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Abstract

The performance of automotive safety components in a crash event depends on the mechanical
properties of the sheet metal as well as the failure behavior of the spot welds that are used for sheet
metal assembly. Unlike many practical and numerical methods for quantitative and qualitative failure
characterization of uniform sheet metals, spot weld failure analysis methods are complicated by the
complex microstructure, non-uniform properties and loading conditions around the weld and the fact
that spot weld area is not accessible during failure. Therefore, current spot weld failure analysis is
typically limited to post-failure observations and peak load measurement. Without having a proper
way to characterize the spot weld failure, simple load-based failure criteria were used to predict the
onset of failure. In these models the effect of microstructure, through-thickness damage progression,
failure mode, the location of failure, post-failure energy absorption, and fracture paths are not
considered.

In the present work, spot weld failure for several automotive-grade press-hardening steels,
Usibor®1500-AS, Ductibor®1000-AS, and Ductibor®500-AS, is investigated considering the effect of
microstructure on failure and a hardness-mapping approach to implement local material properties
into meso-scale models. To this end, resistance spot weld process optimization was performed using a
combination of experiment and process simulation for five different material conditions including the
three aforementioned hot-stamped alloys, as well as two tailored hot stamped conditions using lower
quench rates for Usibor®1500-AS. Using the optimized welding settings, a transient softened zone at
the fusion boundary, the halo ring, was formed in the as-hot-stamped Usibor®1500-AS spot welds.
Optical and electron microscopy showed that, the halo ring is a ~100 um wide band with a minimum
hardness of 472 HV around the weld nugget which leads to partial thickness failure and pull-out

through a shear-assisted fracture along the band.

A novel in-situ failure characterization test method using modified double half-weld (DHW)
specimens coupled with Digital Image Correlation (DIC) was developed to capture the failure event
on the cross-section of the welds under shear and normal loading. To demonstrate the capability of
the new in-situ testing technique for different failure modes, modified RSW parameters were used to
eliminate the halo ring in hot-stamped Usibor®1500-AS spot weld and to promote interfacial failure
in the hot-stamped Ductibor®1000-AS spot weld. The DIC results revealed that failure is initiated at

the weld notch by Corona debonding regardless of spot weld microstructure and loading condition. In

vii



the presence of the halo ring, failure occurs by strain localization and shear band formation at the halo
ring. In the absence of the halo ring, fracture occurs parallel to the load under normal loading and
within the softened HAZ under shear load. Using the DHW+DIC technique, interfacial failure in the
as-hot-stamped Ductibor®1000-AS spot weld was found to be a ductile shear-dominant event rather

than brittle fracture, as is commonly asserted for interfacial failure in the literature.

A hardness/microstructure mapping approach was used to assign local material properties to a
discretized spot weld geometry model which was created with a 3D meshing strategy with nominal
element size of 60 um. The constitutive models and fracture surfaces for the HAZ were calibrated
based on tensile and plane-strain V-bend test results and implemented in finite element models of lap-
shear and cross-tension tests. The models were able to predict partial and complete pull-out as well as
interfacial failure responses, depending upon the alloy and welding process conditions. The predicted
failure modes and mechanisms, location of failure, and through-thickness damage progression
matched the experimental observations and the predicted failure loads were within 6.3% of measured

values.

From the current research, comprising detailed microstructure characterization, development of the
novel in-situ failure analysis techniques, and meso-scale through-thickness modeling, a fundamental
understanding of spot weld failure mechanisms and damage progression has been established, which

was the key outcome of this research.
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Chapter 1

Introduction

1.1 Background

Development of light weight structures for vehicles is a primary concern of the automotive industry to
tackle the global issue of greenhouse gas emissions and to improve passenger safety. To this end,
various generations of advanced high strength steels (AHSS) and thermo-mechanical forming
techniques have been developed during the last decades. By using AHSS for structural components, it
is possible to decrease the material thickness used in vehicle construction, while maintaining the
strength of automotive parts. However, limited formability, springback, and high production costs are
major issues associated with application of conventional AHSS [1]. These issues were addressed by
the development of hot press forming, that involves simultaneous hot forming and die-quenching of
low-alloyed boron-containing steels [2]. The mechanical properties of press-hardened steel (PHS)
prior to hot stamping is similar to conventional high strength steels with a tensile strength of 600 MPa
[3]. Boron and carbon improve hardenability of the PHS during rapid cooling so that a martensitic

microstructure with ultra-high strength levels (>1000 MPa) are achieved.

Different commercial grades of PHS are now available for various automotive applications. An
example is Usibor®1500 (produced by ArcelorMittal) with an ultimate tensile strength of 1500 MPa
and 5% total elongation to rupture in the hot-stamped condition [4]. Usibor®1500 is currently used in
anti-intrusion B-pillar structures (the vertical pillar between the front and rear doors) for protecting
the passenger cabin during side impact [5]. On the other hand, more ductile PHS grades are used for
absorbing high impact energy through controlled deformation during crash. An example is
Ductibor®500, which has an ultimate tensile strength of 700 MPa and 16% total elongation to fracture
[4] and is used in frontal crash components with the aim of impact energy absorption during frontal
crash incidents [6]. There are also some PHS grades with intermediate strength, such as
Ductibor®1000, with a combination of high strength (~1000 MPa) and moderate ductility (~6%

elongation) in hot-stamped condition.

Although the intrinsic properties of PHSs are promising, Williams and Parker [7] demonstrated that
the durability and safety design of automobiles are significantly influenced by weld and joint
performance. Resistance spot welding (RSW) is the most commonly used joining technique in the
automotive industry due to its low cost, rapid production, and high reliability. Typically, the Body-in-

White (BIW) structure of a modern vehicle has somewhere between 2000 to 6000 spot welds [8].
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Therefore, the integrity of the entire structure is affected by the performance of the spot welds. It has
been shown that spot welds fail in different failure modes, depending on loading condition, material
properties, and welding parameters, which affects total strength and amount of energy absorbed by
the joint before complete failure [9]. Considering the large number of spot welds within a body
structure, it is important to investigate the RSW process development and failure behavior to improve
safety and overall performance of vehicles. Another important aspect of RSW research is the
numerical analysis of failure and damage modeling, which is essential to predict spot weld failure in
crash simulation and to understand failure micro-mechanisms. However, the majority of current
modeling approaches utilize simplified spot weld failure models that only consider rudimentary load-

based criteria to predict the onset of failure [10,11].

Although, there are many reports on the substantial effects of spot weld microstructure, local
material properties, and damage progression on failure behavior of spot welds, there are still several
unexplored areas in the spot weld characterization and failure analysis of the newly developed PHS
grades. The current gaps in the literature include, but are not limited to: effect of microstructure on
mechanical properties, failure mechanisms, through-thickness damage progression, and numerical

modeling of failure and damage progression, taking local material properties into account.

The present study aims to determine the effect of spot weld microstructure on failure behavior,
identify through-thickness damage mechanisms, and develop mesoscale failure models by taking

local material properties into account.

1.2 Thesis Outline

The present thesis has been prepared in a manuscript-based format, comprising this synopsis which
consists of five chapters, accompanied by five appendices corresponding to the original research
publications. This chapter (Chapter 1) introduces the topic, background and overall objectives of this
research. A comprehensive review of the relevant published literature is presented in Chapter 2,
including the RSW process, weld microstructure, failure analysis, and failure modeling of advanced
high-strength steels. At the end of chapter two, the scope and objectives of the current work are
discussed in detail based on the identified gaps in the literature to date. Chapter 3 describes the
experimental procedures that were used throughout the research. Also presented in Chapter 3 are the
base material conditions, RSW process development, preliminary microstructural observations, and

mechanical testing procedures. In Chapter 4, a summary of the results is presented and discussed



which builds on microstructural examination and spot weld failure analysis as the foundation for the

development of mesoscale failure models. Lastly, Chapter 5 summarizes the main findings of the

research, conclusions, and proposed topics for future research. All content of the published or

submitted peer-reviewed manuscripts presented within this thesis can be found in the appendices.

Below is the list of published/submitted peer-reviewed papers by the candidate (available in the

appendices) where more detailed presentation of the results can be found:

Appendix A

Appendix B

Appendix C

Appendix D

Appendix E

Mohamadizadeh A., Biro E., Worswick M., Zhou N., Malcolm S., Yau C., Zhen J.,
Chan K. “Spot Weld Strength Modeling and Processing Maps for Hot-Stamping
Steels”. Welding Journal, vol. 98, p. 241-249, 2019.

Mohamadizadeh A., Biro E., Worswick M. “Shear Band Formation at The Fusion
Boundary and Failure Behaviour of Resistance Spot Welds in Ultra-high-Strength
Hot-stamped Steel”. Science and Technology of Welding and Joining, vol. 25 (7),
p. 556-563, 2020.

Mohamadizadeh, A., Biro, E., Worswick, M. Novel Double-Half Spot Weld
Testing Technique for Damage Progress and Failure Analysis Using Digital Image
Correlation Techniques. Experimental Mechanics, vol. 61(9), p. 1405-141, 2021.

Sherepenko, O., Mohamadizadeh A., Zvorykina A., Worswick M., Biro E., Jittner
S., Determination of Resistance Spot Weld Failure Path in Ultra-high-strength
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of Material Science, vol. 56, p. 14287-14297, 2021.

Mohamadizadeh, A., Biro, E., Worswick, M. Failure Characterization and Meso-
scale Damage Modeling of Spot Welds in Hot-stamped Automotive Steels using a
Hardness-mapping Approach. Engineering Fracture Mechanics, Under Review,
December 2021.



Chapter 2

Literature Review and Current Scope

2.1 Overview

The overall performance of spot welds under various loading conditions depends on the geometrical
and microstructural characteristics of the joint. From the RSW processing standpoint, both the
material properties and the process parameters are important factors which determine the quality and
performance of the spot weld during failure. The state of loading around the spot weld nugget is
complex, due to the non-uniform distribution of material properties across the weld region. Therefore,
failure analysis, identification of damage mechanisms, and failure prediction can be quite difficult
tasks. This chapter provides a critical review of the RSW process, mechanical properties, and failure
modeling in advanced high-strength steels (AHSS) for automotive application. The review includes
but is not limited to the effect of weld microstructure on mechanical properties, practical methods for

failure analysis of spot welds, and current spot weld failure modeling approaches.

2.2 Press-Hardenable Steel

The hot stamping process was first invented in the early 1970s by Swedish Steel Works, Norrbottens
Jarnverk AB (NJA), to produce parts used in the agricultural and construction industries. In the
original patent [12], the hot stamping technology was described as a thermomechanical treatment
consisting of sequential heating, forming, and cooling stages that strengthen boron steels during
forming. Commercialization of hot stamping in Europe starting in the 1980°s and the technology has
attracted tremendous interest from automotive companies for side impact beams [2]. By the late-
1990s, more than 9 million hot-stamped parts were produced worldwide with an increase in
application from side impact beams to front and rear bumper reinforcements [13]. At the time,
22MnB5 was the most commonly used boron steel with refined chemical composition and optimal
combination of mechanical properties, weldability, and cost. ArcelorMittal patented a hot-dip-
aluminized version of 22MnB5, known as Usibor®1500-AS in 1999 for hot stamping and
commercialized the application in 2007 [14]. More ductile versions of Usibor® were also developed
by ArcelorMittal, known as Ductibor® grades, with lower carbon and boron content. The nominal
mechanical properties of Usibor®1500 and the two grades of Ductibor® considered in the current

research are listed in Table 2-1. Further development has increased the number of hot-stamped parts



used per vehicle dramatically as the total number of parts made worldwide increased to 107 million

parts per year in 2007 [2,13] and was estimated to be 700 million parts per year in 2017 [15].

Table 2-1 The nominal mechanical properties of several PHS grades produced by ArcelorMittal

[16].
Yield Stress Tensile Strength Elongation to Bending Angle
Steel Grade
(MPa) (MPa) Rupture (%) ®)
Usibor®1500 >1050 >1400 5 >50
Ductibor®500 >350 >550 14 >90
Ductibor®1000 >800 >1000 6 >80

*The properties are measured after 5 to 10 minutes of heating in a furnace at 880 to 930 °C followed by

quenching in cooled hot stamping tools.

Conventional hot stamping can be done in two different ways: direct and indirect hot stamping

(Figure 2-1). In the direct hot stamping of boron steels, a blank is heated in a furnace to reach the

austenitization temperature, then transferred to the press with chilled dies followed by a simultaneous

forming and quenching process (Figure 2-1a). The indirect hot stamping process has an extra stage at

the beginning of the process in which the blank is cold formed up to 90-95% of its final shape

(Figure 2-1b) [17]. This pre-form ensures that geometrical details are well formed before quench

hardening during the final stage of hot stamping.

While the direct method is commonly used in most applications, indirect hot stamping is more

beneficial when dealing with complex parts made out of ductile materials (good room temperature

formability) or for cases in which reduction of tool wear is important [18]. From a material science

viewpoint, an austenitic microstructure at elevated temperature (in the range of 800 to 950 °C)

provides good formability during stamping [17]. As soon as the sheet starts to be formed by the dies

into channels and cavities, material temperature decreases at contact points; however, the main

guenching process occurs when the blank fully contacts the die during the forming step [5]. At this

time, the heat transfer rate increases dramatically (on the order of 100°C per second) promoting the

austenite to martensite transformation [19]. This rapid martensitic transformation increases the

strength of the part which is one of the main goals of hot stamping. However, for some forming cases

with tight bending radii or complex shapes, the martensitic transformation causes early hardening

during forming which restricts further deformation leading to severe tool wear, or sometimes sheet

metal failure. Therefore, the hot stamping procedure must be designed carefully.
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(a) Direct Hot Stamping

Q@—-—wﬁ Ew-a-

Blank Austenitization Transfer Forming and
Quenching

(b) Indirect Hot Stamping

- = A

Blank  Cold Pre-forming  Austenitization Transfer Forming and
Quenching

Figure 2-1. lllustration of (a) Direct hot stamping, (b) Indirect hot stamping processes [17].

The complex design and application of safety components has led to the development of hot
stamped parts with tailored properties. In the tailoring approach, the manufactured sheet metal has
functionally graded properties in different sections to improve the performance of the parts. In-die
heating tailoring and tailor welded blanks (TWB) are recent approaches for performance
improvement of PHS in the automotive industry. In-die heating was first introduced by
ThyssenKrupp Steel AG to combine anti-intrusion properties and impact energy absorption capability
within a single part [2]. In this tailored heating method, a pair of multi-zone heated dies is used to
alter the quenching rate at different locations resulting in a microstructure gradient and corresponding
range of final properties (Figure 2-2a). Tailor welded blanks are basically two or more different
materials that are laser welded together and undergo the same quenching rate during hot stamping but
ending up with different strength and ductility due to differences in their chemical composition
(Figure 2-2b). The tailoring approach has gained much industrial attention due to the variety of
materials and process combinations that can be used to achieve a range of properties in the same hot

stamped part, such as rails, pillars, dash panels and floor cross members.



(a) Tailor-Heated (b) Tailor-Welded
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Figure 2-2. Schematic of a B-pillar made by (a) Tailor heated, and (b) Tailor welded hot stamping
methods [20].

2.3 Resistance Spot Welding

Although the selection of hot stamped materials for automotive safety components provides excellent
mechanical properties, the failure behavior of the joints that are used to assemble sheet metal parts
also plays a vital role in the overall performance of the assembly. Resistance spot welding is the most
commonly used joining technique for automotive assembly due to its flexibility and rapid production
rate. According to Vural et al. [21] the performance and durability of a vehicle is affected by the
quality and mechanical properties of spot welds. Therefore, it is important to properly investigate the
characteristics and mechanical properties of spot welds. RSW is a joining process for two or more
sheets through resistive heat generation at discrete contact points [22]. An RSW setup (Figure 2-3)
includes a pair of water-cooled electrodes, usually made of Cu alloys, installed on a pneumatic jaw
[9]. In the first stage of the welding process (Figure 2-3a), the sheets are positioned between the
electrodes. Then, the sheets are squeezed by the electrodes, maintaining a specified load until the end
of the process (Figure 2-3b). Upon establishing an electrical flow between the two electrodes, the
point of contact between the two sheets, having the maximum electrical resistance, heats by resistive,
or Ohmic heating within a few milliseconds (Figure 2-3c). As soon as the temperature reaches the
melting point of the material, an enclosed pool of molten metal is formed and begins to grow rapidly.
Electrical current and welding time determines the size of the molten metal pool. At the end of the
welding stage, heat dissipates from the molten metal pool to the surrounding material and toward the
cold electrodes leading to rapid solidification of the molten pool (Figure 2-3c). The process forms a

ovoid-shaped joint between the two sheets that is called the weld nugget [22].



The diameter of the weld nugget, known as the nugget size, is the most important characteristic of a
spot weld. According to the American Welding Society (AWS) D8.1 standard for spot welds in
automotive applications [23], a minimum nugget size of 4+/t, where t is the sheet thickness, is
required for an acceptable spot weld. As a general rule, weld strength increases with increasing
nugget diameter. However, nugget size and spot weld quality are controlled by a range of process and

material parameters.

Top Electrode

Top Sheet

I T el
& -
Bottom Sheet
Bottom Electrode
(a) Initial Configuration (b) Squeezing (c) Welding (d) Cooling

Figure 2-3. Resistance spot welding process (a) Initial configuration, (b) Squeezing, (c) Welding,
and (d) Cooling.

2.3.1 Process Parameters of RSW

Welding current, time, and electrode force are the most important process parameters in RSW. The
welding current facilitates heat generation through Joule heating (the higher the resistance the more
heat is generated) [9]. Figure 2-4 shows the schematic distribution of resistance and resultant
temperature during the initial stages of welding. The majority of the heat is generated at the location
of highest resistance at the sheet-to-sheet interface (point 4 in Figure 2-4), however, there are four
other major resistance sites along the current path [24]. The electrode-to-sheet interfaces (points 2 and
6) have a contact resistance that is lower that the sheet-to-sheet interface since the copper electrodes
are softer with fewer asperities at the interface. Typically, the bulk resistance of the copper electrodes
which is about 1.5x10®Q.m (1 and 7) is considered negligible compared to the bulk resistance of the
steel sheets (about 1.4x107 Q.m), shown as 3 and 5 in Figure 2-4. It was shown that electrical
resistance increases dynamically as temperature increases at the contact point which increases the rate
of heat generation over time [9]. Longer welding time generates more heat; therefore, a larger nugget
is obtained. The electrode force also contributes to nugget size by affecting the contact resistance. A
high electrode force results in lower contact resistance by flattening the micro-asperities on the
material surface (higher contact areas); thus, current density is lowered and less heat is generated
[25].
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Figure 2-4. Schematic trend of electrical resistance and corresponding temperature as a
function of distance [26].

Hold time is another process parameter referring to the time duration (dwell) between the moment
when current is terminated and when the electrodes are retracted. The majority of the weld cooling
occurs during the hold time. The duration of hold time should be long enough to allow rapid heat
dissipation from molten metal zone (toward the water-cooled electrodes) so the weld solidifies before
electrode release [27]. In special cases, including joining sheets with different thicknesses or coatings,
pre-pulsing and post-tempering current pulses are introduced for material surface and weld nugget

heat treatment, respectively [28].

The range over which the main process parameters result in an acceptable nugget size is defined
by the weld lobe. A typical weld lobe is shown in Figure 2-5 in which the lines determine the upper
and lower bound for current and time combinations resulting in an “acceptable weld”. The lower
bound is defined by combinations of welding time and current resulting in a nugget size equal to or
larger than 4+/t as prescribed by AWS D8.1 [23]. In general, overly low current and/or low welding
time will lead to an unacceptable weld or even no nugget [29]. The upper limit of the welding lobe is
defined by onset of “expulsion” which is the ejection of molten metal from the nugget due to growth
of the molten nugget beyond the diameter of the clamped material [29]. Expulsion occurs when
welding time and/or current are relatively high. The volume of molten metal and the expansion
pressure becomes excessive; consequently, the extra volume of molten metal cannot be kept in place
and drifts out. Pouranvari et al. [30] and Nikoosohbat et al. [31] showed that expulsion deteriorates

the mechanical properties of spot welds (will be discussed later) and, therefore, should be avoided.

9



Kaiser et al. [32] also noted that the welding lobe boundaries can be adjusted by electrode force.
Using a low electrode force increases contact resistance and reduces the retention pressure on the
molten metal, thereby promoting expulsion [9,25]. On the other hand, a high electrode force lowers
the current density, resulting in a smaller nugget size, but increases the retention pressure (confining
expulsion) and helps the nugget to compensate for shrinkage cavities and pores after cooling [33].
Despite the notable effect of electrode force on the nugget size, a typical welding lobe usually does

not take into account the effect of electrode force.

tA
Force = F,

Expulsion

Acceptable
weld

Time

Undersized
or no weld

Current

Figure 2-5. A typical welding lobe showing the boundaries and constraints for process welding
parameters [9].

2.3.2 Material Parameters

In addition to the process parameters, there are a few important factors associated with material
properties and specifications that affect nugget size in spot welds. The strength of the materials,
thickness of the sheets, type of coating, and electrode diameter are the most influential factors in this
context. Uijl et al. [34] showed that as the strength of the sheets increases, indentation resistance
increases which may result in low weldability and hot cracking in severe conditions. On the other
hand, softer materials tend to deform easier under the electrode force making full contact with each
other [35]. As mentioned earlier, the minimum nugget size for an acceptable spot weld is a function
of material thickness; therefore, as thickness increases, higher current and/or time are required. From
a material point of view, different thicknesses also alter the rate of heat dissipation that should be
compensated for by adjusting heat input [36].

Ighodaro [37] showed that welding current requirements for RSW are affected by the difference in
electrical resistance associated with coating characteristics such as coating type and thickness. The

last, but not least, important factor is the electrode diameter which determines the contact area in
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RSW. The diameter of the electrode determines the current density during welding and also the post-
weld cooling rate for the weld nugget [9]. Other material characteristics such as chemical
composition, liquidus and solidus temperature, and thermo-electrical properties of the sheets also are

important factors in determining weld size [35].

2.4 Microstructure of Spot Welds

Heat generation during RSW affects the microstructure of the steel through different phase
transformations and resulting microstructure evolution. Figure 2-6 illustrates the cross-sectional view
of a weld nugget with the corresponding peak temperature profile and microstructure. The fusion
zone (FZ) is the solidified molten metal pool which reaches the melting temperature (Trm) of the
material during RSW. The heat affected zone (HAZ) is the material surrounding the FZ that
undergoes solid state microstructural evolution due to its proximity to the FZ. The peak temperature
in the HAZ is just below T, at the FZ/HAZ boundary (the red oval in Figure 2-6) and gradually
decreases towards the base metal (BM). Due to the temperature gradient, different configurations and
micro-constituents are expected within the microstructure of the spot weld. The corresponding
microstructure of a DP600 steel is also shown in Figure 2-6. Both the FZ and HAZ consist of

martensite, although the HAZ structure is much finer due to the difference in temperature and cooling

rate regimes [38].

BM HAZ

BM — Base Metal
HAZ — Heat Affected Zone
FZ — Fusion Zone

—~
]

Peak Temperature

Distance from FZ Center

Figure 2-6. A schematic illustration of different zones in a typical spot weld cross-section,
corresponding peak temperatures and an example of microstructure for a DP600 steel. Based

on [9,38]
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Figure 2-7a shows the correlation between peak temperature gradient in the HAZ and Fe-C phase
diagram [39]. Four sub-zones can be identified within the HAZ. The temperature in the region
surrounding the FZ does not reach Ty, but it is high enough to promote rapid grain growth; thus, it is
called the coarse grained-HAZ (CG-HAZ). For a typical high-strength low-alloy (HSLA) steel the
peak temperature in CG-HAZ is above 1100 °C, which includes the &-ferrite and upper half of the
austenitic region [40]. Figure 2-7b shows an electron micrograph of the CG-HAZ in a martensitic
MS1200 steel, consisting of large martensite packets formed during rapid cooling of the initial coarse
austenite grains [41]. In the lower half of the austenitic region (Figure 2-7a), where the peak
temperature is lower than 1100 °C but still above the Acs (Austenite finish temperature during
heating), the austenite grains undergo recrystallization resulting in grain refinement [42].Therefore,
this sub-zone is known as the fine grained-HAZ (FG-HAZ). Figure 2-7¢ shows an example of an FG-
HAZ microstructure for MS1200 steel. Based on Figure 2-7, the typical microstructure where peak
temperature reaches between the Acs and Aci (Austenite start temperature during heating) is a
mixture of ferrite and austenite, known as the inter-critical HAZ (IC-HAZ). The type and fraction of
micro-constituents in the IC-HAZ strongly depend on initial microstructure of the base metal and can
be complex. For instance, a martensitic steel would have a mixture of partially transformed austenite
(which retransforms to martensite upon rapid cooling and known as secondary martensite) and
tempered martensite. An example of a microstructure taken from the IC-HAZ is shown Figure 2-7d
for the MS1200 steel showing the martensite and ferrite [41].

The region surrounding the IC-HAZ (Figure 2-7a) is expected to undergo a peak temperature
between Ac: and a minimum temperature required for decomposition of martensite (~400 °C). This
low temperature region is known as the sub-critical HAZ (SC-HAZ), and for a martensitic steel such
as a PHS, it is consists of tempered martensite (or chemically decomposed initial martensite) [40]. In
this region, the temperature is favorable for long-range diffusion of interstitial solute atoms resulting
in a broken appearance of martensite laths and sub-micron carbide precipitations [43,44]. The broken
appearance of the martensite laths after tempering is shown in the high magnification micrograph of
the SC-HAZ for MS1200 in Figure 2-7e [41]. Saha et al. [45] and Jong et al. [8] showed that
temperature history and chemical composition determines the micro-constituent type, distribution,
and properties within the different regions of the HAZ. Considering the abundance of spot welds in
automotive applications, understanding the relationship between mechanical properties and the

microstructure of the spot welds is vital.
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Figure 2-7. (a) The typical temperature gradient in HAZ of spot weld and sub-categories, and (b)
to (e) corresponding room temperature microstructure for MS1200 Martensitic steel (0.09
wt.%C) (Based on [39,41])

2.5 Mechanical Properties of Spot Welds

Spot welds are subjected to complex loading conditions including shear, normal, torsion, and any
combination of these major loading conditions. In practice, mechanical properties of spot welds are
typically evaluated under shear and normal loading, which are defined with respect to the relative
direction of load to the length of the sheets [46]. The Tensile-Shear (TS) and Cross-Tension (CT)
tests are the most common techniques for evaluating the strength of spot welds in shear and normal
loading under quasi-static conditions. In order to evaluate the dynamic performance of spot welds,
complex fatigue and impact tests are usually conducted. Quasi-static tests are normally used for
fundamental studies due to ease of load application [47]. Test coupons for the TS and CT tests are
made using a lap-joint configuration and then pulled such that the weld is loaded primarily in shear

(TS) or normal to the weld (or sheet) surface (CT).
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Figure 2-8 shows the TS and CT test specimens, schematically. In the TS test (Figure 2-8a), the load
is applied parallel to the sheets, causing a global tensile stress in the sheets, and a shear dominant load
on the spot weld. The loading condition is initially uniaxial; however, the weld nugget rotates due to
the moment induced by off-plane loading [40]. This also changes the loading condition from shear to
a combination of shear and tension upon failure (Figure 2-8a). Therefore, typical stress and strain
measurements cannot be done for spot welds due to the transient state of loading and the complex
load-bearing area within the weld nugget geometry. The out-of-plane rotation is usually inevitable in
the TS test due to the asymmetrical loads applied to the sheet in the lap configuration. However, the
extent of rotation is usually less extensive for higher strength martensitic materials such as MS1400
and as-hot-stamped 22MnBS5 steels [40,41] and can be minimized by shimming the grip regions to

equal thickness.

In the CT test (Figure 2-8b), the resistance of weld nugget to “opening” is evaluated. Although the
loading direction is initially normal to the sheets, the loading condition may not remain constant
during the CT test, depending on the strength and ductility of the base metal which causes the steel
sheets to bend (Figure 2-8b). Due to the bending in the BM, the load can impose a shear component
on the spot weld which makes the failure behavior of the spot weld quite complex. This complexity is
one of the key issues associated with the CT test, especially for ductile materials which are expected
to undergo greater bending. Radakovic and Tumuluru [48] showed that failure in CT testing can be
due to either brittle fracture of the nugget or shear overload in the HAZ; the failure mode becomes
dependent on the sheet thickness and strength and ductility of the base metal and HAZ.

(a) Lap-Shear l ----------------------------------------
—_ .

Cross-section view

L 3D-view

(b) Cross-Tension
B O @~

Cross-section view H

Figure 2-8. The schematic illustration of different loading conditions for evaluating mechanical
properties of spot welds (a) lap-shear test and (b) cross-tension test (based on [47]).
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To minimize out-of-plane rotation in the TS test and the bending issue in the CT test, more
constrained testing geometries such as KSII [49,50] and H-shaped samples [51] are utilized in
additional to or instead of standard tests. Figure 2-9a shows the KSI|I test specimen with the weld
located at the center of the mating surfaces which can be used for normal, shear, or combined loading
conditions based on its angle to the load during testing. The 90° KSI|I test puts the spot weld under
normal load similar to CT while the 0° KSII applies a shear load similar to tensile-shear test discussed
above. The KSII benefits from its U-shaped coupons and tight clearance when bolted to the test
fixture which minimizes the out-of-plane rotation under shear and BM bending under normal loading
[49]. Although KSII testing appears more robust in terms of controlling the loading condition, one
may find the fabrication of the test specimen and the fixture required to rotate the samples between 0
to 90° challenging especially when dealing with less ductile materials such as martensitic steel with
low ductility [52]. In addition, the geometrical constraints in the KSII test may be sometimes too
extreme when compared with spot welds in actual loading conditions [53]. Therefore, KSIlI is
typically not considered to be a replacement for standard lap-shear and cross-tension test. Figure 2-9b
also shows how the H-shaped test samples can be used to test a group of spot welds under shear and
normal (peeling) conditions. The H-shaped test samples, which consist of 5 spot welds on each side
of the joint for a total of 10, provide improved correspondence to real loading conditions for

automotive spot welded structures.

The AWS D8.1M [23] standard specifies minimum performance levels in terms of strength during CT
and ST testing; these are calculated (in kN) using Eq. (1) and (2), respectively:

_ 22
CT,, =125 (1)

(—6.36x107" xS* +6.58x10™* x S +1.674) x S x 4xt™?)
TS, =
m 1000 (2)

where S is the base metal tensile strength (MPa) and t is the thickness of a single sheet (mm). The
minimum strength criterion shows that for a higher material strength and thickness, a larger value for
TS strength is required, however, the required CT strength is not affected by the strength of the base

material, only the thickness.

15



(a) KSII Test Specimen

Normal Combined Shear
Load Load Load

Shear
Load

Spot Weld

Figure 2-9. Schematic illustration of (a) KSII test specimen and testing configurations for
different loading conditions (adopted from Tolton [49]), and (b) H-shaped test specimens
according to SEP 1220-p2 European standard [51] (the iso-view images of the H-shaped samples
were adopted from Heidrich et al. [54]).

The TS and CT tests are characterized in terms of the measured load vs. displacement, as shown in
Figure 2-10. The strength of a spot weld is usually expressed in terms of the peak load. However, the
amount of absorbed energy (area below the curve up to the failure) and displacement at the peak load
(maximum displacement) are also important [55]. Peak load is generally higher for a larger weld
nugget. However, weld defects such as expulsion and formation of voids are more likely to occur in
over-sized weld nuggets which generally degrade the mechanical properties of spot welds [9]. Sun et
al. [56] showed that excessive indentation and significant metal loss occur due to heavy expulsion in
oversized nuggets in DP800 and TRIP800. The corresponding TS results showed only a slight
increase in peak load and absorbed energy, despite a 30% increase in nugget size. Pouranvari et al.
[30] reported that expulsion would only affect energy absorption capacity of weld nuggets in Fe-
0.045C-0.189Mn steel by changing failure location associated with excessive indentation, but does

not affect peak load.
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Figure 2-10. Typical load vs. displacement curve obtained from quasi-static LS and CT tests
(based on [55]).

Displacement

2.6 Failure Characterization of Spot Weld

In addition to the measured load-displacement curves, the failure behavior of spot welds can be
gualitatively characterized by examining post-failure spot welds at macro and micro scales. The
overall macroscopic shape of the failed spot weld is used to classify the failure mode which provides
important information regarding the failure behavior of the spot weld. In addition, the failure path and
microscopic location failure can be examined using metallography techniques. Due to the
heterogeneous properties of the nugget, the failure behavior of spot welds can be only evaluated
destructively using the standard TS and CT tests (as well as the KSII and H-shaped specimens, for
example). This assessment is usually done by examining the final state of the weld nugget after
failure or by several interrupted tests. However, the information obtained from typical destructive
methods are limited considering that damage accumulation and crack propagation occurs in an
enclosed space around the weld nugget. Nevertheless, spot weld failure can be determined and
categorized to some extent based on post-failure observations. The failure modes and the relationship

between microstructure and failure behavior of spot welds are discussed the following sections.

2.6.1 Spot Weld Failure Modes

Failure location, crack propagation path and overall shape of the joint after complete separation
provide additional understanding of spot weld failure. Failure mode is a qualitative measure of the
mechanical properties of spot welds and can be taken as an indication of the load carrying capacity
and energy absorption of the weld. Figure 2-11 shows the various types of failure modes that can
occur during mechanical testing of spot welds. Figure 2-11a shows the interfacial failure (IF) mode in

which failure occurs along the interface of the sheets and propagates through the FZ. A smaller fusion
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area, due to small nugget size and defects such as expulsion and shrinkage voids, promote the IF
mode; therefore, IF is frequently cited as an undesirable failure mode in the published literature [57].
Figure 2-11b shows pull-out failure (PF), in which the weld nugget is pulled out of one sheet
(through-thickness failure) and remains as a button on the other side. PF is the most common type of

failure in ductile materials and is often viewed as indicating satisfactory mechanical properties [9].

Both IF and PF can occur partially meaning that a transition between these two failure modes is
possible as failure proceeds. Figure 2-11c and d show schematics of partial IF (PIF) and partial PF
(PPF) modes, respectively. In these cases, failure starts in either an interfacial or through-thickness
mode and then transitions to the other mode until complete fracture [47]. The major difference
between PIF and PPF is that failure initiates interfacially for the PIF but through-thickness fracture is
dominant in the PPF which both turn into button pull-out afterwards. Neither of these failure modes
can be precisely predicted due to the complex effect of weld geometry, loading condition and
microstructural factors involved in dynamic failure mode transition. Figure 2-11e shows a double
pull-out failure (DPF) that is similar to PF but in this case, the nugget is detached from both sides.
DPF is observed in martensitic steels with a wide HAZ [58]. DPF is not a standard failure mode in the

literature; however, it was encountered frequently in the present work.

(a) Interfacial Failure

(b) Pull-out Failure

[

I
Il

Figure 2-11. Schematic representation of failure modes in spot weld and corresponding
examples of fracture surfaces for different failure modes (based on [47,58]).

From the point of view of mechanical properties, failure modes strongly depend on weld nugget size.
According to Pouranvari et al. [59], the transition from interfacial to pull-out failure occurs when the
FZ is larger than a critical value. Therefore, a minimum nugget size is required to ensure that spot
welds fail in pull-out mode under shear-tension. However, Sun et al. [56] showed that the common

criterion of 4+/t for the minimum nugget size (as prescribed by AWS D8.1 [23]) does not guarantee
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PF mode in high strength materials such as DP800 and TRIP800. In other research by Pouranvari et
al. [60] it was shown that the critical nugget diameter for IF to PF transition (Dc) is not the same
value for all materials with identical thicknesses (e.g. 1.5 mm in Figure 2-12). In addition, no clear
relationship between the peak load and D could be established in that work.
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Figure 2-12. Effect of weld nugget size on the failure mode and peak load [60].

Figure 2-13 shows the typical shapes of the load-displacement curves for spot welds under shear-
tension loading for both IF and PF modes. The peak load and the amount of absorbed energy for
welds failing in the PF mode is usually much higher than those failing in the IF mode. Also, the
failure occurs at lower displacement in IF, representing a more brittle type of fracture [61]. It is
important to note that peak load and amount of absorbed energy are functions of nugget diameter so
that larger welds are more likely to fail in PF mode and tend to be stronger (neglecting other
geometrical and material-related factors). The load-displacement behavior of PPF and PIF are not
easy to predict because fracture is a mix of IF and PF and each may dominate the failure based on the
weld characteristics. However, the load-displacement curve is reported to be close to the curve for PF
for martensitic steels [41]. Note that failure characteristics are not only affected by material
properties, weld nugget geometry and loading direction, but also depend on loading speed. Song et al.
[62] performed numerous ST tests to investigate the effect of loading rate on failure behavior of spot
welds. The results showed that spot weld failure modes are not affected by test speed, but peak loads

are significantly higher in dynamic loading.
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Figure 2-13. Typical load-displacement curves for IF and PF modes under shear-tension load
[61].

2.6.2 Effect of Microstructure in Spot Weld Failure

In addition to the loading conditions and geometrical factors, characteristics of the BM, FZ, and HAZ
play an important role in mechanical properties and failure behavior of spot welds. The properties of
different regions within a spot weld are usually evaluated by hardness measurement, which is a good
indicator of local strength of the material. Typically, the FZ is usually the hardest region within the
weld due to the extremely high cooling rate in the FZ that promotes martensitic transformation. For
example, Tamizi et al. [58] showed that the cooling rate in the FZ is so high that its hardness is
actually independent of the welding parameters and heat input so that a constant hardness value is
obtained for the FZ in a martensitic MS1400 steel. Therefore, the FZ can be treated as a rigid section
and it is reported that the FZ affects the strength of spot welds only when defects such as voids and

excessive indentation are present [37].

The BM contributes to resistance spot weld failure of ductile materials in regions where it is softer
than both the FZ and HAZ. This effect is particularly prominent for low-carbon steels with high
martensite hardenability [63]. Dancette et al. [64] reported similar results for DP450 automotive steel
(Figure 2-14). According to hardness profile measurements (Figure 2-14a), the relatively high
hardness in the FZ is due to rapid cooling and martensite formation. Transformation of austenite to
martensite during cooling in the CG-HAZ and FG-HAZ, and formation of martensite from partially
transformed austenite in the IC-HAZ increases the hardness in the different regions of the HAZ.
However, the BM does not show any noticeable changes due to the minor changes in temperature that
it is exposed to, making it the softest area within the spot weld. As expected, failure occurs in the BM
or HAZ/SC-HAZ for DP450 due to the significantly lower strength of the BM (Figure 2-14b).

20



350 b
(a) 300 “‘o.u"'.o‘".uo.; ( )

250 *

o
< 200

> IR AN 1
150 eeseee®s’®® *

100 BM T<A, T=>A, nugget
50

-4 -3 -2 -1 0 1 2
distance, [mm]

Figure 2-14. (a) Hardness profile of weld nugget and (b) microstructure after failure for DP450
[64].

Ordofiez Lara et al. [65] showed that spot welds in high strength steels have a different hardness
distribution and microstructural configuration (Figure 2-15). Comparison between microhardness
profiles for DP590 and DP980 (Figure 2-15a and b) show that the BM is not the weakest zone in
DP980. The corresponding micrographs of HAZ and BM (Figure 2-15c and d) show that the hardness
of the BM in DP980 is higher due to a higher amount of martensite. Although the HAZ has
undergone a similar thermal cycle in both materials, HAZ softening is more prominent in DP980 due
to extensive martensite tempering. Pouranvari et al. [41] and Tamizi et al. [58] also reported similar
results for MS1200 and MS1400 martensitic steels, respectively. HAZ softening due to martensite
tempering is also reported for hot-stamped steels in which the average hardness values of the BM and
FZ are almost the same [8]. Therefore, spot welds made for BMs with relatively high fraction of
martensite typically tend to fail in the HAZ due to HAZ softening [66,67].
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Figure 2-15. Microhardness profile and microstructures for spot welds of the same size in (a)
and (c) DP590 and (b) and (d) DP980 [65].

In general, for materials with medium to high martensite content, the PF mode is typically
associated with HAZ softening and the PF occurs in the BM when weld region is relatively harder
than the BM. In addition, the PF mode is reported for fully martensitic MS1400 [66] and PHS [68]
due to failure at the interface of FZ and HAZ. However, crack propagation and the mechanism of
failure at the interface of the FZ and HAZ is still not fully understood. In a recent paper by
Sherepenko et al. [69] the presence of a transient softened zone at the fusion boundary was identified
as the main reason for failure at the interface of the FZ and HAZ in 22MnBS5 steel. However, the
failure propagation and mechanisms were not elaborated.

In addition to local material properties, the spot weld failure mode strongly depends on the loading
condition, e.g. shear, normal or mixed loading. Studies show that the PF mode is most likely to occur
under normal load but it is also a common failure mode under shear load for steels with a soft BM or
softened HAZ region [60,66]. On the other hand, the IF mode has been observed in fully or partially
martensitic steels, such as PHS grades, when the weld nugget is too small or the sheet metal is
relatively thick (>1.5mm) [68]. It is worth mentioning that IF is also more probable for welds with
expulsion and/or solidification voids in the vicinity of the HAZ [70]. However, it is reported that a
fully martensitic microstructure in the FZ and HAZ (near the fusion boundary) allows easier

propagation of cracks into the FZ, promoting an IF mode [47,71]. Despite the very detailed reports on
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requirements for IF to PF transition for different grades of AHSS for automotive application,
Pouranvari et al. [60] showed that there is no direct relationship between susceptibility to IF failure
mode and the tensile strength of the BM. Therefore, the experimental analysis and prediction of
failure in spot welds is very challenging. There are several other reasons that makes both qualitative
and quantitative failure analysis of spot welds substantially difficult. One is the inability to image the
interior of the spot weld during testing to record the failure phenomena. Failure in spot welds occurs
within the enclosed volume of material between the two sheets; therefore, there is no practical way
for in-situ failure characterization except state-of-the-art characterization methods such as x-ray
tomography [72]. The other challenge is the variability of spot weld failure due to complex loading
conditions around the weld nugget and statistical variation associated with the welding process itself,
which makes it quite hard to obtain the same result for every interrupted test. Thus, a practical method

for in-situ observation of spot weld failure is needed.

2.7 Characterization Methods for Local Material Properties

As discussed above, microstructural characterization of spot welds is essential for qualitative analysis
of failure. However, quantitative analysis of spot weld failure is also required to enable numerical
modeling of damage progression and failure prediction, which is usually performed by measuring
local material properties of different weld regions. Local material properties of spot welds, such as
flow stress curves and fracture strains, are typically measured using direct or indirect measurement
techniques. The direct method uses the actual (or partially machined parts of the) spot weld to
measure the local mechanical properties; while for the indirect method, the BM is heat treated
separately to simulate the spot weld material which is then subjected to typical sheet metal
characterization methods. As was mentioned earlier, both qualitative and quantitative failure
characterization of spot welds are a quite challenging due to the complex loading conditions around
the weld and limited accessibility for in-situ analysis of spot weld failure. For the same reason, the
measurement of local material properties for different regions of spot weld can be difficult, as

discussed in the following sections.

2.7.1 Direct methods

The majority of the direct methods for local material property measurement use spot welded test
samples and correlate the strain fields on the surface with the onset of spot weld failure. The most

convenient measuring technique is a combination of modified mechanical test samples extracted from
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the spot welded coupons coupled with Digital Image Correlation (DIC) technique [52,73] for local
strain measurement. Tao et al. [74] directly measured the flow stresses for different regions within
spot welds for a DP600 steel by extracting small shear samples consisting of different sections of a
spot weld. They used DIC technique to capture deformation images and measure local strain on
speckled patterns on the surface of the sample. A similar method was used by Tong et al. [74] to
characterize the tensile flow behavior beyond diffuse necking by using miniaturized samples with 1
mm gauge-length extracted from the actual spot welds in a dual-phase steel (shown in Figure 2-16).
Although the abovementioned methods for direct measurement of local material properties for spot
welds have shown good agreement with experiments, the examined flow behavior is unique to that
particular weld since the results strongly depend on the weld size and thickness of the sheets. In
addition, fracture characterization of different weld regions, such as fracture strains at various stress

states, are not addressed by the aforementioned studies.

Figure 2-16. Sample preparation for miniaturized tensile test used by Tong et al. [75] for direct
measurement of local material properties

Eller et al. [76] used an inverse FEA modeling approach to calibrate the Bai-Wierzbicki fracture
model [77] based on asymmetric uniaxial tensile tests which consist the actual weld. These tests
included but were not limited to partially machined and central hole tensile and bending tests in
which off-centered load was applied next to the spot weld region. The calibrated fracture criterion
was used along with constitutive flow models to predict failure in spot welds for 22MnB?5 steel;
however, the amounts of experimental work and inverse simulation runs required for the fracture
model calibration were exceptionally high and unlikely to be applicable to different spot welds.

Close-to-reality behavior of materials and relatively easy calibration of constitutive models and
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fracture criteria are the most notable advantages of direct methods for measuring local material
properties for spot welds. However, the data from direct methods are exclusive to the specific loading
condition, only represent failure on the surface, and cannot be used to predict different failure modes.

The direct measurement of local material properties is also used to confirm strain localization at the
HAZ or the predicted location of failure. Ghassemi-Armaki et al. [78] measured fracture strains
associated with failure at the HAZ for hot-stamped 22MnB5 spot welds. As shown in Figure 2-17a,
the major strain field was only measured on the surface of the weld with the assumption that it occurs
at the HAZ. O’Keeffe [79] used 3D DIC technique to measure the strain fields on the surface of spot
welded 22MnB5 samples under different loading conditions. The 3D DIC technigue uses a pair of
angled cameras pointing at the same area of interest enabling out-of-plane measurement of strain.
Examples of equivalent strain fields measured by O’Keeffe [79] are shown in Figure 2-17 for lap-
shear (shear loading) and plane strain v-bend tests in which the test sample has out-of-plane
movements. However, the direct measurement of strain on the surface does not give insight into

guantitative failure analysis or through-thickness damage progression for the spot weld.
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Figure 2-17. Strain field measurement on the surface of spot welded samples using DIC
technique (a) notched tensile sample in Usibor®1500 steel [78], (b) 3D DIC results used for lap-
shear and V-bend tests in Usibor®1500 steel [79].

2.7.2 Indirect Methods

The reproduction of spot weld material (including different subregions) via separate heat treatment is
the one common aspect of all indirect methods for measuring local material properties of spot welds.

Dancette et al. [80] used a commercial welding process simulator named SORPAS® to predict the
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temperature history for different locations within the weld zone. Then, they reproduced the weld
material using a Gleeble thermo-mechanical simulator to recreate the temperature history within
relatively larger sheets, resulting in the same microstructure and hardness of the actual weld region.
Using this approach, the constitutive flow behavior of spot welds in DP450 and DP980 were
characterized in tension. Raath et al. [81] used the same approach to characterize the constitutive flow
behavior of 22MnBS5 steel but also performed a fundamental fracture characterization at various
loading conditions. The material reproduction procedure used by Raath et al. [81] is shown in Figure
2-18. The welding process simulation provides the estimated temperature gradient (shown in Figure
2-18a and b). Using the target peak temperatures for each point of interest, several heating paths are
simulated using the Gleeble apparatus (Figure 2-18c¢) until the microhardness and microstructures
match with the original target. A similar technique was used by Paveebunvipak and Uthaisangsuk
[82] to characterize flow behavior and fracture response of weld material in similar and dissimilar
joints of high strength steels. They used the Representative VVolume Element (RVE) modeling
approach to establish a correlation between microstructure and local material properties of the FZ,
HAZ and BM for different stack configurations. They observed a good correlation between the

predictions and experiments.
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Figure 2-18. Example of spot weld material reproduction for indirect local material properties
measurement used by Raath et al. [81]. (a) SORPAS® simulated temperature history, (b)
extracted temperature history for the points of interest, (c) Gleeble simulated temperature
history to achieve the target temperature.
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In recent work by Ma et al. [83] a combined experimental and computational approach was used
for failure analysis of spot welds in DP980 due to liquid metal embrittlement. The FZ was
characterized directly by modified miniature tensile tests and the local properties of the HAZ were
measured indirectly by reproducing similar material conditions. The reported results showed that the
constitutive and fracture behavior of regions within the weld zone correlate with the predictions

which show the sequence of failure and fracture path through the thickness of the pre-cracked sheets.

Based on the above-mentioned reports, the indirect measurement of local material properties is
beneficial in terms of offering the flexibility to perform standard tests requiring coupons sizes larger
than the weld zones on material with a microstructure similar to the individual weld zones. However,
the constraints imposed by the adjacent regions, e.g. the FZ and upper-HAZ (U-HAZ), within the spot
weld and the inevitable differences in temperature histories of the reproduced material and the actual

weld material, may introduce a level of measurement error for the indirect method.

2.8 Numerical Modeling of Spot Weld Failure

Spot weld failure models are required to predict the performance of spot welds in computer-aided
engineering (CAE) analysis of vehicle crashworthiness. For many years, the accuracy of the crash
behavior of full-size assemblies has been limited by poor predictions of the failure behavior of spot

welded structural connections [84,85].

The failure behavior of spot welds affects the performance of structural automotive components in
terms of the ability of component-level joints to resist failure and/or absorb a significant amount of
energy during failure. In conventional mild steels, the spot weld is often much stronger than the base
metal, such that the spot weld appears rigid in nature. In contrast, spot weld and base metal strengths
in ultra-high strength steels are much closer in magnitude. In addition, HAZ softening in such joints
greatly complicates prediction of failure. Thus, accurate simulation of spot weld failure becomes

essential to improve joint performance and structural crash crashworthiness [86].

2.8.1 Damage and Failure Analysis

Failure in metals occurs as a result of damage accumulation when the material is deformed under
applied load or due to impact. From a microscopic viewpoint, damage progression leads to formation
of micro-cracks or micro-voids which propagate or grow due to strain localization leading to
macroscopic discontinuities better known as failure [87]. Failure in sheet metal forming analysis

usually refers to onset of fracture, while in the context of spot weld failure analysis, physical
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separation of the joint as the result of damage progression is the general definition of failure.
However, the terms fracture and failure are often used interchangeably in this context.

Failure in metals occurs in a brittle or ductile manner. Figure 2-19 provides a schematic illustration
of fracture types in a standard tensile sample and spot weld with respect to the identified failure
modes. In standard tensile tests, a flat and faceted fracture surface with microscopic cleavage planes
is an indication of brittle fracture which corresponds to the appearance of the sheet interface of a spot
weld that failed in an IF mode. Brittle fracture in spot welds in high-strength DP980 and TRIP780
steels has been reported by Dancette et al. [64]. Marya and Gayden [88] and Ma et al. [89]. Brittle
fracture entails rapid crack propagation with limited plastic deformation and low energy absorption
fracture promotes failure in the IF (or PIF) modes directly due to presence of martensite in the FZ.
Ductile fracture, however, can be identified as a deformed fracture surface with microscopic dimples
formed due to necking in standard tensile tests. This surface appearance is similar to that of spot

welds failed in the PF mode, characterized by bent base metal and deformed edges around the nugget

[9].
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Figure 2-19. Different types of fracture in standard tensile samples and spot welds with respect
to the identified failure modes in bulk metals (Fractographs adopted from [90]).
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2.8.2 General Failure and Damage Modeling

For ductile fracture modeling of metals, there are two major modeling approaches: physical and
phenomenological. From a microscopic viewpoint, a ductile fracture occurs by void formation,
growth, and coalescence involving physical properties of micro-constituents, e.g. volume fraction,
distribution, dislocation density, and grain size. Micromechanical damage models fall into this
category. From a macroscopic point of view, ductile fracture is a phenomenon that involves empirical

relationships of global motion and failure [87].

Micromechanical damage models are the most commonly used physical models for prediction of
fracture. Stress localization at microstructural discontinuities such as second phase particles,
inclusions and, pre-existing voids, is the basis of numerical analysis in micromechanics. Three
sequential stages of damage evolution are considered in micromechanical models: void formation,
growth, and coalescence. Stress localization, first, leads to void formation at the microstructural level.
The progression of deformation opens up the void cavity, referred to as void growth, up to a state that

voids link together (void coalescence) leading to macroscopic fracture [91].

Utilizing a representative volume element (RVE) technique is a common way to bring
microstructural features into flow behavior and fracture analysis. Srithananan et al. [92] used an RVE
approach to model macroscopic flow curves and fracture behavior of PHS. To do this, different
combinations of martensite and bainite had to be prepared by altering hot stamping conditions,
followed by flow measurement in various loading conditions and careful microstructure analysis to
examine flow behavior and fracture of the material with respect to the microstructural components.
The RVE was generated according to micrographs and boundary conditions were assigned to
different combinations of micro-constituent volume fractions and distributions. Even though the RVE
based models can predict the fracture behavior of PHS, the empirical observation of this evolution is

expensive, complicated, and time-consuming.

Mean-field homogenization (MFH) is another micromechanical modeling approach used for
fracture modeling in which micro-constituent fields are approximated by their phase average.
Effective parameters in MFH are field fluctuations, geometry, and microscale phase interactions that
make the modeling less computationally demanding [93]. Although micromechanical fracture models
allow capturing micro-mechanisms in failure of materials, the number of experiments and amount of
analysis required for the calibration of these models is still too high such that they do not attract much
attention for real applications.
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Unlike micromechanical damage models, phenomenological models are based on the motion
analysis of a continuum body at the macroscale. Continuum damage mechanics (CDM) models are
considered phenomenological since they are essentially connected to macroscopic parameters within
a thermodynamic framework [94,95]. CDM predicts the onset of damage through an internal damage
variable (D) which is the ratio of damage area to total surface area of a section plane. Failure then

occurs as D reaches its critical value. D has a general form given by:

D=f (O'ij , gi,?) Equation 2-1
where O and gP are the stress and plastic strain tensors, respectively. In CDM, damage is coupled
with the constitutive relation, therefore, a progressive connection between damage evolution and
plasticity models is necessary. Various relationships for the rate of change in damage are proposed by
Lemaitre [96], Wang [97], Bonora [98], and Dhar et al. [99], however, the complexity of calibration
and large computational cost are disadvantages of coupled CDM models [100].

In addition to the coupled CDM, there are several empirical phenomenological fracture and damage
indicator models that are uncoupled from constitutive models but consider fracture initiation as a limit
state of the damage evolution process [95]. By this definition, a ductile fracture criterion has a general

form of:

D= J' f (statevariable)d e’ Equation 2-2
0

where &, is the equivalent failure strain, d " is the incremental equivalent plastic strain and fis a

weight function that depends on relevant state variable including observable variables, e.g.

P
temperature, or internal variables, plastic strain tensor (gij ) or stress tensor (Jij ). Several such

fracture models are reviewed by Wierzbicki et al. [101]. A constant equivalent strain (CES) criterion
is the simplest form of phenomenological criterion in which f is taken as unity in Equation 2-2. In the
CES approach, fracture occurs when the equivalent strain (=" ) reaches a certain value. The CES
model basically predicts the equivalent plastic strain to fracture [102]. Lee et al. [103] proposed a

stress-dependent model for damage in which critical damage can be estimated by:

Ef —p
D, = _[77d5 Equation 2-3
0
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where 7 is stress triaxiality defined as the ratio of the hydrostatic stress to equivalent stress [104].
Unlike the CES approach, the stress triaxiality-weighting in Equation 2-3 provides a stress state-
dependent failure criterion. Cockcroft and Latham [105] and Clift et al. [106] proposed more
advanced failure criteria based on total plastic work over a strain path and Johnson and Cook [107]
developed a damage parameter as a function of the stress triaxiality, equivalent plastic strain rate and
temperature. According to Equation 2-2, there is a critical value for the damage parameter that should
be determined based on experiments; however, by using a normalized definition of the damage
parameter, fracture occurs when D equals unity. Xue [108] showed that accumulated damage is then

expressed as:

D= Equation 2-4

considering a linear relationship between the damage parameter and equivalent plastic strain.
However, it was demonstrated experimentally that the relationship may be non-linear. Therefore, a
power-law function was developed by Xue [108] to account for non-linearity of loading path:

=" —p\"?t —p ="

D= di = Id [f—f] = J.Ep n[f—fj d_ifd (f_f} Equation 2-5

£ £ £ £
in which n is a damage exponent and is determined through calibration of the model based on
experiments. This non-linear damage criterion is also known as Generalized Incremental Stress-State-
dependent damage MOdel (GISSMO) [109]. Ten Kortenaar et al. [110] and Samadian et al. [111]
calibrated the GISSMO criterion for Usibor®1500-AS (in-die heated and fully quenched) and
Ductibor®500-AS (fully quenched), respectively. Omer et al. [112] and Peister et al. [113] showed
that the simulation results for the dynamic failure of Usibor®1500-AS and Ductibor®500-AS based on
the GISSMO damage model are in a good agreement with the experimental measurements.

An alternative phenomenological modeling approach to predict fracture considers stress-dependent
expressions of failure. Such fracture criteria can be strain- and stress-path independent and are often
similar to yield criteria [95], such as the Tresca maximum shear stress [114] or Mohr-Coulomb
[115,116] criteria in stress space. Although these criteria are simple, they ignore the stress state
history if used without making a link to damage-indicator expressions (Equation 2-4 or Equation 2-5)
[95]. The path independency of some phenomenological models is disadvantageous for accurate
damage modeling due to the fact that they do not account for the accumulation of damage over

various strain paths.
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2.8.3 Damage and Failure Criteria for Spot Welds

There have been numerous efforts in the literature to model and predict failure of spot welds through
direct analysis of the mechanics of spot welds. Despite the complexity of physical models, Nielsen
and Tvergaard [117] utilized a modified Gurson micromechanics model, developed by Nahshon and
Hutchinson [118], to predict shear failure of spot welds through void growth and coalescence. They
found that IF happens under very low stress triaxiality for which the original Gurson model cannot
accurately predict void growth. Yang et al. [119] also showed that a simplified Gurson model can be
used to model the failure of spot welds only when PF occurs in base metal. On the other hand,
phenomenological modeling approaches showed more promising results in terms of accuracy and
applicability in finite element simulations. One simple failure criterion was proposed by Chao [120]
based on peak load values obtained for spot welds in ST and CT tests. The model was able to provide
an estimation of the load at failure (Ps) for ST and CT as a function of thickness (t), nugget diameter

(d), and fracture stress of the parent metal in tension (o5) and shear (z):

IDfST =0.785td o, Equation 2-6

cT
P =tdr Equation 2-7
Here, “failure” refers to onset of fracture which corresponds to peak load. The proposed model also

was capable of determining the failure criterion based on von Mises (-, =0.577o, ) and Tresca  (

r, = 0.5c, ) failure criteria for a biaxial stress field [121]:

RY (R

1.623(%) +3(%j =0o? Equation 2-8
RY (RY

1.623(§J +4(ﬁj =o? Equation 2-9

where P and Py are the shear and normal components of the applied force, respectively. The most
intriguing result of Chao’s work was that the failure mechanism of the spot welds in ST, at the
microstructural level, is tensile despite the global shear load that the material undergoes. A similar
contradiction was observed in CT tests for which failure occurs under shear loading while the global
loading is tensile [120].

Another force-based failure criterion was proposed by Wung [10] who suggested that failure occurs
with respect to independent failure modes under combined static loading conditions. The simple

criterion that governs the failure can be expressed as:
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f) m Y Y m )

[Ej +(M_t;j J{E:j J{VZ] =1 Equation 2-10
in which s, b, n, and t indicate shear-tensile, peel bending, normal pull out, and in-plane torsion
failure modes, respectively. The F and M indicate spot weld strengths while f and m are the applied
load corresponding to each failure mode. In Equation 2-10, the exponents «, y, «, and S are calibration
parameters that are approximately 2 for small sheet thickness-to-radius ratios (t/r < 0.3) [122].
However, calibration of the model requires more effort for larger t/r ratios. The force-based failure
criterion is not the most accurate model for spot welds but is commonly adopted for industrial

applications, such as simulation of vehicle crash worthiness, due to its simplicity [10].

Rokhlin and Adler [123] measured the mechanical properties of spot welds using ultrasound
techniques and implemented the results in continuum mechanics modelling of a crack tip for shear
sliding to obtain a failure criterion. Despite their accurate measurements, the models were only able to
predict shear failure in the vicinity of a pre-existing crack at the weld notch. Zhang [124] derived a
series of formulae to estimate stress fields around the weld nugget with respect to loading condition,
weld nugget size, applied load and intensive properties of the material. Lin et al. [11] developed a
more advanced general failure criterion for spot welds under combined loading conditions,
accounting for the components of load and moment on the circumferential of fracture surface in PF

mode:

2
[1— 200 + 2a2:|322 + kf,xy Eﬁt[;‘r—;j :I(Exz + Ey2)+ Ky M+ 4k,\2,Ixy (Mi + Mi) =1 Equation 2-11

In this criterion, P, =—"are the normalized failure loads and Mi =—-— are normalized

max max 7

moments with respect to a Cartesian coordinate system, t is sheet thickness, and, d is the weld nugget
diameter. The term a is a load distribution factor defined as the ratio of the load in the x-z plane to the
normal load, indicating the combined state of load. For example, a=1 for pure uniaxial opening
loading mode (0° loading) [125] and a=0.5 under multi-axial (combined shear-tension) loading

condition (45° loading) [126,127]. There are also three correction factors, Kp. Ku,: and Lo that

are determined based on the experimental results under combined loading conditions. On the left-
hand side of Equation 2-11, the first term represents the contribution from the out-of-plane opening

force. The second term is the in-plane shear force, the third one represents the twisting moment with
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respect to the out-of-plane coordinate, z, and the fourth term is the result of the in-plane bending
moment [11].

As discussed in this section, several fracture criteria have been uniquely developed for failure
prediction of spot welds. However, they all have limitations that restrict their application in spot weld
failure modeling for the automotive industry. The most notable drawback is the damage accumulation
independency and non-integrated form of the criteria, meaning that the damage history of the spot
weld has not been considered. The other limitation of such specific models is associated with the
complexity of the models and the large number of experiments required for calibration. Finally, they
cannot be used for failure analysis of a group of spot welds in assembly-scale simulations. Therefore,
it is necessary to utilize path-dependent failure criteria and detailed damage models for larger scale

simulations.

2.8.4 Spot Weld Failure Simulation

In addition to the development of theoretical models for predicting the failure of spot welds, several
researchers have worked on simulation of spot weld failure using Finite Element Analysis (FEA).
Xiang et al. [128] and Malcolm and Nutwell [129] compared several material models and meshing
strategies to investigate the effect of different spot weld FE models on failure prediction for
automotive application. They reported that the configuration of elements within a spot weld (type,
size, and arrangement), as well as the number of spot welds and their spacing, affects the failure
behavior of groups of spot welds. In addition, physically meshed spot welds tend to affect predicted
folding patterns, for example, in axial crush components. According to Xiang et al. [128] simulation
results are in agreement with experiments when the spot weld is modeled as a rigid bar or by using

common elements for upper and lower sheets.

Schneider et al. [130] and Tarigopula et al. [131] modeled high-strength steel crush tubes using a
thin-wall approach and shell elements to calibrate the simulation parameters based on experimental
results. Bier et al. [132] found that spot weld failure is a rate-dependent phenomenon and that weld
stiffness changes under various loading conditions; therefore, they assigned elasto-plastic material
models to capture rate-dependency and directional stiffness. Strong sensitivity to mesh size, weld
rotation and element position were reported in Bier’s work which caused numerical deviations from
experimental results. Utilizing shell elements reduces computation costs but precludes modelling of
through-thickness strains that have significant influence on the spot weld failure behavior. Seeger et

al. [133] used discretized hexagonal solid elements for spot welds, coupled with a force-based failure
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model to predict spot weld behavior in DP600 at the coupon- and assembly-level. Malcolm and
Nutwell [129] examined such mesh orientation differences for different spot weld configurations
using tied contact (Figure 2-20). Other researchers [134,135] used a similar tied contact approach to
connect sheet metal shell elements to simplified solid elements for the spot weld region with
improved local properties. However, the spot welds were still considered homogeneous and the

alignment of the solid element spot weld mesh and the shell element sheet mesh was challenging.
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Figure 2-20. Rotational relationships between hexagonal solid elements (4 or 8 solid elements)
for the spot weld and quadrilateral shell elements for the sheet [129].

The majority of available spot weld failure models in the literature use rigid constraints or beam
elements (or a combination of shell and solid elements) due to simplicity and fast computation
capabilities. However, it has been shown that such an approach does not account for microstructural
variation through-thickness. Radakovic et al. [57] reported that solid elements with homogeneous
material properties (e.g. hardness) can predict the failure behavior of spot welds in PF mode for
several AHSS. However, the inconsistent results for IF mode was attributed to the fact that the HAZ
was not considered in their calculations and all PF modes occurred in the BM for the selected
materials. Wang et al. [136] used a strain-based criterion implemented in FEA to predict spot weld
failure under complex loading conditions. They also implemented a relation between hardness and
yield strength of the material to account for HAZ softening. Although they were able to capture HAZ
softening in spot welds for HSLA 350, notable deviations from experimental results were observed
due to mesh size effects. Dancette et al. [64] used a thermal gradient to estimate the strength and
discretize the material properties within the HAZ. An integrated damage parameter was used to
capture damage evolution within spot welds. It was found that the ductile fracture model does not
work for the IF mode since the interfacial failure was considered to be completely brittle and should
be defined by fracture mechanics. The available literature on failure modeling of spot welds is still
limited with respect to failure damage evolution and HAZ modeling which opens a gap in

understanding the failure behavior of spot welds.
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2.9 Summary of Previous Work

The reviewed literature demonstrates the important role of hot-stamped steel in today’s automotive
research and its world-wide applicability to improve safety and performance of future vehicles. The
process of hot-stamping and material development have been studied for decades and it is shown that
PHS are potential materials for body structures and safety components due to their unique properties.
However, the processing-microstructure-property relationship for the spot welds plays a vital role in
maintaining the integrity and energy absorption of actual safety components. Since Usibor®1500-AS
and Ductibor®500/1000-AS are the latest generations of press-hardened materials for such
applications, it is important to develop a detailed understanding of spot weld failure. This
understanding includes but it is not limited to spot weld process parameters for obtaining optimum
properties, the role of microstructure in failure, local material properties of weld regions, and

prediction of damage progression and failure considering the local properties.

There are some complexities in spot weld failure analysis of PHS associated with relationships
between RSW process parameters, microstructural evolution, and mechanical properties of spot
welds. Key requirements include understanding the effect of microstructure on failure behavior of
spot welds, identifying the operative failure mechanisms and damage progression path, measuring
local material properties, and last but not least predicting spot weld failure considering the microscale
properties for PHS grades. Based on the preceding reviewed literature, it is clear that there is no
comprehensive study on spot weld development, microstructural analysis, and evaluation of
mechanical properties, and damage modeling of Usibor®1500-AS and Ductibor®500/1000-AS.
Therefore, this research aims to address these gaps in the published literature and provide insight into

experimental and numerical analysis of spot weld failure in PHS.
2.10 Research Objectives and Scope

2.10.1 Objectives

The goal of this research project is to provide insight into spot weld failure mechanisms with respect
to local microstructure, and to develop a numerical modeling method for failure analysis and damage
modeling of spot weld failure for PHS considering the local material properties. This research project
contributes to the understanding of the failure microstructure-property relationship, identifying failure
mechanisms and practical methods for qualitative and quantitative characterization of spot weld
failure. The primary focus of this work is on PHS grades commercially known as Usibor®1500-AS,
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Ductibor®500-AS and Ductibor®1000-AS in as-hot-stamped and in-die heated conditions as base
materials used for automotive safety components. The specific objectives of this research are:

1. Optimize spot weld process for 1.2 and 1.6 mm thick hot-stamped and in-die heat treated
PHSs.

2. ldentify the effect of weld and base material microstructure on mechanical properties and
failure behavior of the PHSs.

3. ldentify the failure mechanisms and damage progression sequence with respect to local

microstructure of spot weld regions under normal and shear modes

4. Develop a meso-scale failure model for prediction of spot weld failure and damage progression

using local material properties

2.10.2 Research Scope

To achieve the objectives of this research outlined in Section 2.10.1, four inter-connected tasks were
defined. A flow chart showing the progression of this research is shown in Figure 2-21. For Task 1,
the main objectives were to develop spot weld process parameters for optimized spot weld quality
according to AWS D8.9 [137] specifications for automotive sheet steel materials. In this task, the as-
received materials were hot-stamped, weld lobes were developed based on a combination of
experiment and process modeling, which resulted in selection of a common welding schedule for each

material thickness.

In Task 2, the optimized spot welds were characterized by studying the microstructure and
measuring hardness variation across the welds. One of the important deliverables of Task 2 was the
accurately measurement of the spot weld geometries, i.e. sub-region shape, width and hardness

variation, that were used to generate detailed spot weld models for FEA work in Task 4.

Task 3 consists of in-depth failure analysis of spot welds with respect to failure modes and
mechanisms, location of failure, and development of a novel, practical method for in-situ observation
of damage progression during spot weld failure. The results obtained from Task 3 were used to

develop the meso-scale failure models in Task 4.

Task 4 consists of the major analytical part of the research which addressed the development of

meso-scale spot weld failure model that can predict failure modes, location of failure, through-
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thickness damage progression, and macro scale load-displacement response of spot welds under shear

and normal load.

Task 1: Spot weld process development and
preliminary characterization

Feedback
Optimized «  Material preparation and testing methods
¢ Spot weld strength evaluation
*  Weld nugget size and quality check

Task 2: Spot weld characterization: Task 3: Failure behavior analysis of
Microstructure and Microhardness spot weld under normal and shear load

* Failure mode identification

¢ Microstructure-failure relationship

*  In-situ observation of damage progression
to 1dentify failure mechanisms

*  Microstructure of weld region
*  Microhardness variation across weld
* Accurate spot weld geometry model

Task 4: Meso-scale spot weld model for predicting
failure and through-thickness damage progression

_ _ _ Legend
* Local material properties measurement and modeling
* Failure mode prediction (Pullout vs. Interfacial) Ob_] ectives
* Load-displacement response prediction
*  Model validation Deliverables

Figure 2-21. Flow chart of project progression showing the main objectives and deliverables for
each task.

The balance of this document presents a synopsis of this research program, while the original
research publications detailing the results are attached as appendices. Chapter 3 presents a high-level
synopsis of the experimental methods adopted in this research. Task 1, comprising the weld process
development for these alloys, is also covered in Chapter 3. Chapter 4 summarises the weld

characterization and simulation results from Tasks 2, 3, and 4.
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Chapter 3

Experiments and Methodology

3.1 Overview

Chapter 3 consists of the experiments and methods used for material preparation and resistance spot
welding process development for the studied materials as required by objectives of Task 1. This
chapter also includes preliminary microstructural observations, and mechanical testing procedures

that are repeatedly used or referred to throughout the discussions.

3.2 Material Preparation

The materials used in the present research are Usibor®1500-AS, Ductibor®1000-AS, and
Ductibor®500-AS, produced by ArcelorMittal, which offer a range of mechanical and microstructural
characteristics. The nominal chemical compositions of the selected materials are listed in Table 3-1.
The numeric designations indicate the nominal ultimate tensile strength after full-quench (hot
stamping with chilled dies) and the term “AS” indicates the coating type (aluminum-silicon to hinder
decarburization at high temperature [138,139]). The coating has a nominal weight of 70 to 80 g/m? on

each side of the sheet. The sheet thicknesses considered were 1.2 and 1.6 mm for all materials.

Table 3-1 The chemical composition of the PHS selected for this research (wt.%o)
Material C Mn Ti Nb Al Si P N S B

Usibor®1500-AS | 0.226 | 1.21 | 0.030 | 0.002 | 0.051 | 0.250 | 0.016 | 0.005 | 0.001 | 0.003

Ductibor®500-AS | 0.065 | 1.55 | 0.069 | 0.047 | 0.035 | 0.032 | 0.016 | 0.007 | 0.002 | 0.001

Ductibor®1000-AS | 0.075 | 1.61 | 0.014 | 0.049 | 0.040 | 0.346 | 0.011 | 0.005 | 0.001 | 0.002

Throughout the research program, typical metallography techniques were repeatedly used to
prepare cross-sectional samples of the sheet for microstructural analysis. The samples were cut using
a 0.5 mm aluminum-oxide cut-off wheel in a Struers Accutom 5 precision cutter. Each cut section
was hot mounted in conductive resin for optical and scanning electron microscopy (SEM). The
samples were ground and polished using grit #600 to #4000 silicon-carbide sandpapers on a rotating
polisher. Final polishing was performed on rotating polishing pads using 6, 3, and 1 um
polycrystalline diamond suspension as abrasive media. The microstructure was chemically revealed
by a two-step etching technique which enhances the texture of images under partial microscope light.
The samples were lightly etched with 2% Nital (2 ml HNOs + 98 ml Ethanol) for 3 to 5 seconds and

immediately submerged in 12% aqueous solution of sodium-metabisulfite for about 30 seconds.
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Figure 3-1 shows the optical micrographs for the as-received materials. The majority of the as-
received microstructure for all three materials is composed of ferrite (white matrix) and the rest is a
mixture of pearlite and bainite. Based on image analysis results, as-received Usibor®1500-AS consists
of 70% ferrite and about 30% bainite and/or martensite. The Ductibor®1000-AS comprises 50%
ferrite and the balance is a mixture of bainite and pearlite. Ductibor®500-AS has lower carbon and
boron content; therefore, the driving force for diffusional transformations, e.g. austenite to ferrite, is

higher during cooling resulting in 80% ferrite and 20% mixture of bainite/pearlite.
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Figure 3-1. As-received microstructures of (a) Usibor®1500-AS, (b) Ductibor®1000-AS, (c)
Ductibor®500-AS.

To prepare hot-stamped materials for spot welding, Usibor®1500-AS was hot stamped in three
different conditions: fully quenched using a water-chilled tool or using in-die heated quenching at
either 400 °C or 700 °C. This thermal treatment was done in accordance with the tailoring concept
described by George [5] for producing functionally graded materials for automotive safety
components. The Ductibor®1000-AS and Ductibor®500-AS were hot-stamped in a fully quenched
condition only. The thermal treatment was performed by austenitizing 200 by 200 mm blanks at 930
°C for 6.5 min in a Deltech furnace with air atmosphere. Then, the blanks were rapidly transferred
from the furnace to a 900-ton Macrodyne hydraulic press using an automated robotic transfer system.
The total transfer time for each blank was 5 seconds. For the fully quenched (FQ) material conditions,

the blanks were quenched under 60 tons of hydraulic pressure for 10 seconds using a pair of water-
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chilled flat dies made of tool steel. For the in-die heated conditions, the flat dies were heated to a
target quenching temperature of either 400 or 700 °C prior to quenching. The heating and quenching
parameters represent typical industrial hot-stamping practice. The cooling rate for flat die quenching
was reported by Samadian et al. [140] to be about 365 °C/s over the range of 700 to 400 °C using the
cold dies. Using the heated dies for quenching the cooling rate is about 20 °C/s for quenching at 400
°C and it is in the order of 1 °C/s for quenching with 700 °C dies, as reported by Omer et al. [141].
The summary of the material conditions as well as the short form designations used for brevity in this

synopsis are listed in Table 3-2.

Table 3-2 The summary of material conditions and hot-stamping parameters

Heating Quenching
Material Temperature Time Media Temperature | Designation
(°C) (min) (°C)

930 6.5 Chilled Dies 11 U1500-FQ

Usibor®1500-AS 930 6.5 Heated Dies 400 U1500-400
930 6.5 Heated Dies 700 U1500-700

Ductibor®500-AS 930 6.5 Chilled Dies 11 D500-FQ
Ductibor®1000-AS 930 6.5 Chilled Dies 11 D1000-FQ

The optical and electron microstructures of the various PHS materials after hot stamping for the
range of die temperatures are shown in Figure 3-2. Quantitative image analysis was performed using
ImagelJ software to estimate the phase fractions present for each condition (listed in Table 3-3). The
hot-stamped U1500-FQ and D1000-FQ conditions showed fully martensitic structures, while the
D500-FQ condition consisted of 30% martensite within a ferritic matrix. Micrographs obtained from
the U1500-400C condition show that the microstructure comprises about 40% bainite and 15%
martensite, with the balance being ferrite. The U1500-700C material is composed of 70 % bainite,

10% martensite and 20% primary ferrite.

Microhardness measurement was frequently used to confirm the constitution of the microstructure
and to correlate local material properties to the microstructure. Microhardness was measured using a
diamond-shape Vickers indenter on a Clemex automatic hardness tester using 300 gr of force and 10
seconds of dwelling time. To obtain microhardness profiles across a weld, a fine indentation spacing
of 50 um was used. The measured phase fractions with maximum deviation of £5% and
corresponding average microhardness of the as-received and hot-stamped base materials are

summarized in Table 3-3.
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Figure 3-2. The optical and electron microstructures of selected PHS materials after hot

stamping in different conditions.

Table 3-3 The average hardness values and phase fractions (F is ferrite, B is bainite, P is
pearlite, and M is martensite) for the PHSs in the as-received and hot-stamped conditions

Phase Constitution

Material (Image Analysis +5%) Vickers Hardness
Usibor®1500-AS (as-received) 70% F + 30% B/M 2106
Dictibor®1000-AS (as-received) 50% F + 50% B/P 230+10
Ductibor®500-AS (as-received) 80% F+20% B/P 181+7
U1500-FQ 100% M 49719
U1500-400 45 % F + 40% B+15% M 262+7 [79]
U1500-700 20% F +70% B+10% M 20616 [79]
D1000-FQ 100% M 3755
D500-FQ 70% F +30% B/M 220+7
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3.3 Spot Weld Process Development (Task 1)

To obtain an optimized set of welding parameters (to be used as the reference welding condition), a
combination of experiments and software prediction was used. It is important to note that a large
number of welds needed to be made with varying parameters and conditions for defining the
boundaries of the welding lobe. Therefore, only the U1500-FQ and D500-FQ materials were selected
for this analysis. The testing matrix was defined between 100 to 700 ms of welding time with 100 ms
intervals, over the current range of 4 to 10 kA with 1 KA intervals, and the electrode force was set for
every 0.5 kN between 2.5 and 4.5 kN. It is important to note that the welding parameters depend on
the sheet metal thickness; therefore, the optimization was performed separately for 1.2 and 1.6 mm
thicknesses. For the 1.2 mm materials, 24 sets of welding parameters were randomly selected within
the defined range and the RSW was performed using a 144/180 kVA medium frequency direct
current (MFDC) RSW machine with an air over oil force control system. A pre-pulse of 8 kA for

33 ms was used for all spot welds to displace the Al-Si coating from the interface prior to the main
weld cycle. For all the spot welds, the initial squeeze time was 300 ms, final hold time was 1000 ms
and the total flow rate of cooling water through the system was 8 L/min. Welds were made using
Group A, Class Il B-type electrodes (FB2500) with a 6 mm flat face [142]. The spot welds were
cross-sectioned for metallographic analysis by cutting them across their diameter, the weld nugget

size was measured, and the critical zones were identified for the randomly selected conditions.

To obtain a full welding window, the RSW process for the U1500-FQ and D500-FQ samples was
simulated using the commercial SWANTEC SORPAS® 2D v.12.30 software over the whole range of
welding parameters. The simulations included 245 distinct sets of welding parameters for each
material condition for which the material databases were calibrated according to material cards
provided by ArcelorMittal [143]. The comparison between the measured and predicted nugget size
and weld strength can be found in Appendix A. The software was capable of predicting temperature
gradients (used to identify the HAZ), nugget size, and shear-tension strength of the spot welds, based
on a calibrated Swift-law constitutive equation based on the work of Eller et al. [144-146]. A side-
by-side comparison was then done between the experimental measurements and the corresponding
simulation results with respect to overall nugget shape, occurrence of expulsion, size of weld nugget,
and HAZ width. An example of this comparison is shown in Figure 3-3 for the welds made at 7 kA,
700 ms, and 3.5 kN for the 1.2mm U1500-FQ and D500-FQ materials. A similar approach was used

for 1.6 mm sheets to generate the welding lobes for each material condition.
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Figure 3-3. An example of side-by-side comparison of simulation results and experimental
measurements for RSW at 7 kA, 700 ms, and 3.5 kN for (a) U1500-FQ and (b) D500-FQ.

The observations and results were checked against the AWS D8.9 standard [137] to determine the
optimum welding settings. An example of the optimization results is presented as the 3D welding
lobes in Figure 3-4. The green areas indicate acceptable welds with respect to different time, current
and force values. For the sake of simplification and minimizing the involved process parameters for
the next steps of the research, a unified set of welding parameters within the green area was selected
for each material thickness. Table 3-4 summarizes the optimal welding parameters and resulting
average weld nugget diameter that are purposely unified for each material thickness. Note that the
difference in welding parameters for each material conditions were insignificant or replaceable with a
similar set of settings so that the variations in weld nugget size were still negligible. More details

about the spot weld process development and analytical modeling of spot weld strength can be found
in Appendix A.
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Figure 3-4. 3D welding lobes developed based on the validated simulation results.
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Table 3-4 The optimized welding parameters (baseline) for different material thicknesses

Material Thickness Pre-pulse - Main pulse_ Force Average
(mm) Current Time Current Time (kN) Weld Size
(kA) (ms) (kA) (ms) (mm)
1.2 8 33 7 400 35 6.02+0.15
1.6 10 33 8 500 35 6.11+0.23

In addition to the baseline weld process settings developed herein, a set of modified welding
conditions was also considered for the 1.6 U1500-FQ and D1000-FQ material conditions as part of
Task 3 and weld fracture modelling efforts Task 4. These parameters were developed to: (i)
accentuate the formation of the transient softened zone in the U1500-FQ welds (weld schedule #1);
(i) suppress formation of the halo zone in the U1500-FQ welds (weld schedule #2); and (iii) promote
interfacial failure under shear loading in the D1000-FQ welds (weld schedule #3). This effort is

described in more detail in Chapter 4 of this thesis. The modified settings are listed in Table 3-5.

Table 3-5 The modified welding parameters used for promoting specific failure behavior

Weld Used for Pulses Pulse Current| Pulse Time betv(\f:e%“Fr’lglses Electrode
Schedule (kA) (ms) (ms) Force (kN)
#1 U1500-FQ 1 8.5 500 0 35
#2 U1500-FQ 3 8 65 16 35
#3 D1000-FQ 1 7 400 0 35

3.4 Mechanical Testing

Mechanical properties of spot welds under shear and normal load were examined using standard lap-
shear and cross-tension tests, respectively. Figure 3-5 shows the lap-shear and cross-tension test
sample geometries recommended by AWS D8.1 [23]. Test coupons were extracted from hot-stamped
blanks via waterjet cutting to minimize heat exposure. An MTS model 45 servo-electric universal
tester equipped with a 100 kN load cell, model 661.20F-03, was used to perform the tests at a quasi-
static rate. For both normal and shear loading, a constant crosshead speed of 10 mm/min was used in
accordance with spot weld test specifications in AWS D8.9 [137]. Each test was repeated 3 times to
assess repeatability of the data. More details on the mechanical testing procedure can be found in

Appendix B.
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Figure 3-5. Lap-shear and cross-tension test sample geometries and dimension based on AWS
D8.1 [23]. Dimensions are in mm.

For constitutive analysis of the materials, quasi-static uniaxial tensile tests were performed on sub-
sized JIS-Z220-No.5 samples (as shown in Figure 3-6). The tensile tests were carried out using the
MTS model 45 servo-electric universal tester at a nominal strain rate of 0.01 s**. Local strains were
measured using stereoscopic DIC techniques, a pair of Point Gray Research GZL-CL-22C5M
cameras, and the Correlated Solutions Inc. Vic3D DIC software. The virtual strain gauge length
(VSGL) which accounts for the effect of DIC analysis parameters on the measured strains (see [147]),
was kept at ~0.25 mm using constant step and filter size of 1 and 5 pixels for tensile tests,
respectively. The tensile test coupons were sand blasted prior to testing to remove the alloyed Al-Si
coating which degrades the adhesion of DIC paint to the substrate and can result in false-positives
(cracking) during testing. The tensile specimens were extracted/tested along the transverse direction

of the original sheets. The details of tensile testing procedure, sample geometry and test specifications
can be found in Appendix E.
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.................. - /_"-T
; 5 l 2

*Dimensions in mm

Figure 3-6. Sub-sized Tensile test specimen (dimensions are in millimeters)
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For fracture characterization, V-bend testing was performed on 50 mm x 50 mm in accordance with
test specifications from VDA 238-100 [148] as shown in Figure 3-7a. The V-bend tests were
performed to measure fracture strain in plane strain (typically the lowest point on the fracture locus
[77]) using a in inverted hydraulic test frame with a 0.2 mm radius punch and roller spacing of 3.7
mm (schematically shown in Figure 3-7b). In the VV-bend test apparatus utilized for this study, the
punch is stationary and the chamfered rollers descend at a constant velocity of 20 mm/min, which
gradually bends the test sample. The stationary punch and chamfered rollers provide a fixed focal
distance for the DIC measurements and full visibility of the deforming surface of the v-bend sample.
Further details of the V-bend test setup are given by Cheong et al. [149] and in Appendix E. A pair of
Point Gray Research GZL-CL-41C6M cameras and the Vic3D DIC software were used for local
strain measurement. The VSGL was kept at ~0.3 mm for DIC analysis of the V-bend test results using
a constant filter and step size of 2 and 5 pixels for all the measurements. The V-bend test coupons
were extracted along the transverse direction of the original sheets and were sand blasted prior to
testing to remove the alloyed Al-Si coating. The details of V-bend testing procedure, sample
geometry and test specifications can be found in Appendix E.

(b) V-bend test apparatus
DIC Cameras

(a) V-bend test specimen

- 50 >
RD ‘ ' ‘ '
Pk bt Rollers Rollers moving
DIC ____________ % direction -
view_ P ey
]
Puncl‘; Edge Test sample @ ' ‘ D

*Dimensions in mm

Stationary
Punch

Initial state Final state

Figure 3-7. V-bend test specimen and testing apparatus in accordance with VDA 238-100 [148].
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Chapter 4

Results and Discussion

4.1 Overview

This chapter presents the main results for Tasks 2, 3, and 4, as were defined in Section 2.10.2. A key
aspect of Task 2 as the in-depth metallurgical examination of the spot welds to characterize the
variation in microstructure and microhardness across the welds. The weld microstructural data was
used to create detailed spot weld geometries for FEA, to select suitable conditions for characterization
of local material properties, and to be able to correlate failure to the local microstructure in Task 3.
The failure behavior of the spot welds was analyzed in Task 3 to identify failure modes, location of
failure and mechanisms, and to measure load-displacement response during failure under normal and
shear loading. One of the deliverables of Task 3 is the development of a novel testing technique for
in-situ failure analysis and characterization of damage progression within spot welds which revealed
the sequence of failure and cracking with respect to local microstructure. Finally, the results from
Tasks 2 and 3 were used to develop detailed spot weld models that are discussed in the last section of
Chapter 4. The meso-scale spot weld models reflect the microstructural details (spot weld sub-
regions) based on the results in Task 2. The local material properties were measured using minimal
numbers of tests required to estimate the constitutive and fracture behavior of each region. Finally, a
hardness-mapping approach was used to assign local material properties of the weld material for FEA
models. The simulation results were validated using standard lap-shear and cross-tension experiments
obtained from Task 3 as well as the modified techniques for the in-situ failure analysis. Note that the
majority of the results presented in this thesis correspond to welds in 1.6 mm materials unless
otherwise noted. In the case of variations due to thickness difference, e.g. load-displacement curves,

the results for both 1.2 and 1.6 mm materials are presented.
4.2 Spot Weld Characterization (Task 2)

4.2.1 Microstructure of Spot Welds

To obtain an understanding of the failure behavior of spot welds, it is hecessary to examine the
microstructure of sub-regions within the spot welds for different BM conditions. Figure 4-1 shows
optical micrographs of the spot welds for different BM material conditions (1.6 mm thick). The FZ is

martensitic for all of the material conditions due to melting and rapid cooling during spot welding.
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The HAZ can be discretized into four different sections based on the microstructure. Closer to the FZ,
the CG-HAZ has a coarse martensitic structure as the peak temperature reaches the austenite stability
zone and is transformed into martensite during cooling. The FG-HAZ is the lower temperature range
where austenite is formed during welding. However, due to a lower peak temperature and limited
grain growth within this regime, compared to the CG-HAZ, the resultant microstructure is mostly fine
martensite. The IC-HAZ is a multiphase region consisting of ferrite and tempered martensite, but the
structure configuration and phase fractions vary for different material conditions. The IC-HAZ also
may contain bainite and pearlite due partial transformation of austenite and relatively slower cooling
rate depending on the specific alloy and welding conditions. In the SC-HAZ, preexisting martensite is
tempered or bainite/pearlite is formed during cooling. The BM remains unaffected by the heat

generated during the welding process (relevant details can be found in Appendix B)

The width and shape of the subregions within the spot welds depend on the initial microstructure of
the BM. For example, the SC-HAZ, where martensite tempering occurs, is much wider for the
material conditions with high amount of martensite in the BM. The difference can be seen by
comparing the SC-HAZ for U1500-FQ (Figure 4-1a) in which the BM is 100% martensitic and D500-
FQ (Figure 4-1c) where the BM has a maximum of 30% martensite. The SC-HAZ is also narrow
(<0.3 mm) for U1500-700 and U1500-400 (Figure 4-1d and e) for which the microstructure of the
BM mostly (>85% volume) consists ferrite/bainite phase (according to Table 3-3). Therefore, the sub-
critical heating has a minimal effect of the stable/semi-stable phases. Comparing Figure 4-1a and b,
the distribution of the phases and the width of the phases are very similar in U1500-FQ and D1000-
FQ, respectively. However, the martensitic packets appear much larger in the D1000-FQ welds since
it’s carbon content is lower compared to U1500-FQ (Table 3-1), allowing for larger grains and
microstructural features. Microstructure characterization of U1500-FQ spot weld is a main focus in

the current work since the BM material has the highest hardness among the studied materials.
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Figure 4-1. Optical micrographs of spot welds indicating the sub-regions within the spot welds
for (a) U1500-FQ, (b) D1000-FQ, (c) D500-FQ, (d) U1500-400, and (e) U1500-700.

For a better understanding of microstructure configuration for the U1500-FQ spot weld, SEM
images were captured from different subregions within the weld, as shown in Figure 4-2. The coarse
martensitic structure in the CG-HAZ is seen in Figure 4-2a. The martensitic microstructure is much
finer in the FG-HAZ (Figure 4-2b). The IC-HAZ (Figure 4-2c) consists of a mixture of ferrite and
martensite with a scattered distribution of tempered martensite/bainite. Auto-tempering of the pre-
existing martensite due to the slower rate of cooling is also possible in the IC-HAZ. The SC-HAZ

(Figure 4-2d) shows a decomposed martensitic structure due to tempering.
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Figure 4-2. SEM images of spot weld subregions for U1500-FQ spot weld, (a) CG-HAZ, (b) FG-
HAZ, (c) IC-HAZ, and (d) SC-HAZ. M: Martensite, F: Ferrite, TM: Tempered Martensite, B: Bainite

4.2.2 Microhardness Profiles

For quantitative analysis of the microstructure, the variation of microhardness was examined across
the spot weld and was correlated with the observed microstructure. Figure 4-3 shows the
microhardness profiles measured along a 30-degree line (schematically shown by the black arrow) for
five different spot welds. To this end, the horizontal indentation spacing was kept at 0.05 mm along
the path. Note that the boundaries of the sub-regions, shown by double arrows in Figure 4-3, are only

approximate and the actual dimensions vary for different material conditions.

The measured hardness values for the FZ for the U1500-FQ, U1500-400, and U1500-700 welds are
around 5056 HV as a result of martensite formation during rapid cooling. The hardness values of the
FZ for the D500-FQ and D1000-FQ welds are about 400+10 HV since both materials have lower
carbon content compared to U1500. Moving from FG-HAZ towards the IC-HAZ leads to significant
softening, mostly due to martensite decomposition and tempering, known as HAZ softening. The
softening from the FZ hardness value is less extensive for the D500-FQ material due to smaller
difference between the hardness of the FZ and BM. For U1500-FQ and D1000-FQ spot welds, the
hardness increases as the measurements progress from the IC-HAZ towards the BM, since the BM
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has the same hardness as the FZ (~ 505 HV) and softening due to martensite tempering becomes less
effective closer to the BM. For the U1500-400 spot weld, the hardness increases slightly from 232+4
to 270+6 HV as measurements are taken from the IC-HAZ towards the BM. Spot welds in U1500-
700 and D500-FQ do not show hardness variation over the IC-HAZ, SC-HAZ and the BM, indicating
that the effect of martensite tempering is negligible. It is important to note that U1500-FQ spot weld
shows a transient softening at the fusion boundary (FB) which is located at the interface of the FZ and
the CG-HAZ (indicated by an orange arrow in Figure 4-3). For the optimum welding settings used to
make the welds, the hardness drops by 30 HV for the U1500-FQ spot weld.
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Figure 4-3. Microhardness profiles across the spot welds for different base material conditions.

4.2.3 Characterization of the Transient Softened Zone in U1500-FQ

The transient softened zone at the FB indicates that there is a mechanical non-uniformity close to the
weld notch that can affect the failure behavior of the spot weld. Therefore, it is important to measure
the extent of the softening at the FB and study its effect on failure. Using the two-step etching
technique described in Section 3.2, the microstructure of the U1500-FQ spot weld was analyzed
under partial illumination that creates a shallow angle to enhance microstructural texture. Figure 4-4
shows the micrographs obtained from the U1500-FQ spot weld under the partial light as well as

Electron Backscatter Diffraction (EBSD) images. Different sub-regions within the spot weld and a
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higher magnification image of the FB can be seen in Figure 4-4a. The area next to the FB that is seen
as darker under the partial light corresponds to the transient softened zone observed in Figure 4-3.
Due to its appearance under the microscope, hereafter, the transient softened zone is termed the halo
ring in this work. The majority of previous work on spot weld characterization in this alloy (i.e.
22MnBS5 steel) has not reported the presence of the halo ring [37,79,150]. Only in recent work by
Sherepenko et al. [69,151] the halo ring was reported and its formation is attributed to carbon
depletion of the FB during spot welding which leads to formation of soft martensite or delta-ferrite.
The formation mechanism and properties of the halo ring are still unclear. However, the inverse pole
figure (IPF) map obtained from the halo ring (shown in Figure 4-4b) shows a significantly larger
structure next to the FB (within the HAZ) for the U1500-FQ spot weld. Based on the IPF results, the
microstructural features within the halo ring are randomly oriented and have body-centered cubic
(BCC) crystal structure similar to the martensitic FZ and Upper-HAZ regions. The Kernel Average
Misorientation (KAM) map of the same area, indicates lower local misorientation within the halo ring
compared to the FZ and U-HAZ. Note that the blue color in the KAM map has the lowest local
misorientation, indicating a less distorted crystal structure. This finding is in line with the carbon
depletion theory since lower carbon content would cause less distorted martensitic microstructure.

More details on characterization of the halo ring can be found in Appendices B and D.

(a) rg (D) EBSD - IPF map

BM SC-HAZ IC-HAZ U-HAZ FZ

Figure 4-4. Microstructure of the U1500-FQ spot weld showing (a) the optical micrograph under
partial light, (b) the EBSD - IPF map of the FB, and (c) the EBSD -KAM map of the FB.
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4.3 Failure Behavior of Spot Welds (Task 3)

The failure analysis of spot welds in the present work is based on: (i) lap-shear and cross-tension tests
performed to examine failure under shear and normal loading, respectively; and (ii) the modified KSII
double half weld (DHW) specimens. The DHW results are given in Section 4.4, while this section
presents the lap-shear and cross-tension results. More details on the DHW testing procedure and
results can be found in Appendix C.

The failure behavior of the spot welds was studied by measuring the load-displacement response of
the spot welds, examining the failure modes, and identifying the relationship between microstructure
and failure based on the results obtained for Task 2 (Section 4.2). In this section, the spot weld failure
test results including the failure modes and load-displacement curves are presented for all the material
conditions. However, due to the importance of ultra-high strength spot welds in manufacturing of
safety components, the main focus is on the effect of microstructure and loading condition on the
failure behavior of U1500-FQ and D1000-FQ spot welds.

4.3.1 Load-displacement Curves and Failure Modes

The load-displacement curves obtained from the lap-shear and cross-tension tests are shown in Figure
4-5. Overall, the peak load values are higher for the thicker sheets. The peak loads under shear load
for the U1500-FQ spot welds are about 19.1 and 31.7 kN for the 1.2 and 1.6 mm sheets, respectively.
The D500-FQ spot welds show the lowest peak load and highest displacement prior to failure for the
1.2 mm thick sheets (Figure 4-5a). However, a slightly lower peak load was measured for welds in
the 1.6 mm thick U1500-700 compared to those in the 1.6 mm D500-FQ sheet (Figure 4-5b).

The load-displacement responses under normal load (cross-tension tests) demonstrate rather
different trends. For the 1.2 mm materials (Figure 4-5c¢), the D1000-FQ spot welds were the strongest,
with an average peak load of 6.7 kN followed by the U1500-700 spot welds with 5.4 kN peak load.
Interestingly, the measured peak load for D500-FQ and U1500-FQ spot welds were about the same
value of 5 kN. For the 1.6 mm materials under normal loading (Figure 4-5d), the D500-FQ spot welds
showed an unexpectedly high peak load value of 12.7 kN which was almost double the measured
peak load for U1500-FQ at 6.7 KN. It is worth noting that for the cross-tension tests performed on the
D1000-FQ samples, the test fixture had a smaller dimensional tolerance to minimize base metal
slippage which led to a stiffer load-displacement response compared to other material conditions

under normal loading.
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Figure 4-5. Load-displacement curves obtained from lap-shear and cross-tension tests for
different material conditions and thicknesses.

The variation of measured peak load with displacement at failure is illustrated in Figure 4-6. As a

general trend, the peak load values in lap-shear testing of spot welds made with a more ductile BM,
e.g. D500-FQ, and U1500-700, are higher than those of fully martensitic U1500-FQ and D1000-FQ

materials. However, this trend is not reflected in the cross-tension peak loads, for which the softer,

more ductile conditions outperform welds in the strong BM. In addition, both the peak load and

displacement at failure are greater for thicker sheets. For the lap-shear test (Figure 4-6a), the peak

load for U1500-FQ and D1000-FQ are higher due to the martensitic microstructure of the weld region

as well as the BM. For the cross-tension test (Figure 4-6b), however, the measured peak loads and
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displacement to failure for the softer D500-FQ and U1500-700 spot welds are higher than those of
U1500-FQ which may be related to role of the BM in global bending of the cross-tension samples.
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Figure 4-6. Relationship between the measured peak load and displacement at failure for
different material conditions and sheet thickness (a) Lap-shear, and (b) Cross-tension.

Macroscopic observations of the failed samples showed significant out-of-plane rotation and base
material bending for the D500-FQ spot weld. Figure 4-7 represents the side views of the failed
samples for the D500-FQ and U1500-FQ spot welds tested in lap-shear and cross-tension loading. For
the lap-shear tests (Figure 4-7a and b), out-of-plane rotation occurs for the more ductile D500-FQ,
which causes gradual deviation from shear to a mixture of shear and normal loading on the spot weld.
Some degree of out-of-plane rotation is inevitable during lap-shear testing which lowers the peak load
for the spot welds with more ductile base metal (as shown in Figure 4-6a). Similarly, the BM bending
during cross-tension testing of U1500-FQ is negligible due to the high stiffness of the base metal
(Figure 4-7c¢). However, a maximum bending angle of 156° was measured in the base metal for the
D500-FQ spot weld (Figure 4-7d). Bending gradually reduces the normal load component and
imparts a shear component on the spot weld, which increases the strength of the spot weld [49,152].
The increase in load bearing capacity of the D500-FQ spot weld during cross-tension testing is seen
in Figure 4-5d and Figure 4-6b. For more details on the effect of base material stiffness on load
bearing capacity of the spot welds, please see Appendix A.
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Figure 4-7. Macroscopic images of failed samples under shear and normal loads for U1500-FQ
and D500-FQ spot welds.

Failure modes were identified by visual inspection of the failed samples based on the shape of the
nugget and the location of failure. Figure 4-8 shows the most common failure modes for different spot
welds, materials and loading conditions. The failure modes are identified based on the AWS D8.1
specification [23] which assigns a number based on the failure mode guide in Figure 4-8. All spot
welds failed in pull-out mode; however, the type of the pull-out failure may vary based on the crack
path and final shape of the weld nugget. Note that most of the spot welds fail in complete button pull
(mode 1) or partial thickness fracture with button pull (mode 2). The fracture mode for the 1.6 mm
spot weld in D500-FQ under normal loading is a combination of interfacial, button pull and partial
thickness fracture which was identified as mode 4. Similarly, the 1.2 mm U1500-400 spot weld fails
in mode 4 under normal loading. The only mode 5 failure mode was assigned to the weld in 1.6 mm
U1500-400 under normal loading for which interfacial failure was observed in a noticeable area of the
weld. Overall, it was found that failure occurs via partial thickness fracture and button pull out for the
stronger BM in U1500-FQ and D1000-FQ welds. The tendency for partial through thickness fracture
increases with increasing the sheet thickness. It is important to note that these welds were made using
the optimized welding parameters in Task 1. Nevertheless, the repeatability of the failure modes was
not perfect due to the effect of other factors such as microscopic defects, geometrical
inhomogeneities, minor misalignment during testing, etc. For more details on the failure behavior of

spot welds please see Appendix B.
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1.2 mm sheets 1.6 mm sheets

Shear Load Normal Load Shear Load Normal Load

U1500-FQ 2 2
D1000-FQ 1 0
D500-FQ 33 ) 1 )
U1500-400 2 5
U1500-700 | 2

* *

AWS AWS AWS AWS

Failure Mode Failure Mode Failure Mode Failure Mode
_AWS 1: Button Pull
Failure Mode
Guide

2: Partial Thickness Fracture
with Button Pull

3: Partial Thickness Fracture

4: Interfacial Fracture with Button

5: Interfacial Fracture with
Pull and Partial Thickness Fracture

Button Pull

7: Interfacial Fract
6: Interfacial Fracture with fiertactal Fracture

Partial Thickness Fracture

Figure 4-8. Identified spot weld failure modes for different spot welds, thicknesses and loading
conditions based on AWS D8.1 specifications [23]

4.3.2 Role of the Halo Ring and Softened HAZ

As discussed in Section 4.2.3, the presence of the halo ring in the U1500-FQ spot welds can affect the
failure behavior of the spot weld due to local transient softening close to the weld notch. Previous
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research has suggested that spot weld failure occurs at the SC-HAZ due to the softening caused by
martensite tempering [58,80]. Interestingly, in the current work, it was observed that spot weld failure
for U1500-FQ occurred at the FB for both shear and normal loading conditions. The post-failure
microstructures of the U1500-FQ spot welds under shear and normal loading are shown in Figure
4-9a and b, respectively. The red arrows indicate the curved failure paths which partially follows the
FB. Based on the hardness measurements presented in Figure 4-3, the location of failure is the halo
ring, where the minimum hardness was 470 HV, despite the hardness of the softened HAZ being
lower at 307 HV. The interrupted lap-shear test at 90% of the peak load (image on right in Figure
4-9¢) shows that S-shaped shear bands are formed at the FB prior to failure. This extensive shear
deformation contrasts the undeformed halo band at the bottom of the sample (image on left in Figure
4-9¢) which is not loaded. The observed S-shaped shear bands are not present at the free end of the
bottom sheet. It is postulated that shear localization within the halo ring is triggered by the higher
geometrical stress concentration at the weld notch even though the halo ring is much narrower and
harder than the softened HAZ.

=05 e Loading
Loading . Direction
Direction

A Loading
Direction

No shear band in the bottom sheet
(Not-loaded) (Loaded)

Figure 4-9. Optical micrographs of U1500-FQ spot weld showing (a) and (b) the post-failure
microstructure and the location of failure, and (c) interrupted lap-shear test showing shear
band formation along the halo ring.
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To further investigate the contribution of the halo ring shear band to the fracture behavior of the
spot weld, scanning electron microscopy (SEM) of the fracture surface of U1500-FQ spot weld was
performed. Figure 4-10 shows the cross-section view and the fracture surface of the sample which
failed in a Mode 2 (partial thickness fracture and button pull-out) at the FB under shear loading.
Figure 4-10a shows the cross-section view of the failed weld nugget (along the loading direction) that
was used to locate the shear band at the fracture surface. Figure 4-10b shows the overall shape of the
weld nugget side of the fracture surface at low magnification. Figure 4-10c is a higher magnification
image of the green rectangle in Figure 4-10b, showing the formation of shear bands along the fracture
surface. Figure 4-10d shows a higher magnification image of the shear band region. Section A is the
outer part of the shear band closer to U-HAZ which is partitioned by S-shaped micro-cracks due to
shearing. The inner part of the shear band (Section B) which is closer to the FZ, is severely deformed
due to shearing and failure. It is worth noting that sections A and B are both within the shear band
where the S-shaped micro-cracks are formed; however, final fracture occurs in the inner section B
due to geometrical constraints imposed by the weld nugget. Further details about the shear band
formation at the halo ring can be found in Appendix B.

Nugget appears smaller on the
side where fracture is initiated

Extra ligament where failure is
propagated around the weld nugget

Figure 4-10. The optical and SEM micrographs obtained from U1500-FQ spot weld failed under
shear loading showing failure due to shearing at the halo ring: (a) the non-symmetrical shape of
the weld nugget after failure, which appears smaller on the side where failure is initiated (b)
overall shape of the weld nugget, (c) higher magnification of the blue rectangle in (b), (d) Higher
magnification image showing the S-shaped shear band (A) and heavily distorted band (B) due to
failure.
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4.4 In-situ Failure Analysis and Damage Accumulation (Task 3 Cont.)

Although the microstructural observations in the previous section provide some insight into the
failure behavior and fracture paths during failure, the failure mechanisms and damage progression
cannot be understood solely based on post-failure analysis. From a technical standpoint, the direct
observation of spot weld failure is quite challenging since damage accumulates within an enclosed
space close to the weld notch and failure proceeds through the thickness of the sheets. In this section,
a novel technique for in-situ failure analysis of spot welds is proposed based on modified testing
geometries coupled with DIC strain measurement techniques. Note that the in-situ failure analysis
was only performed for the 1.6 mm U1500-FQ and D1000-FQ materials. In addition, the RSW
process parameters were intentionally varied to promote or suppress formation of the halo ring and

the resulting failure modes were characterized [52].

4.4.1 Modified Test Coupon Geometries

Two new specimen geometries were developed for the in-situ examination of the spot weld cross-
section during welding, one considering failure under shear loading and the other under normal

loading, as described in the following.

4.4.1.1 Modified Lap-shear Test Sample

As specified by the AWS D8.9 [137], failure behavior of spot welds under shear loading is typically
evaluated using the lap-shear test in automotive sheet steel materials. In the present work, the

standard geometry of the lap-shear test sample (shown in Figure 3-5) was set as reference or baseline
condition for strength evaluation for both materials under shear loading to which the results using the

modified geometry could be compared.

The modified lap-shear test sample geometry developed in the present work is shown in Figure
4-11. The modification includes an increased width of the original coupon from 40 to 70 mm, the use
of two spot welds made with 30 mm spacing in the middle of the overlapped section, and two straight
water-jet cuts at the centerline of the welds along the length of the sample that serve to create a
window for DIC analysis. Note that the samples were thoroughly dried with forced air after cutting to
ensure moisture is not trapped between the sheets and around the welds which could cause crevice
corrosion. The removed sections of the sample after water-jet cutting are highlighted in red in Figure

4-11. Note that the final width of the modified test coupon is equal to width of the standard lap-shear
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test sample. The modified lap-shear test sample consists of two half-welds on the sides and is
accordingly named the “double half-weld (DHW) lap-shear test” coupon. An additional step was
taken to prepare the sides of the DHW lap-shear sample for speckle paint for DIC imaging, and to
reveal the microstructure of the welded region for the DHW lap-shear test sample. To this end, the
edges areas were ground (#1000 grit size) and polished using a hand drill with small rotating
sandpaper/pad heads. More details of fabrication of the DHW lap-shear test sample can be found in

Appendix C.

Modified lap-shear sample (DHW)
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Figure 4-11. Schematic of the modified double half-weld lap-shear test geometry.

4.4.1.2 Modified Normal Loading Test Sample

The behavior of spot welds under normal loading is usually evaluated using the standard cross-
tension test according to AWS D8.9 [137], as shown in Figure 3-5. Due to the nature of the test
design, significant rotation and bending in the base material is expected [48]. Bending of the base
material during the standard cross-tension test is inevitable (as shown in Figure 4-7) and may lead to a
very complex loading condition. To minimize the base material bending effect, it is suggested by
AWS C1.1 standard [153] to use a U-shaped specimen, known as the 90-degree KSII test sample
[154]. In this part of the study, the conventional KSII test coupon geometry, adopted from AWS C1.1
and shown in Figure 4-12a, was adopted as the reference condition. Figure 4-12b shows the
geometrical modifications made to the conventional KSII test coupon. In the next step, two U-shaped

coupons were assembled as shown in Figure 4-12c, and two spot welds were made with 30 mm
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spacing. The top view image in Figure 4-12c shows the final cut lines which go through the centerline
of the welds. Using a programmed water-jet cutter and a custom designed fixture, the modified KSII
test samples were cut to expose the central cross-sectional area of the weld for DIC imaging (Figure
4-12d). The new test sample consisting of two half-welds is termed the “DHW KSII test” sample. To
prepare the cross-section prior to painting the DIC speckle pattern, as well as for microstructural
observation, the face of the half-weld was ground using a rotating hand grinder to #1000 grit
sandpaper and polishing pads. More details on the DHW test sample fabrication and accurate

dimensions are presented in Appendix C.

(a) Conventional KSII coupon

1.6
>

2 Isometric View

Side View Front View

(b) Modified KSII coupon
" 03. I‘— :G“—'|

Tsometric View

30 mm ||

Half-welds

Final cut line I I Isometric

Isometric

View Top View

Figure 4-12. Schematic for KSIlI (U-shaped) test coupon, (a) conventional KSIl coupon (adopted
from AWS C1.1 standard [153]), (b) modified KSII pre-weld coupon, (c) welded modified KSII
assembly, and (d) Final DHW KSII test sample.

4.4.2 Modified RSW Parameters

The RSW process parameters for this part of the research were modified to amplify the effect of the

halo ring (cases with and without the halo ring) on failure in the U1500-FQ welds and to promote
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interfacial failure (mode 7) in the D1000-FQ spot welds. Note that the spot welding parameters were
intentionally selected such that the effect of the halo ring on mode 2 failure in U1500-FQ spot welds
could be examined and interfacial failure in D1000-FQ was promoted. To this end, spot welds were
made using 8.5 kA of current with a long pulse of 500 ms to amplify the formation of the halo ring in
the U1500-FQ welds and a 400 ms single pulse weld at 7 kA to promote interfacial failure in the
D1000-FQ spot welds. Note that all the created spot welds had 6.0 £ 0.2 mm nugget size.

4.4.3 DIC Results and Real-time Failure Analysis

Using the DHW testing technique coupled with DIC analysis, the stages of crack initiation,
propagation and final fracture of the spot welds were captured under shear loading. The tests were
performed using two different sets of samples: the speckle painted samples for local strain mapping
and the macro-etched samples which revealed the location of failure with respect to weld regions. The
evolution of the major Hencky (logarithmic) strain and damage progression for the U1500-FQ
samples (with the halo ring) under shear loading are shown in Figure 4-13. The schematic illustration
of the weld regions and corresponding hardness values for the key points are shown in Figure 4-13a5
from which the local softening of the halo ring can be discerned (HV=443). Based on the DIC results,
strain accumulation first occurred in the load-bearing sheets (indicated by red arrows oriented in the
loading direction in Figure 4-13al) near the weld notch, at t=1.91 s (corresponding to a crosshead
displacement, d, of 0.32 mm), which is sufficient to open up the weld notch. The asymmetrical
loading of the joint quickly leads to rotation of the weld and progressively increases the magnitude of
the localized strain adjacent to the weld notch (Figure 4-13a2). In Figure 4-13a3, cracking initiated at
the notch and has propagated partially through the thickness of the top-right sheet. Final fracture
occurs rapidly since the next image, taken only 0.03 s later, reveals complete detachment of the cross-
section (shown in Figure 4-13a4). Similar to the standard tensile shear test, the U1500-FQ half-weld

fails in pull-out mode under shear loading, as shown in Figure 4-8.

Figure 4-13b shows four stages of the failure process obtained from another DHW lap-shear test on
the same U1500-FQ alloy, but with the macro-etched surface condition instead of paint speckling.
The FZ, HAZ and BM regions are shown in Figure 4-13b1 at t=0 (d=0 mm) prior to the start of the
test. After the initiation of the loading, the first indication of damage progression is observed at the
weld notch opening, as seen in Figure 4-13b2. According to Matsuda and Kodama [155], there is a
pressure-bonded area, termed the “corona bond”, at the weld notch of spot welds that is a weak metal
bond but may transmit load and thereby alter the notch opening and crack propagation path. Later
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during the test (t=5.86 s, d=0.96 mm), the path of the crack that initiated at the weld notch diverges
from the plane of the sheet interface, to a new path that propagates around the weld nugget, as seen in
Figure 4-13b3. The sequence of imagery in Figure 4-13b3 clearly demonstrates the change in the
direction of the crack propagation path to propagate around the FZ, following the transient softened
halo ring (443 HV). Final fracture occurs rapidly in the load bearing sheet (within about 30 ms of the
previous image) as shown in Figure 4-13b4. Note that crack propagation is also observed at the
corresponding location within the bottom-right sheet, although the top-right sheet is already detached.
The secondary failure location shown in the inset image in Figure 4-13b4 is a manifestation of the
halo crack propagation around the weld nugget by this time. In the presence of the halo ring, failure
did not occur in the SC-HAZ (Softened HAZ) despite the fact that it has a lower hardness than the

halo ring.
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Figure 4-13. DIC results for a U1500-FQ DHW lap-shear test sample that exhibited mode 2 pull-
out failure under shear loading (a) strain map, (b) macro-etched samples.

While pull-out failure is generally viewed as an indicator of a higher toughness weld, interfacial
failure is often observed in advanced (and ultra) high strength steels and is permitted by AWS D8.1
[23] for alloys such as the current D1000-FQ and U1500-FQ. Therefore, it is important to understand
the mechanism and damage progression for interfacial failure. Using the aforementioned modified
welding schedule for this part of the work (Section 4.4.2), spot welds in U1500-FQ do not exhibit
interfacial failure due to the very high hardness of the weld zone and the presence of halo ring which
serves as a weaker crack path, as discussed above. However, using the modified welding parameters,
interfacial fracture was found to be the dominant failure mode for the current spot welds in D1000-
FQ under shear loading. The DIC results for the DHW lap-shear test considering D1000-FQ welds

are shown in Figure 4-14.

At the initial stages of shear loading (t=2.72 s, d=0.45 mm, shown in Figure 4-14al), strain
localization occurs in the load bearing sheets, similar that seen prior to pull-out failure in the U1500-
FQ alloy (shown in Figure 4-13al and a2). Asymmetrical loading led to rotation of the weld and
subsequently the weld notch opened with further deformation (Figure 4-14a2). Although strain
accumulation appears to be localized through the thickness of the load bearing sheets, at t=5.13,
d=0.85 mm (Figure 4-14a3), an average strain of about 2% is developed along the plane of sheet
interface of the weld. Figure 4-14a4 and a5 show the evolution of strain localization along sheet
interface of the weld which leads to the interfacial failure shown in Figure 4-14a6. Based on the DIC
results, the shear strain magnitude increases over a period of 270 ms indicating a strain development
leading to ductile failure as opposed to a sudden fracture. Figure 4-14a7 shows a schematic

illustration of the weld regions and key point hardness values for clarification.

In contrast to previous reports on the brittle nature of interfacial failure [31,156], there is no
evidence of a brittle interfacial failure due to rapid crack propagation from these results. In-situ
images captured from macro-etched DHW lap-shear test samples for D1000-FQ material are shown
in Figure 4-14b. The red arrows in Figure 4-14b1 show different regions within the weld area at t=0 s.
During the test, rotation of the weld occurred due to the asymmetrical load distribution around the
weld nugget (Figure 4-14b2). Up to t=3.70 s (d=0.62 mm), a crack at the weld notch propagated
toward the weld zone, in a manner similar to corona debonding for pull-out failure (shown in Figure

4-13a2). By comparing Figure 4-14b2 and b3, it was seen that the crack progression within the

66



weaker corona bond is arrested once the crack slightly penetrates the weld nugget. Following this
arrest, strain localization and shear band formation develop at the sheet interface as seen in Figure
4-14a3 and a4. Figure 4-14b4, shows the occurrence of failure at the plane of sheet interface as a
result of the shear strain concentration. Based on the features on the fracture surface (Figure 4-14c),
the fracture surface of the outer fracture zone corresponds to the corona debonding cracking and
initial crack propagation through the FZ. The outer fracture zone is characterized with cleavage facets
and sharp fracture surface features (the left-hand side image in in Figure 4-14c), which indicates
brittle fracture. The right-hand side image in Figure 4-14c, in the inner shear zone that is located at
the center of the weld and corresponds to the sheared section of the FZ after the crack arrest. The
inner shear zone was characterized with elongated cones and dimples (the left-hand side image in
Figure 4-14c) as result of ductile fracture at the final stages of damage progression. The outer crack
zone, which surrounds the inner shear zone, matches with the DIC analysis results indicating that the
observed interfacial failure in the D1000-FQ DHW lap-shear specimens is initiated by crack
propagation towards the weld nugget (crack zone) and is proceeded by ductile shearing along the
interface of the sheets (shear zone).
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Figure 4-14. DIC results for a D1000-FQ DHW lap-shear test sample that exhibited mode 7
interfacial failure under shear loading (a) strain map, (b) macro-etched samples, and (c) SEM
Fractograph.

The in-situ failure results for the U1500-FQ DHW KSII (opening mode) test are shown in Figure
4-15. Strain localization at the weld notch was seen at the early stages of the test, as seen in Figure
4-15al (at t=1.86 s, d=0.31 mm). After 16.50 s (d=2.75 mm) into the test, the corona bond on the left
side of the weld (shown by red arrows in Figure 4-15a2) completely detaches and strain localization
is slightly shifted to the bottom sheet. Figure 4-15a3 shows the initiation of crack at the weld notch
and damage progression along a curved path and through the thickness of the sheet. The weld regions
and key point hardness values for the U1500-FQ spot weld is shown schematically in Figure 4-15a4.
According to the macro-etched images in Figure 4-15b, damage proceeds with crack initiation at the
weld notch (corona bond) and its propagation towards the FZ (Figure 4-15b2). Similar to the
observations for the shear condition in Figure 4-15a3, the failure path under normal loading is also

redirected around the weld nugget where the halo ring is present (Figure 4-15b3). At the late stages of
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loading (Figure 4-15b4), the crack branches again through the thickness of the sheet which leads to

final failure.
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Figure 4-15. DIC results for a U1500-FQ DHW KSII test sample that exhibited mode 2 pull-out
failure under normal loading (a) strain map, (b) macro-etched samples.

Figure 4-16a shows the strain contour plots obtained from the D1000_FQ DHW KSII tests. At the
early stages of the test, strain localization occurs at the weld notch (Figure 4-16al). After about 35 s
(d=5.9 mm) into the test, the stresses at the weld notch led to corona bond cracking/opening, as
shown in Figure 4-16a2. At this stage, the maximum strain is about 8% in front of the crack (at least
at the resolution of the DIC measurement), which then proceeds towards the weld zone. As seen in
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Figure 4-16a3, failure proceeds through the thickness of the bottom sheet just below the right weld
notch. The weld regions and key point hardness values are shown schematically in Figure 4-16a4. It
is important note that the through thickness cracks are initiated at the weld notch and do not seem to
follow a specific path around the weld nugget, possibly due to the absence of a halo ring in the
D1000-FQ welds.

The failure mechanisms and the in-situ damage progression with respect to the D1000-FQ weld
regions were observed using the macro-etched DHW KSII (opening mode) test samples, as shown in
Figure 4-16b. The initial state of the spot weld prior to testing and the FZ, HAZ, and BM regions are
identified on the etched macro-structure as labeled in Figure 4-16b1. Similar to other loading
conditions, damage progression starts with corona bond cracking as observed at t= 18.24 s (d=3.03)
into the test (Figure 4-16b2). The crack is redirected towards the thickness of the sheets, as shown by
arrows in the inset image of Figure 4-16b3. The final fracture occurs along an irregular cracking path
that does not follow a specific microstructural feature or weld region boundary since there is no
microstructural inhomogeneity (such as the halo ring) in the case of the D1000-FQ welds (Figure
4-16b4). This observation matches with the hardness measurement shown in Figure 4-3, which
indicates a smooth transition from the FZ to HAZ (in the absence of a halo ring) that is 394+6 HV for
both regions.

According to the literature, spot welds with no halo ring at the fusion boundary would typically fail
at the softened HAZ where the hardness is a minimum due to extensive martensite tempering [31,78].
However, failure at the circumference of weld nugget is reported for spot welds in fully martensitic
materials (similar to D1000-FQ) in the absence of the halo ring, although the softened HAZ has a
much lower hardness [41,66]. The reason for failure at the fusion boundary is related to the
geometrical constraints at the weld notch imposed by the martensitic FZ and upper-HAZ, as well as a
relatively high peak load at failure for martensitic microstructures which promote failure at the weld

notch.

Using the DHW testing coupled with DIC techniques for the in-situ failure analysis, it was found
that the presence of the transient softened zone at the fusion boundary not only affects the failure
mode (pull-out vs. interfacial) but also changes the location of failure, cracking path, and final
fracture which all translate into variations in the mechanical properties of the spot welds. The in-situ
failure analysis results address the majority of the objectives in Task 3 of the project and explain the

operative failure mechanisms and are applied to validate the modeling results in Task 4. More details
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on the in-situ failure analysis of spot welds, damage progression mechanisms, and microstructure-

failure correlation can be found in Appendix C.
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Figure 4-16. DIC results for a D1000-FQ DHW KSII test sample that exhibited mode 2 pull-out
failure under normal loading (a) strain map, (b) macro-etched samples.

4.5 Meso-scale Spot Weld Damage Modeling (Task 4)

Using the microstructural observations (Task 2) and failure analysis results (Task3), it is now possible
to develop the meso-scale spot weld failure models which are the final objective of the present
research (defined under Task 4). Considering the variation of hardness (as a measure of local

mechanical properties) across the weld region, a hardness-based mapping approach was used to
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develop detailed spot weld models. To this end, the local flow and fracture properties of each region
were assumed to be proportional to its average hardness. A similar approach was previously used by
Bardelcik et al. [157] for developing constitutive flow models for quenched boron steel with tailored
properties. It was shown that the flow stress behavior of the 22MnBS5 steel, which was heat-treated at
different temperatures, can be estimated using mathematical relationships between its hardness and
empirical calibration constants. Eller et al. [146] used the hardness-based approach to develop a
general expression for fracture locus prediction for 22MnB5 steel with 5 hardness grades ranging
from 600 to 1500 MPa of strength. Simply, the fracture strains were approximate using linear

interpolation based on local hardness values.

In this part of the work, hardness-based approximations of local properties were used to estimate
flow stresses and fracture strains of the different regions within spot welds. To develop a detailed
meso-scale model for damage progression and failure prediction, the weld nugget geometry was
created using the actual dimensions of the weld regions (from Task 2). The local material properties
were then assigned to the model based on the measured hardness-mapped constitutive and fracture
models. Finally, failure modes, location of failure, damage progression, and load-displacement
response of spot welds under shear and normal loading are predicted using FEA. The results for Task
3 are also used to calibrate and validate the simulation results. Note that only the 1.6 mm U1500-FQ
and D1000-FQ spot welds were selected for the failure modeling due to both their industrial and
academic importance. As part of this work, the welding process settings were altered to produce three

as-welded conditions, described as:

e “U1500-FQ-no-halo” spot welds in which the welding process was altered to suppress

formation of the halo ring;
e “U1500-FQ-with-halo” spot welds in which the halo ring was enhanced; and,

o  “DI1000-FQ” spot welds in which the welding process was altered to promote interfacial

shear under shear loading.

The welds were tested and modelled under lap shear and cross-tension loading. The characterization
experiments and modeling considerations are summarized in the following sections, while greater

detail is provided in Appendix E.
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4.5.1 Selected Spot Weld Conditions for Modeling

To establish a proper modeling approach for damage progression and failure behavior modeling of
spot welds in the present work, a detailed examination of microstructure and local mechanical
properties of the weld region was conducted. Failure modeling was performed for the U1500-FQ and
D1000-FQ spot welds using the modified welding parameters mentioned in Section 4.4.2. For further
emphasis on the effect of the halo ring on failure behavior of the U1500-FQ spot welds, a multi-pulse
welding schedule was used to eliminate the halo ring while maintaining the same weld nugget size of
6.0+£0.2 mm. To eliminate the formation of the halo ring in U1500-FQ material, 3 pulses of 8KA for
65 ms each and 16 ms of cooling time between each pulse was used (weld schedule #2 in Table 3-5).
Therefore, a U1500-FQ-no-halo spot weld was added to the existing U1500-FQ-with-halo and
D1000-FQ as discussed in Section 4.4.2 for the modeling study. Here, the goal is to demonstrate the
potential of the meso-scale failure models in the prediction of different failure modes. The
microstructural analysis and microhardness measurement results for the selected spot welds can be

found in Appendix C.

4.5.2 Hardness-mapping Modeling Approach

To generate a detailed spot weld model that accounts for local material properties, the spot weld was
discretized into several isolated sub-regions based on the hardness distribution, as shown in Figure
4-17. The weld region was described using four major hardness key points; the BM/FZ material, the
minimum hardness point in the HAZ (T1) and two intermediate points indicated as T2 and T3 which
were used to represent the gradual hardness changes within the HAZ. The hardness of the BM, FZ
and the U-HAZ are the same for each material condition (highlighted in red in Figure 4-17).
Therefore, the BM, FZ, and U-HAZ were assumed to possess the same mechanical properties. In
addition to these, three hardness “grades” were targeted for each material to reproduce the tempered
martensite within the HAZ. The target hardness values were selected based on the hardness

measurements (shown in Figure 4-17) representing different regions within the HAZ.

Finally, in order to assign properties for the halo ring in the U1500-FQ-with-halo welds, it is
recognized that the halo ring essentially comprises a carbon-depleted martensite region [69,151]. This
is similar in nature to D1000, which is a relatively low carbon (0.08 wt.%) hot stamped alloy
(compared to U1500 with 0.23 wt.% C). Note that the minimum hardness for the halo ring was
measured to be 402 HV which is close to the hardness of the as-hot-stamped D1000-FQ (~395 HV).

As a result, the halo ring was modelled by assigning the properties of D1000-FQ. The balance of the
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HAZ, for both BMs, comprises a tempered martensitic microstructure. Three reference points were
selected from welds in each BM, corresponding to the minimum hardness in the HAZ (T1) and two
intermediate values, indicated as T2 and T3 in Figure 4-17, which were used to capture the variation
in hardness and mechanical properties within the HAZ. The hardness range for T1, T2, and T3 was
defined for each BM based on the hardness difference between S-HAZ and the BM.

600 600
: U-HAZ E

LN
=
(=]

2)
b4

i

U-HAZ

400 +

300 +

200 +

[¥]
=
=

100 £ — With Halo

Vickers Microhardness (HV300g)

F U1500-FQ == No Halo D1000-FQ
) S S S S S S S S S S S SR 0 | S P S S S S S —
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
(a) Distance from origin (mm) (b) Distance from origin (mm)

Figure 4-17. Spot weld region discretization based on hardness and definition of local material
conditions for (a) U1500-FQ, and (b) D1000-FQ.

In order to characterize the constitutive and fracture behavior of the HAZ, U1500 and D1000
blanks were thermally processed (tempered) to produce tempered martensite microstructures with
hardness levels matching those at points T1-T3 in each weld. The blanks were first austenitized and
guenched between flat dies following the hot stamping thermal cycle described in Section 3.2 to form
fully martensitic microstructures. Next, the as-hot stamped blanks were tempered by heating to
temperatures below the critical austenite formation temperature (approximately 730 °C), holding for
60 seconds and then rapidly quenched. The specific temperature used to reproduce each area of
interest was chosen experimentally so that the tempered samples had the same hardness as the areas
of interest. The specifications for the heat-treatment and the average measured hardness for each
target hardness value are listed in Table 4-1. The degree of softening from the initial as-hot stamped
hardness of either 501 HV (U1500-FQ) or 395 HV (D1000-FQ) increases with tempering temperature
which is consistent with a Rosenthal-type temperature field during spot weld [158,159]. The three
resulting hardness levels are very close (within £7 HV) to the target values measured at locations T1-
T3 for each BM; thus, the as-tempered coupons were used to determine the constitutive and fracture
behavior of the HAZ needed to model the fracture behavior of the welds.
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Table 4-1. Heat-treatment specifications, target and measured hardness values for recreated
HAZ materials

Initial State: U1500-FQ Initial State: D1000-FQ
Material
ae.r!a Temperature | Time Targeted | Measured Temperature | Time Targeted | Measured
Condition (E o) © Hardness | Hardness (E o) © Hardness | Hardness
(HV) (HV)* (HV) (HV)*
T1 550 60 305 311 600 60 285 278
T2 500 60 355 350 500 60 320 324
T3 400 60 415 421 400 60 355 357

* Average measured hardness for 10 indents for each material condition.

4.5.3 Spot Weld Failure Model Description

Using the actual dimensions of the weld and microhardness measurements in Task 2 (Section Chapter
14.2), the meso-scale spot weld models were developed based on a hardness-mapping approach for
local material properties of the weld regions. The detailed weld geometry considering the dimensions
of the sub-regions for the studied spot weld conditions were created in Altair® HyperMesh Desktop
2019 software using 3D solid elements. Numerical simulation of the failure of the three spot weld
conditions under shear and normal loading was undertaken using the LS-DYNA R10.0 commercial
finite element package. For the cross-tension tests, a quarter-symmetry model was used, while a half-

symmetry assumption was adopted for the lap-shear tests.

A reduced physical domain, i.e. partial test coupon geometry, was modelled in order to simplify the
problem and reduce run time. Figure 4-18 shows photographs of the actual samples and the grip areas
(above) compared to the meshed domain (below). The blue dashed lines and the highlighted regions
correspond to the extent of the finite element model, respectively. Due to the high stiffness of the
BMs for both U1500 and D1000 (martensitic microstructure), the observed additional bending for the
cross-tension specimen and out-of-plane rotation for the lap-shear specimens outside of the meshed
regions were considered to be small and were neglected. Therefore, using the reduced physical
domain for the simulation, a realistic compliance can be obtained. It is assumed that the remaining
parts of the test coupons, e.g. the grip area and clamped sections, have no effect on spot weld failure.

More details about the simulation process and boundary conditions can be found in Appendix E.
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Figure 4-18. Correspondence between actual test specimen and the reduced physical domain
for simulation.

An example of the meshing strategy and local property assignment is shown in Figure 4-19 for the
cross-tension model for the U1500-FQ-with-halo spot weld. The nominal element size within the
weld region (excluding the elements associated with the BM) is 0.06 mm. To assign the local material
properties, the weld geometry was discretized into separate zones representing different sub-regions
with the spot weld (as shown by different colors in Figure 4-19c¢). The local material properties were
assigned to isolated sections of the model based on the average measured hardness, as shown in
Figure 4-19c for the U1500-FQ-with-halo spot weld condition as an example. The hardness values
assigned to each region (as shown in Figure 4-19c¢), for the three welding conditions, are listed in
Table 4-2.
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Figure 4-19. Detailed weld geometry for U1500-FQ-with-halo and isolated sub-region within the
weld (Quarter symmetry model for normal loading test).

Table 4-2. Hardness values assigned to different weld regions shown in Figure 4-19

Fz Halo Ring U-HAZ | T3-HAZ | T1-HAZ | T2-HAZ | BM

U1500-FQ-with-halo | 505 395* 505 415 305 355 505
U1500-FQ-No-halo | 505 | Sameas FZ 505 415 305 355 505
D1000-FQ 395 | SameasFZ 395 355 285 320 395

* Important note: Considering that the halo ring is a carbon depleted region [151], the properties of
the as-hot-stamped D1000-FQ was used to define the halo ring in U1500-FQ-with-halo spot weld.

4.5.4 Local Material Property Measurement

For developing the material cards to be used in FEA, the constitutive flow models and fracture loci
for different loading states are required for all materials associated with the welding regions. To start,
the constitutive models and fracture loci for as-hot-stamped U1500-FQ and D1000-FQ base metals
were assigned based on previous work by Samadian et al. [160] and Lee [161], respectively. The
constitutive response and fracture behavior of the tempered materials (listed in Table 4-2) were
characterized by performing quasi-static uniaxial tensile tests on sub-sized JIS-Z220-No. 5 samples
and plane-strain v-bend tests, as shown in Figure 3-6 and Figure 3-7, respectively. The tensile data
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were used to develop constitutive models and the v-bend results were used to develop fracture loci
describing the local material properties required for FEM. Details regarding the measurement setups
and parameters used for DIC analysis can be found in Appendix E.

4.5.4.1 Constitutive Models

Figure 4-20 show the engineering stress-strain (S-E) curves obtained from tensile tests for U1500 and
D1000 in the tempered martensite conditions. Also plotted, are the corresponding curves for as-hot-
stamped U1500 material, adopted from Samadian et al. [162], and D1000 from Lee [161]. The
ultimate tensile strength of the U1500-FQ condition is approximately 1600 MPa, compared to 1100
MPa for the D1000-FQ condition. The UTS drops as the material undergoes more severe tempering
by increasing the tempering temperature.
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Figure 4-20. Engineering stress-strain curves for hot-stamped U1500 and D1000 adopted from
Samadian et al. [162] and Lee [161] and the tempered HAZ materials.
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Figure 4-23 shows the measured flow stress at 5% elongation, extracted from the tensile test results
shown in Figure 4-20b and c. It is evident that a linear relationship between the hardness and the
measured stress at 5% elongation exists for each alloy, shown in Figure 4-23 along with the R-
squared values for the linear fits (0.97 and 0.93 for U1500 and D1000, respectively). Therefore, the
flow stress for the HAZ material conditions (tempered martensite microstructure) can be correlated to

the hardness variation.

1800
o=1.9345HV + 618.61
1600 1 R?=09698 e i
£ 1400 - T2 “ """ As-hot-stamped
g TE e T3
1200 - -
% 1000 4+ e T N As-hot-stamped
- B T3
% 800 - T1 T2
S 600 - o = 1.6875HV + 449.38
g R? = 0.9299
@ 400 1 A UI500-FQ
200 - @ DI1000-FQ
0 T T T T T
250 300 350 400 450 500 550
Hardness (HV)

Figure 4-21. Linear relationship between stress at 5% elongation with hardness for as-hot-
stamped and tempered martensitic (HAZ) conditions. As-hot stamped tensile data for U1500-FQ
due to Samadian et al. [32] and for D1000 due Lee [42]

To develop constitutive models for the various sub-regions, needed for the FEM simulations, the
measured engineering stress-strain (S-E) curves (Figure 4-20b and ¢) were converted to true stress ()

vs. equivalent plastic strain (¢) data using:

o=S(1+E) Equation 4-1
2
F= ?\/6512 + 65,2 + 65, &, Equation 4-2

where &1 and &, are the major and minor plastic strains calculated from the DIC results. The g — €
curves are shown as solid lines in Figure 4-22. This data was utilized for the BM, FZ and U-HAZ, as
described in Section 4.5.3. The curves were extrapolated past the necking point to larger strains using
a weighted hardening law described by Ling [163]. The dashed lines in Figure 4-22 show the

modified Hockett-Sherby [164] curves fit to the experimental data and can be descried as:
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_ _\C -
G=0C — (€ — Clexp (=C5(&,) " + CS\/S_p Equation 4-3

where C; to Cs are calibration parameters. The model calibration was performed for all the material
conditions considered in the present work using the OriginPro analytical software and adopted a
Levenberg—Marquardt (also known as damped least-squares) procedure for which the resulting
calibration parameters are listed in Table 4-3. According to the calculated mean square errors (R?),

which are equal to or higher than 0.97.Note that the material properties were considered to be
isotropic [141].
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Figure 4-22. True stress versus equivalent plastic strain curves and fitted modified Hockett-
Sherby constitutive models to the engineering stress-strain data in using Equation 4-3.
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Table 4-3. Calibrated constants for the modified Hockett-Sherby material model (Equation 4-3)

Material Condition (Ncltpla) (h/CI:;a) Cs Cs (l\/cl:lia) Mé?rr;rS?;%re
FQ 1687 1360 14.1 0.66 170.24 0.99
§ T1 1116 961 20 0.91 18.11 0.98
35 T2 1332 1148 20 0.95 0 0.99
T3 1480 1133 10.4 0.63 0 0.99
FQ 1177 854 19.9 0.64 56.05 0.97
§ T1 924 825 20 0.93 17.68 0.98
a T2 1055 931 20 1.24 0 0.99
T3 1176 975 8.8 1.16 10.36 0.99

4.5.4.2 Fracture Characterization

Figure 4-23 shows the measured fracture strains from V-bend tests for the HAZ and as-hot-stamped
conditions for the U1500 and D1000 materials (the plane strain fracture strains for the U1500-FQ and
D1000-FQ material condition were adopted from Samadian et al. [162] and Lee [161], respectively.)

It can be seen that there is a linear relationship between the hardness and the measured fracture strain

in plane strain for each alloy, shown in Figure 9 along with the R-squared values for the linear fits

which are seen to be close to unity (>0.97). Therefore, the plane strain fracture strains for the HAZ

material conditions (tempered martensite microstructure) can be correlated to the local hardness.
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Figure 4-23. Linear relationship between fracture strain in plane-plane strain condition with the

hardness of hot-stamped materials (Adopted from [162] and [161]) and HAZ material

conditions.
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In the absence of measured fracture strains for a broad range of stress states, the fracture loci for
the as-hot-stamped (FQ) material were adopted as reference conditions. The fracture loci for the
tempered martensite HAZ material conditions, i.e. T1, T2 and T3, were approximated by linearly
translating the corresponding BM fracture loci based on the measured plane-strain fracture strain from
the v-bend experiments. This assumption was made to minimize the testing needed for fracture
characterization of the HAZ samples. The scaled 2D fracture loci are shown in Figure 4-24 and are
appropriate for plane stress conditions, typical of sheet metal deformation, for which a unique
relationship exists between the stress triaxiality () and Lode parameter (9), as given by Wierzbicki
and Xue [165]:

~ 27 1 .
0=——n (,72 — _) Equation 4-4

in which 7 is defined as the ratio of hydrostatic stress to von Mises equivalent stress and 8 is the
Lode angle parameter which takes the effect of deviatoric stresses into account [101]. The adopted
fracture loci for U1500-FQ and D1000-FQ (shown as solid lines in Figure 4-24a and b, respectively),
were linearly shifted to match the measured fracture strains in the plane-strain condition from the v-
bend experiments (triaxiality of 0.57), plotted as symbols in the figures. The shifted fracture curves

for the HAZ material conditions are shown as dashed lines.

Within the spot weld and HAZ, a fully three-dimensional stress state exists, thus, the available two-
dimensional fracture loci (Figure 4-24) were used to fit a three-dimensional fracture locus for each
material condition. For this purpose, the Bai-Wierzbicki fracture locus [166] was adopted, which is

expressed as:

2} 1 D D D n2 :
g(n,0) = [E (D1e™72" 4+ Dge™"6") — Dze™ 4’7] ] Equation 4-5

+ % (D,e~P2m 4 Dce~Pe) G + Dye~Pan
in which & is the fracture strain and D to D are calibration constants. To illustrate the process used
to fit the three-dimensional fracture loci, the failure strain versus triaxiality data from the two-
dimensional plane stress fracture locus for each material condition (from Figure 4-24) were replotted
as a function of triaxiality and Lode parameter, using the relationship between triaxiality and Lode
parameter, described by Equation 4-4. Each fracture locus was discretized as 100 data points spaced

out using increments in triaxiality of 0.01 over a triaxiality range of -1/3 to 2/3. This data set was then
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used to fit the three-dimensional Bai-Wierzbicki fracture surface (Equation 5) for each material
condition using a Levenberg—Marquardt procedure available in the OriginPro software [167,168].
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Figure 4-24. Fracture loci for hot-stamped U1500 and D1000 (adopted from [162] and [161]) and
HAZ materials using linear interpolation based on hardness.

The resulting three-dimensional fracture loci are shown as contour plots in Figure 4-24. The
calibrated constants of the Bai-Wierzbicki fracture surface are listed in Table 4-4, along with the
calculated mean squared error which was equal to or larger than 0.95 for all fits indicating that the
three-dimensional fits match with the two-dimensional fracture curves relatively well. It is worth
noting that the three-dimensional fracture loci were extrapolated to a triaxiality level of 2 to
encompass more severe stress states for numerical simulation purposes. Although the higher
triaxiality values were not experimentally calibrated, it was assumed that the Bai-Wierzbicki model is
still valid over the extended range. More details on the local material property measurements,

constitutive modeling and fracture characterization can be found in Appendix E.
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Figure 4-25. 3D Bai-Wierzbicki fracture loci calculated from the 2D plane stress fracture loci in
Figure 13 (a) U1500, and (b) D1000. The plane stress loci corresponding to the T1 material
condition are also plotted for each alloy (solid curves).

Table 4-4. Calibrated constants for the Bai-Wierzbicki fracture surface equation (Equation 4-5)

Material | Condition D; D, Ds D, Ds Ds Mé:rr;rS?Fl;%re
FQ 0.76 0.74 0.51 1.07 0.76 0.96 0.96
§ T1 1.10 0.48 0.85 0.56 1.13 0.62 0.96
3 T2 0.97 0.55 0.72 0.68 0.99 0.72 0.96
T3 0.89 0.61 0.63 0.80 0.90 0.80 0.96
FQ 0.75 -0.04 0.75 0.20 1.09 0.48 0.99
§ T1 0.95 -0.03 0.95 0.16 1.30 0.40 0.98
a T2 0.85 -0.04 0.85 0.18 1.20 0.44 0.98
T3 0.79 -0.04 0.79 0.19 1.13 0.47 0.98

To implement failure in LS-DYNA for the hot-stamped and HAZ materials, the evolution of damage
was predicted using the GISSMO criterion described by Equation 2-5, as was discussed in Section
2.8.2. The damage exponent, n, was set equal to 2 as recommended by Samadian et al. [162] and Lee
[161] for U1500 and D1000, respectively. Here, the failure strain, &, for a given triaxiality and Lode
angle parameter, is determined by the fracture loci in Figure 4-25, given by Equation 4-5 and the
constants in Table 4-4. This damage-based approach is utilized since the fracture loci in Figure 4-25

are strictly valid for under proportional loading paths, while the GISSMO approach given by
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Equation 4-5 accounts for non-proportional loading. In the finite element simulations, when D
reaches a value of unity, the corresponding element is flagged as failed and is deleted. In view of the
rather fine element size (~0.06 mm), mesh regularization was not considered [169] and mesh

convergence studies were left for future work.

4.5.5 Meso-Scale Spot Weld Failure Simulation

Using the local material properties in Section 4.5.4 and the detailed spot weld geometry previously
discussed in Section 4.5.3, the damage accumulation and failure were simulated for normal and shear
loading of the 1.6 mm U1500-FQ and D1000-FQ spot welds. The goal of this part of the work is to be
able to predict spot weld failure considering the micro-scale features such as the location of failure
and through thickness damage progression, as well as macro-scale behavior including failure mode
(i.e. pull-out, partial pull-out, and interfacial) and global load-displacement response. To validate the
simulation results, the results were compared to the experimental results obtained in Task 3. In the
following sections, the results are categorized and discussed with respect to the loading and material

conditions.

4.5.5.1 Spot Weld Failure under Normal Loading

The predicted failure behavior of spot welds under normal loading (CT) is shown in Figure 4-26. The
contour plots of damage parameter are on the right and the failure path with respect to the spot weld
sub-regions for spot welds under normal loading is on the left side of each plot. As seen in Figure
4-26a to ¢, damage is initially accumulated at the weld notch for the U1500-FQ-with-halo sample
leading to weld notch cracking, also known as corona debonding [52]. Then, damage proceeds along
the halo ring as seen in Figure 4-26b. Final failure occurs by abrupt fracture of the HAZ material
when the remaining ligament become critically small (Figure 4-26c). This predicted behavior
corresponds to a mode 2 partial thickness fracture with button pull in accordance with AWS D8.1
[23].

In the absence of the halo ring, however, the failure occurs along an irregular path parallel to
loading direction (Figure 4-26d and e). Although the location of final failure appears to be similar for
the samples with and without the halo ring, the fracture surface of the sample without the halo ring
propagates through the softened HAZ (Figure 4-26f) compared to the sample with the halo ring
(Figure 4-26c). For the D1000-FQ spot weld (Figure 4-26g to i), the level of damage accumulated
next to the actual failure path is significantly higher than that of U1500-FQ spot welds, which reflects
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the higher fracture strain and lower flow stresses for the D1000-FQ material. Similar to the U1500-
FQ-no-halo sample, the failure path for the D1000-FQ spot weld remains parallel to the loading
direction in the absence of a transient softened zone at the fusion boundary. Again, the predicted
failure mode matches with the description of mode 1 button pull-out failure in accordance with AWS
D8.1 [23]. Overall, the predicted failure behavior of the spot welds under shear loading are
significantly affected by the local material properties.

D100-FQ

U1500-FQ-with-halo o U1500-FQ-no-halo

Initial damage
accumulation

Through-thickness
damage

Final failure

A p———— S ——— T— -q e o iy vq
0 0.5 1 0 0.5 1 0 0.5 1
Damage Parameter Damage Parameter Damage Parameter

Figure 4-26. Failure simulation results for spot welds under normal loading showing the location
of failure and damage progression through the thickness for (a), (b) and (c) U1500-FQ-with-halo,
(d), (e) and (f) U1500-FQ-no-halo, and (g), (h) and (i) D1000-FQ spot welds. Loading direction is
shown by orange arrows.

4.5.5.2 Spot Weld Failure under Shear Loading

The shear load simulation results for the spot weld failure are shown in Figure 4-27. For the U1500-
FQ-with-halo spot weld (Figure 4-27a to ¢), damage is initially accumulated at the weld notch. As
seen in Figure 4-27b, the damage is gradually accumulated along the halo ring leading to a curved
failure path at the fusion boundary. The final fracture occurs due to rapid fracture through the
thickness of the sheet as the remaining ligament becomes critically small (Figure 4-27c). This

prediction matches with the description of mode 2 partial thickness fracture with button pull in the
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AWS D8.1 [23]. In the absence of the halo ring, damage accumulation occurs within the softened
HAZ for the U1500-FQ-no-halo spot weld (Figure 4-27d to f). Note that the failure location depends
on the presence of the halo. When the halo is present, failure occurs at the fusion boundary (Figure
4-27c), however, in the sample without the halo, failure occurs through the softened HAZ (Figure
4-27f) leading to mode 1 button pull-out failure mode. Although both failure modes are categorized
as pull-out, due to the difference in the location of failure, the type of pull-out failure under shear
loading is altered by the presence of the halo ring. For the D1000-FQ spot weld (as shown in Figure
4-27g to i), after initial damage accumulation at the weld notch, local shearing is predicted at the

interface of the sheets which leads to mode 7 interfacial failure of the D1000-FQ spot weld.

U1500-FQ-with-halo U1500-FQ-no-halo D1000-FQ

=

accumulation

Initial damage

(d)

Damage progression

Final failure

Damage Parameter Damage Parameter Damage Parameter

Figure 4-27. Failure simulation results for spot welds under normal loading showing the location
of failure and damage progression through the thickness for (a), (b) and (c) U1500-FQ-with-halo,
(d), (e) and (f) U1500-FQ-no-halo, and (g), (h) and (i) D1000-FQ spot welds. Loading direction is
shown by orange arrows.

4.5.5.3 Comparison with Experiment

To validate the simulation results, direct comparison of the predicted and observed failure
characteristics of the spot welds was performed. From Figure 4-26 and Figure 4-27, all spot welds are
predicted to fail in one of two pull-out modes (mode 1 pull-out or mode 2 partial thickness failure),

with the exception of the D1000 spot weld which failed inter-facially under shear loading (mode 7).
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These predictions align well with the observed failure modes that are evident in the post-failure

macro-images shown in Figure 4-8.

For more in-depth analysis of spot weld failure and prediction capabilities, the cross-sections of the
spot welds were examined after failure and compared with the predicted results (as shown in Figure
4-28). It was seen that the overall predicted path and location of failure matched with the experiments
for all the spot welds studied in the present work. In the presence of the halo ring in the U1500-FQ
welds (Figure 4-28a and d), failure occurred along the fusion boundary, which had a local hardness of
402 HV and was lower than the BM hardness of 505 HV. The results indicate that the models are
capable of capturing this rather complex failure mode (mode 2 partial thickness fracture with button
pull), accounting for the presence of the halo ring. The failure through the halo ring, which is a
100 pum wide region surrounding the FZ of U1500-FQ, is explained in detail in Appendix B. It should
be noted that the hardness of the halo is still higher than that of the softened HAZ, which had a
hardness of 305 HV; nevertheless, failure occurred within the halo ring due to local material

inhomogeneity and strain accumulation.

By eliminating the halo ring in the U1500-FQ welds, failure occurred parallel to the normal load
starting from the weld notch towards the surface (Figure 4-28b). However, the U1500-FQ-no-halo
welds fail at the softened HAZ under shear loading (as shown in Figure 4-28e) which is the weakest
part of the weld according to the hardness measurements (Figure 4-28b). The predicted failure at the
softened HAZ for the U1500-FQ-no-halo case matches the experiment as well as the mode 1 button
pull-out failure described by AWS D8.1 [23]. The predicted failure path is mostly dominated by the
rather low strength at the softened HAZ (which has local material properties corresponding to the
softest T1 region) with a minimum hardness of 278 HV (Table 4-2).

In the D1000-FQ spot weld, failure is initiated at the weld notch and propagates through the
thickness under normal loading, as shown in Figure 4-28c. This is in agreement with the identified
failure mode for the D1000-FQ spot weld under normal loading in Figure 4-8 and the definition of
mode 1 partial button pull-out failure. With the weld dimensions in the present work, the weld in
D1000-FQ failed interfacially under shear loading (Figure 4-28f).
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Figure 4-28. Predicted versus experimentally examined cross-section of spot welds showing the
location of failure under (a), (b) and (c) Normal loading, and (d), (e), and (f) shear loading for
different spot weld conditions.

It was previously shown in Section 4.4.3 that the interfacial failure exhibited shear-dominant
plastic flow, which contrasts the common assertion that interfacial failure occurs as a brittle fracture
[31,156]. The predicted failure behavior agreed with the experimental observations in the present
work and showed that the D1000-FQ spot weld failed under shear loading, as seen by the predicted
effective plastic strain field shown in Figure 4-29. The sheared edge of the fractured surface along the
center line of the weld is clearly seen in Figure 4-29a. The effective plastic strain contour for the same
test condition (Figure 4-29b) shows extensive plastic deformation within the elements adjacent to the
fractured edge. In addition to the major shearing at the center, there is a degree of thinning at the
softened HAZ (indicated by orange arrows in Figure 4-29a) as a result of a competition between
strain accumulation at the weld notch and the softened HAZ at the early stages of the test. Some
thickness reduction was predicted at the softened HAZ where the plastic strain was on the order of

0.13. Thus, localization initiated at the HAZ, however, shearing across the weld nugget proved to be

the dominant failure mode.
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Figure 4-29. Post-failure analysis of interfacial failure in D1000-FQ spot weld.

4.5.5.4 Strain History and Stress State at the Onset of Failure

The strain-stress state history of the critical element, defined here as the element at which failure (and
element deletion) first occurs, as described by Equation 4-5, provides insight regarding the conditions
leading to onset of failure within the studied spot welds. Figure 4-30 shows an example of the
predicted strain-stress state history leading to failure under lap shear loading for the U1500-FQ-with-
halo. Also plotted is the three-dimensional Bai-Wierzbicki failure surface and the plane stress failure
locus for the critical element. Finally, additional plots of strain versus triaxiality and strain versus

Lode parameter are plotted to assist in visualizing the stress state history.

Under shear loading, the U1500-FQ-with-halo spot weld exhibits mode 2 partial thickness fracture
and pull-out and the critical element is located at the halo ring (as indicated in the mesh plot inset in
Figure 4-30). Based on the strain-stress state history, the triaxiality increases rapidly to values of 1.7
during the early stages of deformation, decreasing to approximately 0.85 at fracture. After the initial
transient, the Lode parameter is approximately 0 for the majority of the deformation history. Thus, the
stress state within the weld is severe, due to the high predicted triaxiality, which can be attributed to
the differing microstructures within the weld region, with the softer phases experiencing a high

degree of constraint imposed by the surrounding harder phases.
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Figure 4-30. Predicted strain-stress state history of the critical element for U1500-FQ-with-halo
spot weld in lap-shear test. Critical element is shown in the inset finite element mesh.

With one exception, the other loading cases (not shown for brevity) all exhibited pull-out failure
modes with predicted strain-stress state histories that had high triaxiality levels that were similar to
that show in Figure 4-30. In this regard, the shear-dominated failure mode of the lap shear-loaded
D1000-FQ spot weld was distinct from the other load cases. Figure 4-31 shows the predicted strain-
stress state history results for the D1000-FQ spot weld; for this case, the critical element is located at
the centerline of the weld, within the FZ. The interfacial failure (mode 7) occurs as a result of
shearing along the interface of the sheets (Figure 4-28). The strain-stress state history corresponds to
a pure shear condition, with triaxiality and Lode parameter values close to zero. This observation
confirms the shearing mechanism of interfacial failure for the D1000-FQ spot weld under shear

loading (lap-shear).

The high triaxiality predicted for the U1500-FQ-with-halo spot weld lies well beyond the highest
triaxiality encompassed by the fracture calibration data which is limited to biaxial tension under
through-thickness plane stress conditions (n=0.66, & = 0). Thus, the current Bai-Wierzbicki failure
surfaces represent extrapolations and there exists a need to develop additional high triaxiality
experiments to more accurately characterize the fracture limits of the phases present in the weld

region. It is also important to restate that the fracture limits of the halo ring were assumed to
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correspond to that of the D1000-FQ condition. Direct measurement of the fracture limits of the halo
ring will prove difficult given its extremely small thickness (104 pm) [34].
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Figure 4-31. Predicted strain-stress state history of the critical element for D1000-FQ spot weld
in lap-shear test. Critical element is shown in the inset finite element mesh.

4.5.5.5 Load-Displacement and Absorbed Energy Prediction

The predicted and measured load-displacement and total absorbed energy for the lap-shear and cross-
tension tests are compared in Figure 4-32. Overall, the load-displacement response of the studied spot
welds matches well with the experiments (within + 9 % relative error). In addition, the predicted load
and displacement corresponding to the onset of failure are also within 6.3 % of the measured values.
The detailed meso-scale models developed in this work are able to predict the non-linearity of the
load-displacement response during both the loading phase as well as post-failure energy absorption,
which is difficult to capture with the existing structural spot weld models that employ beam and shell
element formulations, as reported in studies by Tolton [49], Khandokar et al. [170], and Sadigh et al.
[171].
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Figure 4-32. Comparison of predicted and experimental load-displacement curves for different
spot welds under (a), (b) and (c) under normal, and (d), (e), and (f) under shear loading.

The capability of the developed 3D meso-scale models in predicting the peak load value for the
spot welds is demonstrated in Figure 4-33. In terms of the overall prediction accuracy, the predicted
peak loads are within £7% relative error range. According to the calculated errors, all the peak load

data for shear loading are underestimated with relative error between 2.2 and 5.4 %; with the U1500-
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FQ-no-halo condition having the highest error. On the other hand, the peak load values for normal
loading are overestimated within the relative error range between 3.2 and 6.3 %, with the maximum
error calculated for the U1500-FQ-AS-with-halo spot weld. The potential sources of error include the
relatively coarse discretization of the weld region and the reduced simulation domain size considered
in the current models. Despite these modest errors, the current meso-scale models capture the rather
diverse failure modes and resulting fracture paths, failure loads and energy absorption rather well.
More details about the meso-scale spot weld failure models, simulation results and validations can be

found in Appendix E.
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Figure 4-33. Predicted versus measured peak load data for different spot welds and loading
conditions.

4.6 Summary

Experimental characterization of spot weld failure is a challenging task due to the complex loading

conditions around the weld nugget and limited available techniques for in-situ failure analysis. As a
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result, most current spot weld failure models only consider global behaviour of spot welds, such as
peak load, for failure prediction. Therefore, the effects of microstructure, local material properties,
and through-thickness damage progression on failure behavior of spot welds are neglected in the

current models.

In the present research, four different tasks were executed to build-up the required foundations for
developing a meso-scale spot weld failure model which is capable of through thickness damage
prediction based on the local material properties of the weld region. According to Figure 2-21, several
deliverables were targeted these tasks to address the main goal of each task. For Task 1, the goal was
to develop RSW process parameters for expulsion-free spot welds with optimum strength for several
hot-stamping automotive steel grades and thicknesses. To this end, a systematic optimization process
(combination of experiment and modeling) was performed on the heat-treated materials and unified

sets of RSW parameters were reported for each material thickness.

For Task 2, the microstructure of the spot welds was examined and sub-regions within the welds were
identified. A correlation between microstructure and microhardness was established which was used
as the basis for generating the spot weld geometry in Task 4. For the hot-stamped materials studied
here, martensite tempering is the main cause of softening at the SC-HAZ. Additionally, a transient
softened zone, referred to as the halo ring, was found in the U1500-FQ spot welds creating local

material nonuniformity within a narrow band at the fusion boundary.

Using the results from Task 2, an in-depth analysis of failure under shear and normal loading was
performed in Task 3 with respect to the local microstructure of subregions. It was found that the
presence of the halo ring for the U1500 spot welds alters the failure path and slightly affects the total
absorbed energy during failure. To address one of the main goals of the present work under Task 3, a
novel testing technique that uses DHW specimens was coupled with DIC analysis which allowed for
in-situ through-thickness damage progression analysis. The capability of the DHW testing technique
for failure analysis was demonstrated by promoting different failure modes, including partial pull-out,
complete pull-out, and interfacial failure, using modified RSW parameters. It was found that failure
occurs along the halo ring in the U1500-FQ spot welds leading to patrial pull-out failure. In contrast
to the common assertion that interfacial failure occurs as brittle fracture, the in-situ failure analysis

showed shear-dominant type of failure for interfacial failure of the D1000-FQ spot welds.

In Task 4, meso-scale spot weld models were developed by discretizing weld regions based on

microstructure-failure relationships found in Task 2 and Task 3. To this end, local material properties
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(including constitutive flow models and fracture surfaces) for the FZ, BM, and HAZ were
experimentally measured and modeled to be used in FEA. The variations of local material properties
were correlated to hardness/microstructure change within spot weld subregions and mapped over the
detailed spot weld geometry. The developed meso-scale failure models were used to predict
microscopic failure path and damage progression, as well as macro-scale failure modes and load-
displacement response of spot welds under shear and normal load. The predictions in Task 4 were
compared and validated against the experimental results obtained in Task 3, showing good agreement
at both the macroscopic level (load-displacement) and capturing the failure paths at the microscopic

level rather well.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The present study established methods for experimental spot weld failure analysis and numerical
failure prediction by taking the effect of microstructure and local material properties into account. For
the first time, the sequence of crack propagation and through-thickness damage progression during
spot weld failure were measured through the cross-section and numerically modeled using a
hardness/microstructure mapping approach. This was identified partially through the use of a novel
in-situ failure characterization technique coupled with DIC, as well as finite element simulation
failure in which local material properties were assigned based on hardness to the detailed meso-scale
spot weld models with fine 3D elements. Based on the predictions, the state of stress in the weld zone
can be quite severe (triaxiality higher than unity), largely due to the interactions between the adjacent
hard and soft zones during deformation, which highlights the need for future high triaxiality fracture

characterization. The main conclusions are described in detail below:

1. For the studied spot welds in the hot-stamped materials, i.e., U1500, D1000, and D500, HAZ
softening occurred due to martensite tempering and/or decomposition of the BM within the
SC-HAZ. For the U1500-FQ spot weld a transient softened zone at the fusion boundary,
referred to as the halo ring, was observed which is thought to form due to carbon depletion
during the spot welding process. Using a multi-pulse RSW schedule with 65 ms pulses, the

halo ring was eliminated while maintaining the same weld size.

2. Macrostructure observations revealed that all of the spot welds created by the optimized
welding settings fail in pull-out mode (partial through-thickness pull-out or compete pull-out)
under normal and shear loading. However, the failure path and location of failure depends on
the microhardness variation across the weld and sheet thickness. It was found that failure
occurs via partial thickness fracture and button pull out for U1500-FQ and D1000-FQ with
stronger BM. The tendency for partial through thickness fracture increases with increasing

the sheet thickness.

3. Failure within the softened HAZ was the dominant location of failure under shear loading for
all spot welds created with the optimized setting, the typical failure location for spot welds in

AHSS grades, except the U1500-FQ spot welds. Failure in the U1500-FQ spot weld was
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observed at the halo ring which is a ~100 um wide region around the weld nugget with the
minimum hardness of 472 HV although it is not the lowest hardness point of the weld. Due to
the geometrical constraints and high strength of the fusion zone, the majority of the spot
welds failed via pull-out close to the CG-HAZ under normal loading.

Post-failure optical and electron microscopy on an interrupted lap-shear test revealed that
failure occurs via shear band formation at the halo ring, which has not been reported before
for the U1500-FQ material. S-shaped shear patterns were found on the fracture surface of the

weld next to the nugget, indicating severe shearing during failure at the halo ring.

The novel DHW testing samples coupled with DIC technique showed that spot weld failure
in U1500-FQ initiates at the weld notch by corona debonding regardless of the spot weld
microstructure. However, in the presence of the halo ring, fracture follows the curvature of
the halo ring leading to partial thickness fracture with button-pull out failure. In the absence
of the halo ring, failure occurs parallel to the normal load or within the softened HAZ under

shear loading which decreases the strength of the spot weld.

The DHW testing method also enabled in-situ observation of interfacial failure for the first
time. A modified RSW setting was used to promote interfacial failure in the D1000-FQ
welds. The results showed extensive shearing at the centerline of the weld nugget after initial
corona debonding at the weld notch. This interpretation of interfacial failure is in contrast
with the common understanding that interfacial failures are brittle in nature. Post-failure
fractographs showed ductile fracture at the central region of the weld nugget, as evidence of

the plastic shear-dominant mechanism of interfacial failure.

The models were able to predict the microscopic location of failure and through-thickness
damage progression as well as macro-scale failure mode and load-displacement response of

the spot welds (within 6.3% of measured failure loads).

The predicted strain-stress state histories revealed high triaxiality levels (in the range of 0.95
to 1.7) for the welds experiencing pull out failure modes. These high levels of triaxiality are
attributed to constraint on deformation of the softer phases imposed by the adjacent harder
regions including the FZ and upper-HAZ. The current Bai-Wierzbicki failure surfaces

represent extrapolations from the measured data, thus, there exists a need to develop
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additional high triaxiality experiments to more accurately characterize the fracture limits of

the phases present in the weld region.

5.2 Recommendation for Future Work

The following future work is recommended as next steps to strengthen the understanding of spot weld

failure behavior analysis and numerical modeling:

The presence of the transient softened zone at the fusion boundary for U1500 material
was observed in the present work. However, the root cause of its formation,
microstructure, chemical composition, and practical methods to control the width and
hardness of the softened zone are left for future work. Based on the results in the present
work, it is expected that the state of the transient softened zone could affect the failure

behavior significantly.

In the current study, the local material characterization was performed using the indirect
method by reproducing the HAZ materials. Several simplifying assumptions were made
to minimize the number of required experiments. In-depth fracture characterization of the
HAZ using micro-scale testing methods is recommended for future work which should

improve predictions of spot weld failure response.

The present work was mostly focused on the development of hardness-mapping
methodology for spot weld failure modeling. Therefore, the required material cards for
the discretized geometry were manually implemented into LS-DYNA. An important
feature that should be added in future is the development of User-defined Material
(UMAT) subroutines for automatic and smooth allocation of material properties to the
spot weld geometry. UMATS can be used to define new spot weld geometries as RSW

parameters change and to update the constitutive flow models and fracture limit strains.

To establish the foundation for the modeling methodology and the experimental
techniques for failure analysis, coupon size testing and simulation were used in the
present work. Considering the application of the hot-stamped automotive steels for large

parts, component level testing and meso-scale simulation would be valuable.

The predicted strain-stress state histories revealed high triaxiality levels for the welds

experiencing pull out failure modes. The observed range of triaxiality is higher than the
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range for typical sheet metal fracture characterization. Therefore, additional high stress
triaxiality tests are required to calibrate the fracture loci for spot weld failure.
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Figure 2-2

Source: Merklein M, Wieland M, Lechner M, Bruschi S, Ghiotti A. Hot stamping of boron steel
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Source: Pouranvari M, Sobhani S, Goodarzi F. Resistance spot welding of MS1200 martensitic

advanced high strength steel: Microstructure-properties relationship. J Manuf Process 2018;31:867—
74. https://doi.org/10.1016/j].jmapro.2018.01.009. Figure 4

Jan 18, 2022

This Agreement between Dr. Alireza Mohamadizadeh ("You") and Elsevier ("Elsevier") consists of your license details and the terms and
conditions provided by Elsevier and Copyright Clearance Center.

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Start Page

End Page

Type of Use

Portion

Number of
figures/tablesl/illustrations

Format

Are you the author of this
Elsevier article?

Will you be translating?
Title

Institution name

Expected presentation date
Portions

Requestor Location

Publisher Tax ID
Total
Terms and Conditions

5232010683149

Jan 18, 2022

Elsevier

Journal of Manufacturing Processes

Resistance spot welding of MS1200 martensitic advanced high strength steel: Microstructure-
properties relationship

M. Pouranvari,S. Sobhani,F. Goodarzi
Jan 1, 2018

31

n/a

8

867

874

reuse in a thesis/dissertation
figures/tablesl/illustrations

1

electronic
No

No

Characterization and microstructure-based modeling of spot weld failure in hot stamped steel
University of Waterloo

Jan 2022

Figure 4

Dr. Alireza Mohamadizadeh
200 University Avenue

N2L 3G1

Waterloo, ON N2L 3G1

Canada

Attn: Dr. Alireza Mohamadizadeh
GB 494 6272 12

0.00 CAD

105


https://doi.org/10.1016/j.jmapro.2018.01.009

Figure 2-9

Source: Tolton CJ. Characterization of Spot Weld Failure within Weld Groups under
Predominantly Shear Loading by 2020. Figure 11

18 January 2022
Dear Cameron Tolton,

I would like permission to include the material listed below in my thesis titled “Characterization and
microstructure-based modeling of spot weld failure in hot stamped steel”.

e Figure 11 on page 13 of the master’s thesis tilted “Characterization of Spot Weld Failure within
Weld Groups under Predominantly Shear Loading” by Cameron Jeffrey Tolton.

As part of this project, the source for this material is clearly credited. Material is impartial in nature and is
used, copied, and stored for educational purposes only.

To indicate your agreement with the permission requested in this letter and the credit line detailed below,
please sign and return this letter to me.

In signing, you are representing that you are the sole owner of the rights in the material granted by you
in this letter, that you have the authority to grant permission, and that the University of Waterloo's
intended use of the material will not infringe the rights of others.

I would greatly appreciate your consent to my request. If you require any additional information, please
contact me.

Sincerely,
Alireza Mohamadizadeh
Mechanical and Mechatronics Engineering

University of Waterloo

APPROVED / PERMISSION GRANTED:

Name: Cameron Tolton

—) ¥
Signature Qi&é -
Date: 2022-01-18
Company:

Address:

TITLE OR DESCRIPTION OF MATERIAL [Waterloo Organizational Unit to fill out]:
Creator / Author: Cameron Jeffrey Tolton

Copyright year, If known: 2020

[Figure/Table/Page Number, if applicable]: Figure 11

CAPTION AND CREDIT INFORMATION, [Waterloo Organizational Unit to fill out] e.g.:

Credit line(s) / copyright notice for the material

106



Figure 2-10
Source: Kianersi D, Mostafaei A, Amadeh AA. Resistance spot welding joints of AISI 316L

austenitic stainless steel sheets: Phase transformations, mechanical properties and microstructure
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Source: Ordofiez Lara JH, Ambriz RR, Garcia C, Plascencia G, Jaramillo D. Fatigue Life of
Resistance Spot Welding on Dual-Phase Steels BT. Proc 17th Int Conf New Trends Fatigue Fract
2018:225-36. Figure 3 and Figure 4

Jan 18, 2022

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date
Type of Use

Requestor type

Format

Portion

Number of
figures/tables/illustrations

Will you be translating?
Circulation/distribution

Author of this Springer
Nature content

Title

Institution name

Expected presentation date
Portions

Requestor Location

Total
Terms and Conditions

This Agreement between Dr. Alireza Mohamadizadeh ("You") and Springer Nature ("Springer Nature") consists of your license details
and the terms and conditions provided by Springer Nature and Copyright Clearance Center.

5232060436392
Jan 18, 2022

Springer Nature
Springer eBook

Fatigue Life of Resistance Spot Welding on Dual-Phase Steels
J. H. Ordofiez Lara, R. R. Ambriz, C. Garcia et al

Jan 1, 2018

Thesis/Dissertation

academic/university or research institute

electronic

figures/tables/illustrations

2

no
1+29
no

Characterization and microstructure-based modeling of spot weld failure in hot stamped steel
University of Waterloo

Jan 2022

Figure 3, Figure 4

Dr. Alireza Mohamadizadeh
200 University Avenue

N2L 3G1

Waterloo, ON N2L 3G1

Canada

Attn: Dr. Alireza Mohamadizadeh

0.00 CAD

110



Figure 2-16

Source: Tong W, Tao H, Jiang X, Zhang N, Marya MP, Hector LG, et al. Deformation and fracture

of miniature tensile bars with resistance-spot-weld microstructures. Metall Mater Trans A Phys
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Figure 2-19

Source: Enomoto Y. Steam turbine retrofitting for the life extension of power plants. Elsevier Ltd,;
2017. https://doi.org/10.1016/B978-0-08-100314-5.00017-8. Figure 17.5
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