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ABSTRACT

The effects of a 20 min paint baking cycle at 180 °C on the performance of resistance spot welds are
characterized in this thesis for welds made in three third-generation (Gen3) advanced high-strength steels (AHSSSs)
and three dual-phase (DP) steels. The strength and energy absorption measured in cross-tension and tensile shear
testing of welds was characterized for as-welded and baked conditions with two different weld schedules. One
schedule generated smaller, expulsion-prone welds, and the other generated larger, expulsion-free welds that satisfy
the industry recommended minimum size to exhibit the favorable plug failure mode. The improvements in
mechanical performance were correlated with changes in the fracture locations and characteristics of larger welds
after baking, to identify the possible locations of the weld structure responsible for the baking sensitivity.

In cross-tension testing, the effects of baking were most significant in the smaller welds which exhibited
low strength, low energy absorption, and an interfacial mode of failure prior to baking. The largest increase in
strength and energy absorption after baking occurred in two of the Gen3 steels, the TRIP1180 and QP1000 steels.
Significant effects of baking were also observed in larger welds made in these two steels which exhibited plug
failure in the as-welded condition. Welds in the DP steels were less sensitive to baking, though a measurable effect
was identified, particularly in the DP steel with the highest amount of Si. The force-displacement curves were
observed in as-welded and baked specimens which revealed that changes after baking occurred at early stages of
testing for smaller welds and later stages of testing in larger welds. Tensile shear testing of welds made in a QP1000
and DP980 steel revealed an opposite trend to that observed in cross-tension testing, in that larger welds exhibiting
plug failure in the as-welded condition exhibited greater baking sensitivity than smaller welds failing at the
interface. Following this observation, specimens with reduced sample width were used to enable weld rotation and
bending of the base metal. In this modified geometry, welds that exhibited minor baking sensitivity (and failed in the
weld interface) when tested with the standard geometry were now shown to be highly sensitive to baking (failing in
the heat-affected zone (HAZ)). The change in failure mode of the as-welded condition in association with the
increased baking sensitivity suggested that important microstructural changes must occur in the HAZ during baking.

Fractography of larger welds tested in the as-welded and baked conditions revealed the occurrence of low
energy fracture in various regions of the weld. In a TRIP1180 steel, intergranular fracture in the upper critical HAZ
and quasi-cleavage fracture in the intercritical HAZ were observed in the as-welded condition, but not after baking.
Intergranular fracture was also observed for the as-welded QP1200 steel, but was still active after baking, albeit with
a slight increase in ductile nature. Quasi cleavage fracture was observed along the fusion zone periphery in many of
the DP steels both before and after baking, with varying degrees of mixed mode characteristics evident. A band like
fracture morphology was observed in the as-welded and baked QP1200 and QP1000 welds, involving ridges of
ductile microvoid coalescence separated by flatter regions. Of the weld regions examined using scanning electron
microscopy, only the intercritical HAZ of the QP1000 and TRIP1180, the most baking-sensitive steels, revealed
baking induced changes visible using the magnification available. The martensite-austenite constituent present in the
intercritical HAZ of these steels appeared to undergo tempering during baking, which may serve to mitigate strain

localization and subsequent low energy fracture in this weld region.
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CHAPTER 1

INTRODUCTION

1.1 Thesis Background

Research trends in the automotive industry are currently focused on developing vehicles with reduced mass
for enhanced fuel efficiency while maintaining vehicle crashworthiness for passenger safety. One primary approach
to addressing both concerns is through the development and implementation of steels with superior combinations of
strength and ductility. These steels have been developed and are termed the Third Generation (Gen3) of Advanced
High Strength Steels (AHSS) and possess unique combinations of strength and ductility which are achieved by
complex alloying and heat-treatment to develop fine-tuned microstructures [1-5]. Gen3 steels can achieve the same
structural integrity in an automobile compared with conventional steels but at a reduced weight by utilizing
down-gauged sheet. This reduction in gauge allows a reduction in mass while maintaining or exceeding previous
load bearing performance in structural components.

After components are formed, they must be assembled and joined to create the body structure of the
automobile. This process can be completed using resistance spot welding — a joining technique that is used roughly
2000 — 5000 times per vehicle [6,7]. Each resistance spot weld is made by clamping two or more metal sheets
between two copper electrodes. A high current is passed between these electrodes, generating resistive heat at the
interface of the two sheets being joined. The current is applied until the temperature at the sheet interface reaches the
melting point of the material and is held until the volume of molten material grows to a specific size. Current is then
stopped, at which point the molten material, termed the fusion zone or weld nugget, rapidly solidifies and forms a
physical bond between the two sheets. Further, the region of material surrounding this fusion zone is also
significantly altered by the thermal energy generated during the welding process. This region is termed the
heat-affected zone (HAZ) and can be further classified into sub-regions based on the thermal histories and resulting
microstructural evolution which occurred during the welding process. In Gen3 steels, the as-welded properties of the
fusion zone and HAZ can result in welds which can exhibit low-energy failure [8]. To maintain vehicle
crashworthiness and protect occupants during crash events, the components in an automobile and especially the spot
welds holding assemblies together should fail in a manner which absorbs as much energy as possible so that the
energy transferred to the occupant is reduced.

In the automotive manufacturing process, component forming and vehicle assembly are followed by a
painting process to seal and protect the metal used to fabricate the vehicle, as well as provide an aesthetically
pleasing vehicle exterior. The paint is cured by passing the entire vehicle through a baking oven for 20 min at a
temperature of about 180 °C. Several researchers have reported that after this baking cycle, spot welds made in some
Gena3 steels exhibit a range of improvements in mechanical performance. An increase in energy absorption and
maximum force during mechanical testing as well as a change in failure mode have been reported for a variety of
steels. The degree of improvement, or baking sensitivity, has been reported to vary based upon the weld schedule

and the specific grade of steel being welded [8]. The changes taking place in these welded structures during baking
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which are responsible for ‘baking sensitivity” are still unknown, though a variety of microstructural changes have
been observed. Typically, welds are approved for use in automotive assemblies after standard testing and analysis
that do not include a paint baking heat treatment. An understanding of the effects of the baking cycle on the final

weld properties in Gen3 steels may help facilitate their implementation in automotive assemblies.

1.2 Thesis Objectives and Overview

This research project seeks to develop an understanding of the changes responsible for the improvements in
mechanical performance of resistance spot welds made in Gen3 steels following a baking cycle. The experimental
work in this phase of the research comprises an investigation of the baking phenomena across a range of different
steels. Previous studies have cited different ‘baking sensitivities” for welds in different grades of steel, while others
have shown that the baking sensitivity of a single steel can depend heavily on the weld schedule being used. Thus, a
clear comparison between steel grades, and an insight as to whether this baking sensitivity is related to steel
composition or the existing steel microstructure, cannot be made unless different steels of uniform thickness are
welded with the same schedule. With this understanding, an in-depth analysis of weld failures, coupled with
microstructural characterization, can identify regions of the weld microstructure which are likely regions of interest
to investigate possible baking-induced microstructural changes.

A review of the advancements made in steel research and the progression through the different generations
of steels begins Chapter 2. Background is provided on the resistance spot welding process and a description of
testing methods and weld characterization techniques is given. Some current challenges associated with welding
Gen3 steels are presented, and the improvements in weld performance observed in these steels after a paint baking
treatment are discussed, along with observations and proposed mechanisms given in the literature. The experimental
design and techniques are provided in Chapter 3. The mechanical characterization results from cross-tension testing
are presented in Chapter 4, which lead into a failure analysis of welds to identify specific regions of interest for
observation. Results obtained during mechanical characterization in tensile shear testing are provided in Chapter 5,
which also includes the implementation of a new specimen geometry to investigate baking effects in spot welds.
Microstructural characterization results for two of the welds most sensitive to baking are discussed in Chapter 6.

Finally, the conclusions are provided in Chapter 7, along with the recommendations for future work in Chapter 8.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Advanced High Strength Steel: The Third Generation

To manufacture fuel-efficient vehicles with acceptable combinations of strength, formability, toughness,
and cost, the industry has developed and implemented steels with enhanced mechanical properties. This
development has occurred incrementally over the last few decades, with designation of a certain class of steel being
referred to as a “generation”. The first generation (Genl) of advanced high-strength steel (AHSS) consists of dual
phase (DP), transformation-induced plasticity (TRIP), complex-phase (CP) steels with tensile strengths up to about
800 MPa, and martensitic (MART) steels [1]. These steels possess microstructures illustrated in Figure 2.1

consisting of retained austenite, bainite, and martensite in a ferritic matrix [2].

TRanformation Induced Complex Phase Steel
Dual Phase Steel (DP) Plasticity Steel (TRIP) (CP) Martensitic Steel (MS)
[ Polygonal ferrite Strain-induced martensite (after low straining at room temperature)

[ Retained austenite Bainitic ferrite (with high dislocation density)
Il Athermal martensite

Figure 2.1. Schematic representations of Genl steel microstructures and the microconstituents present in each grade.
Reprinted with permission from [2].

Increasing demand for steel with even greater mechanical performance led to the development of the
second generation (Gen2) of AHSS, which are austenitic at room temperature and a resulting increase in plasticity
during deformation to achieve new levels of toughness in steels [3]. These steels include austenitic twinning induced
plasticity (TWIP) and austenitic stainless steels [4]. As these steels deform, twinning or transformation of the
metastable retained austenite results in an increased work-hardening rate, which delays the onset of necking and thus
increases the uniform elongation and resulting formability of the steel [3-5]. Austenite is stabilized to room
temperature by substantial alloying with manganese, chromium and/or nickel in these Gen2 steels, which increase
the cost and has so far limited the implementation of these alloys in automotive assemblies [3]. Thus, the need for
steel with mechanical properties superior to those of Genl steels, but with reduced cost relative to Gen2 steels
highlighted the opportunity for the third generation (Gen3) of AHSS. The potential for development and
implementation in terms of material properties of Gen3 steels is illustrated in Figure 2.2, where the lower left and

upper right bands represent the Genl and Gen2 steels, respectively.
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Figure 2.2. The properties associated with Genl (TRIP, DP, CP, MART) and Gen2 (L-IP, TWIP, and aust. SS)
steels, and the potential for Gen3 steels. Reprinted with permission from [1].

Genl steels derive their strength from solution and precipitation strengthening along with grain refinement,
and their work-hardening behavior from the inherent increase in dislocation density during plastic deformation. As
dictated by Considere’s criterion, the uniform elongation achieved during deformation depends on the material’s
flow strength and the work-hardening rate [9]. The transformation of austenite to martensite results in an increased
work-hardening rate, which explains the significant improvement in mechanical performance of Gen2 steels as
compared to Genl steels [4]. The utilization of the austenite-to-martensite transformation or the twinning of
austenite during straining to improve the work-hardening rate is the primary design concept in Gen3 steels, though
the retention of austenite is achieved in a manner different than was mentioned for Gen2 steels. Rather than
increasing the level of manganese present in the steel, the retention of austenite is achieved by carefully controlling
local carbon content during thermal processing. Such steels include quench and partitioning (Q&P) steels [10]. Q&P
steels are quenched slightly below the martensite start (M) temperature which results in a partial transformation of
austenite to martensite. The steel is then held at a temperature above the martensite finish (My) temperature, enabling
the diffusion of carbon from the martensite into the remaining austenite. The austenite, now enriched in carbon, may
be stable upon final cooling to room temperature, where it can serve to increase the work-hardening rate of the steel
as it transforms to martensite during deformation. The resulting steel possesses strength and ductility combinations
superior to those of Genl grades, without the significant cost associated with the alloying strategies utilized in Gen2
grades.

2.2 The Resistance Spot Welding Process in Automotive Assembly

The modern automobile represents a remarkable feat of engineering when the range of different materials
which are brought together to create such a product is considered. A highly simplified example considering just the
body-in-white (BIW), or the ‘skeleton’ of the automobile chassis and body structure, is illustrated in Figure 2.3. The
different materials are shown to include steels having a wide range of strength levels, each with potentially different
chemical compositions and forming histories [11]. After the various components of the BIW are manufactured, the
entire assembly must be joined together. Mechanical fasteners, adhesives, and welds are some of the common
joining methods used in automotive manufacturing lines. Of these, resistance spot-welding is the most common
joining technique due to its rapid, low-cost efficiency of joining sheets [6]. Though variation exists across different

models, estimates have been made which place the average number of spot welds on a single vehicle between
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2,000 - 5,000 [6,7]. The welds joining the various components are critical in realizing the full material capabilities
and creating a structure which will protect the occupants in the event of a crash. As Gen3 steels move toward
broader implementation, the properties of these steels after welding become a critical focus of research. Due to the

governing principles dictating weld performance, the properties of welds made in the various components which

comprise the BIW will differ.

[ Low Strength Steels

High Strength Steels:
O BH, P, HSLA

Advanced High
- Strength Steels: DP

Advanced High
- Strength Steels: LCE

Ultra High Strength
O Steels: MS

Ultra High Strength
| Jreaschip

Steels: MP/CP
CHEVROLET MALIBU
I Press Hardened Steels

Figure 2.3. Schematic illustrating the variety of materials used in constructing the automotive BIW. Reprinted with
permission from [11].

Resistance spot welding is a process in which two sheets of metal are joined by passing electrical current
through two electrodes to generate resistive heat, melting the two sheets at the interface and forming a joint when
the molten material solidifies. A schematic of this process is shown in Figure 2.4(a); the two electrodes are brought
together with a specific force, and a controlled weld current is passed through the circuit for a length of time. These
parameters: the electrode force, weld current, weld time, etc., are specified in what is referred to as a weld schedule,
illustrated graphically in Figure 2.4(b). The electrode force is shown to be constant throughout the entire process,
while the weld current can vary in amplitude, length, and duration of ‘pulses’ to create welds tailored for different
substrate metals or applications. Typically, a single resistance spot weld can be made in under 1 s, depending on the

schedule. After current flow is stopped, the electrodes, which are water-cooled, are held in contact with the steel to

facilitate cooling of the weld, termed the ‘hold’ time.

Weld Current, I

‘Water
“cooling

Electrode Force (kN)

I+
]
L J 1

Time
(@) (b)
Figure 2.4. lllustration of (a) the configuration of electrodes and sheets being joined in the resistance spot-welding
process, detailing the cross-sectional area (A) and the length (L) in the ‘circuit’ that generates the resistance during
welding with (b) an example of a weld schedule which defines the parameters used in the spot-welding process.



The electrodes in contact with the sheets form an electrical circuit consisting of five resistors in series (for welding
two sheets): the interface between each electrode and sheet, the interface between the two sheets, and the bulk
resistance of the sheets being welded. In this series, the point of greatest resistance, and thus the location of peak
temperature, is the interface between the two sheets. Current flow during the welding process generates resistive
heat according to Joule’s law which is expressed as

H=I°RT (2.1)
where H is heat (J), | is weld current (A), R is resistance (Q2), and T is weld time (s) [12]. The heat which causes
melting dissipates through the surrounding material, altering the microstructure and creating the heat-affected
zone (HAZ). The final structure of a resistance spot weld thus comprises both the fusion zone and the HAZ.

The resistance spot welding process incorporates many variables which can influence the final properties of
the weld. To make meaningful comparisons of weld data available in the literature, it is necessary to understand how
some variables can influence weld properties for a single grade of steel. The welding pedestal, electrodes, weld
schedule, and materials being welded are all potential sources of variability during resistance spot welding.
Electrode shape and size can vary the current density at the electrode face, which influences the size and shape of
the fusion zone [13]. The force with which the electrodes are applied can influence the contact resistance of the
sheets being welded, which determines the heat generated during welding. Electrode force has also been shown to
influence the dynamic resistance during welding, thus affecting the growth of the weld nugget [14]. The alignment
of the two electrodes is also important in ensuring uniform force is applied during welding, which ensures the
contact resistance and resulting heat generation is symmetric about the weld. In addition to the mechanical
influences on weld performance, the electrical and thermal influence of the weld schedule are of considerable
interest. As was shown in Figure 2.4(b), the weld schedule is comprised of a squeeze time, a weld time, a specific
current applied during welding, and a holding time. The squeeze time before welding defines the amount of time
allowed for equilibration of the force being applied by the welding apparatus. In pneumatic devices, a sufficiently
long squeeze time is necessary to ensure the applied force reaches the target setpoint [12]. Assuming the target force
is achieved, squeeze time should have no influence on weld properties. The weld current and weld time, however,
have significant influence on the weld. As shown in Equation 2.1, the heat generated during the welding process
scales linearly with the weld time and quadratically with the weld current. Increasing either of these parameters will
result in an increase in heat input and thus a larger weld nugget. Increasing weld current can also lead to a more
pronounced softening effect in the HAZ for some steels [15]. Finally, the hold time which completes the weld
schedule controls the degree of cooling through the water-cooled electrodes. Longer hold times are typically
associated with faster cooling of the nugget and HAZ, though the extent of this relationship may depend on other
weld variables, such as the heat input and sheet thickness.

Though welding experiments are conducted with as many of the variables as possible being held constant,
inherent variability in the weldability of different steel grades complicates the analysis. Of the variables affecting
heat generation in Equation 2.1, the current, time, and heat loss are controlled by the weld schedule and sheet

stack-up. The resistance (R), however, is determined by properties of the sheets being welded and is quantified by

R=pLA (2.2)
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and exhibits a linear proportionality to resistivity (p) and length (L), and an inverse proportionality to the
cross-sectional area (A) of the object in question. The initial L and A depend on the thickness of the sheets being
welded and the electrode face diameter, respectively, though it is challenging to understand these values during
welding as the distance between electrode faces is reduced due to the applied force (decreasing L) and the melting at
the sheet interface changes the resistance and the cross-sectional area through which current flows. Resistivity is an
intrinsic property of materials which cannot be controlled as a variable in the welding process. Resistivity in metals
is governed by Matthiessen’s Rule, which states that resistivity is the sum of three separate contributions to electron
scattering: thermal resistivity, deformation resistivity, and impurity resistivity [16]. Thermal resistivity describes the
near-linear dependence of scattering events on temperature, due to the increasing atomic vibrations with increasing
temperature. Deformation resistivity describes the increase in scattering due to an increase in dislocation population
within the substructure. Finally, impurity resistivity describes the increase in scattering due to other defects, such as
vacancies and impurity atoms, both substitutional and interstitial. The various grades of steel used in automotive
assemblies possess different resistivities due to their differences in chemical composition, strength, and
thermomechanical processing. These differences in turn will affect the characteristics of heat generation and heat
transfer during RSW among the different steels, especially when comparing steels with significant differences in

chemical composition.

2.3 Microstructures of Resistance Spot Welded Third Generation Advanced High Strength Steels

The resistance spot welding process generates a rapid evolution of microstructure both in and around the
weld nugget. The substrate microstructure, originally produced by fine-tuning chemical composition and
thermo-mechanical processing, is replaced with a melted and solidified weld nugget, surrounded by a
microstructural gradient produced by the thermal gradient experienced by the HAZ during resistance spot welding.
Rezayat et al. provided an illustration of the various regions in a spot-welded martensitic steel shown in Figure 2.5
that illustrates this gradient in microstructure [17]. The weld nugget is the region heated above the melting
temperature, solidified, and transformed mainly to martensite upon cooling. The upper critical HAZ is the region
directly adjacent to the weld nugget which experienced temperatures above the critical temperature, and thus
transformed fully to austenite during welding and subsequently fresh martensite or other constituents upon cooling
to room temperature [8,17]. The upper critical HAZ has been further classified into two subregions: a coarse-grain
HAZ and a fine-grain HAZ, distinguished by the degree of heat experienced during welding which resulted in
coarsening of the austenite grains [18]. The intercritical HAZ is the region outside of the upper critical HAZ which
reaches temperatures between Ae; and Aes causing a variety of microstructural changes including partial
austenitization and partial dissolution of carbides during welding. The austenite may transform to martensite upon
cooling and generate residual stresses within the microstructure or increase the dislocation density of ferrite which
accommodates the volume change associated with the transformation of surrounding martensite [8,17,19]. The
intercritical HAZ possesses a dual phase appearance of fresh martensite and ferrite. The subcritical HAZ, which
exists between the intercritical HAZ and the base metal, experiences tempering of existing martensite during

welding. In addition to carbon segregation to dislocations and nucleation and growth of carbides, a reduction in



dislocation density is possible in high temperature regions of the subcritical HAZ [8]. The base metal refers to the
substrate microstructure and indicates the position far from the weld that was not exposed to temperatures high

enough to cause detectable microstructural change.

3 ICHAZ =760 °C

Figure 2.5. Representative micrographs of the different regions in welded microstructures in a martensitic steel
showing a primarily martensitic (M) weld nugget, base metal (BM) and upper critical HAZ (UCHAZ), an
intercritical HAZ (ICHAZ) composed of martensite and ferrite (F), and the subcritical HAZ (SCHAZ) consisting of
tempered martensite (TM). Reprinted with permission from [17].

24 Characterization Methods for Resistance Spot Welds

Resistance spot welds are commonly characterized both mechanically and microstructurally. The
load-bearing ability and energy-absorption capacity of spot welds are characterized using a range of test geometries
and orientations of the weld nugget. The failure behavior of spot welds is then analyzed with particular focus on the
possible weld region which served as the site of crack initiation and the direction of crack propagation. Fracture
surfaces can be classified to understand the nature of failure in the weld regions which may limit weld mechanical
performance. Finally, the weld microstructures in these regions of interest are then characterized to obtain a full

understanding of the relationship between weld performance, failure, and the weld microstructures.

2.4.1  Mechanical Characterization of Resistance Spot Welds

Two common methods by which the mechanical properties of RSWs are characterized include
cross-tension and tensile-shear testing. For each test, coupons of a given material are cut into rectangles of specific
dimensions and spot-welded together in the configuration for that test, illustrated in Figure 2.6. The arrows in each
schematic show the regions on each sample and the orientation in which the grips apply force when loading the

samples. Below each test configuration is a schematic describing the stress state imposed on the weld nugget and



HAZ by the different test geometries. The tensile-shear configuration in Figure 2.6(a) primarily loads the weld
nugget in shear, in mode Il loading at the sheet-sheet interface, and uniaxial tension in the base metal and HAZ [21].
The cross-tension configuration in Figure 2.6(b) imparts mode | loading at the sheet interface, and a bending stress
at the edge of the weld nugget [20,22].
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Figure 2.6. Schematic illustrating the test configurations for mechanical testing of resistance spot welds: (a) tensile
shear [21] and (b) cross-tension [22]. Reproduced with permission.
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Given the loading configuration of the welded structure, stress and strain are not readily available physical
metrics by which spot welds are analyzed. Instead, direct measurements of force and displacement are collected
during mechanical characterization, with typical outputs being the maximum force and the total displacement at
maximum force. The force-displacement curve can also be integrated to quantify the energy absorption of the
welded structure. Representative force-displacement curves for tensile shear and cross-tension testing are provided
in Figure 2.7, highlighting the differences between the two test configurations. Forces encountered during tensile
shear testing are typically much higher than those in cross-tension testing, while the greatest displacement at
maximum force occurs during cross-tension testing. The difference in mechanical behavior observed between these
two test geometries is attributed to the different stress states imposed on the HAZ. In tensile shear, the HAZ is
primarily loaded in uniaxial tension, while cross-tension testing imparts a shear stress on the HAZ [23]. In failure of
ductile materials, the von Mises and Tresca failure criterions require the fracturing stress under shear to be a fraction

of the fracturing stress under tension [24].
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Figure 2.7. Representative force-displacement curves obtained during mechanical testing of resistance spot welds in
tensile shear and cross-tension [data from 23].



2.4.2  Failure Modes in Resistance Spot Welds

Complementary to mechanical testing and the stress states imposed on the weld and HAZ in different
testing configurations is the concept of failure mode classification of resistance spot welds. Three primary
classifications of failure mode are commonly used in the spot-welding literature and are displayed in Figure 2.8.
Interfacial failure, partial interfacial failure, and plug failure are included in Figure 2.8(a), (b), and (c), respectively,
with the location of crack propagation illustrated by the black dotted lines. Interfacial and partial interfacial failure
modes are usually associated with low energy absorption and reduced failure loads, with fracture proceeding entirely
or partially through the weld interface and little deformation occurring in the HAZ [25-28]. The plug failure mode,
during which fracture proceeds through the HAZ and into the base metal, is generally associated with higher failure

loads and a greater degree of energy absorption [28-30].

(a) (b) (c)
Figure 2.8. lllustration of the different failure modes in RSWs: (a) interfacial failure, (b) partial interfacial failure,
and (c) plug failure [20,21]. Reproduced with permission.

The competition between interfacial and plug failure modes in RSWs is a commonly discussed concept in welding
literature and relates to the ability of the fusion zone to withstand the forces necessary for yielding to occur in the
HAZ. Chao discussed a model that represented the change in failure mode during cross-tension testing of RSWs
based on nugget diameter shown in Figure 2.9 [7]. The two competing failure mechanisms, interfacial vs. plug
failure, are shown as the dashed and solid lines, respectively, and discussed below. Each failure model provides a
theoretical prediction of the estimated load at failure as a function of nugget diameter for a given sheet thickness.

Interfacial failurein cross-tension testing is governed by

. Q8

0 pg L — (2.3

0

where P is the load at interfacial failure, K. is the fracture toughness of the weld nugget, d is the nugget diameter,
and t is the sheet thickness [7]. The maximum cross-tension load in the case of plug failureis given by

0 on (2.4)
where t and d are again the sheet thickness and nugget diameter respectively, T is the shear strength of the HAZ,
and Pee is the load at plug failure [7]. The intersection of these two curves defines the weld nugget size for a given
sheet thickness at which the failure mode transitions from interfacial to plug failure during cross-tension testing and
is given by

, T )

Q @ 0 (2.9)
where dc defines the critical nugget diameter. Welds with a diameter smaller than dc are expected to exhibit

interfacial failure while welds with a diameter greater than d. are expected to exhibit plug failure.
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Figure 2.9. Model for predicted failure mode in resistance spot welds in relation to nugget diameter for a given sheet
thickness [data from 7]. The solid line represents the load at failure vs. weld diameter for a PF mode while the same
relationship for an IF mode is given by the dashed line. The dotted line identifying dc demarcates the transition point
between the two failure modes.

A similar model was presented by Pouranvari and Marashi in the case of tensile shear testing of RSWs [21]. Again,
the competition between interfacial and plug failure is dictated by which failure mode requires the least amount of

force to occur. The load required for interfacial failureduring tensile shear testing is thus
O 6?’0 t (2.6)

which accounts for the porosity in the weld nugget, P, the weld diameter, D, and the shear strength of the fusion
zone, T . The porosity factor serves as a scaling factor between 0 and 1 for the area of the fusion zone, which is
reduced in the case of expulsion due to shrinkage voids present at the weld centerline. The load in plug failure
during tensile shear testing follows
O “ 00 2.7)

where t is the sheet thickness and ,, s the ultimate tensile strength of the region in which failure occurs, either the
HAZ or the base metal [21]. Like the analysis by Chao for cross-tension testing, a critical diameter can be estimated
by determining the intersection of Equations (2.6) and (2.7), which yields
10,

ot
and describes the weld diameter below which interfacial failure will be observed, and above which will result in the

0

(2.8)

favorable plug failure mode [21]. In summary, the two loading modes, cross-tension and tensile shear, impart
different stress states on the fusion zone and HAZ, leading to differences in the mechanical performance of welds
tested under the different configurations. Comparison of Equations (2.5) and (2.8), which define the critical diameter
to obtain plug failure in cross-tension and tensile shear testing, respectively, reveals how weld performance in
different loading modes is dictated by different properties in the various regions of the weld. In cross-tension testing,

failure is dictated by the balance between fracture toughness of the fusion zone and the shear strength of the HAZ. In
11



tensile shear testing, the balance in question is the shear strength of the fusion zone with that of the ultimate tensile
strength in uniaxial tension of the base metal or HAZ. These loading modes, and the differences in the equations

governing the different failure modes in each test, will be discussed in later sections.

Researchers have been attempting to create models which predict the failure behavior and mechanical
performance of resistance spot welds since at least 1977, when VandenBossche investigated the failure of 15
different steels in tensile shear testing [31]. The difficulty in application of these models stems from the complex
nature of spot weld performance. Many factors influence the failure behavior of a spot weld, including the weld size,
sheet thickness, specimen width, electrode indentation, loading mode, metallurgical properties of the fusion zone
and HAZ, defects in the weld, residual stress state, etc. [20,32,33]. For example, one of the most frequently
discussed variables on the mechanical performance and failure behavior of RSWs is the weld size. Weld size,
however, cannot be changed independently from other weld characteristics. To obtain a larger weld nugget, either a
change in weld time or weld current is required. With this comes an associated increase in heat input (which may
affect the HAZ), a change in geometric considerations (stress intensities change, as do the stresses on the nugget),
and cooling rates are altered, as smaller welds are primarily cooled by the electrode, while larger welds are cooled
through the base metal [34]. Thus, a change in failure behavior and the mechanical performance of a RSW is a

complex phenomenon which may be attributed to a variety of changes taking place in the weld structure.

2.4.3  Fractography of Weld Microstructures

Mechanical characterization of spot welds is frequently complemented with fractography to establish a
relationship between failure modes and weld mechanical performance. In line with classical failure analysis, a
failure is characterized to be either a low-energy brittle type of failure, or a ductile type of failure. Brittle failure in
metals takes place in two ways: by intergranular fracture, or by transgranular cleavage fracture. Intergranular
fracture takes place when cracks propagate along the grain boundaries in a material, resulting in a faceted
appearance of the fracture surface. The presence of inclusions, second-phase particles, or impurity elements at grain
boundaries, or an inability to accommodate deformation across neighboring grains can result in intergranular
fracture [35]. Transgranular brittle fracture, also referred to as cleavage fracture, involves crack propagation along
specific crystallographic planes. Fracture surfaces which exhibit cleavage fracture also possess flat surfaces, as well
as small ridges, or river patternson the crack plane [35]. Both brittle fracture mechanisms involve little plasticity,
which owes to their classification as low-energy failure modes. The contrasting mode of failure in metals is
microvoid coalescence, during which significant plastic deformation results in a high-energy, or high-toughness,
failure. Microvoid coalescence involves the nucleation and growth of microvoids at second-phase particles or
inclusions in the substrate microstructure. The microvoids grow with increasing deformation until final fracture
transpires with the merging of adjacent voids [35].

Fractography of the different weld failure modes can provide insight on the nature of failure associated
with interfacial and plug failure in both cross-tension and tensile shear testing and identify weld regions which might
be responsible for poor weld performance. In cross-tension testing, interfacial failure typically exhibits low-energy

cleavage fracture, shown in Figure 2.10(a), indicating the load determined by the fracture toughness of the fusion

12



zone was less than that determined by the shear strength of the HAZ. In the case of plug failure in cross-tension, in
Figure 2.10(b), ductile microvoid coalescence is observed with void elongation indicating the role of an applied
shear stress component [36,37], which confirms the model predictions that plug failure is dictated by the shear
strength of the HAZ. In tensile shear testing, both interfacial and plug failure, in Figure 2.10(c) and (d), respectively,
exhibit ductile microvoid coalescence [38]. The interfacial failure in tensile shear exhibits a ductile void morphology
like that of the plug failure in cross-tension: elongated voids due to an applied shear. In the case of plug failure
during tensile shear testing, void morphology is relatively more equiaxed, suggesting ductile overload due to an
applied uniaxial tension. It is worth noting that these void morphologies confirm the models dictating the failure
mode in cross-tension and tensile shear loading conditions, where the balance between fracture toughness in the
fusion zone and shear strength in the HAZ determines the failure mode in cross-tension testing and the balance
between shear strength in the fusion zone with the ultimate tensile strength in uniaxial tension determines the failure
mode during tensile shear testing.

Figure 2.10. Fracture surfaces observed in a welded Hot-Stamped Boron steel exhibiting (a) interfacial and (b) plug
failure during crosstensiontesting [36] and (c) interfacial and (d) plug failure observed in tensile sheatesting of
welds in an unidentified steel [38]. Reprinted with permission.

13



2.5 As-Welded Performance of Spot Welds in Gen3 Steels

[llustrated in Figure 2.11(a) and (b) are data summarized from the literature illustrating the relationship
between cross-tension strength and base metal ultimate tensile strength and the carbon equivalence, respectively, for
a variety of steel grades [8,42,44-54]. Thicknesses of steels summarized in the figure range from 1.0 mm to 2.0 mm,
with most steels having a nominal thickness of 1.5 mm and a fusion zone size from 5.0 mm to 7.0 mm. Solid
symbols represent plug failure, while specimens which failed by interfacial or partial interfacial failure are shown
with open symbols. A general trend discernable from the figure shows a decrease in cross-tension strength with both
increasing base metal ultimate tensile strength and increasing carbon equivalence. It is generally accepted in the
literature that with increasing alloying content and carbon equivalence, hardenability of the steel increases, resulting
in a fusion zone with high hardness and susceptibility to interfacial failure. Further, steels with richer chemistries are
also more susceptible to elemental segregation during welding, which can negatively affect mechanical performance
of the weld. In Figure 2.11(a) the dual-phase, martensitic, and press-hardenable steels comprise the upper portion of
the band across the listed strength levels. Highlighted in red triangles are the Gen3 steels, which exhibit cross-
tension strengths considerably lower than dual-phase steels of equivalent base metal strength. In fact, the cross-
tension strengths of welds made in these Gen3 steels are comparable to those of welds made in the martensitic and
press-hardenable steels, despite an ultimate tensile strength that is lower by roughly 400 MPa. In Figure 2.11(b) the
Gen3 steels are shown to possess on average a higher carbon equivalence, which may contribute to their lower
cross-tension strength. Compared to conventional steels of equivalent strength levels, spot welds made in Gen3
steels may exhibit less-desirable mechanical performance, though it must be emphasized that the weld schedule and
other variables of the resistance spot welding process limit the comparisons which can be made between results
reported by different researchers.
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Figure 2.11. Data summarized from the literature illustrating the trends in cross-tension strength of resistance spot
welds made in steels (a) as a function of base metal ultimate tensile strengths and (b) as a function of the reported
carbon equivalence. Circles represent non-Gen3 steels, while triangles represent Gen3 steels. Solid symbols
represent a plug failure mode, while open symbols represent interfacial or partial interfacial failure. The fusion zone
sizes and sheet thicknesses varied among the studies [data from 8,42,44-54].

The reduced cross-tension strength of spot welds made in Gen3 steels is commonly attributed to high
fusion zone hardness; the increased levels of carbon, manganese, and silicon in these steels combined with the rapid

cooling rates experienced during spot welding result in the formation of a less ductile martensitic weld
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nugget [20,35]. Segregation of impurity elements like manganese, silicon, and phosphorous have also been reported
at the weld edge of AHSS spot welds causing degradation of mechanical performance [55]. Spot welds tested in
cross-tension frequently fail by interfacial failure, with low strength levels and reduced energy absorption compared
to other steels of similar strength levels; correspondingly, a common discussion point for researchers is the fracture
toughness of the weld nugget. The development of weld schedules for Gen3 steels has progressed towards weld
schedule optimization with multi-pulse weld schemes, in which additional pulses of current are applied during
welding to enhance properties. Eftekharimilani et al.reported a reduction in phosphorous segregation at the weld
edge, a modification of the martensitic lath structure, and a decrease in the prior austenite grain size with the
implementation of a second weld pulse, all of which facilitated an increase in the cross-tension strength of a Gen3
steel weld [56]. An analysis of double-pulse welds made in a 1200 MPa TRIP-aided bainitic ferrite (TBF) steel
performed by Stadler et al.observed that changing the ratio of current applied during the first and second pulses, the
martensitic fusion zone was either tempered or it was reaustenitized and quenched to form fresh martensite [39]. The
influence of a double-pulse weld schedule on a Q&P steel was investigated by Liu et al, which showed that an
improvement in tensile shear strength and ductility during cross-tension testing could be obtained by increasing the
current of the second pulse [47]. In review of the literature on the weldability of Gen3 steels, it is apparent that the
limiting factor(s) in determining mechanical performance of spot welds may change based on the weld schedule as

well as the steel in question.

2.6 Baking Effects on Resistance Spot Welds in Third Generation Advanced High Strength Steels

After the various components have been formed and the fabrication processes completed, the automotive
body-in-white undergoes a priming and painting process to provide the automobile structure with a protective and
aesthetically pleasing coating. Once applied, this paint requires a baking cycle to fully cure, during which the entire
body-in-white is placed in an oven at approximately 180 °C for 20 min. After this baking cycle, resistance spot
welds made in some Gen3 steels exhibit an increase in strength and energy absorption [8,18,19,51,54,57]. Typically,
welds are validated for implementation in automotive assembly immediately after they are made, which presents an
item of concern for welds in Gen3 steels. If the mechanical properties of these welds improve after baking, then this
improvement would not be accounted for during standard weld validation. If the ‘baked’ condition of welds will be
considered in the validation process and incorporated in vehicle design, then an understanding of the mechanism(s)

responsible for the baking effect is necessary.

2.6.1  Baking Improvements in Spot Welded Gen3 Steels

Perhaps one of the clearest examples of the significance of the baking effect on weld performance is
provided in Figure 2.12, in which the deformation behavior of a crash can welded using a Gen3 steel is shown [58].
The crash can is an assembly made by welding two U-shaped channels together to create a tube-like structure which
is then loaded in a dynamic axial crushing fixture; the end to which this axial force was applied during testing is
oriented towards the top of the page in Figure 2.12(a) and (b). In Figure 2.12(a), the crash can which was tested in
the ‘as-welded’ condition is seen to have behaved unfavorably, with weld failure and sheet delamination observable.

After baking, the spot welds made in the crash can in Figure 2.12(b) did not fail, and the sheet delamination
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observed in the as-welded condition was replaced by a folding effect of the substrate metal in the baked condition.
Though the energy absorption data for each specimen were not provided, a clear difference in energy absorption of
the two crash cans is expected and provides a strong motivation for understanding this baking effect and the changes

that are occurring at the microstructural level which illicit such a difference in performance.

(@) “ (b)

Figure 2.12. A welded Gen3 steel crash can visually demonstrating the significant difference in weld performance
and corresponding behavior of the structure in the (a) as-welded and (b) baked conditions. Reprinted with
permission from [58].

The effects of baking on weld mechanical performance have been characterized by observing the change in
peak force and energy absorption during cross-tension and tensile peel testing following a simulated baking cycle.
Though not discussed in previous sections, tensile peel testing is closely related to cross-tension, but the stress state
is different and load is only applied on one side of the weld nugget. Early investigations into the baking effect
performed by Smith et al.quantified the baking sensitivities of welds made in a variety of steels and tested in
various loading conditions [57]. The cross-tension strength of a DP800 steel (Fe-0.12C-0.25Si-1.92Mn) increased by
nearly 20% after baking, and this was observed across a range of nugget sizes. Tensile peel testing performed on a
TRIP780 steel (Fe-0.15C-0.65Si-2.06Mn) revealed a schedule-dependent baking sensitivity, illustrated in
Figure 2.13(a); small welds exhibited a 300% increase in tensile peel strength after baking, whereas large welds
exhibited no significant baking effect [57]. The as-welded tensile peel strength, in blue, trends with both nugget
diameter and hold time. In the as-welded condition, small and medium welds made with the longer 60-cycle hold
time exhibit lower tensile peel strength. The post-baking tensile peel strength, in red, of small and medium-sized
welds exhibits an increase in strength, with the final strength of welds being equivalent despite the different hold
times. Because the welds made with the longer hold time possessed a lower tensile peel strength in the as-welded
condition, the perceived baking sensitivity is much greater than that of the welds made with a 0-cycle hold. As the
hold time influences the effective cooling rate of the weld, these results suggest that the nature of cooling or the
fusion zone hardness in the spot welds is significant to the baking effect. The microhardness profiles for the welds
made with the 60-cycle hold time in the as-welded and baked conditions are shown in Figure 2.13(b). Comparison
of the hardness profiles reveals a possible softening in the upper-critical HAZ of the baked weld but no significant
effect on the hardness in the fusion zone. The microhardness profiles for the spot welds made with the 0-cycle hold

are not presented here but did not reveal any significant difference between as-welded and baked
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microhardness [57]. Comparison of the as-welded conditions (not included in the figure) did show that increasing
the hold time from 0 to 60 cycles resulted in an increase in peak Vickers hardness of the upper-critical HAZ from
460 to 480 HV. Interestingly, the condition which exhibited the lower tensile-peel strength was also that which
possessed the higher upper-critical HAZ hardness; the baking-induced reduction in upper-critical HAZ hardness was
associated with an increase in tensile-peel strength. The relationship between HAZ properties and tensile peel

strength are not fully understood at present.
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Figure 2.13. (a) Comparison of tensile-peel strength in as-welded and baked TRIP780 varying hold times between 0
and 60 cycles. For both hold times, small and medium-sized welds exhibited a transition in failure mode from IF to
PIF and from IF to PF, respectively. (b) The microhardness profile for spot welds made in a TRIP780 steel with a
60-cycle hold time in the as-welded and baked conditions. The as-welded condition possesses a higher hardness in
the upper-critical HAZ, which seems to be reduced after baking [data from 57].

The effects of baking on the cross-tension strength of welds made in a 980HF steel (Gen3) and a DP980
steel (Genl) were investigated by Shamsujjoha et al.to compare baking sensitivities of two steels with similar
ultimate tensile strengths [54]. The 980HF steel (Fe-0.26C-2.3Mn-2.0Si) microstructure was reported to consist of
ferrite, bainite, retained austenite, tempered martensite, and martensite, whereas the DP980 (Fe-0.11C-2.9Mn-1.0Si)
consisted only of ferrite and martensite. After baking, the energy absorption of spot welds made in the 980HF steel
increased from 21.4 £ 0.1 to 46.4 + 6.1 J; the energy absorption of the DP980 welds remained unchanged. In the as-
welded condition, DP980 welds possessed greater energy absorption, 56.5 + 3.1 J, than the baked 980HF welds.
Electron channeling contrast imaging was implemented to compare the fusion zone and HAZ microstructures of
both steels before and after baking, though the precise location of observation in the HAZ was not identified. The
authors reported intra-lath precipitation of transition carbides in the martensitic fusion zone of the 980HF steel,
while the HAZ of both steels and the fusion zone of the DP980 steel were reportedly absent of carbides before and
after baking. Synchrotron x-ray diffraction was implemented to analyze the residual stress state of the welds in
relation to baking, and it was found that the peak residual stress in both welds exists in the HAZ. These residual
stress values, which were higher in the DP980 steel, were moderately reduced after baking; however, this was
concluded to be a secondary effect of baking and was not suggested to be cause for the improved weld

performance [54]. The authors suggested that tempering of martensite, which increased the fracture toughness of the
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martensite, was the primary change during baking which contributed to the improved cross-tension strength of the
980HF welds.

The baking sensitivity of the 980HF welds was associated with a change in failure mode from interfacial to
partial-interfacial failure [54]. The DP980 welds exhibited plug failure in both the as-welded and baked conditions,
though the authors attributed this to the softening in the subcritical HAZ, a phenomenon absent in the 980HF steel,
as well as a lower hardness in the fusion zone, which was attributed to the lower carbon content of the DP980. The
authors concluded that the failure mode transition associated with baking the 980HF welds suggests microstructural
changes occur in the fusion zone during baking. Other studies have shown, however, that a baking effect can be
observed without a change in failure mode. Eftekharimilani et al.examined the effects of baking on welds produced
using two different weld schedules, a single pulse and a double pulse weld made in a DH1000 steel (Fe-0.2C-
2.0Mn-1.0Si). The single-pulse weld, which failed by partial-interfacial failure before and after baking, experienced
an increase in cross-tension strength from 3.8 £ 0.3 kN to 5.2 £ 0.3 kN after baking. In comparison, the cross-
tension strength of the double pulse weld, which failed in plug failure both before and after baking, increased from
5.7+ 0.1 kN to 8.4 £ 1.2 kN after baking [8]. Early work performed by Tumuluru on spot welds made in DP780 and
a TRIP780 tested in tensile shear showed an increase in maximum shear strength due to baking. The tensile-shear
strength of TRIP780 welds increased from 23 to 24.4 kN, with interfacial failure observed both before and after
welding. An increase from 23.6 to 24.9 KN was observed for the DP780 welds which experienced plug failure in
both conditions [19]. Thus, a consistent relationship between failure mode change and measured improvements in
mechanical performance after baking spot welds in AHSSs does not exist.

The baking effects in dissimilar welds made between a medium-manganese TRIP steel (Fe-0.13C-8Mn-
0.05Ti-0.3Mo) and a DP980 steel (Fe-0.06C-2.3Mn-0.4Si-0.02Ti-0.10Mo) were characterized by Park et al.by
analyzing the change in cross-tension performance before and after baking. After baking for 20 min, average weld
strength increased from 2.2 to 5.1 kN, the displacement at maximum force increased from 3.0 to 7.9 mm, and the
resulting energy absorption increased from 3.3 to 20.2 J [18]. The effects of baking temperature were also
investigated across a wide range of temperatures, and the results are summarized in Figure 2.14 [18]. The cross-
tension strength in the as-welded condition is shown far-left as the solid point, with a soaking temperature of 25 °C,
or room temperature. As soaking temperature increases, the cross-tension strength is shown to increase in a near
linear fashion, reaching a peak at 210 °C. At temperatures greater than 210 °C, the cross-tension strength decreases
relative to this peak strength. The evolution of cross-tension strength with baking temperature may provide insight to
the mechanism(s) responsible for the improved weld performance, though further characterization, especially at
temperatures above 210 °C, would be needed to rule out the introduction of new mechanisms not active at the
typical 180 °C baking temperature which lead to the drop in strength. The Gleeble-simulated upper-critical HAZ
microstructure in the medium-manganese TRIP steel were used for microstructural characterization and it was
reported that austenite films were present within the martensite matrix at soaking temperatures of 130 °C,
¢ transition carbides formed at temperatures of 170 °C, and cementite formed at 250 °C [18]. As baking changed the
location of failure from the coarse-grained upper-critical HAZ to the fusion zone, the authors hypothesized that the

baking mechanism could be attributed to an improvement in boundary cohesion and a reduction in brittleness of the
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martensite in the upper-critical HAZ. The absence of failure through the subcritical HAZ, and thus the presence of
the upper-critical HAZ as the region of stress concentration, was attributed to a lack of softening during welding of
the medium-manganese TRIP steel [18].
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Figure 2.14. The effects of soaking temperature on the cross-tension strength of welds made between a
medium-manganese TRIP steel and a DP980 steel after 20 min at the given temperature. Reprinted with permission
from [18].

Microhardness data from two of the previously discussed experiments, those of Shamsujjoha et al.
(analyzed 980HF and DP980) and Eftekharimilani et al. (analyzed DH1000), were compared as weld hardness and
the lack of softening in the subcritical HAZ were identified as primary reasons for interfacial failure and reduced
cross-tension performance of welds made in the 980HF. The absence of a baking effect in the welded DP980 steel
was attributed to the fact that the DP980 failed by plug failure in the as-welded condition, due primarily to the lower
fusion zone hardness and the softening observed in the subcritical HAZ. The results obtained by
Eftekharimilani etal. contradict this analysis, however, because the welds made in DH1000 exhibited plug failure
anda significant sensitivity to baking [8]. The microhardness profiles for the 980HF and DH1000 welds were
digitized and re-plotted together in Figure 2.15 for comparison [8,54]. The fusion zone hardness of 980HF was
reported to be 525 HV and the base metal hardness was reported to be 300 HV. The microhardness of the DH1000
fusion zone is also 525 HV, no subcritical HAZ softening was observed, and the base metal hardness is also
300 HV. In fact, the fusion zone hardness of the DH1000, which failed in a plug failure mode in the as-welded
condition and exhibited significant increase in strength after baking is higher than that of the 980HF weld which
failed through the weld interface prior to baking. The primary difference between the hardness profiles of these two
welds appears to be the width of the heat-affected zone, illustrated by the vertical lines in Figure 2.15 which defines
the distance between the lowest (base metal) and absolute highest (fine-grain, upper critical HAZ) microhardness
values for the welds. The HAZ width of the DH1000 is roughly 0.5 mm, while that of the 980HF is almost 1.0 mm
wide. The effects of baking on these two steels were significant: the cross-tension strength of the 980HF increased
2.9 kN, while that of the DH1000 increased 2.7 kN [8,54]. Baking also facilitated a transition in failure mode of the
980HF welds from interfacial to partial interfacial, while the DH1000 failed by plug failure in both conditions,

which suggests that failure mode does not control whether baking effects are observed. These observations suggest
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that the width and local properties of the HAZ may be more significant in determining the failure mode and

subsequent baking sensitivity in welded Gen3 steels than the fusion zone hardness or the HAZ softening.
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Figure 2.15. Microhardness profiles extending from the base metal and terminating in the fusion zone of the
DH1000 and 980HF steels highlight the difference in HAZ sizes, or the distance between the peak hardness and base
metal hardness, indicated by arrows [data from 17,54].

Investigation of the baking sensitivity of spot welds has been performed utilizing multiple test
configurations, with inconsistencies identified between the loading conditions. Welds made in a Gen3 steel that
exhibited a 52 pct increase in cross-tension strength after baking exhibited no change in tensile shear strength [51].
Welds made in a TRIP780 steel tested in cross-tension exhibited a 300 pct increase in tensile peelstrength (a loading
condition similar to cross-tension), but no change in tensile shearstrength following a baking cycle [57]. Tumuluru
reported baking effects in both a DP780 as well as a TRIP780 steel, but the increase in tensile shear strength for both
steels was minor compared to the increases in cross-tension strength reported in other studies [19]. An explanation

for the different baking sensitivities of welds tested in the various loading conditions was not yet available.

2.6.2  Microstructural Investigations of Baking Effects

In addition to mechanical testing and microhardness evaluation, microstructural characterization has been
employed to investigate the effects of baking on spot-weld microstructures. Recently, Shamsujjoha et al. utilized
electron channeling contrast imaging to observe carbides in the fusion zone of a 980HF weld. The authors did not
report evidence of carbides in the fusion zone prior to baking, nor were carbides reportedly observed in the HAZ
before or after baking. Further, there was no reported carbide precipitation in any condition for the DP980 steel [54].
It should be noted that relative to transmission electron microscopy (TEM), electron channeling contrast imaging
has limited resolution and is not able to provide crystallographic information such as orientations and crystal
structures of different phases. By means of TEM dark-field imaging, Eftekharimilani et al.noted the absence of
transition carbides in the fusion zone and HAZ prior to baking. After baking, transition carbides identified as epsilon
carbide by indexing of selected-area diffraction patterns were visible in both the fusion zone and HAZ of welds
made in DH1000 [8]. Tumuluru examined the base microstructure, HAZ, and fusion zone of welds made in a DP780
and a TRIP780 steel by means of TEM. In the DP780 steel, twinned martensite was observed within MA islands in
the base metal, in the HAZ, and in the fusion zone. In the baked condition, epsilon carbides were observed in some
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twinned martensite regions of the baked weld [19]. The author reported that the TRIP780 contained a greater
fraction of twinned martensite through the weld regions, and after baking the presence of epsilon carbides was
reported within those regions of twinned martensite. In addition to the precipitation of transition carbides, Tumuluru
hypothesized that baking also led to the formation of interstitial atmospheres in the heavily dislocated ferrite present
in the HAZ, thus improving the local yielding behavior in this region by reducing the yield-strength heterogeneity
between the ferrite and martensite [19]. Park et al.analyzed the baking effects in dissimilar weldments made
between a medium-manganese TRIP steel and DP980 steel, and reported segregation of Ti and Mo to a prior-
austenite grain boundary during welding, leading to a reduction in boundary cohesion. The authors proposed that
poor boundary cohesion, evidenced by intergranular fracture in only the as-welded condition, may be improved by
the baking heat treatment. The authors also observed austenite films and transition & carbides within the martensitic
matrix of the upper-critical HAZ, suggesting that austenite reversion and carbide precipitation enabled a reduction of
carbon supersaturation of martensite and a reduction of brittleness in the upper-critical HAZ [18]. Owing to the
relatively low temperatures of the paint baking cycle, previous investigations on the baking effect have focused on
carbon as the element most likely active in changing weld performance. The mechanisms proposed by other
researchers for baking include carbide precipitation, austenite reversion, boundary strengthening, dislocation
pinning, and others. That the baking effect is comprised of some combination of these and other mechanisms across
the various regions of the weld microstructure cannot yet be ruled out; further, the relative importance of these

changes may differ depending on the grade of steel and the weld schedule being used.
2.6.3 Summary of Trends Observed in Baking Investigations

The existing literature published on the investigations into the baking effect of spot welds has revealed
several trends and observations which are summarized here. In mechanical characterization of spot welds, tensile
shear strength exhibits little to no improvement after paint baking compared to cross-tension and tensile peel
strength of spot welds. Though some conflicting reports are found in the literature, baking seems to more strongly
affect Gen3 steels compared to Genl (dual phase) steels. Though researchers have reported less baking sensitivity in
dual phase steels, an examination of baking sensitivity for a range of weld schedules is lacking in the literature. In
characterizing the baking sensitivity of a particular steel, the weld schedule being used has been shown to strongly
influence whether that steel exhibits a strong baking effect. Finally, the spot weld failure mode is shown to change in
some cases after baking, and the instances in which the as-welded condition exhibits interfacial failure are generally
associated with greater baking sensitivity. In cases which report the strongest ‘baking effect’, weld performance is
typically not the ‘best case’ obtainable by optimizing the weld schedule. Rather, the baking effect is most significant
when it appears to mitigate the effects of some ‘weakening’ phenomena, resulting in greater sensitivity for welds

with less favorable performance.
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CHAPTER 3

EXPERIMENTAL APPROACH

3.1 Experimental Design

The observations made by previous researchers pertaining to the effects of baking on spot weld
performance in AHSS have revealed several questions. The questions of greatest priority in the literature seem to
include ‘Why is the baking sensitivity of dual phase steels apparently lower than that of Geh3sste * , * Why doe:
the tensile shear | oadi ng confandfinaHya tWhan ax Hif eirte nlcietst li e
properties which result from changing weld schedules illicit the schebfydendent baking sensitivities in a single
steel? Three Gen3 steels and three dual phase steels were selected to gain a broader understanding of baking
effects observed in various grades of steel. Mechanical performance of welds before and after baking was
characterized using a weld schedule shown to produce welds in a Gen3 steel which exhibit a strong sensitivity to
baking [61] as well as a schedule which produced larger welds with an expected favorable failure mode. Failure
analysis was performed on the larger welds to identify instances of low energy fracture in specific regions of the
weld in which baking effects might be observed. Failure modes in cross-tension and tensile shear testing were
considered and compared to the observed baking sensitivities to identify a possible relationship between locations of

weld failure and the extent of the ‘baking effect’ observed.

3.2 Experimental Techniques

The procedures utilized during experimentation are provided here. The steels used during experimentation
are presented, along with the respective chemical compositions, thicknesses, and strength levels. Sample preparation
including machining, test specimen configurations, and weld schedule parameters is then described. The methods of

spot weld characterization, both mechanical and microstructural, are then detailed.

3.2.1  Steels Used in Investigation of Baking Sensitivity

Six steels were included in experimentation, the thickness and chemical compositions of which are given in
Table 3.1. Concentrations of minor elements were not provided/reported. Three commercially produced Gen3
steels, a TRIP1180, QP1200, and QP1000 were selected for comparison with three commercially produced DP980
steels of varying composition. The naming designation for these steels incorporates an abbreviation for the type of
steel along with a number designating the minimum ultimate tensile strength (in MPa). “TRIP”, “QP”, and “DP”
represent ‘transformation-induced plasticity’, ‘quench and partition’, and ‘dual-phase’, respectively. A thickness of
1.45 - 1.5 mm was maintained for all sheets to eliminate variability due to differences in heat generation and
cooling. To avoid variability in weld performance due to liquid metal embrittlement, all specimens were welded in
the bare condition. All welds made were ‘similar’, consisting of a specific grade of steel welded to itself. Of the

grades listed, the TRIP1180 and DP980D had zinc coatings which were removed prior to welding by submerging
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specimens in a 30 pct solution of hydrochloric acid in water. The QP1000, QP1200, and both remaining DP980
steels were provided in the bare condition. Base tensile properties for each of the six steels were measured and are

summarized in Appendix A.

Table 3.1. Chemical Compositions (in wt pct) of Steel Grades.

Steel Thickness (mm) C Mn Si
TRIP1180 15 0.17 2.6 1.5
QP1200 15 0.2 2.3 1.53
QP1000 15 0.19 197 157
DP980 (A) 1.45 0.162 2.04 1.46
DP980 (C) 1.45 0.101 2.07 150
DP980 (D) 1.45 0.14 1.86 0.50

3.2.2  Sample Preparation: Machining and Welding

Beginning with the initial mill-provided full-coil-width sheets, samples for mechanical characterization
were cut on a hydraulic shear to the appropriate length and width dimensions according to the specimen geometries
detailed in Figure 3.1, with the rolling direction of the sheet parallel to the long dimension of the coupon. The
cross-tension and tensile shear specimen geometries were based on JIS Z 3138 [60]. Specimens designated for
cross-tension testing were then machined according to the dimensions in Figure 3.1(a), whereas the tensile-shear

testing specimens were fixtured and welded in the orientation defined in Figure 3.1(b).

150

O O

Spacer i 140 |
O O k40— Spacer
To o o O

o P 1 °
—25 —+ O . O 25 ”l *Dimensions in mm

O O
@ (b)

Figure 3.1. Sample geometries used in (a) cross-tension and (b) tensile shear testing of spot welds [60].
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Resistance spot-welding was performed using a 100 kVA Taylor Winfield Type ERE-12-100 AIR pedestal
spot welder at the Colorado School of Mines. Specimens were welded with the appropriate settings defined by the
weld schedules listed in Table 3.2. The duration of various steps in the weld schedule are defined in cycles, with the
length of a cycle dependent on the nature of current flow supplied to the welder. AC current is supplied at a

frequency of 60 Hz, meaning a single cycle is equivalent to 1/60™ of a second, or 16.7 ms. Weld schedule A was

23



selected based on results obtained by Lu et al, which showed that this set of parameters resulted in welds that
exhibited the most significant improvement in cross tension strength after paint baking among a range of tested
schedules [59]. As experimentation progressed, schedule A was modified in attempts to reduce variation in
mechanical behavior which may have resulted from expulsion, or the emission of molten material during the weld
cycle. Weld schedule C was developed by modification of Schedule A to limit expulsion during welding by
increasing the electrode force. Schedule A, due to the low electrode force, produced expulsion during welding,
which may have served as a source of increased variability in mechanical performance of welds due to porosity in
the fusion zone. The size of the fusion zone in schedule A welds did not meet the 5Vt target of industry, which
defines the ideal fusion zone diameter as a function of sheet thickness, t, necessary to achieve plug failure of welds.
Weld Schedule C was thus further modified to increase the fusion zone size by increasing the weld time, while still
avoiding expulsion. The modified weld schedules thus enable a comparison of weld performance and baking
sensitivity for welds below and above the industry standard for weld diameter. After welding, samples designated
for testing in the baked condition were submerged in an oil bath at 180 °C for 20 min. All specimens were tested

within 24 hours of welding.

Table 3.2. Parameters Used for the Different Weld Schedules.

Schedule Force Squeeze Pulses Weld WEId Hold Time Electrode Type
Current Time
A 2.6 KN 20 cycles 1 8.0 kA 10 cycles 15 cycles Type B 5/8”
C 4.4 kN 20 cycles 1 8.0kA  30cycles  15cycles diameter

3.2.3  Mechanical Characterization

Mechanical characterization of spot welds in the cross-tension configuration was performed on an

MTS® 20-kip hydraulic test frame at a displacement rate of 1 mm-s™. Triplicate specimens for all conditions were
tested and the resulting load-displacement curves were analyzed for maximum force and total energy absorption.
Tensile shear testing was performed on an Alliance® RT1100 screw-driven test frame with a 90-kN load cell and a
displacement rate of 0.1 mm-s*. Owing to the complex configuration of spot welds and the potential for significant
weld rotation during testing, an extensometer was not applied to specimens; instead, crosshead displacement was
recorded. While loading all specimens, tightening of the grips or bolts fixing the specimens in place was performed
incrementally with manual crosshead manipulation to prevent an excessive preloading of the specimen. All tests

were initiated with a load cell reading below 20 N.

3.2.4  Weld Failure Analysis and Microstructural Characterization

Following mechanical characterization, failed welds were investigated to analyze the specific weld
region(s) through which fracture propagated and observe whether this location changed after baking. Each failed
weld was sectioned through-thickness in the rolling direction at the maximum weld diameter to create a pair of
samples for a single test condition. The orientation relative to the sheet substrate and the failed weld is illustrated in
Figure 3.2. One specimen was mounted to observe the sectioned view of the weld cut along A-A, which would

provide a 2D section of the weld structure which included the fracture surfaces. The remaining sectioned specimen
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was retained for fractography of the corresponding weld regions on the opposite side of the cut made at A-A.
Specimens were sectioned using an MSX saw and mounted in a resin-based cold mount to avoid introduction of
excessive heat that would be present if mounting specimens in Bakelite. Grinding and polishing to a final abrasive
size of 1 micron was performed before etching. Macroscopic locations of weld failure were observed using a
stereoscope after specimens were etched for 4 seconds in a 2 pct Picral solution at 65 °C. Once the macroscopic
weld failure was characterized, specimens were re-polished and etched with a 1 pct Nital solution for 4 seconds for
microstructural characterization.

Prior to fractography and microstructural characterization, all sectioned specimens were submerged in
isopropanol and sonicated for 30 min to ensure clean fracture surfaces and etched microstructures. Analysis of weld
failure surfaces was performed using a Quanta® 600 scanning electron microscope (SEM), operated with an
accelerating voltage of 25 kV and a spot size of 4.5. Working distance was varied between 10 and 20 mm depending
on the depth of field necessary. Microstructural analyses were conducted on a JEOL® 7000F field-emission SEM
with an accelerating voltage of 20 kV and a working distance of 10 mm. To aid in microstructural characterization
of the different weld regions, micro-indentations were placed as fiducial markings across the weld. An array of
100 microhardness indentations spaced 150 um apart was positioned with the weld nugget approximately centered
and the array extending into the base metal on both sides of the weld. An indentation force of 1 kg and a hold time
of 10 s produced a maximum indentation size of roughly 40 um, less than one third of the spacing between indents,

which ensured the plastic zones of adjacent indents would not overlap [61].

Figure 3.2. Schematic representing the specimen (red dashed lines) relative to the sheet substrate rolling direction
and the failed weld. The weld was sectioned at A-A, the maximum diameter in the sheet rolling direction, indicated
by the arrow. One side was mounted to view the failed weld along the plane made by section A-A, while the other
side was retained for fractography of the same fracture surfaces on the opposite side of section A-A.
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CHAPTER 4

RESULTS AND DISCUSSION: CROSS-TENSION TESTING

Results obtained from the experimental approach detailed in Chapter 3 are presented here. The data
obtained during mechanical characterization involving cross-tension testing of welds with a smaller,
‘baking-sensitive’ weld schedule are first provided. Next, the changes in weld performance and corresponding
baking sensitivities observed for larger welds are presented. Failure analyses performed on the larger welds are
given with a focus on regions of interest for baking-induced microstructural changes that are identified by low
energy crack propagation in the as-welded condition but not in the baked condition. Fractography in these regions is
then presented to identify weld regions exhibiting low-energy failure in the as-welded state. A correlation between

baking sensitivity and failure behavior is investigated to identify weld regions sensitive to baking.

4.1 Baking Effects on Cross-Tension Performance of Small Welds

Various researchers have drawn two key conclusions from previous baking investigations. First, DP steels
exhibit little to no baking sensitivity, and any observed baking effects are much less significant than those reported
for Gena3 steels, specifically in Q&P and TRIP microstructures [51,54]. Second, the effects of baking are strongly
dependent on the weld schedule being used [8,59]. Thus, the baking sensitivities of welds made in a variety of steels
were examined using a schedule shown to produce welds in Gen3 steels which are highly sensitive to baking [59].
Schedule A is the weld schedule which incorporates a short weld time with a low electrode force to produce sub-size
(less than 5Vt) welds prone to expulsion.

The force-displacement results from cross-tension testing of schedule A welds in the Gen3 steels are
provided in Figure 4.1. Each figure includes results from triplicate tests, provided to show reproducibility of test
results. In the as-welded conditions, shown in Figure 4.1(a), (c) and (e), force increases with displacement in a
roughly linear fashion until an abrupt drop in force is detected, which occurs at approximately 6 kN in the TRIP1180
and 4 kN in both the QP1000 and the QP1200. The drop in force occurs immediately for the TRIP1180 and QP1200
specimens, but small serrations can be observed in the as-welded QP1000 which are assumed to be minor
propagation events of a crack moving through the weld interface. The force-displacement curves for the baked
specimens are displayed in Figure 4.1(b), (d), and (f) and reveal a significantly different behavior in comparison to
the as-welded conditions of the TRIP1180 and QP1000, whereas the behavior of the QP1200 specimens seems
unchanged. In the TRIP1180 and QP1000, force increases linearly up to displacements that led to failure in the
as-welded condition, but rather than a drop in force, a decrease in the slope of the force-displacement curve is
observed next, as the force increases and then reaches a plateau before again increasing linearly with displacement,
until the maximum force is obtained, followed by a rapid drop in force with sample failure. Weld failure occurred at
the interface in both the as-welded and baked conditions for the QP1200, which was associated with only a minor
baking effect. It is apparent that the schedule A welds in the QP1200 are not large enough to withstand the forces

necessary for failure to occur in the HAZ, even in the baked condition. The average cross-tension strength, energy
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absorption, and failure modes for each triplicate set in both the as-welded and baked conditions for the Gen3 steels
are summarized in Table 4.1. The most significant effects of baking were measured in the TRIP1180 and the
QP1000 steel and were associated with failure of the baked specimens occurring in plug failure, whereas interfacial
failure was observed for all as-welded specimens.
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Figure 4.1. Force displacement curves obtained during cross-tension testing are shown for schedule A welds in the
(a) as-welded and (b) baked TRIP1180, the (c) as-welded and (d) baked QP1200, and the (e) as-welded and
(f) baked QP1000.

The results of cross-tension testing schedule A welds in the DP980 steels are provided in Figure 4.2. The
force-displacement curves for DP980A, C, and D specimens tested in the as-welded conditions are displayed in

Figure 4.2(a), (c), and (e), while curves for the baked specimens are displayed in Figure 4.2(b), (d), and (f). The
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force-displacement curves for all specimens exhibit a similar initial behavior, increasing linearly in force with
displacement up to about 3 kN at which point the slope of this curve decreases, plateauing at a force between 5 kN
and 6 kN. At this point, the as-welded specimens in the DP980A and DP980D exhibit failure after a slight increase
in force.

Table 4.1. Summary of Baking Effects on Cross-Tension Strength and Energy Absorption of Schedule A Welds
in Gen3 Steels

Energy Absorption (J) Cross-Tension Strength (kN) Failure Mode
As-Welded Baked As-Welded Baked As-Welded Baked
TRIP1180 30.9 118 6.4 12.2 Interfacial Plug
QP1200 6.3 7.1 35 3.9 Interfacial Interfacial
QP1000 25.6 112 4.1 8.2 Interfacial Plug

The curves shown for the baked DP980A and DP980D specimens, and both conditions in the DP980C
welds exhibit an additional linear increase in force leading to the maximum cross-tension strength right before
specimen failure. The effects of baking on welds made in the DP980A and DP980D steels appear to be most
significant in the latter stages of testing, resulting in significant changes immediately preceding final failure. The
effect of baking in the DP980C welds is not significant, as the appearance of the curves in the as-welded condition
for this steel resemble that of the baked conditions of the other DP steels. These results suggest the other DP steels
exhibit some embrittling mechanism which is relieved during baking, which is not influential in the DP980C steel.
The average cross-tension strength, energy absorption, and failure modes for each triplicate specimen in both the as-
welded and baked conditions for all DP980 steels are summarized in Table 4.2. While the DP980 steels exhibit
lower baking sensitivities than the Gen3 steels, a clear increase in cross-tension performance is evident despite the
occurrence of plug failure in all DP980 weld specimens.

The effects of baking on cross-tension performance of schedule A welds are summarized with respect to
the energy absorption and maximum cross-tension strength in Figure 4.3(a) and (b), respectively. The summarized
energy absorption data reveal a large difference in both the as-welded and baked energy absorption of the QP1000
and TRIP1180 welds relative to welds made in all of the DP steels. In the as-welded condition, energy absorption of
the QP1000 and TRIP1180 welds is much lower than that of the DP980A, C, and D welds, while the baked energy
absorption is considerably greater, resulting in the greatest sensitivity to baking of all steels investigated. The
QP1200 welds exhibit the lowest energy absorption of all welds tested, as well as the smallest magnitude of change
in energy absorption due to baking. It is noteworthy that failure occurred through the weld interface in both the as-
welded and baked conditions in QP1200, which suggests the load at failure in bothconditions is dictated by the
fusion zone, which is apparently associated with a low sensitivity to baking. In this instance, very minimal baking
effects are observed, implying that when only the fusion zone properties dictate weld performance, the effects of
baking are insignificant. The as-welded energy absorption of the DP steels is shown to differ between the various
grades, though the magnitude of energy absorption increase due to baking is approximately the same for the three
DP steels. The effects of baking on cross-tension strength of schedule A welds in Figure 4.3(b) reveal a similar
result in terms of the steels that exhibit the greatest baking sensitivity; the average cross-tension strength in QP1000
and TRIP1180 welds nearly doubles after baking, whereas that of the QP1200 steel is relatively unaffected. An
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interesting comparison can be drawn from the effects of baking on the DP980A and DP980C welds. The
cross-tension strength of DP980C welds was shown to be insensitive to baking, though it can be seen here that in the
as'weldedcondition, DP980C welds possess a cross-tension strength equivalent to that of the bakedDP980A welds.
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Figure 4.2. Force displacement curves are shown for schedule A welds in the (a) as-welded and (b) baked DP980A,
the (c) as-welded and (d) baked DP980C, and the (e) as-welded and (f) baked DP980D.
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Table 4.2. Summary of Baking Effects on Cross-Tension Strength and Energy Absorption of
Schedule A Welds in DP980 Steels

Energy Absorption (J) Cross-Tension Strength (kN) Failure Mode
As-Welded Baked As-Welded Baked As-Welded | Baked
DP980A 68.0 78.1 6.2 9.7 Plug Plug
DP980C 93.3 101 9.6 9.8 Plug Plug
DP980D 58.0 68.2 6.4 8.1 Plug Plug

It is reasonable to speculate that because the as-welded DP980A welds exhibit a reduced cross-tension
strength, an effect of baking is observed. In other words, the DP980A welds may experience some welding-induced
embrittling or weakening phenomena, to which the DP980C welds are not sensitive, and baking helps to mitigate
this embrittlement or weakening effect. Finally, it should be noted that regarding energy absorptiorbaking appears
to have a greater effect on the QP1000 and TRIP1180 steels than on the DP steels. With respect to crosstension
strength however, the difference is less pronounced, specifically considering DP980A. The difference in baking
sensitivity of DP980A, considering energy absorption vs. cross-tension strength, illustrates the strong dependence of
perceived baking sensitivities on the method of analysis of mechanical test data. The large discrepancy between
baking sensitivities when considering energy absorption or cross-tension strength may be related to differences in
the point during testing where baking effects are observed. In the QP1000 and TRIP1180 welds, differences between
the as-welded and baked performance are observed at relatively small displacements, compared to the DP980A

welds which reveal little difference after baking until the end stages of testing.
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Figure 4.3. Summary of the effects of baking on (a) energy absorption and (b) maximum cross-tension strength in
schedule A welds.

To aid in discussion of the results obtained during cross-tension testing of schedule A welds, the increase
in average energy absorption and cross-tension strength after baking as well as the associated change (or lack of
change) in failure mode for schedule A welds made in each steel are presented in Table 4.3. The cross-tension
performance of schedule A welds made in the QP1000 and TRIP1180 steels exhibited the greatest improvement
after baking, which was associated with a change in failure mode from interfacial to plug failure, though a
significant increase in cross-tension strength was also measured in the DP980A welds which failed by plug failure
both before and after baking. The QP1200 welds represent the only condition that failed by interfacial failure and

exhibited poor cross-tension performance in both the as-welded and baked condition, which illustrates an anomaly
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within the schedule A welds. The chemical compositions of the QP1000, QP1200, TRIP1180, and DP980A steels
are all very similar: the C content varies between 0.162 wt pct and 0.20 wt pct, Mn between 1.97 and 2.6 wt pct, and
Si between 1.46 and 1.57 wt pct. This suggests that substrate microstructure and its influence on transformations and
subsequent properties in the HAZ may be as significant to chemical composition in determining the as-welded

performance and subsequent baking sensitivities of schedule A welds made in these steels.

Table 4.3. Increase in Mechanical Performance and Failure Modes of Baked Schedule A Welds

Increase Due to Baking:
Energy Cross-tension Failure Mode of As-welded A Baked:
Absorption (J) Strength (kN)

TRIP1180 87.3 5.9 Interfacial A Plug

QP1200 0.8 0.4 Interfacial A Interfacial
QP1000 87.0 4.1 Interfacial A Plug

DP980A 10.2 3.6 Plug A Plug

DP980C 8.1 0.2 Plug A Plug

DP980D 10.2 1.8 Plug A Plug

4.2 Baking Effects on Cross-Tension Performance of Large Welds

Cross-tension testing was repeated for all steels using weld schedule C, with an increased electrode force to
mitigate expulsion and increased weld time to achieve a fusion zone satisfying the 516 recommendation for
achieving the desired plug failure mode in cross-tension. With all sheet thicknesses used in experimental work being
nominally 1.5 mm, the desired fusion zone size is 6.1 mm, which was achieved for all grades using schedule C.
Because the welds used in this phase of experimental work exhibited plug failure, fracture surfaces of the schedule C
weld failures were characterized in addition to analysis of the macroscopic weld failure characteristicsange
in failure location after baking in schedule C welds is not easily inferred, as was the case with the schedule A welds
in the Gen3 steels which sometimes exhibited interfacial failure in the as-welded condition and plug failure after
baking.

The cross-tension test results for schedule C welds in the Gen3 steels TRIP1180 are presented in the as-
welded condition in Figure 4.4(a), (c), and (e), and the baked condition in Figure 4.4(b), (d), and (f). For all
specimens, force increases linearly up to the point of decrease in the slope of the force-displacement curve. Among
the as-welded specimens, the QP1200 welds exhibit failure at this point, whereas the TRIP1180 and QP1000 welds
continue increasing in force with a decreased slope. The point at which force begins to increase linearly again is
where the behavior of the as-welded and baked specimens diverges. The curves of the as-welded specimens show
very slight increases in force accompanied by significant serrations in the curve, suggestive of minor crack
propagation events preceding final weld failure. The jagged segments of the as-welded force-displacement curves
are replaced by a smooth, steep increase in force for the baked specimens, which reveals the baking effects in
schedule C welds of TRIP1180 and QP1000 seem most significant in the latter stages of testing, immediately
preceding final weld failure. For the QP1200 welds, baking seems to affect the displacement to which a linear
increase in force is observed, which means that the early stages of testing of welds in this steel are affected by

baking. The cross-tension strength, energy absorption, and failure modes in both the as-welded and baked conditions
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for the schedule C welds in Gen3 steels are summarized in Table 4.4. The most significant effects of baking were

again measured in the TRIP1180 and the QP1000 steel, though failure of both the as-welded and baked specimens

occurred by plug failure for the schedule C welds.
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Figure 4.4. Force displacement curves obtained during cross-tension testing are shown for schedule C welds in the
(a) as-welded and (b) baked TRIP1180, the (c) as-welded and (d) baked QP1200, and the (e) as-welded and (f)
baked QP1000.
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Table 4.4. Summary of Baking Effects on Cross-Tension Strength and Energy Absorption of
Schedule C Welds in Gen3 Steels

Energy Absorption (J) Cross-Tension Strength (kN) Failure Mode
As-Welded Baked As-Welded Baked As-Welded | Baked
TRIP1180 117 138 10.9 14.0 Plug Plug
QP1200 29.4 50.3 6.0 7.6 Plug Plug
QP1000 67.8 92.2 7.1 10.8 Plug Plug

The force-displacement curves obtained during cross-tension testing of the as-welded schedule C welds
made in the DP980 steels are shown in Figure 4.5(a), (c), and (e), while the curves for the baked specimens are
provided in Figure 4.5(b), (d), and (f). All specimens exhibit nearly identical behavior through the first half of
testing; initially, force increases linearly with displacement followed by a decrease in slope as force plateaus
reaching approximately 5 kN at a displacement of 10 mm. The slope of the force-displacement curve then increases
abruptly to again increase linearly with displacement, and it is here that the slight differences due to baking can be
observed in the DP980 steels. The linear increase in force of the baked specimens extends slightly beyond that
observed in the as-welded specimens. The average cross-tension strength, energy absorption, and failure modes in
both the as-welded and baked conditions for the schedule C welds in DP980 steels are summarized in Table 4.5.

The summary of the increase in energy absorption (Figure 4.6(a)) and cross-tension strength (Figure 4.6(b))
of baked schedule C welds tested in cross-tension is provided quantitatively in Table 4.6 (found on p. 35). With
respect to energy absorption the steels which exhibited the greatest increase due to baking were the Gen3 steels. It
should be noted that the increase in energy absorption of the welds in DP980C excludes the specimen which may be
considered an outlier; omission of the sample that reached a significantly higher strength than the others results in an
average increase in energy absorption of the DP980C welds of just 4.8 J. The greatest increase in cross-tension
strength due to baking was observed in the welds made in QP1000 and TRIP1180, while the increase observed in
the QP1200 welds was just 1.7 kN, an increase of similar magnitude to that observed in the welds made in the
DP980 steels. Again, omission of a potential outlier in the DP980C data would result in an average increase in
cross-tension strength of just 1.1 kN after baking, which is comparable to the increase observed for the other DP980
steels. A key observation is seen reviewing the change in energy absorption due to baking of the QP1000 welds
relative to welds made in the DP980A steel. In the baked conditions, the energy absorption of schedule C welds in
these two steels is nearly identical: 92.2 J in the QP1000 and 91.7 J in the DP980A, highlighted by the upper dotted
line in Figure 4.6(a). A difference in the as-welded energy absorption can be observed, which is identified by the
lower dotted line in Figure 4.6(a). In the as-welded condition, the average energy absorption of the QP1000 welds is
67.8 J, compared to 80.4 J in the DP980A welds. Similarly, the as-welded cross-tension strength differs between the
QP1000 and DP980A schedule C welds, identified by the lower dotted line in Figure 4.6(b), while the upper dotted
line shows that the difference in baked cross-tension strength of the two welds is within the uncertainty due to
statistical variation. The average cross-tension strengths of QP1000 and DP980A welds in the as-welded condition
are 7.1 kN and 8.6 kN, whereas the baked strength values for each weld are 10.8 kN and 10.2 kN. These
observations suggest that after baking, the welds made in both QP1000 and DP980A possess comparable
mechanical properties regarding strength and energy absorption capabilities. The relatively low energy absorption
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and cross-tension strength of as-welded QP1000 welds compared to DP980A welds may suggest a weakening effect

in the QP1000 welds, not present in the DP980A welds, which is mitigated during the baking cycle. The chemical

compositions of the two steels are quite similar: the QP1000 (0.19C-1.97Mn-1.57Si) differs only slightly in carbon
to the DP980A (0.162C-2.04Mn-1.46Si). As such, it is suspected that the difference in as-welded performance may

not be due to composition differences, but instead may be due to differences in the substrate

microstructure/properties, specifically the effects of substrate microstructure on transformation behavior in the HAZ.
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Figure 4.5. Force displacement curves shown for schedule C welds in the (a) as-welded and (b) baked DP980A, the
(c) as-welded and (d) baked DP980C, and the (e) as-welded and (f) baked DP980D.



Table 4.5. Summary of Baking Effects on Cross-Tension Strength and Energy Absorption of
Schedule C Welds in DP980 Steels

Energy Absorption (J) Cross-Tension Strength (kN) Failure Mode
As-Welded Baked As-Welded Baked As-Welded | Baked
DP980A 80.4 91.7 8.6 10.2 Plug Plug
DP980C 78.9 94.5 8.1 10.7 Plug Plug
DP980D 78.6 87.8 7.4 8.6 Plug Plug
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Figure 4.6. Summary of the effects of baking on (a) energy absorption and (b) maximum cross-tension strength in
schedule C welds. Lower dashed lines indicate the as-welded energy absorption and strength of the QP1000 welds,

while upper dashed lines indicate the energy absorption and strength of QP1000 welds after baking; lines are drawn
for comparison to DP980A welds.

Table 4.6. Mechanical Performance and Failure Modes of Baked Schedule C Welds

Increase in:
Energy Cross-tension Failure Mode of As-welded A Baked:
Absorption (J) Strength (kN)
TRIP1180 20.8 3.1 Plug A Plug
QP1200 20.9 1.7 Plug A Plug
QP1000 245 3.7 Plug A Plug
DP980A 11.3 1.6 Plug A Plug
DP980C 4.8 11 Plug A Plug
DP980D 9.2 1.2 Plug A Plug

Characterization of the baking sensitivities of both schedule A and C welds tested in cross-tension testing
enables a comparison of baking sensitivities between small, expulsion-prone welds expected to exhibit interfacial
failure, and larger welds which are likely to fail by plug failure. The effects of baking summarized for the
schedule A welds in Table 4.3 and for the schedule C welds in Table 4.6 are plotted together for comparison in
Figure 4.7. The increasein energy absorption is plotted for both weld schedules in each steel in Figure 4.7(a).
Similarly, the increase in cross-tension strength after baking is provided in Figure 4.7(b). The most significant
baking sensitivity in this comparison is observed for the schedule A welds made in the QP1000 and TRIP1180

steels. These two sample conditions were also the only conditions which exhibited a transition in failure mode from
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interfacial to plug failure after baking. The schedule A welds in QP1200 also failed by interfacial failure both before
and after baking and exhibited virtually no baking effects. In the schedule C welds, energy absorption increased
almost uniformly across these three steels, which all exhibited a plug failure mode even in the as-welded condition.
Little difference in energy absorption increase of the welds made in the DP980 steels is observed between the two
weld schedules; further, all DP980 steels exhibited lower increases in energy absorption than the Gen3 steels, with
the exception of schedule A welds in QP1200. Considering the increases in cross-tension strength, the comparison
becomes complicated: in the Gen3 steels, the schedule A welds are more sensitive in TRIP1180, about equally
sensitive in QP1000, and less sensitive in the QP1200. The DP980A welds exhibit the third-highest increase in

cross-tension strength after baking, not much less than the QP1000.
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Figure 4.7. Summary of the increase in (a) energy absorption and (b) cross-tension strength after baking for schedule
A and schedule C welds made in all Gen3 and DP980 steels.
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Energy absorption as a metric for weld performance and baking sensitivity has been incorporated in
numerous investigations [8,18,42,54,56,62]. To understand the different trends in baking sensitivity between grades
and with different weld schedules (as measured by energy absorption), the force-displacement curves which are
integrated to obtain these energy absorption values are considered. Typically, energy absorption at peak load is
reported for consideration of weld performance in automotive assemblies. However, full energy absorption was
incorporated in this work to capture possible changes in the manner of failure observed as a result of the baking
cycle. Coupled macroscopic failure analysis and microtomography have been utilized by other researchers in
interrupted cross-tension tests to observe the evolution of force with displacement during cross-tension testing in
relation to crack propagation events and damage accumulation [37,50]. At early stages of testing, crack propagation
towards the fusion zone was reported [37] in a DP980 steel as the slope of the force-displacement curve decreased
slightly at relatively short displacement. The slope of the force-displacement curve then remained constant,
increasing linearly even as crack propagation continued approximately 1 mm into the fusion zone and deflected,
which was determined by examination of the weld at a displacement of 10 mm. Dancette et al.analyzed the
force-displacement curve of a DP450 spot weld tested in cross-tension which revealed a linear increase in force with
displacement up to approximately 20 mm, despite considerable strain localization in the base metal and sub-critical
HAZ [50]. The slope of the force-displacement curve only began to decrease slightly as the first cracks in the base
metal formed, followed by an abrupt decrease in force as the crack reached the outer surface of the sample, leading

to separation of the welded coupons [50]. With an understanding of the possible implications of differences in
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cross-tension performance based on different characteristics in force-displacement curves, the effects of baking can
be further examined.

In the schedule C welds, most of the steels examined exhibit a baking-induced change in appearance of the
force-displacement curve after the point of testing in which force begins to plateau. The as-welded and baked
specimens appear to deform in an identical manner until the primary crack propagation event is halted and force
again begins to increase. The secondary increase of the force-displacement curve has, to the author’s knowledge,
only once been identified in literature during an investigation on cross-tension testing of martensitic steels with plug
failure of the specimen that exhibited an increase in load after an initial plateau [63], though the authors did not
discuss the significance of or the weld region responsible for this secondary increase. Considering the literature
studies discussed in the previous paragraph, the effects of baking in large welds may be evident after some initial
fracture propagation event, at the point of the secondanyjincrease in load, but interrupted testing would be necessary
to understand this behavior. Small (Schedule A) welds made in the two steels with greatest baking sensitivity,
QP1000 and TRIP1180, failed early in testing, with no plateau in force prior to specimen failure, while the
as-welded schedule C welds in both steels exhibited a plateau in force with only a very minor secondary increase in
force. It is unclear whether the same microstructural changes occur during baking of the smaller schedule A welds
and the larger schedule C welds, given the difference in performance of the as-welded specimens.

Weld schedule A produced small welds on the order of 4.9 mm to 5.1 mm in diameter, due to the short
weld time of 10 cycles. According to the industrially recommended fusion zone size for sheets of 1.5 mm thickness,
a fusion zone size of approximately 6.1 mm is needed to ensure plug failure, meaning the schedule A welds are
expectedo exhibit interfacial failure. Further, schedule A incorporates a low electrode force of 2.6 kN, which
resulted in expulsion for all schedule A welds tested. Expulsion is frequently cited as a reason for sub-optimal weld
performance, due to increased porosity in the fusion zone, effectively decreasing the load-bearing cross-sectional
area of the weld [20-22,42]. As expected, all of the as-welded schedule A welds in Gen3 steels exhibited interfacial
failure in cross-tension. The transition to plug failure after baking in the QP1000 and TRIP1180 welds despitethe
small fusion zone containing porosity is therefore highly significant, as this represents a positive deviation from the
commonly utilized weld diameter recommendation in industry. The DP980 schedule A welds primarily exhibited
plug failure even before baking, which again highlights the difference in initial properties of these welds compared
with welds in Gen3 steels. Further, the hypothesis that Gen3 welds exhibit a ‘weakening’ effect during welding
which the DP980 steels are not susceptible to is reinforced by this observation that the as-welded failure modes are
significantly different among the steels in schedule A welds. Weld schedule C, with a weld time of 30 cycles,
produced welds with a diameter of approximately 6.3 mm, above the 6.1 mm recommendation to obtain plug failure.
With an increased electrode force to 5.2 kN, expulsion, and thus porosity, was absent in all schedule C welds. As
expected, the schedule C welds failed by plug failure in most cases, both before and after baking. The different
baking sensitivities observed between the two weld schedules may be due to differences in weld attributes, such as
the properties of different regions in the HAZ or differences in the post-weld cooling rates that occur due to the
differences in heat generation between the two weld schedules. Heat input during welding depends on the applied

current, the resistance of the sheet stack up, and the time [12]. A clear difference in weld time exists, but the
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resistance also differs to an unknown degree between the two weld schedules. The low force in schedule A reduces
the contact area between the sheets as well as the sheet-electrode interface, thus increasing the resistance compared
to schedule C. As such, the difference in weld characteristics is not just the size of the fusion zone, but also the rate
of heat generation during welding, which may also be significant in weld performance and subsequent baking
sensitivity.

Cross-tension performance of resistance spot welds is governed by the competition between two failure
mechanisms: interfacial failure typically representing the low end of weld performance and plug failure representing
the high end. An intermediate partial interfacial failure is also possible in some cases. The competition between
interfacial and partial interfacial failure has been modeled by relating maximum cross-tension strength as a function
of sheet thickness and weld diameter in relation to the fracture toughness of the weld nugget in the case of interfacial
failure and to the shear strength of the HAZ in the case of plug failure [11,21]. A “critical diameter’ is generally
defined as the point of transition in governing equation, with welds below this diameter exhibiting interfacial failure,
and welds above exhibiting plug failure. In the case of the schedule A welds made in QP1000 and TRIP1180, which
exhibited the greatest baking sensitivity among all welds tested, a transition in failure mode from interfacial failure
to plug failure signifies a decrease in the critical diameter necessary for plug failure to occur, as the fusion zone size
did not change, nor did the sheet thickness. The reduced critical diameter reflects an increase in the fracture
toughness of the fusion zone and/or a decrease in the shear strength of the HAZ due to baking, which represents
uncertainty in the analysis of the schedule A welds, in that the weld region responsible for baking is not clearly
identified. In the schedule C welds, baking sensitivity was present in conjunction with a plug failure mode, which is
strong evidence of meaningful baking effects in the HAZ, as the absence of interfacial failure indicates that the
failure load is not limited by the fracture toughness of the fusion zone. Thus, for baking sensitivity to be measured in
the case of plug failure, particularly in the case of the schedule C TRIP1180 welds which did not exhibit even partial
crack propagation into the fusion zone, the presence of baking effects within some region of the HAZ is highly

likely, though this does not rule out the possibility of baking effects occurring in the fusion zone.

4.3 Failure Analysis of Large Welds Tested in Cross-Tension

The baking effects on cross-tension fracture were characterized in all experimental steels for both Schedule
A and C welds, which revealed two relationships of failure behavior to baking. Schedule A welds in all of the Gen3
steels tested in the as-welded condition exhibited interfacial failure that transitioned to plug failure after baking. In
the Schedule C welds, failure was classified as ‘plug failure’ in most as-welded specimens, as fracture did not occur
through the weld interface. When investigating possible weld regions of baking sensitivity, the consideration of
failure mode was incorporated to identify regions of the weld which failed in the as-welded condition but not in the
baked condition. The specific region of weld failure in the case of interfacial failure is clear; however, in cases of
plug failure, the actual fracture path in relation to the fusion zone and HAZ cannot readily be interpreted. Thus,
failure analysis was performed on the larger Schedule C welds, in which interfacial failure in the as-welded
condition was not prominent but baking effects in most steels were still observed. The propagation of the crack

through a weld region in the as-welded condition but not in the baked condition was investigated to identify regions
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which may exhibit some change during the baking cycle. Macroscopic views of welds sectioned postmortem are
presented from both the as-welded and baked conditions for each of the experimental steels, along with the
maximum force achieved by that sample during cross-tension testing. Because cross-tension testing of welds
generates a complex loading condition around the weld and similarly complex failure behaviors, some welds exhibit
multiple fracture paths. To aid in visibility and discussion, each of these paths has been traced and is arbitrarily
designated a letter; the alphabetical label is not intended to suggest a priority in terms of significance to failure
behavior of the various fracture paths in spot welds.

The baking-induced change in failure behavior of Schedule C welds made in TRIP1180 is illustrated in
Figure 4.8. The as-welded condition, in Figure 4.8(a), shows the failure for a sample which reached a maximum
force of 10.23 kN, whereas the maximum force achieved by the baked specimen, in Figure 4.8(b), was 13.50 kN.
The as-welded specimen exhibited four distinct fracture paths: A, C, and D were full-thickness, and B was a
partial-thickness crack, the last segment which remained intact after testing. Fracture A exists along the sheet
interface, the edge of the fusion zone, and the upper-critical HAZ (dark gray). Fracture B originated at the outer
sheet surface and progressed through the sub-critical HAZ (medium gray, adjacent to the lighter intercritical HAZ);
due to the initiation at the sheet surface, this crack is assumed to have formed during the latter stages of testing,
where nugget rotation and other fracture events altered the stress states around the weld, leading to a tensile stress at
the sheet surface due to bending in the vicinity of B in Figure 4.8(a). Fracture C appears to originate at the sheet
interface in the sub-critical HAZ and propagates outward into the base metal, which suggests this facture path was
not influenced directly by any specific weld regions. Fracture D similarly originated at the sheet interface and
progressed away from the fusion zone, through the upper-critical HAZ until it reached the intercritical HAZ. At this
point, indicated by the arrow, the direction of crack propagation abruptly changed, and proceeded through the
intercritical HAZ until it deflected slightly into the sub-critical HAZ with final separation. The initiation of fracture
B at the sheet surface suggests bending due to weld rotation occurred during testing due to a counter-clockwise
rotation of the nugget. In order for a counter-clockwise rotation of the nugget, an upward force must have been
applied in the region of fracture C, which suggests that fractures A and D occurred first during testing, leading to the
imbalance in force and the corresponding weld rotation. Thus, failure behavior of the as-welded TRIP1180 weld
appears to be influenced in an important way by low-energy failures in the intercritical HAZ, the weld periphery,
and upper-critical HAZ. The failure behavior of the baked TRIP1180 weld in Figure 4.8(b) is markedly dissimilar to
that of the as-welded condition. In this specimen, three identical fracture surfaces are visible. Fractures A, B, and C
appear to initiate at the sheet interface and progress in a continuous path through the entire HAZ and finally into the
base metal. Final separation of the sheets occurred as fractures A and C progressed through the full sheet thickness.
Fracture B illustrates the ‘sliding” behavior of adjacent fracture surfaces in plug failure during cross-tension testing,
which also likely occurred along the surfaces of fractures A and C. These results show that the weld strength is
lower when failure selects specific regions of the HAZ, and baking lowers the tendency for failure to occur in these
regions, which may explain the increase in performance. In the as-welded condition fractures, A and D occur with a

jagged appearance in a localized fashion within regions of the weld structure: the upper-critical and intercritical
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HAZ, respectively, and these types of fractures are not present after baking. Therefore, Fractures A and D in the as-

welded condition were selected for fractography to observe the nature of failure in these weld regions.

TRIP1180 - As Welded

TRIP1180 - Baked
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Figure 4.8. Macroscopic faiIEJr)e analysis of Schedule C welds in TRIP1180 in the (a) as(-\ivelded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Etched with 1 pct Nital for 4
seconds followed by etching with 2 pct Picral for 4 seconds.

Figure 4.9 displays the results of the fractography performed on fractures A and D of Figure 4.8(a), the
as-welded Schedule C weld in the TRIP1180. These features were selected for analysis due to their localization
within specific regions of the weld microstructure. Figure 4.9(a) shows the occurrence of intergranular fracture in
the upper-critical HAZ of the as-welded specimen defined by fracture A in Figure 4.8(a). In Figure 4.9(b), the
surface of fracture A from the baked specimen in Figure 4.8(b) is shown to exhibit ductile microvoid coalescence.
Ductile failure during cross-tension testing of spot welds can result in the sliding of adjacent fracture surfaces
against one another, which can be seen clearly in fracture B of Figure 4.8(b). Scratches aligned in the direction of
the applied load typically mar the surface of these fractures, though some evidence of microvoid coalescence can
occasionally be identified. The surface of fracture D in Figure 4.8(a) is displayed in Figure 4.9(c) at the initial point
of change in fracture direction, as the crack enters the intercritical HAZ, indicated by the arrow. The dashed line
imposed on the fracture surface corresponds to the point at which the fracture direction changed and highlights a
transition in failure behavior as fracture propagates from the upper-critical into the intercritical HAZ (see arrow
indicating direction of crack propagation). Above the dashed line in Figure 4.9(c), ductile microvoid coalescence is
observed. Below the dashed line, as fracture progresses into the intercritical HAZ, the fracture mode abruptly
transitions to a mixed mode including quasi-cleavage fracture along with some microvoid coalescence. Thus, the
fracture surfaces observed in the as-welded specimen exhibit a low-energy type mechanism, whereas the baked
specimen exhibits a high-energy, ductile failure. The observation of intergranular fracture in the upper-critical HAZ
may be explained by the proximity of this region to the fusion zone. The microstructure immediately adjacent to the
fusion zone is exposed to much higher temperatures for longer durations, which may increase the likelihood of
mechanisms such as impurity segregation to the austenite grain boundaries during welding or grain boundary
precipitation during cooling. The toughness of the microstructure may further be reduced because of the significant
coarsening of the prior austenite grains during welding in this region of the HAZ. The observation of quasi-cleavage
fracture in the intercritical HAZ suggests that some microstructural evolution associated with exposure of the
substrate microstructure to intercritical temperatures may result in a HAZ microstructure with low toughness. The

absence of localized fracture in either of these regions after baking suggests that these low energy failure
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mechanisms may be mitigated during the baking cycle, which is associated with an increase in cross-tension strength
of over 3 kN, over 30 pct greater than the as-welded condition.

The schedule C welds in TRIP1180 exhibited one of the greatest baking sensitivities, and macroscopic
failure analysis identified localized failure in the intercritical HAZ, with a clear transition from ductile microvoid
coalescence to brittle quasi-cleavage observed in this weld region. After baking, a crack approached the intercritical
HAZ but passed straight through, suggesting some change occurred within the intercritical HAZ, mitigating the
susceptibility to localized low-energy fracture in that region. Intergranular fracture occurred in the upper-critical
HAZ or weld periphery of the as-welded specimen, but not in the baked condition. The occurrence of intergranular
fracture has been reported in spot welds made in Gen3 steels, though to the author’s knowledge these are generally
in medium-Mn steels with segregation of Mn during welding resulting in weakened boundaries [19,47]. Although
intergranular fracture was not observed in the baked condition, the change in the specific location of failure prevents
a direct comparison of the as-welded and baked behaviors. In the baked condition, fracture did not propagate
through the upper-critical HAZ or weld periphery, so the failure behavior of this region is unknown. Thus, the
absence of a brittle failure after baking in the upper-critical HAZ is considered to be a qualitative improvement in
weld performance. This improvement could be associated with toughening of the UCHAZ or softening of other

weld regions.

Figure 4.9. Micrographs of failure surfaces revealing (a) intergranular fracture in the upper-critical HAZ of the
as-welded TRIP1180 defined by Fracture A in Fig. 4.8(a), (b) ductile microvoid coalescence observed in the baked
TRIP1180 weld along the surface of Fracture A in Fig. 4.8(b), and (c) the transition from ductile microvoid
coalescence to a low-energy quasi-cleavage fracture in the intercritical HAZ as the path of Fracture D in Fig. 4.8(a)
changes. The arrow in (c) indicates the direction of crack growth.
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The macroscopic view of failure of the as-welded and baked QP1200 welds are shown in
Figure 4.10(a) and (b), respectively. The increase in strength of the QP1200 welds from 5.82 kN to 8.02 kN after
baking was associated with a near-inconceivable difference in fracture locations. In both conditions, fracture A
seems to initiate at the sheet interface, progress along the edge of the fusion zone a short distance and then deflect
upwards through the upper-critical HAZ. Closer examination reveals that Fracture A of the as-welded specimen
does progress directly along the fusion zone edge but in the baked specimen seems to deflect slightly away from the
fusion zone and progress via the upper-critical HAZ, which reveals a baking-induced change in fracture path of the
QP1200 welds. Fracture B in both welds occurs along the sheet interface and the fusion zone edge, in an almost
mirror-like fashion relative to fracture A of the as-welded condition. Failure within the sub-critical HAZ or base
metal is apparent in fracture C for both conditions; the downward bending of the sheet surface at fracture C suggests

that fracture C was the last segment to separate during testing, after significant weld rotation had occurred.

QP1200- As Welded QP1200 - Baked

1 mm Max Force: 5.82kN 1 mm Max Force: 8.02 kN -

(a) (b)
Figure 4.10. Macroscopic failure analysis of Schedule C welds in QP1200 in the (a) as-welded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Etched with 1 pct Nital for 4
seconds followed by etching with 2 pct Picral for 4 seconds.
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The fractures observed in Figure 4.10 reveal a possible change in the behavior of the weld periphery or
upper-critical HAZ of the QP1200 schedule C welds during baking. Fractography was performed on the surface of
fracture A from Figure 4.10(a), the results of which are displayed in Figure 4.11. The macroscopic view of
fracture A is provided again in Figure 4.11(a) identifying specific regions labeled (c) through (f) which correspond
to the image location for a particular micrograph presented in Figure 4.11(c-f). Figure 4.11(b) again shows these
same image locations along with a macroscopic view of the actual surface of fracture A. The presumed initiation
point of fracture A at the edge of the fusion zone is shown in Figure 4.11(c), which exhibits an intergranular fracture
mode. Mixed fracture modes can be observed in Figure 4.11(d) and (e) and occur along the edge of the fusion zone,
with evidence of both microvoid coalescence and cleavage fracture visible. A “band-like” fracture appearance can
be seen in Figure 4.11(d) with ductile microvoid coalescence and some evidence of quasi-cleavage separated by
regions seemingly devoid of any topography or structural features. A similar structure is seen in Figure 4.11(e), with
regions of ductile microvoid coalescence separated by flatter regions absent of any characteristic features related to a
particular failure mode. The “bands” are oriented parallel to the sheet surface, reflect a non-linear crack path and
range in “thickness” from 5 to 15 microns. In the macroscopic view of fracture A provided in Figure 4.11(b), these

bands are shown to exist along most of the weld periphery and may be present along the circumference of the weld.
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As the crack propagated away from the fusion zone and into the upper-critical HAZ, the failure mode transitioned to

a fully ductile microvoid coalescence, shown in Figure 4.11(f).

() ()
Figure 4.11. A sectioned view of (a) specific locations in which fractography was performed on fracture A from Fig.
4.10(a) showing the failure behavior of the fusion zone edge in the as-welded QP1200, (b) these same image
locations indicated on the macroscopic view of the actual surface of fracture A, (c) the point of crack initiation, (d)
the fusion zone edge, (e) the fusion zone edge as the direction of crack propagation changed, and (f) the upper-
critical HAZ.

The results of fractography performed on the surface of fracture A in the baked QP1200 weld from
Figure 4.10(b) are presented in Figure 4.12 (found on p. 44). In a manner similar to that performed for the as-welded
specimen, a schematic defining the specific image locations is provided on the cross-section through the failure as
well as the fracture surface viewed by SEM in Figure 4.12(a) and (b), respectively. The presumed fracture initiation
point at the fusion zone edge, labelled point ‘c’ in Figure 4.12(a) and (b), is shown in Figure 4.12(c), and includes
evidence of (mostly) intergranular fracture. A point further along the path of fracture, after the crack had propagated
away from the fusion zone, is presented in Figure 4.12(d), revealing a mostly ductile mode of failure similar to the
banded structure observed in the as-welded specimen. Again, bands that are suggestive of the onset and termination
of secondary (delamination) cracks can be observed in an alternation of microvoid coalescence and a region in
between with little detail or fracture characteristics. Features present within these bands which were not observed in
the as-welded specimen appear to be small web-like strands attached at the crevice of feature-less bands. These
strands are oriented perpendicular to the direction of the band and exhibit a ductile-like characteristic, as though they

are microvoids which were only partially separated being viewed from the side. As the fracture progressed further
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into the upper-critical HAZ, shown as point (e) in Figure 4.12(a) and (b), the mode of fracture transitioned to fully

ductile microvoid coalescence, as illustrated by the micrograph in Figure 4.12(e).

(@) O

@ G
Figure 4.12. A sectioned view of the baked QP1200 weld from Fig. 4.10(b) detailing (a) the specific locations in
which fractography was performed on fracture A, (b) these same image locations indicated on the macroscopic view
of the actual surface of fracture A, (c) the point of crack initiation exhibiting intergranular fracture, (d) the weld
periphery revealing a similar band-like structure to the as-welded condition, but with the presence of ‘strands’ within
the flat bands, and (e) microvoid coalescence in the region away from the fusion zone, close to the upper-critical
HAZ.

Intergranular fracture was observed at the weld periphery in both the as-welded and baked QP1200 welds,
which suggests some embrittling mechanism in this region may occur during the welding process that is not
significantly affected by baking. Both the as-welded and baked conditions also exhibited a banded fracture
morphology with regions of ductile microvoid coalescence separated by flat regions with minimal detail
characteristic of a particular fracture mode, though small ‘strand-like’ features within these bands appear in only the
baked specimens. Similar features in some fracture surfaces have been reported in literature for a press-hardened
steel subjected to various cooling rates prior to 3-pt bend tests [64]. The authors observed an increase in banding on
fracture surfaces with increased cooling rate and observed MnS and TiN particles within the banded features.
Bendability also decreased with increasing Mn content [64] which may be a relevant observation regarding the
cross-tension performance of spot welds, which experience a bending stress during deformation at the weld
periphery and HAZ. Banding was also observed along the fracture surface of a TRIP800 steel tested in uniaxial
tension [65]. The presence of contiguous grain boundary networks of hard phases was concluded to be responsible

for the formation of these band-like fissures. VVoids formed at the interface of ferrite and hard phases aligned during
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deformation, and then coalesced [65]. The QP1200 contains less Mn (2.3 wt pct) than the TRIP1180 (2.6 wt pct) in
which this band-like morphology was absent. Thus, other factors besides the bulk Mn content may be contributing to
this fracture behavior and subsequent baking response.

The effects of baking on the macroscopic failure behavior of Schedule C welds in QP1000 are presented in
Figure 4.13. The as-welded specimen in Figure 4.13(a) reached a force of 6.6 kN during cross-tension testing, which
was significantly lower than the baked specimen in Figure 4.13(b) with a peak cross-tension strength of 9.1 kN. The
as-welded specimen exhibits three fracture surfaces: A occurs along the intercritical HAZ, whereas B and C occur a
short distance into the fusion zone and then change direction to progress out of the fusion zone and through the
HAZ. In the baked condition, three fracture surfaces are observed: A initiates at the sheet interface and progresses
up along the intercritical HAZ, while B and C initiate at the sheet interface and propagate along the edge of the
fusion zone. The orientation of both specimens may suggest an order of fracture events, as the rotation of both weld
nuggets in a clockwise direction must be due to a force applied in the vertical direction at point A. Fracture along
surfaces B and C likely occurred first in each specimen, leaving surface A as the last intact feature connecting the
welded sheets. Assuming fracture A was the final fracture event in both conditions, the change in cross-tension
strength after baking may be related to a change in local properties of the intercritical HAZ, which required a greater
force to propagate the crack along surface A after the baking treatment. Consideration of the force-displacement
curves obtained during cross-tension testing of these welds (see Fig. 4.4(e) and (f)), the main difference between the
as-welded and baked curves is evident at the late stages of testing, just preceding final specimen failure. Comparing
Figure 4.13(a) and (b) also illustrates that the angle, a, made between the upper and lower sheet surfaces, illustrated
by the dotted lines in each image was approximately measured to be 38° in the as-welded specimen, and 53° in
baked specimen. Greater bending in the ligament remaining intact supports the argument that the microstructure
along fracture A exhibited some change during baking that enabled it to withstand greater forces that were applied
vertically (see arrows, F).

The failure analysis of the QP1000 welds in Figure 4.13 identified two regions of interest which failed in
the as-welded condition but not in the baked condition: the intercritical HAZ and the outer region of the fusion zone.
The fractography results obtained from the as-welded fractures A and B from Figure 4.13(a) are presented in
Figure 4.14. Figure 4.14(a) provides the specific image locations, labelled (b), (c), and (d), which were taken for
fracture surfaces A and B that are provided in Figure 4.14(b), (c), and (d). The fracture surface of the as-welded
intercritical HAZ is presented in Figure 4.14(b), which shows a majority of the surface has been flattened with
ridges aligned in the vertical direction. This morphology may be due to the sliding of adjacent fracture surfaces
during testing which prevents a complete analysis of the fracture behavior in this region, though some evidence of
microvoids oriented vertically in the figure (in the direction of the applied load) is observed. Figure 4.14(c) shows
the surface of fracture B in the outer region of the fusion zone exhibits a mostly brittle, quasi-cleavage type of
fracture. Figure 4.14(d) shows the surface of fracture B after it progressed outside of the fusion zone, into the
upper-critical HAZ, which possesses horizontal ‘bands’ like those observed in the QP1200 welds. These banded
areas appear less ductile in nature, with more evidence of quasi-cleavage between the flat, featureless regions.

Again, the occurrence of these bands appears to be along the weld periphery in both Q&P steels.
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Figure 4.13. Macroscopic failure analysis of Schedule C welds in QP1000 in the (a) as-welded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Dotted lines were used to
measure the angle, alpha, made between the upper and lower sheets as a result of weld rotation due to the applied
force (F) indicated by the arrows, illustrating the increase in angle measured for the baked specimen. Etched with
1 pct Nital for 4 seconds followed by etching with 2 pct Picral for 4 seconds.

(©) (d)
Figure 4.14. The (a) sectioned view of the as-welded QP1000 weld indicating the precise location from which
subsequent micrographs within the figure were obtained. Along fracture A (b) the failure behavior of the intercritical
HAZ shows some evidence of microvoid coalescence, though a majority of the surface has been damaged by
scratching of adjacent fracture surfaces during testing. The (c) outer region of the fusion zone exhibits quasi-
cleavage, while (d) the banded fracture morphology with greater evidence of quasi-cleavage between the flat portion
of the bands is observed in the fusion zone periphery.
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The results of fractography performed on surfaces A and B of the baked QP1000 weld shown in
Figure 4.13(b) are presented in Figure 4.15. The fracture surfaces in the sectioned view and viewed in the SEM are
provided in Figure 4.15(a) and (b), respectively, which include labels (c), (d), and (e) corresponding to the fracture
surfaces displayed in Figure 4.15(c)-(e) representing the failure behavior at the intercritical HAZ, sub-critical HAZ,
and the edge of the fusion zone, respectively. Figure 4.15(a) reveals a slight curvature of fracture A, with the bottom
region existing within the intercritical HAZ and the upper region deflecting out towards the sub-critical HAZ or base
metal. For reference, the dotted line in Figure 4.15(a) has been added to mark the boundary of the intercritical HAZ
and illustrate the point of transition, which is seen to occur at approximately the midline of the upper sheet, indicated
by the solid dot. In Figure 4.15(b), the surface of fracture A transitions as it reaches this point of directional change,
indicated in this view by the dashed line, with the position of the solid white dot placed at the intersection of fracture
A and the intercritical HAZ from Figure 4.15(a) included for reference. Fracture A transitions from a flat,
feature-less surface within the intercritical HAZ to an apparent banded surface within the upper portion of fracture A
in the sub-critical HAZ or base metal. The fracture surface present in this flat, feature-less region is shown in
Figure 4.15(c), which appears to have been burnished in the vertical direction by the adjacent fracture surface,
preventing a clear analysis of this region, though evidence of microvoid coalescence in the left side of the image is
visible. The upper portion of fracture A, which propagated through the sub-critical HAZ, is shown in Figure 4.15(d)
to exhibit a banded morphology. The sections of the bands which exhibit microvoid coalescence reveal an equiaxed
void morphology, which suggest this region of the specimen failed due to a force applied approximately normal to
the fracture surface. Observation of fracture surface A suggests that fracture propagated through the intercritical
HAZ, including point (c), at earlier stages of testing, prior to nugget rotation, resulting in a shear-dominated loading
condition, which is interpreted to be due to the apparent sliding (vertical scratching) evident in the figure. The
fracture then deflected away from the intercritical HAZ at point (d), where further nugget rotation changed the
loading condition in this region to be tensile-dominated, resulting in the equiaxed void morphology. This crack
‘deflection’ out of the intercritical HAZ was not as prominent in the as-welded specimen, which suggests that some
beneficial change in the intercritical HAZ during baking inhibited fracture through this region. It should also be
noted that while the banded fracture morphology was also present for both QP1200 welds and for the as-welded
QP1000 weld, this is the first instance of the banded fracture morphology appearing in the sub-critical HAZ, which
indicates that this morphology is influenced by the substrate characteristics. Further, the appearance of these bands
in the regions of the HAZ closer to the fusion zone also indicate that even in the upper-critical HAZ, effects of the
substrate microstructure (including segregation effects) may still influence weld performance. The fracture surface
of the weld periphery is shown in Figure 4.15(e) to be a mixed-mode fracture, with some evidence of microvoid
coalescence evident within regions of quasi-cleavage fracture. Though the as-welded specimen in Figure 4.14(c)
exhibited fracture a short distance into the fusion zone, and not the weld periphery as was observed for the baked
specimen in Figure 4.15(e), comparison of the fracture in both of these regions shows an increase in the ductile

nature of fracture associated with the baked condition.
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Figure 4.15. The sectioned view of (a) fractures A and B from Fig. 4.13(b) showing the failure behavior of the
intercritical HAZ and fusion zone edge in the baked QP1000 and (b) the view of the same features observed in the
SEM indicating the transition of fracture behavior from (c) a flat, featureless surface in the intercritical HAZ below
the dashed line (including some ductile microvoids along with a larger burnished region) to (d) a banded
morphology above the dashed line as fracture deflects away from the intercritical HAZ (e) the weld periphery is
shown to exhibit a mixed mode of failure, with quasi-cleavage and regions of microvoid coalescence visible in this
region.

The macroscopic views of failed DP980A Schedule C welds are provided in Figure 4.16. The as-welded
specimen in Figure 4.16(a) failed after reaching a force of 8.19 kN, which was accompanied by the formation of
three fracture surfaces. Each of these fractures, A, C, and D, are thought to have initiated at the sheet interface,
progressed a short distance along the edge of the fusion zone, and then finally separated with the crack propagating
away from the fusion zone and through the upper-critical HAZ. In the baked specimen shown in Figure 4.16(b), a
maximum cross-tension force of 10.27 kN was achieved with the formation of two fracture surfaces, A and B, that
occurred in locations similar to fractures A and B in the as-welded condition. The primary difference in failure
behavior between the as-welded and baked DP980A welds is the prevalence of failure through three weld regions in
the as-welded condition compared to only two in the baked condition, though the fractures are all of a similar plug
type mechanism, and the difference may be due to the order of fracture events. Given the bending evident in the
bottom left portion of the weld in Figure 4.16(a), it is apparent that weld rotation occurred in a counter-clockwise
manner, which would require an upwards force applied at the region of the specimen including fracture B.

Therefore, fracture A or C likely occurred first, with final weld failure controlled by fracture B.
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Figure 4.16. Macroscopic failure analysis of Schedule C welds in DP980A in the (a) as-welded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Etched with 1 pct Nital for 4
seconds followed by etching with 2 pct Picral for 4 seconds.

Though both DP980A specimens shown in Figure 4.16 exhibited similar fracture behavior along the edge
of the fusion zone and up through the upper-critical HAZ, an increase in cross-tension strength was still noted due to
baking. The fracture surfaces in both conditions were analyzed to investigate a possible change in fracture
characteristics along the fusion zone periphery after baking. In both the as-welded condition, presented in
Figure 4.17(a), and the baked condition, in Figure 4.17(b), cleavage fracture is observed along the edge of the fusion
zone. The similarity in appearance of fracture surfaces at the fusion zone edge in both the as-welded and baked
specimens suggests that the effects of baking in DP980A do not result in a change in fracture behavior. Despite an
absence of change in the location or nature of weld failure, the effects of baking in the DP980A schedule C welds
are measurable, which suggests the effects of baking are not great enough to provide a change in fracture

appearance. Baking effects might also occur in a region of the weld which was not the fracture location.

(b)
Figure 4.17. Surface of (a) fracture C at the edge of the fusion zone in the as-welded DP980A specimen from Fig.
4.16(a) revealing cleavage fracture and (b) fracture B from the baked DP980A weld displayed in Figure 4.16(b)
which is also shown to exhibit cleavage fracture.

The macroscopic views of failed DP980C Schedule C welds are provided in Figure 4.18. The as-welded
specimen in Figure 4.18(a) failed after reaching a force of 7.81 kN, while the baked specimen shown in
Figure 4.18(b) failed at a force of 9.43 kN. In the as-welded condition, three fracture surfaces were formed:

fracture A progressed slightly into the fusion zone and then up through the upper-critical HAZ; fractures B and C
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both progressed slightly along the edge of the fusion zone and then out through the upper-critical HAZ. In the baked
specimen, two fracture surfaces were observed, A and B, that both occurred along the fusion zone edge a short
distance before progressing up through the upper-critical HAZ.

DP980C - As Welded DP980C - Baked

“1 mm Max Force: 7.81 kN : 1 mm Max Force: 9.43 kN

(a) (b)
Figure 4.18. Macroscopic failure analysis of Schedule C welds in DP980C in the (a) as-welded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Etched with 1 pct Nital for 4
seconds followed by etching with 2 pct Picral for 4 seconds.

Observation of the macroscopic failure behavior of DP980C welds identified fracture occurring a short
distance into the fusion zone in the as-welded condition but not in the baked condition, for which fracture progressed
along the weld periphery. Aside from fracture A in the as-welded condition, all other fractures occurred along the
weld periphery. To characterize the failure behavior of this region and that of the failure region in the baked
specimen, fractography was performed on fracture A of the as-welded specimen from Figure 4.18(a) and fracture B
of the baked specimen from Figure 4.18(b). The results of fractography for each of these specimens are shown in
Figure 4.19(a) and (b), which reveal the fracture surfaces in both regions exhibit a mixed mode of fracture, with
evidence of microvoid coalescence intermixed with regions of quasi-cleavage fracture. As observed for the DP980A
welds analyzed prior, baking does not appear to have a significant effect on any fracture behavior in the schedule C
DP980C welds.

(b)

Figure 4.19. Surface of (a) fracture A at the edge of the fusion zone in the as-welded DP980C specimen presented in
Fig. 4.18(a) and (b) fracture B of the baked DP980C specimen presented in Fig. 4.18(b). Both conditions reveal a
mixed mode of fracture, with evidence of both microvoid coalescence and quasi-cleavage fracture.
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The results of the analysis on the as-welded and baked macroscopic failure behavior of the schedule C
DP980D welds are presented in Figure 4.20. The as-welded specimen, in Figure 4.20(a), possessed a cross-tension
strength of 7.4 kN and four separate fracture surfaces, each of which progress partially into the fusion zone until
they deflect towards the upper-critical HAZ. Two of the fracture surfaces, A and C, appear to change direction
sharply as they reach the edge of the fusion zone, propagating a short distance orthogonal to the direction of the
applied load as they traversed along the edge of the fusion zone a short distance before again changing direction and
progressing up through the upper-critical HAZ and out through the base metal. Fractures B and D in the as-welded
specimen also appear to follow a path along the weld periphery. The baked specimen, shown in Figure 4.20(b),
possessed a cross-tension strength of 8.4 kN and failed in a manner similar to that observed for the as-welded
condition. Four separate fractures again are visible, all of which appear to have initiated at the sheet interface.
Propagation of these cracks occurred along the edge of the fusion zone and weld periphery, then changed direction
to proceed through the upper-critical HAZ and into the base metal where final separation occurred.

DP980D - As Welded DP980D - Baked
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Figure 4.20. Macroscopic failure analysis of Schedule C welds in DP980D in the (a) as-welded and (b) baked
conditions including the maximum force in cross-tension testing for each specimen. Etched with 1 pct Nital for 4
seconds followed by etching with 2 pct Picral for 4 seconds.

Fracture surfaces A in both the as-welded and baked DP980D welds from Figure 4.20(a) and (b) were
selected for fractography; the results from this investigation are displayed in Figure 4.21. Given the symmetry
observed in the four fracture surfaces present in each condition, one surface selected for each condition was
considered to be a representative view of failure about the entire weld. Fracture A in the as-welded specimen is
presented again in Figure 4.21(a) with a detailed view of the specific locations in which fractography was
performed: (b) is located at the weld periphery where an abrupt change in fracture path was observed, and (c)
examines the outer edge of the fusion zone. The fracture surface of the weld periphery is shown in Figure 4.21(b),
which exhibits a banded structure with flat, featureless regions separated by regions which appear ductile in nature,
with some evidence of microvoid coalescence visible. The bands are approximately 20 microns wide and have a
similar appearance to the band-like features reported in the QP1200 and QP1000 welds. These bands were observed
in both the as-welded and baked conditions for the Q&P steels, but in the DP steels only the as-welded condition
exhibited bands. The fracture surface in the weld periphery of the as-welded DP980D weld is shown in
Figure 4.21(c) to exhibit cleavage fracture. The macroscopic view of fracture A in the baked specimen is shown in
Figure 4.21(d) with specific image locations marked by (e), the upper-critical HAZ, and (f), the outer edge of the
fusion zone. The fracture surface observed in the upper-critical HAZ, shown in Figure 4.21(e), exhibits a mixed
mode of failure, with evidence of cleavage fracture as well as ductile microvoid coalescence, though the majority of
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fracture in this region would be classified as cleavage or quasi-cleavage. The fracture behavior of the fusion zone
edge, displayed in Figure 4.21(f), can be seen to exhibit cleavage fracture with no evidence of plasticity as was
observed in the upper-critical HAZ. In terms of fracture behavior, baking appears to have a minor effect on DP980D
welds, though the results suggest some change may occur which causes fracture to propagate along the edge of the

fusion zone, which is associated with a slight increase in cross-tension strength of about 1 kN.

1 mm

(d)
Figure 4.21. The (a) macroscopic view of the as-welded DP980D weld failure from Fig. 4.20(a) is shown again
highlighting fracture A with the locations from which subsequent micrographs were taken. (b) a banded structure
which appears mostly ductile in nature is observed in the fusion zone periphery, while (c) cleavage fracture in the
outer portion of the fusion zone is observed. The macroscopic view of (d) the baked DP980D weld failure from Fig.
4.20(b) is provided with locations for the micrographs shown in (e) and (f). In (e) the weld periphery of the baked
specimen, a mixed mode of failure is observed, while (f) the edge of the fusion zone exhibits cleavage fracture.

4.4 Discussion of Cross-tension Testing and Failure Analysis Results

Failure analysis of schedule C welds identified a range of responses to baking in terms of macroscopic
failure behavior and fracture characteristics. Brittle failure within the intercritical HAZ was mitigated after baking
for the TRIP1180 steel, and final fracture in the QP1000 weld may have been dictated by the intercritical HAZ
properties. Intergranular fracture was mitigated in the TRIP1180 welds but occurred in both as-welded and baked
QP1200 welds, suggesting the upper-critical HAZ or weld periphery may be a region affected by baking in the TRIP
steel but less so in the QP1200 steel. Relative to the welds made in the QP1000 and TRIP1180 steels, the
macroscopic failure behavior of the QP1200, DP980A, and DP980C welds remained effectively unchanged after

baking, with fracture progressing along the weld periphery with a cleavage-like mechanism in all conditions. The
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schedule C welds in DP980D did exhibit a change in fracture path, from the outer portion of the fusion zone in the
as-welded condition to the weld periphery in the baked condition; quasi-cleavage fracture was present on both
fracture surfaces. Again, a change in fracture location prevents a direct comparison of the fracture behavior in a
particular region, but suggests a change occurred either in the initial region of fracture or a region adjacent which
modified the fracture path. The banded fracture morphology observed in the QP steels as well as the DP980D steel
may be a significant factor influencing weld performance and in turn the baking effect in these steels, as the band
location and appearance seemed to be influenced by baking. These results suggest that, except for weld failures
occurring along a localized region of the HAZ, fractography has not yet established the origin of the baking
phenomena for most welds analyzed.

Different steels exhibit different ‘baking effects’, indicated by the differing degrees of baking sensitivity as
well as the different locations where baking effects are influential in each of them. The effects of baking on
cross-tension performance, specifically the shape of the force-displacement curves, reinforce this point. Schedule A
welds in the TRIP1180 and QP1000 steels exhibited baking-induced changes at small displacements, while the
changes in cross-tension performance of schedule C welds in these steels occurred at greater displacements. In the
DP980 steels, the effects of baking seemed to consistently influence the cross-tension performance in the latter
stages of testing (i.e. at high displacements) in both schedule A and schedule C welds. The challenge in comparing
baking sensitivities of steels with different chemical compositions and different substrate microstructures is
compounded by the fact that the as-welded performance is influenced by both variables. Welds in some steels are
susceptible to intergranular fracture or a banded fracture morphology, which may or may not be related to the
subsequent baking sensitivity. Elimination of one of these major variables would require generating a variety of
different substrate microstructures using a single steel composition and analyzing the evolution of failure behavior in
correspondence with baking sensitivities.
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CHAPTER 5

RESULTS AND DISCUSSION: TENSILE SHEAR TESTING

Two of the standard test configurations in which the properties of resistance spot welds are characterized
for industrial application are cross-tension and tensile shear. The baking sensitivity measured for welds tested in
these two loading configurations is not consistent, with frequent reports in the literature that the tensile shear loading
condition exhibits a considerably smaller effect of baking compared to cross-tension [19,51,57]. As an
understanding of this behavior may aid in the investigation on baking effects in spot welded AHSSs, tensile shear
testing was performed on spot welds with demonstrated baking sensitivities in cross-tension to confirm these reports
in literature. Since baking sensitivity is reported to depend on the weld schedule, both large and small welds were
tested. The baking sensitivities as well as failure behavior varied considerably between the six steels characterized
by cross-tension testing in the previous chapter, so two steels, the QP1000 and the DP980A, were selected for
further characterization of both schedule A and schedule C welds in the tensile sheatoading condition. While these
two steels possess very similar chemical compositions, the baking sensitivities varied significantly between the
steels in terms of the increase in energy absorption andthe increase in cross-tension strength in bothof the weld
schedules used. Characterization of the effects of baking on both small welds (which were very sensitive to baking
in cross-tension) and large welds (relatively lower baking sensitivity in cross-tension) in tensile shear testing may

provide an important comparison in relation to the locations of the weld in which baking effects are observed.

5.1 Baking Effects on Tensile Shear Performance of Schedule A and Schedule C Welds

The force-displacement curves obtained during tensile shear testing of the schedule A welds made in the
QP1000 as well as the DP980A steels are provided in Figure 5.1. The curves for all specimens possess two distinct
regions. The first occurs at low forces of approximately 2.5 kN and up to a displacement of 1 mm which appear as
an ‘s curve’ as the slope of the force-displacement curve fluctuates from steep to a less-positive slope, and back to a
steep positive slope. This initial stage is assumed to exist due to slack in the test apparatus, either due to slight
slippage of the specimen or slight relaxation of the specimen gripping fixture. After this primary region of the force-
displacement curve, a linear increase in force with displacement is observed until approximately 20 kN, at which
point the weld fails and the force immediately decreases to 0 kN. The force-displacement curves of the baked
specimens in Figure 5.1(b) and (d) exhibit a slightly higher force than the as-welded specimens in Figure 5.1(a) and
(c), while no significant effect on displacement is observed. All specimens tested in both the as-welded and baked
conditions failed by interfacial fracture. The effects of baking on energy absorption and tensile shear strength are
summarized in Table 5.1, again revealing a greater baking sensitivity in QP1000 than DP980A. Contrary to the
results obtained during cross-tension testing, the QP1000 welds possess an as-welded energy absorption and average

tensile shear strength greaterthan that measured for the DP980A welds and exhibit greater effects of baking.

54



Force (kN)

| QP1000 - As Welded

4 6
Displacement (mm)
()
30 T T T T

| DP980A - As Welded 1

25— —

20— —

2 L i

5 I5H —
1%}

s L i
|

10— -

5 — —

0 | L 1
0 2 4 6
is

Displacement (mm}

(©

Force (kN)

| QP1000 - Baked

T T T T T

L | I | 1

30

2 4 6
Displacement (mm)

(b)

20—

Force (kN)

| DP980A - Baked
25—

T T T T

1 | 1 | 1

2 4 6

Displacement (mm)

(d)

Figure 5.1. Force-displacement curves obtained in tensile shear testing of schedule A welds made in QP1000 in (a)
the as-welded and (b) the baked condition and in DP980A in the (c) as-welded and (d) baked conditions.

Table 5.1. Summary of Baking Effects on Tensile Shear Strength and Energy Absorption of Schedule A Welds

QP1000
DP980A

Energy Absorption (J)

Tensile Shear Strength (KN)

As-Welded Baked Change (%) As-Welded Baked Change (%)
27.8 30.2 8.8 19.8 20.8 5.1
24.4 25.5 4.4 18.1 19.2 6.0

The force-displacement curves obtained during tensile shear testing of the schedule C welds made in the
as-welded and baked QP1000 and DP980A are provided in Figure 5.2. Similar to the results shown for the schedule

A welds, all force-displacement curves obtained during testing of schedule C welds exhibit the same increasing

slope at low displacement, followed by a linear increase in force with displacement up to approximately 25 kN for
the QP1000 welds and 22.5 kN for the DP980A welds. A slight decrease in the slope of the curve is observed in the

last 0.25 mm to 0.5 mm preceding final weld failure. This decrease in slope is associated with a slight rotation of the

weld in addition to possible yielding of the HAZ and base metal and was not observed for any of the schedule A

welds. Further, this decrease in slope appears to be more pronounced in the baked welds in both the QP1000 and the
DP980A, suggesting a relationship between baking and HAZ deformation. Final weld failure of the as-welded

QP1000 welds in Figure 5.2(a) is signaled by a sharp decrease in force followed by a gradual decrease due to a small

segment of the weld (‘tag’ end) still being attached to the test coupon; such a curve shape indicates plug or partial
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interfacial failure. Of the baked QP1000 welds displayed in Figure 5.2(b), only one of the specimens exhibited a

gradual decrease in force after the peak strength was achieved, while the other two specimens exhibited abrupt

decreases in force to 0 kN. Of the three as-welded specimens, one exhibited plug failure and two exhibited partial

interfacial failure. Of the three baked specimens, only one specimen exhibited plug failure while the other two

exhibited interfacial failure. Trends in failure mode of the schedule C welds in DP980A were more consistent: plug

failure was observed in all of the as-welded specimens, while two of the three baked specimens exhibited interfacial

failure, with the third exhibiting plug failure. The average tensile shear strength and energy absorption before and
after baking for the schedule C welds in QP1000 and DP980A are summarized in Table 5.2, which reveal the
as-welded performance in both energy absorption and tensile shear strength of the QP1000 welds was superior to
that of the DP980A welds, in addition to the QP1000 welds exhibiting a greater baking sensitivity.
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Figure 5.2. Force-displacement curves obtained in tensile shear testing of schedule C welds made in QP1000 in (a)
the as-welded and (b) the baked condition and in DP980A in the (c) as-welded and (d) baked conditions.

Table 5.2. Summary of Baking Effects on Tensile Shear Strength and Energy Absorption of Schedule C Welds

QP1000
DP980A

Energy Absorption (J)

Tensile Shear Strength (kN)

As-Welded Baked Change (%) As-Welded Baked Change (%)
56.9 71.6 25.7 28.1 30.8 9.6
49.3 56.9 15.4 25.2 26.7 6.7
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The effects of baking on tensile shear performance of schedule A and schedule C welds made in both
QP1000 and DP980A are summarized in Figure 5.3. The as-welded and baked average energy absorption values are
shown in Figure 5.3(a), while the average tensile shear strengths for both welds made in both materials are provided
in Figure 5.3(b). Error bars represent the standard deviation for each average of three specimens. As expected, the
schedule C welds made in both steels are much stronger and absorb more energy than the schedule A welds, which
is expected due to the large difference in fusion zone size between the two weld schedules. A trend which is in stark
contrast to that observed during cross-tension testing is apparent regarding the schedule-based sensitivity to baking:
schedule C welds exhibit a greaterbaking sensitivity than the schedule A welds, despite being stronger in the
as-welded condition. In cross-tension testing, the greatest baking effects were measured for welds exhibiting the
lowest as-welded strengths, leading to a greater baking sensitivity in schedule A welds. Further, the differences
between steels and effects of baking were much greater in cross-tension testing than in tensile shear. As all schedule
A welds failed by interfacial failure, an analysis of fracture paths was not conducted. Due to the considerable
variation in failure mode observed in most schedule C welds, an analysis of trends in failure mode changes in
relation to baking sensitivities was not considered fruitful to pursue, as a single type of failure was not representative
given the sample size tested in each condition. Macroscopic side views representative of all tested specimens in each
condition are displayed in Figure 5.4 to illustrate the relative differences in the bending experienced by the schedule
A welds in Figure 5.4(a) compared to that of the schedule C welds in Figure 5.4(b).
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Figure 5.3. Summary of the effects of baking on (a) the energy absorption and (b) the maximum tensile shear
strength for schedule A and C welds made in both QP1000 and DP980A.
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Figure 5.4. View of welds tested in the as-welded condition made with (a) schedule A and (b) schedule C welds in
QP1000 illustrating the different degree of nugget rotation and bending of the substrate achieved with the two
schedules.

5.2 Discussion of Baking Sensitivity Characterized by Tensile Shear Testing

Although the baking effects observed in tensile shear testing are lower than the increases observed in cross-
tension testing, the tensile shear loading condition does appear to exhibit some sensitivity to baking, depending on
the weld schedule being used. Expressed as a percentage of the as-welded strength and energy absorption, baking
effects in tensile shear are far less than the effects measured for cross-tension, but considering the absolute
difference between the as-welded and baked strength, the difference in sensitivities between test configurations is
less significant. For example, schedule C welds in QP1000 exhibited an increase of 52.8 pct in cross-tension
strength after baking, whereas an increase of only 9.6 pct was obtained for the same welds tested in tensile shear.
Considering the actual values used for those percentage calculations, the increase in cross-tension strength after
baking was 3.7 kN, whereas the increase in tensile shear strength was 2.7 kN. The difference in the perceived baking
sensitivity between the cross-tension and tensile shear loading conditions is therefore strongly influenced by the as-
welded strength, which differs significantly between the two specimen types. In cross-tension testing, the as-welded
strength of schedule C welds in QP1000 was 7.1 kN, which is much lower than the as-welded tensile shear strength
of 28.1 kN for the same weld. The method by which baking sensitivities are reported can therefore significantly
influence the observations made, particularly when comparing two loading conditions which frequently differ in the
magnitude of force achieved during each test.

One primary observation from tensile shear testing is a reversal of the trend in failure mode change after
baking that was seen in cross-tension testing: in the tensile shear loading condition, the greatest baking sensitivities
are observed for welds which do notexhibit interfacial failure in the as-welded condition. The energy absorption and
tensile shear strength increased more for schedule C welds than for schedule A welds, which is opposite to the

observations made during cross-tension testing, in which schedule A welds typically exhibited the greater increase
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in strength and energy absorption. To understand this behavior, the factors dictating weld performance in tensile
shear are considered. The failure mode in tensile shear testing of resistance spot welds has been modeled in a
manner similar to that for cross-tension testing, with different stress states in the different regions of the weld
resulting in a different set of equations governing the failure mode [20]. For interfacial failure in tensile shear
testing, the maximum force depends on the weld diameter and the shear strength of the fusion zone, whereas the
maximum force in the case of plug failure is dictated by the ultimate tensile strength of the HAZ or base metal in a
specific location where the weld failure occurs [20]. Interfacial failure in the schedule A welds reveals the smaller
welds failed at a force dictated by the shear strength of the fusion zone, which is apparently associated with a low
baking sensitivity. The schedule C welds possess a larger fusion zone capable of withstanding the forces necessary
for yielding to occur in the HAZ, and it is here in which the greater effects of baking are observed. This suggests the
baking effects in tensile shear testing may be dictated by the properties of the HAZ, particularly when the failure
changes from an interfacial to plug mode. In a study conducted by Dancette et al, the failure behavior of resistance
spot welds made in DP steels of different strengths as well as a TRIP steel were characterized using interrupted
tensile shear testing coupled with computed tomography (CT) to monitor damage evolution in the weld structure
throughout testing [43]. Smaller welds failed exclusively by interfacial failure, while larger welds typically exhibited
plug failure, which agrees with the experimental results in this work. In the cases of interfacial failure, CT detected
little damage accumulation in the HAZ or base metal, at a point in the force-displacement curve immediately
preceding final weld failure [43]. Examination of plug failure using CT revealed damage accumulation and yielding
in the HAZ as the slope of the force-displacement curve decreased, and an absence of damage accumulation within
the fusion zone [43]. Similar findings of Pouranvari et al.led to the conclusion that in the case of plug failure, the
local properties of the fusion zone, which were modified by increasing the cooling time and thus the weld hardness,
have no effect on the tensile shear strength [66]. Therefore, it follows that the increased baking sensitivity observed
for the schedule C welds which failed by plug failure in the as-welded condition reflect baking effects in the HAZ.
The instances where schedule C welds failed by interfacial failure after baking suggest two possible occurrences:
either the load-bearing capacity of the fusion zone decreased (which would require a decrease in the shear strength
of the fusion zone) or the available work-hardening of the base metal or HAZ increased. A decrease in the shear
strength of the fusion zone after baking would have resulted in a decrease of the tensile shear strength of the
schedule A welds, which exhibited interfacial failure in the as-welded condition. As this did not occur, it is
concluded that the shear strength of the fusion zone could not have decreased. Rather, the strength or work-
hardening experienced by the base metal or HAZ resulted in an increase in force that the fusion zone could not
withstand. The occurrence of interfacial failure after some deformation in the base metal or HAZ, as indicated by the
decreasing slope of the force-displacement curves for those specimens, supports this analysis that the
work-hardening in either of these regions led to an increase in force which the fusion zone was not capable of
withstanding.

Failure of the schedule A welds, always at the weld interface, was associated with a low baking sensitivity
in tensile shear testing, though in cross-tension testing the schedule A welds in QP1000 are highly sensitive to

baking. This suggests that the absence of a measured baking effect in tensile shear may be due to the mechanics of
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the test configuration. It was observed during tensile shear testing that a relatively low degree of bending about the
length of the weld coupon occurred in schedule A weld samples. Comparatively, a larger ‘bending angle’ or degree
of nugget rotation (relative to the adjacent ligament) was observed in the schedule C welds, which were also shown
to exhibit a greater baking sensitivity in tensile shear testing. A new research question arose with this observation:

Do the buk specimen properties which resist sheet bending influence the stress distribution around the weld and
thus the measured baking effect&®ious researchers have investigated the relationship between tensile shear
strength and specimen geometry. Ao et al.analyzed tensile shear performance for welds with specimen widths
ranging from 15 to 55 mm [67]. Narrower specimen widths exhibited lower tensile shear strengths for a given weld
schedule, but greater displacements. The measured tensile shear strength increased as the specimen width increased,
reaching a plateau after a critical specimen width was achieved, which was shown to depend on sample thickness

and the strength of the base metal. In a TRIP980 steel, a specimen width of 15 mm was shown to fail in a plug

failure mode with considerable sheet bending. Increasing specimen width resulted in greater tensile shear strength
but also a reduced degree of bending in the base metal [67]. Zhou et al also analyzed the relationship between

tensile shear strength and specimen width to determine a critical specimen size for accurately testing weld

strength [68]. In thinner specimens, the properties of the base metal would dominate tensile shear test results, with
the thinnest specimens sometimes failing completely in the base metal, a considerable distance away from the spot
weld [68]. Consideration of the tensile shear testing results in this work as well as the findings in literature led to the
development of a new hypothesis: By reducing the width of the tensileesin specimen, the properties of the base
metal and HAZ will have a more significant influence on the baking effect in these specimens, confirming that
changes in the HAZ contribute significantly to the baking efiBycteducing the specimen size, the forces which
must be withstood by the fusion zone to induce yielding in the HAZ and base metal are reduced, which allows the
HAZ region to be probed for baking sensitivity in tensile shear loading. In the next section, early results obtained in

the testing of this hypothesis are presented.

5.3 Modified Tensile Shear Geometry for Investigation of Baking Sensitivity in Spot Welds

To examine a possible relationship between base metal stiffness, degree of deformation in the base metal,
and baking sensitivity, the width of the original tensile shear specimen geometry was reduced to 10 mm from the
40 mm width defined in the JIS standard [60]. As the nugget diameter in the schedule A welds was approximately
5 mm, the reduction in specimen width changed the ratio of sheet width to nugget diameter from 8:1 to 2:1. The
force-displacement curves obtained during tensile shear testing of specimens made with the modifiedgeometry are
displayed in Figure 5.5 for both the as-welded and baked conditions. For comparison, representative curves from a
single specimen tested in the as-welded and baked conditions made with the standardspecimen geometry are also
plotted. As previously shown, the specimens made with the standard geometry both exhibit a linear increase in force
up to 20 kN before abrupt failure is observed, with specimens from both conditions exhibiting interfacial failure. A
significant deviation from this behavior is evident in the force-displacement curves of the modified specimens. In
the as-welded condition, a very brief linear increase in force up to approximately 2.5 kN is observed, at which point
the slope of the curve begins to decrease, indicating yielding of the base metal or HAZ occurs at a much lower force

for the specimens with reduced width. Force continues to increase gradually until approximately 11 kN, at which

60



point abrupt specimen failure is observed, with specimens exhibiting plug failure. In the baked modified specimens,
the force-displacement curves follow the same progression observed in the as-welded specimens. However, the
force continues rising gradually, with the slope of the curve continuing to decrease with increasing displacement.
Final specimen failure occurs for one of the specimens at a force of 15 kN and a displacement of about 9 mm, while
the other specimen failed at a force just above 15 kN and a displacement near 14 mm. The effects of baking on the
modified specimens are compared to those in the standard specimens in Table 5.3 to illustrate the greater sensitivity
of the modified specimen geometry to baking, reflecting the change in the location of the specimen that controls the
mechanical response. One of the as-welded modified specimens was sectioned to analyze the macroscopic failure
behavior; both specimens shown for the baked condition were sectioned due to the difference in total displacement

between them.

Table 5.3. Summary of Baking Effects on Modified Tensile Shear Strength and Energy Absorption of Schedule A
Welds in QP1000

Energy Absorption (J) Tensile Shear Strength (kN)
As-Welded Baked Change (%) As-Welded Baked Change (%)
Standard 27.8 30.2 8.8 19.8 20.8 5.1
Modified 194 151.4 682.0 10.7 15.1 41.0
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Figure 5.5. The force-displacement curves obtained during tensile shear testing of schedule A welds made in
QP1000 using the standard (40 mm width) specimen geometry as well as the modified (10 mm width) specimen
geometry.

The macroscopic failure behaviors of the modified welds are presented in Figure 5.6. One of the as-welded
specimens, shown in Figure 5.6(a), exhibited a single fracture surface, detailed A in the figure, along the edge of the
fusion zone and upper-critical HAZ. Fractography was conducted on the as-welded fracture A at the location
indicated by (b), presented in Figure 5.6(b), which reveals a mixed mode fracture with evidence of quasi-cleavage as
well as microvoid coalescence. The macroscopic failure of the baked conditions can be observed in Figure 5.6(c)
and (e), which show the sectioned view of the baked specimens which failed at total displacements of 9 mm and
14 mm, indicated within each figure. Both baked specimens exhibit two fracture surfaces, A and B in each figure,

which initiate adjacent to the fusion zone at the sheet interface. Fracture A propagates through the upper-critical
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HAZ diagonal to the direction of the applied load (horizontal in the figure) until it reaches the intercritical HAZ, at
which point it changes direction and propagates perpendicular to the applied load, creating a region of ‘flat fracture’
through the intercritical HAZ in the specimen that failed at a displacement of 9 mm. Fractography of this region is
shown in Figure 5.6(d), revealing the fracture surface of the intercritical HAZ appears with raised plateaus that
exhibit flat, almost quasi-cleavage like surfaces separated by large, cavernous voids or secondary cracks. As fracture
A leaves the intercritical HAZ, the fracture surface again orients diagonal to the applied load as fracture propagates
through the sub-critical HAZ and base metal. In the baked specimen that failed at a displacement of 14 mm, shown
in Figure 5.6(e), fracture propagates a short distance along the fusion zone edge, and is shown by the fractography in
this region, Figure 5.6(f) to exhibit ductile microvoid coalescence, with fine particles (presumably inclusions) visible
in some of the larger voids. The particles are approximately 1 micron in diameter and some of the larger particles are
indicated by the arrows in Figure 5.6(f). VVoid morphology in this region appears equiaxed, suggestive of failure due
to an applied uniaxial tensile stress normal to the surface of fracture, and the absence of quasi-cleavage in this region
reveals an increase in the ductile nature of failure along the weld periphery compared to the as-welded specimen.
Another notable characteristic of fracture A in Figure 5.6(c) is that this crack does not change direction as it enters
the intercritical HAZ. Fracture B in both baked specimens propagated at a diagonal through the upper-critical HAZ
until it reaches the intercritical HAZ, at which point the cracks stop. It is also noteworthy that despite a large
shrinkage void and interdendritic cracking present at the center of the fusion zone in the baked specimens displayed
in Figure 5.6(c) and (e) (that reduce the effective cross-sectional area of the weld nugget), failure in these specimens
still occurred outside the fusion zone, which supports the analysis in the previous section that in cases of plug
failure, the properties of the fusion zone are less important, and changes in mechanical performance induced by the
baking cycle are likely occurring in the HAZ.

5.4 Discussion of Modified Tensile Shear Testing Results

The difference in tensile shear performance of the modified (narrow) specimen geometry compared to the
standard geometry is evident at early stages of testing. The force-displacement curves of the modified specimens
exhibit a decrease in slope, indicative of yielding in the HAZ, that was absent in the standard specimens (which
exhibited interfacial failure). A greater baking sensitivity is measured in the modified specimens, with a greater
displacement afteran initial decrease in slope of the force-displacement curve. The decrease in the slope of the
force-displacement curve is observed after deformation in the base metal and HAZ occurs [43] indicating the
influence of baking is measured after somaleformation occurs in the HAZ. These results suggest that prior to
baking, the HAZ and base metal resist the applied deformation and the induced bending moment associated with the
test geometry. After baking, the resistance to the applied stress and induced bending moment may be reduced,
leading to a greater degree of deformation possible in the HAZ or base metal. To isolate the importance of
deformation occurring in the base metal vs the HAZ in early stages of testing, and subsequent changes in this
behavior following a baking cycle, future experimentation could incorporated digital-image correlation to map strain
during testing of sectioned welds.
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Figure 5.6. Macroscopic failure behavior of the modified specimens in the (a) as-welded, (c) baked (9 mm
displacement), and (e) baked (14 mm displacement) conditions. Each fracture surface is labeled alphabetically
indicating the location on the fracture surfaces presented for (d) the fusion zone edge of the as-welded specimen
revealing mixed mode failure, (d) the intercritical HAZ of the baked specimen in (c) showing large voids separating
plateau-like features with apparently brittle fracture characteristics, and (f) the upper-critical HAZ of the baked
specimen in (e) exhibiting ductile microvoid coalescence along with the presence of small particles in some of the
larger voids. The voids and cracks present in the fusion zone of (c) and (e) formed during weld solidification, and
are not a result of mechanical testing.
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With the modified specimen geometry, the as-welded and baked conditions both exhibited a type of plug
failure, and it was in these tests (i.e. when interfacial fracture was suppressed) that a significant baking effect was
measured. The modified specimens in the as-welded condition failed along the fusion zone periphery with a mixed
mode fracture, which was also observed for many of the schedule C welds tested in cross-tension (recall that the
schedule C welds in cross-tension exhibited noteworthy baking effects). After baking, an increase in the ductile
nature of failure along the weld periphery was observed, indicating this region may also undergo changes during the
baking cycle. Further, fracture through the HAZ in a fully ductile manner occurred for the specimen that failed at a
displacement of 14 mm. The baked specimen that failed at a displacement of 9 mm exhibited a low-energy fracture
through the intercritical HAZ and exhibited a much larger shrinkage void in the center of the fusion zone. The larger
shrinkage void indicates a greater volume of molten material was expelled during welding [20,21]. Investigations by
both Pouranvari et al as well as Nikoosohbat et al.reported a reduction in energy absorption of spot welds tested in
tensile shear when expulsion was observed, and both studies cited the occurrence of localized failure along the
fusion zone edge [69,70]. Both authors hypothesized that excessive electrode indentation served as a stress
concentrator and could be the reason for failure at the fusion zone edge in the case of expulsion, but electrode
indentation is absent in the schedule A welds studied in this experimental work due to the short weld time and the
low electrode force. Further, Kimchi observed the effects of expulsion and electrode indentation on tensile shear
strength of spot welds made in HSLA steels and observed no effect of indentation on mechanical performance [71].
This suggests some other effect of expulsion may be responsible for the difference in displacement between the
baked specimens. The effects of expulsion on weld microhardness were investigated by Ghazanfari and Naderi, who
reported bands of high hardness extending nearly 3 mm beyond the edge of the fusion zone in specimens that
exhibited expulsion during welding, whereas the specimens welded without expulsion (at a lower current) did not
exhibit these bands [72]. An additional effect of more pronounced expulsion may be an increase in the cooling rate
of the welds, due to the loss of molten material in the fusion zone [73] and the associated reduced heat extraction
needed for solidification or cooling, which could also influence local weld hardness. The increased cooling rate may
be related to the increased hardness or the low energy failure in the intercritical HAZ and may also explain the
subsequent effects on weld performance. Microhardness mapping was not conducted in this work, but bands of high
hardness (presumably associated with low toughness) along the weld periphery would likely be relevant, in
conjunction with the stress concentration in this region. Recall also the high banded fracture surfaces observed in the
QP steels during cross-tension testing; it may also be worthwhile to assess whether high hardness bands may be
present in those HAZs. For these reasons, mapping weld hardness rather than performing just a single traverse may
be a worthwhile consideration in future experimental work on this subject.
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CHAPTER 6

RESULTS AND DISCUSSION: MICROSTRUCTURAL CHARACTERIZATION

Characterization of the baking effects on cross-tension and tensile shear performance identified a range of
baking sensitivities in various steels. Subsequent failure analysis identified multiple regions within different steels
exhibiting low-energy fracture that may be influenced by the baking process. The microstructures in regions
associated with low-energy fracture were investigated in select steels exhibiting the greatest baking sensitivities to
begin to identify mechanisms responsible for these low-energy fractures. Welds made in the QP1000 and TRIP1180
consistently exhibited substantial baking sensitivities, so the microstructures of these steels were examined in key
regions identified during failure analysis. The results obtained during microstructural characterization by SEM are
presented in this chapter, followed by a discussion of these results in consideration of possible baking mechanisms

which may be active in these steels.

6.1 Investigation of Baking-Induced Microstructural Changes

The substrate microstructures of both steels are presented in Figure 6.1 for comparison to welded
microstructures. The microstructure of the TRIP1180 steel in Figure 6.1(a) is shown to consist of carbide-free
bainite with retained austenite, and fresh martensite or martensite-austenite (MA) constituent resulting from
untransformed austenite present before the final quench. The QP1000 microstructure appears to consist of an

intercritical ferrite matrix with islands of martensite and retained austenite, along with some carbide-free bainite.
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Figure 6.1. Field-emission scanning electron micrographs of the substrate microstructures of (a) the TRIP1180 with
carbide free bainite (CFB) and MA constituent and (b) QP1000 steels highlighting ferrite (F), martensite (M),
retained austenite (A), and CFB, etched with 2 pct Nital.

Weld microstructures were examined in both the as-welded and baked conditions to identify any changes
that occur during baking. The regions which exhibited low-energy fracture in the as-welded condition were of
primary interest, which included interfacial failure of schedule A welds, mixed mode or intergranular fractures in the

upper-critical HAZ and weld periphery of schedule C welds, and quasi-cleavage fracture in the intercritical HAZ of
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both schedule A and schedule C welds tested in cross-tension and the modified tensile shear. It is recognized that
examination of microstructures in these regions by FE-SEM would offer only limited resolution to observe changes
which may occur during the low-temperature baking cycle, which at 180 °C would be on a very fine length scale. As
such, the majority of the investigation into the weld microstructures yielded no differences in appearance between
as-welded and baked specimens that could be detected by SEM, aside from the intercritical HAZ. Micrographs of
the intercritical HAZ from schedule A welds in each steel, presented in Figure 6.2, reveal microstructures consisting
of ferrite and martensite-austenite (MA) constituent, before and after baking. The morphology and location of the
MA constituent in the HAZ resemble the substrate microstructure in a general way for both steels, though the
resemblance is stronger in the TRIP1180. A considerable fraction of plate-like islands of MA constituent can be
observed that may have resulted from austenite that grew during welding from existing carbide-free bainite in the
substrate microstructure. Other MA islands appear with a ‘blocky’ morphology and may be remnant of austenite that
formed during welding at existingprior austenite boundaries of the substrate. The blocky MA constituent with a
more equiaxed morphology tends to decorate the prior austenite grains, particularly in the TRIP1180 welds, outlined
by the dotted lines in Figure 6.2(a). The as-welded conditions for both steels, in Figure 6.2(a) and (c), exhibit MA
constituent that appears smooth, suggesting a uniform chemical composition exists across these microconstituents.
The MA constituent in the baked specimens, in Figure 6.2(b) and (d), exhibits more contrast in the images,
indicating that the etching response and thus chemical composition may be less uniform after baking. In each figure,
a magnified inset is provided and corresponds to the solid boxed region. The change in etching response of the MA
constituent in TRIP1180 and QP1000 after baking suggests that tempering may occur during baking of the MA
constituent that was present in the HAZ after welding.

Tempering of MA within the intercritical HAZ of schedule Avelds during baking was observed that may
serve as a potential mechanism contributing to the baking improvements in TRIP1180 and QP1000. Next, the
microstructure in the proximity of the weld failure that occurred in the intercritical HAZ in the schedule Gveld
made in TRIP1180 was examined to observe any indication that untempered MA constituent may contribute to the
low-energy failure in this region. The micrograph in Figure 6.3(a) displays part of the microstructure that lies
benedh the fracture surface in Figure 6.3(b), which was observed by sectioning the weld orthogonally to the fracture
surface. The lower right side of the micrograph in Figure 6.3(a) representing the microstructure associated with the
quasi-cleavage region, and the upper slanted portion of the microstructure corresponding to the region of microvoid
coalescence. Inset in Figure 6.3(a) is the macroscopic view of the failed schedule C weld in TRIP1180 tested in
cross-tension in the asweldedcondition, presented again for reference with a box outlining the region of analysis.
Evidence of damage accumulation, indicated by the boxes in Figure 6.3(a), can be seen below the main fracture
surface, which suggests fracture through the intercritical HAZ may have occurred by the linkage of these damage
sites. Some of these damage sites occurred due to an apparent fracture of the MA constituent, represented in
Figure 6.3(c) which shows two features (see arrows) on opposite sides of an interior crack that exhibit very similar
contrast and are thus inferred to have initially been one MA island. It should also be noted that the damage
accumulation sites are concentrated within 25 pm of the fracture surface, which may indicate that a narrow band

within the intercritical HAZ is susceptible to this damage.
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Figure 6.2. The microstructure of the intercritical HAZ in the TRIP1180 in the (a) as-welded and (b) baked
conditions as well as in QP1000 in the (c) as-welded and (d) baked conditions revealing a change in the etching
response of the MA constituent in this region after baking. A magnified inset is provided in each figure (upper right
corner) which provides a view of the region outlined in the smaller box to provide a clearer view of the MA. The
dotted lines in (a) outline a prior austenite grain from the substrate microstructure; MA is prominent along the
boundary after welding.
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The left portion of the micrograph in Figure 6.3(a) shows a region of the intercritical HAZ that reached a higher
temperature during welding and thus formed a greater fraction of austenite and subsequent MA constituent upon
cooling; no evidence of damage was detected in this region. Representative micrographs are presented at higher
magnification for the microstructure beneath the microvoid coalescence and the quasi-cleavage fracture in

Figure 6.3(d) and (e), respectively. In Figure 6.3(d), the surface of the MA constituent appears more textured
(reflecting a greater etching response), and a greater degree of deformation appears to have occurred throughout this
region, suggested by the curved appearance of lath-like structures. Additionally, a larger area fraction of MA
constituent appears in this region than in the one shown adjacent to the quasi-cleavage fracture, which may suggest a
relationship between the fraction of MA constituent formed during welding and low-energy fracture. Below the
quasi-cleavage region. the MA constituent in Figure 6.3(e) exhibits the same smooth etching response that was
shown previously to be tempered during baking, which suggests a possible relationship between this
microconstituent and the low energy fracture observed in this region of the weld. Beneath the site of quasi-cleavage
fracture, in Figure 6.3(e), there is some indication that debonding occurs at the interface between MA constituent
and ferrite (see arrow). Additionally, fracture might occur along prior austenite grains of the substrate
microstructure; these were shown to be associated with equiaxed MA constituent after welding. Additional EBSD
analysis would be needed to confirm this interpretation. Untempered martensite in dual-phase steels is well known
to promote fracture, due to the greater incompatibility between the soft ferrite and hard (untempered) martensite
[74], and this behavior may be reflected in the etching response and fracture morphology associated with the
quasi-cleavage zone. Softening of ferrite in the HAZ near the Aci has been reported for some steels and may

increase the degree of incompatibility between the phases in this region [75,76].

6.2 Discussion of Intercritical HAZ Microstructure

The results obtained in characterizing the microstructures of welds made in the QP1000 and TRIP1180
steel both in the as-welded and baked conditions yielded two main observations. First, the low-energy fractures
which occurred in the weld interface, along the fusion zone periphery and in the upper-critical HAZ were not
associated with changes from baking that could be detected by observation with an SEM. It is likely that other
advanced characterization techniques would be necessary to investigate the low-energy failure mechanisms in these
regions, or the use of a “mechanical microscope” with a microhardness attachment. Second, the etching response of
MA constituent within the intercritical HAZ of welds made in both the QP1000 and TRIP1180 reflects tempering
during baking, which may mitigate low energy fracture in this region. The latter observation is discussed in this
section in relation to literature on MA constituent properties and mechanical performance; additionally, an

explanation for the intercritical HAZ exhibiting baking sensitivity is provided.

The quasi-cleavage fracture observed in the intercritical HAZ may indicate that a microstructure which
exhibits lower-energy fracture is formed here during welding. Further, the identification of damage initiating within
the MA constituent or at the MA interface in this region as well as the observed tempering response of MA after
baking suggest that the baking response of QP1000 and TRIP1180 may be strongly influenced by these changes in

the intercritical HAZ. Though little attention has been given to the intercritical HAZ in the resistance spot welding
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Figure 6.3. Correlative microstructural analysis and fractography of the as-welded intercritical HAZ of the Schedule
C weld in TRIP1180 tested in cross-tension. The (a) microstructure beneath the (b) fracture surface that exhibits a
transition from microvoid coalescence to quasi-cleavage. Boxes in (a) outline sites of damage accumulation within
the microstructure, with a magnified view shown in (c) that illustrates fracture of MA constituent. (d) and (e)
provide views of the microstructure beneath the microvoid coalescence and the quasi-cleavage fracture, respectively,
highlighting a difference in area fraction and etching response of the MA constituent in each of these regions. The
inset in (a) provides the macroscopic location (boxed) in which the analysis presented here was conducted.
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literature, much focus in the literature has been given to the intercritically reheatectoarse-grained HAZ formed
during arc-welding of pipeline steels and the low impact energy these microstructures possess due to certain MA
constituent characteristics. Low toughness after welding in pipeline steels, which commonly includes low-carbon
bainitic steels, is attributed to the size, shape, distribution, carbon content, and cracking or debonding of MA
constituent in the intercritical HAZ [77-80]. Literature studies have linked the presence of ‘necklaced MA’, or a
contiguous network of MA constituent along prior austenite grains, to low toughness and cleavage fracture [77,79];
a similar appearance of MA along the prior austenite structure of the substrate was observed in the TRIP1180 welds
that also exhibited cleavage fracture. Thin, elongated MA constituent has been reported to lead to a greater reduction
in toughness than larger, blocky MA constituent [81], which may explain the low toughness microstructures formed
in the Gen3 steels containing carbide-free bainite, resulting in an intercritical HAZ with a network of elongated MA
islands resembling the lath-like structure of carbide-free bainite. Other substrate microstructure characteristics, such
as coarse prior austenite grain size and smaller rolling reduction ratios have been reported to lead to the formation of
coarser MA constituent, reducing toughness [82,83]. Li et al.simulated the microstructures of specimens heated to
different intercritical temperatures during welding to observe the effects on impact energy and discovered a trough
in energy absorption between the Aciand Acs temperatures. The authors reported a sharp decrease in Charpy impact
energy absorption from 200 J for specimens heat-treated at 765 °C to about 40 J for specimens heat-treated at 770
°C that was accompanied by a transition in fracture surface appearance from microvoid coalescence to quasi-
cleavage [84]. The greatest loss of toughness was reported when a lower area fraction of MA constituent with a high
carbon content was found as a contiguous network along prior austenite grain boundaries [79,84], which
corresponds to an intercritical temperature just above Aci. These literature findings are consistent with the analysis
presented earlier in this chapter, which revealed damage accumulation in the region of the intercritical HAZ that
possesses a relatively low volume fraction of MA constituent. Thus, it might be hypothesized the low energy
fracture proceeds through the region of the HAZ which experiences temperatures during welding representing the
low end of the intercritical temperature range.

Identification of the weld region critically responsible for the baking effect warrants consideration of the
changes occurring throughout the different regions of the weld. The intercritical HAZ is not fully austenitized during
the welding process, as are the upper-critical HAZ and the fusion zone, and this partial austenitization generates a
microstructure of fresh martensite and ferrite. As the solubility of carbon in ferrite is much lower than that of
austenite, which was present during welding, it is assumed that most of the carbon in the intercritical HAZ exists in
the fresh martensite (MA constituent), resulting in a local carbon content above that of the nominal composition. In
contrast, due to the absence of any ferrite in the fusion zone or upper-critical HAZ, the carbon content of martensite
in these regions is likely close to that of the nominal steel composition. Thus, regarding carbon supersaturation and a
driving force for carbon movement during baking, portions of the intercritical HAZ may be more sensitive to the
low-temperature baking cycle than the fusion zone or upper-critical HAZ. The effects of this increased carbon
supersaturation of MA constituent in the intercritical HAZ are four-fold: higher carbon is associated with higher
hardness of martensite [80,85], an increased propensity for the formation of twinned martensite [85], a greater

sensitivity to low-temperature tempering [85], and a reduction in the Ms temperature [84]. In a dual phase
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microstructure, which is effectively the microstructure produced in the intercritical HAZ, a greater difference in
phase hardness has been shown to increase the strain partitioning and damage accumulation between the phases,
increasing the likelihood of strain localization and failure [74,86]. Twinned martensite has been reported in MA
constituent and its presence is correlated with the embrittlement observed in the intercritical HAZ of pipeline
steels [84,87]. Speich reported the formation of 2 pct twinned martensite in a 0.18 wt pct C steel, which increase to
10 and 25 pct twinned martensite for steels of 0.39 and 0.57 wt pct C, respectively [85]. With the formation of
twinned martensite, which has a reduced dislocation density compared to lath martensite, the carbon segregation to
dislocations is diminished, and therefore more carbon remains in the interstitial positions within the lattice. The
increase in the fraction of twinned martensite with increasing C content is coupled with the fact that increasing C
also decreases the Ms, lowering the amount of time for autotempering to occur during the quench [84,88], which
strengthens the hypothesis that the MA constituent in the intercritical HAZ represents a fracture-sensitive region and
may also undergo greater changes during baking (in comparison to other regions of the microstructure) that lead to
the improvement in weld performance.

The discussion regarding the influence of carbon content on MA constituent and the resulting low
toughness in the intercritical HAZ may be relevant to the observation of some researchers that DP steels exhibit little
to no baking sensitivity compared to Gen3 steels [51,54]. The reduced baking sensitivity of DP steels in the
literature as well as DP980D in this investigation corresponds to higher strength and energy absorption of the
as-welded conditions of these steels. In other words, these steels do notexhibit as much susceptibility to
embrittlement after welding as the Gen3 steels. Assuming that baking sensitivity is dependent on MA constituent
formation and properties in the intercritical HAZ, the lower sensitivity of the DP steels to baking may be indirectly
influenced by the Si levels in these steels in comparison to the Gen3 steels. While the DP steels studied in this work
did show some sensitivity to baking, the Si levels of these DP steels are considerably higher than those studied in the
literature [6,42,62,70,74,89-94]. Further, among the DP steels studied in this experiment, DP980D, which contains
the smallest amount of Si, had the lowest baking sensitivity in all cases. Low Si levels insufficient to prevent carbide
formation during welding may result in a reduction in the available C in the matrix. It is well documented in the
literature that DP steels are susceptible to softening in the HAZ primarily due to martensite tempering during
welding [20,40,52,54,95], a process associated with carbide formation. The MA constituent which forms in the
intercritical HAZ of these DP steels, in the as-welded (autotempered) condition would therefore possess lower
interstitial carbon contents compared to the Gen3 steels or other steels with elevated Si levels where the intercritical
MA remains untempered after welding. As a result, the DP steels might be hypothesized to experience less
embrittlement from the intercritical HAZ microstructures, and thus exhibit limited baking sensitivity. An additional
potential influence of Si may be due to the stabilizing and strengthening effect of Si on ferrite, with higher Si levels
increasing the volume fraction and strength of ferrite present in the intercritical HAZ during welding (at a given
temperature), thereby reducing the volume fraction of austenite that transforms to martensite upon cooling of the
weld and decreasing the difference in strength between ferrite and MA in this region. As discussed, the lower
volume fraction of martensite is generally associated with a higher C content and results in an embrittlement of the

intercritical HAZ. A decreased hardness of MA constituent in the IC HAZ and reduced embrittlement phenomena
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have been reported for an HSLA steel where it was suggested that a reduced MA carbon content resulting from
V(C,N) precipitation [96]. Further investigation is warranted to explore these hypothesized mechanisms and the

potential influence of Si on C availability as it pertains to baking sensitivity in resistance spot welds.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This thesis comprises the initial portion of an investigation into the effects of a paint baking cycle on the
mechanical performance and failure behavior of resistance spot welds made in three Gen3 and three dual phase
steels. The experimental plan was shaped by three overarching questions stemming from observations made by

researchers previously investigating the baking phenomena: ‘Why is the baking sensitivity of dual phase steels

apparently | ower than that of Gen3 steels?’, ‘ Why

does

baki ng aedfiifalyc Waat di fferences in weld char-dependenti sti cs a

baking sensitivities in a single steel??’

To address these questions, resistance spot welds were made in each of the six steels and tested in the
as-welded and baked conditions to measure the increase in weld strength and energy absorption, or the baking
sensitivity, of the various steel grades. As it has been shown in the literature that baking sensitivity is strongly
influenced by the weld schedule, two weld schedules were used to compare baking sensitivities: 1) smaller,
expulsion-prone welds below the industry-recommended fusion zone size to achieve favorable plug failure, and 2)
larger, expulsion-free welds that met the industry-recommended fusion zone size for plug failure. Welds made in all
steels with both weld schedules were tested in cross-tension, and the subsequent failure behaviors of the larger
welds, many of which exhibited plug failure both before and after baking, were analyzed macroscopically to identify
changes in the specific failure locations of welds after baking. In summary, the main conclusions obtained during
cross-tension testing are as follows:

1 Small welds made in the QP1000 and TRIP1180 exhibited much greater baking sensitivity than the larger
welds in all steels.

9 Baking influenced the small welds at small displacements and large welds at greater displacements based
on differences in the force-displacement curves for the two weld sizes.

91 Ingeneral, DP980 steels exhibited greater strength and energy absorption in the as-welded condition, and
less sensitivity to baking, than the Gen3 steels.

Fractography characterized the nature of failure in as-welded and baked welds in the cross-tension
specimens and identified instances of low-energy fracture after welding that were not apparent after baking. The key
findings are:

1 Intergranular fracture in the upper-critical HAZ and quasi-cleavage fracture in the intercritical HAZ were
both mitigated after baking in larger welds made in the TRIP1180.

Band-like fracture morphologies were observed in as-welded and baked Q&P steel welds.

The baking effects in the DP steels were slight and were not associated with a change in fracture location or

morphology.
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Two of the experimental steels with similar strength levels and chemical compositions, QP1000 and
DP980A, were chosen for testing under the tensile shear loading condition based on literature suggesting that the
tensile shear loading condition exhibits little to no baking effect, even when using ‘baking sensitive’ weld schedules.
An additional research question was formulated during this stage of testing as well: ‘Do the bulk specimen
properties which resist sheet bending influence the stress distribution around the weld and thus the measured baking
effects?The conclusions made from this testing are as follows:

1 Incontrast with the literature, larger welds (plug failure) exhibited greater baking sensitivity than small
welds (interfacial failure) in tensile shear.

1 By narrowing tensile shear specimens, interfacial failure in small welds was prevented both before and
after baking, leading to an increasedbaking sensitivity compared to the wider specimens. These results
support the hypothesis that by reducing specimen width, the properties of the base metal and HAZ more
directly influence weld performance, and it is in this case that a greater baking sensitivity is measured.
Multiple weld regions were identified as possible locations that are sensitive to baking. The microstructures

in the critical fracture regions of two steels that were consistently sensitive to baking, QP1000 and TRIP1180, were
investigated before and after baking:

91 Analysis using SEM detected the changes occurring during baking only in the intercritical HAZ.

9 Itissuggested that carbon-enriched MA constituent formed after welding in the intercritical HAZ

underwent tempering during baking, increasing toughness and weld performance.
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CHAPTER 8

FUTURE WORK

Though steels of similar composition were compared in earlier phases of this project, added variables such
as differences in processing to achieve different starting microstructures, as well as unreported alloying elements,
leads to a difficult comparison. To confidently investigate the effects of composition on weld transformations and
subsequent baking sensitivity, steels with all but one alloying element in equivalent amounts would be preferred and
the differences in base microstructure which may arise from this different alloying addition would need to be
controlled. To understand the effects of substrate microstructure and subsequent transformations during welding on
baking sensitivity, a single steel with a fixed composition would be needed from which a variety of microstructures
would be generated, and welds made within these microstructures. Even with a fixed steel composition, varying
microstructure would vary base metal strength, which is a known variable in weld mechanical behavior. Further, the
transformations in eachregion of the HAZ may also be different, i.e. tempering of martensite or other hard phases
leads to greater softening, and potential decomposition of austenite / dissolution of carbides would likely change.
Differences in the nature of phase transformations in the intercritical HAZ and upper-critical HAZ would also be
likely, which highlights the difficulty in studying the baking effect in resistance spot welds of AHSS — the
multivariable nature is inherent and quite complex. Thus, an approach to investigating the baking effect is suggested
which focuses on a single steel with a single weld schedule that is known to exhibit a baking sensitivity. Advanced
characterization of the microstructure should be performed in select areas that have been shown to exhibit low
energy fracture that is absent after the baking cycle.

Though considerable focus in the literature has been given to the phenomenon of transition carbide
precipitation in martensite, other potential low-temperature tempering mechanisms which could serve to improve
weld performance include the effusion of hydrogen, the segregation of carbon to dislocations newly formed during
the weld cycle, partitioning of carbon to interlath austenite, and the segregation of carbon to boundaries.
Intergranular fracture, banded fracture morphologies, and quasi-cleavage along the weld interface were all identified
in welds prior to a significant baking response. An advanced characterization technique which guantifies
compositional differences at fine length scales, such as EPMA, may identify and characterize segregation effects as
well as changes resulting from the baking cycle. To understand the difference in baking sensitivities between steels
of different chemical compositions (such as those with different Si levels), an in-depth characterization of the HAZ
microstructures may yield insight into the different properties which evolve during welding. Simulated welding may
be performed on a dilatometer or Gleeble to generate different HAZ microstructures and characterize the different
transformation behaviors or the resulting strength and toughness of these HAZ microstructures, as well as the
changes in these properties following a baking cycle. Specimen geometries may be selected for these Gleeble tests

to investigate shear strength and the resulting baking sensitivity of the different HAZ microstructures.
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Further characterization of the baking phenomena in spot welded AHSS may benefit from the
implementation of a modified specimen geometry to control the region of the weld that dictates the overall weld
performance (fusion zone vs. HAZ). Although comparison to existing mechanical test data of resistance spot welds
is not possible with a modified test geometry, the failure analysis is simplified compared to cross-tension testing due
to a reduction in the number of possible fracture surfaces from three to just one, as load is only applied to two of the
four ends of the tensile shear specimen, whereas cross-tension specimens have force applied to all four ends, and it
is assumed that at least one intact ligament will remain in each tested specimen. Additional testing may be
performed to identify the specimen width that exhibits the greatest baking sensitivity in a particular steel. While the
modified tensile shear test does not result in a true ‘shear’ loading of the weld, it produces a unique stress state about
the weld which is somewhat of a hybrid between cross-tension and tensile shear test configurations. This new
specimen geometry may provide a novel opportunity for characterizing welds made in AHSS, with particular utility

in the investigation of baking sensitivities in these welds.
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APPENDIX A

BASE METAL TENSILE PROPERTIES

This appendix contains the mechanical properties measured by uniaxial tension testing for the base
microstructures of the six steels utilized in the study of weld performance and baking sensitivity. Tensile properties
were measured in accordance with ASTM E8 specimen geometries [97] and are summarized in Table A.1.
Representative engineering stress-strain curves for each of the six steels are presented in Figure A.1 to provide a
visual representation of differences in tensile behavior. A strain rate of 0.05 s was imposed during testing with the
rolling direction of the sheet oriented along the gauge length of the specimen. Tensile data for the DP steels were

obtained from previous work by Terrazas [98].

Table A.1. Summarized Tensile Properties of Steels Used in Welding Experiments

Steel YS (MPa) UTS (MPa)  Total Elongation (pct)  Uniform Elongation (pct)
DP980A 691 +£2 1012+ 3 16.8+0.2 10.2+0.1
DP980C 655+ 4 965+ 6 155+0.8 9.8+04
DP980D 6333 1005+ 8 154 +0.7 10.0+0.1
TRIP1180 967 + 27 1213+ 4 179+0.9 12.0+0.8
QP1200 1030+ 8 1262 + 12 16.9+ 0.6 10.3+04
QP1000 661 + 10 1046 £ 2 23404 18.2+0.1
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Figure A.1. Representative engineering stress-strain curves for each of the six steels used in weld studies. Curves
shown for the DP steels were reproduced from previous work by Terrazas [98].
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APPENDIX B

FIGURE REPRINT PERMISSIONS

For the permissions obtained in reproduction of Figure 2.1, 2.2, 2.3, 2.5, 2.6, 2.8, 2.10, 2.12, and 2.14, the

reader is referred to Supplementary File A.
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