calliper along two directions (minimal and maximal
diameter). Moreover, in all cases but BPO, the weld nugget size is investigated using an
eye magnifier to allow measuring the weld diameter.

2.3.1 Cross tension tests

2.3.1.1 Cross tension tests macroscopic investigations

Failure modes obtained after cross tension tests are gathered in table 2.3 for the four
configurations, with an indication on the failure side (if ’Usibor1500 Failure’ is specified,
a button is remaining on DP600 steel sheet and a hole in the Usibor1500 one).

Configurations Low Intensity
Range

Middle Intensity
Range

High Intensity
Range

DA: Usibor
1.2 mm/DP600 1.2 mm

Usibor Failure
(PIF)

Usibor Failure
(BPO)

Usibor Failure
(BPO + PDF)

DB: Usibor
2.0 mm/DP600 2.0 mm

Usibor Failure
(PIF)

Usibor Failure
(PIF)

Usibor Failure
(BPO)

DC: Usibor
2.0 mm/DP600 1.2 mm

DP600 Failure
(PIF)

DP600 Failure
(BPO)

Usibor Failure
(BPO + PDF)

DD: Usibor
1.2 mm/DP600 2.0 mm

Usibor Failure
(BPO)

Usibor Failure
(BPO)

Usibor Failure
(BPO + PDF)

Table 2.3: Cross tension failure modes.

A majority of Button Pull-Out (BPO) and Partial Interfacial Failure (PIF) occurred.
Failure occurred in the Coarse Grain HAZ (CGHAZ) of Usibor1500 for BPO and in the
weld nugget for PIF, except for the DC configuration (2.0 mm Usibor-1.2 mm DP600)
where failure was on the DP600 side for low and middle intensity ranges. Failure never
occurred in the tempered zone of Usibor1500 in spite of hardness fall in this zone. A
global trend of PIF to BPO failure mode transition from low to high welding current can
be noticed, as often observed with increasing weld diameters. The observed failure modes
are presented in figure 2.10 in more details.
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

Figure 2.10: Spot weld cross tension failure modes for the four configurations (DA, DB,
DC and DD) for the three welding intensities.

The macroscopic visual aspect of the broken welds corresponding to encountered failure
modes are presented in figure 2.11.

Figure 2.11: Main failure modes encountered during Cross Tension tests (macroscopic
visual aspect): a) PIF, b) BPO, and c) BPO + PDF.

A remarkable feature is the initiation of a Partial Dome Failure at the upper end of
the welding range in parallel to BPO. In fact, initiation of expulsion produces a particular
geometry at the notch tip, where a small amount of liquid metal (splash) could escape
from the nugget and promotes Partial Dome Failure. The latter occurs usually at an angle
of about 30° to the faying surface. This is illustrated in more details in figure 2.12, where
the initial dome crack eventually forks up into a button. This phenomenon seems to drive
the failure zone transition from the DP600 side to the Usibor1500 in the DC configuration
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close to the upper end of the welding range.

Figure 2.12: Beginning of expulsion in the DC configuration at the upper end of the
welding range promoting partial dome failure: metallographic cross section before a) and
after b) the cross tension test.

2.3.1.2 Cross tension tests fracture surfaces

Fracture surfaces of failed spot welds were then observed in a Scanning Electron Microscope
(SEM) as presented in figure 2.13. In the case of Button Pull-Out (BPO), the lateral
button surface was observed (Figure 2.13). Two types of fracture surfaces were identified
in that case:

• A zone exhibiting small cavities due to debonding of the inclusions in the material
(right zone).

• A zone exhibiting shear (left zone). The “pull-out“ movement of the upper sheet
in the final stage of fracture (vertical tangential motion of the fractured sheet with
respect to the weld nugget) is indeed expected to produce such evidence of shearing,
corresponding to the friction of upper sheet after failure.

When Partial/Full Interfacial Failure (PIF/FIF) is considered, the fracture surfaces
exhibit brittleness. In figure 2.14, the investigations are focused on the interfacial failure
zone, and two characteristic types of surface in the Interfacial Failure (IF) of spot welds
were identified:

• A zone exhibiting cleavage, which is characteristic of a very fast crack propagation
without deformation (left zone). This type of fracture is transgranular.

• Sometimes a zone with dendrites (right zone). During the welding process, the
fusion zone is quenched, forming shrinkage at weld centre. When spot welds fail
in Interfacial Failure mode, the shrinkage cavities allow to observe the dendrites of
nugget solidification.

In the case of Partial Dome Failure (PDF), the partial dome is highlighted by the white
dotted line area and the button by the white solid one in figure 2.16. As discussed above,
the presence of a small weld metal splash promotes the partial dome. The latter was
observed for an angular range of about 30° around the weld nugget in that particular case
(figure 2.15).
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

Figure 2.13: Scanning Electron Microscopy (SEM) fracture surfaces in cross tension of
Button Pull-Out failure mode.

While the Button zone fracture surface in figure 2.16 is close to the one detailed in
figure 2.13, the partial dome fracture surface presents some evidence of brittle failure,
but not only. On the right zone of figure 2.16, some grains are observed which corre-
spond to intergranular fracture (grain boundaries decohesion) in the coarse grain HAZ of
Usibor1500.

2.3.2 Tensile shear tests

2.3.2.1 Tensile shear tests macroscopic investigations

The failure modes obtained in tensile shear in the four configurations are gathered in table
2.4 and illustrated in figure 2.17. Mainly Full Interfacial Failure (FIF, figures 2.17 and
2.18.a, low welding currents) and Button Pull-Out (BPO, figures 2.17 and 2.18.b, higher
welding currents) are observed, as expected from the literature.

It is interesting to note that failure occurred in the Usibor1500 Coarse Grain HAZ most
of the times, when not at the faying surface. The DC configuration (thick Usibor1500 sheet
on top of a thin DP600 one) constitutes however an exception to that rule, with a failure
occurrence rather on the DP600 side and a transition from Total Dome Failure (DP600-
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Figure 2.14: Scanning Electron Microscopy (SEM) fracture surfaces in cross tension of
Interfacial failure mode.

Figure 2.15: Splash angle along button periphery.

weld nugget interface, figures 2.17 and 2.18.c) to Button Pull-Out with increasing weld
diameter.
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

Figure 2.16: Scanning Electron Microscopy (SEM) fracture surfaces in cross tension of
Partial Dome failure mode.

Configurations Low Intensity
Ranger

Middle Intensity
Range

High Intensity
Range

DA: Usibor
1.2 mm/DP600 1.2 mm

Usibor Failure
(BPO) Usibor Failure (BPO) Usibor Failure

(BPO)
DB: Usibor

2.0 mm/DP600 2.0 mm FIF Usibor Failure (BPO) Usibor Failure
(BPO)

DC: Usibor
2.0 mm/DP600 1.2 mm

DP600 Failure
(TDF)

DP600 Failure (BPO
+ lateral PDF)

DP600 Failure
(BPO)

DD: Usibor
1.2 mm/DP600 2.0 mm FIF FIF Usibor Failure

(BPO)

Table 2.4: Tensile shear failure modes.

The effect of the sheet thicknesses is observed by comparing DA and DB (homogeneous)
configurations. A higher sheet thickness promotes Full Interfacial Failure (FIF) for small
welds (low welding current). Concerning the DC configuration and the occurrence of TDF
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Figure 2.17: Spot weld tensile shear failure modes for the four configurations (DA, DB,
DC and DD) and the three welding intensities.

Figure 2.18: Main failure modes encountered during Tension Shear tests (macroscopic
visual aspect): a) FIF, b) BPO and c) TDF.

instead of FIF for low welding current, a closer look at figure 2.17 shows that the faying
surface between the notch tips is not far from being aligned with the DP600-weld nugget
interface. This is geometrically favourable to the occurrence of Dome Failure.

2.3.2.2 Tensile shear tests fracture surfaces

SEM investigations of fractures surfaces for the three failure modes are shown in figures
2.19, 2.20 and 2.21.

The buttons obtained in tensile shear exhibit a particular aspect as shown in figure
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2.18.b, where one side of the button is at close to 45° to the faying surface. The investiga-
tions of button lateral surfaces reveal a dimple structure which involves ductile failure in
the base material HAZ. Moreover, the dimple structure is oriented in the loading direction
and some shear is observed on the surfaces (figure 2.19).

Figure 2.19: Scanning Electron Microscopy (SEM) fracture surfaces in tensile shear of
Button Pull-Out failure mode.
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The nugget zone of the Full Interfacial Failure mode presents a ductile aspect with
sheared dimples too (figure 2.20). Note that a few cavities with apparent dendrites can
also be seen close to the nugget centre in this case due to welding process (shrinkage in
the fusion zone during solidification). Contrary to Partial Interfacial failure mode in the
cross tension tests, in tensile shear case, the surfaces of Full Interfacial failure zone are
ductile. The Interfacial failure modes do not correspond to the same failure mechanism
between the two mechanical tests.

Figure 2.20: Scanning Electron Microscopy (SEM) fracture surfaces in cross tension of
Full Interfacial Failure mode.

Dome fracture surfaces in figure 2.21 exhibit a transition from a mixed mode domain
(intergranular cracks and dimples in the 200 µm layer close to the notch root) to a mainly
ductile mechanism with elongated dimples along the dome. Another particularity is the
molten coating during the process, which formed a bonding zone between the two steel
sheets.

The detailed observation of the different failure modes provides understanding on failure
mechanisms and sheet thickness influence. To complete the analysis, the failure strengths
will now be discussed.
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Chapter 2 – Experimental results of heterogeneous welding (Usibor1500/DP600)

Figure 2.21: Scanning Electron Microscopy (SEM) fracture surfaces in cross tension of
Total Dome Failure mode.

2.4 Failure strength

2.4.1 Cross tension strength

The failure loads of the four configurations of spot welds measured during the cross tension
tests are given in table 2.5.
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Configurations Low Intensity
Range

Middle Intensity
Range

High Intensity
Range

DA: Usibor
1.2 mm/DP600 1.2 mm 482 ±26 566 ±15 513 ±20

DB: Usibor
2.0 mm/DP600 2.0 mm 1108 ±88 1164 ±120 1305±114

DC: Usibor
2.0 mm/DP600 1.2 mm 633 ±64 847 ±77 837 ±89

DD: Usibor
1.2 mm/DP600 2.0 mm 482 ±11 600 ±9 794 ±94

Table 2.5: Cross tension failure loads (daN, average of three tests).

The fracture loads are plotted as a function of the measured weld diameters for the four
studied configurations in figure 2.23. Four additional configuration results derived from
internal ArcelorMittal Data are superimposed in figure 2.24 to compare homogeneous and
heterogeneous welding. These configurations are:

• Heterogeneous welding of Usibor1500 1.5 mm with DP600 1.5 mm
• Homogeneous welding of DP600 1.0 mm
• Homogeneous welding of DP600 1.8 mm
• Homogeneous welding of Usibor1500 1.5 mm
A common parameter to evaluate the performance of a RSW assembly is the ratio α

(performance parameter) of the failure load normalized by the weld dimensions [BIR 12]:

α = CTS/(dw × t) (2.1)

where CTS is the cross tension failure load (daN), dw is the weld nugget diameter
and t is the sheet thickness. In the cases of dissimilar sheet thicknesses (DC and DD
configurations), α is calculated with the smallest sheet thickness in accordance with the
ISO standard [ISO 04], as the welding process parameters are also driven by the thinnest
sheet.

Figures 2.22 and 2.24 illustrate the increase in failure load with increasing sheet thick-
ness in the homogeneous thickness configurations. This was indeed expected based on
Chao [CHA 03b] or Pouranvari [POU 10b] studies for example. Note that this trend is
verified for the homogeneous steel grade configurations, but also for the heterogeneous
ones.

Based on the heterogeneous thickness configurations (DC and DD) in figure 2.23, it
is interesting to note that the corresponding α performance parameters (respectively,
99 daN/mm2 and 92 daN/mm2) are almost as high as the best ones obtained in the case
of DP600 homogeneous welding (94–101 daN/mm2, figure 2.24) and definitely better than
the one of Usibor1500 homogeneous welding (69 daN/mm2). Similar positive effect of het-
erogeneous welding was already observed for example in Biro and al. [BIR 12]. Note that
changing the homogeneous Usibor1500 1.5 mm configuration into a heterogeneous Usi-
bor1500 1.5 mm/DP600 1.5 mm configuration, figure 2.24, also produces a slight increase
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Figure 2.22: Cross tension failure load (CTS) as a function of weld diameter and weld-
ing assembly: Usibor1500 and DP600 heterogeneous welding configurations with similar
thickness. α in daN/mm2.

in α performance parameter (from 69 daN/mm2 to 74 daN/mm2). In other words, DP600
improved the spot weld performance of Usibor1500.

Partial Dome Failures (PDF) were observed for three of the four configurations (DA,
DC and DD) for the high welding current intensity. Observing these particular points,
it appears that the corresponding loads are under the spot weld performance curves (α
slope). This indicates that the occurrence of limited expulsion tends to reduce the weld
performance for a given weld diameter. Thus, better understanding the subsequent dome
failure mechanism remains an important challenge as it affects the failure load significantly.

2.4.2 Tensile shear strength

Spot weld failure loads in tensile shear are presented in table 2.6 for the different config-
urations and plotted in figure 2.25 as a function of the weld diameter.
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Figure 2.23: Cross tension failure load (CTS) as a function of weld diameter and welding
assembly: Usibor1500 and DP600 heterogeneous welding configurations. α in daN/mm2.

Configurations Low Intensity
Ranger

Middle Intensity
Range

High Intensity
Range

DA: Usibor
1.2 mm/DP600 1.2 mm 1287 ±55 1411 ±81 1539 ±5

DB: Usibor
2.0 mm/DP600 2.0 mm 2595 ±76 2989 ±31 3313 ±77

DC: Usibor
2.0 mm/DP600 1.2 mm 1387 ±64 1585 ±12 1750 ±5

DD: Usibor
1.2 mm/DP600 2.0 mm 1255 ±91 1879 ±31 2000 ±3

Table 2.6: Tensile shear failure loads (daN, average of three tests).

For a given 9mm weld diameter, the DB failure load is more than twice higher than in
the DA case. As opposed to the cross tension case where the heterogeneous DC configura-
tion presented a higher strength than the DD one, the DD configuration performs better
in tensile shear. Moreover, DA and DC configurations present almost the same levels of
failure loads. In other words, increasing the Usibor1500 sheet thickness from 1.2 mm to
2.0 mm did not affect the failure load (but shifted failure on the DP side), while thickening
rather the DP600 sheet (DD configuration) produced a significant increase in failure load.
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Figure 2.24: Cross tension failure load (CTS) as a function of weld diameter and welding
assembly: Usibor1500 and DP600 homogeneous welding configurations compared with the
dissimilar 1.5 mm Usibor1500/1.5 mm DP600. α in daN/mm2.

2.5 Discussion

2.5.1 Liquid metal splash influence on cross tension performance

In the experimental procedure, a prior characterization of the welding range was done ac-
cording to the ISO 18278-2 standard of RSW. This allowed identifying a maximum welding
current before the appearance of significant splash, for each configuration. Metallographic
inspection, as in figure 2.7.c and 2.7.f, illustrates, however, that such upper end definition
of the welding range does not prevent limited weld metal splash at the notch tip. This
may be due to a slightly inhomogeneous distribution of the electrode force around the spot
weld. Cross tension failure modes and strengths sections (2.3.1 and 2.4.1) illustrated that
this promoted the occurrence of (partial) dome failure in cross tension and was correlated
with a decrease in failure load, in spite of a higher weld diameter.

Figure 2.26 highlights the example of the DA configuration at the upper end of the
welding range. It illustrates that considering the plug diameter instead of the full weld
diameter helps retrieving an almost linear correlation between the failure load in cross
tension and the diameter, as often observed in the literature [POU 07] and [CHA 03b].
This is as if the metal splash acted as an easily opening pre-crack reducing the apparent
diameter of the weld. However, this decrease in failure load is not observed in tensile
shear, where the tangential loading mode of the faying surface makes it less sensitive to
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Discussion

Figure 2.25: Tensile shear failure load (TSS) as a function of weld diameter and welding
assembly.

such irregularities of the notch tip.

2.5.2 Positive deviation of cross tension failure load with dissimilar
thickness

Cross tension failure modes and strengths in sections 2.3.1 and 2.4.1 illustrated above the
positive effect of dissimilar thickness welding on the cross tension performance parameter
α, that can be seen as the failure load normalized by the sheet thickness and the weld
diameter. Dissimilar thickness configurations (DC and DD) present indeed higher α than
the three iso-thickness configurations (DA, DB and 1.5 mm/1.5 mm). Such effect is also
seen in the experimental results of Biro et al. [BIR 12], concerning mostly a DP980 steel
in that case. Several phenomena can be proposed to contribute to the positive deviation.

Firstly, chemical dilution in the weld nugget affects hardenability and hardness in the
case of dissimilar welding with different steel grades. This was clearly observed in section
2.2 where the weld nugget hardness strongly differs from the Usibor1500 and DP600 HAZ.
It is itself significantly affected by the thickness ratio of the two sheets influencing the
final composition of the weld nugget and its hardness (470 Hv for DC, 419 Hv for DD).

Secondly, increasing the sheet thickness is likely to reduce the cooling rates during the
process, as shown by Kim [KIM 15] or Eshraghi [ESH 14], and consequently the types
of microstructures obtained in the weld nugget and HAZ, as detailed in Dancette et al.
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Figure 2.26: DA configuration spot weld: a) Metallographic cross-section at the upper
end of the welding range after cross tension, highlighting two possible values of diameter
(plug or weld). b) DA failure loads as a function of diameter, with a possible horizontal
shift of the upper end spot welds when considering the effective plug diameter instead of
the full weld diameter.

[DAN 11b]. In the present study, increasing the sheet thickness from 1.2 mm (DA config-
uration) to 2.0 mm (DB configuration) produces a slight decrease of average weld nugget
hardness from 429 Hv to 413 Hv. However, the link from microstructure and hardness to
damage behaviour and the resulting failure mode and failure load of spot welds remains
very complex. As an example, the harder (and potentially more brittle) DC weld nugget
is in fact presenting a slightly higher α performance parameter in cross tension than the
softer DD one (99 daN/mm2 vs. 92 daN/mm2 respectively).

Beyond microstructure types and hardnesses, simple geometrical considerations are
also likely to affect the weld behaviour First, the position of the notch tip with respect to
the weld nugget height is affected by dissimilar thickness welding as illustrated in figure
2.27, where the nugget centre tends to shift towards the thicker sheet (DP600). Assuming
that the former solidification plane presents a low toughness (orange zone) and since it
is no more aligned with the notch tips in dissimilar thickness configurations, this may
contribute to the better performance of the latter in cross tension, as also suggested in
Biro et al. [BIR 12]. Indeed, the crack propagation along the arrow becomes less feasible
when the nugget shift increases (figure 2.27). Another possible effect may arise from
the notch tip radius and orientation with respect to weld nugget-HAZ interface, which is
affected by dissimilar thickness welding and may have consequences on the initiation of
crack propagation from the notch tip.

These different chemical, microstructural and geometrical features of heterogeneous
spot welds are strongly interrelated and make it difficult to observe experimentally un-
ambiguous trends in spot welds mechanical behaviour with a given parameter. One per-
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Figure 2.27: Nugget shift schema.

spective here is the development of finite element models (e.g., Dancette et al. [DAN 12]
and [DAN 09]) that allow investigating separately the influence of the numerous influ-
encing parameters, from the local constitutive behaviour to geometrical effects and their
consequences on stress concentration or varying boundary conditions.

2.5.3 Dissimilar thickness effect in tensile shear

Contrary to cross tension, there is no global obvious and significant positive effect of
dissimilar thickness on the tensile shear failure load with respect to the homogeneous
configurations. However, all welds present a strong dependence of the failure load to the
weld diameter and sheet thickness. These results are consistent with the conclusions of
Marashi [MAR 10] and Pouranvari [POU 10a] who observed that nugget diameter and the
weld fusion penetration are the two main controlling factors of Tensile Shear strength for
a given sheet configuration.

One factor often mentioned to influence the tensile shear strength of dissimilar spot
welds is the Ultimate Tensile Strength (UTS) of the thinnest sheet base metal [MAR 10].
The present study confirms that: for a given weld diameter, DD welds (thin Usibor1500
sheet) present a higher failure load than DC welds (thin DP600 sheet), despite the fact
that final fracture is not taking place in the base metal. Consequently, one way to increase
the tensile shear failure load of dissimilar spot welds consists in increasing the thickness of
the lower grade sheet. This is illustrated by the comparison of DA (iso-thickness, 1.2 mm)
and DD configurations (thick 2.0 mm DP600 sheet on a thin 1.2 mm Usibor1500 one):
DD welds present a higher failure load than the corresponding DA welds at the same weld
diameter. A consequence of the DD configuration is the lower weld rotation during loading
due to lower bending deformation in this configuration.

2.6 Arc welding

In this part, the heterogeneous welding of Usibor1500 is studied. The sheets are welded
in a overlap configuration (figure 2.4), which implies an upper and a lower sheet. The
heterogeneity comes from two factors:

• The used filler wire (G3Si close to DP600 chemical composition to obtain heteroge-
neous welding),

• The thickness heterogeneity, because the two welded sheets have dissimilar thick-
nesses.
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2.6.1 Configurations

The two welded configurations are:
• DA: 2.0 mm Usibor1500 as upper sheet and 1.5 mm Usibor1500 as lower one,
• DB: 1.5 mm Usibor1500 as upper sheet and 2.0 mm Usibor1500 as lower one.
Industrial requirements are numerous, for example the fusion zone penetration or the

angle between the sheet and the seam, which are key parameters that must be controlled
for the weld to be approved. For each configuration (with variation of grade or thickness),
optimal welding parameters are found and collected in table 2.7.

Current
type Gas Wire Torch

angle
Filler
speed

Welding
speed Intensity Voltage

Standard
8 % CO2
+ 92 %
Ar

G3Si
Ø1 mm 25°/10° 4.3 m/min 500 mm/min 115 A 18.5 V

Table 2.7: Arc welding parameters

For this design, only one type of tensile test is commonly carried out, a tensile test
that is often related to the TSS test of spot welds. About five samples are tested for each
configuration. One sample corresponds to a weld length of 30 mm, slice from larger weld.
Fracture modes are observed for each sample and the strength is measured too. The five
commonly encountered failure modes are collected in figure 2.28.

Figure 2.28: Arc weld failure modes: a) Base material failure, b) and c) HAZ failure, d)
Molten zone failure and e) Border zone failure

The investigation methodology is the same as for spot welding. One sample is cut at
the cross section of arc weld, polished and chemical by etched (with nitric acid) to reveal
the different zones of the arc weld (Base material BM, heat affected zone HAZ, fusion zone
FZ). The five other welded samples are tested in the tensile machine. Fracture modes are
observed for each sample, and the failure strength is measured.

2.6.2 Microstructures

In this part, the microstructure of arc welds are investigated. The micrographic views
of the two arc weld configurations allow to compare the fusion zone geometry in the two
configurations, in particular on the weld height and width. In the DA case, because the
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thicker sheet is located on the top of assembly, the fusion zone width is smaller than in
the DB case where the molten metal dilution is more complicated on a thicker sheet.
This result is confirmed by the high dilution observed in the DB case, where the distance
between the CGHAZ and the notch root is higher than in the DA case.

Another remarkable geometrical parameter is the fusion zone penetration in the lower
sheet. Once again, the sheet thickness influence on dilution is observed, where the fusion
zone reaches the middle thickness in the thinner sheet (DB) but superficially penetrates
the thicker sheet.

Some coating is concentrated under the fusion zone on the lower sheet and in the
notch root. Temperatures reached during the welding process implies the melting of Al-Si
coating which migrates and accumulates in the hottest zone (white phase in the notch
root zone on figure 2.29.c and 2.29.d).

Figure 2.29: Arc weld hardness profiles for DA (Usibor1500 2.0 mm-Usibor1500 1.5 mm)
and DB (Usibor1500 1.5 mm-Usibor1500 2.0 mm) configurations: a) DA hardness profile,
b) DB hardness profile, c) DA metallographic cross-section and d) DB metallographic
cross-section.

Concerning the microstructures, the consequences of the arc welding process are similar
to that of the spot welding one. Usibor1500 has a heat affected zone (HAZ) which has two
parts, the tempered martensite zone and the hard HAZ. The first one is the zone which
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endorses a tempering of the Usibor1500 martensite, decreasing its hardness (hardness drop
in figure 2.29.a and 2.29.b. The second HAZ is the hard one, which underwent temperature
above Ac3, and is fully martensitic with austenite grain coarsening close to the fusion zone.

The tempered zone reaches hardness values around 230 Hv, which is clearly less than
for spot welding (300 Hv in the tempered zone). This comes from the cooling rate that
is lower in the arc welding and the self-tempering of weld pool during the linear welding
process. The cooling rate also affects the tempered zone size, resulting in larger tempered
zones for arc welds than for spot welds.

The cooling rate affects the hardness of hard Usibor1500 HAZ (undergone temperature
above Ac3). In arc welds, this zone presents only 400 Hv, whereas its hardness reached
500 Hv in spot welds. Such decrease could also be explained by the microstructure mor-
phology: during arc welding, the lath close to the interface could grow more easily than
in the coarse grain zone of the resistance spot welds (RSW). Moreover, no self-tempering
(RSW case) results into very hard and brittle martensite phase.

Molten zone hardness is around 280 Hv, due to the important amount of G3Si brought
during process. This hardness value gives a approximation of the dilution ratio between
G3Si and Usibor1500 during the welding process.

Based on the preceding and according to literature, four different hardness zones can
be highlighted in these profiles:

• Usibor1500 base metal,
• Usibor1500 tempered zone,
• Usibor1500 HAZ,
• Fusion zone.

2.6.3 Failure Modes

The weld assemblies were cut into 30 mm width sample along the welding direction. Me-
chanical tests were carried out on Zwick tensile machine with a 100 kN load cell at a
crosshead speed of 15 mm/min. Special hydraulic jaw assemblies were used, according to
the standards. Jaws of the tensile machine are shifted to take the sheets positioning into
account. This test is occurring till the arc weld fails.

Two important characteristics of arc weld fracture are usually extracted and recorded
after such destructive tests: failure load and failure mode. While the former is explic-
itly defined by the maximum load reached during the test, the latter refers to a specific
classification (figure 2.28). The obtained failure modes are gathered in figure 2.30.

In the two configurations failure occurs in the thinnest sheet side, but failure is not
located in the same zone. For the configuration DA with the thinnest sheet downside, the
failure occurs in the tempered martensite zone. A large deformation with necking could
be observed in figure 2.30.a.

For DB configuration (thinnest sheet on upside), failure occurs in the fusion zone. This
failure seems to initiate close to the notch root. In an other hand, large deformation is
observed in the tempered zone of the thinnest sheet, which induces a tight competition
between the two failure modes.
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Figure 2.30: Arc weld failure modes: a) DA configuration (thicker upside) and b) DB
configuration (thicker downside).

2.6.4 Failure strengths

The failure strengths of the two arc welds configurations are collected in the table 2.8:

Configuration Strengths Standard
deviation +/−

DA Usibor1500 2.0 mm as
upper sheet 816 9

DB Usibor1500 1.5 mm as
upper sheet 836 16

Table 2.8: Arc welding failure strengths (MPa, average of five tests).

The strengths of the two configurations are almost the same. These results support the
hypothesis of close competition between the failure modes. Globally, the second configura-
tion (with the thinner sheet upside) shows better strengths results. It could be explained
by the assembly stiffness. When the thicker Usibor1500 sheet is upside, the weld bead is
larger and a little harder and thus increases the arc weld stiffness. During tensile test, the
rotation and notch root opening are delayed compared to the other configuration. This
involves high stress concentration in the thinner (and downside) sheet, which failed earlier
in the weakest zone (Tempered martensite zone of thinner sheet). In the other configura-
tion, the weld bead is a little softer and more elongated. This geometry promotes the arc
weld rotation during the test and notch root opening It allows a better stress repartition
in the tempered martensite zone of the thinnest sheet.

2.7 Conclusion

In this section, weldability of two widely used steels in industry (Usibor1500 and DP600)
was studied. A fine microstructural characterization was executed on base materials and
spot welds and their weldability was studied. Four configurations of thicknesses were
welded to highlight the geometry influence and failure mechanisms.

Then, failure modes and strengths of the four Usibor1500/DP600 assemblies (thick-
nesses varying) for three intensities along the welding range were observed. Failure modes
were firstly highlighted by macroscopic investigations and then by scanning electron mi-
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croscopy in order to identify ductile or brittle fracture surfaces. Failure strengths were
compared between the four configurations and homogeneous data of same steel grades.

Then, several aspects were discussed, in particular the influence of liquid metal splash
on cross tension failure strengths when intensity is close to upper end of the welding
range. Moreover, a positive deviation of weld assemblies strength was highlighted in
the case of dissimilar thickness spot welds, in particular thanks to dilution in the fusion
zone. However, during tensile shear tests, no positive effect of the dissimilar thickness was
observed.
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Chapter 3

Experimental results of highly
heterogeneous welding

(Duplex/DP600)

Chapter 2 presented the characterization of the mechanical behaviour of heterogeneous
weld assemblies for two Automotive High Strength Steels (AHSS) widespread in auto-
motive industry (DP600 and Usibor1500). This chapter focuses on the fine experimental
characterization of highly dissimilar welding of a third generation steel (Duplex) with the
same common DP600 steel as above. Similarly, resistance spot welding (RSW) and Arc
welding will be studied. The same experimental procedure as in chapter 2 will be followed,
from the material properties, to the failure mechanisms of the different welds, depending
on the configuration.
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3.1 Materials and welding configurations

3.1.1 Materials

In this chapter, the study focuses on the assembly of the third generation AHSS Duplex
with the Dual Phase DP600.

Duplex steel, is a new concept aiming at reducing the car weight. Duplex concept
consists in obtaining ferritic-austenitic steels with low density (thanks to of high aluminium
and manganese content, see table 3.1). Duplex aims at replacing DP600 in the automotive
industry thanks to their high UTS (≈ 800 MPa) and high elongation (∼30%). It is assumed
that the weight saving could be greater than 10%. Due to the high amount of aluminium
and manganese, Duplex welding is a significant challenge.

Steel grade (x 0.001wt%) C Mn Si N Al
DP600 1 88 1870 150 4 21
DP600 2 104 1550 169 4 29
G3Si (filler wire) 75 1460 547 6 26
Duplex 4Al 200 7920 300 4 4070
Duplex 8Al 200 7600 270 3 7840

Table 3.1: Chemical composition of steel grades (x 0.001wt%)

3.1.2 Duplex steelmaking

Duplex steels are breakthrough products under development at ArcelorMittal. The man-
ufacture of studied samples is done by Vacuum Induction Melting casting (VIM). This
process induces small base material volumes. The initial aim for the studied Duplex steels
was 8wt% of manganese and 4wt% or 8 wt% for the aluminium content. In this way, the
aluminium effect on microstructure and welding could be studied. Lastly, after casting,
the chemical composition of obtained materials are collected in table 3.1. The final chemi-
cal compositions are consistent with the stated objectives. Small ingots (135x95x30 mm3)
were obtained at the end of casting. This is the initial state as received in this project. In
order to weld these Duplex steels, ingots had to be turned into steel sheets.

The first process to transform the ingots into sheets is the hot rolling. This step allows
to reduce thickness from 30 mm to 2.7 mm, obtaining a hot rolled steel. Hot rolling is a
milling process involving high temperature rolling (typically at a temperature over 900 ◦C),
above the steel recrystallization temperature. Thus the steel can be shaped and formed
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Materials and welding configurations

easily, and can be produced in much larger sizes. Because of the important thickness
reduction, the hot rolling process is done in several steps. All the parameters are wisely
chosen to obtain a fine microstructure. These parameters (holding temperature, end rolling
temperature, cooling rate and winding temperature) directly influence the microstructure
of the obtained steel sheets. They are collected in table 3.2.

Thickness
reduction

Heating time
and temperature Passes End of rolling

temperature
Cooling
rate

Winding
temperature and

cooling rate
30 mm to
2.7 mm

30 min and
1250 ◦C 7 900 ◦C 30 ◦C/s 550 ◦C at 30 ◦C/h

Table 3.2: Hot rolling parameters

After hot rolling, the microstructure of the two Duplex grades was checked, observing
cross sections with optical microscopy and performing hardness tests. The microstructure
of the two hot rolled Duplex steels are presented in figure 3.1 (chemical etching: KLEMM
II and Nital 1%).

Figure 3.1: Hot rolled steel microstructures: a) Duplex 4Al and b) Duplex 8Al.

The rolling direction is visible on the two micrographs (horizontal). Duplex 4Al is
formed of two constituents, the ferrite (white areas) and a compound of fine lamella of
ferrite and austenite (dark areas on figure 3.1.b). The volume fraction of ferrite is about
40%, even if white areas on the micrography are only 15%.

Duplex 8Al contains three phases, a ferrite matrix oriented in the rolling direction
(darker phase), austenite at ferrite grain boundaries (white phase), and kappa phase in
the austenite grains (black phase). The volume fraction of ferrite is about 80% and the
austenite + kappa about 20%. The kappa phase (ordered FeyAlCx) appeared because of
a too low cooling rate during hot rolling [SCH 05] [PAR 84], but is not harmful.

Hardness tests on the two grades lead respectively to 400 Hv and 280 Hv for Duplex
4Al and 8Al, which is consistent with ferrite volume fraction (ferrite phase is softer than
austenite phase).
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The obtained sheet thicknesses after hot rolling are too important for Resistance Spot
Welding (RSW). An additional step is needed: cold rolling. Because of high hardness
values (in particular for Duplex 4Al) and of significant kappa phase content (in the Duplex
8Al), an experimental procedure was set up to evaluate the cold rolling ability of the two
Duplex steels. After many trials, practical heat treatment temperatures for the two steel
grades were identified: 650 ◦C for 4Al and 850 ◦C for 8Al. The cold rolling process success
turned out to be impossible without heat treatments (left sample in figure 3.2.a and 3.2.b).
Duplex 4Al was too hard for rolling mill, and Duplex 8Al fully delaminated after a few
passes. The different treatments listed were tested, on Duplex 4Al:

• 4Al-1: no treatment
• 4Al-2: 650 ◦C for 20 minutes
• 4Al-3: 650 ◦C for 30 minutes
And on Duplex 8Al:
• 8Al-1: no treatment
• 8Al-2: 850 ◦C for 5 minutes
• 8Al-3: 850 ◦C for 15 minutes

Figure 3.2: Cold rolling tests a) Duplex 4Al, b) Duplex 8Al, c) delamination of Duplex
4Al and d) delamination and cracking of Duplex 8Al.
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For Duplex 4Al, 20 minutes of treatment were not enough, and delamination appeared
at the sheet extremities before obtaining the final 1.2 mm thickness, whereas 30 minutes
seem sufficient to obtain a softer material and a perfect sheet of 1.2 mm without cold
rolling defects (figure 3.2.a and 3.2.c).

For Duplex 8Al, 15 minutes of treatment was inappropriate because of the occurrence of
cracks at the sheet edges and on the surface (3.2.d), whereas the sheet treated for 5 minutes
presented no defects. The 5 minutes treatment allows partial ferrite recrystallization and
stress relaxation.

Finally, 650 ◦C for 30 minutes (Duplex 4Al) and 850 ◦C for 5 minutes (Duplex 8Al) heat
treatments were chosen. These treatments are not optimal but allow a safe compromise
for base materials cold rolling.

The microstructures of the two Duplex grades are the same before and after cold rolling
(figure 3.3). The phase fractions are similar and the microstructure looks crushed in the
transverse direction. The hardness clearly increased for the two grades because of strain
hardening from 280 Hv (after HT 650 ◦C 30 minutes) to 400 Hv for the Duplex 4Al and
from 270 Hv to 360 Hv for the Duplex 8Al.

Figure 3.3: Cold rolled steel microstructures: a) Duplex 4Al and b) Duplex 8Al.

After cold rolling, an annealing is always carried out to release the stress and disloca-
tions in the sheets. However, to obtain the best final product mechanical properties, the
annealing was done at 850 ◦C for 136 seconds. The treatment was realized under controlled
atmosphere (argon gas).

Mechanical tests (ISO tensile tests) were done on the two Duplex grades, before and af-
ter annealing. The mechanical behaviour of Duplex 4Al and 8Al before and after annealing
is shown in figure 3.4.

By comparison with DP600, Duplex steels show higher Ultimate Tensile Strengths
(UTS) and almost the same elongation properties, in particular for the Duplex 4Al. Using
a Duplex 4Al steel instead of DP600 steel could allow the Carmakers to decrease the sheet
thickness, and in this way reduce the CO2 emissions. It is important to note that the
initial density of Duplex steels is lower than DP600’s one.

The main characteristics (A% and UTS) of the two Duplex base materials are collected
in table 3.3.
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.4: Mechanical properties of Duplex steel grades before and after homogenizing
annealing (Uniaxial ISO tensile test).

Steel grade Elongation at rupture
A% (%)

Ultimate Tensile Strength
UTS (MPa)

Duplex 4Al 24.9 1045
Duplex 8Al 16.0 787

Table 3.3: Mechanical properties of Duplex steel grades in the final state (Uniaxial ISO
tensile test).

The discussions about the final mechanical properties obtained is out of the scope of
this PhD but it is worth noting that this work constitutes one of the first attempts to
optimize the process for these grades.

3.1.3 Microstructures

In this section, the Duplex and DP600 microstructures are finely characterized by Confocal
Laser Scanning Microscopy (CLSM) and Scanning Electron Microscopy (SEM). For con-
focal microscopy, KLEMM II etching reagent was used to observe the microstructure. For
SEM observation, Villela and Nital 1% etching reagents were used to reveal the microstruc-
ture of steels, because KLEMM II is an electron barrier. The observed microstructures
are shown in figures 3.5 and 3.6.

DP600 base material is made of martensite islands in a ferritic matrix (localized at
the ferrite grain boundaries) (figure 3.5.a and 3.5.b). The confocal microscopy allows to
estimate the ferrite grain size in the microstructure: around 10 µm. The SEM observation
shows the martensite location (white phase), at the ferrite grain boundaries, and allows
to estimate the martensite phase fraction (around 10%).

For the two Duplex steels (4Al and 8Al), a ferritic matrix is observed completed with
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Figure 3.5: Microstructure of DP600 base material: a) confocal microscopy observation
and b) SEM observation.

austenite with a varying phase content, and the rolling direction is observable in the
microstructures (horizontal in figure 3.6).

Figure 3.6.a shows Duplex 4Al observed with confocal microscopy, where ferrite is
the dark phase and austenite is the white one. The ferrite and austenite fractions are
approximatively balanced (50% ferrite, 50% austenite). The microstructure is composed of
two domains, one fully ferritic with large bands, and the second also exhibiting large bands
but with interconnected ferrite and austenite phase inside, as in a pearlitic microstructure.

Figure 3.6.c shows Duplex 8Al microstructure, Ferrite is still the dark phase and is
predominant with a phase fraction of about 90%. The banded microstructure is observed
in the Duplex 8Al case too, with austenite at the ferrite grain boundaries. No kappa phase
is observed in the austenite islands because the cooling rate was important enough to not
form kappa.

3.1.4 Welding configurations

In this study, only one thickness for each steel grade will be used. The chosen thickness
is 1.2 mm, which corresponds to a usual thickness for spot welded steels. Unlike in the
previous chapter (Usibor1500/DP600 welding), the thickness influence will not be studied
in this part because:

• of the small amount of Duplex base materials,
• this Duplex welding study will therefore focus on the metallurgical aspects.
Two configurations will be welded:
• Duplex 4Al (1.2 mm) with DP600 (1.2 mm),
• Duplex 8Al (1.2 mm) with DP600 (1.2 mm).
Because Duplex products are under development, these steels are not coated unlike

DP600 (GI 10 µm). The welding of these two configurations will allow to measure the
aluminium influence on the spot welding geometry, microstructure and mechanical perfor-
mance.
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Figure 3.6: Microstructure of Duplex base materials: a) confocal microscopy observation
of Duplex 4Al, b) SEM observation of Duplex 4Al, c) confocal microscopy observation of
Duplex 8Al and d) SEM observation of Duplex 8Al.

3.2 Spot weldability

3.2.1 Welding range

In this part, the spot weldability of the two configurations will be discussed as well as
the influence of process on microstructure, nugget formation and hardness of each heat
affected zone (HAZ). For each configuration, the welding range is investigated using the
ISO 18278-2 standard (2004). The main welding parameters are collected in table 3.4.

Electrode
diameter

Pulse
Number

Welding
time

Holding
time

Electrode
force

6 mm 1 15 p 15 p 400 daN

Table 3.4: Welding parameters (Duplex is welded with DP600 in both cases), p=0.02 s.

Using the same parameters for each configuration, the welding range is investigated by
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changing the welding intensity according to two same conditions as in chapter 2 (Imin and
Imax).

Using this methodology, the welding ranges obtained with a SCHLATTER Selecta P2
machine for the two configurations are shown in figure 3.7. The welding ranges are around
1 kA large (0.8 kA for Duplex 4Al and 1.1 kA for Duplex 8Al).

Figure 3.7: Spot welding intensity range of the two welded configurations.

As in chapter (chapter 2), the welding ranges of the two configurations are used to
define three intensity values by configuration:

• Lower end intensity (close to Imin)
• Middle intensity (chosen in the middle of [Imin,Imax])
• Higher end intensity (close to Imax)
These three intensities in each welding configuration are used to weld several test and

observation samples.
For each configuration, and welding current, seven samples are welded, one for the

microstructural observations and hardness tests, three for the cross tension tests (CTS) and
three for the tensile shear tests (TSS). The micrographic sample is cut at the middle cross
section of spot weld, polished and chemical etched (with Villela and Nital 1% reagents)
to reveal the different zones of the spot weld (Base material BM, heat affected zone HAZ,
fusion zone FZ and other particular zones). The six other welded samples are tested, three
in CTS and three in TSS. Fracture modes are observed for each sample, and the failure
strength is measured.

The micrographs of dedicated samples allow to compare the nugget size when the
intensity changes. Figures 3.8 and 3.9 show the present Duplex 4Al/DP600 and Duplex
8Al/DP600 spot weld cross sections for the three positions in the welding range. One can
observe the increase in nugget size with increasing welding current intensity regardless of
the welded steels.

On the micrographic views, a white layer is observed between the fusion zone (nugget)
and the DP600 HAZ. This zone will be investigated, like all the HAZ, in the next section.

All micro-hardness profile lines start in the Duplex base metal, cross the fusion zone
and end within the DP600 base metal (figure 3.10.c and 3.10.d).

In figures 3.10.a and 3.10.c, for Duplex 4Al the hardness value of base material is
250 Hv, the fusion zone 430 Hv, and DP600 base material 200 Hv. DP600 HAZ hardness is
360 Hv as expected, but Duplex HAZ is difficult to characterize because of limited number
of measurement points in this zone. In figure 3.10.b and 3.10.d), Duplex 8Al base material
exhibits a hardness value of 260 Hv and the fusion zone hardness is 290 Hv.
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Figure 3.8: Spot weld metallographic cross sections of Duplex 4Al/DP600 spot welds at
the three positions in the welding range (Duplex 4Al is always the upper sheet): a) lower
end, b) middle position, c) upper end.

To better understand the HAZ microstructure and hardness, a finer investigation is
carried out in the next section.

3.2.2 Heat affected zone microstructures

Heat Affected Zones (HAZ) of Duplex welds show some unusual features. Duplex products
being under development, the welding process impact on microstructure is not really
known. In this section, microstructures of HAZ will be observed and characterized.

3.2.2.1 Microstructures observation (Laser and Electron Scanning)

First, the Duplex 4Al HAZ has been observed. This zone is located between the nugget
(fusion zone) and the Duplex 4Al Base Material (BM). In figure 3.11, a focus on the Duplex
4Al HAZ is done. On the left, the molten nugget (fusion zone) is observed consisting of a
mix of Duplex 4Al and DP600 cooled from melting temperature to 20 ◦C in a few seconds.
On the right, the Duplex 4Al base material is observed with a microstructure oriented in
the rolling direction composed of austenite and ferrite. Finally, between the two previous
zones, grain coarsening is observed in the HAZ. In particular, nearly equiaxed ferrite grain
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Figure 3.9: Spot weld metallographic cross sections of Duplex 8Al/DP600 spot welds at
the three positions in the welding range (Duplex 8Al is always the upper sheet): a) lower
end, b) middle position, c) upper end.

and some austenite at the grain boundaries can be seen.
Second, the Duplex 8Al HAZ is shown in figure 3.12. A coarsening of ferrite grain is

observed when reaching the vicinity of the nugget but on a larger zone than for Duplex
4Al HAZ. Moreover, grain coarsening is clearly more important for the Duplex 8Al HAZ,
with ferrite grains which could reach size greater than 100 µm. Some austenite was also
formed at the grain boundaries like in the Duplex 4Al HAZ, but the real particularity
of Duplex 8Al HAZ is the formation of a acicular phase with 18R-type Long Period
Stacking Ordered (LPSO) structure called ”18R martensite” by Cheng and al. [CHE 03].
This phase is formed in the grain centre (fine acicular microstructure, figure 3.12.b and
3.12.c), and carbon depleted zone is observed between intergranular austenite and 18R
martensite concentrated in the grain centre, in fact, ferrite is depleted in carbon. Some
investigations showed that carbon content in the 18R martensite is precisely half the
intergranular austenite one.

The fine observation of Duplex 8Al/DP600 spot welds microstructure revealed a par-
ticular microstructure at the interface between the DP600 HAZ and the nugget. First,
the nugget contains oriented ferrite grains from solidification with austenite at the grain
boundaries and some 18R martensite inside, but less than in the Duplex 8Al HAZ. This
is attributed to dilution with DP600 (lower amount of carbon). Moreover, a ferrite layer
is observed (figure 3.13) at the interface, on the nugget side, with no martensite 18R and
no austenite, which is probably due to carbon depletion in this zone as shown by Babu
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Figure 3.10: Spot weld hardness profiles for Duplex 4Al/DP600 and Duplex 8Al/DP600
configurations: a) Duplex 4Al hardness profile, b) Duplex 8Al hardness profile, c) Duplex
4Al metallographic cross-section and d) Duplex 8Al metallographic cross-section.

Figure 3.11: Microstructure of Duplex 4Al heat affected zone with scanning microscopy
a) Laser (confocal) and b) Electron (SEM).

[BAB 02]. The thickness of this layer goes from 20 µm to 40 µm depending on the distance
to the nugget centre. It is thin at the peripheral region (close to the notch root) and it
increases when approaching to the central axis of the weld which is consistent with obser-
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Figure 3.12: Microstructure of Duplex 8Al heat affected zone with scanning microscopy:
a) Laser (confocal), b) Laser zoom on HAZ (confocal) and c) Electron zoom on HAZ
(SEM).

Figure 3.13: Microstructure of the Ferrite Layer with scanning microscopy of Duplex
8Al/DP600 spot weld: a) Laser (confocal) and b) Electron (SEM).

vations by [QIU 09a] [QIU 09b] for another dissimilar spot welding system. Unfortunately,
it seems to be a weak zone for the spot weld, which will be discussed later.
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3.2.2.2 Hardness characterization

The micro-hardness tests done on spot welds didn’t give any specific information on the
HAZ and the ferrite layer because the step and the load were too large (200 µm and 500 g
Vickers setting). New finer hardness tests were carried out with a 100 g Vickers setting
and a 50 µm step. These tests were done through each HAZ (Duplex 4Al and Duplex
8Al) and the ferrite layer. These new hardness tests allow to better estimate the local
properties of the different zones but an important dispersion is still observed, due to
important microstructure variations. The tests results are collected in figure 3.14.

Figure 3.14: Hardness profile (Hv0.1 with 50 µm indent spacing) of HAZ a) Duplex 4Al
HAZ, b) Duplex 8Al HAZ and c) Interface between DP600 HAZ and Nugget (melted
DP600 and Duplex 8Al) (ferrite layer).

In figure 3.14.a, the estimated hardness of Duplex 4Al HAZ is 370 Hv even if, close to the
interface with the nugget, ferrite grains are coarsening which can induce some scattering
of the hardness. For the Duplex 8Al HAZ (3.14.b), the hardness values oscillate between
300 Hv and 330 Hv depending on the measurement location, at the centre of ferrite grain
or at the grain boundary (austenite-rich).

For the DP600 HAZ and ferrite layer in the nugget of welded Duplex 8Al and DP600
(3.14.c), the hardness values are difficult to evaluate because of the low layer thickness.
However a trend is observed, the hardness value of the ferrite layer 275 Hv is lower than
in the nugget 300 Hv and it constitutes the weak point of the assembly when the DP600
side is considered.

82 © 2017 – Thibaut HUIN – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés



Spot weldability

3.2.2.3 Electron Back-Scatter Diffraction (EBSD) analysis

In the Duplex 4Al and 8Al HAZ, ferrite grain coarsening is observed after welding of
the Duplex steel with DP600 steel. This grain coarsening is more important when the
temperature reached in this zone is close to the fusion temperature, so geometrically close
to the nugget (fusion zone). It is critical to know if the coarsening affects the grain
orientation, or if rolling direction affects recrystallized ferrite grain. EBSD analysis was
carried out to observe the randomness of crystallographic orientation of these grains.

For the sample preparation, a mechanical polishing was done until 1 µm and Struers
OPU (0.2 µm) was used for 10 minutes. The analysis was done with a FEG JEOL 7001F
SEM equipped with an EBSD camera. The analysed zone is marked in figure 3.15.

Figure 3.15: Analysed zone with EBSD.

Figure 3.16: Microstructure of Duplex 8Al HAZ a) alpha Band contrast map, b) Forward-
scattered Electron (FSD) image with pseudo backscatter colours.

The magnification of the first analysis was x180, with a resolution of 0.85 µm on a
690 µm x 510 µm area. In figure 3.16, just after the nugget interface, large equiaxed grains
of ferrite may reach a diameter of almost 100 µm. Some inter granular austenite is observed
at the ferrite grain boundaries (red zone in figure 3.16.a).

Concerning the ferrite grain crystallographic orientation, there is no particular preferred
orientation (see figure 3.17). Orientations distribution looks random on the whole Duplex
HAZ area whatever the represented axis (X,Y,Z), in the IPF colour code.

A more detailed analysis was done in the Duplex HAZ with a x1000 magnification
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Figure 3.17: Inverse Pole Figures (IPF) of Duplex 8Al HAZ: a) along X axis, b) along Y
axis and c) along Z axis.

(figure 3.18). The resolution is 61nm. This analysis confirmed the presence of inter
granular austenite. 18R martensite began to appear in the ferrite grain but was too fine
for this resolution. It seems that 18R martensite is clearly different from the intergranular
austenite. Its particular rhombohedral cristal symmetry should be indexed during EBSD
scan to verify if the needles could be captured.

Figure 3.18: Zoom on Duplex 8Al HAZ a) observed zone, b) FSD image and IPF Y, c)
FSD image and phase identification.

A detailed analysis was also done at the interface between DP600 HAZ and the nugget
with a x600 magnification and a 170nm resolution (figure 3.19). This analysis confirmed
the presence of inter granular austenite in the nugget, but not in the ferrite layer at the
nugget periphery with DP600 HAZ. Moreover, it seems that a fine layer of austenite could
form at the interface.

Moreover, it is important to notice that the ferrite layer is not a real ferrite layer which
formed during the welding process but an extension of nugget ferrite grains with a carbon
depletion (lack of 18R martensite).

3.2.2.4 Energy-Dispersive X-ray spectroscopy (EDX)

During micrographic analysis on the spot welds between Duplex (4Al or 8Al) and DP600,
some artefacts were observed in the nugget. These artefacts correspond to fine dark
particles of 250 µm in length, in every spot weld (see figure 3.20). To determine the
nature and chemical composition of these inclusions, EDX analysis focused on one of
these inclusions.
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Figure 3.19: Zoom on the interface between DP600 HAZ and nugget of Duplex 8Al/DP600
spot weld: a) observed zone, b) FSD image and IPF Y and c) FSD image and phase
identification.

Figure 3.20: Scanning laser observations of dark inclusions in the nugget of Duplex
4Al/DP600 spot welds.

In this analysis, an inclusion was isolated and an EDX map was realized. None of the
most probable chemical elements (Iron (Fe), Manganese (Mn), Silicon (Si), Zinc (Zn))
was detected. Only aluminium (Al) and oxygen (O) were measured (figure 3.21). These
inclusions seem to correspond to aluminium oxide: alumina. Alumina probably comes
from sheet surfaces and was not diluted in the molten nugget because of its high melting
temperature (2072 ◦C). This hypothesis is reinforced by the continuity of alumina at the
notch root in figure 3.20. These alumina phases do not seem to affect the failure modes,
but this will be investigated in the next sections.

3.3 Failure modes

The procedure is the same as in chapter 2. The Duplex sheet is in all cases on the upper
side in the tensile machine. This test is occurring till the spot weld fails.

Failure modes are investigated with the naked eyes first. If a button (or dome) is
formed, its diameter is measured using a vernier calliper along two perpendicular direc-
tions. Moreover, in all cases, the weld nugget size is investigated by micrography on cross
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Figure 3.21: Dark inclusion in the nugget: a) SEM view, b) Fe distribution, c) Mn distri-
bution, d) Al distribution, e) Zn distribution and f) O distribution.

sections.

3.3.1 Cross tension tests

As explained previously, nine CTS samples are welded for each configuration, three for
low current, three for medium current and the three lasts for high current. The fracture
modes obtained for the Duplex 4Al/DP600 assemblies are collected in table 3.5. They
are highly scattered, with the example of the low domain intensity where the six samples
present three different failure modes in the two sheets (table 3.5, first column).

In order to conclude on the failure modes, three additional CTS samples were welded
for each intensities to obtain better statistics. By lack of base material, another DP600
steel was used, with a chemical composition very close to the first DP600 used (see DP600
2 in table 3.1). The failure modes are collected in table 3.5.
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Configurations Low Intensity Middle Intensity High Intensity

Sample 1 Duplex Failure
(TDF)

Duplex Failure
(PDF)

Duplex Failure
(PDF)

Sample 2 Duplex or DP600
Failure (TDF)

DP600 Failure
(TDF)

Duplex Failure
(PDF)

Sample 3 DP600 Failure
(TDF)

Duplex Failure
(TDF)

Duplex Failure
(PDF)

Sample 4 Duplex Failure
(TDF)

DP600 Failure
(TDF)

DP600 Failure
(TDF)

Sample 5 Duplex Failure
(TDF)

DP600 Failure
(TDF)

Duplex Failure
(PDF)

Sample 6 Duplex Failure
(TDF)

Duplex and
DP600 Failure

(TDF)

Duplex Failure
(PDF)

Table 3.5: Cross tension failure modes of Duplex 4Al 1.2 mm / DP600 1.2 mm spot welds
(First three samples were welded with DP600 (1) and three others with DP600 (2)).

Thanks to these additional CTS samples, the fracture modes of Duplex 4Al spot welds
were determined and are integrated in the table 3.6 with the Duplex 8Al/DP600 failure
modes. The Dome fracture mode is the main one, even if some partial dome failures
occurred. In the Duplex 8Al case, Total Dome Failure always occurs at the interface
between nugget and DP600 HAZ.

Configurations Low Intensity Middle Intensity High Intensity
Duplex 4Al 1.2 mm /

DP600 1.2 mm
Duplex Failure

(TDF)
Duplex or DP600
Failure (TDF)

Duplex Failure
(PDF)

Duplex 8Al 1.2 mm /
DP600 1.2 mm

DP600 Failure
(TDF)

DP600 Failure
(TDF)

DP600 Failure
(TDF)

Table 3.6: Cross tension failure modes for the two types of configuration.

3.3.1.1 Cross tension tests macroscopic investigations

Failure mainly occurs in the CGHAZ on the Duplex side for the Duplex 4Al welding,
contrary to the Duplex 8Al welding which presents a failure on the DP600 side (in the
ferrite layer between nugget and CGHAZ of DP600). The observed failure modes are
presented in figures 3.22 and 3.23 in more details.

In the Duplex 4Al case, some fracture initiations appeared in the interface between
DP600 HAZ and the nugget (figure 3.22.b and 3.22.c). These cracks indicate that there is
a competition between several failure modes. This competition generally occurred between
the DP600 HAZ/Nugget interface and the Duplex HAZ (with initiation in the nugget)
which explains the different fracture modes observed in table 3.5. Some failure in the
Duplex 4Al steel sheets are also observed.
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.22: Spot weld cross tension failure modes of Duplex 4Al/DP600 spot welds for
the three welding intensities: a) lower end, b) middle position, c) upper end.

In the Duplex 8Al case, no other initiation is observed. The failure mode is always in
the ferrite layer at the DP600/nugget interface. This interface clearly corresponds to the
spot weld weak point.

The macroscopic visual aspect of the broken welds corresponding to the encountered
failure modes are presented in figures 3.24 and 3.25. Figure 3.24 represents the failure
modes obtained for the three welding intensities for Duplex 4Al. Total Dome and Partial
Dome are the dominant failure modes, but in this case, the shape of domes is not usual.
Because failure initiate vertically in the nugget, the domes rather look like cubes. Crack
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Figure 3.23: Spot weld Cross tension failure modes of Duplex 8Al/DP600 spot welds for
the three welding intensities: a) lower end, b) middle position, c) upper end.

initiation at the interface between DP600 HAZ and nugget is also observable in figure
3.24.b (left part).

Figure 3.24: Failure modes encountered during Cross Tension tests on Duplex 4Al (macro-
scopic visual aspect): a) lower end, b) middle position, c) upper end.
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

The macroscopic visual aspect of Duplex 8Al spot welds is the same regardless the
welding intensity. The perfect domes obtained are shown in figure 3.25 (with failure in
the ferrite layer at the interface between DP600 HAZ and nugget).

Figure 3.25: Failure mode encountered during Cross Tension tests on Duplex 8Al (macro-
scopic visual aspect): a) Duplex 8Al sheet, b) DP600 sheet.

3.3.1.2 Cross tension tests fracture surfaces

Fractures surfaces of failed spot welds were then observed in a Scanning Electron Micro-
scope (SEM) as presented in figures 3.26, 3.27 and 3.28. In the case of Total and Partial
Dome on the Duplex 4Al side, the lateral and top dome surfaces were observed (Figures
3.26 and 3.27).

As observed in the previous section, when Total Dome Failure is observed in Duplex 4Al
welds, the failure almost starts in the middle of the nugget as a interfacial failure (see figure
3.22). Figure 3.26 is a set of SEM fractographs of Dome failed zones. Figure 3.26.a shows
the Dome remaining on the DP600 sheet after failure, and the 3.26.b represents the hole
left by the dome in the Duplex sheet. The other two fractographs 3.26.c and 3.26.d show
brittle failures at the Dome periphery for 3.26.c and at a beginning of interfacial failure
for 3.26.d. Intergranular failures are observed on the fractographs, but some cleavage is
also observed on the fractograph at the top of the dome, which implies some transgranular
failure in these zones.

In some cases (in particular for high intensities), a small button of Duplex steel stays
on the Dome (figure 3.24.c). In fact, crack propagation stopped along the nugget and
chose a favourite path through the Duplex HAZ until the upper sheet surface. This mixed
mode is the Partial Dome Failure mode or PDF mode shown in figure 3.22. This mode
represents the transition between TDF and BPO failure modes.

Figure 3.27 is a set of SEM fractographs of the failed Partial Dome zones. Figure
3.27.a shows the Partial Dome remaining on the DP600 sheet after failure, and the 3.27.b
represents the correspond cross section of failure mode. Figure 3.27.c fractograph shows
the same brittle intergranular surfaces of the Dome as in the previous case (TDF). By
contrast, figure 3.27.d fractograph shows ductile shear failures at the Button periphery
(lateral surface of Button) on the top of the Dome. The Dome presents in fact a square
shape along the CTS sheet directions. Crack propagation from the notch root and through
the nugget is always in the Duplex sheet direction in the CTS assembly. This square shape
also appears on the partial button observed on the top of the Dome.

When Total Dome Failure occurs at the interface between DP600 HAZ and nugget

90 © 2017 – Thibaut HUIN – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés



Failure modes

Figure 3.26: Duplex 4Al/DP600 spot weld Total Dome Failure (Duplex 4Al side) zones
SEM fractographs.

Figure 3.27: Duplex 4Al/DP600 spot weld Partial Dome Failure zones SEM fractographs.
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.28: Duplex 8Al/DP600 spot weld Total Dome Failure (DP600 side) zones SEM
fractographs.

(Duplex 8Al case in contrast with Duplex 4Al failure), it results into a perfectly round
dome (figure 3.28.a). As one of the steels is much alloyed, the difference between resistivity
and fusion temperature of steels induces a shift of the molten nugget position. This
particular geometry combined to the interface microstructure provides Dome Failure. The
crack shows a preferential path along the nugget boundary. Figure 3.28.a shows the Dome
remaining on the Duplex sheet after failure. The other two fractographs 3.28.b and 3.28.c
show brittle failures at the top of the Dome for 3.28.b and at the dome foot for 3.28.c.
These fractographs show an intergranular brittle failure with grains between 10 µm and
50 µm. This observation permits to confirm that failure occurs in the nugget border, in
the ferrite layer depleted in carbon as observed on the failed micrographs.

3.3.2 Tensile shear tests

3.3.2.1 Tensile shear tests macroscopic investigations

As for the case of cross tension, fracture modes of Duplex 4Al spot welds in tensile shear
are scattered but when at least two of the three fracture modes are the same for one
welding intensity, this fracture mode becomes the more representative. Failures modes
observed for each configuration are grouped in table 3.7. The main fracture mode is the
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total Dome fracture, even if some partial dome failures occurred. Failure mainly occurs in
the CGHAZ of the Duplex sheet for Duplex 4Al welds (figure 3.29), contrary to the Duplex
8Al welds presenting a failure on the DP600 side (in the ferrite layer between nugget and
CGHAZ of DP600, figure 3.31) similarly to cross tension fracture modes.

It should be noted that for middle intensity welding of Duplex 4Al, either as cross
tension or tensile shear tests, failure modes occur randomly in the Duplex sheet or in the
DP600 sheet. This is confirmed by micrographic views of failed spot welds, on which a
competition between the failure paths could be observed (cracks on the two sides).

Configurations Low Intensity
Range

Middle Intensity
Range

High Intensity
Range

Duplex 4Al 1.2 mm /
DP600 1.2 mm

DP600 Failure
(TDF)

Duplex or DP600
Failure (TDF)

Duplex Failure
(PDF)

Duplex 8Al 1.2 mm /
DP600 1.2 mm

DP600 Failure
(TDF)

DP600 Failure
(TDF)

DP600 Failure
(TDF)

Table 3.7: Tensile shear failure modes.

Macrographic inspection of failed welds is presented in figure 3.29 for Duplex 4Al. For
lower welding intensity, the TDF mode on the DP600 side is confirmed even if initiation
in the Duplex 4Al side could also be observed on the left of the dome (figure 3.29.a).
For middle and upper end intensities, the Dome on the Duplex side is observed with a
particular cubic shape, as in the Cross Tension tests. Moreover, a sheared surface with a
angle close to 45° is observed (figures 3.29.a and 3.29.b). This sheared surface is typical
of the tensile shear tests.

During Tensile Shear tests on Duplex 8Al and DP600 welded assemblies, the failure
occured at the interface between the DP600 HAZ and the nugget as in Cross Tension tests.
Whatever the mechanical test, the Duplex 8Al/DP600 spot welds fail in a Total Dome
mode. In the case of Tensile Shear, a small part of the dome surface is sheared because of
the friction of the dome on the DP600 sheet.

3.3.2.2 Tensile Shear tests fracture surfaces

SEM investigations of fracture surfaces for the three failure modes of Duplex 4Al spot
welds are shown in figures 3.32, 3.33 and 3.34.

The first SEM investigations are focusing on the lower intensity case. Contrary to
Cross Tension tests, during Tensile Shear tests of lower intensity the failure occurred at
the interface between the DP600 HAZ and the nugget, like for Duplex 8Al welds. During
tensile test, one sheet is pulled up and the other down. During and after failure, if the
mode is a Dome or a Button, this Dome or Button will rub the other sheet and produce
a sheared surface (figure 3.32.d).

Figure 3.32 is a set of SEM fractographs of the Total Dome zones which failed. Figure
3.32.a shows the Dome remaining on the Duplex sheet after failure, and 3.32.b represents
the hole let by the Dome in the DP600 sheet. 3.32.c and 3.32.d fractographs respectively
show brittle failures in the Dome zone and ductile shear failures where the Dome rubbed
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.29: Spot weld Tensile Shear failure modes of Duplex 4Al/DP600 spot welds for
middle and upper end welding intensities.

Figure 3.30: Failure modes encountered during Tensile Shear tests on Duplex 4Al (macro-
scopic visual aspect): a) lower end, b) middle position, c) upper end.

the DP600 sheet. The ductile shear failure exhibits oriented dimples whereas the brittle
intergranular failure occurs in the ferrite layer at the nugget border on the DP600 side.
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Figure 3.31: Spot weld Tensile Shear failure modes of Duplex 8Al/DP600 spot welds for
middle end welding intensity.

Figure 3.32: Duplex 4Al / DP600 spot weld Total Dome Failure (DP600 side) zones SEM
fractographs.

It is important to notice the competition between the modes: in figure 3.32.a, crack
initiation is observed in the Duplex 4Al HAZ under the dome. The strengths of these two
zones seem to be very close to each other.

The second case is the middle intensity spot weld. The failure mode is similar to the
previous one, but occurs in the Duplex sheet. Figure 3.33 is a set of SEM fractographs of
the failed Total Dome zones. Figure 3.33.a shows the Dome remaining on the DP600 sheet
after failure, and 3.33.b represents the hole left by the Dome in the Duplex sheet. 3.33.c
and 3.33.d fractographs respectively show ductile shear failures where the Dome rubbed
the Duplex sheet and brittle failures in the Dome zone. The ductile shear failure has
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.33: Duplex 4Al / DP600 spot weld Total Dome Failure (Duplex 4Al side) zones
SEM fractographs.

oriented dimples whereas the brittle failure fractograph traduces an intergranular failure
in the Duplex HAZ.

For the Duplex 8Al/DP600 spot welds, the failure modes are the same during cross
tension and tensile shear tests (Total Dome Failure). Similarly, the fracture surfaces show
the same characteristics after the two mechanical tests. Therefore, the fracture surfaces
after tensile shear test present a brittle intergranular surface on the Dome. But, like after
all tensile shear tests, a part of the surface is sheared during test.

3.4 Failure strengths

3.4.1 Cross tension strengths

Following the failure mode observations and the identification of the involved failure mech-
anisms, the analysis of spot weld strength will now be discussed. The failure loads of the
two Duplex configurations of spot welds measured during the cross tension tests are given
in table 3.8.
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Figure 3.34: Duplex 4Al / DP600 spot weld Partial Dome Failure (Duplex 4Al side) zones
SEM fractograph.

Load (daN)

Configurations Low Intensity
Range

Middle Intensity
Range

High Intensity
Range

Duplex 4Al
1.2 mm/DP600 1.2 mm 155 ±19 191 ±38 211 ±40

Duplex 8Al
1.2 mm/DP600 1.2 mm 91 ±10 106 ±5 120 ±2

Table 3.8: Cross tension failure loads (daN, average of six tests for Duplex 4Al and three
for Duplex 8Al).

The above results are plotted as a function of the measured weld diameters in figure
3.35. Two additional configuration results derived from internal ArcelorMittal Data are
superimposed in figure 3.35 to compare welds with different aluminium contents. These
two additional configurations are:

• Heterogeneous welding of Duplex 6.2Al 1.2 mm with DP600 1.2 mm
• Heterogeneous welding of Duplex 6.7Al 1.2 mm with DP600 1.2 mm
The negative effect of aluminium content on the CTS performance is obvious. Duplex

with 6.2 and 6.7 Al were welded previously (ArcelorMittal Internal Data) and respectively
showed α of 27 daN/mm2 and 25 daN/mm2 which is in the middle of the α ramp for our two
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Figure 3.35: Cross tension failure load (CTS) as a function of weld diameter and welding
assembly: Duplex (with different aluminium contents) and DP600 heterogeneous welding
configurations. α in daN/mm2.

configurations welded in this project. The failure modes between the two configurations
with Duplex with different aluminium content are remarkable: for the Duplex 4Al, failure
mainly occurs in the Duplex HAZ, but for the 8Al, it occurs in the ferrite layer formed
during the process between the molten nugget and the DP600 HAZ. The higher scattering
observed for the Duplex 4Al is representative of the competitions between the different
failure modes.

3.4.2 Tensile shear strengths

Spot weld failure loads in tensile shear are presented in table 3.9 for the different config-
urations and plotted in figure 3.36 as a function of the weld diameter.

Load (daN)

Configurations Low Intensity
Ranger

Middle Intensity
Range

High Intensity
Range

Duplex 4Al
1.2 mm/DP600 1.2 mm 645 ±85 797 ±10 1048 ±125

Duplex 8Al
1.2 mm/DP600 1.2 mm 513 ±62 594 ±50 650 ±27

Table 3.9: Tensile Shear failure loads (daN, average three samples).
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Figure 3.36: Tensile shear failure load (TSS) as a function of weld diameter and welding
assembly.

As in the CTS tests case, the Tensile Shear Strengths decrease when aluminium content
increases. In conclusion, the aluminium content has a negative effect on all the mechanical
tests on spot welds (cross tension and tensile shear). The aluminium content can be related
to the ferrite layer formation. It seems the higher the aluminium content the weaker (and
larger) is the ferrite layer between the DP600 HAZ and nugget. Regardless of the loading
configuration, the ferrite layer is the weakest zone in the Duplex spot welds.

TSS tends to follow a linear law (TSS = b × dw, where b is the configuration perfor-
mance parameter and dw the weld diameter) when the failure mode is Total Dome in the
ferrite layer (DP600 side). But when the mode is transferred to the Duplex side (Duplex
4Al/DP600 for high welding current), an increase of the spot weld mechanical performance
is observed.

In the Duplex 4Al/DP600 spot welds case, Tensile Shear Strengths (TSS) are highly
dispersed (dispersion more or less 10% of average). The CTS were dispersed too. This
dispersion comes from the various failure modes encountered during experimental tests.
For one welding intensity, it was difficult to reproduce the failure modes between the
different samples. This is the reason why dispersed stengths are obtained in the Duplex
4Al case whereas the Duplex 8Al dispersion is very low (figures 3.35 and 3.36).
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3.5 Discussion

3.5.1 Aluminum effect on performance

As noted in the previous section, aluminium has a strong effect on spot welds performance.
Usually, for low aluminium content in other high strength steels, the increase in aluminium
content reduces the Cross Tension Strengths (CTS), but generally has a positive effect on
the Tensile Shear Strengths (TSS). In this case however, aluminium content is so important
that the welding metallurgy is fully modified compared to classical resistance spot welding.

Figures 3.37 and 3.38 allow to understand the negative effect of high aluminium con-
tents on the spot weld performance. The CTS values are dramatically lower than usual
AHSS CTS (α generally greater than 70 daN/mm2). In figure 3.37, the CTS with Du-
plex steel is compared to the heterogeneous welding of Usibor1500/DP600 case with the
lowest CTS performance of the four previous studied configurations (2). This compar-
ison allows to highlight the really low values of Duplex CTS. For a 5 mm weld diam-
eter, Usibor1500/DP600 spot welds fail with a strength of 500 daN while the strongest
Duplex/DP600 configuration (Duplex with 4wt% of aluminium) hardly reaches 250 daN.
The weakest configuration (Duplex with 8wt% of aluminium) shows even lower strength
(100 daN).

Figure 3.37: Cross tension failure load (CTS) as a function of weld diameter and welding
assembly: Duplex (with different aluminium content) and DP600 heterogeneous welding
configurations compared to the more unfavorable configuration of Usibor1500/DP600. α
in daN/mm2.

The tensile shear results of Duplex welds compared to the most unfavourable Usi-
bor1500/DP600 configuration in tensile shear show also a lower performance as for cross
tension. But when CTS of the Usibor1500/DP600 case were at least two times greater
than the Duplex one, in tensile shear the difference between strengths is less important.
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Figure 3.38: Tensile Shear failure load (TSS) as a function of weld diameter and welding
assembly: Duplex (with different aluminium content) and DP600 heterogeneous welding
configurations compared to the more unfavorable configuration of Usibor1500/DP600.

In fact, for 5 mm weld diameter, the Duplex 4Al/DP600 TSS is 1048 daN, on average,
whereas Usibor1500/DP600 TSS is 1287 daN. There is only a small difference between
TSS when Duplex 4Al spot welds fail in a hybrid Partial Dome Failure mode in the Du-
plex 4Al side. But when the failure occurs in the ferrite layer zone (Dome Failure between
DP600 HAZ and nugget), TSS severely decreases as shown on figure 3.38.

In addition to a general negative effect on strength, the aluminium content (in large
quantities) can relocate the failure zone by forming a weak ferrite zone at the interface
between DP600 and the nugget. This generally precipitates the failure conducting to
very low spot welds strengths. This phenomenon was observed by Qiu and al. [QIU 09a]
for a steel/aluminium spot weld, where they explain that interfacial reaction layer can
deteriorate the cross tension strength of the joint welded by resistance spot welding in the
case that its thickness exceeds 1.5 µm.

3.5.2 Ferrite layer formation

During heterogeneous welding process of Duplex (containing high aluminium content) with
DP600, a ferrite layer is forming at the interface between DP600 HAZ and nugget (Fusion
Zone) as observed in the two studied configurations 4Al and 8Al in figure 3.39.

The aluminium addition aims at reducing the steel density and at stabilizing the ferrite
phase. When the liquid metal (molten DP600 and Duplex) interacts with the solid one
(DP600 HAZ), physical phenomena such as wetting, diffusion of alloying elements, disso-
lution and formation of solid/liquid interface could occur. In addition, interfacial reactions
leading to formation of intermetallic compounds could take place.
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Figure 3.39: Ferrite layer (white phase) micrographic observations: a) Duplex 4Al/DP600,
b) Duplex 8Al/DP600 (nugget is at top side and DP600 HAZ at the bottom side).

Since the steels to be welded have different chemical compositions, diffusion of alloy-
ing elements is expected during the joining process. Indeed, the resulting concentration
gradient leads to the formation of a flux of alloying elements, which can act until the
concentration gradient is reduced or eliminated.

The driving force for the diffusion of an element i depends on the concentration of the
other alloying elements, because they modify its chemical potential. This phenomenon
could lead to a up-hill diffusion process. [DAR 48] reported a very representative example
of up-hill diffusion. He observed how C diffused from a steel of 0.32% carbon content to
another having 0.58% carbon content as shown in figure 3.40. Indeed, the first steel had
3.8% Si, whereas the second one only 0.5%. Consequently, the difference of Si content
between the two steel is the reason of up-hill diffusion. A high Si content decreased the
affinity of phases available for C in the first steel.

Figure 3.40: Concentration profile of C at the interface of 3.8 Si% steel/0.5 Si% steel

Moreover, the diffusion of alloying elements is mainly governed by temperature. Ac-
cording to the equation 3.1 which was confirmed for interstitional and substitutional sys-
tems, the diffusion coefficient is strongly dependent on the temperature T .
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D = D0 × exp(−Q/kT ) (3.1)

where D0 is the pre-exponential factor, Q is the activation enthalpy and k is the
Boltzmann constant. It is important to notice that diffusion coefficients in liquid and
solid metals are very different. In fact, diffusion rates of alloying elements in liquid steel
are faster by several orders of magnitude than those in the solid at the same temperature.

In the Duplex case, just before the beginning of fusion zone solidification, the local
carbon content (close to interface) decreases because of carbon diffusion in the solid DP600
HAZ. Formation of δ-ferrite is observed at the interface periphery (3.39). It appeared that
the larger the aluminium content, the larger was the ferrite layer. In fact, the larger the
aluminium content, the larger the ferrite fraction and then the larger the carbon elements
migration towards DP600 HAZ.

Some studies on simulated interface samples were undertaken at ArcelorMittal to ob-
serve the carbon diffusion around the ferrite layer. Such interfaces were simulated by melt-
ing Duplex (4Al and 8Al) on solid DP600 just under the fusion temperature of DP600 steel
and quenching the assembly. The microstructure obtained after the interface simulation
are very close to Duplex/DP600 spot weld microstructures (figure 3.41). It is important
to note that in spot welding, the liquid is a mix of Duplex and DP600, the aluminium
content is reduced by dilution with DP600, that is why the obtained microstructure are
not exactly the same.

Figure 3.41: Simulated interfaces: a) Duplex 4Al/DP600 and b) Duplex 8Al/DP600.

To study the diffusion of chemical elements, Electron Probe Micro-Analysis (EPMA)
was carried out at the interface between DP600 and Duplex. Also called Electron Micro-
Probe Analysis (EMPA), this technique allows to measure quantitatively the composition
of small areas on specimens. To characterize the ferrite layer formation, the carbon content
is observed around the two interfaces (figures 3.42 and 3.43).

In the Duplex 4Al case, there is very limited carbon content in the ferrite grains at
the interface between the two steel grades. Moreover, the ferrite layer formation induced
a carbon diffusion towards the two steels around the layer. The carbon enrichment is
particularly noticeable on the DP600 side, on a 50 µm large layer along the interface. The
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

carbon content here is between 0.15wt% and 0.20wt% whereas far from the interface,
carbon content is between 0.10wt% and 0.15wt%.

Figure 3.42: Interface of Duplex 4Al/DP600 assembly: a) micrographic view and b) C
mapping (EPMA).

In the Duplex 8Al case, the carbon diffusion is even more obvious: on the DP600 side,
the carbon content exceeds 0.30wt% very close to the interface. The enriched zone in the
DP600 side is larger than for Duplex 4Al. Finally, when aluminium content is increased,
the carbon diffusion is more important.

Figure 3.43: Interface of Duplex 8Al/DP600 assembly: a) micrographic view and b) C
mapping (EPMA).

To better appreciate the carbon diffusion, one carbon content profile was extracted in
the two cases (4Al and 8Al), presented in figure 3.44. The interface between DP600 and
Duplex is represented by the vertical black line. The DP600 side is always on the left.

On the top graph (DP600/Duplex 4Al interface), a carbon content drop is observed
just after the interface which correspond to the δ-ferrite grain formation at the interface.
In the DP600 steel close from the interface, on a 50 µm layer, the carbon enrichment is
remarkable (between 0.15wt% and 0.20wt%).
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Discussion

Figure 3.44: Concentration profile of C at the interfaces of Duplex 4Al/DP600 and Duplex
8Al/DP600 assemblies.

On the bottom graph (DP600/Duplex 8Al interface), the carbon drop is also observed
from DP600 steel to Duplex 8Al. It could be essentially explained by the microstructure of
the two steels, DP600 is martensitic (high carbon content) whereas Duplex is ferritic (low
carbon). Because of ferritic microstructure and high initial carbon content of Duplex, all
the carbon, initially found in the Duplex, diffused in the solid DP600 after solidification
to a depth of 100 µm, locally reaching carbon content over 0.4wt%.

Moreover, the carbon diffuses toward ferrite grain boundaries to form austenite or
martensite, which conducts to an embrittlement of the ferrite layer. This phenomenon
was observed by Million and al. [MIL 10] in austenite-ferrite dissimilar joint. The crack
propagation at the interface between DP600 HAZ and nugget is shown in figure 3.45. The
crack is not clearly following the interface but it is passing through the first grain of the
ferrite layer. The crack propagation is essentially located at the ferrite grain boundaries,
at the interface or in the nugget side. Indeed, the crack is following the ferrite layer, but
has no preferred side (interface or nugget).

A zoom on the crack propagation is presented in figure 3.46. The figure allows to clearly
see that the propagation is highly affected by the ferrite grain boundaries. Furthermore,
the ferrite grains generally have a three-sided pyramid shape with the base either at
the interface or on the nugget side (figure 3.39.b). Ferrite grains with their base at the
interface tend to remain stuck to the interface during crack propagation which explains
the particular crack propagation observed. But the top of grain could sometimes crack
with a intragranular failure.

Moreover,a micrograph on failed spot welds allows to observe another fact about the
crack propagation: the ferrite grains which remain stuck to the interface sometimes show
a penetration of the interface By contrast, the interfaces of the failed zone without stuck
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Chapter 3 – Experimental results of highly heterogeneous welding (Duplex/DP600)

Figure 3.45: Failure propagation in the ferrite layer.

ferrite grain present a higher elevation as if the ferrite grain did not penetrate enough the
interface to stay connected. Otherwise, when the ferrite grains well penetrates the DP600
HAZ, crack propagation tends to follow the ferrite grain boundaries enriched in residual
austenite.

Figure 3.46: Zoom on the failure propagation in the ferrite layer.

To conclude, the carbon enrichment of the DP600 at interface was firstly thought to
be responsible for the Duplex spot welds embrittlement. A better observation of the
crack propagation allows to state that the interface is not the critical zone. Ferrite grain
recrystallization combined to carbon diffusion in the grain boundaries, forming martensite
or austenite, is assumed to play a more active role in Duplex spot welds performance at
least in the cases considered here.

3.6 Arc welding

In this part, the heterogeneous welding of the two Duplex steels will be studied. The
sheets are welded in a overlap configuration like in the previous chapter (figure 3.47).
This involves that there is an upper and a lower sheet. The heterogeneity comes from
the filler wire used (G3Si close to DP600 chemical composition to obtain heterogeneous
welding)

3.6.1 Configurations

Since cold rolled Duplex steel sheets are too thin for arc welding, the welding tests were
performed on hot rolled Duplex steel sheets before heat treatments. Thus, the two welded
configurations are:

• 2.7 mm Duplex 4Al as upper and lower sheets (filler wire: G3Si)
• 2.7 mm Duplex 8Al as upper and lower sheets (filler wire: G3Si)
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Figure 3.47: Overlap arc welding of hot rolled Duplex 8Al steel sheets using G3Si wire.

Optimal welding parameters are found and collected in table 3.10.

Current
type Gas Wire Torch

angle
Filler
speed

Welding
speed Intensity Voltage

Standard 8% CO2
+ 92% Ar

G3Si
Ø1 mm 25°/10° 4.3 m/min 500 mm/min 105 A 16.5 V

Table 3.10: Arc welding parameters

For this design, only one type of tensile test is commonly carried out, a tensile test
which is close to tensile shear test for spot welds. Only two samples are tested for each
configuration because the small quantity of material available. One sample corresponds to
a weld length of 30 mm. Fracture modes are observed for each sample, and the strength is
measured too. The five commonly encountered failure modes are collected in figure 2.28
of the chapter 2.

The investigation methodology is the same as previously introduced. One sample is
cut at the cross section of arc weld, polished and chemical etched to reveal the different
zones of the arc weld (Base material BM, heat affected zone HAZ, fusion zone FZ). The
other two welded samples are mechanically tested. Fracture modes are observed for each
sample, and the corresponding failure load is measured.

3.6.2 Microstructures

Hardness was measured on the cross section of Duplex arc welds. In figure 3.48, the
profiles of heterogeneous welding of Duplex 4Al and Duplex 8Al are shown. The Duplex
are welded by addition of G3Si wire, which induces the dilution of Duplex in the fusion
zone.

In figure 3.48.a, Duplex 4Al base material presents a hardness around 375 Hv, whereas
the quenched HAZ is around 450 Hv and the tempered HAZ is around 300 Hv. The lower
hardness of the fusion zone compared to HAZ is due to the dilution with G3Si filler wire
(425 Hv).

In figure 3.48.b, the Duplex 8Al base material has a hardness of 270 Hv. On average,
Duplex 8Al HAZ and the fusion zone also have a hardness around 270 Hv, but the varia-
tions inside these zones are important (±50 Hv). Hardness seems to evolve following the
microstructure, depending on the indented grain type.

© 2017 – Thibaut HUIN – MATEIS laboratory 107

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés
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Figure 3.48: Arc weld hardness profiles for Duplex 4Al and Duplex 8Al configurations: a)
Duplex 4Al hardness profile, b) Duplex 8Al hardness profile, c) Duplex 4Al metallographic
cross-section and d) Duplex 8Al metallographic cross-section.

Figure 3.49: Hardness of Duplex 8Al arc welding in the Fusion Zone (red triangles corre-
spond to the highest hardness values, orange squares to the intermediate hardness values
and yellow circles to the lowest).

After fine observation of the Fusion Zone and hardness values (figure 3.49), there is no
particular trend for hardness values, which seem almost random. Optical microscopy is
not sufficient to conclude on the hardness values in the Fusion Zone.

A fine microstructure study of different zones has been realized using confocal mi-
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Figure 3.50: Duplex 4Al arc welding microstructures: a) base material, b) HAZ, c) inter-
face HAZ/molten zone, d) molten zone (fusion zone).

croscopy analysis. In figure 3.50, the microstructures of the different specific zones of
Duplex 4Al arc weld are observed. 3.50.a represents the base material microstructure
with ferrite (white phase) and a compound of fine austenite + ferrite laths (dark phase).
HAZ far from the interface is shown in 3.50.b, keeping the same appearance than base
material, even if dark phase microstructure changes (laths growth). 3.50.c focuses at the
interface between the Duplex HAZ and the fusion zone (of melted Duplex 4Al and G3Si),
which presents a grain coarsening on a 100 µm range area. Finally, 3.50.d represents the
fusion zone microstructure, mainly martensitic with ferrite islet occasionally. The mi-
crostructures observed on arc welds are close to the spot welds microstructures even if
thermal cycles are different during the process.

Figure 3.51 presents the microstructures of the different specific zones of Duplex 8Al arc
weld. The base material microstructure with ferrite (white phase), austenite (dark phase)
and kappa phase (small black zones in austenite grains) is shown in figure 3.51.a. This
structure is due to a too low cooling rate during hot rolling process as shown by Wu and
al. [WU 91]. HAZ under the fusion zone is shown in 3.51.b, the microstructure is different
from the base material one, the ferrite grains recrystallized because of the heat treatment
undergone during the welding process (round ferrite grain obtained with intergranular
austenite). 3.51.c focused at the interface between the Duplex HAZ and the molten zone:
a recrystallization of ferrite grain is observed close to the interface (on a 200 µm range),
with round ferrite grain and austenite at grain boundaries. Finally, 3.51.d represents the
fusion zone microstructure, with large oriented ferrite grains (from 100 µm to 1 mm) and
some austenite inside the grains and at the grain boundaries. These grains come from the
solidification mode during welding process. The microstructures observed on arc welds are
rather close to the spot welds microstructures again, but no 18R martensite is observed
in arc welds. Indeed, some ferrite grains from HAZ or fusion zone showed austenite laths
inside the grain. Arc welding process thermal cycle are probably favourable to the carbon
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Figure 3.51: Duplex 8Al arc welding microstructures: a) base material, b) HAZ, c) inter-
face HAZ/molten zone, d) molten zone (fusion zone).

diffusion towards grain boundaries which leads to the 18R martensite disappearance.

3.6.3 Mechanical tests

After performing the tensile mechanical tests, the observed failure modes are different for
the two Duplex assemblies. In the case of Duplex 4Al arc welds, the failure occurs in the
hard HAZ close to the interface (between fusion zone and HAZ) at the weld bead toe and
propagating under the fusion zone (figure 3.52.a). In the Duplex 8Al case, failure occurs
in the fusion zone, from the notch root, and propagating ”vertically“ along ferrite grains
formed during solidification (figure 3.52.b).

Both failure modes are brittle. Concerning Duplex 4Al assembly, a brittle fractograph
with a mix of intergranular and transgranular failures (characterized by cleavage on the
lower part) is shown in figure 3.53.b. For Duplex 8Al assembly (figures 3.53.c and 3.53.d),
the cleavage is omnipresent which involves a very brittle failure, as observed experimen-
tally. The failure follows the microstructure in the Duplex 8Al case. Long grains are
observed from the notch root until the weld bead surface and their size could reach the
steel sheet thickness (several millimetres).

Failure strengths of arc welds are respectively 450 MPa and 260 MPa for Duplex 4Al
and 8Al (figure 3.54). These strengths are very low compared to strengths of classical
automotive steels with comparative UTS (800 MPa). Especially for Duplex 8Al arc welds,
the microstructure orientation during solidification of weld pool induces an important
weakness in the molten zone. To conclude, the negative effect of aluminium on performance
is also observed for arc welded assemblies of Duplex. While failure occurs in the HAZ with
a limited performance in the Duplex 4Al case, the Duplex 8Al clearly showed very bad
performance with a failure in the fusion zone, which is generally not well accepted by the
carmaking industry.
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Figure 3.52: Failure modes of arc welds: a) Duplex 4Al and b) Duplex 8Al.

3.7 Conclusion

In this section, Duplex steels (4Al and 8Al) elaboration and characterization were pre-
sented. Their weldability with a widely used in industry steel grade (DP600) was studied.
A fine microstructural characterization was executed on base materials and spot welds.
The particularity of ferrite layer apparition at the DP600 HAZ and fusion zone interface
was highlighted. Aluminium content influence on it thickness was also highlighted.

Moreover, failure modes of the two Duplex assemblies (Duplex 4Al/DP600 and Duplex
8Al/DP600) for three intensities along the welding range were observed. Failure strengths
were measured and compared to highlight the aluminium content influence of spot weld
loading bearing capacity. Then, higher is the aluminium content in Duplex steel, thicker
is the ferrite layer, and lower are the cross tension and tensile shear strengths (because
failure focused in the weak ferrite layer).

The spot and arc welds failure modes and strengths showed the importance of the
fusion zone composition (corresponding to the dilution of steels) compared to thermal
cycles undergone in weld zones. For this reason, an approach could be using of Schaeffler
diagram as for stainless steel in order to ensure the weldability. this kind of approach is
extensively studied in particular for high manganese content steels like Twinning Induced
Plasticity (TWIP) steels.
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Figure 3.53: Fractography of failed surfaces: a) and b) on Duplex 4Al arc weld, c) and d)
on Duplex 8Al arc weld.

Figure 3.54: Tensile shear behaviour of Duplex 4Al and 8Al arc weld assemblies (Two
samples for each configuration).
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Chapter 4

Finite Element modelling of
heterogeneous spot welds

mechanical behaviour

Previous chapters focused on the experimental study of heterogeneous and very hetero-
geneous spot weld assemblies. Different failure mechanisms and failure modes were iden-
tified. In this section, a Finite Element modelling methodology for heterogeneous spot
weld mechanical behaviour is established in order to predict the previous experimental
results. First, the model details are explained, then the results are presented for the two
heterogeneous spot weld assemblies.

Contents
4.1 FE modelling methodology . . . . . . . . . . . . . . . . . . . . . . . . 113

4.1.1 Spot weld zone discretization . . . . . . . . . . . . . . . . . . . . . . . 114
4.1.2 Elastic-plastic strain hardening law . . . . . . . . . . . . . . . . . . . . 118
4.1.3 Ductile damage failure criterion . . . . . . . . . . . . . . . . . . . . . . 121
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4.2.1 Cross tension test results . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.2.2 Tensile shear test results . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
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4.3.1 Cross tension test results . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.3.2 Tensile shear test results . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.1 FE modelling methodology

In this section, the modelling methodology of spot weld assemblies is described. Several
configurations are modelled:
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Chapter 4 – Finite Element modelling of heterogeneous spot welds mechanical behaviour

• four Usibor1500/DP600 configurations with varying thicknesses as studied experi-
mentally in chapter 2,

• one Duplex 8Al/DP600 configuration from experimental study of chapter 3.
Each of these configurations is furthermore considered at the lower end, middle and

upper end of the welding range.

4.1.1 Spot weld zone discretization

In his PhD thesis, Dancette [DAN 09] chose to cut the spot weld in three zones: Base
Material (BM), sub-critical Heat Affected Zone (SCHAZ) with the mechanical behaviour
of a 700 ◦C HAZ and fusion zone with the mechanical behaviour of a 1200 ◦C HAZ. Some
comparisons were done with a twelve zones discretization and showed the simplified three
zones model exhibits a good correlation with experiments in the case of homogeneous
spot welding modelling. Consequently, in the case of heterogeneous welding, a simplified
discretization of the weld zones should also well describe the spot weld behaviour.

In order to identify the important zones playing a role in the spot weld behaviour, micro
hardness tests were performed on the weld joints. Weld zones presenting different hardness
levels are taken into account in the discretization because their mechanical behaviours
drastically change. The specific feature of heterogeneous welding is that the molten nugget
is generally a mixture of the two base materials. In the case of very heterogeneous welding,
chemical composition of the nugget will strongly differ from those of the two base materials.
The resulting mechanical behaviour is then also likely to be significantly different.

In the case of Usibor1500/DP600 weld joints, the welding process has various effects on
the two steels (Usibor1500 and DP600) because of their microstructures. Micro-hardness
profiles on these spot welds allow to highlight six zones (figure 4.1), which are reproduced
in the figure 4.2:

Figure 4.1: Micro-hardness profile on a Usibor1500/DP600 spot weld with the correspond-
ing micrograph.

• Usibor1500 base material, not affected by welding process,
• Usibor1500 soft tempered zone, where a part of Usibor1500 steel martensite was

tempered during the welding process,
• Usibor1500 HAZ, corresponding to the quenched HAZ,
• Fusion zone (nugget), quenched mixture of Usibor1500 and DP600 steels,
• DP600 HAZ, corresponding to the quenched HAZ of DP600 steel,
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• DP600 base material, not affected by the welding process.
Furthermore, a cohesive zone is inserted at the former sheet interface (figure 4.2) to

enable the prediction of potential brittle interfacial failure. The cohesive zone aspects will
be described later in a dedicated section.

Figure 4.2: Minimal discretization for heterogeneous Usibor1500/DP600 spot weld be-
haviour.

In the case of Duplex 8Al/DP600 weld joints, heterogeneous welding induced the ap-
parition of particular phases as explained in chapter 3. The typical hardness profile is
shown in figure 4.3. On the DP600 side, the HAZ are the same as previously. However on
the Duplex 8Al side, only one HAZ is observed because Duplex 8Al BM does not present
martensite, inducing no tempering possibility in the HAZ. Moreover, the Duplex 8Al HAZ
near the fusion zone has a hardness close to the base material even if the microstructure is
completely recrystallized and martensite 18R is present in the grains. Because the Duplex
8Al HAZ seems to present a mechanical behaviour close to the base material one and since
no mechanical test could be performed on this microstructure, the Duplex HAZ behaviour
is chosen to be the same as the base material one in the model.

Figure 4.3: Micro-hardness profile on Duplex8Al/DP600 spot weld with the corresponding
micrograph.

Following the former considerations, four zones with different mechanical behaviours
need to be described (figure 4.4):

• Duplex 8Al base material and HAZ,
• Fusion zone (nugget), quenched mixture of Duplex 8Al and DP600 steels,
• DP600 HAZ, corresponding to the quenched HAZ of DP600 steel,
• DP600 base material, not affected by the welding process.
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Chapter 4 – Finite Element modelling of heterogeneous spot welds mechanical behaviour

In order to allow interfacial failure, the same cohesive zone as in the Usibor1500/DP600
case is inserted at the faying surface. However, a new phase has to be considered: the
ferrite layer at the interface between fusion zone and DP600 HAZ. As shown in chapter 3,
all failures of Duplex8Al/DP600 spot welds took place along the ferrite layer, which was
identified as brittle. To consider this particular brittle phase, a second cohesive zone was
inserted at the DP600 HAZ/Fusion Zone interface (figure 4.4).

Figure 4.4: Minimal discretization for heterogeneous Duplex 8Al/DP600 spot weld be-
haviour.

The geometry of zones in the model is derived from the micrographs. Zones outlines
are traced from etched micrograph cross sections to best represent the spot welds geom-
etry (figures 4.2 and 4.4). Then, these sketches are circularly extruded around a vertical
axis passing through nugget centre. The extrusion angle depends on the mechanical test
modelled: in cross tension, the minimal symmetry allows to consider only a spot weld
quarter whereas in tension shear half a spot weld has to be modelled (figure 4.5).

Figure 4.5: Minimal symmetry of heterogeneous spot weld mechanical tests with the
loading conditions: a) spot weld quarter in cross section and b) half spot weld in tensile
shear.

In order to reduce the number of elements, the steel sheets out of the spot weld zone
are modelled with shell elements. This requires to use a particular coupling available in
the Abaqus software, “Shell-to-Solid” coupling.

The boundary conditions are shown in figure 4.5. Displacement is imposed on the top
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sheet (Usibor1500 or Duplex8Al following the case) on a reference point (RP-1), depending
on the mechanical test: vertically for cross tension and in the sheet direction for tensile
shear. DP600 sheet is blocked at the second reference point (RP-2). Reference points are
coupled kinematically to all shell elements of the clamped zones during the test.

The Abaqus Explicit solver is used in order to observe model failure. The Explicit
method is a true dynamic procedure originally developed to model high-speed impact
events in which inertia plays a dominant role in the solution. Explicit solution method is
valuable in solving quasi-static problems in particular when contact or failure problems are
modelled. However, applying explicit dynamic procedure to quasi-static problems requires
some special considerations. Since a static solution is, by definition, a long-time solution,
it is often computationally impractical to analyse the simulation in its natural time scale,
which would require an excessive number of small time increments. To obtain a valuable
solution, events must be accelerated in some way. As the event is accelerated, the state of
static equilibrium evolves into a state of dynamic equilibrium in which inertial forces may
become dominant.

In the quasi-static spot weld mechanical problem, the goal is to model the test in the
shortest time period in which inertial forces remain insignificant. In order to find this
shortest time period, a modal study of the spot weld assembly should be done. This study
allows to obtain the first natural frequency of the assembly, which leads to a corresponding
critical period that should remain lower than the analysis time. In our case, depending on
the spot welds, the first natural frequency is between 2000 Hz and 5200 Hz, which suggests
to consider a time period over 0.0005 s. To be sure that no dynamic effect appears during
simulation, a 0.01 s time period is taken for the following analyses.

However, to verify that there is no deviation during calculation, the Implicit solver
was also used on the same models without failure criteria. If the Explicit response is
following the Implicit one before the occurrence of significant damage, no dynamic effects
are perturbing the response.

In order to optimize calculation time keeping an accurate description of spot weld
mechanical behaviour, the chosen element size in the spot weld is 0.2 mm (figure 4.6).
However, in the base material zones, 0.3 mm element size is taken to reduce the total
number of elements. Abaqus C3D8R elements are used corresponding to an eight-node
brick element with reduced integration and the ability to be used in Explicit simulations.
This element type and mesh refinement was identified as a good compromise between
computational cost and accuracy, which will be discussed in the next chapter 5.

Figure 4.6: Mesh of a cross tension model.
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Chapter 4 – Finite Element modelling of heterogeneous spot welds mechanical behaviour

The shell element type in the steel sheets outside of the 3D spot weld zone is S4R,
a four-node shell element with reduced integration and five integration points along the
thickness by default. The mesh size in the shell part is 1 mm to decrease the total number
of elements in the model.

4.1.2 Elastic-plastic strain hardening law

Spot weld zones being defined, their strain hardening laws have to be now characterized.
Two independent methodologies could be used. The first one consists in simulating the
thermal cycle undergone in each weld zone with a thermo-mechanical simulator (Gleeble
3500). As shown by Dancette and al. [DAN 11b], the HAZ microstructure could be
reproduced and tensile tests could be performed hereafter in order to obtain the stress-
strain curve of a zone. The second methodology consists in using empirical law of phase
behaviours (martensite and tempered martensite behaviours in particular). Whatever the
methodology, the tensile stress-strain curves were modelled by a Swift-Voce law [LEM 07],
which allows to well describe the strain hardening of ferritic, martensitic and multiphase
steels. The expression of the Swift-Voce law writes:

σ = (1− α) · [K · (εp + ε0)n] + α · [σsat − (σsat − σ0) · exp(−m · εp)] (4.1)

where
εp is the true plastic strain,
ε0, K and n are the Swift law parameters,
σ0, σsat and m are the Voce law parameters
and α is a fitting parameter.
In the Gleeble simulator methodology, the Swift-Voce parameters for each zone are

identified directly from the tensile curves using a dedicated program.
For the fusion zone, mechanical tests are more difficult to conduct for obtaining the

constitutive behaviour. Indeed, thermo-mechanical simulator data is not available yet
and requires a significant base material quantity. Moreover, in the case of heterogeneous
welding, the nugget being a mixture of two steel grades, it is very difficult to reproduce
the proper compound in order to perform mechanical tests. Allain and al. [ALL 12] and
Arlazarov and al. [ARL 13] worked on the development of empirical constitutive laws for
low alloyed martensitic steels and particularly on the manganese (Mn) effect on strength
and strain hardening. This model is called Simplified Continuum Composite Approach
(SCCA) for fresh and tempered martensite. It assumes that all composite elements of
martensite undergo the same amount of strain.

To describe the stress-strain curve of fresh martensite as a large elastic-plastic transition
the strain hardening can be expressed as the product of Young modulus (E) by the fraction
of elastic zones (1− F ):

dσ

dε
= (1− F ) · E (4.2)

where σ and ε are respectively the macroscopic stress and strain of the material. The
plastified zone fraction F is chosen as a probabilistic law:
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F = 1− exp
(
−
(
σ − σmin

σ0

)p)
(4.3)

where σmin is the minimum stress necessary to start plasticity, p and σ0 are the pa-
rameters that control the shape of F (σ) curve.

σmin and p can be taken as constants for all considered steels and the following values
are found to be optimal: σmin = 450 MPa and p = 2.5. A linear dependence between σ0
and carbon equivalent Ceq is established in the form of the following equation:

σ0 = 130 + 1997 · Ceq (4.4)

where Ceq is the parameter that considers the concomitant influence of C and Mn. It
is proposed to take into account this synergy of C and Mn in the following way:

Ceq = C ·
(

1 + Mn

KMn

)
(4.5)

where C andMn represent initial C and Mn (wt%) contents, andKMn is the coefficient
of the Mn influence, taken equal to 3.5. Finally, the parameters are given in table 4.1:

Physical parameters Fitted parameters Input data
E (Young modulus) σmin = 450 MPa and p = 2.5 wt% of C and Mn

Table 4.1: SCCA fresh martensite model parameters.

Similarly, a tempered martensite law was also developed. The Simplified Continuum
Composite Approach (SCCA) is used to describe the behaviour law of tempered marten-
site too. It is considered that C in solid solution in tempered martensite decreases with
temperature and time of tempering. Also it is supposed that the lath size of tempered
martensite stays constant (150 nm) with tempering temperatures lower than 400 ◦C. At
higher tempering temperatures the lath size increases with temperature and time of tem-
pering. Strengthening due to the carbide precipitation is neglected. The plastified zone
fraction F is the same as previously in equation 4.3 but σmin formulation is now dependent
on the lath size (λ) as:

σmin = σ0F + M · µ · b
λ

(4.6)

where M average Taylor factor, µ shear modulus and b Burgers vector are generic
parameters and their value are respectively: 3 , 80 000 MPa and 2.5× 10−10 m. Considering
σ0, the linear dependence with Ceq still in solid solution is defined by equation 4.4 but Ceq

is new given by:

Ceq = Css ·
(

1 + Mn

KMn

)
(4.7)

where Ceq is the parameter that considers the concomitant influence of C and Mn,
KMn is the coefficient of the Mn influence, taken equal to 3.5 and Css and Mn represent
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C and Mn (wt%) in solid solution in tempered martensite contents. Css changes with
temperature and time of tempering in the following way:

Css = Cini − P · T · (K + ln t) (4.8)

where Cini is the initial C (wt%), K and P are the fitting parameters (K = 20 an
P = 1.4× 10−5) and t the overaging time in seconds. Finally, the parameters are given in
table 4.2:

Physical parameters Fitted parameters Input data

E (Young modulus) σmin = 450 MPa, p = 2.5,
K = 20 and P = 1.4× 10−5

λ and wt% of C and
Mn

Table 4.2: SCCA tempered martensite model parameters.

A comparison between the two methodologies was initiated, on Usibor1500 quenched
(figure 4.7.a) and tempered (figure 4.7.b) Heat Affected Zones. Figure 4.7 compares the
constitutive law obtained with the two methodologies and the experimental behaviour.
Obtained strain hardening law are satisfying whatever the methodology, however, using
the SCCA is really more efficient because no base material nor experimental tests are
needed.

Figure 4.7: Comparison of elastic-plastic constitutive behaviours using the Gleeble +
Swift-Voce and the SCCA methodologies: a) on the quenched Usibor1500 HAZ and b) on
the tempered Usibor1500 HAZ.

Moreover, using SCCA laws presents the advantage to predict the constitutive law of the
fusion zone by assuming an equivalent carbon of the mixture (area ratio). Consequently,
the SCCA model is used to establish all elastic-plastic strain hardening law of the different
zones for DP600 and Usibor1500 steels (figure 4.8).

It is important to notice that the Usibor1500 tempered zone behaviour is clearly weaker
than the base material and HAZ ones. Chemical compositions of DP600 and Usibor1500
are rather close and their thermo-physical characteristics too. That is why welding process
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produces an equal development of the nugget in the two sheets (no nugget shift). Conse-
quently, the fusion zone constitutive behaviour can be considered as the average behaviour
of the two HAZ.

Figure 4.8: Elastic-plastic strain hardening law for each zones of a Usibor1500/DP600
spot weld (with same sheets thickness) established by SCCA model [ARL 13].

By contrast, this method cannot be used for Duplex steel HAZ because their manganese
content is too high to enter in the model range. Thus, tensile tests were performed on
Duplex steels, which allows to establish a Swift-Voce law for the base material. Concerning
the fusion zone of Duplex 8Al/DP600 spot welds, a mixture law is used, based on the
dilution ratio of each steel grade. The obtained elastic-plastic strain hardening law can be
related to the hardness measures in the different zones. The increasing order of strengths
of the elastic-plastic curves is the same as the increasing order of hardness in figures 4.1
and 4.3. This remains valid for both Usibor1500/DP600 and Duplex 8Al/DP600 welds.

In conclusion, the elastic-plastic strain hardening behaviour of the different zones of
studied spot welds are now characterized. They are used in the following under the
assumption of J2 (Von Mises) isotropic plasticity for the description of the yield locus in
arbitrary complete stress states. However, damage and failure criteria are missing at this
point in order to predict spot weld failure modes and load bearing capacities.

4.1.3 Ductile damage failure criterion

Some authors used a Gurson-based ductile damage model in the spot weld mechanical
behaviour simulation as presented in the section 1. These models can describe ductile
damage in tension very well for steel, but not under shear loading. Moreover, the Gurson
model is rather complex to set up: model parameters have to be fitted by an inverse
method, modelling the tensile tests and identifying the parameters for each material. In
the case of welding simulations, many zones need to be described, which turns out as a
long and difficult identification work.
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Figure 4.9: Elastic-plastic strain hardening law for each zones of a Duplex 8Al/DP600
spot weld (with same sheets thickness) established by SCCA model [ARL 13] for DP600
steel zones and by fitting Swift-Voce model on tensile test for Duplex 8Al steel zone.

In order to propose a simple and efficient simulation methodology, the failure criterion
is decayed in a damage initiation and a damage evolution description.

Concerning the damage initiation, the proposed FE models are based on a failure strain
initiation. In order to obtain a systematic damage initiation criterion, the Considere
criterion [CON 85] was chosen because it is very simple to identify on the previously
obtained stress-strain curves of each weld zone (figure 4.10). Considere criterion describes
the beginning of plastic instability and is defined by the following equation:

σ∗ = dσ

dε
(4.9)

where σ∗ is the stress at the beginning of necking. The corresponding strain (ε̄pl
0 )

is taken for onset of the damage initiation of the different zone. The identified damage
initiation strains by the Considere criterion are collected in the tables 4.3 and 4.4 for the
different zones .

Zones Usibor1500
BM

Usibor1500
HAZ

Usibor1500
tempered

Fusion
zone

DP600
HAZ

DP600
BM

ε̄pl
0 0.070 0.071 0.050 0.064 0.051 0.160

Table 4.3: Identified damage initiation strain using Considere criterion for the different
zones of a Usibor1500/DP600 spot weld.
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Figure 4.10: Considere criterion identification on Usibor1500 steel.

Zones Duplex 8Al BM Fusion zone DP600 HAZ DP600 BM
ε̄pl

0 0.114 0.076 0.051 0.160

Table 4.4: Identified damage initiation strain using Considere criterion for the different
zones of a Duplex 8Al/DP600 spot weld.

However, as shown in the literature review, chapter 1, many authors highlighted the
importance of taking stress triaxiality into account in the ductile damage criterion in
order to reproduce the spot weld mechanical behaviour properly. Based on Chung and
al. method [CHU 16], a stress triaxiality (t) dependence is introduced for the damage
initiation criterion of the different zones.

Along the whole stress triaxiality range, the damage initiation strain is defined by three
functions of the stress triaxiality. The first one follows a first-order inverse function for
the region beyond uniaxial tension mode (t > 0.33) with a constant K as shown in the
equation:

ε̄pl
0 = K

t
for t > 0.33 (4.10)

K is calculated using the damage initiation strain ε̄pl
0 at a stress triaxiality of 0.33 using

Considere criterion.
Furthermore, a constant effective damage initiation strain, denoted by D, is assumed

for the negative stress triaxiality region (t 6 0) as the half value of ε̄pl
0 |t=0.33:

ε̄pl
0 = ε̄pl

0 |t=0.33
2 = D for t 6 0 (4.11)

In the transition zone (0 < t < 0.33), a second-order polynomial function connecting
the other two is assumed, and therefore, its expression is:
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ε̄pl
0 = 9·(ε̄pl

0 |t=0.33−ε̄pl
0 |t=0)·t2+ε̄pl

0 |t=0 = 9·
(
K

0.33 −D
)
·t2+D for 0 < t < 0.33 (4.12)

Consequently, there was only one constant, denoted by K, to obtain in this simplified
fracture criterion.

This method allows to establish the damage initiation criterion for all the spot welds
zones on the entire range of stress triaxiality. This criterion is represented in figure 4.11
for the base material of Usibor1500 steel.

Figure 4.11: Stress triaxiality dependent effective damage initiation strain for damage
initiation criterion of Usibor1500 base material.

Damage evolution is chosen as a linear evolution to simplify the ductile damage cri-
terion. The FE element loss of stiffness after initiation takes place on a specific length
different in each zone following their ductility. In figure 4.12.a, σy0 and ε̄pl

0 are the yield
stress and equivalent plastic strain at the onset of damage, and ε̄pl

f is the equivalent plastic
strain at failure, when the overall damage variable reaches the value D = 1. The overall
damage variable, D, captures the combined effect of all active damage mechanisms and
is computed in terms of potential individual damage variable, di. In this study, the only
individual damage variables di is the linear damage evolution d (figure 4.12.b).

Indeed ,the linear damage law and the material stiffness is degraded through the damage
variable D as:

σ = (1−D)σ̄ (4.13)

D =
∫ t

0

˙̄upl

ūpl
f

dt (4.14)

where σ̄ is the effective (undamaged) stress, ūpl
f the effective plastic displacement at
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Figure 4.12: Damage evolution in Abaqus: a) stress-strain curve with progressive damage
degradation and b) linear definition of damage evolution based on plastic displacement.

fracture, ˙̄upl = 0 before damage initiation and ˙̄upl = ˙̄εplL during damage, L being a
characteristic length of the finite element used.

Following the work of Hillerborg et al. [HIL 76], the effective plastic displacement ūpl

can be seen as the fracture work conjugate of the flow stress during damage. Its intro-
duction in the definition of the damage variable D helps reducing the mesh dependency
once damage is initiated, creating a stress-displacement response of an element instead of
a stress-strain one.

The effective plastic displacement was identified for the different zones with the avail-
able tensile tests and extrapolated using the rule of mixture for the fusion zones. The
effective plastic displacement ūpl

f for a 0.2 mm mesh size are gathered in tables 4.5 and
4.6:

Zones Usibor1500
BM

Usibor1500
HAZ

Usibor1500
tempered

Fusion
zone

DP600
HAZ

DP600
BM

ūpl
f (mm) 0.03 0.02 0.2 0.1 0.1 0.2

Table 4.5: Identified effective plastic displacement at fracture for the different zones of a
Usibor1500/DP600 spot weld.

Zones Duplex 8Al BM Fusion zone DP600 HAZ DP600 BM
ūpl

f (mm) 0.1 0.15 0.1 0.2

Table 4.6: Identified effective plastic displacement at fracture for the different zones of a
Duplex 8Al/DP600 spot weld.

Observing the hardness values in each zone in figures 4.1 and 4.3, the predicted ef-
fective plastic displacements are consistent with the observed zone ductility. In figure
4.1, Usibor1500 tempered HAZ and DP600 have low hardness values compared to other
zones. Accordingly, their softer behaviour allows for a larger effective plastic displacement
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corresponding to a higher global ductility.

4.1.4 Cohesive zones implementation

As shown in figures 4.13.b and 4.13.c, cohesive zones are integrated in the model at the
sheets interface (between the two notch roots). In the Duplex 8Al/DP600 spot welding
case, an additional cohesive zone is integrated at the interface between DP600 HAZ and
the fusion zone in order to take the ferrite layer behaviour into account.

The theory of cohesive zone was briefly discussed in the literature review (chapter 1).
The main advantage of this strategy is the inclusion of a progressive mechanical damage.
The behaviour of cohesive zone is reflected in a linear elastic loading phase up to σmax,
the stress at damage initiation. Damage is represented by a decrease in stiffness from an
initial opening displacement δ0 until a critical one δc of the interface where cohesive zone
is broken. Making the hypothesis δ0 should be as small as possible, cohesive zone is only
defined by a stiffness KZC , a maximal stress σmax. This corresponds to a toughness Γ
of the cohesive zone, defined as the area under the curve after damage initiation (figure
4.13.a).

Figure 4.13: Cohesive zone implementation in spot weld FE models: a) Traction separation
law of cohesive elements, b) cohesive zone at the sheets interface of Usibor1500/DP600
spot welds and c) cohesive zones at the sheets interface of Duplex 8Al/DP600 spot welds
and at the DP600 HAZ and fusion zone interface.

In Abaqus software, cohesive elements are configured using the couple σmax - Γ in
the normal and two tangential directions corresponding to the three crack propagation
modes (I, II and III). In the model, a 0.02 mm cohesive zone thickness is chosen, where
the neighbouring elements are 0.2 mm in size.

A limited number of methods exist for cohesive parameters identification and are very
complicated to set up on spot weld fusion zone. Lacroix and al. [LAC 15] developed a
particular wedge test device to estimate the cohesive parameters of a spot weld in opening
mode (mode I). It is however a complex experimental procedure.

An inverse identification procedure was used instead to identify the cohesive param-
eters. From cohesive parameters of Dancette and al. [DAN 12] and Lacroix and al.
[LAC 15], for the two loading types (cross tension and tensile shear), two spot welds
which failed in interfacial and in button pull-out modes were used to initiate the inverse
procedure. Then the cohesive parameters were optimized in order to predict the failure
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modes and strengths of these spot welds well enough under cross tension and tensile shear.
Finally, the optimized cohesive parameter values were introduced in the other configura-
tions to be validated.

The optimized cohesive parameters of the three cohesive zones are gathered in table
4.7:

Cohesive zones
σmax in MPa Γ in kJ m−2

σmax1 σmax1 σmax3 Γ1 Γ2 Γ3

Usibor1500/DP600 fusion zone 3500 2300 2300 8 16 16
Duplex 8Al/DP600 fusion zone 2400 1600 1600 4 8 8
Duplex 8Al/DP600 ferrite layer 1200 1100 1100 3 1 1

Table 4.7: Identified parameter values of the three cohesive zones in the three directions
(direction 1 is the stack direction, orthogonal to cohesive zone). σmax in MPa and Γ in
kJ m−2.

4.2 Heterogeneous welding model

In this section, FE modelling results of heterogeneous Usibor1500/DP600 spot weld assem-
blies are presented. The load-displacement curves and failure modes of experimental and
simulation cases under two loading types (cross tension and tensile shear) are compared.

FE modelling is applied on all Usibor1500/DP600 configurations introduced in chapter
2. As a reminder, these configurations are presented in figure 4.14.

Figure 4.14: Usibor1500/DP600 spot welding configurations.

4.2.1 Cross tension test results

4.2.1.1 Usibor1500 1.2mm/DP600 1.2mm spot welds (DA)

The results of Usibor1500 1.2 mm/DP600 1.2 mm spot welds (DA) in cross tension at lower
end, middle and upper end intensities are respectively gathered in figures 4.15, 4.16 and
4.17.

The experimental failure modes (Button Pull Out with failure on the Usibor1500
side, hole in Usibor1500 sheet) are well reproduced by FE models. Moreover, the load-
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Figure 4.15: Comparison between experimental and simulation response in cross tension
of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.16: Comparison between experimental and simulation response in cross ten-
sion of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at middle intensity: a) load-
displacement curves and b) failure mode.

displacement curves are also well predicted even if the failure loads are always overesti-
mated in the FE models.

It is important to notice that the decrease of maximum load between middle and upper
end in experiments is reproduced by FE modelling.
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Figure 4.17: Comparison between experimental and simulation response in cross tension
of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at the upper end intensity: a) load-
displacement curves and b) failure mode.
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4.2.1.2 Usibor1500 2mm/DP600 2mm spot welds (DB)

The results of Usibor1500 2 mm/DP600 2 mm spot welds (DB) in cross tension at lower
end, middle and upper end intensities are respectively presented in figures 4.18, 4.19 and
4.20.

Figure 4.18: Comparison between experimental and simulation response in cross tension
of Usibor1500 2 mm/DP600 2 mm spot weld (DB) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.19: Comparison between experimental and simulation response in cross tension of
Usibor1500 2 mm/DP600 2 mm spot weld (DB) at middle intensity: a) load-displacement
curves and b) failure mode.

The experimental failure modes (Partial Interfacial Failure PIF and Button Pull Out
BPO with failure in the Usibor1500 side, hole in Usibor1500 sheet) are rather well repro-
duced by FE models with the exception of the lower end intensity configuration, where
the partial penetration of the crack at the interface is not predicted by the FE simulation.

However, load-displacement curves are well predicted in all configurations. Particularly,
the evolution of the slope of the loading curves due to the elastic-plastic behaviour of the
whole assembly is well reproduced.

In figure 4.21, the equivalent plastic strain is observed in the spot weld before and after
the slope change. Figure 4.21.a shows the position in Load-Displacement curve of the two
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Figure 4.20: Comparison between experimental and simulation response in cross tension
of Usibor1500 2 mm/DP600 2 mm spot weld (DB) at the upper end intensity: a) load-
displacement curves and b) failure mode.

plastic strain states observed in figures 4.21.b and 4.21.c. The slope change is probably
due to occurrence of plasticity in the notch root.

Figure 4.21: Comparison between experimental and simulation response in cross tension
of Usibor1500 2 mm/DP600 2 mm spot weld (DB) at the upper end intensity: a) load-
displacement curves and b) equivalent plastic strain before slope change and c) equivalent
plastic strain after slope change.

4.2.1.3 Usibor1500 2mm/DP600 1.2mm spot welds (DC)

The results of Usibor1500 2 mm/DP600 1.2 mm spot welds (DC) in cross tension at lower
end, middle and upper end intensities are respectively presented in figures 4.22, 4.23 and
4.24.

The experimental failure modes (Button Pull Out BPO with failure on the DP600
side, hole in DP600 sheet) are globally well reproduced by FE models. Only the upper

© 2017 – Thibaut HUIN – MATEIS laboratory 131

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés



Chapter 4 – Finite Element modelling of heterogeneous spot welds mechanical behaviour

Figure 4.22: Comparison between experimental and simulation response in cross tension
of Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.23: Comparison between experimental and simulation response in cross tension of
Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at middle intensity: a) load-displacement
curves and b) failure mode.

end intensity configuration FE simulation did not well reproduce the experimental failure
because of the splash phenomenon explained in chapter 2 (expulsion of molten metal at
the interface) and marked by a circle in figure 4.24. The presence of splash initiation
prevents the crack propagation on the DP600 side and favours a Partial Dome Failure on
the Usibor1500 side. Splash is very difficult to introduce in the model.

However, load-displacement curves as well as the evolution of the slope are well pre-
dicted in all configurations.
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Figure 4.24: Comparison between experimental and simulation response in cross tension
of Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at the upper end intensity: a) load-
displacement curves and b) failure mode.
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4.2.1.4 Usibor1500 1.2mm/DP600 2mm spot welds (DD)

The results of Usibor1500 1.2 mm/DP600 2 mm spot welds (DD) in cross tension at lower
end, middle and upper end intensities are respectively presented in figures 4.25, 4.26 and
4.27.

Figure 4.25: Comparison between experimental and simulation response in cross tension
of Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.26: Comparison between experimental and simulation response in cross tension of
Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at middle intensity: a) load-displacement
curves and b) failure mode.

The experimental failure modes (Button Pull Out BPO with failure in the Usibor1500
side, hole in Usibor1500 sheet) are well reproduced by FE models for all configurations.

However, except at the lower end intensity, load-displacement curves are not very well
reproduced. The beginning of the loading curves is ok, but simulations at the middle and
upper end intensities underestimate the load bearing capacity of the assemblies, which is
discussed below.
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Figure 4.27: Comparison between experimental and simulation response in cross tension
of Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at the upper end intensity: a) load-
displacement curves and b) failure mode.

4.2.1.5 Global assessment of the FE model in cross tension

Finally, FE modelling of Usibor1500/DP600 spot welds in cross tension shows good results
in terms of load-displacement curves but also of failure mode prediction. As presented in
table 4.8, the agreement between experimental and simulation failure modes is globally
very good.

Configurations
Usibor1500/DP600 Experimental failure mode FE

prediction
DA 1.2 mm/1.2 mm lower end PIF (failure in Usibor1500 side) X(∼)
DA 1.2 mm/1.2 mm middle BPO (failure in Usibor1500 side) X

DA 1.2 mm/1.2 mm upper end PDF (failure in Usibor1500 side) X

DB 2 mm/2 mm lower end PIF (failure in Usibor1500 side) X(∼)
DB 2 mm/2 mm middle PIF (failure in Usibor1500 side) X(∼)

DB 2 mm/2 mm upper end PDF (failure in Usibor1500 side) X(∼)
DC 2 mm/1.2 mm lower end PIF (failure in DP600 side) X

DC 2 mm/1.2 mm middle BPO (failure in DP600 side) X

DC 2 mm/1.2 mm upper end PDF (failure in Usibor1500 side) X
DD 1.2 mm/2 mm lower end BPO (failure in Usibor1500 side) X

DD 1.2 mm/2 mm middle BPO (failure in Usibor1500 side) X

DD 1.2 mm/2 mm upper end PDF (failure in Usibor1500 side) X

Table 4.8: Experimental failure modes and their agreement with FE prediction for each
Usibor1500/DP600 spot weld configuration in cross tension.

All failure modes are well predicted excepted for three cases. Two of them concern the
upper end intensity configurations which present a small splash at the notch root (DB and
DC upper end configurations). This splash modified the experimental failure mode, but
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Chapter 4 – Finite Element modelling of heterogeneous spot welds mechanical behaviour

it was not modelled in the simulations since it is not uniformly present around the spot
weld. Its influence is therefore not reproduced in the simulations. It could be introduced,
but it geometry is complicated to reproduce with 2D cross sections.

Configurations
Usibor1500/DP600

Experimental failure
strength (average of three)

Predicted
strength

Error
in %

DA 1.2 mm/1.2 mm lower end 4820 N 5599 N 13.9
DA 1.2 mm/1.2 mm middle 5660 N 6725 N 15.8

DA 1.2 mm/1.2 mm upper end 5130 N 5859 N 12.4
DB 2 mm/2 mm lower end 11 080 N 11 886 N 0.7
DB 2 mm/2 mm middle 11 640 N 12 279 N 5.2

DB 2 mm/2 mm upper end 13 050 N 11 746 N 5.6
DC 2 mm/1.2 mm lower end 6330 N 6946 N 8.9
DC 2 mm/1.2 mm middle 8470 N 7346 N 13.2

DC 2 mm/1.2 mm upper end 8370 N 8004 N 4.4
DD 1.2 mm/2 mm lower end 4820 N 4559 N 5.4
DD 1.2 mm/2 mm middle 6000 N 5072 N 15.4

DD 1.2 mm/2 mm upper end 7940 N 5365 N 32.4

Table 4.9: Experimental failure strengths and their agreement with FE prediction for each
Usibor1500/DP600 spot weld configuration in cross tension.

The last configuration not matching perfectly the experimental failure mode is the DB
lower end configuration. Its experimental failure mode is Partial Interfacial Failure (PIF)
but the simulation presents a BPO failure mode. Further adjustment of the cohesive
zone parameters of the interfacial zone would probably allow to reproduce the partial
crack penetration at the interface. However, the essential features of the failure in this
configuration (side of the hole and load bearing capacity) are still captured.

However, in the DD configuration case, the strengths are not well predicted. In the
model, failure occurred too early compared to experiments. It could come from the stress
concentration in the notch root, because for a given displacement applied, the larger the
nugget diameter, the higher the angle between Usibor1500 and DP600 sheets is. And the
higher the angle, the higher the stress concentration in the notch root is. Moreover, it is
important to notice that the scatter between experimental data is very important (∼15%)
for the upper end intensity configuration.

4.2.2 Tensile shear test results

4.2.2.1 Usibor1500 1.2mm/DP600 1.2mm spot welds (DA)

The results of Usibor1500 1.2 mm/DP600 1.2 mm spot welds (DA) in tensile shear at lower
end, middle and upper end intensities are respectively presented in figures 4.28, 4.29 and
4.30.
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Figure 4.28: Comparison between experimental and simulation response in tensile shear
of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.29: Comparison between experimental and simulation response in tensile shear
of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at middle intensity: a) load-
displacement curves and b) failure mode.

The experimental failure modes (Button Pull Out with failure on the Usibor1500 side,
hole in Usibor1500 sheet) are well reproduced by FE models. However, even if the failure
zone (Usibor1500 HAZ) is well predicted in the lower end and middle configurations, failure
in the tempered HAZ of Usibor1500 is not reproduced for upper end one.

The load-displacement curves are also well predicted except for upper end configuration
where the failure in the CGHAZ of Usibor1500 leads to a slightly underestimated failure
load.
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Figure 4.30: Comparison between experimental and simulation response in tensile shear
of Usibor1500 1.2 mm/DP600 1.2 mm spot weld (DA) at the upper end intensity: a) load-
displacement curves and b) failure mode.
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4.2.2.2 Usibor1500 2mm/DP600 2mm spot welds (DB)

The results of Usibor1500 2 mm/DP600 2 mm spot welds (DB) in tensile shear at lower
end, middle and upper end intensities are respectively presented in figures 4.31, 4.32 and
4.33.

Figure 4.31: Comparison between experimental and simulation response in tensile shear
of Usibor1500 2 mm/DP600 2 mm spot weld (DB) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.32: Comparison between experimental and simulation response in tensile shear of
Usibor1500 2 mm/DP600 2 mm spot weld (DB) at middle intensity: a) load-displacement
curves and b) failure mode.

The experimental failure modes (Full interfacial failure and Button Pull Out with
failure in the Usibor1500 side, hole in Usibor1500 sheet) are well reproduced by FE models.
The failure mode transition is well reproduced by FE model, which proves the robustness
of the FE model. Contrary to analytical model, this FE model allows to predict the
failure mode transition and to understand more precisely the mechanisms which change
the failure mode.

However, the simulated load-displacement curves are drop down too early when BPO
failures occurred in the Usibor1500 HAZ. The ductile damage criterion in this zone is
probably underestimated.
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Figure 4.33: Comparison between experimental and simulation response in tensile shear
of Usibor1500 2 mm/DP600 2 mm spot weld (DB) at the upper end intensity: a) load-
displacement curves and b) failure mode.

4.2.2.3 Usibor1500 2mm/DP600 1.2mm spot welds (DC)

The results of Usibor1500 2 mm/DP600 1.2 mm spot welds (DC) in tension shear at lower
end, middle and upper end intensities are respectively presented in figures 4.34, 4.35 and
4.36.

Figure 4.34: Comparison between experimental and simulation response in tensile shear
of Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at the lower end intensity: a) load-
displacement curves and b) failure mode.

The experimental failure modes (Total Dome Failure TDF and Button Pull Out BPO
with failure in the DP600 side, hole in DP600 sheet) are well reproduced by FE models.
The failure mode transition between lower end and middle configurations is also well
captured by FE model. However, the simulation only predicts a Partial Dome at the
lower end intensity as opposed to the experimental Total Dome.

The failure load levels are rather well predicted despite a tendency to anticipate again
final failure in the middle and upper end configurations.
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Figure 4.35: Comparison between experimental and simulation response in tensile shear of
Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at middle intensity: a) load-displacement
curves and b) failure mode.

Figure 4.36: Comparison between experimental and simulation response in tensile shear
of Usibor1500 2 mm/DP600 1.2 mm spot weld (DC) at the upper end intensity: a) load-
displacement curves and b) failure mode.

4.2.2.4 Usibor1500 1.2mm/DP600 2mm spot welds (DD)

The results of Usibor1500 1.2 mm/DP600 2 mm spot welds (DD) in tensile shear at lower
end , middle and upper end intensities are respectively presented in figures 4.37, 4.38 and
4.39.

The experimental failure modes (Full interfacial failure and Button Pull Out with
failure in the Usibor1500 side, hole in Usibor1500 sheet) are well reproduced by FE models.
The failure mode transition (from FIF into BPO) between middle and upper end is once
again well reproduced by FE model, which proves the model robustness.

Moreover, the load-displacement curves are well predicted whatever the failure mode
or position in the welding range.
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Figure 4.37: Comparison between experimental and simulation response in tensile shear
of Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.38: Comparison between experimental and simulation response in tensile shear of
Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at middle intensity: a) load-displacement
curves and b) failure mode.

4.2.2.5 Global assessment of the FE model in tensile shear

Finally, FE modelling of Usibor1500/DP600 spot welds in tensile shear shows again good
results in terms of load-displacement response but also of failure mode prediction. As
gathered in table 4.10, the agreement between experimental and simulation failure modes
is very accurate.
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Figure 4.39: Comparison between experimental and simulation response in tensile shear
of Usibor1500 1.2 mm/DP600 2 mm spot weld (DD) at the upper end intensity: a) load-
displacement curves and b) failure mode.

Configurations
Usibor1500/DP600 Experimental failure mode FE

prediction
DA 1.2 mm/1.2 mm lower end BPO (failure in Usibor1500 side) X

DA 1.2 mm/1.2 mm middle BPO (failure in Usibor1500 side) X

DA 1.2 mm/1.2 mm upper end BPO (failure in Usibor1500 side) X(∼)
DB 2 mm/2 mm lower end FIF X

DB 2 mm/2 mm middle BPO (failure in Usibor1500 side) X

DB 2 mm/2 mm upper end BPO (failure in Usibor1500 side) X

DC 2 mm/1.2 mm lower end TDF (failure in DP600 side) X(∼)
DC 2 mm/1.2 mm middle BPO (failure in DP600 side) X

DC 2 mm/1.2 mm upper end BPO (failure in DP600 side) X

DD 1.2 mm/2 mm lower end FIF X

DD 1.2 mm/2 mm middle FIF X

DD 1.2 mm/2 mm upper end BPO (failure in Usibor1500 side) X(∼)

Table 4.10: Experimental failure modes and their agreement with FE prediction for each
Usibor1500/DP600 spot weld configuration in tensile shear.

All failure modes are well predicted excepted for three cases. Two of them concern the
upper end intensity configurations DA and DD. In the FE model, failure in tempered HAZ
of Usibor1500 does not occur unlike in experiments. Usibor1500 quenched HAZ ductile
damage seems to be underestimated, which leads to a premature failure in this zone.
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Configurations
Usibor1500/DP600

Experimental failure
strength (average of three)

Predicted
strength

Error
in %

DA 1.2 mm/1.2 mm lower end 12 870 N 11 819 N 8.2
DA 1.2 mm/1.2 mm middle 14 110 N 14 132 N 0.2

DA 1.2 mm/1.2 mm upper end 15 390 N 13 695 N 6.6
DB 2 mm/2 mm lower end 25 950 N 23 788 N 8.4
DB 2 mm/2 mm middle 29 890 N 24 950 N 16.5

DB 2 mm/2 mm upper end 33 130 N 26 657 N 19.5
DC 2 mm/1.2 mm lower end 13 870 N 13 448 N 3.0
DC 2 mm/1.2 mm middle 15 850 N 15 504 N 2.2

DC 2 mm/1.2 mm upper end 17 500 N 15 545 N 11.2
DD 1.2 mm/2 mm lower end 12 550 N 14 762 N 15.0
DD 1.2 mm/2 mm middle 18 790 N 17 455 N 7.1

DD 1.2 mm/2 mm upper end 20 000 N 20 796 N 6.9

Table 4.11: Experimental failure strengths and their agreement with FE prediction for
each Usibor1500/DP600 spot weld configuration in tensile shear.

The last configuration which does not matches perfectly with experimental failure mode
is the DC lower end configuration. Its experimental failure mode is Total Dome Failure but
the simulation presents a Partial Dome Failure mode. This is probably due to the mesh size
which is not refined enough in the FE models. However, obtaining a Partial Dome Failure
is an important result and the predicted accuracy of the failure load prediction illustrates
the close competition between Partial and Total Dome failure in this configuration.

4.2.3 Discussion

Despite a few discrepancies in the simulations, the present modelling methodology showed
very accurate results on various heterogeneous Usibor1500/DP600 configurations, with
varying sheet thicknesses, weld nugget size and loading types. This FE modelling method-
ology is validated for heterogeneous AHSS spot welds in cross tension and tensile shear.

Moreover, FE models allow to better observe the failure mechanisms of each failure
modes and more particularly the stress triaxiality in the critical zone of crack initiation.
For example, in the Button Pull Out failure mode case, stress triaxiality during crack
initiation in cross tension is around 0.9 whereas it is only 0.6 in tensile shear in the first
failed elements. FE model allows to estimate the stress triaxiality in the failed zone before
failure, whereas it is impossible in a experimental way. It shows the importance to consider
the stress triaxiality in the ductile damage criterion to provide a full predictive model for
different loading types.

The difference between experimental and simulated load-displacement curves could be
in part explicated by the linear damage evolution model used in the FE simulations.
Damage evolution model could be improved by using a exponential evolution based on

144 © 2017 – Thibaut HUIN – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI055/these.pdf 
© [T. Huin], [2017], INSA Lyon, tous droits réservés



Highly heterogeneous welding model

experimental tensile tests. Indeed, the crack propagation could be more realistic and
predicted failure load more accurate.

4.3 Highly heterogeneous welding model

In this section, FE modelling results of very heterogeneous Duplex 8Al/DP600 spot weld
assemblies are presented. The load-displacement curves and failure modes of experimen-
tal and simulation cases under two loading types (cross tension and tensile shear) are
compared.

FE modelling is applied on three welding intensities of Duplex 8Al/DP600 spot weld
configurations introduced in chapter 3. Because the failure modes combination is too
complex in the Duplex 4Al case, this case will not be modelled.

4.3.1 Cross tension test results

The results of Duplex 8Al 1.2 mm/DP600 1.2 mm spot welds in cross tension at lower end,
middle and upper end intensities are respectively presented in figures 4.40, 4.41 and 4.42.
Middle intensity case was used to fit cohesive parameters.

Figure 4.40: Comparison between experimental and simulation response in cross ten-
sion of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at the lower end intensity: a) load-
displacement curves and b) failure mode.

As expected, experimental failure modes (Total Dome Failure at the interface between
DP600 HAZ and fusion zone) are well reproduced by FE models (table 4.12). Moreover,
load-displacement curves are well predicted whatever the welding intensity.
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Figure 4.41: Comparison between experimental and simulation response in cross tension
of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at middle intensity: a) load-displacement
curves and b) failure mode.

Figure 4.42: Comparison between experimental and simulation response in cross tension
of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at the upper end intensity: a) load-
displacement curves and b) failure mode.

Configurations Duplex
8Al/DP600 Experimental failure mode FE prediction

lower end intensity TDF (failure in DP600 side) X

middle intensity TDF (failure in DP600 side) X

upper end intensity TDF (failure in DP600 side) X

Table 4.12: Experimental failure modes and their agreement with FE prediction for Duplex
8Al/DP600 spot weld configurations in cross tension.

4.3.2 Tensile shear test results

The results of Duplex 8Al 1.2 mm/DP600 1.2 mm spot welds in tensile shear at lower end,
middle and upper end intensities are respectively presented in figures 4.43, 4.44 and 4.45.

As in the cross tension tests, experimental failure modes (Total Dome Failure at the
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Figure 4.43: Comparison between experimental and simulation response in tensile shear
of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at the lower end intensity: a) load-
displacement curves and b) failure mode.

Figure 4.44: Comparison between experimental and simulation response in tensile shear
of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at middle intensity: a) load-displacement
curves and b) failure mode.

Figure 4.45: Comparison between experimental and simulation response in tensile shear
of Duplex 8Al 1.2 mm/DP600 1.2 mm spot weld at the upper end intensity: a) load-
displacement curves and b) failure mode.
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interface between DP600 HAZ and fusion zone) are well reproduced by FE models in
tensile shear tests (table 4.13). Moreover, load-displacement curves are well predicted
again for the three welding intensities.

Configurations Duplex
8Al/DP600 Experimental failure mode FE prediction

lower end intensity TDF (failure in DP600 side) X

middle intensity TDF (failure in DP600 side) X

upper end intensity TDF (failure in DP600 side) X

Table 4.13: Experimental failure modes and their agreement with FE prediction for Duplex
8Al/DP600 spot weld configurations in tensile shear.

4.3.3 Discussion

Cohesive zone integration at the ferrite layer between DP600 HAZ and fusion zone is
allowing to reproduce the Total Dome Failure (TDF) observed in the cross tension ex-
periments. Moreover, FE models allow to observe crack propagation in the ferrite layer
from the notch root to the dome peak in cross tension. In tensile shear, a decohesion
of ferrite layer from right notch root (where load is applied on the lower DP600 sheet)
is observed. Subsequently, when the first elements failed in tension (opening mode I),
the remaining elements are sheared. As concluding remarks, this study allows to produce
an estimate of the ferrite layer zone toughness (3 kJ m−2) which is consistent with the
δ-ferrite experimentally observed. FE model is particularly well adapted in this case of
highly heterogeneous welding.

4.4 Conclusion

In this section, a FE model for the prediction of the mechanical behaviour of AHSS resis-
tance spot welds under two loading types, cross tension and tensile shear, was developed.
This model is able to capture the competition between semi-brittle fracture at the inter-
face and ductile failure by button pull out at the weld boundary and the partial and total
dome failures. Ductile damage and fracture was considered in the different weld zones for
this purpose, in addition to a cohesive zone at the faying surface and around the fusion
zone when ferrite layer is observed at the fusion zone/HAZ interface.

Elastic-plastic strain hardening laws were identified using either: empirical model of
the ferrite and martensite phases constitutive behaviour or a Swift-Voce model fitted on
experimental tensile test performed on base material and simulated HAZ using Gleeble
simulator, when available. This identification methodology and the chosen spot weld zones
discretization are validated observing the good agreement of simulated load-displacement
curves with the experimental ones.

Ductile damage criteria were introduced to predict the failure modes and loads of
heterogeneous AHSS spot welds. Comparing the experimental and FE simulation results,
the model shows a particular robustness with a good prediction in numerous cases with
varying sheet thicknesses and loading configurations.
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Conclusion

Cohesive zones were introduced at the steel sheets interface, but also at the fusion
zone/HAZ interface when a new phase appeared (ferrite layer in Duplex 8Al/DP600 spot
welds). Fusion zones cohesive parameters are consistent with those identified by Dancette
and al. [DAN 12] and Lacroix and al. [LAC 15]. Concerning the ferrite layer zone, new
cohesive parameters were identified. This allows to estimate the toughness of this thin
ferrite layer on which no mechanical test can be easily performed.

Lastly, this model predicts well the failure modes and loads of AHSS spot welds, what-
ever the dissimilar grades or thicknesses of steel sheets. It allows to understand the failure
initiation and propagation for the different failure modes.

The robustness of the FE model is verified by observing the transition of failure modes
with different material parameters (in particular the sheet thickness) and process param-
eters (intensity). The FE model could be used as a tool to optimize the sheet thickness
and process parameters of a configuration in order to obtain optimized welded assemblies,
taking cautions about cohesive parameters.
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Chapter 5

Finite Element model: limitation
and potential

The previous chapter presented the FE modelling methodology and the results on some
heterogeneous and very heterogeneous configurations. In this chapter, the limitations
and the potential of the model will be investigated. Among limitations, mesh size and
boundary condition influences will be in particular investigated. To highlight the model
potential, two new configurations will be exposed.

Contents
5.1 FE model limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.1.1 Solver influence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
5.1.2 Mesh size dependency . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.1.3 Boundary conditions influence . . . . . . . . . . . . . . . . . . . . . . 154
5.1.4 Mass scaling influence . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.2 FE model potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.2.1 Triple-sheet spot welded assembly modelling . . . . . . . . . . . . . . 159
5.2.2 Arc welds FE modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 165

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.1 FE model limitation

5.1.1 Solver influence

Cross tension and tensile shear tests conditions being quasi-static, it is natural to first
consider an Implicit solver (Abaqus Standard) for spot weld mechanical test simulation.
This solver allows to balance all the forces for each calculation increment. However, as
soon as a failure criterion is introduced into the model, force balance becomes impossible,
due to convergence issues. It is obvious that when the assembly fails in two parts, no
equilibrium could be obtained.

By contrast, the Implicit solver has a great utility: it allows to validate the Explicit
solver response before significant damage occurrence. Indeed, as there is no dynamic effects
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in Implicit simulations, the quasi-static mechanical behaviour of spot welds is properly
described. As explained in the chapter 4, the use of the dynamic Explicit solver requires
some cautions in the model development to prevent the spot weld behaviour response to
be perturbated by dynamic effects.

5.1.1.1 Heterogeneous welding

In order to validate the Explicit solver response, the comparison with the Implicit one is
done on several configurations. For the Usibor1500/DP600 spot weld case, two configura-
tions were chosen:

• similar thicknesses Usibor1500 2 mm/DP600 2 mm at middle welding intensity,
• dissimilar thicknesses Usibor1500 1.2 mm/DP600 2 mm at middle welding intensity.
Comparison of Load-Displacement curves between Implicit and Explicit calculations

of these two configurations in cross tension and tensile shear are shown in figures 5.1 and
5.2.

Figure 5.1: Implicit and Explicit solvers Load-Displacement response of Usibor1500
2 mm/DP600 2 mm configuration: a) in cross tension and b) in tensile shear.

Figures 5.1.a and 5.1.b presents the similar thickness configuration during cross tension
(5.1.a) and tensile shear (5.1.b) tests. As expected, the response curves are totally overlaid
up to the crack initiation in Explicit. Thus, Explicit response is validated and does not
show disruptive dynamic effects due to the high velocity boundary condition.

Moreover, figures 5.2.a and 5.2.b presents the dissimilar thickness configuration dur-
ing cross tension (5.2.a) and tensile shear (5.2.b) tests. In the same way, the Load-
Displacement curves overlay is perfect up to crack initiation in Explicit. As the Explicit
responses are evolving in the same way as the Implicit ones in many configurations, the
present model construction with the Explicit solver as detailed in chapter 4 is considered
as valid under quasi-static loading.
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Figure 5.2: Implicit and Explicit solvers Load-Displacement response of Usibor1500
1.2 mm/DP600 2 mm configuration: a) in cross tension and b) in tensile shear.

5.1.1.2 Very heterogeneous welding

In the following, the validity of the quasi-static Explicit model in the case of very hetero-
geneous welding (Duplex 8Al/DP600) is checked.

Figure 5.3 shows the Load-Displacement curves of Duplex 8Al 1.2 mm/DP600 2 mm
at lower end intensity, in cross tension (5.3.a) and in tensile shear (5.3.b). As for the
heterogeneous case previously detailed (Usibor1500/DP600), Explicit and Implicit solver
responses are overlaid until crack initiation. In the Duplex 8Al/DP600 welding case, the
curves separation occurred earlier because of the crack propagation in the ferrite layer.
Indeed, crack initiation occurs at 60% of the maximal load and cohesive elements fail one
by one until the last element at the top of the dome. Therefore a stiffness loss is observed
in the Explicit response after crack initiation.

Figure 5.3: Implicit and Explicit solvers Load-Displacement response of Duplex 8Al
1.2 mm/DP600 1.2 mm configuration: a) in cross tension and b) in tensile shear.
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In conclusion, no disruptive dynamic effects are identified in the very heterogeneous
welding case too. Quasi-static Explicit models are validated in all configurations.

5.1.2 Mesh size dependency

Solid element type in the FE models is eight-node brick with reduced integration (C3D8R
in Abaqus). These elements are generally adapted to cross tension and tensile shear
tests implying bending and large deformation. In this section, convergence of FE model
calculations is investigated with regard to the mesh size in the spot weld.

Mesh element size was chosen as 0.2 mm in order to have a good compromise between
calculation time and accuracy. To evaluate the mesh size dependency, two additional
mesh sizes were chosen and simulated with Explicit solver. In one case, the mesh has been
refined with a size of 0.1 mm for base element and in the other case the mesh size has been
increased to 0.3 mm for the base element (figure 5.4).

Figure 5.4: Usibor1500 2 mm/DP600 2 mm middle intensity configuration with different
mesh size: a) coarse 0.3 mm b) intermediate 0.2 mm and c) fine 0.1 mm.

Then, FE simulations were run with the three mesh sizes and their Load-Displacement
curves (and in particular the failure strength) and failure modes were compared. In fig-
ure 5.5.a, the three Load-Displacement responses are gathered and the global spot weld
mechanical behaviour is preserved. Nevertheless, the failure strengths show difference. As
expected, the following trend is observed: the smaller the mesh size, the earlier failure
occurs. In figure 5.5.a, the fine mesh (0.1 mm) response presents a failure strength lower
than other mesh sizes (9% lower).

Concerning failure modes, there is a Button Pull Out failure in the Usibor1500 HAZ in
the three cases. However, a mesh design sensitivity could be observed, in particular at the
nugget periphery. It seems that when the mesh is finer, the failure tends to follow more
closely the nugget border.

5.1.3 Boundary conditions influence

In this section, the boundary conditions influence is studied. In fact, a displacement is
imposed on the upper sheet with a particular velocity in the Explicit solver. This velocity
is chosen to be lower than the critical velocity (derived from lower resonance frequency)
to remain in the quasi-static hypotheses domain.
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Figure 5.5: Usibor1500 2 mm/DP600 2 mm middle intensity configuration with three dif-
ferent mesh sizes: a) Comparison of Load-Displacement responses and b) Comparison of
the failure modes.

5.1.3.1 Boundary condition velocity value

In Explicit solver, the increment time is function of the length of the smallest element in
the model and of the element material density. As density is the same in the whole model,
the increment time is defined by the properties of the smallest element, which is one of
the cohesive elements because of the cohesive zone thickness.

For a given increment time, a way to accelerate the calculation, is to decrease the
simulation time (testing time in the simulation), which results in increasing the testing
velocity. However, increasing velocity encounters two limitations: velocity needs to be
lower than the critical velocity identified by the modal analysis and the system kinetic
energy has to remain a small fraction of system internal energy for quasi-static analyses.

In order to observe the velocity influence on the spot weld mechanical behaviour re-
sponse, a FE model (Usibor1500 2 mm/DP600 2 mm middle intensity configuration) was
solved with six different boundary conditions: 2 m s−1, 5 m s−1, 10 m s−1, 20 m s−1, 30 m s−1

and 40 m s−1. Load-Displacement response curves of these six FE model with different
boundary conditions are represented in figure 5.6. Moreover, Implicit solver response
curve is also integrated in the figure in order to have a reference for the spot weld quasi-
static mechanical behaviour.

For this configuration, the critical velocity is around 80 m s−1 (first natural frequency is
around 2000 Hz). All velocity solved are under this critical value. However, in figure 5.6,
it can be clearly seen that the simulations with the higher velocities do not reproduce the
Implicit solver result. In fact, the higher the velocity, the higher the disruptive dynamic
effects. In this case, when velocity is over 10 m s−1, the Load-Displacement response of
the model is modified by inertial effects.

Besides, a velocity of 10 m s−1 is a little too high to predict the failure strength well:
even if the loading curve is well predicted, some oscillations are observable close to the
failure strength region, which perturbate the predicted failure strength. This is due to the
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Figure 5.6: Usibor1500 2 mm/DP600 2 mm middle intensity configuration with six different
velocities (2, 5 (ref), 10, 20, 30 and 40, in m s−1).

high amount of released energy during fracture involving unexpected kinetic effects.
Another way to know if dynamic effects disturb FE model response is to compare

Internal and Kinetic energy. Indeed, Kinetic energy has to remain a small fraction of the
Internal energy along the simulation time. In figure 5.7.a, where the boundary velocity
is 5 m s−1 and the Load-Displacement curve did not show any variation compared to the
Implicit response, the Kinetic energy is only a small fraction of the Internal energy over
the whole test history (until fracture). Moreover, even after fracture, Kinetic energy value
stays around 10% of Internal energy.

With the higher velocities and a behaviour already quite different from the Implicit
response in figure 5.6, the Kinetic energy is a significant fraction of Internal one as shown
in figure 5.7.b. Just before fracture, the Kinetic energy represents 50% of Internal one.
Just after fracture, it almost reaches the Internal energy level.

These comparisons between Implicit and Explicit and between the Kinetic and Internal
energies allow to identify the highest velocity to use in the FE models in order to optimize
the computational time without modifying the simulated FE spot weld behaviour.

5.1.3.2 Amplitude form of applied velocity

Velocity influence was studied in previous section. However, there are many ways to apply
velocity in the model. It is obvious that applying directly the maximum velocity value
from the beginning of the simulation would generate huge dynamic issues. Therefore a
progressive velocity is applied from 0 to its maximum value.

However, in order to minimize dynamic effects, two amplitude forms have been intro-
duced in the FE models and their respective Load-Displacement responses were compared.
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Figure 5.7: Internal and Kinetic energies comparison of Usibor1500 2 mm/DP600 2 mm
middle intensity configuration with two different velocities: a) 5 m s−1 (ref) and b)
30 m s−1.

First amplitude form is a simple ramp where velocity is null at simulation beginning and
increases to its maximum value for final simulation time. Second amplitude form is the
well known “smooth step” which allows to minimize dynamic effects (figure 5.8).

Figure 5.8: Amplitude forms to apply a progressive increase of velocity (ramp and smooth
step).

After simulation of the two models, their Load-Displacement response curves were
collected in figure 5.9 with the Implicit response as reference. The main result is that the
failure strength is well predicted in the two cases and loading curves show a satisfying
global stability.

Nevertheless, smooth step amplitude response shows some deviations from Implicit
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solver curve. This can be explained by the amplitude form, which presents a maximum
of acceleration (derivative of velocity, represented by curve gradient in figure 5.8). This
maximum of acceleration induces side dynamic effects in the spot weld which are observable
in the Load-Displacement response. However, that unexpected side effect are not sufficient
to drastically modify global spot weld behaviour.

Figure 5.9: FE model Load-Displacement response curves for two different types of bound-
ary condition amplitude (ramp and smooth step).

5.1.4 Mass scaling influence

As previously explained, increment time is a function of the length of the smallest element
in the model and of element density. In order to increase the increment time, the density
could be increased with caution. A well known tip is the use of “Mass Scaling” factor,
multiplying the mass (or density) of a carefully chosen zone by this factor. For a given
simulation time, this method allows to increase the minimal increment time, and then
optimise the computing time.

However, as presented previously, adding mass on elements could enhance dynamic side
effects. To evaluate the optimal mass scaling factor, three models were computed with
different mass scaling factor in the spot weld region (0, 10 and 100). Load-Displacement
response curves of these models were compared in figure 5.10 with Implicit solver response
as reference.

Only the Load-Displacement curve with a 100 mass scaling factor shows deviations due
to dynamic side effects and leads finally to a poor prediction of the spot weld behaviour
and failure strength. However, with a mass scaling factor of 10, the model shows good
agreement with Implicit response and no mass scaling case. Moreover, using a mass scaling
factor of 10 allows to divide the calculation time by approximately four.
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Figure 5.10: Usibor1500 2 mm/DP600 2 mm middle intensity configuration with three
different mass scaling on elements (no mass scaling, mass scaling factor 10 and mass
scaling factor 100).

5.2 FE model potential

In this section, FE model potential will be analysed by presenting two extensions. First, a
spot weld configuration with three steel sheets will be simulated with the same FE method
and in a second part, the FE modelling method will be applied to a new welding type
assembly: arc welds.

5.2.1 Triple-sheet spot welded assembly modelling

Carmakers often have to join several steel sheets during body in white production. Indeed,
beyond the classical double sheet spot welded assembly, the behaviour of triple-sheet spot
weld assemblies is equally important. In this section, the FE model will be used to predict
the failure strength and mode of a triple-sheet spot welded assembly.

5.2.1.1 Materials and welding configurations

The configuration studied here is an assembly of three 1.5 mm thick sheets, two are made
of Usibor2000 steel grade and the last one is a DP780 steel. As Usibor1500, Usibor2000 is a
fully martensitic press hardened steel, but with a higher carbon content than Usibor1500,
which allows to reach an Ultimate Tensile Strength (UTS) around 2000 MPa. DP780 steel
belongs to the dual phase grade family. DP780 is ferritic martensitic steel with a UTS
around 780 MPa. Their chemical composition is given in table 5.1:
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Steel grade (x 0.001 wt%) C Mn B Si Al
DP780 1.5 mm 156 1900 - 178 17
Usibor2000 1.5 mm 336 619 3 541 46

Table 5.1: Chemical composition of DP780 and Usibor2000 steel grades (x 0.001 wt%).

Welding configuration is an assembly of a DP780 steel sheet as middle sheet and Usi-
bor2000 steel sheets as upper and lower sheets (figure 5.11). Indeed, even if the assembly
is symmetric, during cross tension tests, the two lowest sheets have been clamped together
(lower Usibor2000 and DP780 sheets) whereas upper Usibor2000 sheet is translated up-
ward.

Welding parameters of this study are given by a carmaker and collected in the table
5.2:

Electrode
diameter

Pulse
Number

Welding
time

Holding
time

Electrode
force

8 mm 1 28 p 15 p 500 daN

Table 5.2: Welding parameters for triple sheet Usibor2000/DP780 assembly, p=0.02 s.

These parameters produce a significant spot welding intensity range from 4.0 kA to
7.0 kA. As in the previous study, three welding intensities are chosen in order to represent
all the welding range. Lower end corresponds to 4.5 kA, middle to 5.8 kA and upper end
to 7.0 kA.

One spot weld sample obtained for each of these three welding intensities was cut for a
middle cross section and chemically etched to observe spot weld microstructure and fusion
zone diameter (figure 5.11). As observed in previous study, molten zone diameter increases
with welding intensity.

Figure 5.11: Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot weld assembly cross
section for three welding intensities: a) lower end 4.5 kA, b) middle 5.8 kA and c) upper
end 7.0 kA.

Micro-hardness tests were carried out on metallographic samples. Profile line began
in Usibor2000 base metal zone, through the fusion zone and ended within the middle
DP780 base metal (figure 5.12.b). Observing simultaneously the micrographic view and
the hardness profile, same particular zones as in Usibor1500/DP600 welds are observable.
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However, as steel grades are higher (Usibor2000/DP780 UTS > Usibor1500/DP600 UTS),
hardness are also higher.

Figure 5.12: Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot weld assembly micro-
hardness tests on cross section for lower end intensity configuration: a) micro hardness
profile and identified zones, b) corresponding cross section micrograph with hardness in-
dents.

As expected, a tempered HAZ is observable in Usibor2000 sheet between base material
and quenched HAZ.

5.2.1.2 FE model data setting

FE model is built with the methodology previously presented in chapter 4. The geometry
of the zones and the discretization are based on the micrograph and micro hardness tests
(figures 5.11 and 5.12). Indeed, the zone discretization is presented in figure 5.13:

Due to their different mechanical response, six zones need to be described:
• Usibor2000 base material, not affected by welding process,
• Usibor2000 soft tempered zone,
• Usibor2000 HAZ, corresponding to the quenched HAZ of Usibor2000 steel,
• Fusion zone (nugget), quenched mixture of Usibor2000 and DP780 steels,
• DP780 HAZ, corresponding to the quenched HAZ of DP780 steel,
• DP780 base material, not affected by welding process.
Moreover, as shown in figure 5.13, two types of cohesive layer are introduced in the

FE model: the first one to predict brittle interfacial failures and the second one to predict
brittle dome failures between Usibor2000 HAZ and the fusion zone. Cohesive zone layer
thickness is 0.02 mm.

Constitutive laws of each zone were identified as in chapter 4 using the SCCAmartensite
model and tensile tests on based material. However, as Fusion Zone is a mixture of the
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Figure 5.13: Discretization for dissimilar Usibor2000 1.5 mm/ DP780 1.5 mm triple-sheet
spot weld FE model.

two steel grades, its constitutive law is established by mixing Usibor2000 HAZ and DP780
HAZ constitutive laws. This law is established by determining the average stress of the
two zones for a given strain.

As Usibor2000 base material and HAZ show very close hardness values, a simplification
is done by using the same constitutive law for the two zones. Then, the elastic-plastic strain
hardening law used for the calculation are shown in figure 5.14.

Figure 5.14: Elastic-plastic strain hardening law for each zones of Usibor2000
1.5 mm/DP780 1.5 mm triple-sheet spot weld established by SCCA model [ARL 13].

Concerning ductile damage parameters, the identification method is the same as in
chapter 4, using the Considere strain as damage initiation and a corresponding effective
plastic displacement as damage evolution. Damage initiation criteria were collected in
table 5.3.
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Zones Usibor2000
BM and HAZ

Usibor2000
tempered HAZ Fusion zone DP780 HAZ DP780 BM

ε̄pl
0 0.029 0.056 0.069 0.054 0.115

ūpl
f (mm) 0.02 0.15 0.06 0.1 0.2

Table 5.3: Identified damage initiation strain using Considere criterion criterion and effec-
tive plastic displacement at fracture for the different zones of a Usibor2000/DP780 spot
weld.

Moreover, damage evolution description (effective plastic displacement) identified for
each zone is given in table 5.3.

As before, cohesive zones’ parameters are identified by inverse method on one con-
figuration (middle intensity) then introduced in other models. The optimized cohesive
parameters for the two different cohesive zones are gathered in the table 5.4:

Cohesive zones
σmax in MPa Γ in kJ m−2

σmax1 σmax1 σmax3 Γ1 Γ2 Γ3

Usibor2000/DP780 fusion zone 3500 3500 3500 8 8 8
Usibor2000/DP780 dome layer 2800 2800 2800 4 1.5 1.5

Table 5.4: Identified parameter values of the three cohesive zones in the three directions
(direction 1 is the stack direction, orthogonal to cohesive zone). σmax in MPa and Γ in
kJ m−2.

Boundary conditions are chosen in order to reproduce the experimental quasi-static
mechanical test (figure 5.15). A displacement is imposed on upper Usibor2000 steel sheet
whereas the two lower sheets (DP780 and second Usibor2000 sheets) are clamped.

Figure 5.15: Minimal symmetry of Usibor2000/DP780 triple-sheet heterogeneous spot
weld mechanical tests with the loading conditions: spot weld quarter in cross section.

0.2 mm mesh size is chosen to optimize computing time. Mesh is represented in figure
5.16 for the three welding intensity configurations.

5.2.1.3 Modelling results

The simulation results of Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot welds in
cross tension at lower, middle and upper end intensities are respectively shown in figures
5.17, 5.18 and 5.19.
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Figure 5.16: Mesh of Usibor2000/DP780 triple-sheet heterogeneous spot weld models in
cross tension for three welding intensity configurations: a) lower end, b) middle and c)
upper end.

Figure 5.17: Comparison between experimental and simulation response in cross tension
of Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot weld at lower end intensity: a)
load-displacement curves and b) failure mode.

Figure 5.18: Comparison between experimental and simulation response in cross tension
of Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot weld at middle intensity: a) load-
displacement curves and b) failure mode.

Experimental failure modes range from total dome failure (TDF) for lower end intensity
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Figure 5.19: Comparison between experimental and simulation response in cross tension
of Usibor2000 1.5 mm/DP780 1.5 mm triple-sheet spot weld at upper end intensity: a)
load-displacement curves and b) failure mode.

to partial dome failure for middle and upper end intensities. The FE models predict the
failure modes well in all three cases as shown in figures 5.17.b, 5.18.b and 5.19.b.

Moreover, load-displacement responses are well predicted in almost all configurations
(figures 5.17.a, 5.18.a and 5.19.a). However, for the upper end configuration, the FE
simulation response clearly underestimates experimental one even if relative error is less
than 10% on the failure strength.

FE model response is very “noisy”. Load drops in the loading curves are related to
progressive cohesive element deletion inducing dynamic oscillation.

A deviation from the Implicit model response is observed in figures 5.17.a, 5.18.a and
5.19.a. This deviation starts when the first dome cohesive elements failed in FE model or
when the crack initiated at the notch root during experimental cross tension tests.

In conclusion, the present FE methodology allows to predict the failure modes and
strengths rather well for triple-sheet spot weld assemblies.

5.2.2 Arc welds FE modelling

In this section, the two Usibor1500 arc welded assemblies presented in the chapter 2 are
simulated. As a reminder, two steel sheets were used (1.5 mm and 2.0 mm). The welding
configuration was overlap. Two configurations have been tested: one with the thicker sheet
(2.0 mm) as the upper sheet and one as with the thicker sheet as the lower one.

5.2.2.1 FE model data setting

FE model is built with the same methodology than for spot weld assemblies in chapter4.
The zone geometry and discretization are based on the micrograph and micro hardness
tests on arc weld section. Indeed, the zone discretization is presented in figure 5.21.

The particularity of the model is to have three different zones in the tempered HAZ of
Usibor1500. This was introduced in the model in order to be more representative of the
mechanical behaviour of this tempered zone which is much more spread (almost 10 mm
long in arc welds whereas only 2 mm thick in spot welds in figure 5.20).
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Figure 5.20: Hardness profiles of Usibor1500 2.0 mm/Usibor1500 1.5 mm arc weld and
Usibor1500 2.0 mm/DP600 2 mm spot weld: a) and b) hardness profiles, c) and d) metal-
lographic cross-sections.

In fact, this is directly due to the welding process which allows a very long tempering
time during arc welding. Thereby, the tempered zone was discretized in three zones
with different mechanical behaviour in order to better represent the progressive hardness
evolution. Thus, six zones with different mechanical behaviour need to be described:

• Usibor1500 base material, not affected by welding process,
• Usibor1500 soft tempered zone 1, where maximal temperature reached 450 ◦C,
• Usibor1500 soft tempered zone 2, where maximal temperature reached 550 ◦C,
• Usibor1500 soft tempered zone 3, where maximal temperature reached 650 ◦C,
• Usibor1500 HAZ, corresponding to the quenched HAZ of Usibor1500 steel, but with

a small hardness than for RSW because of lower cooling rate.
• Fusion zone, quenched mixture of Usibor1500 and G3Si steels, the dilution effect

leads to an harder zone than DP600.
In figure 5.21, two zones of Usibor1500 soft tempered zone 1 are discretized at the

borders of tempered zone. The discretization was not applied on the lower right part of
arc welds because no loading is applied here and there is no stress in this area.

Constitutive laws of each zone were identified as in chapter 4 using the SCCAmartensite
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Figure 5.21: Discretization for dissimilar Usibor1500 (2.0 mm/1.5 mm) arc weld FE model.

model. However, the Fusion Zone mechanical response is not as easy as in spot welding
because the quantity of filler wire (G3Si) provided is not known. In fact, the only way to
estimate the filler wire quantity is to observe the Fusion Zone hardness value. Therefore,
Fusion Zone constitutive law was establish reproducing the hardness values ratio between
the zones on elastic plastic laws by homothety. Constitutive laws of each zones are given
in figure 5.22.

Figure 5.22: Elastic-plastic strain hardening law for each zones of Usibor1500
2.0 mm/1.5 mm arc weld established by SCCA model [ARL 13].

Concerning ductile damage parameters, the identification method is the same as in
chapter 4, using the Considere strain as damage initiation and a corresponding effective
plastic displacement as damage evolution. Damage initiation criteria were found in table
5.5.
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Zones Usibor1500
BM

Usibor1500
HAZ

Usibor1500
tempered 1

Usibor1500
tempered 2

Usibor1500
tempered 3

Fusion
zone

ε̄pl
0 0.070 0.071 0.048 0.046 0.044 0.054

ūpl
f (mm) 0.02 0.02 0.2 0.2 0.2 0.2

Table 5.5: Identified damage initiation strain using Considere criterion and effective plastic
displacement at fracture for the different zones of a Usibor1500 arc weld.

Moreover, damage evolution description (effective plastic displacement) identified for
each zone is collected in table 5.5. Effective plastic displacement of zones are split in two
categories following their hardness.

A mesh size of 0.1 mm and boundary conditions are chosen in order to reproduce the
experimental quasi-static mechanical test.

5.2.2.2 Modelling results

In this section, the FE simulation results of 2.0 mm/1.5 mm and 1.5 mm/2.0 mm arc weld
assemblies will be presented. Investigations will focus on the failure modes and strengths.

Experimental and simulated Load-Elongation curves of the two configurations (depend-
ing on the thicker sheet position) are plotted in figure 5.23. Global behaviour of arc welds
is well predicted (figures 5.23.a and 5.23.b), and the failure strength prediction is very
accurate whatever the configuration.

In the case where thickest sheet (2.0 mm) is the upper sheet, relative error to an average
of experimental failure strength is 7%. In the other case, when the thicker sheet is the
lower sheet, relative error is 5%.

Figure 5.23: Experimental and simulated Load-Elongation responses of dissimilar thick-
nesses Usibor1500 arc welds: a) 2.0 mm/1.5 mm configuration and b) 1.5 mm/2.0 mm con-
figuration.

Concerning the failure modes in both configurations, simulated failure occurs in the
same zone as in the experiments (figure 5.24). When the thickest sheet is above, failure
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occurs in the tempered HAZ of the thinnest sheet (figures 5.24.a and 5.24.c). When the
thickest sheet is the lower one in the overlap assembly, failure occurs in the Fusion Zone
very close to the interface with the quenched HAZ of the thinnest sheet (figures 5.24.b
and 5.24.d).

Figure 5.24: Failure modes comparison between experiments and FE simulation of dis-
similar thicknesses Usibor1500 arc welds: a) and b) 2.0 mm/1.5 mm and 1.5 mm/2.0 mm
configurations experimental failure modes, c) and d) 2.0 mm/1.5 mm and 1.5 mm/2.0 mm
configurations simulated failure modes.

In this last configuration, a close competition between weak zones is observable in
the experiments as well as in the FE models: in figures 5.24.b and 5.24.d, necking is
observed in the tempered zone with an important cross section reduction. Observing the
failed tempered zone in the first configuration (5.24.a), strain is comparable to tempered
HAZ zone in the second configuration (5.24.b), even if this zone did not fail. Besides,
experimental and simulated failure strengths confirm this hypothesis because they are
similar in both configurations.

5.3 Conclusion

In this section, the FE model for spot weld mechanical testing previously introduced
in chapter 4 was discussed. First, limitations of FE model and necessary precautions
were highlighted. These limitations were investigated by using the model on previous
configurations (chapter 4) but modifying solver, mesh size, or boundary conditions.

Using the Implicit solver is very efficient to verify that no disruptive dynamic effects
occurred during the Explicit solver calculation. Moreover, the load-displacement curve has
a mesh size dependence because total plastic displacement is function of mesh size. Indeed,
it is recommended to have around ten elements in the sheet thickness, and if refinement
is needed, the effective plastic displacement should be corrected to counterbalance the
displacement loss before damage initiation.

Moreover, special caution is needed concerning boundary conditions and in particular
for the velocity used to apply the displacement during test in FE model. The easiest
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Chapter 5 – Finite Element model: limitation and potential

solution to check for disruptive dynamic effect is to compare the Explicit response to the
Implicit one before failure initiation. This allows to chose the appropriate velocity to
be applied on the assembly. Comparing Internal and Kinetic energies also gives a good
indication about dynamic effects. The mass scaling method could be used to improve
calculation time without affecting too much the quasi-static nature of loading.

Despite these limitations, this FE methodology could be extended to more complex
configurations. It was successfully applied on a Usibor2000/DP780 triple-sheet spot weld
assembly. Failure modes and strengths of FE models obtained for three intensities were
in agreement with experimental ones. In addition, modelling methodology was applied
to a different welding process: arc welding. Usibor1500 arc weld FE model results could
predict the failure modes and strengths of two overlap configurations. However, when
brittle interfacial or dome failures occur, it is necessary to introduce cohesive zones. The
cohesive zone parameters need to be fitted by inverse method on an experimental case
because, there is no other simple case of identification. However, when ductile failure
occurs, a FE model without cohesive zone is enough to predict failure mode and strength.

In conclusion, the greatest strength of this FE model is its versatility as it can be used
in many welding types and on complex configurations. It gives accurate failure modes
and strengths prediction, provided that the model has been carefully built especially with
regard to quasi-static boundary conditions and mesh size.
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Conclusion and outlooks

The objective of this PhD was to understand the fracture mechanisms of heterogeneous
welded assemblies during cross tension and tensile shear mechanical tests and to propose
a Finite Element (FE) model allowing to predict failure modes and strength of these
assemblies.

In the first part of this work, an experimental study was carried out about several
heterogeneous configurations. Different base materials and different configurations were
welded. First, the martensitic Usibor1500 steel was welded to ferritic-martensitic DP600
steel with four thickness configurations (similar and dissimilar). Then, ferritic-austenitic
Duplex steels were weld to DP600 steel. These experimental studies allow to highlight
many special points permitting to get a better understanding of the mechanical behaviour
of heterogeneous spot welds.

First, influential parameters on the failure mode transition were highlighted such as
sheet thicknesses and nugget diameter. It was also shown that cautions need to be taken
for upper end intensity because of appearance of splash which could decrease weld strength
and modify the failure mode. A positive deviation was observed for dissimilar thickness
configurations presenting higher performance than similar configurations in cross tension
but not in tensile shear. Then, in a highly heterogeneous welding case (Duplex/DP600),
the negative effect of the ferrite layer at the interface between the DP600 HAZ and the
fusion zone was highlighted, in particular, its effect on the failure strength and mode
leading to dome failure. Hypothesis on the ferrite layer formation was proposed, depending
on the aluminium content, and its weakness was mainly described by intergranular δ-ferrite
fracture in this zone.

Moreover, an elaboration methodology including hot and cold rolling as well as thermal
treatments was established in order to obtain the final Duplex steel to weld. Many tests
were carried out in order to find the optimized parameters for hot and cold rolling, but
also for heat treatments which are essential to allow the cold rolling of the Duplex steels.

On the other hand, a FE modelling approach was built to predict the failure mode and
strength of heterogeneous spot weld assemblies. Thanks to the important experimental
data obtained in the different welded configurations, the FE model has been validated,
in particular for the failure mode transition prediction. Whatever the configurations,
experimental failure modes and strengths were mainly well predicted, even in the highly
heterogeneous case (Duplex/DP600). Moreover, to our knowledge, it was the first time
a FE modelling methodology was successfully applied on arc weld and triple sheets spot
weld assemblies. In the triple sheets case, partial dome failures were for the first time
observed in the simulation (as in experimental).
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Conclusion and outlooks

However, this work underlined the precautions to be taken into account in the FE
modelling process which constitute some perspectives of this PhD. First, and such as all
FE models, the mesh size dependency needs to be verified in order to not disturb the
model response, in particular for the ductile damage criterion. Then, boundary conditions
need to be wisely chosen in order to minimize dynamic effects which could disturb the
mechanical response of spot welds. Moreover, the cohesive zone parameters identification
is a weak point in the model, because no mechanical test was done to identify precisely the
parameters. Even if, a test was available, many couple of zone cohesive parameters could
work to well predict the failure mode and strength of spot welds. This issue highlights
another particularities of the heterogeneous welding: fusion zone microstructure and me-
chanical behaviour. The fusion zone is a mixture of the two steel grades with dilution
varying a lot as a function of welding intensity and its microstructure is very particular
because of the oriented cooling conditions and solidification. Moreover, the fusion zone
geometry does not allow to extract representative sample to test mechanically which is a
limiting point of FE modelling.

Thus, the determination of strain hardening law also needs precaution. First, concern-
ing the fusion zone, which is a mixture of the two steels. A new experimental technique
should be set up to be able to get a realistic mechanical response of the FZ. Then, SCCA
model predicts fairly the elastic-plastic behaviour of martensitic/ferritic steels but for a
given chemical composition in a particular range. This model could take into account
more chemical elements, such as Aluminium, which could allow to obtain Duplex strain
hardening law otherwise that using experimental data.

For a given material, effective plastic displacement at fracture as a function of mesh
size could be established, which could allow to minimize the effect of mesh size and obtain
a mesh independent ductile damage criterion.

Robustness of FE models has been proved through many configurations varying in
particular sheet thicknesses and nugget diameter. FE model could allow to predict material
and process parameters in order to obtain an optimal spot weld for a given configuration.
A parametric study with FE model could be considered to establish a kind of Ashby graph
giving the failure mode as a function of sheet thickness and nugget diameter of spot weld.
This graph would permit to optimize process parameters like welding intensity in order to
obtain an acceptable failure mode.

In figure 5.25, similar Usibor1500/DP600 spot weld experimental failure modes are
given. The low amount of experimental data does not allow to precisely describe the zone
borders. In figures 5.25.a and 5.25.b, two different possible discretizations are presented.
A parametric study with the FE model could be considered to enrich the data in these
graphs in order to precisely identify the borders of failure mode transition for a given
configuration.

For a given configuration, FE model could thus give failure mode in all thickness and
nugget diameter range. Then, after the thicknesses of steel grades were optimized and
after the best failure mode was chosen, welding process parameters could be predicted
to obtain the best compromise, and could be verified experimentally which could be very
cost-effective.

At last, on a long term, one could imagine to use this methodology to design new
materials with enhanced properties in welds. The FE modelling could find the optimized
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Conclusion and outlooks

Figure 5.25: Experimental data and failure mode zones as function as nugget diameter and
sheet thickness: a) First proposed discretization and b) another example of discretization.

mechanical properties of the zones to get the higher strength and the good failure mode.
Then thanks to a link with a software predicting the microstructure and mechanical prop-
erties from the composition (such like JMatPro [JMA 11]), the best material could be
find.

It is clear that this last perspective still need a lot of work but it is very promising and
it is situated in the heart of the Materials by design concept.
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