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Abstract

Advanced high-strength steels (AHSS) have been widely used in the automotive industry to meet the
demand for reduced fuel consumption and environmental emissions. Quenching and Partitioning (Q&P) is
a heat-treatment method used to produce AHSS with higher ductility than similar strength steels, allowing
for the use of thinner and lighter automotive parts due to its high formability. The mechanism behind how
the microstructure of the different weld zones affects Q&P steel welds' mechanical properties is a topic that

is yet to be fully understood.

In this study, the resistance spot welding behavior of Q&P steels was investigated through microstructure
characterization, mechanical testing, failure behavior analysis, and computational simulation. It was found
that the cross tension and tensile shear test samples all failed in a partial or full button pull-out mode, with
an acceptable ductility ratio, but with lower cross tension strength compared to the available studies on
resistance spot welding of Q&P steels. Fractography of the testing samples showed that the crack
propagated along the fusion boundary, an occurrence previously reported in the literature for Q&P980, but
with no comprehensive explanation regarding the mechanism behind the behavior. This work discusses
how this fracture is possibly related to the formation of a softened region at the fusion boundary, a

phenomenon commonly known as halo ring.

Weldability optimization was analyzed using multiple pulsing welding schedules and the study of their
effects on the microstructural development of the welds and their mechanical properties. It was found that
a second pulse with a higher current than the primary pulse is effective in avoiding the occurrence of halo
ring and improving cross-tension strength. Multi-pulsing consistently improved overall weld strength even
when normalizing the values to decouple the effect of increased weld diameter. The relationship between
the occurrence of halo ring and the weldability is discussed along with alternative theories correlating the

microstructure and microhardness to the observed improvements.

A computational simulation was applied to investigate the mechanism behind how the described multi-
pulsing weld schedule eliminates the halo. It was found through the study of the thermal cycles in the weld
that a high current second pulse effectively remelts the weld nugget, avoiding the fusion boundary to remain

static towards the end of the welding cycle and thus not allowing for the formation of the softened zone.
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Chapter 1

Introduction

1.1 Overview

With new regulations regarding fuel consumption and efficiency, the automotive industry has responded
with an increased focus on reducing vehicle weight while improving passenger safety. Advanced High
Strength Steels (AHSS) have been ideal options for achieving these goals. The combination they offer of
high strength and high ductility makes it possible to manufacture thinner and lighter automotive parts,
maintaining mechanical performance levels and ensuring passenger safety. These steels are commonly

joined during body-in-white assembly using the resistance spot welding (RSW) process [1-4].

Quenching and partitioning (Q&P) steels have been included in the family of the third generation of
AHSS, which achieve the desired combination of high strength and ductility through a microstructure that
includes a significant amount of high strength constituents such as martensite, bainite (ferrite with cementite
phase) and/or ultra-fine grains of ferrite along with other phases providing ductility and work hardening
such as austenite [5]. Similarly to the conventional quenching and tempering process, the quenching and
partitioning method is a two-step heat treatment consisting of partial or full austenitization, followed by a
guench and an isothermal annealing process named partitioning, where carbon is redistributed from the

supersaturated martensite formed in the quenching step to the austenite, stabilizing it [1, 6-8].

The Q&P process was first proposed by Speer et al. in 2003 [7], and due to its relative novelty, there still
has been limited research published on the weldability of these alloys. Overall, the literature available for
these steels diverges significantly on the general effects of the RSW process, with sources reporting
different microstructural developments for similar welding schedules and providing various explanations
for the failure mode of the welds. Although some studies report on the microstructural changes during
welding and the post-welded properties, no work has reported how the post-welded microstructure affects

crack propagation when the welds are loaded.

1.2 Objectives

This thesis aims to analyze the microstructure development and mechanical behavior of the resistance spot
welding of Q&P steels and investigate and apply the findings to optimize the weldability of these steels.

Specific objectives include:



1. Correlate the welding microstructure to the mechanical performance and failure behavior of Q&P
RSW joints.

2. Investigate the effect of different weld schedules on the performance of the welded joints.
3. Understand the correlation between thermal cycles, failure mode, and weld optimization.

4. Optimize the Q&P RSW joint microstructure and post-weld properties.

1.3 Criteria and Constraints

The welding parameters used in this study were based on the American Welding Society (AWS) standards
for resistance spot welding of automotive steels (AWS D8.1M and D8.9M) [9, 10]. Details on modified
welding schedules used to understand the effect of pulsing parameters on the weld joints are described in
Chapter 3. Mechanical testing and other characterization methods are also detailed in Chapter 3. All testing
was based on AWS standards unless otherwise specified. This thesis work is limited to investigating the
RSW behavior of two different grades of AHSS (Q&P980 and DP980) due to material availability and

interest from the industry.

1.4 Thesis Outline

This thesis has been organized into seven chapters, as follows:

Chapter 1: Introduction — Introduces the topics covered in this thesis, including the overview, objectives,

constraints, and organization of the report.

Chapter 2: Literature Review — Provides an overview of the relevant concepts and literature related to
this study, such as a background on AHSS and, more specifically, Q&P steels, the RSW process, and the

occurrence of transient softening at the fusion boundary in RSW.

Chapter 3: Methodology — Details the materials used, resistance spot welding equipment and parameters,

characterization methods, and mechanical testing applied in this study.

Chapter 4: Failure Behavior and Mechanical Properties in the Resistance Spot Welding of Quenched
and Partitioned Steel — Describes the results of the RSW of Q&P steels under standard parameters as given
by AWS D8.9M, investigating the microstructural development, failure behavior, and mechanical

properties of the welds.



Chapter 5: Optimization of Weld Performance by Varying Weld Schedules — Explores the effects of
various welding schedule parameters, including pulsing current and cooling time, on the failure behavior

and performance of Q&P joints, as well as deriving a strategy for optimizing the weldability of Q&P steels.

Chapter 6: Analysis of the Correlation between Thermal Cycles and Weld Strength — Studies the
correlation between the thermal cycles during the weld as found by the computational simulation to the

failure mode seen experimentally.

Chapter 7: Conclusion and Recommendations — Summarizes all of each chapter's significant findings

and future work recommendations.



Chapter 2

Literature Review

2.1 Advanced High Strength Steels (AHSS)

New safety and fuel efficiency regulations in the automotive industry have challenged original equipment
manufacturers (OEMSs) to find new solutions to reduce vehicle weight while improving crashworthiness
and passenger safety [11-14]. These goals are seemly contradictory — while an increase in vehicle mass is
related to a decrease in injury risk during collisions, it also leads to an increase in fuel consumption. Studies
have shown that, for petrol cars, an increase of 100 kg in mass increases fuel consumption by as much as
3.9%, while in diesel cars, the fuel consumption is increased by as much as 6.2%. Conversely, an increase
of 100 kg in mass also leads to a decrease in injury risk by as much as 3.2% [15]. The automotive industry
responded to this trade-off issue by rethinking material applications and looking for possible alternatives
[12].

Advanced High Strength Steels (AHSS) is a family of steels with particular combinations of strength and
formability parameters, generally described as having tensile strength above 500 MPa and complex
multiphase microstructures [11-13, 16, 17]. The combination they offer of high strength and good ductility
makes it possible to manufacture thinner and lighter automotive parts, maintaining mechanical performance
levels and ensuring passenger safety. The sections below describe the different grades of AHSS, their
application in the automotive industry and give further details into dual-phase and Q&P steels, which are
the focus of this work.

2.1.1 Generations of AHSS

Despite being relatively new, AHSS have been historically divided into three generations. Figure 2.1 shows
the strength versus elongation values that are obtainable for each generation of AHSS. These combinations
are achieved by precise engineering of the volume fractions of the steel's sub-structures and phases through
the selection of the chemical composition of the steel and the thermomechanical processing steps applied

in manufacturing [11-14].

The first generation of AHSS included, amongst others, the dual-phase (DP), the martensitic (MS), and
the transformation-induced plasticity (TRIP) steels. These were some of the first alloys designed to provide
unique microstructures to meet the industry's demand for specific safety conditions, often through the
combination of a ferritic and martensitic structure. The first generation was characterized by its high
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strength, with ultimate tensile strength (UTS) ranging from 400 MPa to 2000 MPa, and reasonable
formability, with elongation ranging from 0% to 30%, as shown in Figure 2.1. The second generation
included highly alloyed steels, such as the twinning induced plasticity (TWIP). This generation provided a
superior combination of strength and ductility compared to the first-generation AHSS, with UTS ranging
from 800 MPa to 1700 MPa, while the elongation achieved values as high as 70%. However, the second
generation presented additional challenges in the form of manufacturability problems, high sensitivity to
hydrogen embrittlement, and high cost of alloying elements such as chromium, nickel, and manganese,

which lead to the currently ongoing development of the third generation of AHSS [11, 13, 14, 17-19].
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Figure 2.1: Ultimate tensile strength and elongation for mild steels, high strength steels, and the
three generations of advanced high strength steels [18].

This third generation of AHSS is currently under research and development. It is set to be characterized
by material properties that close the gap between the first and second generations (as shown in Figure 2.1),
with UTS values ranging from 500 MPa to 2000 MPa, and elongation varying from around 10% to 60%,
achieving the desired combination of high strength and ductility at a more reasonable cost [14, 20]. Matlock

and Speer [21] have described that the third generation of AHSS will feature a complex microstructure with



a significant amount of high strength constituents such as martensite, bainite, or ultra-fine grains of ferrite,

along with other phases with good ductility and work hardening, such as austenite.

2.1.2 Application in the Automotive Industry

The automotive industry has seen a consistent increase in the application of AHSS. Studies report that
AHSS have been the industry's fastest-growing light-weighting material, with a fourfold increase in use
from 2006 to 2016. AHSS currently used by automakers have reduced the vehicles' body mass by a
minimum of 25%, with the third generation being projected to reduce the mass by as much as 35% [14, 22].
Significant reductions in greenhouse emissions are also being achieved, with Hardwick and Outteridge [23]
showing that a B-pillar design using AHSS instead of the conventional boron steel achieved a global
warming potential (GWP) reduction of 29% while also improving the crash performance of the part during

side impacts.

AHSS are mainly used in energy-absorption structural components, where they significantly improve the
level of crash energy absorption and impact protection of the vehicle. The most typical applications of
AHSS in automotive body parts include safety cage components such as B-pillars and A-pillars, dash
panels, crash boxes, frame rails, and roof rails, among others [12-14, 22]. The use of AHSS in the body-
in-white (BIW) of a 2019 Chevrolet Silverado is shown in Figure 2.2.
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Figure 2.2: Different grades of steel in the structure of a 2019 Chevrolet Silverado [24].
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2.1.3 Dual-Phase Steels

Dual-phase (DP) steels are generally considered to be the flagship of AHSS. They are characterized by the
combination of a relatively soft ferrite matrix, responsible for the excellent formability of the steels, with
hard martensite islands, which act as a strengthening phase [11-14, 25]. DP steels are produced by
controlled cooling from the intercritical temperature where both ferrite and austenite are stable so that some
of the austenite possibly transforms into ferrite, and then rapid cooling to transform the remaining austenite
into martensite. A typical cooling curve for these steels and the corresponding microstructure is shown in
Figure 2.3. The production process of DP steels sometimes also leads to the possible generation of small

amounts of bainite or retained austenite [17, 18, 22, 26].

Austenite region

I \ Intercritical temperature

Ferrite + austenite

Temperature

(a) Ferrite + martensite (b)
Time

Figure 2.3: Dual-Phase steels (a) Typical cooling curve, and (b) Microstructure showing a (ferrite),
o' (martensite), and oy (bainite). Adapted from [17] and [26].

DP steels typically contain from 10% to 70% volume fraction martensite, where the strength of the
material is determined by the amount of martensite in its microstructure. The crashworthiness of the steel
(dynamic absorbed energy) is also informed by the characteristics of the martensite in its structure, as it
increases if said martensite is finely dispersed. Typical tensile strength for DP steels ranges from 500 to
1270 MPa, and total elongation varies from around 10% up to 28% [17, 22, 27].

2.1.4 Quenching and Partitioning Steels

Quenching and partitioning (Q&P) is a heat treatment first proposed by Speer et al. [7] in 2003 to produce
high-strength steels that also offer good ductility. The treatment results in a martensitic structure with
retained austenite, where the martensite is responsible for the high strength of the alloy, and the retained
austenite offers its excellent ductility. The Q&P process consists of heating the steel to partial or full
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austenitization, then partially quenching it to a temperature between martensite start (Ms) and martensite
finish (M) to obtain a desired fraction of martensite. From there, the steel is held isothermally either at the
initial quenching temperature (one-step Q&P) or is heated up to the partitioning temperature (two-step
Q&P) so that the steel goes through an isothermal annealing process named partitioning, where gradual
carbon enrichment of austenite occurs. During partitioning, carbon diffuses from the supersaturated
martensite to the austenite, stabilizing the austenite. The final step consists of quenching the steel to room
temperature [1, 6-8, 28]. Figure 2.4 schematically shows the quenching and partitioning process and the

corresponding microstructure.
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Figure 2.4: Quenching and Partitioning (a) Schematic for the two-step process and (b)
Microstructure showing F (ferrite), M (martensite), and RA (retained austenite). Adapted from [1]
and [29].

Q&P process parameters directly affect the steel's microstructure, including the morphology, distribution
of micro constituents, and carbon content in individual phases. These steels' mechanical properties are also
highly dependent on the quench and partitioning conditions, mainly the quench temperature, as it directly
affects the resulting retained austenite fractions. The transformation of retained austenite into martensite
during tensile deformation is mainly responsible for the steel's mechanical behavior. Studies show that the
strain hardening during tensile deformation in Q&P steels is determined by the volume fraction and
morphology (i.e., stability) of the retained austenite. The volume fraction of secondary martensite, which
forms upon cooling to room temperature after the partitioning step, is also a key factor determining the
mechanical properties of Q&P steels, as it leads to a reduction in tensile ductility due to its high dislocation

density and large solid solution strengthening [28, 30-32].

Q&P steels typically contain 50% to 80% volume fraction martensite and 10% to 20% retained austenite.

Current tensile strength values for Q&P steels range from 1000 to 1400 MPa, and ductility from 10% to
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30%, although it should be noted that mechanical properties are expected to continue advancing through

ongoing research [1, 7, 32].

2.1.5 Surface coating of AHSS

Corrosion protection is an essential factor for consumers and automotive manufacturers, and it is mainly
addressed by coating the steel with zinc or its alloys, which protects the steel through one or more of the
following mechanisms or methods: barrier protection, galvanic/sacrificial corrosion, and formation of a
barrier layer of precipitated zinc compounds. In barrier protection, the steel is isolated from the corrosive
environment by the zinc coating. In the galvanic method, as zinc is anodic to iron at ambient conditions, it
will sacrificially corrode to protect the steel, even if the steel is exposed at coating voids. Lastly, zinc
corrosion products protect the exposed steel at coating voids, as the elevated pH at the surface of the steel

promotes the deposition of dissolved zinc in the form of hydroxide and related compounds [33, 34].

As AHSS are increasingly being used in the automotive industry, zinc coatings are also applied to protect
these steels from corrosion during service [35, 36]. The most common methods to produce zinc coatings
include hot-dip galvanizing and electrodeposition. Among the main zinc-coated steel sheets are the hot-dip
galvanized (HDG or GI), the galvannealed (GA), and the electro-galvanized (EG). The hot-dip process was
the first to be widely used in car bodies. It consists of a steel article's immersion in a liquid bath of zinc or
a zinc alloy, where the steel reacts with the bath forming the coating. The galvannealed coating is a hot-dip
process where the coated steel is re-heated to allow interdiffusion of zinc and iron, thus forming an alloy
coating. Finally, the electroplated zinc-coating consists of zinc's electrodeposition onto the steel substrate,

providing a uniform coating thickness and better surface finish than the hot-dip process [33, 34, 37].

2.2 Resistance Spot Welding

Automotive steels are commonly joined during body-in-white (BIW) assembly using the resistance spot
welding (RSW) process. RSW alone or a combination of RSW and other joining methods account for over
70% of the welding of a BIW assembly. A single automotive body can have as many as 7000 spot welds,
primarily due to the varied advantages of the process related to its simplicity, including the low cost, fast
operation, and no use of filler materials [38]. The crashworthiness of a vehicle largely depends on the

integrity of the welds, which are used to transfer load through the structure in the event of a crash and can



act as fold initiation sites to manage the impact energy distribution [16, 17, 39-41]. Proper selection of

welding parameters and process control is essential in ensuring the vehicle's performance and safety.

The following sections cover this process's details and provide a background on the literature available

regarding RSW of the materials relevant to this study.

2.2.1 Process overview

In resistance spot welding, an electric current passes through two copper-based water-cooled electrodes and
the metal sheets being joined, such that the resistance to current flow generates intense localized heating.
The high temperature causes the melting and coalescence of the material at the interface between the sheets,
forming a weld nugget as the materials cool down. Heat is generated in the RSW process through what is

known as Joule heating, which, in a general sense, can be expressed by the equation:
Q=1I%Rt (Eq. 2.1)

where Q denotes total heat energy, I is the current, R the electrical resistance, and t the time during which
the current is allowed to flow. In this process, the copper alloy electrodes are responsible for conducting
the current to a small diameter area and for applying pressure to the sheets, ensuring adequate contact
between the parts, and holding them together through the operation [17, 39-43]. The resistance spot welding
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Figure 2.5: Schematic of the resistance spot welding (RSW) process [44].

process is illustrated in Figure 2.5.

Electrode lF

10



In RSW, the resistance of a joint changes throughout the welding cycle. Figure 2.6 (a) presents a
theoretical dynamic resistance curve, which illustrates this variation in resistance. It can be seen that
resistance at the start is high due to the presence of surface films, oxidants, and other contaminants, which
act as insulators. Heat causes these contaminants to break down, lowering the resistance. As heating from
the contact resistance rapidly elevates the temperature of the steel, the resistivity also increases, which
causes the bulk resistance of the sheets to be the dominant resistance, leading to the formation of the nugget.
However, the nugget growth also causes the current path to become larger, reducing the current density,
which can decrease even further if there is indentation. If the molten nugget grows to a size where the
electrode force can no longer contain it, expulsion occurs, further decreasing the resistance [43, 45].
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Figure 2.6: (a) Dynamic resistance curve and (b) Electric resistances in RSW. Adapted from [42] and
[43].

There are five main resistances acting in series in a RSW sheet stack-up, as shown in Figure 2.6 (b).
Resistances 1 and 5 are the contact resistances between the sheets and the electrodes, while resistances 2
and 4 represent the bulk sheet resistance. Resistance 3 is the sheet/sheet interfacial resistance, or faying
resistance. In the RSW process, the total electric resistance, R, corresponds to the sum of the contact
resistance between the electrodes and sheet surfaces, the bulk resistance of the sheets, and the contact
resistance at the sheet interface. The highest resistance is that at the sheet-to-sheet interface, which is why
the weld nugget is formed between the sheets, where it is needed. These resistances’ values are not constant,
as the contact resistance is a function of both temperature and pressure, and the bulk resistance is sensitive
to temperature [42, 43]. That way, equation 2.1 can be integrated, resulting in the total heat generated (Qotat)

during the RSW process:

Qtotar = J IR(D)} dt (Eq. 2.2)
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The RSW process can be quite complex and challenging to control, as it involves the interaction between
physical and metallurgical properties of the materials being welded and the interaction between mechanical
and electrical characteristics of the welding equipment. Obtaining a weld nugget with acceptable size and
strength requires complete understanding and careful control of the process, which is why much attention

is given to designing and monitoring RSW applications [40, 41].

2.2.2 Welding Parameters

The main parameters in RSW are the welding current, the welding time, and the electrode force, with the
surface condition, electrode tip design, and fit-up between the sheets also having a significant influence on
the weld nugget [17, 41, 43, 46]. The main parameters are better visualized within the spot-welding cycle,
shown in Figure 2.7. The cycle starts with the squeeze time, which is the time required to develop the
electrode force that will ensure contact between the sheets, followed by the weld time, which is the time in
which the current is applied, and then the hold time, where the electrode force is still applied, but current
does not flow, allowing for cooling and solidification of the weld. More complex cycles can include

guenching and tempering times and the application of a forging force.
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Figure 2.7: Resistance spot welding cycle [43].

The welding parameters affect not only the nugget size (and consequently its strength) but also have

different effects on the quality of the weld. The nugget diameter increases with increasing weld current
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and increasing weld time, with each material having different ranges of current and time where acceptable
welds are produced. AWS D8.9M [9] recommends the minimum acceptable nugget size for automotive
applications as 4tsneer’?, Where tsneet is the sheet thickness in mm. While low current results in an incomplete
nugget with a diameter below the minimum acceptable size, a high current leads to expulsion, which also
produces an unacceptable nugget. This relationship is illustrated in what is called a weldability lobe, shown

in Figure 2.8.

Weldability
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Figure 2.8: Weldability lobe for RSW process [17].

The weld lobe is highly influenced by the electrical resistivity of the materials being welded and the
surface condition of the sheets. Higher electrical resistivity leads to a decrease in weldability, which leads
to a narrower lobe as the current range where acceptable welds are achieved gets smaller, and coated steels
need longer welding times and higher currents than uncoated steels, which shifts the weldability lobe toward
higher current levels. Other parameters that influence the weldability lobe include the electrode force, where
higher electrode force relates to wider lobes, and the sheet thickness, with thicker sheets leading to an
increase in the lobe's width. The wider the weldability lobe, the wider is the current range where acceptable

welds are achieved, which correlates to a higher tolerance to process variations [17, 41, 43, 47, 48].

2.2.3 Pulsed Welding Schedules

Resistance spot welding schedules that include multiple pulses have been applied to improve weldability
by increasing the weld lobe range, reducing expulsion, and modifying the joints' failure mode [43, 49].
Pulsing is one of the most efficient methods of modifying the microstructure and consequently the

mechanical properties of a weld, as a pulsed welding current effectively causes the weldment to undergo
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various heating and cooling cycles, producing a different thermal history than that achieved by a single
pulse [50, 51].

Kimchi and Philips [43] describe using a three-pulse weld schedule for welding coated steels, as shown
in Figure 2.9. The method was applied to widen the weld lobe of a zinc-coated HF steel, where an initial
short pulse with a high current was used to break the oxide layers and ensure good contact between the
sheets, while the second pulse of lower current and longer time initiates the nugget formation at the same
time it avoids expulsion, and a third pulse, similar to the previous one, grows the nugget to the desired
diameter. Although the solution is valid for the desired application, it also leads to a longer weld cycle
which is often undesirable for high-speed automotive production.

Another approach to using multi-pulse welding schedules is to apply a short pulse after the main pulse
in order to briefly re-heat the nugget and improve the mechanical properties of the joint without a significant
increase in the weld time [52-54]. This method was shown to improve the joints' strength, with the potential
of also changing the welds' failure mode. Other studies have also successfully applied different pulsing
schedules and techniques to achieve the desired improvements in the RSW of various materials.
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Figure 2.9: Three-pulse weld schedule for welding-coated steels [43].

2.2.4 Weld Zones in RSW

A weldment can be divided into three distinct regions: the fusion zone (FZ), the heat-affected zone (HAZ),
and the base material. The fusion zone undergoes melting and solidification, the heat-affected zone

experiences solid-state phase changes but does not melt, and the base material remains unaffected [40, 55].
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In resistance spot welding of steels, the heat-affected zone is often further divided into coarse grain upper
critical heat-affected zone (CGHAZ), which experiences high temperatures leading to significant grain
growth, the fine grain upper critical heat-affected zone (FGHAZ), which experiences lower peak
temperatures and complete austenitization, the intercritical heat-affected zone (ICHAZ), which undergoes
partial austenitization, and finally, the subcritical heat-affected zone (SCHAZ), where no significant phase

transformations are found [56]. These regions are shown in Figure 2.10.
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Figure 2.10: Schematic illustration of resistance spot weld zones. Adapted from [57].

The fusion zone can be considered the most critical geometrical parameter of the weld, as it determines
the joint's overall bonding area. It is also usually fully martensitic due to the high cooling rates related to
the welding process. The heat-affected zone has a sizeable microstructural gradient, as its microstructure
depends on the interaction between the base material structure and the thermal weld cycle. As mentioned
above, the HAZ can be sub-divided into the upper critical heat-affected zone (UCHAZ), intercritical HAZ,
and subcritical HAZ, where the upper critical HAZ is often further divided into CGHAZ and FGHAZ [40,
57-59].

The peak temperatures in UCHAZ are above Acs and lower than the melting temperature of the steel,
therefore undergoing full austenitization during the weld cycle, usually presenting a martensitic structure
after quenching. The ICHAZ has a peak temperature between Ac; and Acs, undergoing partial austenitization
during heating, with its microstructure being composed of both ferrite and martensite. In the SCHAZ, the
peak temperature falls below Aci, with tempering of any existing martensite usually leading to softening in
this zone [57-59].
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2.2.5 Resistance Spot Weldability and Quality

As mentioned in section 2.2.2, the weld nugget size — and consequently the weldability lobe — is the primary
indicator of spot weld quality. However, there are many other factors used to determine the resistance spot
weldability of steels, which can be classified into three categories: the weld’s physical and metallurgical
properties, its mechanical performance, and failure mode [40, 42, 60].

Factors related to physical and metallurgical attributes include the weld diameter, the presence of voids
and cracks, the weld surface's appearance, and the weld zones' hardness and material properties. VVoids can
occur mainly due to expulsion or shrinkage during the cooling process and cause a reduction in the load-
bearing area of the welds and stress concentration [61]. The hardness distribution across the weld zones is
controlled by the interaction between the thermal weld cycle, chemical composition, and microstructure of

the material, and it is directly related to the joint's mechanical performance [40-43].

The mechanical performance of a spot weld usually refers to its static/quasi-static and dynamic strength.
Although the dynamic response of a joint is essential for assessing the crashworthiness of vehicles as it
relates to the performance of the welded structures during car crashes or collisions, the high cost,
complexity, and low reliability of dynamic testing have caused it to be conducted in a limited scale, with
static tests being almost exclusively used to assess weldability [42]. Tensile—shear strength (TSS), cross-
tension strength (CTS), and coach peel (CP) tests are the most widely used indicators of a weld’s mechanical
behavior. Figure 2.11 shows a schematic representation of the sample geometry and stress distribution in a
weld during TSS and CTS. Spot welds in automotive structures can experience both shear loading due to
the displacement or rotation of adjacent sheets as well as tensile loading due to separating forces between
the adjacent sheets in a direction normal to the sheets, such that TSS tests represent the shear loading
conditions and CTS represents the normal force to the sheet/sheet interface. The most common parameters
monitored in these tests are the peak load, the failure energy at the peak load, and the maximum

displacement, which indicate the ductility and energy absorbing capacity of a weld [40, 42, 43, 62].
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Figure 2.11: Stress distribution in a weld during (a) TSS and (b) CTS. Adapted from [40].
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Finally, the failure mode of a spot weld is a qualitative measure of mechanical properties, with pull-out
failure (PF) and interfacial failure (IF) being the main fracture modes in welded joints, where the stress
concentration caused by the weld’s notch determines the deformation and fracture mode when a sample is
loaded [40, 42, 63-65]. Various sources further classify the welds' fracture modes into more categories,
such as partial pull-out and partial interfacial failure. Figure 2.12 shows a wide variety of fracture modes
seen in RSW.

Button pulled without Interfacial fracture with
evidence of interfacial Partial thickness fracture Partial thickness fracture button pull and partial

fracture with button pull with no button pull thickness fracture

Interfacial fracture with Interfacial fracture with Full interfacial fracture No fusion

button pull partial thickness fracture

Figure 2.12: Spot weld fracture modes [43].
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The relationship between the failure mode and the load-bearing and energy absorption capacity of spot
welds has been a diverging topic in the literature, with some groups stating that it should not be considered
as a single criterion to judge weldability. In contrast, others agree that failure mode significantly influences
the welds' mechanical performance [40, 66]. Interfacial failure, where the crack propagates through the FZ,
is generally related to low crashworthiness, while pull-out failure shows better mechanical properties. It
should be noted that in the RSW of AHSS, fracture modes other than pull-out may also present good
mechanical properties, as full button pull-outs are less common due to the nugget’s increased hardness, and
failure modes such as partial or full interfacial failures may also be related to high strength values [43]. The
following section further describes the resistance spot welding behavior of these advanced steels and how

it differs from conventional automotive alloys.

2.3 RSW of Advanced High Strength Steels

Compared to conventional steels used in the automotive alloys, AHSS have more complex microstructures
and higher alloying additions, which are the main reasons why the implementation of these steels in
automotive applications has been followed by welding challenges [43, 67]. During the RSW process, AHSS
welds undergo complicated microstructural transformations, affecting the joint's failure behavior and
mechanical properties. These difficulties are related to AHSS welds being more susceptible to solidification
shrinkage and expulsion during the weld cycle, the occurrence of hardening and softening in the HAZ, and

a higher tendency of the welds to fail in interfacial fracture mode [40, 50, 68].

In order to better understand and control these transformations, various studies and investigations are
being developed on the topic of RSW of AHSS. The following sections provide an overview of the current

findings related to the steels, which are the focus of this research.

2.3.1 RSW of Dual-Phase Steels

The main issues associated with RSW of dual-phase steels include its high tendency for expulsion and
formation of shrinkage voids, high susceptibility to interfacial failure, and the occurrence of HAZ softening,
which plays an essential role in the mechanical properties of DP welds. [69-71]. Due to its widespread use
in automotive applications, a considerable amount of literature has been developed on the welding of
different grades of these steels, with relevant findings to this study being summarized in the following

paragraphs.
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Wang et al. [72], Zhao et al.[71], and Kishore et al.[73] investigated the resistance spot welding behavior
of DP590 / DP600 joints, looking at their load-bearing capacities and failure behaviors. Wang et al. focused
on the effect of a multi-pulse welding schedule on the behavior of dual-phase steel joints, finding that the
multi-pulse tempering impacted the nugget size and mechanical properties of the welds under tensile-shear
load, with the decomposition of martensite under the high temperatures of the weld schedule being related
to an improvement on the mechanical performance of the joints. Zhao et al. found that welding defects are
commonly seen when extreme process parameters are employed, such as high currents and long welding
times, and that the occurrence of solidification cracks and voids are often accompanied by expulsion.
Kishore et al. studied the optimization of RSW of galvannealed dual-phase steels, looking for optimal
welding parameters to achieve maximum load-bearing capacity. The research found that the weld strength
depended primarily on nugget diameter. It also discussed how the transition from interfacial to pull-out
failure modes depends not only on nugget size but also on the change in the fracture's micro mechanism
from trans-granular cleavage and quasi-cleavage to ductile mode. The relationship between nugget size,
failure mode, and load-bearing capacity in DP600 is shown in Figure 2.13, where it can be seen that tensile
shear loads increase with an increase in nugget diameter, and that at a critical nugget diameter the fracture
mode changes from partial interfacial failure to pull-out failure.
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Figure 2.13: Variation of failure mode and maximum tensile-shear load with nugget diameter on
the RSW of 1.3mm thick DP600 [73].

Similarly, Sawanishi et al.[52], and Chabok et al.[74] looked at the mechanical performance and failure
mode of DP980 / DP1000 resistance spot welds. Sawanishi et al. investigated the effect of multi-pulse weld
schedules on DP980, finding that pulsing led to an improvement in the joints' cross-tension strength and a
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change in failure mode from partial interfacial fracture to pull-out fracture. These results were corroborated
by Chabok et al.’s research, which also concluded that a double pulse weld schedule led to an enhancement
in cross-tension strength and energy absorption capability. Chabok et al. further investigated the
microstructural changes that resulted in this observation, relating it to the severe softening in the HAZ of
welds, which changed the joints' fracture behavior. The cross-sectional view of the CTS samples is shown
in Figure 2.14.

Figure 2.14: Cross-section of CTS samples of (a) single pulse and (b) double pulse weld [74].

Figure 2.14(b) shows clear evidence of failure in the HAZ of the weld, which is commonly related to
HAZ softening. Heat-affected zone softening is a well-understood phenomenon in resistance spot welding,
and it is widely accepted that it is unavoidable in dual-phase steel welds. As discussed in section 2.1.3 of
this review, DP steels are characterized by a composite-like microstructure containing a combination of
ferrite and martensite. Martensite is a thermally unstable phase, decomposing and tempering at high
temperatures, which leads to a decrease in its hardness [75]. This occurs in several thermal processes, such
as welding, joining, and laser heat treatments. The degree of softening is heavily affected by the initial
martensite content of the structure, the steel chemistry, heat input, and pre-strain. In resistance spot welds,
softening often occurs in the subcritical HAZ, where changes in the material’s microstructure, hamely
tempering of the martensite, leads to changes in mechanical properties such as a decrease in tensile strength
when compared to that of the base metal [26, 75, 76].

2.3.2 RSW of Quenching and Partitioning Steels

Due to Q&P's relative novelty, there is still limited research on these alloys' general weldability. Guo et
al. [77] and Li et al. [78] investigated the microstructure and mechanical properties of laser-welded
Q&P980, finding that although softening occurs in the sub-critical HAZ, the welded joints still failed at the

base material, which was the weakest point in the joint. These results were corroborated by Lin et al. [79]
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when looking at the friction stir welding behavior of Q&P980, as this group also found that that the decrease
in hardness seen in the sub-critical HAZ did not affect the failure behavior of the joints, which again failed
in the base material. However, resistance spot welding trials done on Q&P980 steels did not all agree with
this observation. While Wang et al. [80] reported seeing clear HAZ softening, where cracks initiated at the
interface between sheets and propagated through the softened HAZ, Lei and Pan [81] claimed seeing no
evidence of softening in the RSW of Q&P980. Wang and Speer [1] published in 2013 an overview of the
Q&P process and its application in the automotive industry, stating that no obvious HAZ softening had
been observed in the RSW of Q&P980. Liu et al. [82] also observed no HAZ softening, claiming instead
that the crack-propagation behavior was related to the presence of a liquation cracking in the partially
melted zone (PMZ) of the welds. Figure 2.15 compares the hardness profiles reported in Wang et al.’s and
Liu et al.’s works. Based on the literature available so far, it is not clear if Q&P resistance spot welds have
a tendency for HAZ softening and whether the possible occurrence of this softening leads to changes in the
failure mode of the welds as it does in dual-phase steels.
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Figure 2.15: Microhardness profiles of Q&P980 welds showing (a) HAZ softening and (b) no
softening across different welding schedules. Adapted from [80] and [82].

Overall, the studies done on RSW of Q&P steels report high fusion zone hardness compared to that of
the base material due to the formation of martensite and martensite being the predominant microstructure
across the weldments [80-83]. Regarding fracture modes, both interfacial and pull-out modes were
observed, with Liu et al. [82] reporting that TSS samples failed in interfacial failure when a single pulse
was used and in partial pull-out mode when double-pulse was used and that all CTS samples failed in partial

interfacial mode. Conversely, when Chen et al. [84] compared the use of a slightly concave electrode to the
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conventional dome-radius electrode, it was reported that all TSS samples in the study failed in pull-out
mode.

As for the mechanical properties seen in Q&P welds, Figure 2.16 provides an overview of the normalized
TSS and CTS values for Q&P980 reported by Wang and Speer [1], Wang et al. [80], Lei and Pan [81], and
Liu et al. [82]. The strength values were normalized to better account for the different material thicknesses
and weld diameters, using the method described by Dancette et al. [60]. The normalized weld strength Smax

is expressed by the equation:

Smax = Fmax (Eq. 2.3)

tsheet An

where Frnax denotes the maximum load, tsneet iS the sheet thickness, and d, is the weld diameter.
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Figure 2.16: Normalized weld strength reported in the literature for Q&P980 steels showing (a)
TSS values and (b) CTS values.

Finally, it is worth noting that other groups also published their results on various aspects of the resistance
spot welding behavior of Q&P steels. Fan et al. [85, 86] discussed the fracture strength where spallation
occurs (spall strength) and the quasi-static uniaxial compression properties of Q&P980, finding that due to
differences in thermal cycles during welding, the flow stress of the FZ martensite is higher than that of the
base material martensite. Ling et al. [87] observed the liquid metal embrittlement (LME) cracking of
Q&P980, finding shallow, intergranular cracks that were mainly located at the weld’s indentation edge and
slope. Spena et al. [88-91] and Ozturk Yilmaz et al. [92] investigated the dissimilar resistance spot welding
of Q&P980 and Q&P1180 with other AHSS, including TRIP, TWIP, and DP steels. As expected, diverging
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mechanical behaviors were seen between the combinations, but overall Q&P steels were able to obtain
sound RSW joints when welded with other AHSS.

2.3.3 Transient Softening at the Fusion Boundary in RSW

Recent studies have described the occurrence of a transient softening at the fusion boundary in the RSW of
hot-stamped 22MnB5 and Dual-Phase steels. This phenomenon has been commonly referred to as the halo,
as it resembles a halo-like ring located between the weld nugget and the coarse-grained HAZ. Longer
welding times, generally used to increase the process window for resistance spot welds, have been shown

to lead to a more pronounced softened region at the fusion boundary [93-95].

It has been proposed that the halo is due to the carbon redistribution at the fusion boundary through the
combination of segregation due to the C solubility differences between liquid and solid, and 5-Fe formation
in the peritectic region [93]. This occurs when the molten nugget boundary remains static towards the end
of the welding cycle, resulting in the formation of softer carbon-depleted martensite in the fusion boundary's
adjacency [96]. Evidence of the halo can be found through microhardness mapping, where hardness drops

are seen around the fusion boundary, as shown in Figure 2.17.

Hardness (HV 0,05)

600 600.0
A B
— 540.0
Zas [ 2
E . o500 5
5 NN > 480.0
> W z
c \-/ @
= ) 4200
8 -400 B
=~ S
=& 360.0
. ; . 300 300.0
0.00 0.05 0.10 0.15 0.20
Position x (mm) Position (mm)
(a) (b)

Figure 2.17: (a) Hardness mapping of a RSW of 22MnB5 with a welding time of 630 ms and (b)
hardness line across the fusion boundary [93].

The halo has an average width of approximately 104 pm according to literature reports, and it has been
related to changes in the fracture mode of the welds, where severe softening was connected to a slight
increase in peak CTS values and higher energy absorption [94, 96]. However, this phenomenon has been

given limited attention in the literature. Mohamadizadeh et al. [96] described in 2020 the failure mechanism
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in the RSW of aluminum-silicon coated 22MnB5, finding that failure was located around the fusion
boundary for both CTS and TSS tests, as shown in Figure 2.18. The study concluded that even though the
hardness at the sub-critical HAZ was lower than that of the fusion boundary, the stress concentration at the

weld notch initiated the failure, which then propagated through the low strength path provided by the halo.
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Figure 2.18: Cross-section of a RSW of 22MnB5 after failure for (a) lap-shear and (b) cross-tension
test. Adapted from [96].
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Chapter 3
Methodology

This work's main objective was to understand the microstructure development and mechanical behavior of
the resistance spot welding of Q&P steels and apply the findings to optimize the weldability of these steels.
Two experiments were designed to study the resistance spot welding behavior of Q&P steels, first using
standard parameters as described by AWS D8.9M, and then using various welding schedule parameters,
including pulsing current and cooling time, in order to explore the effects in the failure behavior and
mechanical performance of Q&P joints. This chapter presents the welding techniques used for the studies,

as well as materials, preparation methods, and characterization procedures.

3.1 Materials

This research was performed using industrially produced sheets of 1.2 mm thickness of hot-dipped
galvanized (GI) DP980 and Q&P980 provided by ArcelorMittal Dofasco, sampled from a production run
for the automotive industry. Table 3.1 presents the chemical composition of the as-received steels, where
the carbon equivalent of the materials was calculated according to the method described by Yurioka et al.
[97], expressed by the equation:

Si Mn Cu Ni Cr+Mo+Nb+V
CE_C+A(C){Z + S TR SB} (Eg. 3.1)

where CE denotes the carbon equivalent, and A(C) can be found by the expression:
A(C) = 0.75 4 0.25 tanh{20 (C — 0.12)} (Eq. 3.2)

The tensile test specimens were cut following the ASTM E8/E8M sheet type specimen specification [9].

The measured mechanical properties of the base metals used in this study are shown in Table 3.2.

Table 3.1: Chemical composition of DP980 and Q&P980

Material C (Wt%) Mn (Wt%) P (wt%) S (Wt%) Si(wt%) Cr (wt%) Carbon Equivalent

DP980 0.10 2.1 0.013 0.004 0.34 0.2 0.42

Q&P980 0.23 2.0 0.009 0.004 1.00 0.2 0.65
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Table 3.2: Mechanical properties of DP980 and Q&P980

Material UTS (MPa) YS (MPa)  Elongation (%) Hardness (HV0.2)

DP980 1045 862 13.8% 314

Q&P980 1047 855 19.9% 323

3.2 Resistance Spot Welding

The materials were sheared and waterjet cut into smaller coupons for the welding experiments. Coupons
with dimensions of 25 mm x 25 mm were used for metallurgical analysis, and coupons with dimensions of
100 mm x 25 mm were used for chisel and peel tests. Coupons for tensile shear strength and cross tension
strength were cut following the AWS D8.9M standard [9], with dimensions of 105 mm x 45 mm for the
shear tension samples and 150 mm x 50 mm for the cross tension samples. All coupons were cleaned with

ethanol before welding.

3.2.1 Welding Equipment

Resistance spot welding was conducted using a medium-frequency direct current (MFDC) pedestal spot
welder with a maximum secondary current of 60 kA and a maximum electrode force of 25 kN (Figure 3.1).
The welder used a Bosch Rexroth PSQ 6000 controller with a BOS 6000 operating interface, and the
electrodes were RWMA (Resistance Welder Manufacturer's Association) Group A, Class Il, domed
electrodes with a dressed face diameter of 6 mm [98]. The electrodes had a flat contact face. Welding
current, voltage, and resistance were measured with a data acquisition system connected to the controller.
The system recorded current and voltage values for every millisecond of the weld cycle and used the

acquired data to calculate real-time resistance.
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Figure 3.1: (a) MFDC resistance spot welder and (b) detail showing the welding setup with domed

electrodes.

3.2.2 Single Pulse Welding Parameters

In the first study, the welding parameters followed the specification given by AWS D8.9M [9]. Given that
both DP980 and Q&P980 sheets had the same thickness and tensile strength, parameters such as force,
recommended weld cycles, squeeze time, and hold time were the same for both materials. Welds were made
with a single pulse schedule, and the currents and weld times were varied to obtain the operational window
where acceptable welds were achieved. The cooling water flow rate was 4 L/min, and the electrode force
was 4 kN. Figure 3.2 shows a schematic for the welding parameters used for single pulse welding, where

the welding times are given in units of cycles (cy) at a line frequency of 60 Hz, which is equal to 16.67 ms.
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Figure 3.2: Schematic for single pulse resistance spot weld.

3.2.3 Double Pulse Welding Parameters

For the second study, parameters such as force and cooling water flow rate followed the specification given
by AWS D8.9M [9]. The welds were made with a multi-pulse schedule, where the first pulse followed the
recommend weld time of 16 cycles, and the selected current was 7.5 kA. Different values of second pulse
current, second pulse weld time, and cooling time between pulses were applied to investigate their effect
on the weldment. The cooling time between the pulses varied between 2 and 4 cycles, the second pulse time

varied between 4 and 8 cycles, and the second pulse current varied between 6 kA and 9 kA, as shown in
Figure 3.3.
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Figure 3.3: Schematic for double pulse resistance spot weld.
The parameters for both single pulse and double pulse welding schedules are detailed in Table 3.3.

Table 3.3: Welding parameters for single and pulsed welding schedules.

N Force Cooling Squeeze Main Pulse Second Pulse Cooling Hold Time
chedule
(kN) (L/min)  Time (cy) Time (cy) Time (cy) Time (cy) (cy)
. 5 (short)
Single Pulse 4.0 4 45 12 to 24 - -
90 (long)
5 (short)
Double Pulse 4.0 4 45 16 4108 2t04
90 (long)

3.3 Metallographic Characterization

The metallographic analysis was carried out following a conventional preparation method. Each weld was
cross-sectioned using a metallurgical abrasive cut-off saw with a continuous application of coolant,

mounted, polished to a 1 um diamond finish, and etched with a 2% Nital solution for 5 seconds.

The microstructure was observed using an Olympus BX51M system metallurgical microscope, and
scanning electron microscopy (SEM) was performed in a Zeiss FESEM 1530 field emission scanning

electron microscope.
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3.4 Mechanical Testing

3.4.1 Weld Size Measurement

The nugget size was measured using the peel test (Chapter 4) and chisel test (Chapters 5 and 6), as well as
by cross-sectioning the weld and measuring the nugget size through microscopy for better accuracy. In both
peel and chisel tests, the weld nugget was pulled out and directly measured with a caliper. For the
microscopy measurements, the sample preparation followed the metallographic characterization procedure

described above in section 3.3.

All welds were measured across their minimum and maximum axes, and the reported weld sizes were
calculated by finding the average of the two measurements for each sample as described by AWS C1.1M

[99]. The procedure for measuring the weld nugget following this specification is shown in Figure 3.4.
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Note: Use knife edge dial caliper to measure button size.

Figure 3.4: Measurement of a weld button (a) Elliptically shaped button, (b) Irregularly shaped

button, and (c) Average diameter calculation [99].

3.4.2 Microhardness

Microhardness tests were made using an automated Clemex CMT machine with a Vickers indenter, using
a load of 200 g and a dwell time of 10 s. The indentation spacing was 0.2 mm as required by AWS D8.9M
[9] to avoid the work hardening effect from previous indentations, and a staggered pattern was used to

obtain more accurate measurements in the HAZ, as shown in Figure 3.5.
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Microhardness Traverse

Base Metal Fusion Zone
Figure 3.5: Schematic of a cross-sectioned weld and microhardness traverse.

3.4.3 Tensile Testing

The tensile shear strength (TSS) and cross tension strength (CTS) tests were performed using an Instron
testing machine, Model 4206, and a Tinius Olsen model H10KT tensile tester, shown in Figure 3.6. The
crosshead speed was 10 mm/min, and the strength samples were welded following the geometry described
in the AWS D8.9M standard [9]. The test coupons were prepared according to the size requirements shown
in Figure 3.7.

Figure 3.6: Tensile testers (a) Instron Model 4206 and (b) Tinius Olsen model H10KT.
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Figure 3.7: Strength test coupon configuration and size [96].

3.5 Computational Simulation

Simulation of the detailed effects of welding on Q&P980 sheets was performed using the finite element
code Sysweld® Version 2018.0 (ESI-Group, 2018). Sysweld® is a finite element method (FEM) software
package that models the specific problems encountered in welding by simulating the interactions between
electrical, metallurgical, and mechanical phenomena of the welding process [100, 101]. As described by
Eshraghi et al. [102], the Sysweld® model accounts for the following physical and metallurgical
interactions in the simulations: the interaction between the electro-kinetics and heat transfer via the Joule
effect, the heat transfer and phase transformations through latent heat, and the heat transfer, electro-kinetics,

and mechanical behavior via the contact conditions.

This research used a customized electrode mesh modeled by Christopher DiGiovanni. Due to the welded
structure's symmetry, only one half was modeled, as shown in Figure 3.8. The mesh was finer in the vicinity
of the weld region and coarser far away from HAZ. Four phases were used to simulate the phase
transformations, and strong coupling, where every thermal simulation step is followed by mechanical

simulation step and geometry actualization, was also used [103]. The chemical composition of Q&P980
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shown in Table 3.1 was used as input for the JMatPro® Version 11.2 (Sente Software, 2019) materials
modeling software, and the resulting material data be found in Appendix B was input into Sysweld®. The

process parameters were as described above in section 3.2.3.

Upper Electrode

\4

Sheet 2

Lower Electrode
Figure 3.8: Finite element model.

3.6 Statistical Analysis

All measurements have a degree of uncertainty, and a quantitative statement of the uncertainty associated
with a measurement is required to determine if the result is fit for its purpose and consistent with similar

results. Statistical analysis can be used to determine the uncertainties in the measurement process [104].

In this study, the reported results' statistical significance was assessed through confidence intervals and
significance testing. Standard error propagation techniques were applied to calculate the uncertainty
associated with the reported measurements, where all reported errors associated with strength

measurements represent a 95% confidence interval.
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Linear regression was used to quantify the relationship between weld strength and nugget diameter
(Chapter 4) and between weld strength and heat input (Chapter 5). Linear regression analysis was conducted
using the data analysis and graphing software OriginPro, Version 2020 (OriginLab Corporation, 2020).

The statistical significance of the model was tested using the analysis of variance (ANOVA) method.
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Chapter 4
Failure Behavior and Mechanical Properties in the Resistance Spot
Welding of Quenched and Partitioned Steels

In this chapter, a study is presented to report findings in the microstructure and mechanical properties of
Q&P980, relating the post-welded microstructure to the failure behavior when the welds are loaded. The
results intend to bring further understanding to the state of knowledge noted in Chapter 2. This was done
by comparing the post-welded properties in DP980 with those of Q&P980 under the same welding
schedules and elucidating how these microstructures affect crack propagation. The choice of performing
the comparison with dual-phase steels derives from the fact that these alloys are well understood and already

widely used in the industry. The results of this study are discussed in the following sections.

4.1 Base Material Characterization

The first step in understanding the changes during the welding of Q&P steels is understanding the base
material itself. Before welding, both materials' base material microstructure was characterized under
scanning electron microscopy, as shown in Figure 4.1 and Figure 4.2. Figure 4.1 (a and b) shows the
electron micrograph DP980 steel, where clear phases of ferrite (F) and martensite (M) can be identified,
with ferrite corresponding to approximately 61% of the structure and martensite to 39%. All the
microstructures were characterized according to their morphologies. It was seen that the microstructure of
the Q&P980 steel was composed of a ferrite (F) matrix, with martensite (M), tempered martensite (TM),
and retained austenite (RA) islands, with ferrite corresponding to approximately 41% of the structure,
martensite and tempered martensite corresponding to approximately 51%, and retained austenite to
approximately 8%, as seen in Figure 4.2 (a and b). The quantitative analysis of the retained austenite was

performed by electron backscattered diffraction (EBSD).
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Figure 4.1: Micrographs of the structures in DP980. (a) Magnification of x4000 and (b)
Magnification of x8000. M is Martensite, F is Ferrite.

Figure 4.2: Micrographs of the structures in Q&P980. (a) Magnification of x4000 and (b)
Magnification of x15000. M is Martensite, F is Ferrite, TM is Tempered Martensite, and RA is

Retained Austenite.

The microstructure of both materials shows an agreement with what has been previously reported in
studies. As discussed in Chapter 2, the literature shows that the final microstructure of Q&P has a 50 to
80% volume fraction of martensite and 10 to 20% volume fraction of retained austenite [1, 7]. The Q&P
steel consisted of around 8% RA, which will improve its ductility by the TRIP effect. The fresh martensite
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in the microstructure will temper to form TM when the heat is applied, which may induce a localized

softened zone in the microstructure.

4.2 Weld Lobe

Based on the welding parameters described in Chapter 3, the weld property test was performed, and the
weld lobes for the RSW of DP980 and Q&P980 steels were constructed to establish the operational window
where acceptable welds are achieved. The experiments were performed at four different weld times. The
standard weld time was 270 ms, equivalent to the 16 cycles recommended by AWS D8.9M [9]. The
minimum weld time was 200 ms, the maximum weld time was 400 ms, and finally, an intermediary weld
time of 340 ms was also used. For each weld time, the current was increased by increments of 100 A,
starting at the current required to obtain the minimum weld size (MWS) and ending where expulsion occurs.
The MWS for the materials used in this study was 4.38 mm, which corresponds to 4tseet*?, Where tneet is
the sheet thickness, as prescribed by AWS D8.9M [9]. All materials used in this study had a sheet thickness

of 1.2 mm.

The weld lobes achieved for DP980 and Q&P980 are shown in Figure 4.3. Any current between the
minimum and maximum current will achieve an acceptable weld. The weld nugget dimensions were
measured by both peel tests and macroscopy, where the values were calculated by finding the average of

two measurements for each sample.
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Figure 4.3: Weld Lobe, where MWS is Minimum Weld Size. (a) DP980 (b) Q&P980.
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As seen in Figure 4.3, DP980 has a welding range varying from 1kA to 2kA. Q&P980 has a narrower
welding range, varying from 0.8kA to 1.1kA. Although both materials show an acceptable range, DP980
shows better weldability by requiring smaller currents to achieve MWS and showing expulsion higher
currents. Q&P980’s higher electrical resistivity can explain its narrower window. The electrical resistivity
for DP and Q&P steels are 28.7 pQ.cm and 36.2 pQ.cm, respectively, as calculated by the method described
by Ludwigson and Schwerer [105]. Alloys with higher resistivity require lower currents to be welded than
those that are better conductors of electricity but are also more susceptible to expulsion, leading to narrower

welding current ranges [43, 106].

4.3 Weld Microhardness and Microstructural Characterization

The microstructures of the weld zone were characterized by scanning electron microscopy. Figures 4.4 and
4.5 show the cross-section and the microstructure within different weld zones for the resistance spot welds
of DP980 and Q&P980. The welds for both alloys show the expected microstructure for each zone, with a
distinct separation between the base material, heat affected zone regions, including inter-critical HAZ, sub-
critical HAZ, coarse-grained HAZ, and fine-grained HAZ, and the fusion zone [107].

Base Material

AN, 23

Coarse Grained HAZ

InterriticaIHZ » Fine rained AZ h Fusion Zon
Figure 4.4: Microstructure within different weld zones for RSW of DP980. (a) Overview of weld
microstructure. (b) Base Material (¢) Sub-Critical HAZ (d) Inter-Critical HAZ (e)Fine-Grained

HAZ (f) Coarse-Grained HAZ (g) Fusion Zone.
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The fusion zone in both DP980 and Q&P980 resistance spot welds is fully martensitic due to their high
carbon equivalent and high cooling rate resulting from the RSW process [16]. The heat-affected zone for
both materials shows an increase in the martensite fraction with a decrease in the ferrite matrix as the
microstructure approaches the fusion zone, which can be seen in Figures 4.4 and 4.5 (c, d, e, and f).

Moreover, the structures show extremely fine grains in all regions.

1 mm

Inter-critical HAZ Fine grained HAZ Coarse Grained HAZ Fusion Zone

Figure 4.5: Microstructure within different weld zones for RSW of Q&P980. (a) Overview of weld
microstructure. (b) Base Material (c) Sub-Critical HAZ (d) Inter-Critical HAZ (e) Fine-Grained
HAZ (f) Coarse-Grained HAZ (g) Fusion Zone.

Microhardness was also performed to identify the structures in the weld accurately. Figure 4.6 shows the
microhardness distribution across the weld of DP980 and Q&P980 steels. The base metal for both steels
has similar microhardness. From Table 3.2, the microhardness for Q&P and DP980 was 320 and 323 HV,
respectively. The fusion zone in the RSW of DP980 welded at 9kA for 270 ms had a maximum hardness
of 430 HV, while the fusion zone in the RSW of Q&P980 under the same conditions had a maximum
hardness of 580 HV. All welded samples showed significant hardening at the fusion zone, which agrees
with the observed fully martensitic structure found through microscopy. The nugget microstructure of the
Q&P980 steel shows fine martensite, as seen in Figure 4.5 (g). However, the martensite found on the DP
steel nugget, shown in Figure 4.4 (g), is comparatively coarser.
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Figure 4.6: Hardness profile of DP980 and Q&P980 welds.

DP980 steel shows softening in the HAZ, which is in good agreement with the reported literature, such
that tempering of martensite (formation of tempered martensite from the initial microstructures’ fresh
martensite) makes the HAZ softer than the BM and nugget. As shown in Figure 4.1 and Figure 4.4 (b), the
base material for DP980 consists of ferrite and fresh martensite phases. Conversely, Figure 4.4 (¢) shows
that most of the martensite in the sub-critical heat affected zone has decomposed into tempered martensite.
Q&P980 shows evidence of hardening in the HAZ, but no softening was found based on current
observation. It has been proposed that the lack of softening is related to the fact that in the tested Q&P980
steel, most of the base material's martensite already in a tempered state. This is in agreement with Figure
4.2 and Figure 4.5 (b), where it can be seen that the base material for Q&P980 has a combination of both
fresh and tempered martensite, while Figure 4.5 (c) shows that the microstructure of the sub-critical heat

affected zone consists of similar fractions of TM as that of the base material.

The current study depicts that overall, the microstructure of Q&P has a large volume fraction of TM, as
shown in Figure 4.2 (b). It has been described in the literature that during welding, the heat experienced by
the base metal transforms the fresh martensite into TM and the existing TM into ferrite with fine carbides

[75, 76]. Therefore, it is believed that there is a competition between softening and secondary hardening.
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This agrees with the current results, where no softening was seen, and instead, Q&P980 shows hardening
inthe HAZ. Saha et al. [26] also reported that pre-existing carbides in bainite would dissolve during welding
and provide C for plate-shaped M.Cs; and needle-shaped M,C precipitation, leading to the secondary
hardening effect in carbide-containing steels. Hence, it is reasonable to conclude that the fine carbides
within the large volume fraction of TM in the Q&P980 would transform similar to the carbides in Saha et

al.’s work, leading to the secondary hardening phenomena in the studied alloy.

4.4 Weld Strength and Failure Mode

Cross-tension strength (CTS) and tensile shear strength (TSS) tests were performed for DP980 and Q&P980
welds under the standard weld time of 270 ms and with the current varying from the MWS until expulsion.
Figure 4.7 shows the weld strength results for DP980 plotted against the nugget diameter and the ductility
ratio represented by the peak CTS values divided by the peak TSS values. Figure 4.8 shows the results for
Q&P980 resistance spot welds.

As expected, an increasing weld diameter leads to an increase of both CTS and TSS values. Values as
high as 17.5 KN were found for the TSS test of DP980 welds, and CTS testing showed results as high as
6.9 kN. The ductility ratio (CTS / TSS) ranges from around 0.40 to 0.46. As for Q&P980 welds, TSS values
as high as 15.6 kN were measured during TSS testing, and CTS testing showed results as high as 3.2 kN.
The ductility ratio for Q&P980 ranges from around 0.20 to 0.21. It can be seen that, for DP980 welds, an
increase in nugget diameter was related to a decrease in the ductility ratio, while the same trend is not seen
in Q&P980 welds. The ductility ratio shows the extent to which the greater stress concentrations from the
cross-tension test affect load failure [43]. Weld defects, coarse-grained microstructures, and HAZ softening
are all microstructural heterogeneities from a mechanical standpoint, producing stress concentration factors
that result in early fracture of the welds with low load-bearing and energy absorbing capacities [108]. Larger
nugget diameters are generated at higher heat inputs, which are also related to more prominent HAZ
softening in DP welds, possibly leading to higher stress concentration and the downward trend seen in
DP980. The fact that Q&P980 shows no HAZ softening is a possible explanation as to why the opposite

trend is seen in its ductility ratio.
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Figure 4.7: (a) Weld strength for DP980 (b) Ductility ratio for DP980.
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Figure 4.8: (a) Weld strength for Q&P980 (b) Ductility ratio for Q&P980.
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These results are comparable to those previously reported in the literature, as discussed in Chapter 2 and

Figure 2.13. For the same sheet thickness of 1.2 mm, Lei and Pan [81] reported peak TSS values for
Q&P980 of 18.5 kN and peak CTS values of 5.8 kN, with a ductility ratio of approximately 0.32. For a
sheet thickness of 1.6 mm, Wang et al. [80] reported a peak TSS value for Q&P980 of 23.7 kN and peak
CTS of 10.8 kN, with a ductility ratio of 0.46. Finally, for a sheet thickness of 1.8 mm and considering the

single pulse weld schedule, Liu et al. found peak TSS values around 27 kN and CTS around 4.8 kN, with a
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ductility ratio of approximately 0.18. Figure 4.9 shows a comparison between the ductility ratio for Q&P980

found in this study and the values reported by Lei and Pan, Wang et al., and Liu et al.
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Figure 4.9: Comparison between ductility ratios reported in the literature for Q&P steels and the
current study.

The weld strength results show a slight decrease in both peak CTS and TSS values for Q&P980.
Guidelines described by AWS D8.1M state that for the materials in this study, with a thickness of 1.2 mm,
the spot welds should meet a minimum shear strength value of 9.17 kN and a cross tension strength value
of 1.87 kN [10]. The values found for both TSS and CTS of the alloys all safely meet these requirements,
with DP980 welds exceeding TSS requirements by as much as 90% and the Q&P980 welds exceeding the

required minimum TSS by as much as 70%.

The weld strength samples were cross-sectioned to obtain more information on the fracture behavior of
the steels. Figure 4.10 shows the cross-section of a CTS sample of DP980, where crack propagation can be
seen in the HAZ, and failure occurs around the softened sub-critical HAZ. This agrees with the
microhardness results shown previously in Figure 4.6 and with the current understanding of how HAZ
softening affects the welds' failure behavior. However, further testing was required in order to analyze the

fracture behavior of Q&P980 welds properly.
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2000 pm

Figure 4.10: Cross-section of the DP980 weld nugget after CTS test showing the fracture path.

Analysis of the fracture initiation and fracture behavior in Q&P steels was done by performing interrupted
CTS tests to characterize the crack propagation before complete failure, where the test was stopped when
the weld reached 90% of its peak strength. Microscopy of the Q&P980 weld nugget surface after the
interrupted CTS test shows crack propagation around the weld nugget, as seen in Figure 4.11. It may be
seen that the crack’s path around the weld nugget is evidence of failure around the fusion zone and not in
the heat-affected zone. This conclusion is corroborated by the fact that no softening behavior was observed
in the hardness tests, so the crack propagation should not occur around the sub-critical area of the heat-
affected zone.

athay

Top View

Figure 4.11: Overview of the weld nugget surface after interrupted CTS test of Q&P980. (a) Top
View showing crack propagation around weld nugget (b) Bottom View
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The interrupted samples were cross-sectioned to analyze the crack behavior and confirm the suggested
failure path (fracture mechanism), as shown in Figure 4.12. Cross-sections of the welds interrupted before
failure showed that these welds' failure occurs around the fusion zone, starting at the notch and strictly
following the weld nugget. This behavior is similar to what was previously reported for Q&P980, as Liu et
al.'s work [82] presents very similar results for the same material. According to Liu et al., the failure
behavior was determined to result from a liquation crack in the fusion zone's vicinity. The study showed
that the region close to the liquation crack displayed prominent softening, which was attributed to the fact
that alloying elements such as C and Mn were absent in the root of the crack incurring in the formation of
martensite with low alloying contents [82]. However, no such liquation cracks were found in the present

work.

o

Figure 4.12: Cross-section of the Q&P980 weld nugget after interrupted CTS test. (a) Image of the
cross-section showing the fracture path, (b) High magnification image of the fracture path.

As discussed in Chapter 2, a similar failure behavior has also been described for Al-Si-coated 22MnB5
and Dual-Phase steels, where failure around the fusion zone was related to the presence of transient
softening at the fusion boundary. Section 2.3.3 described how halo's occurrence is related to carbon
redistribution at the fusion boundary, which occurs when the molten nugget boundary remains static
towards the end of the welding cycle, forming softer carbon-depleted martensite in the adjacency of the
fusion boundary [93, 94, 96].

Previous work reported that halo has an average width of approximately 104 um [96]. This means that
that traditional microhardness testing with a spacing of 200 um is not capable of representing the softening

in that region. To determine if a halo was present in the welds produced in this study, an altered
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microhardness test was performed with a spacing of 80 um and a force of 200 g, where the spacing still
respected the requirement of being three times larger than the average diameter of the indentation, as
described in ASTM E384 [109]. These microhardness test results are shown in Figure 4.13, which shows
softening around the fusion zone, where a decrease in hardness of around 10% was measured. This hardness

drop offers evidence of the presence of the halo in these welds.
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Figure 4.13: Hardness around the nugget of a Q&P980 weld showing a decrease in hardness

around the fusion zone.

As Mohamadizadeh et al. [94] reported for the resistance spot welding of 22MnB5, the weld's failure
under tensile and shear loading initiated and propagated along the fusion boundary, where the halo was
located, even though it was not the minimum hardness in the joint. Similarly, for the material described in
the present study, the softened region's presence is likely what leads to the failure around the fusion zone,
as it affects the energy absorption of the welded joints and possibly leads to lower CTS results. Further
investigation is required to confirm this correlation and determine if controlling the halo can increase joint

strength.
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4.5 Summary and Further Work

This study contributed to the existing knowledge of the resistance spot welding behavior of Q&P steels by
analyzing their microstructure, hardness profile, tensile shear strength, cross tension strength, and failure
behavior. It found that the cross tension and tensile shear test samples all failed in a partial or full button
pull-out mode, with an acceptable ductility ratio, but with lower cross tension strength compared to the
available studies on resistance spot welding of Q&P steels. Fractography of the testing samples showed
that the crack propagated along the fusion boundary, an occurrence previously reported in the literature for

Q&P980, but with no comprehensive explanation regarding the mechanism behind the behavior.

This work proposed that this fracture occurred due to the formation of a softened region at the fusion
boundary. This phenomenon is commonly known as the halo ring and has been studied in Al-Si-coated
22MnB5 but has not yet been reported for Q&P steels. The possible influence of this softened region on
the mechanical performance of the welds was described. However, further study is required to confirm the
correlation between the transient softening and the lower CTS values observed. Further work should also

be done to determine how to control the halo and if doing so, in fact, increases CTS results.
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Chapter 5
Optimization of Weld Performance by Varying Weld Schedules

The previous chapter showed that Q&P steels had a lower ductility ratio and cross-tension strength than
those reported in the available literature, and the presence of a softened region around the fusion zone was
possibly related to the lower CTS values observed. This chapter explores the use of multi-pulse weld

schedules to optimize Q&P980’s weldability and to control the halo's occurrence.

Q&P980 was the single focus of this study, and the results found in Chapter 4 under a single pulse weld
schedule were used to understand how the multi-pulse schedule affects the microstructural and mechanical
behaviors of the weld. Design of experiment (DOE) was used to determine the influence of various process
parameters on weld diameter, hardness, and strength; and to optimize these parameters for enhanced weld
performance. A weld schedule where the weldability of Q&P is optimized by maximizing the weld’s
strength was established. The study also investigated the use of these varied process parameters to eliminate
the halo's occurrence by driving nugget growth into the carbon-depleted region at the fusion boundary. The
implementation of this method and its results are discussed in the following sections.

5.1 Experimental Design and Analysis

Despite the wide use of multi-pulse weld schedules to improve the weldability of AHSS, there has only
been a single study in the literature investigating the effect of multi-pulsing in the RSW of Q&P steels. The
work of Liu et al. [82] compared the use of a single pulse to a double pulse with varying currents, finding
that a higher secondary current improved both tensile shear and cross-tension strength. However, it is not
clear from the study if this occurs due to microstructural changes in the weld or if it is solely related to an
increase in the nugget’s diameter due to a second pulse. The secondary current is the single process
parameter changed in the study, so changing other parameters such as cooling time between pulses or

second pulse length has never been discussed in the welding of Q&P steels.

This study conducted experimental trials based on the design of experiment (DOE) by varying process
parameters such as second pulse current, second pulse length, and cooling time between pulses, as shown
in Table 5.1.
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Table 5.1: Design of experiment process parameters.

Factor Name Low Value High Value
A Cooling Time Between Pulses 2 cycles 4 cycles
B Second Pulse Length 4 cycles 8 cycles
C Second Pulse Current 6 kA 9 kA

A factorial model of the design of experiment was adopted to arrive at the experimental trials with varying
parameter levels. A 2-level full-factorial design was developed using Minitab® Version 19.2020.1
(Minitab, 2020) to study the effects of the three chosen factors on nugget diameter, fusion zone hardness,
tensile-shear strength, and cross-tension strength. The values of input process parameters used and the run
order of the spot-welding experiments conducted are listed in Table 5.2. This thesis references each sample
using the format A-B-C based on the factors described in Table 5.1, where A is the cooling time between

pulses in cycles, B is the second pulse length in cycles, and C is the second pulse current in KA.

Table 5.2: Design Matrix.

Run Order  Sample Reference Co?li;ge-ls-)ime e (F; ;::slzs';'ime 2 Puzsk;():urrent
1 4-4-6 4 4 6
2 4-8-6 4 8 6
3 2-8-6 2 8 6
4 2-4-6 2 4 6
5 2-8-9 2 8 9
6 4-4-9 4 4 9
7 4-8-9 4 8 9
8 2-4-9 2 4 9

Minitab® was used to analyze the factorial design, which was done through analysis of variance
(ANOVA) and linear regression, as well as for plotting the fitted means to understand how the factors

affected the responses and how the variables interact. The complete statistical analysis performed with
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Minitab can be found in Appendix A. Variables were found significant if their p-values were less than the

significance level of 0.05.

5.2 Effect on Nugget Diameter and Fusion Zone Hardness

The Pareto plot of the main effects for nugget diameter, presented in Figure 5.1 (a), shows that the most
significant effect is the second pulse time (B), followed by the second pulse current (C). A summary of the
model can be found in Appendix A, where the R?value was 99.74%, which indicates that the model fits the
data extremely well. Figure 5.1 (b) shows the main effects plot for diameter. It can be seen that while
cooling time has little effect on the nugget diameter, a higher second pulse time leads to a larger nugget,
and although not as significant, so does a higher second pulse current. As both current and time are main

factors indicating the heat generated during the RSW process (see equation 2.2), these effects are expected.
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Figure 5.1: (a) Pareto plot of the main effects for nugget diameter and (b) Main effects plot for

nugget diameter.

In this part of the study, the reported fusion zone hardness values specifically refer to the lowest hardness
values found in the fusion zone as a means to characterize the occurrence of softening at the fusion
boundary. These results are of particular importance to the study, as they not only identify which samples
were affected by the halo but also which variables affect its formation. The Pareto plot of the main effects
for fusion zone hardness, found in Figure 5.2 (a), shows that the only significant factor (a=0.05) is the

second pulse current (C).

Figure 5.2 (b) shows the main effects plot for the minimum fusion zone hardness, where it can be seen

that pronounced softening at the fusion boundary is highly related to a decrease in second pulse current.
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These results show that not only fusion zone softening occurs when a single pulse is used, using a multi-
pulse schedule with a lower current in the secondary pulse also consistently leads to the formation of the

halo, indicating that there is a minimum second pulse current required to eliminate the occurrence of the

halo.
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Figure 5.2: (a) Pareto plot of the main effects for lowest fusion zone hardness and (b) Main effects

plot for lowest fusion zone hardness.

5.3 Microstructural Characterization and Hardness

The microstructures of the weld zone were characterized by optical microscopy. All spot welds in this study
showed no apparent defects, with no evidence of shrinkage voids or occurrence of expulsion. The welds
showed distinct separation between the base material, HAZ, and FZ typically seen in welds of AHSS. The
fusion zone of all welds showed columnar growth where the grains were oriented along the direction of the
heat flow, which again is typical for AHSS joints.

Figure 5.3 shows the cross-section and the microstructure for samples 4-4-6 and 4-8-6, where a low
secondary current was used, and prominent softening around the fusion boundary was observed in the initial
hardness investigation. The welds where the second pulse current was 6 kA showed no evidence of nugget

growth during the second pulse, indicating that the nugget was only formed due to melting from the first
pulse.
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Figure 5.3: Microstructure for multi-pulse welds (a) sample 4-4-6 and (b) sample 4-8-6.

Figure 5.4 shows the cross-section and the microstructure for samples 4-4-9 and 4-8-9, where a high
current was used in the second pulse, and no apparent evidence of the halo was observed in the initial
hardness investigation. Similar to what was described by Liu et al. [82], two distinct nuggets can be seen
in Figure 5.4, one formed with the primary weld current and another formed by the heat generated by the
secondary weld current, which remelts the primary nugget. The same is not observed in Figure 5.3, possibly
because the second pulse's low current was not enough to not remelt the primary nugget.

Sample 4-4-9 : 1 mm | Sample 4-8-9 : ' : e 1 mm

Figure 5.4: Microstructure for multi-pulse welds (a) sample 4-4-9 and (b) sample 4-8-9.

A similar microhardness test to the one described in Chapter 4 was used to determine the halo's presence,
where the test was performed with a spacing of 80 um and a force of 200 g, the spacing respected the
requirement of being three times larger than the average diameter of the indentation, as described in ASTM
E384 [109]. These results are shown in Figure 5.5. Prominent softening around the fusion zone is seen in
Figure 5.5 (a), where a decrease in hardness of as much as 15% was measured, providing evidence of the
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halo's presence in the welds where a low secondary current was used. As discussed earlier, softening is not

seen on the welds where a high secondary current was used, as shown in Figure 5.5 (b).
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Figure 5.5: Hardness across the fusion zone for multi-pulse Q&P980 welds with (a) low secondary

current and (b) high secondary current.

To further investigate the presence of halo in Q&P980 welds, hardness mapping was carried out with a

low indenter load and a small distance between the indentations, similar to the test described by Sherepenko

et al. [93]. The load applied was 50g (HV 0.05), and the spacing corresponded to three times the average

diameter of the indentation, again following the requirement described by ASTM E384 [109]. 112 indents

were made following a checkerboard pattern, where the minimum spacing between the indentations was

45 um. To reduce the testing time, only a small region of each weld cross-section was investigated, as

shown in Figure 5.6 (a), Figure 5.7 (a), Figure 5.8 (a), and Figure 5.9 (a).

The hardness mapping of the samples that showed evidence of the halo is shown in Figures 5.6 and 5.7,

where the hardness profiles extracted from the maps were computed and drawn using Delaunay

Triangulation in OriginPro. In these images, the microstructure highlighted in the detail is reflected in the

harness mapping, which reveals a softened region at the fusion boundary. This softened region's outline

corresponds to the halo. For sample 2-8-6 (Figure 5.6), while the highest hardness measured was 630 HV,

the hardness in the region corresponding to the halo was as low as 460 HV, showing a decrease in hardness

of as much as 27%. For sample 4-8-6 (Figure 5.7), the decrease in hardness was approximately 14%, going

from the maximum value of 600 HV to the lowest of 520 HV. Due to the significantly low load applied

and corresponding small indentation, a skew in the measured hardness values is expected. This
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phenomenon, known as indentation size effect (ISE), has been amply discussed in the literature. It is well
established that a combination of different mechanisms and instrumental errors contributes to the variation
in hardness value from a variation in indentation size. This effect is usually related to a decrease in the
apparent microhardness with an increase in applied test load or an increase in microhardness with a decrease
in test load [110, 111]. This accounts, for example, for divergences seen between the results reported in
Figure 5.5 (a), where the highest hardness value measured with a load of 200g was 570 HV, and the results
reported in Figures 5.6 and 5.7, where the highest hardness value measured with a load of 50g was 630 HV,

all while dealing with the same set of samples.
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Figure 5.6: (a) Detail of sample 2-8-6 and (b) Microhardness map.
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Figure 5.7: (a) Detail of sample 4-8-6 and (b) Microhardness map.

Hardness mapping of the samples welded with high second pulse current was also performed and is
shown in Figures 5.8 and 5.9. For sample 2-8-9 (Figure 5.8), while the highest hardness measured was 605
HV, the lowest hardness value measure was 540 HV, showing a decrease in hardness of approximately
11%. For sample 4-8-9 (Figure 5.9), the decrease in hardness was also around 11%, going from the
maximum value of 600 HV to the lowest of 530 HV. It can be seen in these images that the halo outline
present in the detail shows no correspondence to the hardness mapping. Contrary to what was seen in
Figures 5.6 and 5.7, there is no distinct low hardness area located at the fusion boundary, and the hardness
distribution is random. The lowest hardness values are still higher than those seen in samples with evidence
of the halo, and the decrease in hardness from the highest value to the lowest value is less pronounced.
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Figure 5.8: (a) Detail of sample 2-8-9 and (b) Microhardness map.
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Figure 5.9: (a) Detail of sample 4-8-9 and (b) Microhardness map.

5.4 Effect on Weld Strength and Failure Mode

The same normalization method described by Dancette et al. [60] and discussed in Chapter 2 was used to
decouple the effect of different weld diameters when investigating how the various factors affect the weld
strength responses. Normalized CTS and TSS values were used in the ANOVA and linear regression and

are shown in the main effects plots described in this section and in the results found in Appendix A.
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The Pareto plot of the effects for normalized TSS, presented in Figure 5.10 (a), shows that the significant
factors (0=0.05) are the second pulse time (B), the interaction between second pulse time and second pulse
current (BC), and the interaction between all factors (ABC). A summary of the model can be found in
Appendix A, where the R? value was 97.57%, which indicates that the model fits the data well. Figure 5.10
(b) shows the main effects plot for normalized TSS. It can be seen that the second pulse time is the most
significant individual factor, where the longer the pulse, the higher the TSS values. As the interaction
between all factors is the most significant effect, the highest TSS occurs with a short cooling time between

pulses, long second pulse length, and high second pulse current.
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Figure 5.10: (a) Pareto plot of the main effects for normalized TSS and (b) Main effects plot for

normalized TSS.

The Pareto plot of the effects for normalized CTS, presented in Figure 5.11 (a), shows that most factors
and the interaction between them are significant, except cooling time (A). The most significant factor is,
by far, the secondary pulse current (C). The R? value was 99.93%, which indicates that the model fits the
data extremely well. Figure 5.11 (b) shows the main effects plot for normalized CTS. It can be seen that
while cooling time and second pulse time have little effect on CTS, a higher second pulse current leads to
a higher CTS value. This same effect is seen in Figure 5.2 (b), which shows the main effects plot for the
lowest hardness in the fusion zone. A high secondary current was also related to higher minimum FZ

hardness and no halo occurrence.
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Figure 5.11: (a) Pareto plot of the main effects for normalized CTS and (b) Main effects plot for

normalized CTS.

The experimental generated power curve and the dynamic resistance curve were extracted for each of the
weld schedules to calculate the samples' total heat input, shown in Figure 5.12. The total heat input was
used to correlate and unify the varying values of cooling time, second pulse time, and second pulse current
of the different samples in this study to a single measurable value for ease of representation in the following
weld strength graphs. As expected, the two samples with a low secondary current and low second pulse
time had the lowest total heat inputs, around 2.5 kJ, while the two samples with a high secondary current

and high second pulse time had the highest heat inputs, around 3.7 kJ.
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Figure 5.12: Total heat input for multi-pulse weld samples.
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Figure 5.13 shows the tensile shear strength results for samples with and without the halo, plotted against
the total heat input. The reported grey line in Figure 5.13 represents the average TSS value for samples with
the halo. The TSS results show that the statistical difference across samples with halo is not significant, as
the slope is not different from zero. Samples with no halo appear to have higher TSS values, with an increase
in heat input for these samples leading to an increase in TSS. A two-sample t-test was run using Minitab®
to verify whether the average difference for TSS samples with and without halo is significant, and the
results can be found in Appendix A. The results show no significant TSS difference between samples with
halo (15.95 + 2.05) and samples with no halo (18.2 + 3.87), where the p-value was found to be 0.095. As
seen in Figure 2.11, the force applied during tensile shear strength testing is perpendicular to the location
of the halo, which explains why this softened region would not affect the load-bearing capacity of the welds
under TSS. Although there seems to be no impact of the halo in the TSS of Q&P980, multi-pulsing
effectively increased TSS results from a maximum of 15.6 kN for single pulse welds to a new maximum of
22 kN, improving the steel's weldability.
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Figure 5.13: Tensile-shear strength for multi-pulse weld samples.

Figure 5.14 shows the cross-tension strength results for samples with and without the halo, plotted against

the total heat input. The results show that while an increase in heat input leads to an increase in CTS for the
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samples with halo, the statistical difference across samples without the halo is not significant, and the

reported red line in Figure 5.14 represents the average CTS value for samples with no halo.
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Figure 5.14: Cross-tension strength for multi-pulse weld samples.

Samples with no halo appear to have consistently higher CTS values, further illustrating what was
discussed before regarding the main effects plot for the lowest fusion zone hardness and normalized CTS
(Figures 5.2 and 5.11). Samples where a high secondary current was used show no evidence of the halo and
display higher CTS values than samples with the halo. Again, a two-sample t-test was run to verify whether
the average difference for CTS samples with and without halo is significant. The results show that samples
with no halo have statistically significantly higher CTS values (4.07 + 0.61) than samples with halo
(3.38 £ 0.29), where the p-value was found to be 0.003. The concepts discussed in Chapter 4 are possibly
true, where the correlation between the presence of a transient softening and the lower CTS was confirmed,
and controlling the halo does increase CTS results. As discussed before, the same, however, was not seen
in TSS.

Figure 5.15 shows the weld strength results for multi-pulse Q&P980 plotted against the total heat input
and the ductility ratio represented by the peak CTS values divided by the peak TSS values. Overall, an

increase in total heat input led to an increase in both CTS and TSS values. Values as high as 22 kN were
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found for the TSS tests of multi-pulse Q&P980 welds, and CTS testing showed results as high as 4.7 kN.
The ductility ratio (CTS / TSS) ranges from around 0.19 to 0.31.
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Figure 5.15: (a) Weld strength for multi-pulse Q&P980 (b) Ductility ratio for multi-pulse Q&P980.

As described in Chapter 4, the TSS values for single pulse Q&P980 welds achieved values as high as
15.6 kN, and CTS values were as high as 3.2 kN. The ductility ratio for single pulse Q&P980 ranged from
0.20 to 0.21. Therefore, the use of multi-pulse weld schedules improved the TSS values of Q&P welds by
as much as 41%, the CTS values by as much as 47%, and the ductility ratio by 48%. As discussed
previously, guidelines described by AWS D8.1M state that for the materials in this study, the spot welds
should meet a minimum shear strength value of 9.17 kN and a cross tension strength value of 1.87 kN [10].
The new values found for both TSS and CTS using multi-pulse weld schedules exceed the TSS

requirements by as much as 140% and the CTS requirements by as much as 151%.

Figure 5.16 describes how these current results compare to the ones previously reported in the literature,
as discussed in Chapter 2 and Figure 2.13, providing an overview of the normalized TSS and CTS values
for Q&P980 found in this study and the values reported by Wang and Speer [1], Wang et al. [78], Lei and
Pan [79], and Liu et al. [80].
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Figure 5.16: Comparison between strength values reported in the literature for Q&P steels and the
current study, showing (a) TSS values and (b) CTS values.

It can be seen in Figure 5.16 (a) that while the TSS values found for single pulse weld schedules were

comparable to the ones previously reported in the literature, multi-pulsing achieves normalized TSS values
higher than the ones reported before for Q&P980, with the best results seen in the literature. Figure 5.16

(b) shows that multi-pulse CTS values also showed significant improvement to the ones reported for a
single pulse, with CTS values being comparable to those described by Liu et al. [82].

Analysis of the fracture initiation and fracture behavior in multi-pulse welding of Q&P steels was done

by performing interrupted TSS and CTS tests to characterize the crack propagation before complete failure,
where the test was stopped when the weld reached 90% of its peak strength. Figure 5.17 shows the weld

nuggets' microscopy after interrupted testing for the samples welded with a low secondary current.
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Figure 5.17: Failure mode comparison for samples with halo, left column showing interrupted CTS
and right column showing interrupted TSS (a) sample 4-4-6, (b) sample 2-4-6, (c) sample 4-8-6, and
(d) sample 2-8-6.

While the results in Chapter 4, Figure 4.12 for the single pulse welding of Q&P980 showed evidence of
failure around the fusion zone, with crack propagation starting at the notch and strictly following the weld
nugget, the same is not consistently observed in the samples shown in Figure 5.17. Sample 2-8-6, shown in
Figure 5.17 (d), shows interfacial failure for both interrupted CTS and TSS tests, and the other samples
show different variations of crack propagation starting at the notch and propagating through the sheet
thickness across the HAZ and FZ, with no discernable pattern. Similar behavior is seen in Figure 5.18,
which shows the weld nuggets' microscopy after interrupted testing for the samples welded with a high

secondary current, which showed no evidence of the halo.
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Interrupted CTS Interrupted TSS

B Sample 4-8-9 — Heat Input 3.7 kJ

Figure 5.18: Failure mode comparison for samples with no halo, left column showing interrupted
CTS and right column showing interrupted TSS (a) sample 4-4-9, (b) sample 2-4-9, (c) sample 2-8-
9, and (d) sample 4-8-9.

Although no evidence of the halo was seen on the samples presented in Figure 5.18, there is evidence of
crack propagation around the fusion boundary for samples 4-4-9 and 2-4-9, shown in Figure 5.18 (a) and
(b). Again, the samples show no discernable fracture propagation pattern, with some samples failing
interfacially and others failing at various points across the FZ and HAZ. There is no distinct correlation

between the samples that failed interfacially and lower strength values.

Work by Sherepenko et al. [93, 94] and Mohamadizadeh et al. [94] have correlated failure around the
fusion zone to the halo's presence, with crack propagation being initiated and propagated across the fusion
boundary. The same mechanism was seen in the previous chapter for single pulse welds that showed
evidence of the halo, but it is not correlated to multi-pulse welds with clear evidence of softening around
the fusion boundary. Studies have shown that partial thickness failure with button pull fracture is one of the
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most prevalent types of fracture in AHSS, mainly because of their complex microstructure [62, 112]. It is
also accepted that the fracture mode in the RSW of AHSS is a complex phenomenon that depends on

multiple factors, including the geometry and metallurgy of the weld and the loading mode [113].

Other driving factors besides the occurrence of halo in these welds may be leading to the failure modes
seen in Figures 5.17 and 5.18, and contrary to what was proposed earlier, the presence of halo is not the
sole factor affecting the energy absorption of the joints and consequently leading to lower CTS results.
Although this study does characterize a strong correlation between halo elimination and increased joint
strength, another possible mechanism affecting energy absorption might be the fusion zone and base
material's hardness ratio. Previous studies have discussed how the FZ/BM hardness ratio influences the
failure mode and weld strength in resistance spot welding, with a low hardness ratio having a detrimental
effect on weld strength [114]. Figure 5.19 shows the microhardness comparison between samples welded
with a high and low secondary current, or samples with and without the halo, where it can be seen that
samples with no halo have fusion zone hardness values of as high as 620 HV, while samples with halo have
a maximum hardness of 560 HV. It can be concluded that samples welded with a high secondary current
have significantly higher hardness ratios than those welded with a low secondary current.
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Figure 5.19: Microhardness comparison for samples with and without the halo.

Figure 5.20 shows the plot of the lowest hardness value measured in the fusion zone of the weld versus

normalized CTS for the samples, where it can be seen that there is a strong correlation between increasing
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FZ hardness and increasing CTS values. It is possible that increased fusion zone hardness affects the
strength of the weld by introducing increased bending moments during testing, leading to higher energy
absorption and, consequently, higher strength values. Overall, the works presented here and in Chapter 4
indicate that the weld nugget properties are closely related to the failure mode and energy absorption
capability of Q&P980 welds. Further work is required to confirm this correlation and to investigate other

possible mechanisms affecting the weld strength and failure mode of Q&P joints.
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Figure 5.20: Lowest fusion zone hardness versus normalized CTS for multi-pulse weld schedules.

5.5 Weld Optimization

This work's optimization approach considered all of the multi-pulse weld parameters previously described,
namely the cooling time between pulses, second pulse length, and second pulse current. The interactions
between these parameters were analyzed to maximize both normalized CTS and normalized TSS values to
achieve a weld schedule that offers the optimal weldability in terms of weld strength while decoupling it

from the effects of weld nugget diameters.

Through the analysis of the main effects plot shown in Figure 5.10, it is possible to determine that the
maximum TSS value occurs when the lowest cooling time between pulses is used and the highest second

pulse time and second pulse current. A similar analysis of Figure 5.11 shows that the maximum CTS value
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occurs with the highest second pulse time and second pulse current, with the cooling time between pulses
not being significant. It follows that optimal weldability is found when using schedule 2-8-9, which
corresponds to a heat input of 3.6 kJ. Minitab was used to confirm this analysis through its response
optimization tool, also finding that optimal control factors to obtain maximum peak loads and failure energy
are Al (cooling time of 2 cycles), B2 (second pulse time of 8 cycles), and C2 (second pulse current of
9 kA). The results from this analysis can be found in Appendix A. At the optimal condition, the peak CTS
value is 4.41 kN, and peak TSS is 21.1 kN. No halo is present in these welds, and the fusion zone hardness
is around 600 HV.

5.6 Summary and Further Work

This study explored the use of multi-pulse weld schedules to improve the resistance spot weldability of
Q&P steels and control the occurrence of a softened zone around the fusion boundary in the joints. The
influence of various process parameters such as cooling time between pulses, second pulse current, and

second pulse time on weld diameter, hardness, and failure load was established.

The microstructure, hardness profiles, tensile shear strength, cross tension strength, and failure behavior
of the multi-pulse welds were analyzed. Multi-pulsing was successfully used to improve weldability by
increasing both CTS and TSS values. It was found that these improvements in weld strength occur even
after normalization of the values, showing that this result is not merely related to an increase in weld
diameter with the second pulse. The use of a second pulse with a high current was strongly correlated to
the halo's elimination, which was related to increased cross-tension strength for the samples that showed
no softening. However, it is not clear how using a second pulse with a high current could avoid the halo

formation, and further study is required to understand this relationship.

This work also discussed how the failure behavior of multi-pulse welds appears to have no established
correlation to halo occurrence, and the presence of this softened region may not be the sole factor affecting
the energy absorption of the joints. It was proposed that the fracture behavior might be correlated to the
hardness ratio of the fusion zone and base material. The possible influence of fusion zone hardness on the
mechanical performance of the welds was described. Further study is required to confirm this correlation

and achieve a better understanding of this mechanism.

Finally, this chapter also investigated the weld schedule that led to optimized weldability by maximizing
weld strength. Through the analysis of various weld parameters, it was found that optimal weldability is
achieved by using a weld schedule with the lowest cooling time between pulses (2 cycles), largest length
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of the second pulse (8 cycles), and highest second pulse current (9 kA). At the optimal condition, the peak
CTS value is 4.41 kN, peak TSS is 21.1 kN, and the ductility ratio is 0.21. No halo was observed in these

welds, and the fusion zone hardness is around 600 HV.

68



Chapter 6
Analysis of the Correlation between Thermal Cycles and Weld
Strength

Chapter 5 investigated the effect of multi-pulse weld schedules in the resistance spot welding behavior of
Q&P980 steels, finding that multi-pulse samples where a high secondary current was used showed no
evidence of the halo and also exhibited higher CTS values than samples with a low secondary pulse current
and prominent softening around the fusion boundary. However, the mechanism responsible for eliminating

the halo when a high secondary current was used was not clear.

This chapter investigates the underlying causes for these effects using computational simulation, where
the weld schedules used in the previous chapter were simulated with the finite element code Sysweld®.

The results of this study are discussed in the following sections.

6.1 Simulation Design and Analysis

As resistance spot welding is governed by a complex interaction between thermal, mechanical, electrical,
and metallurgical phenomena, modeling the process often requires specialized software [102]. This work
used the finite element method (FEM) software package Sysweld® to simulate the RSW process of two
Q&P980 sheets under the weld conditions described in Chapter 5 to investigate the various parameters'
effect on the weld. Strong coupling, where every thermal simulation step is followed by mechanical
simulation step and geometry actualization, was used to provide better accuracy of the simulation, and four
phases were used to simulate the phase transformations throughout the process. Sysweld® processed the
input data using the parameters assigned in the process set-up, including the electrode geometry and custom
weld mesh, Q&P980’s thermophysical and mechanical properties, and spot weld parameters such as
frequency, squeezing force, squeezing time, and the length and intensity of each electrical load. The
simulation results' initial analysis returned plots showing the weld's overall characteristics under the

established process parameters, including the molten nugget's shape and the molten zone's evolution.

Figure 6.1 shows the final shape of the molten zone as predicted by the simulation and a comparison
between the simulation results and a micrograph of a sample welded under the same schedule. The
simulation results showed good agreement with experimental observations, where the nugget diameters
obtained from the simulation were, on average, 13.5% smaller than the ones measured through microscopy.

The minimum weld size for the material was achieved at 7.5 kA in the simulation and at 7.3 kA
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experimentally at the time of testing, with a divergence of approximately 2.7%, also showing good
agreement between the model and experimental results. It should also be noted that the model was
developed and previously tested by Mr. C. DiGiovanni in their own resistance spot welding work, where

the simulation predictions were within the range of the experimental results [115].
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Figure 6.1: (a) Sysweld® plot showing the final shape of the molten zone after welding and (b)

Comparison between simulation results and micrograph of the sample under the same schedule.

Figure 6.2 shows the molten zone's evolution for a sample where a low secondary current was used and
for a sample where a high current was used. The plots in Figure 6.2 represent the evolution of the molten
zone in mm?3 over time, where it is possible to see the intervals where nugget formation and growth took
place. While all samples with a low secondary current showed a single peak in this plot, representing the
nugget formation during the first pulse, all samples where a high secondary current was used showed
another peak after the first one, formed during the second pulse. These initial results indicate that a second
pulse with a high current consistently led to the re-growth of the weld nugget after the first pulse, while a

second pulse with a lower current did not.
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Figure 6.2: Evolution of the molten zone in mm? for a sample with low secondary current, 2-8-6,

and sample with high secondary current, 4-4-9.

6.2 Effect of Thermal Cycles on Failure Mode

Post-processing of the simulation results was performed to obtain the welding process's thermal profile for
each of the simulated weld schedules. For this study's purposes, the focus of the simulation work was on

the thermal results generated by the software, which included the temperature at nodes and the phase
proportions at the elements.

Figure 6.3 presents a contour plot generated with Sysweld® showing the thermal profile of a weld after
the formation of the molten nugget, captured at the time point of 0.36 s after the start of the welding cycle.
The melting temperature of Q&P980 was used as the temperature boundary for the plot such that the area
in grey can visually identify the molten metal.
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Figure 6.3: Sysweld® contour plot showing the weld's thermal profile after the formation of the

molten nugget.

Contour plots were generated for each simulated weld schedule's thermal profile to visualize the molten
nugget's evolution over time and identify the nodes that intersected with the final position of the fusion
boundary. This was done to trace the variation of the temperature at the fusion boundary over time, shown
in Figure 6.4.
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Figure 6.4: Temperature at the fusion boundary after different multi-pulse weld schedules.
72



All weld schedules showed two distinct peaks in temperature during the welding process, one
corresponding to the first pulse and another to the second pulse. While all samples with a low secondary
current presented a smaller secondary peak, almost flat in shape, samples with a high secondary current
presented a secondary peak that reached and even exceeded the first one's temperature. Although Figure
6.4 only illustrates the temperature profile for samples 2-8-6 and 4-4-9 for ease of representation, this trend
was consistently seen among all samples with and without the halo, where the samples that showed evidence
of the halo were the ones where the secondary current resulted in a lower temperature at the second pulse.

Samples with no halo showed a high temperature at the second pulse.

When considering the melting temperature of Q&P980, it is clear that a second pulse with a high current
elevated the temperature of the weld above that of the melting point of the steel, remelting the material and
leading to regrowth of the weld nugget. However, a secondary pulse with a low current does not cause
remelting and regrowth of the weld nugget. This is in agreement with the results shown in Figure 6.2, where
it was seen that samples with a low secondary current only showed nugget growth during the first pulse.

This observation is also in agreement with what was seen in Figure 5.4, which showed the cross-section
of samples where a high secondary current was used. As previously described in the literature, two distinct
nuggets can be seen with a multi-pulse weld schedule where the second pulse has a higher current than the
first pulse. Weld schedules where the secondary pulse does not have enough intensity to remelt the nugget
effectively slow down the solidification rate but exhibit only the primary nugget formed during the first
pulse. To further investigate nugget regrowth and position of the fusion boundary, Figures 6.5 and 6.6 were
plotted to illustrate the radius of the fusion boundary over time for samples with low secondary current and
high secondary current. As expected, the nugget's regrowth is related to an increase in weld diameter for
the samples with a high secondary current. However, the results discussed in Chapter 5 show that the
increase in cross-tension strength related to these samples is independent from an increase in diameter.
Even after normalizing the CTS values, samples with a high secondary current showed significantly higher
load-bearing than samples with a low secondary current. The work presented in Chapter 5 also described
the correlation between halo elimination and an improvement in CTS, where the relationship between a low

secondary current and the halo occurrence was also made clear.
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Figure 6.5: Radius of the fusion boundary over time for samples with a low secondary current.
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Figure 6.6: Radius of the fusion boundary over time for samples with a high secondary current.
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As described in Chapter 2, halo formation has been explained in the literature due to the carbon
redistribution at the fusion boundary when the molten nugget boundary remains static towards the end of
the welding cycle [93, 96]. None of the samples with a high secondary current showed evidence of the halo,
and all of them showed consistent remelting of the nugget based on the simulation results. It can be
concluded from the current results that samples with a high secondary current not only cause nugget
regrowth but also lead the last position fusion boundary to remain “less stationary” towards the end of the

cycle than in samples with a low secondary current, effectively avoiding the occurrence of the halo.

However, as was also discussed in Chapter 5, it is possible that the halo is not the only factor driving the
failure mode of the welds and consequently affecting the CTS values of the joints. It was proposed that
another possible mechanism behind energy absorption of the welds could be the hardness ratio of the fusion
zone and base material, where samples with a high secondary current had significantly higher hardness
ratios leading to higher energy absorption and consequently higher strength values.

It can be seen from Figure 6.4 that samples with a high secondary current also had slightly higher cooling
rates than samples with a low secondary current. The cooling rate for sample 2-8-6, welded with a low
secondary current, was calculated to be approximately 2970 °C/s, while for sample 4-4-9, it was found to
be approximately 3450 °C/s. High cooling rates are related to increased volume fractions of martensite and
increased hardness [116-118]. As such, the simulation results described in this section can also elucidate
how the thermal profile of the welds correlates to the alternate weld strength mechanism proposed in this

work.

6.3 Summary

The work reported in this chapter described how the second pulse current is possibly related to the formation
of a softened zone at the fusion boundary of resistance spot welds. A computational simulation was used to
identify mechanisms behind how a high secondary current correlates to an increase in weld strength,
describing how it consistently led to remelting and re-growth of the weld nugget after the first pulse, and
also how a variation in the cooling rate affects martensite volume fraction and consequently fusion zone

hardness.
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Chapter 7

Conclusion and Recommendations

Quenched and partitioned steels offer a combination of high strength and high ductility that has seen
increased attention from the automotive industry. Still, the general effects of the resistance spot welding
process on the mechanical properties of Q&P joints are not yet fully understood. The present work sought
to correlate the microstructure development to the mechanical behavior of resistance spot welded Q&P
steels under various weld schedules, to optimize these steels' weldability, and to understand the correlation
between the weld’s thermal cycles and the failure mode of the joints.

This study described the occurrence of a softened region at the fusion boundary of the welds, known as
the halo, which was reported for the first time for Q&P steels. The possible influence of this softened region
on the mechanical performance of the welds was described. A method to control the halo’s occurrence was
proposed, and a theory was suggested regarding how this softened region correlates to the joints' failure
mode. However, the present work could not fully establish a clear correlation between the halo’s presence
and the welds' energy absorption capability. This study also found that optimal weldability is achieved
using a multi-pulse weld schedule with a low cooling time between the first and second pulse, a long second

pulse, and a high second pulse current.

The microstructures within different Q&P steel’s weld zones were investigated, where no heat-affected
zone softening was observed in the welds. This work also studied the fracture mechanisms in RSW of
Q&P980, with failure consistently initiating at the weld’s notch and, in most cases, propagating around the
fusion zone of the weld. Q&P’s weldability was optimized by maximizing the joints' load-bearing capacity
through the use of multi-pulse weld schedules. Possible mechanisms behind the improvement in these
steels' weld strength were discussed, including the elimination of the halo and an increase in the hardness
ratio of the fusion zone and base material. The sections below further detail the specific findings presented

in the various chapters of this dissertation.

7.1 Failure Behavior and Mechanical Properties in the Resistance Spot Welding of
Quenched and Partitioned Steels

This study presented the results obtained from the resistance spot welding of quenched and partitioned
steels and dual-phase steels. The results show that all welds failed in a partial or full button pull-out mode,

and all cross-tension strength and tensile shear strength samples met the minimum requirements commonly
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used in the automotive industry, and in fact, exceed them by as much as 70%. On further analysis, evidence
was found pointing towards the presence of a transient softening at the fusion boundary, leading to further
studies to characterize that phenomenon and correlate it to the welding conditions of Q&P steels. The

specific conclusions that may be drawn from this study are as follows:

1. Although Q&P980 offers a satisfactory welding range, it presents lower weldability than DP980.
Q&P steels require higher currents to achieve acceptable weld nuggets and show expulsion at lower
currents. Given the chemical composition of Q&P980, its narrower window can be explained by its higher

electrical resistivity, which leads to higher susceptibility to expulsion.

2. Q&P980 welds achieved fusion zone hardness values as high as 580 HV, with no evident heat-
affected zone softening as the hardness throughout the weld joint was consistently above that of the base
material. DP980 achieves a maximum hardness of around 440 HV in the fusion zone and significant
softening in the HAZ.

3. Q&P980 showed evidence of hardening in the HAZ, which was related to a secondary hardening
effect where the tempered martensite transformed into ferrite with fine carbides.

4. The measured weld strength for the joints in this study was similar to what was reported in the
literature, with an increase in weld diameter leading to increased CTS and TSS values. Values as high as
15.6 kN were found for the TSS test of Q&P980, and CTS showed results as high as 3.2 kN. DP980 welds
showed TSS results as high as 17.5 kN and CTS of 6.9 kN.

5. Although there was a slight decrease in peak TSS and CTS for Q&P980 compared to previous
studies, all TSS and CTS values met and exceeded the minimum requirements given by automotive

guidelines.

6. Fractography of Q&P980's interrupted CTS samples showed crack propagation along the fusion
boundary. Evidence was seen of a transient softened region (Halo), which possibly leads to a decrease in

the welds' energy absorption capability.

7.2 Optimization of Weld Performance by Varying Weld Schedules

Weldability of Q&P980 welds was analyzed through multi-pulse welding schedules and the study of their
effects on the joints' microstructural development and their mechanical properties. It was found that multi-
pulsing effectively increased both CTS and TSS values of the welds compared to the results seen under a

single pulse weld schedule. Results showed that using a second pulse with a high current effectively avoided
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the formation of a softened zone and increased CTS values. However, no discernible pattern was found
linking this observation to the welds' failure mode, where regardless of the presence of the halo, there was
no clear failure path route in the joints. It was alternatively proposed that the halo ring's presence might not
be the sole factor affecting the welds' preferred failure path. Weldability optimization was applied by

analyzing the weld parameters to maximize both CTS and TSS. The main conclusions from this work were:

1. Secondary pulse time had the strongest effect on nugget diameter, where a long second pulse led
to a larger nugget, and although not as significant, so did a higher second pulse current. As both current and
time are the main factors indicating the heat generated during the RSW process, these effects were expected.
The cooling time between pulses had little effect on the nugget diameter.

2. There is no significant TSS difference between samples with halo (15.95 £ 2.05 kN) and samples
with no halo (18.2 + 3.87 kN). Although there seems to be no impact of the halo in the TSS values of
Q&P980, multi-pulsing effectively increased TSS results and improved the joints' weldability.

3. Samples with no halo have statistically significantly higher CTS values (4.07 £ 0.61 kN) than
samples with halo (3.38 £ 0.29 kN).

4. A second pulse with a high current was strongly correlated to the elimination of the halo. However,
the failure behavior of multi-pulse welds appears to have no established correlation to the halo’s occurrence.
Samples with and without evidence of the halo exhibited failure progressing through the HAZ, around the

FZ in partial pullout mode, and interfacially through the FZ.

5. Samples with no halo have significantly higher hardness ratios than those with halo, which can
affect the weld's strength by introducing increased bending moments during testing, which leads to higher

energy absorption and, consequently, higher strength values.

6. Optimal weldability is achieved when using a weld schedule with a cooling time between pulses of
2 cycles, a second pulse length of 8 cycles, and a second pulse current of 9 KA. At the optimal condition,
the peak CTS value is 4.41 kN, peak TSS is 21.1 kN, and the ductility ratio is 0.21. No halo is present in

these welds, and the fusion zone hardness is around 600 HV.

7.3 Analysis of the Correlation between Thermal Cycles and Weld Strength

A computational simulation was applied to investigate the mechanism behind how different multi-pulse
weld schedules affect the formation of the halo and how they correlate to the increase in weld strength seen

in the previous work. It was found through the study of the thermal cycles in the weld that a second pulse
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with a higher current effectively leads to remelting and re-growth of the nugget, also showing an increase

in the cooling rate towards the end of the weld cycle. The key conclusions of this work are as follows:

1. While all samples with a low secondary current showed a single interval where nugget growth
occurred, related to the formation of the weld nugget during the first pulse, all samples where a high
secondary current was used showed the presence of another peak after the first one, formed during the
second pulse. This indicates that a second pulse with a high current led to the weld nugget's re-growth after

the first pulse.

2. A secondary pulse with a high current consistently elevated the weld's temperature above that of
the steel's melting point, remelting the material and leading to the weld nugget regrowth. However, a
secondary pulse with a low current does not cause remelting and regrowth of the molten zone.

3. A high secondary current causes nugget regrowth and leads the fusion boundary to remain less
static towards the end of the weld cycle, which is possibly related to eliminating the halo.

7.4 Recommendations for Future Work

While this work showed that a multi-pulsing welding schedule is an effective method to improve resistance
spot weldability of Q&P steels, additional work is needed to fully understand the microstructural and
mechanical changes leading to this observed effect. The possibility of further improving the multi-pulsing
welding schedules to achieve better optimization should also be fully explored, perhaps by expanding the
use of computational simulation as an investigational tool to determine an ideal pulsing technique before

experimental work.

The relationship between the formation of the softened region at the fusion boundary, known as halo,
and the failure mode of the welds should be further investigated to achieve a complete understanding of the
halo ring's impact on resistance spot welds. The current study could not establish a relationship between
the occurrence of the halo and the fracture path in tensile shear-strength or cross-tension strength, so it is

of particular interest to determine if there is a correlation between those effects.

Finally, while this work presented a comprehensive study of the welding behavior of Q&P980, it is
essential to expand the investigation to quenched and partitioned steels with different tensile strength levels,
such as Q&P1180.
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Appendix A

Supplementary Data for Chapter 5

Factorial Regression: Diameter versus Cooling Time, 2nd Pulse Time,
2nd Pulse Current

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 6.13182 0.00643 953.89 0.000
Cooling Time 0.05000 0.02500 0.00754 332 0.045
2nd Pulse Time 0.35000 0.17500 0.00754 23.22 0.000
2nd Pulse Current 0.25000 0.12500 0.00754 16.58 0.000
Cooling Time*2nd Pulse Time 0.15000 0.07500 0.00754 9.95 0.002
Cooling Time*2nd Pulse Current -0.15000 -0.07500 0.00754 -9.95 0.002
2nd Pulse Time*2nd Pulse Current 0.15000 0.07500 0.00754 9.95 0.002
Cooling Time*2nd Pulse Time*2nd Pulse -0.05000 -0.02500 0.00754 -3.32 0.045
Current

Term VIF

Constant

Cooling Time 1.00

2nd Pulse Time 1.00

2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time 1.00

Cooling Time*2nd Pulse Current 1.00

2nd Pulse Time*2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time*2nd Pulse 1.00

Current

Model Summary

S R-sq R-sq(adj) R-sq(pred)
0.0213201 99.74% 99.12% 37.80%

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 7 0.515000 0.073571 161.86 0.001
Linear 3 0.375000 0.125000 275.00 0.000
Cooling Time 1 0.005000 0.005000 11.00 0.045
2nd Pulse Time 1 0.245000 0.245000 539.00 0.000
2nd Pulse Current 1 0.125000 0.125000 275.00 0.000

89



2-Way Interactions 3 0.135000
Cooling Time*2nd Pulse Time 1 0.045000
Cooling Time*2nd Pulse Current 1 0.045000
2nd Pulse Time*2nd Pulse Current 1 0.045000

3-Way Interactions 1 0.005000
Cooling Time*2nd Pulse Time*2nd Pulse 1 0.005000

Current
Error 3 0.001364

Curvature 1 0.001364

Pure Error 2 0.000000
Total 10 0.516364

Regression Equation in Uncoded Units

Diameter = 6.707 - 0.200 Cooling Time - 0.4000 2nd Pulse Time

- 0.0667 2nd Pulse Current

+ 0.1000 Cooling Time*2nd Pulse Time

+ 0.0000 Cooling Time*2nd Pulse Current

+ 0.05000 2nd Pulse Time*2nd Pulse Current

0.045000
0.045000
0.045000
0.045000
0.005000
0.005000

0.000455
0.001364
0.000000

- 0.00833 Cooling Time*2nd Pulse Time*2nd Pulse Current

Alias Structure

Factor Name

A Cooling Time

B 2nd Pulse Time

C 2nd Pulse
Current

Aliases

|

A

B

C

AB

AC

BC

ABC
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99.00
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0.002
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MNormal Plot of the Standardized Effects
{response is Diameter, o = 0.05)
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Factorial Regression: Low_FZ versus Cooling Time, 2nd Pulse Time,
2nd Pulse Current

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 497.55 2.31 215.00 0.000
Cooling Time 200 1.00 2.71 0.37 0.737
2nd Pulse Time -16.50 -8.25 2.71 -3.04 0.056
2nd Pulse Current 4450 22.25 2.71 8.20 0.004
Cooling Time*2nd Pulse Time 1250 6.25 2.71 2.30 0.105
Cooling Time*2nd Pulse Current -0.50 -0.25 2.71 -0.09 0.932
2nd Pulse Time*2nd Pulse Current -6.00 -3.00 2.71 -1.11 0.350
Cooling Time*2nd Pulse Time*2nd Pulse -2.00 -1.00 2.71 -0.37 0.737
Current

Term VIF

Constant

Cooling Time 1.00

2nd Pulse Time 1.00

2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time 1.00

Cooling Time*2nd Pulse Current 1.00

2nd Pulse Time*2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time*2nd Pulse 1.00

Current

Model Summary

S R-sq R-sq(adj) R-sq(pred)
7.67523 96.52% 88.41% 0.00%

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 7 4906.00 700.86 11.90 0.033
Linear 3 4513.00 1504.33 25.54 0.012
Cooling Time 1 8.00 8.00 0.14 0.737
2nd Pulse Time 1 54450 54450 9.24 0.056
2nd Pulse Current 1 3960.50 3960.50 67.23 0.004
2-Way Interactions 3 38500 12833 2.18 0.269
Cooling Time*2nd Pulse Time 1 31250 312.50 5.30 0.105
Cooling Time*2nd Pulse Current 1 0.50 0.50 0.01 0.932
2nd Pulse Time*2nd Pulse Current 1 72.00 72.00 1.22 0.350
3-Way Interactions 1 8.00 8.00 0.14 0.737

[{e]
N



Cooling Time*2nd Pulse Time*2nd Pulse 1 8.00 8.00 0.14 0.737
Current

Error 3 176.73 58.91
Curvature 1 17673 176.73 * *
Pure Error 2 0.00 0.00
Total 10 5082.73

Regression Equation in Uncoded Units

Low_FZ = 461 - 31.5 Cooling Time - 13.5 2nd Pulse Time + 15.3 2nd Pulse Current
+ 5.62 Cooling Time*2nd Pulse Time
+ 1.83 Cooling Time*2nd Pulse Current
- 0.00 2nd Pulse Time*2nd Pulse Current
- 0.333 Cooling Time*2nd Pulse Time*2nd Pulse Current

Alias Structure

Factor Name

A Cooling Time

B 2nd Pulse Time

C 2nd Pulse
Current

Aliases

|

A

B

C

AB

AC

BC

ABC
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MNormal Plot of the Standardized Effects
{response is Low_FZ, o = 0.03)
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Factorial Regression: Normalized_TSS versus Cooling Time, 2nd
Pulse Time, 2nd Pulse Current

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 23410  0.0251 93.42 0.000
Cooling Time -0.1858 -0.0929  0.0294 -3.16 0.051
2nd Pulse Time 0.3194 0.1597  0.0294 544 0.012
2nd Pulse Current 0.1825 0.0912  0.0294 3.10 0.053
Cooling Time*2nd Pulse Time -0.1659 -0.0829  0.0294 -2.82 0.067
Cooling Time*2nd Pulse Current -0.0278 -0.0139  0.0294 -0.47 0.669
2nd Pulse Time*2nd Pulse Current 0.3179 0.1589  0.0294 5.41 0.012
Cooling Time*2nd Pulse Time*2nd Pulse 0.3410 0.1705  0.0294 5.80 0.010
Current

Term VIF

Constant

Cooling Time 1.00

2nd Pulse Time 1.00

2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time 1.00

Cooling Time*2nd Pulse Current 1.00

2nd Pulse Time*2nd Pulse Current 1.00

Cooling Time*2nd Pulse Time*2nd Pulse 1.00

Current

Model Summary

S R-sq R-sq(adj) R-sq(pred)
0.0831112 97.57% 91.89% 0.00%

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 7 0.831017 0.118717 17.19 0.020
Linear 3 0.339733 0.113244 16.39 0.023
Cooling Time 1 0.069066 0.069066 10.00 0.051
2nd Pulse Time 1 0.204083 0.204083 29.55 0.012
2nd Pulse Current 1 0.066585 0.066585 9.64 0.053
2-Way Interactions 3 0.258675 0.086225 12.48 0.034
Cooling Time*2nd Pulse Time 1 0.055034 0.055034 797 0.067
Cooling Time*2nd Pulse Current 1 0.001544 0.001544 0.22 0.669
2nd Pulse Time*2nd Pulse Current 1 0.202097 0.202097 29.26 0.012
3-Way Interactions 1 0.232609 0.232609 33.67 0.010
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Cooling Time*2nd Pulse Time*2nd Pulse 1 0.232609 0.232609 33.67 0.010
Current

Error 3 0.020722 0.006907
Curvature 1 0.020722 0.020722 * *
Pure Error 2 0.000000 0.000000
Total 10 0.851739

Regression Equation in Uncoded Units

Normalized_TSS = -4.56 + 2.783 Cooling Time + 1.086 2nd Pulse Time
+ 0.794 2nd Pulse Current
- 0.4678 Cooling Time*2nd Pulse Time
- 0.3503 Cooling Time*2nd Pulse Current
- 0.1175 2nd Pulse Time*2nd Pulse Current
+ 0.05684 Cooling Time*2nd Pulse Time*2nd Pulse Current

Alias Structure

Factor Name

A Cooling Time

B 2nd Pulse Time

C 2nd Pulse
Current

Aliases

|

A

B

C

AB

AC

BC

ABC
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Normal Plot of the Standardized Effects
{response is Mormalized_TSS, a = 0.05)
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Factorial Regression: Normalized_CTS versus Cooling Time, 2nd
Pulse Time, 2nd Pulse Current

Coded Coefficients

Term Effect Coef SE Coef T-Value
Constant 0.529098 0.000731 723.78
Cooling Time -0.000499 -0.000249 0.000857 -0.29
2nd Pulse Time 0.008182 0.004091 0.000857 477
2nd Pulse Current 0.093491 0.046746 0.000857 54.53
Cooling Time*2nd Pulse Time -0.035370 -0.017685 0.000857 -20.63
Cooling Time*2nd Pulse Current 0.027873 0.013936 0.000857 16.26
2nd Pulse Time*2nd Pulse Current -0.046779 -0.023390 0.000857 -27.29
Cooling Time*2nd Pulse Time*2nd Pulse -0.011235 -0.005618 0.000857 -6.55
Current

Term P-Value VIF

Constant 0.000

Cooling Time 0.790 1.00

2nd Pulse Time 0.017 1.00

2nd Pulse Current 0.000 1.00

Cooling Time*2nd Pulse Time 0.000 1.00

Cooling Time*2nd Pulse Current 0.001 1.00

2nd Pulse Time*2nd Pulse Current 0.000 1.00

Cooling Time*2nd Pulse Time*2nd Pulse 0.007 1.00

Current

Model Summary

S R-sq R-sq(adj) R-sq(pred)
0.0024245 99.93% 99.78% 84.22%

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 7 0.026300 0.003757 639.17 0.000
Linear 3 0017616 0.005872 998.91 0.000
Cooling Time 1 0.000000 0.000000 0.08 0.790
2nd Pulse Time 1 0.000134 0.000134 22.78 0.017
2nd Pulse Current 1 0.017481 0.017481 2973.85 0.000
2-Way Interactions 3 0.008432 0.002811 478.17 0.000
Cooling Time*2nd Pulse Time 1 0.002502 0.002502 425.64 0.000
Cooling Time*2nd Pulse Current 1 0.001554 0.001554 264.33 0.001
2nd Pulse Time*2nd Pulse Current 1 0.004377 0.004377 744.54 0.000
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3-Way Interactions 1 0.000252 0.000252 42.95 0.007

Cooling Time*2nd Pulse Time*2nd Pulse 1 0.000252 0.000252 42.95 0.007
Current
Error 3 0.000018 0.000006
Curvature 1 0.000018 0.000018 * *
Pure Error 2 0.000000 0.000000
Total 10 0.026318

Regression Equation in Uncoded Units

Normalized_CTS = 0.2357 - 0.1011 Cooling Time + 0.04492 2nd Pulse Time
+ 0.01636 2nd Pulse Current
+ 0.00520 Cooling Time*2nd Pulse Time
+ 0.02053 Cooling Time*2nd Pulse Current
- 0.002179 2nd Pulse Time*2nd Pulse Current
- 0.001873 Cooling Time*2nd Pulse Time*2nd Pulse Current

Alias Structure

Factor Name

A Cooling Time

B 2nd Pulse Time

C 2nd Pulse
Current

Aliases

|

A

B

C

AB

AC

BC

ABC
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Two-Sample T-Test and Cl: Halo TSS, No Halo TSS

Method

a: population mean of Halo TSS
M2: population mean of No Halo
TSS

Difference: p - 2

Equal variances are not assumed for this analysis.

Descriptive Statistics

Sample N Mean StDev SE Mean
Halo TSS 12 1596  2.05 0.59
No HaloTSS 12 1820  3.87 1.1

Estimation for Difference

95% Cl for
Difference Difference
-2.24 (-4.92, 0.44)

Test
Null hypothesis Ho: i -2 =0
Alternative Hiipr -p2#20
hypothesis

T-Value DF P-Value
-1.77 16 0.095
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Two-Sample T-Test and Cl: Halo CTS, No Halo CTS

Method

pa: population mean of Halo CTS

M2: population mean of No Halo
CTS

Difference: p - 2

Equal variances are not assumed for this analysis.

Descriptive Statistics

Sample N Mean StDev SE Mean
Halo CTS 12 3377 0287 0.083
No Halo CTS 12 4.067 0.605 0.17

Estimation for Difference

95% ClI for
Difference Difference
-0.690 (-1.102, -0.278)

Test
Null hypothesis Ho: i -2 =0
Alternative Hiipr -p2#20
hypothesis

T-Value DF P-Value
-3.57 15 0.003
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Response Optimization: Normalized_TSS, Normalized_CTS

Parameters
Response Goal Lower Target Upper Weight Importance
Normalized_TSS Maximum 1.89153 2.74359 1 1
Normalized_CTS Maximum 0.45198 0.63136 1 1
Solution
2nd
Pulse 2nd Pulse Normalized_TSS Normalized CTS Composite
Solution Cooling Time Time  Current Fit Fit Desirability
1 2 8 9 2.77017 0.566160 0.797838

Multiple Response Prediction

Variable Setting

Cooling Time 2

2nd Pulse Time 8

2nd Pulse 9

Current

Response Fit SE Fit 95% CI 95% PI

Normalized_TSS 27702 0.0817 (2.5102, 3.0301) (2.3993, 3.1410)
Normalized_CTS 0.56616 0.00238 (0.55858, 0.57374) (0.55534, 0.57698)

Coaling 2nd Puls 2nd Puls

, ig 40 30 0.0
BEDES 0] ra.0] 9.0]
Low 20 a0 60

I S //—'_
Composite /

Desirability
D: 0.7978

Optimal

Mormaliz
Maxinum
y = 27702
d = 1.0000

Mormaliz
Maximum
¥ = 05662
d = 0.63655
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Appendix B
Supplementary Data for Chapter 6

JMatPro® Results for Q&P980's Material Data
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