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ABSTRACT

One approach automakers take to improve vehicle fuel efficiency is to reduce vehicle mass, which
requires steels with improved strength and toughness compared to conventional steels. Over the past few
decades, steel researchers have engineered the thinéien (Gen3) of advanced high strength steels
(AHSSSs) that exhibit improved strength and toughness relative to first generation (Genl) AHSSs at a
decreased cost relative to second generation AHSSs. Though Gen3 steels have been successfully
developed, thir implementation in automotive assembly has been limited by challenges in resistance spot
welding, the most commonly used joining technigue in the automotive industry. Gen3 spot weld
mechanical properties are often insufficient in comparison with tfdSeml spot welds, though it has
been observed that the automotive paalking cycle can mitigate this insufficiency. The microstructural
evolution associated with these bakinguced improvements is not fully understood, which highlights
the area of resarch this thesis seeks to address. The purpose of this study was to investigate the effects of
the paintbaking cycle (180 °C, 20 min) on Genl and Gen3 spot weld microstructures and mechanical
properties and to understand the origin of the differenci®inbaking sensitivities.

A newspecimen geometry coupled with digital image correlatras implemented aneévealed
greater plastic strains were measured within the-d&iéatted zone (HAZ) of baked welds compared with
unbaked welds. Subsequent experiments were developed to isolate the different HAZ microstructures to
guantify the baking sensitivities of ealsh implementing the small punch test method. Small punch test
results identified a trough in energy absorption within the intercritical HAZ of the Gen3 steel that was
mitigated after paint baking. The Genl HAZ microstructures were characterized by a minor sensitivity to
baking and the absence of an intercritical trough in energy absorption. Thermocouple measurements taken
during Gleeble®simulation of HAZ microstructures confiied depression of the martensite starg)(M
temperature with decreasing intercritical temperature, and this effect was more prominent in the Gen3
steel.To elucidate the differences in Genl and Gen3 spot weld baking sensjtavitiebon diffusion
distance model was developétht predicted the greatest fraction of bakisgnsitive martensit@ould
form in theintercritical HAZ of the Gen3pot welds

3D atom probe tomograplepnducted on Gen3 spot weld HAZ microstructudesitified carbon
redistribution in twinned martensite regianghe intercritical HAZandcarbon segregation to martensite
lath boundaries in the supercritical H&Zbaked specimend he intercritical HAZwvas concluded to be
a bakingcritical microstructureegarding Gen3 spot weld baking sensitivity, andi&sesents a new
finding in the field of research on AHSS spot welds. The insensitivity of the DP spot welds to baking is
proposed to be due to thggher Ms temperature through the intercritical HAZ, enabling carbon

redistribution during cooling of the weld that is not possible in Gen3 spot welds.
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CHAPTER 1 INTRODUCTION

The various stamped and extruded metal components used in modern automobiles are assembled
using approximately 2,0005,000 resistance spot welds (RSWSs) per veliiglg]. The majority othese
welds are utilized in the bodp-white (BIW) illustrated in Figure 1.[8], which serves as the primary
structure of the automobile, protecting occupants by absorbing energy and preventing intrusion during
crash or rollover scenarios. The resistance spot welds thus play a critical role with respect to the structural
integrity ofthe automabile. It is therefore apparent that the structural integrity of the automobile depends

on the materials used as well as the properties of the RSWs that join them.

[ Low Strength Steels

High Strength Steels:
- BH, P, HSLA

Advanced High
O Strength Steels: DP

— Advanced High
O Strength Steels: LCE

Ultra High Strength
O Steels: MS

Ultra High Strength
] Steels: MP/CP

I Press Hardened Steels

Figure 11 Schematic illustration of the automotive BIW, with colors indicating the materials
used[3] (reprinted with permission from the publisher

As the automotive industry develops vehicles with reduced mass for enhanced fuel efficiency and
improved crashworthiness for passenger safety, an advance in joining technology is necessary with the
development of high strength steels having superior catibits of strength and ductility. The third
generation (Gen3) advanced high strength steels (AHSSs) have been developed and maintain the
structural integrity of an automobile manufactured with conventional steels but at a reduced weight by
utilizing downgauged shedd, 5]. Complex microstructures that may contain ferrite, martensite, bainite,
and retained austenite are created in Gen3 steels with unique processing pathstanediakoying
additions, such as elevated carbon, silicon, and manganese contents confpategteration (Genl)
AHSSs[1, 6/ 18]. While carbon facilitates the retention of stable austenite to room temperature to achieve
the desired mechanical properties via the TRIP effect, a detriment to weldability is simultaneously
incurred. It is generally accepted in the literature that theéemsite formed in Gen3 RSWs exhibits lower
toughness than martensite in Genl RSWs due to the difference in @rthon19, 20]and this leads to
the relatively diminished Gen3 weld properties. However, an end stage process in the manufacturing of

automobiles is to paint the BIW and outer panels, and then cure the paint in a baking oven; this curing



stage, referred to as the fApaint baking cycle, 0 h
absorption of Gen3 RSWS8, 19, 21 25]. This project is focused on elucidating the mechanisms

responsible for these improvements in weld performance after baking, so thattleed properties of

Gen3 RSWs may be optimized. Further, a mechanistic understanding of the microstructurainevoluti

associated with the paint baking effects may elucidate the microstructure(s) responsible for the

diminishedmechanicaperformancef Gen3 RSWgompared to Genl RSWs.

1.1 Summary of Previous Findings

The work comprising this PhD thesis builds upon
MS thesiqg26] from which the guiding hypothesis was establishéuat the intercritical HAZ was the
primary microstructure contributing to the paint baking sensitivity of the welds studied in that work. This
section provides a brief review of the results leadingealthvelopment of that hypothesis.

The MS research provided a survey of the baking sensitivities of spot welds made in several Genl
and Gen3 steels using 6small é and 6l argeb6 wel ds a
failure analyses were conducted to identify changeseid failure modes associated with improvements
in mechanical properties following a simulated p#iaking cycle. The summarized cresssion test
results in terms of increased energy absorption after baking are provided inlF&yarel highlight
several trends that warranted further investigation. First (as also reported in the literature) baking
sensitivity in DP welds is considerably lower than baking sensitivity in the Gen3 welds (QP and TRIP),
which is presumed in the litetak to be due to differences in the substrate carbon c¢@jehtowever,
comparison of the baking sensitivities of the TRIP1@8Q7 wt pct C) and the DP980A (0.162 wt pct C)
suggest that a difference in carbon content is not the sole reason for the observed differences in baking
sensitivity. A difference in baking sensitivity for small (short weld time) and large (long weldviehes
was observed and this illustrates a dependence of thebyaddiniy effect on characteristics of the weld
that evolve with increasing heat input. Unfortunately, multiple weld chaistaterare influenced by heat
input, such as the size of the fusion zone and HAZ, the degree of softening (tempering) in the subcritical
HAZ, the cooling rates after welding, the stress states at the sheet interface, and formation of the recently
identified weld halo. Therefore, assigning the differences in baking sensitivity to a single weld
characteristic such as heat input does not offer sufficient insight, driving a need for further work.

Anothernoteworthy observation from the MS work illustrated in Figure 1.2 is identified by the arrow
that indicates the lowest measured baking sensitivity, which was observed for small welds in the QP1200
steel. The small QP1200 welds exhibited interfacial failarboth the asvelded and baked conditions
and a minor increase in energy absorption after baking. While several literature studies reported that

interfacial failure in the awelded condition was associated with the greatest increase in methanica



properties after baking, this was usually coupled with a partial interfacial or plug failure in the baked
condition[9, 22, 27] Thus, the occurrence of interfacial failure both before and after baking represents an
abnormal (previously unpublished) findirendthe minor baking sensitivity in this caseggests thahe

fusion zonemicrostructure wasot affectedenough to change the fracture behavior after baking in the
QP1200 steels. The concept of fusion zone toughemingartensite tempering has been proposed by
several researchers as a primary baking mechdfish®, 25] but if this were sufficiently applicable to

all Gen3 RSWs then the small QP1200 welds would have demonstrated a siginificsate in energy
absorption after bakindt should be noted that a significant baking effect was measured in the large
QP1200 welds that exhibited plug failure (base metal or HAZ) before and after baking. These results
support the hypothesis that the HAZ is a critical region that may influbadeaking sensitivity of Gen3

spot welds.
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Figure 12 Summarized energy absorption measurements (area under thdifmplaeement curve)

obtained during crosension testing illustrating the increase in energy absorption after baking for small

and large welds in Genl and Gen3 RSWs. Arrow indicates thewvetdlg tested that exhibited interfacial

failure in both the agvelded and baked conditiofse pr oduced from t[B6. aut hor 6s
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In lap shear testing of spot welds, large welds were shown to egiébier sensitivity to baking than
small welds, which is in contrast to some literature studies that show baking sensitivity is usually greatest
in small weldg27]. In an effort to further explain this observation, a modified specimen geometry was
developed with a reduced specimen width relative to the standard lap shear ¢@up8hss it has been
shown in the literature that increasing the nuggetoupon width ratio can increase the degree of strain
localization in the HAZ2, 29]. The forcedisplacement measurements of the standarcdradified
geometries are compared in Figure 1.3 and illustrate a significant increase in measured baking sensitivity

observed with a reduction in specimen wif#f]. In the standard geometry, baking led to anp818



increase in energy absorption, whereas ag@8hcrease in energy absorption after baking was measured
in the modified geometry. Standard geometry welds exhibited interfacial failure, while the modified
geometry welds failed along the fusion boundary and HAZ welded and baked conditions,

respectiely. These findings supported the hypothesis that the HAZ may be a critical location for
bakinginduced mechanical property improvements and also demonstrated the utility of a modified
specimen geometry for characterization of baking sensitivity.
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Figure 13 Forcedisplacement measurements obtained in theedded (solid lines) and baked

(dashed lines) conditions for specimens tested using the standard (40 mm width) and modified (10 mm
width) lap shear (TS) geometriese pr oduced from t[B6d. aut hor ds M. S.

The Gen3 RSWs studied in the MS thesis that exhibited the greatest increases in strength and
toughness (energy absorptiaf)er baking were also found to exhibit an evolution of microstructure in
the intercritical HAZ. As illustrated in Figure 1.4, a change in etching response of the MA constituent was
observed comparing agelded (Figure 1.4(a)) and baked (Figure 1.4(Kpriritical HAZ
microstructures in the QP1000 steel, and this observation of MA substructure was also made in the
QP1200 and TRIP118RSWs after bakin{26]. The identification of the intercritical HAZ as a critical
microstructure for baking sensitivity was also made in consideration of a spot weld failure mode observed
in a TRIP1180 spot weld after creension testing in the agelded condition, illustratesh Figurel.5.

The macroscopic view of the failed weld revealed an abrupt change in fracture path through the HAZ, and

the fractographs obtained at this change in fracture path reveals an abrupt change in fracture appearance.

Ductile microvoid coalescengas observed on the fracture surface close to the weld (the supercritical

t



HAZ) whereasmixed mode fracture with quasieavage was observed within the intercritical HAZ; the
corresponding micrographs for each region are also provided, and it is evident in the micrograph obtained
from the region exhibiting ductile microvoid coalesence thailctile failure may also included upper
regions of the intercritical HAZ.e., some ferrite may be present in the micrographgse findings
strengthened the hypothesis that the intercritical HAZ microstructure is bsdmsifive, and siolation

of the HAZ microstructures for isolated mechanical characterization of the baking sensitivity was a

necessary step in the PhD work, in addition tdépth microstructure characterization.

QP1000:
Baked

(a)
Figure 14 The intercritical HAZ microstructures observed in (ayedded and (b) baked RSWs
made in a QP1000 steel. Secondary electron micrograph, 2 pct nital etch(fepgduced from the
authoros [2B]).S. thesis

TRIP1180 As-Welded

5 pm 5 pm

Figure 15 The failure behavior of a TRIP1180 spot welded after etession testing in the

aswelded condition revealing a transition in failure mode from microvoid coalescence talgaasige

as the fracture path progressed from the supercritical HAZ intotireiitical HAZ. SEM micrographs
were obtained in the regions directly beneath the corresponding fracture surfaces. Secondary electron
micrographs, 2 pct nital etchfor5rsé pr oduced from t[B6. aut hor s M. S.




1.2 Research Objectives

The scope of this research is to understand the microstructural evolution during paint baking of RSWs
made in Gen3 AHSSs that contributes to improved-leating capacity and energy absorption. Early
research effortduring the MS thesifcused on identifying regions of the weld responsible for this
paintbake effect by analyzing the failure behavior efredded and baked RSWs made in various
AHSSs and testeda crosstension and lap shearhe presentvork involvesan analysis of the
differences in evation of microstructure and mechanical properties after a paint baking treatment
simulated HAZ microstructures produced in steels knowaxhibit either sensitivity or insensitivity to
the paint bake effect in resistance spot weltie primary goal is to identify specific mechanisms by
which microstructural evolution contributes to the observed increases in weld strength and energy
absorption after baking. Additional research questions relating to the hypothesis that the intétaitica
microstructue represents a critically important microstructure in the paint bake effect were also

considered in experimental design:

Does chemical composition of the MA constitlente an important effecn bakingsensitivity?
Does microstructural evolution during heating of the resistance spot wgldgubcritical
tempering) influence the carbon content of the intercritical austenite and hovbulkehiemical

composition influence this behavior?

These research questions and the associated experimental design structured to address them will be

explained in Chapter 3.

1.3 Thesis Overview

The present work strives to further the understanding of the baldinged microstructural evolution
of RSWs made in AHSSs. These studies incorporate both bséigitive and bakinmpsensitive spot
welds such that a comparison can be drawn betweewdtharid a proposed baking mechanism can
explain both the prevakcagartfifabseéncénobddi ipannt
of paintbaking phenomena, this work seeks to extend the general understanding of microstructural
evolutionduring resistance spot welding of AHSSs and offer insight into potential modifications to
current welding practices that may improve Gen3 spot weld properties and performance.

Chapter 2 presents the background information needed to comprehend the experimental findings and
discussion provided later in the thesis. The resistance spot welding process and the microstructural
evolution of AHSSs during welding are described firsteiew of the relevant literature on the
improvements in weld strength, toughness, and failure mode following agaddng cycle is then

provided, with highlighted trends and inconsistencies amongst the various studies that highlight areas in



which further research is necessary. Finally, various characterization techniques utilized in this work are
reviewed to give the reader familiarity with the subjects discussed later. In Chapter 3, the experimental
design utilized in this thesis, specifigathe development of the guiding hypothesis for this work, is
discussed. The experimental techniques are then provided in detail such that the methods used in this
work can be accurately repeated for replication of the results presented in this theajgptication of
these techniques to other investigations.

Chapter 4 presents the results obtained during initial characterization of thbalaing sensitivity of
the two steels that were selected for this work: a Genl DP1000 steel and a Gen3 TBF1000. In Chapter 5
and Chapter 6, the mechanical property evatutibsimulated HAZ microstructures following a
paintbaking treatment is presented in furnaaed Gleeble®imulated microstructures, respectively, to
gain an understanding of the relative baking sensitivities of the various subregions of the HAZRn the D
and TBF steels. Chapter 4 and Chapter 5 results were obtained using a newly developed modified lap
shear geometry, while Chapter 6 results were obtained by implementing a technique not previously
utilized in mechanical characterization of resistance wptit microstructures the small punch test.
Chapter 7 presents the results obtaiviadransmission electron microscopy and 3D atom probe
tomography towards the identification of the baking mechanism in the TBF steel and evidence for the
absence of a lking sensitivity in the DP steel. The major findings from this work are summarized and the
conclusions are drawn in Chapter 8, followed by the recommended future work to further test the
hypotheses developed here. Appendix A details a tangential studyeid Beature referred to as the
Awel d hal oo that was recently identified in the I

experimental data, methods, and tools developed for the present work.



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

Investigating the microstructural evolution of resistance spot welds (RSWSs) during the paint baking
cycle requires an tdepth understanding of the spelding process and the microstructures produced
during resistance spot welding. First, the developrottitird generation (Gen3) advanced highength
steels (AHSSSs) for use in automotive applications is summarized, beginning with a brief history on the
incentives for automotive manufacturers to improve fleetwide fuel efficiency. Next, oveidine
spotwelding procesandthe microstructures observadspot weld areprovided followed by a review
of the paint baking effects on spot welds as reported in the literdh&genethods for mechanical testing
of spot weldsand efforts made in mulpulse weld schedule development towards improving Gen3 weld
performanceare then reviewedackground on loviemperature tempering and selected influences of
alloying elements on microstructural developremet givenin consideration of the paifitaking effect.
Finally, an introductia to the application of 3D atorobe tomography for characterization of AHSS

microstructures is provided.

2.1 The Third Generation of Advanced High Strength Steels

The modern automobile has undergone continuous engineering and design improvements since its
invention by Carl Benz id885[30]. These improvements have been made to address a varistyesd
related to automobile cost, availability, convenience, luxeiiy Certain historical events have also
influenced the engineering and design strategies of automobile manufacturers, such as the 1973 OPEC ol
embargo. In response to the fuel shortage brought about by the embargo, the U.S. Department of
Transportation Natinal Highway Traffic and Safety Administration (NHTSA) began implementing
Corporate Average Fuel Economy (CAFE) standasds means of enhancing domestic energy
security[31]. As a result of these standards, the average fuel efficiency, measured in miles per
gallon(MPG), has been continually increasing, as illustrated by the dashed line in Ei&H].
Simultaneously, the dangers associated with automobile use have continually diminished, in part due to
the efforts of NHTSA in addressing the factors pertaining to traffic safetydingvehicle design and
crashworthinesg32]. As suchthefatality rateper 100 million vehicle milegdisplayed by the solid line
in Figure2.1, haslecreased in concurrence witle improvements in fuel efficien¢g1]. The CAFE
standards hee, in recent yeargdoptecan environmentdbcustargetingreducedgreenhouse gas
emissionsandare still motivating automotive manufacturers to develop vehicles with improved
crashworthiness and fuel efficiengl;, 31, 33]

The increases in fuel efficiency and safety of automobiles have occurred concomitantly with the

development of steels possessing greater combinations of strendtiraadility/ductility. Automobiles



were produced using mild steel until the development of high strength low alloy (HSLA) steels in the

1970s, bake hardening (BH) and dual phase (DP) steels in the 1980s, and transformation induced
plasticity (TRIP) steels in the 199p% 34]. In 1998, the UltraLight Steel Auto Body (ULSAB) project

began with the objective of demonstrating potential improvements in vehicle lightweighting,

affordability, and safety using stavé-the-art steel technologhd5]. The ULSAB project utilized a

combination of DP, HSLA, interstitial free (IF) and TRIP steel grades to develop an autobody with an

approximate reduction in weight of 25 j86]. The ULSABAdvanced Vehicle Conceptthe successor

to the ULSAB projed demonstrated the possibility for further mass reduction and vehicle safety

enhancemery implementation of AHSS84, 36] Thus, the first generation (Genl) AHSSSs, consisting

of TRIP and DP steels along with martensitic, bainitic, and complex phase steels, repreagmstep

in modern steel development and serve abdselingor the second (Gen2) and third generation (Gen3)

AHSSs.
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deformation37]. Gen2 AHSSSs, consisting primarily of austenitic twinning induced plasticity (TWIP)

and stainless steels, utilize the twinning or transformation of metastable retained austenite during

deformation to increase the wehlardening rate and thus the uniformregation of the steg#, 5, 38]

The retention of austenite in Gen2 AHSSs was obtained by increasimghkbeormanganese content,

which also increased the cost and thus far has limited the implementation of Gen2 AHSSs in automotive



assemblie§38]. Hereinwasthe opportunity space for Gen3 AHSSsteels with superior properties

compared with Genl steels, but with lower alloying contents (and thus lower costs) compared with Gen2
steels. The wutilization of the austenite to marte
straining to mprove the workhardening rate is the primary design concept in Gen3 steels, though the
retention of austenite is achieved in a manner differentttteamethods used in the desigrGen2

steels. Rather than increasitpy concentrations the steel,lie retention of austenite is achieved by

carefully controlling local carbon content during thermal processmgh as through bainitic

transformations oin a process referred to as quenching and partitioning (Q@P)Q&P steels are

guenched below the martensite startkmperaturéo partialy transform austenite to martensite. The

steel is then held at a temperature above the martensite finjste@\perature, 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, whengay increas¢éhe workhardening rate of the steel

as it transforms to martensite during deformation. Following the develupohthese Gen3 AHSSS,

research and development of the associated applications technologies, such as resistance spot welding, are

necessary for implementation in automotive assempligs41]

2.2 The Resistance Spot Welding Process

The resistance spot welding process, shown schematically in Figure 2.2, is the primary joining
technique used during automotive manufacturing due to the high speed and low cost associated with its
use[42i 46]. To create a resistance spot weld (RSW), two or more sheets are squeezed between
watercooledelectrodes and an electric current is passed betweenHuemtion 2.1 describes the
resistive heat generated at the interface of the sheets (the faying surface) according to

alr 1MIoYo v (2.1)
in whichH is the total heat in (J),is the weld currentin (ARi s t he <ci r cuitisthe esi st anc
duration that current is applied in (s), dbdb the fractional heat lo$47]. The weld current (1) and weld
time (t) are parameters defined in a weld schedule, or the recipe used to produce a specific RSW, while
the resistance (R) and fractional heat loss (K) depend on the physical properties of the materials being
welded.Typically, weld time is defined inycles which relates to the frequency with which electric
current is supplied during weldinige., with alternating current supplied at 60 Hz, a single weld cycle
represents 16.7 ms of weld tinTéhe resistance in Equati@lrefers to the summed resistance of the
series ofesistorsidentified in Figure2.2 [48]. The largest source of electrical resistance during spot
welding occurs at the faying surface (R3), though the electlbéet interfaces (R1 and R5) can also
exhibit excessive resistance (and thus heat) if the electrodes are poorly aligned or defoemed. T

remaining sources of resistance are dictated by the resistivity of the materials involved in the
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spotwelding procesd.e., the copper electrodes (R6 and R7) and the steel sheets being joined (R2 and
R4).Equation 2.2 providese relationship between material resistivity and the bulk resistandas
given by

it (2.2)
where” defines the material resistivity and L and A give the length and-sexginal area, respectively,
through which electric current passes. In the case of resistance spot welding, the length is the sheet
thickness, and the crosgctional area is approxitea as the region underneath the electrode face. The
resistivity of a material is governed by Matthies
separate contributions to electron scattering: thermal resistivity, deformatistivitys and impurity
resistivity[49]. Thermal resistivity describes the ndiaear 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 dsiquapiulation within the microstructure.
Finally, impurity resistivity describes the increase in electron scattering due to defects such as vacancies
and impurity atoms. Gen3 AHSSs possess higher resistivities than Genl AHSSs becala®gintie
additions €.g, silicon) necessary for the developmenGan3microstructure$7, 17, 50] and thus the
heat evolution (ad microstructuradevelopmentduring resistance spot welding will differ between
them.

During spotwelding, the temperature at the interface will increase until the material melts; this

molten region, or fusion zone, solidifies after the current has stauddrmsthe joint between the two
sheets. The size of the fusion zone increases with an increase in the total heat input as described by
Equation 2.1, though the fusion zone size eventuedighes a maximum after a given weld tjis 53].
The electrode force influences the contact resistance at the faying surface, and thus the heat evolution
during welding[54]. High electrode forces are also associated with excessive indentation during welding,
and this indentation can increase the contact area of the electrodes on the workpiece and thus increase the
cooling rate of the welfb5]. The weld current has been shown to afteetdegree of tempering in the
subcriticalheataffected zone (HAZdf some Genl RSW56] as well as the width of the HAB7]. The
electrode geometry influences the current density beneath the electrodes as well as the cooling behavior
and thus affects the shaged properties of the fusion zofi8]. Finally, the hold time, or the degree of
cooling applied after weld current has stopped, may influence the hardness in the fusion zone and HAZ,
though the effectsf hold timeon weld mechanical properties can vary based on the weld failure
mode[59]. Changes in the weld parameters comprising the weld schedule, in addition to the differences
in substrate microstructure and compositiamlead to significant variation between RStHat

complicates possibleomparisons in spot weld performance.
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Figure 22 Schematic illustratin ofthe resistance spot welding process with the specific features
contributing to the bulk resistance in the series identifiedi (RT) (reproduced with permission from the
publisher[48]).

2.3 Microstructural Evolution During Resistance Spot Welding

The solidified fusion zone mechanilyajoins welded sheetbut doesot solely dictatspot weld
propertiesas a collection of seven distinct microstructures can be identified after wedihg fusion
boundary, or the solid/liquid interface present
literature may also be observed and has been shown to affect weld perfofpiaf8e 60] The heat
generated during welding dissipates through the surrounding maaéigahgthe microstructureand
creating the heaffected zone (HAZ)the mechanical properties of the HAZ can also influence weld
failure mode and the overall performance of the jiifit 64]. There are three distinstibregions of the
HAZ: the supercritical HAZ, the intercritical HAZ, and the subcritical Ha@rresponding toegions that
experienced supercritical (abovesf intercritical (between & and Acs), and subcritical (below &)
maximumtemperatures, respectively. Within the supercritical HAZ, a sthtk joint referred to as the
corona bond isometime®bserved65i 67]. A certain distance from the weld, a negligible influence of
the heat on the substratecrostructurendicates the bounds of the HAZ attdis represents thmse
metal. The location and representative microstructures of these regions are displayed for a spot weld in a
QP980steel in Figure 2.87]. To investigate the pakttaking effects on RSWSs, an understanding of the

microstructures produced during spot welding is necessary and will be provided in the following section.
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Figure 23 An overview of (a) a QP980 spot weld indicating the subregions that microgragla’ (b)
representthe (b) base metal, (c) subcritical HAZ, (d) intercritical HAZ, (e)4jmained supercritical

HAZ, (f) coarsegrained supercritical HAZ, and (g) the fusion zone. Etched wjittt 2ital for 5 s.
(reproduced with permission frotine publishef7]).

2.3.1 The Fusion Zone

The fusion zone mechanical properties are influenced by the chemical composition of the substrate
and the cooling rates during and after solidification. The cooling rates in the fusion zone produce a
columnar dendritic solidification structure and a prityanartensitic microstructure in most AHSS spot

13



welds[18, 19, 65, 6B70]. After melting occurs at the faying surface, convection currents form in the

liquid due to electromagnetic interactions between the applied alternating current and the liquid metal, as
illustrated in Figure 2.4(dY1]. The convection contributes to a uniform temperature and composition of
the |iquid, as demonstiyrcatedveby ime Fiigonc e-oydd di( &9
weld in Figure2.4(c)[72, 73] At extended weld times of Xycles, inward migration of the fusion

boundary i(e., solidification during welding) has been observed, Fi@u4éd), as evidenced by the
solidification rings that represent alternating bands of selateand solutgooor regiong73]. The

alternating bands have been hypothesized to occur due to temperature oscillations about the liquidus
temperature as a result of the alternating weld cufrdiztthough a specific link between these features

and weld performance has not been made. While the occurrence of elemental segregation in the fusion
zone of resistance spot welds has been well documented, characterization and analysis of the
solidificationstructure is commonly absent in spot weld studies; the majority of spot weld

characterization is focused on the sdltdte transformations that occur after solidification.

— —

15 cycles (300ms)

4 cycles (80 ms)

Dendritic
Solidification

' Solidification
Rings

(b)
7 cycles (140 ms) [T W e T T
HAZ
500 pm 7
(©) (d)
Figure 24 Representations of the (&) the convective flow that occurs in the fusion zone during

spot welding and (d) a micrograph illustrating the formation of solidification rings during welding with an
extended300ms) weld time (adapted fronj71, 73).
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The fusion zones of Gen3 RSWs are generally believed to exhibit reduced strength and toughness due
to the increased carbon equivalent associated with the carbon and manganese contents of G&n3 steels
75, 76] The carbon equivalesbncepwwvas or i gi nally devel oped by Dear d:i
hardenability of welds made in structural steels and today provides a general measure of the weldability
of a stee[77, 78] Though many Gen3 spot weld studies report fully martensitic microstructures in the
fusion zond9, 10, 18, 19, 65, 6&0], nonmartensitic transformation products such as ferrite and upper
bainite in AFTRIP steelg79] and interlath austenite in-$RIP and Q&P steelR0, 45]have been
observed. Increased carbon content has been reported to decrease the prior austenite grain size, martensite
block thickness, and fracture toughness of the fusion A3}eln addition to the martensite
characteristics, elemental segregation in the fusion zone, namely of phosphorous, has been identified by
several investigators and is reported to negatively affect fusion zone profi3ti8q 82]. A significant
focus of current weld research involves the use of rpulse welding to alter the elemental segregation

in the fusion zone, and this topic will be covered in Section 2.6.

2.3.2 TheWeldHalo

A spot weld feature that has recently gained considerable attention in the literature is a narrow,
softened | ayer that forms at the per iPehiausy of the
reports have been made of halo formation in phesdened stee[§1, 52, 60, 67, 83]DP steelq13],
high strength lowalloy (HSLA) steeld84], and recently a Gen@&P980steel[12]. A number ofGen3
weld failureshave been reported to ocalong the fusion boundgrthoughhalo formationwas not
identified[7, 10, 15, 19, 75, 85Fherepenket al. suggested that halo formation has not been regularly
detected using standard microhardness andbdimiques because the AWS D8.9 stan{6{l
recommends indent spacings on the order of 20052 which exceeds the width of the haltalo
characteristics vary among steels investigated as well as the weld schedules utilized, but typical halo
widths are on the order of 500 um and the decreases in hardness (relative to the fusion zone) are in
the 501 150 HV rangd12, 52, 83, 87]Some investigatorattribute the softeningp the halao the
formation of ferrite[88] or bainite[89], and these observations are consistent with measurements of
decreased carbon and manganese contents within the we[82 &84, 87, 89] The weld halo has been
hypothesized to forngia solute partitioning to the liquid after the solid/liquid interface stagnates during
welding, and MICRESS phase field simulations have indicated thatfdaita could form at the fusion
boundary and contribute to the observed solute deplgiin

Several researchers have found that halo formation occurs at weld times beyondaB@fertisne
during welding whemgrowth of the fusion zone slovis1, 52, 60] Since the fusion zone growth in the

axial direction (towards the electrodes) stagnates earlier than growth in the lateral direction, halo
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formation is more significant at the top and bottom (electamtjacent) portions of the weld pdélL,

52]. Whilethese regions are not typically considet@tesignificant to weld performance, the depletion

of carbon in the solid, and simultaneous carborichment in the liquid in this region may contribute to

the formation of a fusion zone with a carbon content higher than that of the sulistradé

experimental evidence of this occurrence has not been publEedonsensus in the literature is that

the presence of the weld halo is associated with diminished load bearing and energy absorptign capacit

and efforts are being made to avoid or mitigate halo formation in spot [B8lds

2.3.3 The Supercritical HAZ

The supercritical HAZ is the region of the weld structure that was heated betweesn the A
temperature and the melting point of the alloy and is divided into the eaasénegrained
supercritical HAZ according to the different peak temperati@edegree of coarsening, observed in the
austenite during welding. After welding the supercritical H&primarily martensitic, though interlath
austenite has been reported in some investigatldn®0, 91] The finegrained supercritical HAZ
typically represents the region of the weld microstructure with the highest microhdigre®st4, 92]
The supercritical HAZ is also the location in which the setite bond adjacent to the fusion zone, the
corona bond, can forfg5i 67]. Maet al.used miniature tensile bars fabricated from the supercritical
HAZ and reported that the corona bond exhibits high strength but limited elon@jpdigital image
correlation has been used by several investigators to show that corona bond failure has no impact on the

force-displacement curvd$§5, 67] and so its significance to weld deformation is questionable.

2.3.4 The Intercritical HAZ

The intercritical HAZ is the region of the weld heated between therid Ac; temperatures
possessing a width of approximately 10P00 um and thus a sharp gradient in microstructure from
heavily tempered just belowcAto fully martensitic just above & Depending on upon the substrate
microstructure, ferrite formation, austenite formation, and partial dissolution of carbides may occur in the
intercritical HAZ formed during weldinff9], and a ferritenartensite microstructure is typically
observed after cooling of the weld. Residual stresses may be prominent in the intercritical HAZ due to the
difference in thermal expansion between ferrite and austenite as well as the transfornaat®n st
associated with the formation of marten$@@]. Additionally, the volume change associated with the
martensitic transformation may increase the density of geometrically necessary dislocations in the
intercritical ferrite[23]. There have been limited studies on the intercritical HAZ in Gen3 RSWs, but
Rezayatt al. studied the tensile deformation of Gleebimulated microstructures in DP and martensitic

steels and identified that the intercritical HAZ exhibited the lowest yield stress and the highest
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strainrhardening exponent of the HAZ microstructures, which the authors suggested may indicate that
strain localization and weld failure mode could be influenced by the properties of the intercritical

HAZ [90, 92] Investigations on welding of low carbon bainitic steels for pipeline applications have
identified the intercritical HAZ as a lo¥oughness microstructure due to the formation of a small volume
fraction of highcarbon austenite in the partially transformedrostructure; higkcarbon MA constituent

foundin the intercritical HAZ microstructures led acsharp decrease in toughnf3 96].

2.3.5 The Subcritical HAZ

The subcritical HAZ is the region of the spot weld exposed to temperatures helowrig
welding, and this region is effectively rapidly tempered during thewspliting processSofteningof the
subcritical HAZis associated with the tempering of martensite present in the substrate microsid3¢ture
97, 98]and can lead to strain localization that impacts weld perfornfédc®7] The degree of softening
has been correlated with the fraction of martensite praséme substrate microstructums well as the
heat input (current and weld timeyedduring welding[63, 88, 99] Softening in the subcritical HAZ has
been observed in spot weldB# steeld7, 9, 40, 70, 10QJmartensiticsteel§40, 63, 69] presshardened
steeld60, 67, 101, 102Jandin Gen3 steels with ultimate tensile strengths of IM&&[20, 41, 101,
102]. However, softening has been reported to be absent in Gen3 steels wilP@&Mtimate tensile
strengthg7, 9, 25, 41, 101, 102Boftening is also absent in the subcritical HAZ of spot welds in many
conventional automotive steels, such as-tarbon steelf76], HSLA350[84], and lower strength DP
gradegd56, 76, 103] Chromium and manganese additions have also been reported to increase the
resistance to softening by maintaining a fine tempered strydde 105] which is consistent with early
work by Grangg106].

In addition to a lack of softening, Figuereekoal.and Ramachandraet al.recently reported
hardeningin the subcritical HAZ of a Q&P980 RSYY, 12, 102] Sahaet al.alsoobserved hardening in
the subcritical HAZ of laser welded DP780 containing ferrite, martensite, and had¥ieThrough
Gleeble® testing and transmission electron microscopy (TEM) characterization, the authors concluded
that existing cementite and TiC present in the bainitic structures dissolved and were replaced with plate
shaped MC; and needle shaped.M carbides, leading to a secondary hardening efRaatent
characterization by Ramachandedral.also attributed theecondary hardening phenomenon to the
transformation of carbides in the substrate microstructure to fine;lidatel.C carbides, and this study
was also performed with Gleebdémulated microstructurg$02l. To t he aut hor dés knowl
investigation into the secondary hardening phenomenon utilizing actual spot weld microstructures has not

been published.
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2.4 Paint Baking Effects on Resistance Spot Welds

One of the latestage processes during automotive assembly that follows welding and joining of the
body-in-white is the application of the exterior paint. After painting, the entire-boghite is moved
through a large furnace to cure the paint;thistcung tr eat ment , -bakiengedytleas
consists of a 20ninute exposure at a temperature of 120 °C[9, 25, 27] The paintbaking cycle has
long been utilized in metallurgical design for automotive applications; with alloys like the 6xxx series
grades of aluminurfiLl08, 109]as well as bakbardenable steel alloy$10, 111]that are designed to
achieve full strengthfter the paintbaking cycle. Advanced high strength steels from both the Genl and
Gen3 families have also been reported to exhibit changes in mechanical properties (particularly in the
deformed state) following the paibtking cycld112, 113] Recently, several investigators have
observed that resistance spot welds made in advanced high strength steels, particularly in the Gen3
family, may exhibit significant improvements in strength, toughness, and failure mode following this
paint baking cyke [9, 19, 22 24, 26, 27] Several researchers have suggested that thelyzdkiimiy
improvements of Gen3 RSWSs be considered during automotive design and material qualifiza2dd
which requires irdepth understanding of the palsaking phenomena. While several hypotheses have
been made regarding the mechanism by which paint baking improves spot weld performance, several
unanswered questions remain, and this work seeks to adltlbessuncertainties. The following section
will review the previous findings on the baking effects in spot welds and present the hypotheses that
investigators have proposed, which serve as the base upon which the present work seeks to build.
Surveys of Genl spot welds have previously identified that-teosson strength of RSWs decreases
with an increase in the base material carbon cofitéd{. As such, the elevated carbon content used in
the design of Gen3 microstructures is associated with challenges in optimizing spot weld performance in
Gena3 steels compared with Genl steels. A summary of literature data illustrating this trend for RSWs in
steels with a UTS of 980 MPa is presented in Figure 2.5 for both Gen1 (black diamonds) and Gen3 (red
circles) steels. While several variables inherent to thewplating process, such as weld current, sheet
thickness, chemical composition, and weld putdeeme are not accounted for in the figure, a general
trend is evident that Gen3 RSWs usually exhibit a reduced-@os®n strength compared to Genl
RSWs of a comparable fusion zone size. However, the-tgas®n strength of Gen3 RS\&fer baking
(solid red circles) appears to be equivalent to that of the Genl RSWs. The increaseténsioss
strength after baking (illustrated by the arrow length between open and solid red circles) does not seem to
be correlated to the fusion zone size. Alsoergstudies on Genl spot welf% 22] have indicated an
absence of baking sensitivity in these steels. The data in Figure 2.5 reinforce the point thaetbeds
crosstension strength of Gen1 spot welds is typically superior to the-tens®on strength of the as

welded Gen3 spot weldsut the baking cycle mitigates this difference.
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In contrast with the general trend observed in Figure 2.5, a subset of Gen3 RSWs (circled) exhibit
crosstension strengths equivalent or superior to Genl RSWSs of comparable size. Of the seven encircled
Gen3 RSWs, four were produced using trpldse weldschemes, one was a baked dotplese weld,
and the remaining two weld schemes were not disclgded!5, 50, 115]A triple-pulse weld scheme is
an uncommon welding technique and will not be discussed in the present work; the frequently studied

doublepulse weld scheme, which is still not fully understood, will be discussed in Section 2.6.
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Figure 25 Literature trends in croggension strength as a function of fusimne size in Genl (black
diamonds) and Gen3 (red circles) RSWs made in steels with a substrate UTS of 980 MPa. Arrows
illustrate improvements in cro$snsion strength following a paibiking cycle (sadl circles) in Gen3
spot welds. Thercircled open red circles indicatéple-pulseGen3welds @ata from[6i 12, 17 19, 25,
26, 4143, 45, 50, 92, 114.16)).

Early observations of the paibaiking effect on spot welds were made by Tumuluru during an
investigation on the lap shear strength (geometry shown in Figure 2.6(a))-efeddet DP780 and
TRIP780[23], which exhibited increasén lap shear strength of 5.5 and 6.1 pct, respectivellpwing
paint baking The DP780 exhibited button pwdut failure (failure in the WZ/base metal) and the
TRIP780 exhibited interfacial failushearing of the weld interfagehough the peak lap shear strength
in both welds was similar despite the different failure modes (23 kN in tveldsd TRIP780 and
23.6kN in the aswelded DP78Q)The paintbaking heat treatment differed from other paint baking
studies by usingvo 30minute cycles at 150 °C followed by a 20 minute cycle at 93T Tumuluru
identified retained austenite, ferrite, twinned martensite, and lath martensite in the HAZ and fusion zone
of both welds; an increased dislocation density for ferrite in the HAZ compared to ferrite in the base metal

was also reported. In baked specimens, epsilon carbides were observed within twinned martensite regions
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in both the fusion zone and HAZ of both steels. These observations served as the basis of a proposed

mechanisms for the paint bake effect that included Cottrell atmosphere formation in ferrite, increasing the

yield strength of the ferrite, and temperingoh e mar t ensi te that | ed to fAi mp

behavioro in the HAZ and i nmM38roved toughness in th
Smithet al analyzed the baking sensitivity of a range of steels utilizing the standard mechanical

testing methods for resistance spot welds: the lap séstafFigure 2.6(a)), the cretnsion test

(Figure2.6(b)), and the coagbeel test (Figure 2.6(cj24]. Several steels exhibited spot weld baking

sensitivity, including an HSLA440, precipitation hardened 590, DP600, TRIP780, DP800, and a DP980;

the authors reported the general trend that baking sensitivity in-peatkesting increased with an

increasen substrate carbon content and an increase in substrate ultimate tensile @&n§thithet al.

did not specifically propose a baking mechanism but included discussion on the diffusion of carbon to

grain boundaries and dislocations as a possible reason for the improved performance of spot welds.

0
(a) (b) (©)
Figure 26 Schematic illustrations of the common specimen geometries useébanical

characterization of spot welds: (a) lap shear, (b), éession, and (c) coagbeel. Arrows indicate the
location and direction of the applied load during testadaptedrom [40, 61).

Lap shear (or tensile shear) tests (Figure 2.6(a)) have been shiodit&tea slight effect of baking
in somewelds though the improvements are small relative to those measured using thecsass
test(Figure2.6(b))[22i 24], and so only crostension results will be presentdthe explanation for the
difference in baking sensitivity between the different loading modes is still unclear, though it is likely
related tahe different stress states experienced by the nugget and HAZ with the different test geometries.
While effects of baking on crogension performance in Gen3 RSWSs have been well documented, the
failure mode is highly inconsistent, and no clear trend is evident regavdiddgilure location and
baking sensitivity. Eftekharimilarat al reported a 37 and 47 pct increase in eteasion strength of
single and doublgulse weldsrespectivelymade in a DH1000 steel, and paint baking did not lead to a

change in failure mode iaither weld The singlepulse welds exhibited a partimiterfacial failure mode,
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while the doublepulse weldgthatexhibited a greater increase in strength after bakirgibitedplug
failure (HAZ/base metal failure) before and after bakRf]. Shamsujjoalet al reported an 82 pct
increase in crostension strength of a singfrilse weld made in a 980HF staalassocidbn with a
change from interfacial to partiaiterfacialmode[9]. Chaboket al.observed &3 and30 pct increase in
crosstension strength of singleand doublepulsewelds, respectively, with the former exhibiting an
interfacial to partial interfacial failure transition and the latter exhibiting plug failure bafarafter
baking[19];t he aut hors described the steel used @iGn t hei
Finally, Marshalletal. reported da00 pct increase in cro$snsion strength andchange in failure mode
from interfacialto plug failureafter baking okingle pulse welds a TRIP1180 stegll17]. These
inconsistencies in weld failuraodeafter baking suggest that several regions of the spot weld
microstructure may be sensitive to bakingthat the effects of baking are influenced by the steel
composition and welding procedure in ways not yet understood.

Literature investigations into the effects of paint baking on RSWs have focused extensively on TEM
characterization of the fusion zone and HAZ with several observations being made of precipitation and
growth of transition carbides after bakifgy 19, 23, 25] Shamsujjoalet al.used electron channeling
contrast imaging to observe irdigth carbides in martensite in the fusion zone of 980HF welds, leading
to the conclusion that the baking cycl&a tempering of the martensitecreased the fracture toughness
of the fusion zone and thus increased the load bearing caphttiey weld[9]. Residual stress
measurementsere maden the 980HF steel as well as a DP980 steel that exhibited no baking effect
using energy dispersive diffraction at Argonne Na
revealed equivalent residual circumferential tensile stresses dfiRG@resent in the fusion zones of
both the 980HF and DP980 steels. A peak in residual stress was measured at the edge of the fusion zone
in both steels, equivalent to 700 MPa in the DP980 and only 550 MPa in the 980HF \keid. ias
reportedto reducepeak residual stress the weld anda greater reduction occexdin the DP980
weld[9]. The authors concluded that residual stress reduction was a secondary effect of baking in the
980HF weldsand did not offeanexplanation as tthe origin of higheresidual stregsin the DP980
welds.

Chaboket al further characterized the baking effects on sigtel doublepulse welds using micro
cantilever beams milled in the fusion zone of each condition using a focused iofilBgaviicro
cantilevers were approximately 5 pm wide, 4.5 pm tall, and 15 pm long, with a notch milled at the base
of the beam to provide a crack length to thickness ratio ofi008%0. A spherical diamond tipped nano
indenter was used to bend the cantilevaard measure the cratig opening and stressetensity as a
function of applied force. Fracture toughness of the different fusion zones was then calculated to increase
after baking friimn 9t We toi Mdl @& pMPlasderm®ietheds and 12. :
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doublepulse welds. Thauthors concluded that tempering of martensite in the fusion zone reduced the
internal strain, increasing the fracture toughness of the nugget and leading to the improved cross tension
properties of the singlend doublepulse weldg419].

Tumul uruds early work proposed yielding behavi
consideration in paidvaking of RSWSs, and while not directly identifying the intercritical HAZ, the
suggestion of heavily dislocated ferrite implies this region ofutble [23]. However, limited work has
been done towards further testing these hypothese
TRIP1180 spot weld tested in creesnsion was shown to transition from ductile microvoid coalescence
to quasicleavageracture as the fracture progressed into the intercritical HAZ, and this fracture transition
was not observed in baked we[@8]. Subsequent characterization of the intercritical microstructure in
Gen3 steels that exhibited significant baking sensitivities revealed that an apparent tempering of the MA
constituent was observed in the intercritical microstructure, as illustrakéglire2.7. Additionally,
work by Marshalkt al.identified that nearly the full baking effect in a TRIP1180 spot weld was observed
after just 30 s at 180 °C, and tempering of the MA constituent was observed after the 30 s baking
cycle[117]. Similar findings regarding intercritical HAZ evolution during baking have not been reported
in |Iliterature investigations. To the authoroés kno
microstructural evolution in response to paint bakimg wade by Shamsujjokaal; the authors
reported that the intercritical microstructure formed in a Gen3 RSW exhibited no change after baking,
which was justified using electron channeling contrast imaj§hg

Parket al proposed that the baking cycle pmedaustenitaeversionn a MedMn steel and
improved the toughness in the coagsained HAZ, which was previously embrittled during the weld
cycle by the dissolution of Ti and Mo carbid24]. Measurements of carbon content in the austenite
were not performed, bubé¢ authors calculated theoretical diffusion distances of carbon in ferrite and
austenite matrica® bel1220 nm and 2.7 nm, respectivebnd determined that carbon enrichment in
interlath austenite was possible during the baking ¢2dle While the paint baking treatment consists of
considerably lower time and temperature combinations than most austenite partitioning treatments
utilized in Q&P processinflL18i 120], several reports have been made of steels that exhibit significant
increases in strength and ductility after quenching and subsequently paint baking, with the improvements
attributed to changes in the austenite during baligdj 123]. The addition of manganese (around
7 wt pct) enables the retention of approximately- 20 vol pct austenite in the quenched microstructure.
The very fine interlath and film austenite requires very short diffusion distances for carbon partitioning
and stabilization, which contributes to an g®mse in the uniform elongation during tensile testing of these
steels. Howet al. reported that after paint bakiin a MedMn press hardened stedie rate of austenite

decomposition during tensile deformation decreased, and this was associated mdtkaseiin ultimate
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tensile strength and uniform elongation from approximately 1400 MPa petdr2 theunbaked condition

to 1805 MPa and 1gctin the paint baked conditigd22]. While the manganese content in Gen3 steels
(roughly 2 to 2.6 wt pct) is typically lower than that of thediumMn steels discussed hef@en3 steels

also contain elevated silicon contents to inhibit carbide formation during steel processing, and increased
silicon has been shown to promote the retention of aus{é2i¢ The mechanisms discusdaere may

be relevanto the paint baking investigations, and the influence of carbon on austenite stability during

deformation iof interest in the paint baking effect in Gen3 RSWs.

TRIP1180— As Welded QP1000—As Welded

(b)

Figure 27 Examples of thehange in MA constituent appearance after bakintbeintercritical

microstructurs of (a) TRIP1180and(b) QP1000esistance spatelds Secondary electron micrograph,

etched with2 pctnitalfor5¢& epr oduced from t[RB6. aut hords M. S. t he

While the time and temperature of the typical paint baking cycle is fixed to 20 minutes at 180 °C,
some investigators have examined the effects of paint baking at shorter times to gain irthight on
potential baking mechanisms. Marstetlial. measured the crogsnsion strength for TRIP1180 RSWs
after interrupted pairbaking treatments to determine the evolution of the gaking effect with
time[117], and a similar study was performed by Petrlal. on a dissimilar weld between a Mbth
steel and a DP980 std8lL]. The results of both studies are plottedrigure2.8 and show aimilarity in
the rate at whiclerosstension strength increases during paint baking between the twq atekis
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should be noted that both studies utilized an oil bath to simulate the baking treatment (which, due to
thermalconduction promotes very fast heating of the specimefibgse results also indicate that most of

the microstructural evolution contributing to the improved properties after baking is observed in less than
100 s, with measurable baking effects occurring aftér 30 s in the two steelthe decreased time

necessary for baking improvements compared to the full baking cycle should be considecidgeg

possible baking mechanisms
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Figure 28 The evolution of crostension strength with baking time for RSWs made in a TRIP1180
steel and a MeiIn steel (lata from[91, 117).

Considering the results in Figure 2.8, the shortest time and temperature combination associated with
the paintbaking effect (180C for 30 s) was used to calculate carbon diffusion distances of 245 nm in
ferrite and 0.64min austenite using the equations and diffusion coefficier|tk24]. However,

Parketal. calculated the carbon diffusion distance during a full 20 min baking cycle 4Clafd

obtained distances of 1220 nm in ferrite and 2.7 nm in austenite, which the authorssuggbitbthe
hypothesis thatarbon partitioning to the interlath austenite (approximateign3hick in their study)

could occur during bakin@®1]. The discrepancies in diffusion distances bring into question the degree of
carbon enrichmemecessary foaustenitestabilizationin these microstructures, and so claims pertaining

to potential baking mechanisms maged further consideratioft should be noted that carbon

segregation during quenching is not considered in the present case as wag1ithjednd this as well

as additionafactors(diffusion mechanism, activation energiet;) will be considered in this work.

The temperature utilized in the automotive bakir
treatments used to reduce the amount of diffusible hydrogen present in steels, which suggests that
hydrogen effusion may be a potentially relevant paintrigakiechanism. Several potential sources of

hydrogen exist in AHSSs that include the furnace processing atmosphere, moisture from the ambient
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atmosphere, and the mill ¢224, 126, 127] Previous studies by Smi#ét al. have shown a natural aging

effect in which the coach peel strength (see specimen geometry in Eig(ap of TRIP800 spot welds
increased 24 hours after welding; the authors measured hydrogen evolution inetteivaes] welds (with
surface oil) andeportedapeak inthe rate of hydrogeeavolution at 150C [24]; however, no

experimentation was conducted to test the baking sensitivity of spot welds after degreasing. Conversely,
Schwedleet al.reported an undetectable hydrogen content in spot welds made in awvteet PHS
steel[126], indicating the conditions leading to hydrogen embrittlement of RSWs may still not be fully
understoodConsidering the rapid progression of the phaiting effect illustrated in Figure 2.8, the

rapid diffusion of hydrogen iateels may make this element a potentially interesting subject of study in

spot weld baking investigations

2.5 Mechanical Characterization of Resistance Spot Welds

The standard geometries for mechanical characterization of spot welds include thermiass lap
shear, and coach peel geometries (see Figure 2.6 for reference); among these;tireserngdsst has
been the most common geometry used in the {baking investigations in Gen3 RSWSs. During
crosstension testing, welds can exhibit partial or full interfacial failure (undesired failure modes) or plug
failure (desired failure mode), and several studies on the-Ipalking effect report a change in fadur
mode after baking. A model to predict the strength and failure mode of RSWs tested-tertsmsswas
developed by Chao and is illustrated in Figure 2.9; the model describes the weld failure mode as a
competition between the fusion zone fracture toeghr(dashed line) and the HAZ shear strength (solid
line) [61]. The lower load of the two loads dictates the type of failure expected for a given nugget (fusion
zone) diameter, and a critical weld diameter exists above which the failure mode is expected to change
from interfacial to plug failure.

Several investigators suggest that the fusion zone fracture toughpgeiser&ases during baking
because a change in failure mode from interfacial to partial interfacial failure was oljSed@d?4]
However, other studies have shown that baking effects are also observed when plug failure occurs both
before and after bakind9, 23 25], which suggests the baking effects are related to a chatige HAZ
shear s.tTheserditgrature results are not necessarily contradictory but stiggfesiultiple weld
regionsundergo some microstructural evolution during phaking or that different steel compositions,
different weld schedules, or different substrate microstructures may be associated with RSWs that
respond differently to the patbiaking cycle. Considering the potentially complex influence of the baking
cycle on wéd failure behavior, as well as the fact that the HAZ is not a single, homogenous weld
microstructure but a gradient with four different types of microstructures, digital image correlation (DIC),

an advanced method of characterizing local weld deformatisitu, is useful.
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Figure 29 lllustration of the model developed by Chao that describes the competitive nature of weld

failure. Dashed and solid lines indicate the interfacial and plug failure modes, respectypeiptgd
with permission fronthe publishef61]).

One of the difficulties in analyzing weld failuressted using standard geometigethat the complex
loading geometry and nature of damage evolution in RSWs produces a weld with up to four separate
fracture locations in a single cressctioned weld. Further, slight variability among weld samples may
manifest in slight differences imdcture appearance, making it difficult to identify the weld region that
dictatesmechanical performance. In the past, researchers have attempted interrupted testidgvithuple
microtomography and metallograpto monitor weld failure progression, though experimentally this
approach requires a significant amount of preparatory Y28}k To address the difficulty of monitoring
damage evolution in RSWs in a convenient and timely manner, Mohamadé&taaleteveloped a unique
specimen geometry, illustrated in Fig@.d(Q@a), that enableis situlocal strain measurement and
monitoring of damage evolution in RSWs tested in cteasion[67]. Two welds are made on a single
specimen to limit rotation during testing and a slot is machined through thglaniel of each weld to
enable imaging during testing.speckle patteris appliedto the polished crossection of the welg and
high-resolution images are acquired during deformat; softwarecanthenbe utilized to evaluate
weld strain bytracking the movement of the applied specKlggical results,llustratedin
Figure2.1QDb), provide resolution fine enough teveala difference in strain evolution fa weldthat
exhibits a weld hal@op), andonethat doesiot exhibit a halgbottom) Here, the sensitivity of DIC to
microstructural evolution in the weld is apparent, as the differences in strain accumulatiaih@long
fusion boundary (top) and strain accumulation in the HAZ and fusion zone edges (bottom) afdiclear.
mechanical characterization method (modified for lap shear testing) was implemented in the present work
to examine the effects of baking on strain evolution in the different weld microstructures.

Perhaps the most limiting factor in comparinghakedvs.baked weld performance is the possibility

that changes in one weld microstructure may influence the failure behavior of aegibarFor
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example, increased subcritical HAZ softening may alter the stress state in the fusion boundary at the point
of weld failure, but the damage evolution in the subcritical HAZ might be difficult to quantify during
analysis da weld after testingn situdamage monitoring using the modified specimen geometry could
reveal behavior of the weld regions that would otherwise be difficult to detect.

Isometric
View

(a) (b)
Figure2.10  a) Modified specimen geometry with two welds sectioned parallel to a machingéa slot
enable DIC measurement of weld testimgitu. b) examples of results obtained using@luring cross
tension testing witthe modified specimen geometkelds in (a) are shown in red, with arrows in both
figures indicating the directions of the applied lo@dprinted withpermission fronthe publishe[67])
(Color imagei see PDF copy

2.6 Multi -Pulse Spot Welding of Advanced High Strength Steetnd Fusion Zone Characteristics

Recent advances in resistance spot welding techniques, particularly in applications involving AHSSS,
includethe implementation of mulpulse weld schedules to modify the waiitrostructure and improve
mechanical propertie$houghmulti-pulse welding was not utilized in the present work, these literature
findings provide background on the current efforts made towards improving Gen3 weld properties and
provide context on observations made in paint bake investigatienthedifferent responses of siteg
and doubleoulse welds to the baking cycle. The reported effects of qpulsie weléhg vary based on the
weld schedule as well as the steel in questiod,an indepth understanding of microstructural evolution
during multipulse welding is still being developed in the literatuee Bulk resistancef the
spotwelded sheets is significantly reduced during the secondary pulse relative to that of the primary pulse
owing to the elimination of the sheet interface, illustrateligure 2.11128]. The fusion zone provides a
relatively free path for electrical current, and so the degree of heat produced is significantly reduced
compared to the primary pulséhe following section presesiiterature findings on theeported impacts
on weld characteristicikethef or mat i on of a O r edgerofyttee fusidnkonez e d 6 z one

homogenization of segregated alloying elemeantdthe tempering of martensite.
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Figure 211  The distribution of current density (blue lines) along with the axia) €Qd radial (@)
heat loss during application of a secondary weld puég®ifted withpermission fronthe
publisher[128]).

QlA

2.6.1 The Application of a Recrystallizing Pulse in Resistance Spot Welding

Multi-pulse welds have been foundetchibita n 6 equi ax ed g readeofthefusiore 8 ar ou
zone and modi¢d martensitic substructures, which have botlen suggested to improweld
toughnes$10, 14, 19, 43, 68, 85, 12%ftekharimilanietal. observed a reduction in martensite block
width, a decrease in the prior austenite grain size, and an increase in the kernel average
misorientationKAM) when a secondary weld pulse was applied to a Gen3 complex phag85jteel
each of these characterizations was classified as a positive improvement on weld performance with a
greater improvement measured for the secondary weld pulse of slightly lower current than the
first (5.7kA vs. 6.2 kA). Chaboletal. reported that the outer region of the fusion zone exhibited an
equiaxed prior austenite structure for the doythlsed weld while the singjgulsed weld exhibited an
elongated, columnar structytE9]. Further analysis of thiexturedevelopment in the martensitic fusion
zone revealed that singprilse welds possessed a strong <001> texture parallel to the fusion boundary,
whereas the dominant texture in the doyilése welds wasre<011>textureparallel to the fusion
boundary[19]. A corresponding increase in crasssion strength from 4.0 to 8.0 kN was measured
betweerthe single and doublepulse weld, respectively. In another study, Chadtold. showed
doublepulse weldthg ona DP1000 steelhangedhe fracture location from the coargmined HAZ in
the singlepulse weld to the recrystallized zone in the doydulkse weld, and the crossnsion strength
increasd from 9.2 to 11.7 kN42]. The authors attributed the improved performanagg¢atersoftening
in the subcritical HAZ, the formation of a soften

fraction of high angle grain boundaries in the cogrsened HAZ[42].
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2.6.2 The Application of a Homogenizing Pulse in Resistance Spot Welding

Multiple authors have reported a homogenizing effect of secondary pulses on segregated alloying
elements that become nonuniformly distributed in the partially melted zone (PMZ) found along the fusion
boundary and the fusion zone. Eftekharimilenal. examined a range of secondary weld currents in
RSWs made in a Gen3 steel and analyzed the resultingteresssn performance in relation to elemental
segregation in the PMZ and fusion zeneasured using electron probe microanalysis (EP}/d3]) The
authors observed a dependence of the degree of homogenization on the secondary pulse current ratio: if
the secongbulsewas made with a weld current equivalent to the first, reasonable homogenization was
observed. If the secondary pulse was lowdesser degresf homogenization was measured. When the
secondary pulse was greater than the first, the weld grew beyond the diarttetdnivial weld, and
segregation occurred in the newly solidified structure. The equal currerwgloispulse was assiated
with an increase in crogension strength from 2.9 to 5.6 kN, in addition to a change from IF to PF
mode[68]. Liu et al. observed the homogenization of phosphorous by comparing-giRigjare 2.2(a))
and doublepulse (Figure 24(b)) welds in a QP980 stedl0]. Similar to thefindingsreportedoy
Eftekharimilanietal., the homogenization was optimized when the secondary pulse current was just
below the current level of the primary pulse and segregation worsened when the secondary pulse was at a
higher current than the first. Further, crdsasion strength did not rdaa maximum with the largest
wel d diameter but reached a 6épeakd at inweldr medi at

current ratiog10].
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Figure2.12 EPMA measurements obtained in the PdfZhe phosphorous distribution in (a) single
and (b) doublgpulse weldsreprinted withpermissiorfrom the publishef10]).

2.6.3 The Application of a Tempering Pulse in Resistance Spot Welding

It is generally believed that reduced weld performance in AHSSs is due to the increaseg aflloyin
the substrate, particulartiie carboncontent resulting in a martensitic fusion zone and supercritical HAZ
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with low toughness. As such, one of the approaches to improving weld performance is to apply a

secondary pulse to tempée freshmartensitdormed after weldingimproving the toughness and

increasing the strength of the weldméniio welding parameters are manipulated in this approdbk

cooling time between weld pulses, and $keondary weld current and durat[@0, 14, 84, 128, 129]To

ensure that no fresh martensite is formed after the second pulse, the weld must cool to a temperature at
which the martensitic transformation is 6complete
and duration must be selectath that the temperature does not exceed theotherwise fresh

martensite may form after the secgndse[20, 129]

Stadleret al reported that the degree of tempering experienced by the HAZ is significantly
influenced by the size of the primary fusion zone, which is dictated by the weld current and time of the
first pulse[55]. Larger welds exhibited less HAZ tempering than smaller welds, and this observation may
be due to several phenomena. A larger vigldre heat inputproduces a HAZ that is a greater lateral
distance from the electrodes, and so heat generated during the second pulse may not be sufficient to
temper the microstructure further away than in a small weld. Additionally, a large weld will produce less
heat duing a secondary pulse compared to a small weld because of the decreased rasstarated
with alarge crosssectional aredn addition to a dependence of tempering effects on the primary fusion
zone size, the heat evolution during mpitiise welding has been shown to depend on the cooling time
between pulses, as illustrated by the dynamic resistance measurements shoune hhI3§L30]. The
resistance measured during welding is shown to decrease for the second pulse with an increase in the
interpulse cooling tim§L30], which occurs because material resistivity decreases with decreasing
temperature, and a longer interpulse cool time removes more heat from the weld. A lower resistance
during the secongulse decreases the total heat evolved during the secondThdse.findings illustrate
the variable nature of the resistance spot welding process and could help explain the variability of the
reported effects of the muitiulse welding techniguas a wide range of primary weld currents, cooling
times between pulsestc, are utilized in literature studies

A decrease in fusion zone hardness has been measured in several studies utilizing a secondary
tempering pulse and is associated with an improvement in either strength or energy absorption of the
weld[20, 82, 129] however, several conflicting reports have been made in the literaturetdliu
reportedmprovements in mechanical properties after a secondary pulse with no change in fusion zone or
HAZ microhardnes§gl0], and several authors have observedtti@tveld schedule that produces the
greatesreduction infusion zonehardnessloes not correlateith optimizedweld mechanical
propertied68, 129] Taniguchietal. utilized SORPAS simulations of secondary weld pulses to predict
the peak temperature that corresponded to changes iftenssen strength for a range of secondary weld

currents displayed in Figure 2.182]. Two peaks in crostension strength were observed at current
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ratios of 0.6 and 0:0.8, which correspond to peak temperatures at the weld nugget edge”6f &d

10007 1400°C, respectively. Microhardness and EPMA measurements, respectively, were used to
confirm measurable softening and a homogenization of the phosphorous distribution in each weld, which
l ed to the classification ofhet Ise cfoinrds tp emé&kalasas
mo di f i ¢ a {8R].dtshouldba moweds however, that the error bars (not shown) for the temper pulse
overlapped with the adjacent data points, whereas the error bars for the segregation modification pulses
were barely visible adjacent to each data point, suggesting ttegyatign modification pulses provided a
significantly more consistent improvement to weld performahnberefore the tempering of martensite

may be a tertiary improvement to fusion zone properties following the recrystallization and

homogenization effects
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Figure 213 Thedynamic resistance measured during (a) the primary weld pulse and (b) secondary
weld pulses with increasing intpulse cooling timedata from[130]).
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characterized as such following SORPAS simulations predicting miaxitemperatures at the weld

nugget edge of 700 °C and 100@400 °C, respectively, for the given secondary weld current application

(data from[82]).

2.7  Small Punch Testing

The stress states imposaa the weld regions during mechanitedtng includea normal stress at the
weld interfacgin crosstension and coach peel), a shear stress at the weld interface (in lamstear)
shear stress in the HA# crosstension, coach peel, and lap sh¢d@), 61, 76] Chao developed a
failure model to aid in predicting spot weld failure behavior, in which the shear strength of the HAZ was a
critical component in determining weld failure mode and strefdth During erly investigations into
the paint bake effectinRSWs di f f er ence i n O bceoksiemsign asddap shiear i vi t y 6
tests was observedtrength and energy absorption of welds tested in-teosson increased, while
insignificant changes were observed for welds tested in lap @& &4] While it was previously
mentioned that both mechanical test geometries incorporate a shear stress in the HAZ, it has been shown
that the degree of shear deformation in the HAZ is related twothfgongeometry[2, 29], with the
full-width standardap shear specimens typically exhibiting limited shear deformation in the [H34.
Results presented in tlkeu t hM S. thesisshowed anncreasen the baking sensitivity of spot welds
whendecreasing theidth of thelap sheacoupon (from 40 to 10 mmindicating that an increase in the
shear deformation in the HAZ increased the measured baking[@B¢cAs such, a method to measure
the force and energy necessary for thretigbkness shearingf simulated HAZ microstructures was

sought,and the small pundest was identified as a potential methodsiochcharacterizationA small
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specimen punch test was implemented in the M.S. thesis of T. Douthit for characterization of the
toughness of bar steels exposed to various thermomechanical sdid@@jlesdsothe test fixturing was
readily available for implementation

The small punch test fixture, illustratedrigure2.15(a), consistsf a sample approximately 8 to
20mm in diamete(D) and 250 to 750 um in thickness clamped between an upper and loyE33jieA
punch applies a force, F, and in some cases a linearly variable displacement transducer (LVDT) measures
the displacement of the test material. In the absence of an L\iEflacemenis measured directly from
the crossheadsome studies concernaith comparing small punch data to tensile data utilize
postprocessing to remove the influence of punch compliance from thed@gkacement curvend
obtain a shear strength for the matdd@3i 137]. The clearance, or difference in radius between the
punch (Runcy and the die (R), influences the size of trehear affected zone and is positively correlated
to the total amount of plastic deformation observed during a shearing op§tagod39] A
representative foredisplacement curve produced during small punch testing is displayed in
Figure2.150) and exhibitssix distinct regions. In the early stages of testing the material undergoes
elastic and plastic deformation in bending (I & I1). Next, plastic deformation in shear along with
membrane stretching occurs with an approximately linear increase in thdidgpltement
signal(lll) [133, 140] Finally, a decrease in the rate of hardening is observed with plastic instability (IV),
followed by fracture of the material with full punch penetration[®33, 140] Specimen fracture during
small punch testing may occur in a ductile manner with crack initiation occurring during plastic instability
with a gradual decrease in load, or it may occur in a brittle manner with rapid crack propagation and

specimen fractureccurring at the maximum loddi33].
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Figure2.15 Schematic illustration dfa) thesmall punchtest andb) a representative for¢g) vs.
displacemen(D) curve obtained duringmallpunch testing, witlstages of deformation labelled for
discussionneprinted withpermission fronthe publishes [133, 140).

33



The small punch test method was originally develdpegharacteze mechanical propeytevolution
in materials exposed to radiation in service for nuclear breeder regdettbfsThe primary benefit that
the small punch test provided was mechanical characterization of a limited quantity of material, such as a
sample of irradiated materiég@mall punch testingassince been implementéd characterize the
mechanical behavior of materials in which a limited sample volume is available, such as the testing of
gold[142] and the development of alloys for additive manufactuli3@]. Similarly, the potential
benefit of implementing the small punch test in the present work is the ability to probe a small volume of
material exposed to a simulated resistance spot welding thermal profile, with reduced concern regarding
thermal and microstictural gradients in test specimens. Resistive heating devices such as a Gleeble®
thermomechanical simulator produce heat according to the resistance of a test specimen, and resistance is
an extrinsic material property that depends on specimen geomgtrgducing specimen width and

length, heating rates relevant to the resistance spot welding process are more easily fiinable

2.8 Low Temperature Tempering Phenomena

The paint baking temperature of 180 °C corresponds to a temperature range associated with the early
stages of conventional martensite tempevigheat treatment applied to martensitic microstructures to
improve toughness at the expense of strength anddéssdTempering of martensite leads to a decrease
in hardness, and this effect is enhanced with increasing tempering temperature as demonstrated in
Figure2.16 with various mechanisms overlain that describe the different stages of tempering for steels
with varied carbon contenf$43]. The figure demonstrates several noteworthy characteristics of
tempering in lowcarbon martensite, such as the increase-guasched hardness with increasing carbon
content and the increased rate of softening in steels with increased carbon congetitahdashed line
has been added to Figure 2.16 at the gaaking temperature of 18C to illustrate the significare of
the 0" and F stages of tempering in the present study.

The 0" stage of tempering, which occurs at temperatures below 100 °C or even during quenching in
steels with high Mtemperatures, is associated with segregation of interstitial elements (carbon, nitrogen)
to dislocations and boundaries and the formation of carbon clusters in the[t8rk46]. Literature
studies on this subject have demonstrated that the specific carbon redistribution behavior is dependent on
the carbon content of the martensite. Genin and Flinn analyzétbgsbauespectra of a 1.9 wt pct
carbon steel in the apienched and rootemperature aged conditions; the appearance of a secondary
peak and the depletion of a fAshouldero on the pri
20 minutes, with minor differences observed after additional aging to 3 H&§F The authors proposed
the modifications were due to carbon clusters forming adjacent to iron atoms, changing the number of

iron atoms with adjacent carbon atoms. Similarly, Mittemeijer and Van Doorn summarized the findings of

34



several investigators to show that carbon segregation and clustering preceded precipitation during
tempering147]. Clustering was only measurable in steels with greater than 0.2 wt pct carbon, which the
authors suggested indicated complete segregation of carbon to dislocations (and thus, no clustering) was
likely to occur in steels with less than 0.2 wt pct carfda@tY]. A similar study was conducted by Speich

in which the internal friction and electrical resistivity of several-txbon martensites were measured in
the asquenched condition; the results showed that in steels with less than 0.2 wt pct carbon, the majori
of carbon segregates to dislocations during the qui@d@j. It is worth noting, however, that while the
nominal carbon content of many Genl and Gen3 steels is below 0.2 wt pct carbon, the microstructures
formed during spot welding are heterogeneous; several weld regipnghe intercritical HAZ and the
interdendritic spaces in the fusion zone, are likely to exhibit catibbrphases or regions that may

exhibit different tempering (paititaking) behavior than more homogenous regions such as the fully

martensitic supercrital HAZ.
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Figure 216 Evolution of hardness with increasing tempering temperature (1 h temper) for steels with
carbon contents ranging from 0.026 to 0.39 wt pct C with the mechanisms of the various stages of
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Between 100 250 °C, the ¥ stage of tempering occurs with the formation of either eta
(orthorhombic, F£C) [148] or epsilon (lexagonal Fe:.4C) [149, 150]transition carbideand a decrease in
the carbon content of the martensitic matkarly transition carbide precipitation and growth has been
observed to occur on {100planeq151i 154], and corresponding orientation relationships have been
proposed by Jadid 49] as well as Hirotsu and Nagakyfa8]. In the early theories on martensite
tempering, it was proposed that the martensite carbon content must exce®&d8.t pct carbon for
transition carbide nucleation and growth to occur during tretage of temperinfl55, 156] In support
of these theories, many studies on the tempering behavior in meatidrhighcarbon martensites have
identified transition carbides, though the times and/or temperd20@$ 230 °C, >1h), associated with
these tempering treatments are typically greater than those observed during thakpaintyclg154,

157 159]. However, transition carbide precipitation in loarbon steels have been observed in steels
with high silicon content (after tempering for approximately 240 h at 15(180] and internally
twinned Fe28Ni-0.1C steels after tempering for 24 h at 104 2&1].

Some investigators have reported transition carbide growth after baking of spot welds in steels with
greater than 0.2 wt pct carbf#, while other similar findings have been made but the carbon contents of
the steels investigated were not repofted] 22, 25] Several reports have been made of a significant
baking effect in RSWs made in steels with less than 0.2 wt pct cg#o26, 117] though exhaustive
TEM analyses on the presence or absence of transition carbides have not been conducted. It is again
worth considering the phase transformations in RSWs that result in heterogenous microstructures;
particularly in the intercritical HAZthe presence of martensite with carbon contents above the nominal
alloy compaosition iexpectedand the sensitivity of this microstructurelda-temperature tempering

could be considered closer to that of medicambonmartensites.

2.9 Effects of Select Alloying Elements on Microstructural Evolution

The development of Gen3 steels was associated with some modifications to steel composition
compared with Genl steels, particularly in consideration of the carbon, manganese, and silicon contents,
in efforts to retain greater quantities of metastable aistéhe increased quantities of these alloying
elements have several implications for RSW microstructural evolution and presumably an influence on
the sensitivity of these microstructures to the phaking cycle. Initial focus will be given to the shére
effects of the alloying elements on the tdmperature, and the following sections will describe the
general influences of these primary alloying elements on microstructural evolution as they pertain to
microstructural development in RSWs.

The potential for auto temperinigg., carbon segregation that occurs during the quench, is typically

greater in steels that exhibit higheg dmperatures. Therefore, a decrease in theeMperature is
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considered potentially significant regarding differences in baking sensitivity between Genl and Gen3,
under the assumption that less auto tempering is related to greater sensitivity to baking. Since the
empirical model developed to predickmperatures by AndreW$62], researchers have been
optimizing Ms models for recently developed steelsaKet al.developed an empirical model optimized
for Gen3 chemistries to predict theskmperature according to

Ms(°C) = 6927 502(C + 0.86NJ°i 37Mni 14Si + 20Ali 11Cr (2.3)
where the coefficients provided represent the alloying elements carbon (C), nitrogen (N), manganese
(Mn), silicon(Si), aluminum (Al), and chromium (Cf163]. The model, established using 51 steel
chemical compositions with ranges appropriate for Gen3 steels, reports a similar general dependence of
the Ms on the primary alloying elemenise., a decrease in 8with increased carbon, nitrogen,
manganese, silicon, and chromium, and an increase withlincreased aluminuifi62, 164, 165]
Kaar et al.differs from Andrews in the assignment of a nonlinear dependence ofstbie te carbon
content, and several recent investigators have used a similar apf®4ch66] The depression of the
Ms with an increase in austenite stabilizing elemeaits, (carbon and manganese) occurs due to the
increased thermodynamic stability of austenite and thus an increased undercooling necessary to provide
the driving force required for austenite to transform to martensite. The influence of silicon o the M
depression is not frequently addressed nor is it as straightforward as the effects of carbon and manganese,
as silicon is a known ferritstabilizing elementl67, 168] Therefore, silicon might be expected to
increase the Min a manner similar to aluminum, demonstrated in Equation 2.3. Likewise, Yeo observed
that small additions of silicon did in fact increase thetdinperature, but further increase in the silicon
content decreased theskémperatur¢l68]. Further consideration of the effects of carbon, manganese,
and silicon on the Mtemperature thus warrants discussion on martensite transformation from a

thermodynamic perspective, as described in general form according to

yO %" i Yo %" i Yo ™i o, (2.4)

where r defines the radius of a spherical nudfei, O "0,0and O are the Gibbs free
energy and strain energy per unit volume of martensite, ands the interfacial energi 69]. Ghosh

and Olsen described the driving force for transformation as dependent upon components of an elastic
strain energy, a serebherent interfacial energy, and both thermal and athermal components of frictional
work of the austenite/martensite interf4t@0]. The authors considered shoahge (thermal) and lorg

range (athermal) interactions of the stress field associated with the martensite interface with solute atoms

and other obstacles present in the nmensticostructure
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transformation. Dislocation motion associated with martensite growth was considered to obtain a relation
to the isotropic shear modulus, and a dAfrictional
shear moduli were modell¢di70, 171] The calculated athermal friction coefficients for carbon,
manganese, and silicon were 0.0101, 0.0044, and 0.0037, whereas the coefficient for aluminum was
0.0026[170], indicating the behavior of silicon (regarding interfacial friction) is more closely related to
that of carbon and manganese than to aluminum. It is apparent that silicon has a greater resisting force on
the martensitic transformation than its contribatio the chemical free energy, and the reverse is likely
the case for aluminum. Additionally, Breinan and Ansell observed that heniperature decreased with
an increase in the flow stress of the austenite, which held true for both deformation and
compaition-based increases in austenite flow stf@gg]. Strengthening the austenite may represent
another possible explanation for the influence of silicon on theMperature.

The implications of Equation 2.3 relate to the likelihood for autotempering at higher transformation
temperatures and the generally higheriMGenl steels compared to Gen3 steels. Martensite that forms
at higher temperatures (early in the transformation) typically exhibit greater evidence of tempering in the
asquenched conditiofd 25, 159] Morsdorfet al. calculated the expected diffusion distance of carbon in
ferrite, displayed in Figur.17, for various cooling rates in a steel with and423°C [125]. The
results indicate that with a cooling rate of 1000 K/s, the carbon diffusion distance in martensite formed at
approximately 400C is 1.5um, whereas that of carbon formednartensite at 200 °C is just
50nm[125]. Considering that the diffusion distances associated with thelpalirig effect (Section 2.4)
were calculated to be 245 nm in ferrite and 0.64 nm in austenite (for the TRIP1180 used in that
study[117]), the Ms may be a critical factor fuencingGenland Gen3 RSW baking sensitivities.
Additional consideration of the influence of silicon on carbon diffusion as well as the diffusion

mechanismi(e., 1D, 2D, or 3D considerations) are necessary and will be considered in the present work.
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Figure 217 Carbon diffusion distance for various cooling rates according to the martensite
transformation temperaturesprinted with permission from thpublisher[125]).
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2.9.1 Effects of Carbon on Microstructural Development

The general effects of carbon on microstructural development are reviewed in consideration of
austenite stability and retentiandmartensite characteristics and propertidse general influence of
carbon on the sensitivity of martensitic microstructures tetEwperature tempering was discussed
briefly in Section 2.8

Early investigations on the relationship between martensite properties and carbon content revealed
two important observations that are illustrated in Figure 2.18. First, dinear dependence of
martensite hardness on carbon content was observed lyyakellNutting, Figure 2.18(a), in steels with
up to about 0.8vt pct carbon, at which point the dependence begins to plgtéal It is well known that
carbon stabilizes austenind here these effects are evident as the decrease in the rate of hardness
increase with carbon content occurs in association with the retention of increasing fractions of austenite in
the asquenched microstructure. The interstitial solid solution hangdeinom carbon in martensite is just
one of several strengthening mechanisms of martensite, withhvaodening, twin formation, grain size,
carbon segregation, and carbide precipitation all potentaliyributing to martensite strength depending

on the steel composition and processing histbég)].
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Figure 218  The influence of carbon content on (a) the hardness and (b) the tetragonality of
martensite. The data in (b) is plotted againstt®e number of carbon atoms per 100 iron atf{as
reproducedwith datafrom[173], (b) reprinted withpermission fronthe publishef174]).

Due to Zener ordering.e., preferential positioning of carbon atoms in one of the three possible
octahedral sublatticd$75], an increase in the tetragonality of martensite, or the c/a ratio illustrated in

Figure2.18(b), is also observed with increasing carbon cofit&d{. Thefico parameter demonstrates a
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nearlinear increase with increasing carbon conterth, e r eas a s | i cqabparaneterdsr eas e i n
simultaneously observed, and the lower limit of carbon content in which this tetragonality is observed is
inconsistent according to the literattg6i 179]. In analysis of the martensite tetragonality using a

combination of XRD and EBSD pattern analysis, Taretkal concluded that martensite tetragonality is
detectable above 0.44 pct carbon, though Hutchinset al did not observe tetragonal martensite in a

steel with 0.5 wt pct carbdid79]. The tetragonality of martensite and corresponding asymmetrical lattice
distortion leads to plastic accommodation and residual stresses in the microstructure that can subsequently

influence mechanical properties.

2.9.2 Effects of Silicon and Manganese on Microstructural Development

The primary goal of silicon and manganese additions in Gen3 microstructures is to facilitate the
retention of metastable austenite in the raemperature microstructure. Silicon acts to increase the
carbon available for austenite partitionivig the retardation of cementite formation during
low-temperature processing.g, during the austempering of bainite or the partitioning step for Q&P
steels; likewise, many observations of increased retained austenite contents have been reported with
silicon additimsin Q&P andTRIP steeld120, 180 182]. Manganese is a known ganustabilizing
element that increases steel hardenability and facilitates the retention of austenite at room
temperaturg¢l67, 183 186]. The influence of these alloying elements on tempering and mechanical
properties are reviewed in the following section.

Siliconis well known to inhibit the tempering of martensite, and there are two leading theories as to
the mechanism by which this occurs. Owens proposed that rejection of silicon from a growing carbide
would produce a silicenich region around the carbide, inaging the local activity of carbon and
decreasing the flux of carbon to the particle, thereby limiting carbide g{@&Th Babuet al. proposed
that cementite nucleation may occur under paraequilibrium conditiensliffusion of just carbon,
resulting in cementite with Atrappedo silicon; as
cementite growth is reduced and the overall reaction is sIfil8&] 189] Results obtained using atom
probe tomography provide evidence of carbides with and without silicon partitioning, which suggests
each mechanism may be active under various tempering conditions. While the specific mechanism by
which silicon influences ceméte growth may be debated, its effects on microstructural development are
clear, as illustrated by the results of Ray and Mohanty in Figurd I529(note the differentyaxes in
(a) and (b)); the figures show that the average carbide size for a given tempering condition is larger in the
low silicon steel (Figur@.19(a)) compared to the high silicon steel (Figure 2.19(b)). For example, the
average length of cementite particles after tempering at 573 K (300 °C) for 2000 s was 1400 nm in the

low silicon steel and 500 nm in the high silicon steel.
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Figure 219 Carbide growth measurements as a function of aging time at various temperatures for
steels with (a) 0.3 wt pct silicon and (b) Wbpct silicon. Note the differentgxis ranges between the
two figures (eprinted with permission from the publisH&b2]).

Manganese has been shown to have similar effects to that of silicon on the tempering response of
steels, though the mechanism by which this occurs is likely different than for silicon. Gtaige
observed the tempering behavior of steels with 0.2 wt pct carbon and manganese contents ranging from
0.35 to 1.97 wt pct (compositional ranges relevant to Genl and Gen3 steels) and found that an increase in
manganese content diminished the softening duamperind106]. Manganese was also observed to
promote the retention of many smaller carbides, and these effects were most prominent at tempering
temperatures above 30Q. It is well documented in the literature that manganese has a stabilizing
influence on cementite and may retard the dissolution of cementite at higher temp&8&tui®0] but
these effects are infrequently considered in the context of microstructural evolution of spot welds. The
inhibition of tempering facilitated by silicon and manganese may relate to the absence of softening in the
subcritical HAZ of Gen3 RSWs (discuski@ Section 2.3.5), which may affect both #tein partitioning
during weld mechanical testing as well as the subsequent microstructural evolution during welding,
though further work is necessary to understand this behavior.

Silicon has been shown to broaden the range over which transition carbides afds2alilg3, 191
and this is also evidenced by the results in Figut8 that show the retention of the metastable carbide in
the high silicon steel at the longest tempering time. Pagyandemonstrated a similar behavior of
manganese on the tempering response of steels with 0.33 wt pct carbon, 0.13 wt pct silicon, and
manganese contents ranging from Q.72694 wt pct mangane$&£92]. Due to the low silicon contents, all
of these steels exhibited cementite formation betweeri 300 °C, with an increase in the beginning of
the transformation observed with increasing heating rate. However, epsilon carbide precipitation was
observed dly in the 2.94 wt pct manganese staalund 100 °C, indicating a stabilizing effect of

manganese on the transition carbide. Many investigations into the influence of silicon on transition
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carbide stability have been conducted, but to the
corresponding influence of manganese.

The effects of silicon and manganese on mechanical properties, particularly ottietritél
accommodate the strain associated with martensite transforatainnterest regarding the
microstructural development in the intercritical HAMany early studies on martensitic transformations
identified a sensitivity of the transformation to the mechanical properties of the audtédjté72, 193,
194] It follows, then, that the transformation of austenite in an intercritical microstruntghebe
influenced by the mechanical properties of the feratel t is well documented that in DP steels the
volumetric expansion associated with the transformation of austenite to martensite is plastically
accommodated by the ferri€95 198]. Thus the strength ofheferrite (newly formed or retained from
the substrate microstructure) in the intercritical HAZy influence the martensitic transformatiog.{
Ms and extent of transformation with subsequent cooling), as well as the dislocation density and/or
stresses produced during the transformatian may facilitate a sensitivity to paibaking Leslie
measuredhe effectiveness of silicon and manganese as solid solution strengtheners irafetrite,
reported increases in the yield sigéh of 100 MPa for &t pct manganese and 150 MPa for 3 at pct
silicon additiond199]. In a study on the effects of silicon on liquid metal embrittlement susceptibility of
Gen3 spot welds, Tumuluru included characterization of the effects of silicon on substrate microstructure
and mechanical properties and found that increasing silicderaded to an increase in the UTS and an
increase in the steel strength at elevated temperduirgg tensile testing in the Gleeb]&80]. These
findings suggest that the difference in silicon and manganese contents of Genl and Gen3 steels may lead
to differences in the characteristics of the intercritical HAZ, and these characteristics will be considered in

the present work.

2.10 3D APT and TEM Characterization of Low-Temperature Tempered Steels

The relatively low temperature and short times of the paint baking cycle bring about the assumption
that the paint bake effect in Gen3 RSWs is associated with the redistribution of interstitial elements.
Further, the size of some RSW microstructures efr@st,.e., the intercritical HAZ that is approximately
150 pm wide, precludes characterizatioat e c hni ques such as M  ssbauer em
such, characterization of the bakimgluced interstitial solute redistribution in RSW microstruesur
necessitates the use of specialized techniques s&tha&®m probe tomography (APTA review of this
technique and its recent applications in ferrous metallurgy will be given in the following section.
The local electrode atom probe (LER®, a schematic of which is shown in Figure 2.20, operates on
the premise of the controlled evaporation and 4ofilight detection of ions with spatial resolutions of

approximately 0.2 nrfR00]. During an APT experiment, the specimen is held at-ldtkevacuum
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(<10'°Torr) and cryogenic temperatures {580 K) to minimize atomic vibrations, and an electric field

is generated at the apex of the sharpened speeiman applied voltagfl 25, 201 203]. Then, laser or

voltage pulses are applied to the specimen to facilitate field evaporation of atoms from the specimen that
will subsequently be accelerated through the local electrode to a pastisitive detector. Relevant
examples of APT analyses Inde the lowtemperature tempering response of martefis&g, 157, 204,

205] and solute distributions in prained and baked DP and TRIP st§206].

Figure 220  Schematic illustration of theomponents in a local electrode atom prakerinted with
permission from the publishgz07]).

Due to the numerous potential sites for carbon migration duringdowerature tempering,g, lath
boundaries, grain boundaries, twin interfaces, dislocations, carbides, or retained austenite, identification
of carbonrich features in APT analyses is nontrividéveral studies utilize correlative APT/TEM for
proper identification of phas¢%79, 202, 204]though this technique is not implemented in all literature
investigations. It is apparent that the common approach is to consider the geometric component of carbon
segregationd.g, planar or linear features, aspect ratios, distributions) in addition to the local carbon
concentrations associated with various features to enable informed characterization. Several examples of
APT results showing carbon distributions after fmmperatve tempering of martensite are illustrated in
Figure2.21 revealing etadnsition carbide formation after roet@mperature aginfFigure2.21(a)),
carbon clustering in aguenched martensite (Figuze21(b)) and carbon segregation to the martensitic

lath boundariegFigure2.21(c))[157, 202, 204]Carbonrich regions appear as linear features in each of
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the results displayed in Figure 2.21, and differences in length, width, and the distribution of such features
help enable identification of carbides, clusters, laths, or lath boundaries. Some dislocations are apparent in
Figure 2.21(c), as evidenced by ti@linear character (sharply curved features) and are shown to be
enriched in carbon. The consideration of planar features in lath martensite is complicated by the possible
retention of interlath austenite in the microstructure, due to the geometiersies between an interlath
austenite film and a planar lath boundary. Differentiation then becomes a matter of the total carbon
content, as martensite laths have been associated WRta2pct carboiil25, 179, 202vhereas

retained austenite usually exhibits 2.8 at pct carbof202, 208, 209]Other carbon concentration
measurements have been associated with interpretation of transition carbides (bé&td/2ext et

carbon[157, 210), cementite (approximately 28 pct carborj201, 211, 212} and dislocations (between

371 9 at pct carbofil 25, 157).

% Carbon

(b)
Figure 221 Examples of the spatial resolution achievable in APT characterization of carbon
distribution (a) in roomtemperature aged F&NI-1C [204], (b) in asquenched martensite formed in a
Fe2.5Mn0.2St0.2Cr0.225C (wt pct) stedll57], and (c) in asjuenched martensite formed in a
Fe0.13G5.1Ni stee[125] (reprinted withpermissiorfrom the publisheds

2.10.1 Mass Spectrum Analysis for Carbon Measurement

The ability to quantify amounts and spatial distributions of carbon represents one of the principal
benefits offered by APT in characterizing steel microstructures, and so a review of the potential
influences on carbon measurements unique to the APT tpehid warranted. As demonstrated in
Section 2.10 above, the local carbon concentrations can vary considerably throughout multiphase or
tempered martensitic microstructures, and the specific carbon measurements can be critical in feature
identification. Urtertainty can arise, however, as to whether differences in carbon content are due to

compositional variation between different alloys, differences in microstructural evolution during
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processing, or differences in the APT analysis methods. Early APT analyses conducted on martensitic
steels and steels containing cementite yielded carbon concentrations less than the known carbon content
in the alloy or the 25 at pct carbon expected iner@ite[213i 215]. As such, an investigation was

conducted by Shet al.examining the mas®-charge state (m/n) ratios of a higbrity Fe1.85C steel in
consideration of the isotopic abundancé®efand the potential for carbon clusters of varying m/n ratios

to convolute carbon concentration measuremedss]. Their findings and subsequent complementary
studies are reviewed in the following section.

A typical masgo-charge state spectrum collected during an APT experiment is illustrated in
Figure2.22 for the entire range of m/n ratios expected for elements in thi§2téglSeveral peaks are
identified as those pertaining to carbammtaining species at m/n ratios of 6, 6.5, 12, 13, 18, 18.5, 24, and
24.5 amu, and these peaks are shown to correspond with carbon monomers, dimers, or trimeasdC, C
Cs, respectively), with either a single or double positive chi2tjé] and these peak identifications are in
agreement with the literatuf@12, 215, 216]Several peaks in Figug22 are identified differently in
some literature investigations, however, such as the peaks at 36 amu (indexegt’das RI3]) and
48 amu (indexed as Mbin [217]) corresponding t&Cs* and*?C,*, respectivelyj201, 216] Overlapping
peaks demonstrate the potential difficulties in accurately measuring carbon content when considerable
guantities of the elements contributing to these peaks (and several others not mentioned) are present in a
specimen. In addition to the pdsiity of peak overlap leading to misidentification of atoms and thus
inaccurate carbon content measurements, the consideration of carbon clustering and the isotopic
variations in m/n ratios for different carbon species has also been thoroughly inedstigjat source of
inaccuracy in carbon content measuremgtitg, 216, 218]
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Figure 222  An example of a mass spectrum obtained during APT analysis with select peaks
identified feprinted with permission from the auth@ai7]).

In consideration of the isotopic abundance of carben the relative amounts &C and**C) and the

evaporation of molecular carbon ions,(Cs, etc), Shaet al.examined the contribution &C,* and
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12C42* molecules to the observed m/n peak at 24 gh6]. Molecules consisting of twiC ions with a

single positive charge will produce the same m/n ratio peak at 24 amu as a molecule consistifg®f four
ions with a double positive charge. According to 8hal, incorrectly attributing the 24 amu peak solely
as’C," could lead to a calculated carbon content that is 10% lower than the actual carbon2b&}ent
Shaet al.as well as other investigators have examined the counts observed at the 24.5 amu peak, which
can be attributed only to'aCs*C?* molecule, to estimate the quantity'd€,>* molecules that contributes

to the signal at 24 anf@01, 212, 216, 219Several investigators have reported tA@at**ions account

for 307 60 pct of the signal measured at the 24 amu fi2EX 216, 219, 220jand Kitaguchet al.

reported that the ratio betwe&gt," and?C,2*was influenced by the laser pulse end@fjl]. It is also
noteworthy that the m/n ratio peaks for the larger carbon molecelethe G*, G* and G" molecules at

48, 60, and 72 amu, respectively, are frequently unaddressed in the literature, though it cannot be
determined whether these peaks were absent in a given study or simply neglected by the authors.

Several additional variables related to the hardware and software (reconstruction) associated with the
APT analysis may influence the carbon measurements and could contribution to discrepancies between
different investigations. Takahadgdtial. showed that with decreasing temperature (from 80 K to 20 K) an
apparent increase from 24 to &tpct carbon was observed in the cemeiffifel]; a similar finding was
reported by Marceaet al, in which an increase in carbon and manganese concentrations as well as a
decrease in iron concentration was observed by decreasing the analysis temperature from 60 to
20K [219]. Kitaguchiet al.observed an influence of laser energy and pulse frequency on the apparent
carbon content as well as the isotopic ratios of iron; the authors concluded that experimental conditions
associated with a ratio of F Fe&* between 0.2 2 pct was associated with a carbon measurement close
to that of the expected carbon content in cemej2iit]. Experimental variables such as temperature and
laser energy are typically fixed for a given experiment, and so relative comparison of APT data from the
same study can be made with minimal concern. However, comparison of APT data between different
studies bould be made with careful consideration of the differences in experimental parameters that may
lead to analysibased discrepancies. Two parameters are commonly considered in APT dntigses
detectorefficiency and theletectionefficiency. Diercks an@Gorman[221] describe th&etector
efficiency as fAthe fixed, intrinsic efficiency of
microc hanne|l pl ate, 0 which, for a LEAP 4000X Si (t he
57 pct[222]. Diercks and Gorman further detail tivetectore f f i c i e n c y-boans fotrahe fAupper
particul ar i nstrumdaaetactbreif i i comrficger avhi ah GfF eff lee s t
within the field of view that aif22l] dhedetecdidnl v i ncor p
efficiency is limited by signal collection artifacts that have been shown to influence the resulting

concentrations of atoms in the reconstructed dafa8&f 219, 223]a significant artifact in the analysis
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of carboncontaining species is the occurrence of multiplet event s during detector
referredupd ars fiigpe tl 228 B826] APTaanalysea comdocted gn high carbon

species have shown increased frequencies of muliipevents and thus less than expected carbon

quantitieg201, 219, 223, 227]

47



CHAPTER 3 EXPERIMENTAL DESIGN AND METHODS

3.1 Experimental Design

In designing the experimentisinvestigaé the effects of paint baking on spetlded Gen3 steels,
two primary fat t rmidiostructuse dverecbnsitered: maecpanital sensitivity and
chemical sensitivity. Mechanical sensitivity refers to the regions of the weld that experience high stress
or strain localizatiomue to the weld geometand the properties of adjacent weld microstructufes
locations werdnypothesized to exhibit high mechanical sensitivitg fusion zone periphegndthe
intercritical HAZ. The fusion zone periphery |ies
interface of the two joinegheets andraws consideration from some investigators to the fracture
toughness of the fusion zone. The intercritical HAZ is situated in a narrow band between the softest and
hardest structures in the wéldhe subcriticaHAZ andthe finegrainedsupercritical HAZ, respectively
(see Figure 2.3(a)yVeld deformation initiating in the subcritical HA#ay proceed with yielding
through the intercritical HAZhatmay be constrained by the strengupercritical HAZ. As a result, the
intercritical HAZ may be exposed to a triaxial state of stress, increasing the sensitivity of the overall weld
structure to the properties of timarrowHAZ microstructure.

Chemical sensitivity describesageld microstructuréhatmay contain microconstituents with
increased solutécarbon)content compared to the nominal compositishich may exhibit greater
sensitivity topaintbaking Two regions of the weld are classifiedragstchemicallysensitive: the
intercritical HAZ andhe interdendritic regionsf thefusion zone. In the intercritical HAZ, the dual phase
microstructure of ferrite and austenite that is present during welding leads to enrichment of carbon in the
austenite After welding,high carbon MA constituemhay remainandr e sul t s presented i n
M.S.thesis denti fied a Atemperingo of tethibitng MA duri ng p:e
improvements in mechanical properties after bak2éj. The interdendritic regions in the fusion zone
exhibit elevated solute content relative to the nominal composition as a result of solute partittoning
the liquid during solidification. There have not, however, been any experimental observations that suggest
the interdendritic regions are involved in weld failures before or after bdkimther, though several
investigators conclude that tempering of the martensite in the fusion zone represents the primary baking
mechanism, baking effects have beensuoezd even in cases where the fusion zone was not associated
with weld failure before or after bakinghus, in consideration of both mechanical and chemical
sensitivity, the intercritical HAZs considereas a weld region of primary interest for identifying the
critical microstructural evolution leading to the paint bake effect.

The final aspect in experimeng@signis the incorporation of a DP steel of similar strength as a

control for baking sensitivitySpot welds irDP steels have been reported to exlitbié to no sensitivity
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to the paint baking cycle. As such, the propaseghanisniby which the paint baking effect manifests in
Gena3 steels should includa explanation for the absence of baking sensitivity in DP steel spot welds. In
consideration of the weld attributes previously discussed, along with results obtained in earlier work, the
following guiding hypothesibas been developed:

The increase in toughness of the intercritical HAZ microstructure represamtsaay baking effect
responsible for the improved properties in Gen3 spot welds. It is hypothesized that the baking mechanism,
by either transition carbide precipitation and growth, or by carbon partitioning to interlath austenite or
MA interfaces within the MA constituentcts to relieve the supersaturation of martensite, relieving
internal stresses in the microstructure amuleasinghe plastic deformation possible the intercritical
HAZ. Dual phase steels do not exhibit a baking effect because the intercritical HDRZ sgfot welds
does not possess a critical combination of a large fraction of martensite and g tempdrature, and so
the Abakingo effects in DP steels can occur upon

The experiments and characterizattmmducted in this workre intended to further the
understandingf the paint bake effetty addressinghefollowing research questions that stem from the
guiding hypothesis:

1 By what mechanism does the paint baking effect manifesyagpare the final properties of the
resistance spot weld affected by this process?

1 Doeschemical compositionf the MA constituentffect the sensitivity to paint baking?

0 The composition of the austenite (MA constituent after cooling) formed in the intercritical
HAZ dictates the Mtemperature (sensitivity to letemperature tempering, potential for
autotempering), the product of the martensitic transformation (lath vs. twinned), and the
structural characteristics of the martensite (c/a ratio, tetragonality). It is hypothesized that
the martensitic transformations in a 3rd Gen steel will occur at lower temperatures than in
the DP steel in the intercritical HAZ, and this mafluence the fraction of twinned
martensite and the supersaturation of carbon in the martensite.

1 Does microstructural evolution during heating of the resistance spot weld (i.e., subcritical tempering)
influence the carbon content of the intercritical austenite and how does bulk chemical composition
influence this behavior?

o0 With reduced silicon and manganese contents compared to the 3rd Gen steel, the DP
mi crostructure may Ot e mp e rf@mingdtamger cementitee ar | i er
particles that maylecreae the carbon content of austenite in the intercritical HAZ,
particularly at lower intercritical temperatures; this would reduce the carbon content of

martensite formed after welding and thus diminish the baking sensitivity.
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To address these research questions, several experiments were designed with the goal of isolating the
various HAZ microstructures, measuring the changes in mechanical performance of these microstructures
following a paint baking treatment, and charactagzhe microstructural evolution that occurred in
baking sensitive microstructures. Experiments testing the baking sensitivity of simulated HAZ
microstructures were iteratively developed to more closely simulate resistance spot weld microstructures.
Colledively, the experiments balanced the tradeoffs between incorporating the stress states found in spot
weld testing (using specimen geometries known to elicit a baking response) and replicating the

heating/cooling rates relevant to spot welding.

3.2 Experimental Techniques

This section details the experimental methods used during the investigation into the paint bake effect
in resistance spot welds AHSSs. The steels and welding procedures used are presented, followed by

mechanical and microstructural characterization techniques.

3.2.1 SteelsUsed inlnvestigation of Baking Sensitivity

Two industrially produced, uncoated steels with a thickness of 1.0 mm were used during
experimentation; the chemical compositions for both steels are provided in Table 3.1. A Genl steel,
DP1000, was selected for comparison with a Gen3 steel, TBF1000ifajlprevious experimental
findings and literature results that identified differences in baking sensitivity between these two steel
gradeqd9, 22, 26] The naming convention for these steels includes an abbreviation for the type of steel
along with a number designating the minimum ultim
and ATBFO, which wi || be usegsedtopribalaheed raenmda i nder o
6t r ans fiucatdplastioty(TRIPA i ded bainitic ferrited, respect
microstructures are displayed in Figure 3.1 using wd highmagnification views to illustrate the
coarse and finescale features ofaeh microstructure, with the rolling direction (RD) aligned horizontally
and the thickness direction (TD) aligned vertically initiierograph The DP and TBF steels both exhibit
a banded microstructure that is evident in the-toagnificationmicrographsnd is more prominent in
the DP steel. The DP steel microstructure consists of a ferritic (F) matrix with bands of martensite (M).
The TBF steel microstructure consists of carbide free bainite with retained austenite (CFB + RA), ferrite
(F), and martenst(M). The martensite may also be associated with thin film retained austenite. The
coarseness of the microstructures differs, with some ferrite grains measuring approximately 10 pum in

diameter in the DP steel, compared to justlum in the TBF steel.
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Figure 31 The substrate microstructures for fagDP and(b) TBF steelsobserved under low and
high magnificatiors; phases identified include martensite (M), ferrite (F), and catbbatebainite with
retained austenit@®CFB+RA). Secondary electron image, 5 s etch wigti2nital.

Table 31 Chemical Composition (in wt pct) of TBF and DP Steels

C Mn Si Ni Cr Ti Al N S P
1*'Gen (DP) 0.15 1.46 0.30 - - 0.002 0.04 0.004 0.007 0.01
39Gen (TBF) 0.17 2.37 1.48 0.03 0.06 0.00 0.05 0.01 0.00 0.01

B(ppm) Mo Cu Co Nb V W
DP 0 - - - <0.003 - -
TBF 0 0.01 0.02 0.00 0.02 0.00 0.02

3.2.2 Resistance Spot Welding Procedures

Specimens for mechanical and microstructural characterization of welds were prepared using a
100kVA Taylor-Winfield Type ERE12-100air pedestal spot weldeperated at 60 Hz (16.6 ms/cycle)
alternating currenwith a TruAmp controlleat the Colorado School of Mind3omeshaped electrode
caps with a 6.35 mm face diameter (Tuffaloy, TB25) were used with a cooling water flow rate of
9.5-10° m¥/s (1.5gal/min). The electrode cap replacement and alignment procedures outlined in
Appendix B were followed during installation of new electrodes, which was performed when the existing
caps appeared worn down or when other users with different electrode caps needéuact® welds. The
general operating procedure for resistance spot welding is also summadggukirdixB.

The weld schedule parameters used throughout this work are detailed in Table 3.2. Two weld
schedules are provided: one for general weld testing and characterization, and another for a study of the
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weld halo. All mechanical and microstructural characterization presented in this work was obtained from
welds produced using the weld testing and characterization schedule, unless otherwisieshotdd.be

noted that the weld schedule is quantified by cycles, with one cycle equalto 16.&.,rass{ngle current

cycle with 60 Hz alternating electric current).

Table 32 Weld Schedulé®arameters Used {Dharacterizing Baking Sensitivity
Force Squeeze Pulses weld Weld Time H.OId
Current Time
Weld Testing and 8 cycles
Characterization 20 cvel (133 ms) 200 ovel
cycles cycles
4.4 kN (333 ms) 1 8.0kA 8,16, 32, 80 cycles (3.3'5)
Halo Study (133, 266, 7471328
ms)

3.2.3 Mechanical TestingSample Preparation

The procedures used to produce mechanical test specimens for two different experiments are
presented in the following section. The modified lap shear test was first used for betsmiaaterization
of the baking sensitivity in the DP and TBF steels. Digital image correlation (DIC) was implemented
using a DIGmodified lap shear geometry to characterize the local deformation behavior of DP and TBF
welds in the asvelded and baked coritins. Then, modified lap shear specimens were utilized for
characterization of baking effects in furnace simulated HAZ microstructures. Finally, a small punch test
was implemented for characterizing simulated HAZ microstructures produced via furnacieelld G
heat treatments. Triplicate specimens for all conditions were tested and the resultuigptaatment
curves were analyzed for maximum force and total energy absorption, or area under the

force-displacement curve. All mechanical testing was peréa on an Alliance® RT1100 scredviven

testframewitha2@ i p | oad cel |l and a “dWhileldading allrsgecintensy at e o f

tightening of the grips was performed incrementally with manual crosshead manipulation to prevent an

excessive mloading of the specimen. All tests were initiated with a load cell reading below 20 N.

Modified Lap Shear Testing

Rectangles measuring 19 mm wide by 57.2 mm long were cut on a hydraulic shear with the rolling
direction oriented along the longer dimension. These coupons were welded according to the schematic in
Figure3.2(a) representing a modified lap shear geometry with reduced coupon length and width
compared to the standard geometries, illustrated in Figure 388(928] The modified lap shear

geometry was developed following previous results that identified a change in the ratio of coupon width
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to fusion zone size from 10:1 in most standards to 4:1 in the modified geometry entharadang
sensitivity[26, 86, 228] The increased baking sensitivity with the reduced coupon width is presumably
due to the increase in nugget rotation and shear deformation in the HAZ in these specimens.
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] ©
D
19 mm
(a)
140 mm
< > sgacer
e —— ——————— ettt onlliruientestorstuntstiptipnintit
Spacer
i N
1 1
E 1 1
g : 0
= 1 1
=+ 1 1
1 1
40 mm

(b)
Figure 32 Schematics of the (a) modified and gbdndard lap shear geometries used in RSW
testing[86, 228]

Modified Lap Shear for Digital Image Correlation

Following work conducted by Mohammadizadstal, a method of characterizinigelocal
deformationbehaviorof spot welds during maodified lap shear testing using DIC on sectioned welds was
developed67]. The resulting DIC specimen geometry, displayed in Figu@Bahd (b)incorporates
the design principle utilized by Mohammadiza@lal. with two welds placed on the same coupon and
one of the welds sectioned along the plane parallel to the tensil@lagiscorporation of a second weld
helps to reduce rotation of the coupon during testing that would cause the speckled surface of the
specimen to move out of the focal plane of the DIC canferproduce these weld specimens, coupons
are shearedtoai ze of 38 mm (1.50) wide by 57.2 mm (2.250
alignedwith thelonger dimension A jig was designed and 3finted to consistently produce uniform
weldsin accordance with Figure 3.3(#fter making thefirst weld, | a b anl Figweed3.33), 1hé
specimen was allowed to cool fbmin to ensure that no residual heat was present in the specimen before

making the second welthbelled®a A scribe was then used to make a line through the center of weld 2
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parallel to the sheet ed¢@asheded line in Figure 3(&)). Sectioning of the second weld was determined
to be a critical step consideration of weldhunting,i.e., loss of electric current due to shontcuiting
through the first weldeading toa smaller second wel8pecimens tested by sectionihg first (larger)
weld exhibitedfracture of the smaller second weldring the testand this enabled coupon rotation that
removed the speckled surface from the camera focal Bgpeeimens tested by sectioning the smaller
(second) weld did not exhibit couponation, and so the speckle pattern remained in the focal plane of
the camera, allowing complete analysis of specimen deformatienspecimen was placed in a fixture to
ensure a steady cwith an MSX sawandsectioned along the scritterough weld 2 boutthe entire

length of the specimen. After cutting, the cresstiored weldwaslightly ground with 1200 grisilicon
carbide paper and then polished to a final abrasive size of Pqiished specimens were etched with

2 pct picral at room temperature fb@ s to reveal the weld microstructuas illustrated in Figure 3.3(b).

. 57.2 mm
19 mm
i L s ﬁ = =
I i 2‘”‘ E 000> !
38 mm 19 mm | .
(a) (b)
Figure 33 (a) A drawing detailing the specimen geometry for DIC modified lap shear testing and

(b) a schematic illustration of the test specimen afetioning, polishing, and etching for DIC
measurement; arrows indicate the location and direction of applied force.

After etching the sectioned weld, two vertical marks were scribed into the polished face of the weld
specimen to indicate the region of interest for observation during DIC testing, as illustrated by the
diagram in Figure.4(a). Two scribes were made each a distance of 1 mm on either side of the
intercritical HAZ (whiteetching region) on the weld ligament that was not subject to an applied force
during testing (arrows indicating applied force). To accurately make thelsessspecimens were placed
in a\vice and a ruler was fixed along the specimen edge. A straight edge was placed at the desired scribe
location, and a razor blade was slowly drawn across the sample surface. The specimens were then
removed from the vice and two additional scribes, each ctingavith one of the first scribes, were
placed on the top surface of the sheet, as illustrated in Figure 3.4(b). The set of secondary scribes enabled
the primary scribes to be located after the speckle pattern was applied on the polished and etwhed face
the weld. Thus, the relative positions of the weld microstructures could be determined after DIC analysis

to quantify the deformation of each region.
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Once scribing was complete, a thin coat of white-¢poss spray paint was applied to the etched
sample surface. Next,alegvl oss bl ack paint was 6mistedd over
speckle pattern. The fine speckle pattern is criticabtaining high resolution strain measurements
during testing, so if blotches of paint exceeding one hundred microns were present after speckling, the
sample was cleaned with acetone and repainted. After the paint had dried, the location of the primary
scribes was determined by examining the set of secondary scribes on the unpainted surface, and the
primary scribes were mmade. Ranaking the primary scribes ensured that the camera could be accurately
and efficiently positioned on the region of inter&sir testing, specimens were fixed in an Alliance®
screwdriven test frame. A single camera was then positioned so that the observation region in Figure 3.4
was aligned with the camera field of view and measurement using 2D DIC could be conducted.
Specimen were tested at a displacement rate of 0.05 mm/s. Using the VIC Snap® imaging software, a
10 MP camera acquiteimages every 200 ms. Image acquisition began synchronously with the crosshead,
so that an image number could be cnaferenced to a specific point on the force displacement curve.

After testing was complete, pgstocessing was performed using the VIC 2D imagalysis software.

1 mm

(b)

Figure 34 (a) An example of the scribe placement on the etched face of the weld specimen with the
region of interest for DIC analysis outlined and arrows indicating location and direction of applied force,
(b) an example of the two pairs of scribes placed on the etched face of the weld and on the top surface of
the sheet tdocatethe region of interest after the speckle pattern has been applied to the etched weld.

3.2.4 Dilatometry for Identification of Critical Transformation Temperatures

Identification of the critical transformation temperatures during heatipgadd Acs) was necessary
to accurately simulate the various HAZ microstructures during subsequent experimeA®. A
DIL805A/D quenching dilatometavas used with specimens measuring 4 mm wide, 10 mm long, and
1 mm thick.As proof of concept for highate heating in future testing, specimens were heated t&50
at a rate of 100 °C/s. The change in length as a function of test tempeaatakample of which is
providedin Figure3.5(a),was measured for three specimens in each steel. diren4 Acs temperatures
were identified as the points along the change in length vs. tempearatuesvhere a positive linear

slope(identified by the dotted red lineshded and reappearadspectivelyshownin Figure 3.§b).
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Figure 35 An example of data obtained during dilatometry showing (a) the change in length of the

specimen with increasing temperature; the boxed region indicates the region associated with austenite
formation. (b)enlarged view of theoxed region in (a) showing the identification of the femperature
where the change in length initially deviates from linearity (dotted red lines);cterAperatures is
identified as the point where the change in length returns to a linear increase with temperature.

3.2.5 Baking Effects in Furnace Simulated HAZ Microstructures

Simulated HAZ microstructures in the DP and TBF steels were produced for mechanical and
microstructural characterization of the baking sensitivity using a furnace for primary testing and a
Gleeble® 3500 thermomechanical simulator for secondary testitiglinispecimens were heated in a
furnace for 5 minutes at temperatures below, within, and above the intercritical range for both steels, and
then quenched in water. Though the heating rates and hold times used in furnace heating differ by several
ordersof magnitude compared to those of resistance spot welding, this methodology was pursued as a
means of producing the desired HAZ microstructures in a controllable manner. Then, subsequent heat
treatments in the Gleeble utilidbigher heating rates and shorter hold times to increagelthenceof
the data to resistance spot welding. Further, this initial experimentation using furnace heat treating allow
validation of the mechanical test methodologies as a means of quantifying differences in mechanical
behavior due to the paint baking treatment without the complexities associated with rapid heat treatments.
The methods presented here were used in preparing specimens for modified lap shear testing as well as
small punch testing (Section 3.2.6).

The modified lap shear geometry presented in Section 3.2.3 was used for the initial HAZ
simulation experimentschematic describing ¢hoverall procedure fdurnacesimulation of HAZ
microstructures is provided in Figureés@)-(d). First, dilatometryas performedSection 3.2.4j0

identify the critical transformation temperatures; And Acs, that would dictate the target temperatures
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necessary to simulate one subcritical, three intercritical, and one supercritical HAZ microstrueawte

steel The Ac: was measured to be 680 in the TBFsteeland 723 °Gn theDP steel. The Acs for both

steels was approximately 880. Six welded specimens were heated box furnacéo either 650, 725,
775,825,090 C, hel d for 5 minut esUn baakde djou esnpcenceidmed ms wad
retainedintheaguenched st aBak,edwhislpe cti meeaes fMwer e sb&Cbmerged
for 20 minutes. Modified lap shear testing was then conducted according to thdupeate

Section3.2.3 The analysis of mechanical test data included measurement and comparison of the

maximum force measured during modified lap shear testing and the energy absorption (area under the
force-displacement curve) in unbaked and baked conditions, with the average and standard deviation of

each triplicate being reported.

Post-weld Heat Treat w o .
6 welds per Unbaked Modified Lap

temperature, per steel A, /_29—7 Shear Test
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Figure 36 A schematic illustrating the processing methods for modified lap shear testing of the

furnacesimulated HAZ microstructures; (a) six welds per steel were prepared for each target temperature,

(b) all six welds were heat treated at temperatures of 650, 725, 775, 825,°6rf80® minutes and then

guenched in water, (d) half of the welds remainedinttpase nc hed state, referred
the other hal f | referred to as ABakedo were subme

were mechanically s#ed until weld failure.

A procedure similar to that outlined in Figure 3.6(@) was repeated for the next stage of mechanical
testing in which the small punch teghsused to characterize the baking sensitivity of simulated HAZ
microstructures. This stage of experimentation was intended to validate the small punch test for use in
characterizing the baking sensitivity of Gleebimulated HAZ microstructures, as thisttenethod had
not been implemented in paibéking investigabnspreviously. Coupons of the-asceived steel
measuring 12 mm square by 1 mm thick were prepared by shearing. Four specimens from each steel were

placed in the furnace for 5 minutes at temperatures of 775, 825, and 900 °C and then quenched in water.
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As a control, four specimens were also left in theeggived condition (base). Two specimens from each
condition were testedinthe-gsuenched state (AUnbakedo) and the re
at 180 AC for 20 mi n pribréogesting) Shaguunch festing lwas tpdrforiei,Buadk e d o )
the resulting forcealisplacement curves were analyzed for maximum force during testing as well as the

energy absorption (area under the fedegplacement curve).

3.2.6 GleebleSimulation of HAZ Microstructures

Gleeble simulation of HAZ microstructures was conducted in two phases: the first phase utilized a
thermal profile similar to that observed in the spot weld literature with a heating rate of 500 °C/s followed
by a 1 s hold time and a helium quef@, 180, 229, 230]Characterization of these specimens revealed
poor agreement between simulated microstructures and actual spot weld microstructures, so a second
phase of Gleeble simulation was implemented. Phase two implemented a heating rate of 2000 °C/s, a
0.1s hold time, and a water quench. A contact dilatometer was used for identification of critical
transformation temperatures during Gleeble simulations @cs, and My); all three measurements were
obtained during phase one testing, but ondyad Acs could be neasured during phase two testing due

to the high cooling rates and disturbance of the dilatometer during water quenching.

Specimen Fixturing, Equipment, and Gleeble Methods

Simulation of the weld HAZ microstructures was conducted using a Dynamic Systems Inc.
Gleeble®3500 thermomechanical simulator. The pocket jaw system and copper sheet grips were used for
specimen fixturing. Thermocouples were welded approximately 2 mm apart at the centerline of a coupon
100 mm long and 12 mm wide, with the sheet rolling directieented along the 100 mm dimension.

The specimen geometry was selected following literature results that identified the use of this geometry
enabled a heating abf 2000 °C/s in the Gleeblé4]. The specimen was positioned within the grips

such that a free span length, or distance between the grips, was approximately 24 mm. A schematic
detailing the specimen fixturing and dimensions is given in Figui@), and an image of the

experimental setup is provided in Figure 3.7(b). Tightening of the grips was performed incrementally with
pre-load removedia actuatordisplacement, and heat treatments were initiated with a load cell reading
less than 0.1 kN in magnitude. Once the grips were fullydigéd, a quartz rod contact dilatomef@8[

CCT Dilatometer #390]8vas positioned at the migngth of the coupon, aligned with the

thermocouples. Quenching was implemented using a DSI quenchDfglafthndard Quench Spray
Assembly #GN9300AJthat was positioned with the spragzzles pointed at the mldngth of the
specimen. The regulator on the quench tank read 50 psi for all quenching setups. Between heat

treatments, compressed air was used to remove water from the grips and pocket jaw system between tests.
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Figure 37 Details on specimen fixturing for Gleeble heat treatment shiavf@) schematic and (b)

image of the experimental setup with critical components identified.

The program developed for Gleeble heat treatments incorporated a 0.7 kN tensile force applied with
the air ram prior to the start of the heat treatment. This tensile force accommodated the linear expansion
of the specimen upon heating and mitigated bugldiuring heat treatment. Heat treatments began with a
10 s initialization period at room temperature to allow the air ram to reach the target pressure and for the
heating system to be primed for rapid heating. Specimen heating at a rate of 500 °C/srn@hase
2000°C/s (phase two) was followed by a hold time of 1 s at target temperatures of 650, 700, 725, 745,
790, 850, and 925 °C (phase one) or a hold time of 0.1 s at target temperatures of 550, 625, 700, 750, 800,
925, and 1200 °C (phase two). The target tempeyaange in phase two was modified to expand the
range of simulated HAZ microstructures to include the cegiramed supercritical HAZ. Further, the
temperature range was shifted lower to compensate for the temperature overshoot thatwiticuhed
higher heating rates in phase two. During most tests, the peak temperature measured was in the range of
507 100°C above the programmed target temperature, and the corresponding mechanical test data are
plotted as a function of this measured peak temperature, rather than the programmed temperature. After
the hold, a helium quench was applied for 3 s in phase oneaater quench was applied for 1 s in
phase two. During phase two, the water level in the quench tank was closely monitoredet@létesis

were fully quenched with water. When the tanks were close to being empty, the quench system was
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de-pressurized and the tanks were refilled with tap water. Then, the quench system was run for several
seconds to bleed the air out of the system prior to running the next test, ensuring that the next specimen
was not quenched with an air/water mixture. Dre¢ge acquired at a rate of 1068@, and proportional,

integral, and derivative control valuegre set to P = 0.003, | = 0.03, and D = 0.0065pectively.

Characterization of Critical Temperatures

Both the dilation and temperature measurements were acquiriad Gleeble heat treatments for
both phase one and phase two Gleeble testing. The dilation data acquired during heating were analyzed
for Aciand Acsin the same manner as described in Section 3.2.4. The data obtained during the quench
cycle wereanalyzed for M using both the dilation and the temperature measurements. An exantpge of t
raw datas shown inFigure3.8(a) and provides the specimen temperature and the change in width of the
specinen as a function of time during testing. These datie differentiated as a function of the time, and
re-plotted against the test temperature, shown in Figu&b). The plot shown in Figurg.8b) displays
the heating/cooling rate (red line) and the rate of length change (black line) as a function of test
temperature for both the heatifigp curvesind coolinglbottom curvesgycles as indicated by the
arrows in the figure. When the quench is initiated, the cooling rate and differential change in width
become negative andfter an initial sharp decrease in the cooling rate and rate of length chppear,
to exhibit a linear decrease with decreasing temperature (read from right to left inF8g)e In this
linear region, discontinuities identified @achcurve correspond to the simultaneous increase in specimen
volume andheevolution of heat associated with the martensitic transformfRit]; the temperature at
which this discontinuity begins is identified as the t¥imperaturgeindicated by the vertical dashed line.
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Figure 38 An example of (ajemperature (red line) and width (black line) measurements obtained

during Gleeblesimulation of HAZ microstructures and (b) the same data differentiated according to test
time and plotted as a function of test temperature to identify gtedperature (vertical dashed line).
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While both sets of data were acquired for all specimens, the dilation data were frequently unusable
due to excessive noise in the measurements, presumably due to vibration of the dilatometer in response to
the quench gas. Therefore, alk Measurements reported here have been taken from the differentiated
temperature dat&either the temperature data or the dilation data provided useful information during
guenching for phase two of the Gleeble testing, presumably due to the high rate of cooling during wate
guenchingj.e., heat was extracted faster than an increase in heat could be measured. Therefore, the
results presented here foskheasurements taken during Gleeble heat treatments will only be provided

for the phase one experiment.
3.2.7 Small Punch Testing

Mechanical characterization of both furnaaad Gleeblesimulated HAZ microstructures was
conducted using smatlunch testing and microhardness. To prepare specimens foiamal testing,
furnacesimulated HAZ specimens were sheared to 12 mm squageseB.9(a). To prepare the Gleeble
simulated specimens, two cuts were made 6 mm from the midline in each direction to produce a 12 mm
square, (c in Figure 3.9(b)), the center of which would be the punch location (circle in Figure 3.9(a) and
(b)) . usSbeand! Ami nu 8.9b)mdicgtetse positiond-of tigeuhermocouple attachment

points in the Gleebtsimulated specimens.

P 24 mm -
12 mm b P 12 mm g
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- ! — —>
RD |
v [ i
(a) (b)
Figure 39 Schematic illustrations of the smllinch test specimens prepared using (a) box furnace
and(bt he Gl eeble. The centered circle indicates the

in (b) detail the thermocouple wire attachment points. Gleeble specimens were shaardh the
midline of the specimen to produce a 12 mm square¢lioxb)) taken from the center of the @vn free
span length, or distance between the grips. Specimens were sectionedidbdtey testing for
microstructural characterization and microhardness analysis.

Small punch testing was conducted at the Colorado School of Mines utilizing a test fixture from the
work of T. Douthit[29]. A detailed drawing of the small punch and die and fixturing provided by
J.Johnson is provided in Figure 3,Xhd detailed mechanical drawings of the test fixturing can be found

in Appendix A of the M.S. thesis for T. Doutlit9]. Two large rams (A and G) serve as backing fixtures
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for the punch(D) and the dies (E and F). A stud (B) connects the lower ram with the punch holder (C).

The specimen is clamped between the punch insert (E) and middle die (F) that are then bolted to the upper
ram (G). The punch is a cylinder with a diameter of 2084 and a length of 50.8 mm and made from

52100 steel hardened to-6@ HRC. A new punch was installed in the test fixturing after 15 tests to avoid
variation in results due to punch degradation. Small punch testing was conducted on an Alliance®

RT1100 206kip screwdriven test frame at a displacement rate of M@&'s. Six specimens per target
temperature were simulated in each steel for each test; three specimens were tested in the unbaked

condition and the remaining three were tested after baking.

Figure3.10 A detailed drawing, provided by J. Johnson, of the small punch and die fixturing used in
the M.S. thesis of T. Douthi29]. The components are labelled according to the following: (A) bottom
ram, (B) stud, (C) punch holder, (D) punch, (E) punch insert dienidijle die, and (G) top ram. The
specimen is fixed between (E) and (F). The schematic has been rotated for spatial considerations.
Reprinted with permission from the author.

To determine the appropriate pgsbcessing procedure for the smallinch testing data, a series of
interrupted tests were performed and specimens sectioned to examine the progression of specimen
deformation during testing, the results of which are digalan Figure 3.11. Four specimens were tested
at increasing displacements with the final specimen being tested until failure; the end points of these
curves are indicated by the diamonds labellddii Figure 3.11(a). The sectioned views of the specimens
corresponding with curves4, along with the peak force measured during testing, are displayed in
Figure3.11(b). All curves in Figure 3.11(a) exhibit an inflection point at a force of 1 kN that has been
reported in the literature to represent elastic bending of the specimen prior to shear def¢iB@jtion
The sectioned view of specimen 1 in Figure 3.11(b) confirms the absence of plastic deformation in the
specimen loaded beyond the inflection point to a force of 2.7 kN. Between points 1 and 2 yielding of the
specimen initiates and proceeds with increadisglacement according to the behavior displayed in
Figure 3.11(b). As the intent of the small punch test is to analyze the deformation response of the
specimens in response to an applied shear, all data were trimmed below a force of 1.7 kN, repyesented b
the horizontal dashed line in Figure 3.11(a). After trimming, the next five data points were used to obtain

the slope of the foredisplacement curve prior to specimen yielding. A linear regression using the
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calculated slope and a force\glue) of 0 kN provided the displacement value that was collinear with the
linear portion of the trimmed foredisplacement data, as illustrated by the dotted line in FRyda).

Then, this displacement value was subtracted from the entire data set, shifting the data to the origin. An
example of the Python® code used to process the-pmadih data is provided in Appendix C. After data

had been processed, the area undefdite displacement curve was measured to prak&energy

absorbed during small punch testing. The peak force measured during testing was also recorded. It should
also be noted that this trimming procedure was implemented only for the Gdaablated

microstructures, and not in the furnace testetispens, as the former testing served to validate the test
method as a means of detecting differences in baking sensitivities, whereas the latter sought to accurately

guantify differences in baking sensitivity between different conditions.
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Figure 311 A plot of (a) fourforce-displacement curves obtained during interrupted smaich

testing with increasing punch displacements and (b) @estioned views of the specimens

corresponding to curves4lin (a). Specimens in (b) are labelled with the peak force measured duri

testing. The horizontal dashed line in (a) represents the force below which data were trimmed. The dotted
line represents the linear regression obtained from the first five data points of the trimmed data set that
was extended to theaxis (at a forcealue of 0 kN).

After small punch testinggn MSX saw was used sectionspecimenslong the rolling direction,
approximately through the middle of the punched hole (sectiondéhadrigure 3.9(a) and (b)).
Sectioned specimens were mounted, ground, and polished using standard metallographic techniques.
Approximately 3 mm from the puhed hole, 15 indents spaced 150 um apart were made using a LECO®
AMH55 with a 200 g indenter force and 10 s dwell time. Indent measurements were performed using the
Cornerstone® analysigftware. Specimens were then etched inpathital solution for 5 s for
microstructural analysis using a JEOL® 7000F field emission scanning electron microscope operated at

20 kV and a 10 mm working distance.
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3.2.8 Advanced Microstructural Characterization

Following mechanical characterization of the baking sensitivity in simulated HAZ microstructures
using both the modified lap shear test as well as the small punch test, select microstructures in simulated
and actual spot welds were examined to obtain egelef microstructural evolution during baking that
may contribute to an understanding of the fApaint
used in preparation of specimens for scanning electron microscopy (SEM), M6ssbauer effect
spectrosopy (MES), transmission electron microscopy (TEM), anea8®n probe tomography (APT).
Samples prepared in thenaslded condition were mounted in a low curing temperature epoxy consisting
of a 4:1 ratio of EpoxiCure 2 resin (Buehler, #203430128) to Epori 2 hardener
(Buehler#203432032) with 10 mL conductive filler (Buehler, #208500). Samples prepared in the baked
condition were mounted in Bakelite powder (Leco, #&22) at a temperature of 160 °C and a pressure
of 4000 psi for Bninutes. All specimes were ground and polished using standard metallographic
techniques using a final abrasive size of 1 um. To ensure the target microstructures were characterized,
microhardness profiles of all weld specimens were obtained prior to imaging or extratugsliind
APT needles. Microhardness profiles of welds were made using a LECO® AMH55 automated hardness
indenter equipped with Cornerstone® analysis software. Mictentation traverses were made at
approximately the quarteéhickness position relative the bonded interface of the weld. An array of 25
indents spaced 150 um apart was positioned with the center of the weld at the end of the array. An
indentation force of 200 g and a hold time of 10 s were used. Specific HAZ microstructures were
classifiedbased on the microhardness profile; the different HAZ microstructures were identified
according to the regions in Figusel2, as done in the literatUdb, 89, 90, 92]
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Figure 312  An example microhardness profile of a resistance spot weld illustrating HAZ

subclassifications based upon microhardness of the substrate (base) metal, the subcritical HAZ, the
intercritical HAZ, and the supercritical HAZ.
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Images were acquired, or liftouts extracted, adjacent to an indent corresponding to the microstructure
of interest. The microhardness values and microstructures associated with the various HAZ subregions
were used in comparison of simulated HAZ microstrices to actual spot weld microstructures.

Scanning Electron Microscopy

Microstructural analyses were conducted on a JEOL® 7000Fdraldsion SEM with an
accelerating voltage of 20/ and a working distance of 10 mm. Prior to imaging, specimens were etched
in a 2 pct nital solution for 5 s. After etching, specimens were rinsed with deionized water, cleaned with
soap and water, and then sonicated in a bath of methanol for 10 m8imtakated subcritical,
intercritical, and supercritical HAZ microstructures were imaged and compared to the corresponding
microstructures in acal spot welds for a qualitative comparison of the simulated and welded HAZ
microstructures. Asvelded and baked specimens in both simulated and welded microstructures were also
compared to observe any microstructural evolution that may be associatdaeviitiptovements in

mechanical performance of baked specimens.

Retained Austenite Measurements

Magnetic saturation measurements were used to quantify the retained austenite content in the second
phase of Gleebisimulated HAZ microstructures, as microhardness and microstructural characterization
revealed these specimens most closely resembled¢fed spot weld microstructures. Measurements
were performed using a Metis® magnetic saturation austdeititic tester After Gleeble simulation,
specimens were sheared according to Figure 3.9, and the square measuring 12 x 12 x 1 mm was used for
the manetic saturation measurent. The instrument was calibrated using a pure Ni (99.96 pct purity)
sample with a 2.208 uB magnetic moment.

Md&ssbauer Effect Spectroscopy

Thefractions and carbon contents of carbide and retained austenite phasesl pestaking in
the furnacesimulated HAZ microstructuresere quantified using MES he analysisincluded only
simulated HAZ microstructures as actual spot weicrostructuresre not present in large enough
volumes for MES analysiSpecimen preparation followed the procedure detailed by Etsérin
which specimens were ground to a thickness of 80 um and subsequently thinned in a solution of 10 parts
deionized water, 10 parts hydrogen peroxide, and 1 part hydrofluoric acid until a thickneis30ofi20
was achieve{32]. Room temperaturblossbauer spectra were acquired with a 5RPosource using a
spectrometer operating in the triangular constant acceleration mode and a Wissel data acquisition module
(CMCA-500 USB). Samples were run until high precision counting statistics were obtaizlémit

detection of small quantities of austenite and carbide phases. Velocity calibration and the isomer shift

65



zero value were established with a pure-Bedoil. Subspectra were fitted using Lorentzian line shapes
with WinNormos V3.0 coupled with IGOR Pro V6.3 software. Thickness and recoilless fraction
corrections were part of the quantitative analysis. Fudbtils are provided elsewhd233].

Transmission Electron Microscopy

The intercritical and supercritical HAZ microstructures of thevakled and baked spot welds in both
the TBF and DP steels were examined using TEM to investigate possible microstructural evolution
occurring during baking. These microstructures were exegirfter mechanical testing identified
differences in baking sensitivities between these simulated microstructures in both stegiecHite
TEM lift outs were prepared using an FEM@lios 600i dual beam SEM/focusemh beam (FIB)
operated at an ele#on beam accelerating voltage o8 and an ion beam accelerating voltage of 30 kV
unless otherwise noted. Liftuts taken from the intercritical HAZ were prepared at a location halfway
between the minimum microhardness in the subcritical HAZ and the maximum microhardness in the
supercritcal HAZ, at approximately 360 HV positioned at 2000 um in Figure 3.120oLif in the
supercritical HAZ were taken from the location with the maximum microhardness, approximately
460HV positioned at 2250 pym in Figurel?.

Lift-outs were prepared by first depositing a 0.6 um layer of platinum approximately 1.5 um wide by
15um long using the electron beam. The specimen was then tilted to 52° and an addjtiarial2r of
platinum was deposited (0.79 nA) using the ion beam before ion milling regulaiseigms on both
sides of the long dimension of theddtit (9.3 nA). The crossections measured 20 pum in length, 13 pm
in width, and 16 um in depth, and piteced trenches on both sides of thedift as shown in
Figure3.13(a). After forming the trenches, the specimen was tilted back to 0° to mill (2.5 nA) the sides
and the bottom of the I#but, as shown in Figure 3.13(b), leaving a small connection on one side. The
stage was rotated 180° and the same cut was repeasenliing no redeposition had gathered between the
specimen and the trench, in which case the stage would be rotated 180° again and the sides and bottom
re-milled. Then, an Omniprobe namaanipulator was welded to the side of thedifit adjacent to the
connection point using platinum deposition (80 pA) before the ion beam was used to mill away the
connection point (2.5 nA) and free the specimen. The Omniprobe was then raised removinguhe lift
from its place, Figure 3.13(c). The {futs were all weldd to a copper TEM hadjrid using platinum
deposition(80 pA) on both sides of the liiut before thinning and final cleaning procedures. After the

first set of platinum welds were made, the Omniprobe was cut from the top of-the iihd removed.
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Figure 313 Images depicting the lifbut procedure used for creating TEM specimens; (a) trenches
milled along the length of the platinum layer, (b) milling along the bottom and sides of -t litt
prepare for extraction, (c) welding the Omniprobe raramipulaor to the liftout for specimen

extraction following the final cut.

The thinning and cleaning procedure to produce TEM specimens began with the-&lB Wwilded
into the notch of a TEM halfrid, illustrated in Figure 3.14(a). The specimen was-tilted to 53.5° to
compensate for beam spreading and produce a uniféhimlyed liftout. Thinning began with a
rectangular cut being made along the top of thelittapproximately halfway into the platinum layer
(0.79 nA). A second rectangular cut was m@23 nA) an additional 100 nm into the platinum layer to
clean ths side of the lifiout; additional 100 nm cuts were made until the cut face was relatively free of
curtaining, as illustrated in Figure 3.14(b). The specimen was tilted back to 0°, rotated 180°, and again
overtilted to 53.5° before milling a second raugde approximately 808m away from the initial cut
(0.79 nA). Then, a cleaning cressction was performed 100 nm from the adjacenf@:@8nA). Once
the lift-out reached the desired thickness (approximately 100 nm) the specimen was tilted to 46° and th
accelerating voltage of the ion beam set to 2 kV. A rectangle was placed over the specimen and a milling
operation with a depth of 50 nm was performed (72 pA) for final cleaning and removal of any damage left
by the ion beam operated at the higher acatiey voltage. The specimen was then rotated 180° and the
opposite side cleaned in the same manner. Once toeftifiad reached the desired thickness it would
appear bright (electretmansparent), as illustrated in Figl8éd.4(c), using an electron beatcelerating
voltage of 1kV.

The aswelded and baked microstructures of the intercritical and supercritical HAZ were examined
using an FEI® Talos F200X TEM operated at an accelerating voltage of 200 kV with a spot sike of 6.
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successfully locate and identify the phases observed during TEM characterization, the crystal structures,
lattice parameters, and orientation relationships (OR) of the potential phases were obtained from literature
and are displayed in Table 3.3. Selechpzeters in Table 3.3 were used to simulate diffraction patterns in

the SingleCrystal® software to aid in characterizing microstructures; patterns are provided in Appendix D
for reference. Appendix 4 in Edingcopereeivedagd ect r on
reference for zone axis identificatif2B4]. Bright field and centered dark field images were acquired

using a 10 pnobjective aperture and exposure times betweetds.

(@ (b) (€)

Figure 314  Animage depicting the FIB lfout at (a) the start, (b) after initial milling, and (c) after
the final thinning and cleaning procedure.

Table 33 Crystallographic Information for Phases Present in Electron Diffraction of Martensite
Phase Space . Orientation
(Composition)  Group Lattice Parameters (nnr Relationship OR Reference
Ferrite Imom a =0.2867 - -
- - (110y// (100) i
Eta Carbide SY— a=0.4704, b =0.4318 Hirotsu & Nagakura
¢ =0.2830 [001]4// [010]s [148]
d
(101)u// (10pp
Epsilon Carbide P&22 a=0.2752, c=0.435% Jack[150]
(201), /1 (1000
- - (211)// (010)
Cementite Phma & 0'50_84’ b =0.6748 Bagaryatsk[235]
c=0.4517 [Opp o/l [001]o
011y 4/ (111)
Austenite Fmom a=0.36 KurdjumowSachq236]
[ppp vdl [pTT
i (200) // (Opp ™
Magnetite Fd3m a=0.8396 Bain[237]
(Fes0a) (010% // (Opp ™
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In addition to the diffraction patterns from the potential phases present in the HAZ microstructures,
additional diffraction phenomena were considered during analysis. Fine precigi2@@por the
presence of twins in the microstruct(it&3] were investigated when streaking of diffraction spots was
observed. Satellite spots, or smaller spots arranged around an expected diffraction spot, were considered
to indicate the presence of a second phase or the occurrence of double difftadtid®b9] i.e., the
re-diffraction of electrons from a second set of planes. Twinned martensite was identified with simulated
diffraction patterns (Appendix D) obtained by a 70.5° rotation about the [110] dir¢288n240] which

produced spot mirroring about the {112} planes.

3D Atom Probe Tomography

APT was conducted to quantify carbon redistribution after baking in actual spot weld microstructures
for comparison with the results from the simulated HAZ microstructures. Isjtgdimen preparation for
APT analysis followed that of the preparation of FIB-difits for TEM analysis through the milling of
trenches and the extraction of a-tifit approximately 15 um wide, 1.5 um thick, andut® tall. Instead
of mounting the liftout on a copper grid, slices of theiftit were welded onto the tips of tungsten posts,
as illustrated in Figur8.15(a). After welding specimens in place, four cleaning esestions were
performed to a depth of 3 um using an accelerating voltage lo¥ 30.79 pA) around the periphery of
the specimen, leaving a 1 pm square at the specimen centellenh displayed in Figure 3.15(b). A
circular pattern was then centered on thenilled square with a 1 um inner diameter and an outer
diameter that wastge enough to cover the remainder of the specimen.

ERASARE ]
(g

(d)

Figure 315  SEM micrographs depicting the preparation of an APT specimen (a) after welding and
slicing a segment of the FIB liftout onto a tungsten post, (b) aftiitéad cleaning crossection, (c)
after a secondary annular milling step, and (d) after final cleaning and sharpening.
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It is important that the remainder of the specimen is milled away and no secondary tips form, as these

peaks may emit ions during APT analysis and this will cause false reconstructions of tpecierdata.

The 1 pm circle pattern was milled to a depti3@0 nm (0.79 pA), producing the specimen shown in

Figure 3.15(c). The inner diameter was then sequentially decreased to 700, 450, 300, and 150 nm using a
beam current of 0.79 pA for the 7@n circle and 80 pA for the remaining inner diameter pattents, a

all patterns were milled to a depth of 100 nm. The final milling operation with an inner diameter of

150nm was repeated until the tip of the needle was approximately 100 nm wide at a depth of 200 nm

from the needle tip. Finally, the accelerating voltage was decreased to 2 kV and the inner diameter of the
circle pattern was set to 0 nm (thus eliminating tmer circle of the pattern). This pattern was milled to

a depth of 100 nm, providing a lek¥ cleaning and sharpening of the atom probe needleupitugithe

specimen displayed in Figure 3.15(d).

After final sharpening, the needles were examined in the TEM to ensure a feature of interest was at
the tip of the needle at a point where the needle diameter was no greater than 100 nm. Features of interest
were considered acceptable for analysis whenoaipately located within the inner 75 pct of the
specimen volume, as the outer@3 of evaporated ions typically do not reach the detector. In cases
where the feature of interest was deeper within the needle, specimens were returned to the FIB and the
2-kV cleaning step was repeated to remove enough material to bring the needle tip down to the feature of
interest. Additionally, needles were examined to confirm the protective platinum layer had been fully
removed during the sharpening procedure; the dgpte remaining platinum layer cannot exceed
25nm, and it is ideal for it to be fully removed. Once a needle with the feature of interest at the needle tip
was prepared, a combination of bridieid and darkfield imaging was conducted to identify theases
present in the needle and the size and shape of the various features present to inform the tip
reconstruction. On select specimens, transmission Kikuchi diffraction (TKD) was performed to
characterize misorientation angles between adjacent gtairssinforming boundary characteristic® (
prior austenite or lath boundary). The location of various features of interest within the needle also
dictated the approximate time necessary for analysis (approximate volume of material to remove).

APT data were collected using a Cameca LEAP 4000X Si operated in the-lagksechode with a
flight path of 90mm. The specimen temperature was set to 51.5 K for analysis and a 60 pJ laser pulse
energy was used during testing. A laser pulse rate of 375 kHz and a detection rate of 0.5 pct were selected
for the early stage of analysis and increased to 500 kHz apdtlr@spectively once the surface oxide
had been removed and the detector began measuring iron, manganese, and silicon atoms. Experiments
wereconducted using the ASI owd voltage ramp rate du
ramp rate after removal of the surface oxide. An interface evaporation control level of 2 pct was used

during testing. Background levels during testing were@pmately 20i 30 ppm, and testing was
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stopped if background exceeded these leeals,in the case that elevated voltage levels induced field

emission from sources other than the sample. After the desired volume of material had been evaporated,

the specimen was returned to the TEM to examine the geometry of the remaining needle tale®nfirm

volume of evaporated material; this enabled accurate reconstruction of the 3D dataset and facilitated the
correlation of solute locations with microstructural features. Frequently, APT analyses efided wit

specimen fracture, and so p@sbcessing images were not consistently available. APT data were
analyzed using Camecads | VASE (version 3.6.18) so
incorporates the voltage and tiro&flight history as welks the tip profile, illustrated in Figure 3.16; the

vertical lines are drawn within the reconstruction wizard and profile the evolution of shank diameter.

50 nm

Figure 316 lllustration of the tip profile measurements used for reconstruction of APT data;
measurements were made down to the approximate tip diameter (typically around 100 nm) expected from
the experiment duration and final voltage.

The elements assigned to the various peaks observed in théorshasge state spectra are defined in
Table3.4, though it should be noted that not all peaks were observed in all conditions, and in these cases
the corresponding ranges for that element were removed. Several carbon ions in Table 3.4 (shaded)
overlap with other species (indicated in brackets) hnd tould convolute the carbon quantifications,
leading to overor undercounting of carbon based on the assignment, and this was addressed by
corsidering the intensities of the nawerlapping peaks and relative isotopic abundance of that species in
addition to the location of the ranged ions in the specimen. For example, the 72.0 and 73.0 peaks were
ranged for the €compounds unless a significant peak was observed at 70:64é@"*. Additionally,
these peaks as well as thgOM peak at 18.0 amu would be ranged & i@ the case that these ions were
present within the specimen and not on the tip, and anydaidion regions at the tip apex wer
disregarded. Similarly, thi€Cr?* peak at 25.0 amu would be ranged?@3*C'* depending on the relative
intensities of the 26.0 and 26.5 peaks far?* and>3Cr?*). Due to the relative isotopic abundances of
chromium, the 26.0 peak (féiCr?*) represents 83.8 pct of the chromium ions present, followed by
9.5pct at the 26.5 peak (f8fCr?*), 4.3 pct at the 25.0 peak, and 2.4 pct abi@e* (which overlaps with

the>*Fe** peak at 27.0 and is omitted from the analysis). Thus, if the 25.0 peak was equivalent in size to
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the 26.0 peak, then a considerable fractionf iBns was expected at the 25.0 peak, and the
corresponding number &iCr?* ions was calculated based upon the previously mentioned chromium
ratios, and the remaining ions were ranget¥@sC'".

For each peak, a range of méssharge state ratios were typicatlpserved, and this range was
assigned to a particular ion according to theviatith of the peak at an intensity equal to 1/100th of the
maximum peak intensity. This ranging method is illustrated in Figure 3.17 for two peaks (18.0 and 18.5),
with the rangd counts highlighted in blue. The maximum intensity is labelled for both peaks as
420counts at 18.0 Da and 26 cts at 1B& it should be noted that the maximum intensities are slightly
shifted to higher values than expected, and this is presumabtyg dlight differences in the laser
calibration. For peak 18.0, 1/100th of the maximum counts equals 4.2 counts, and so -twechagEe
state ratio corresponding to that number of counts is indicated both above and below the main peak; this
entire ranges then attributed to the 18.0 peak. A similar example is illustrated for the 18.5 Da peak,
though the maximum intensity of this peak is just 26 counts. In this case, and in other cases where minor
peaks were detected, the ranging criteria was 1/10tleahdximum intensity, corresponding to
2.6 counts (rounded to 3) in this example.

Following the analysis by Stet al, additional consideration was given to the relative contribution of
12C,* and?C4?* ions to the 24.0 Da peak and the contributioff@f3C,?* and*?C**C'*ions to the
25.0Da peaK216]. To do this, the number of th&;'*C?* ions at the 24.5 Da peak and t&s'*C'*
ions at the 49.0 Da peak were summed, and the relative isotopic abundanceseni€3 used to back
calculate the total expected quantity*#3,>* ions that should be present at the 24.0 and 48.0 Da peaks; as
the 48.0 Da peak is not an overlapped peak, this quantity of ions can be counted and subtracted from the
total, and the remainder is thus the expected numBéC8f ions present at the 24.0 Da pga@1, 211,

218]. An example masspectrum is illustrated in FiguB18 and contains peaks at 24.0, 24.5, 25, 25.5,
26, and 26.5 Da, with the corresponding ions labelled above each peak. The 24.5 Da peak was ranged
between 24.443 Da and 24.581 Da; then, the total number of counts throughout that entire range was
summed tde 1,694 counts. Similarly, 190 ions were counted for the 49.0 Da peak, giving a total of 1,884
12Cs1%Cions. Considering the isotopic abundance of't6g"*C represents 4.28ct of carbon tetramers,

the expected number &C, ions should be 43,91i6ns (ignoring contributions from the species

containing more than ortéC atom). Taking into account the 3,5#8,'" ions at the 48.0 Da peak, it is

thus expected that there are 40,3%82* ions contributing to the 24.0 Da peak. As the 24.0 Da peak only
contains 37,89ions, the entire 24.0 Da peak was attributed tda&* ion in the present example, and it
should be noted that this is typically not the result of similar analyses in the literaturielmonly

307 60 pct of the ions at the 24.0 Da peak are attributétCté" ions[212, 216, 219, 220]n

consideration of potenti@haccuracythis analysis represents the upper boestimate otarboncontent.
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Table 34 Mass to Charge State Ratio Designations for Element Identification During
APT Experiments with Shading to Identify Potential Sources of Inaccuracy in Carbon Quantification

Massto-Charge Massto-Charge
Ratio (Da) Ranged Element Ratio (Da) Ranged Element

6.0 e 32.0 ot
6.5 13ce 36.0 Cst*
12.0 oc 39.0 SFeG?*
13.0 13ct 40.0 SFeG?
13.5 Al 40.5 SFeG?**
14.0 285 44.0 2cot*
14.5 299G+ 45.0 BCcoM
15.0 3052+ 48.0 12,
15.5 P> 49.0 R O O
16.0 o+ 50.0 121G
17.0 OH™ 52.0 S Crt
18.0 12C5?* [H.0M] 54.0 SEett
18.5 R O O 55.0 Mn**
24.0 12C,1* and*®C? 56.0 OFel
24.5 R O O 57.0 >Fet
25.0 12C13Ct* [5°Cr?] 58.0 S8t
25.5 12C13Ce2 [PV 60.0 12Cst*
26.0 2Cr 63.0 MFe0?
26.5 SCr? 63.5 S Fe,0?*
27.0 SEet 64.5 SFe0?
27.5 Mn?2* 65.0 BFe,0?
28.0 e 69.0 Ga*
28.5 SEet 70.0 SFeC
29.0 S8t 72.0 12Cs! [*Fe 0]
30.0 12Cs2 73.0 12Cs13CH [Fe 0]

Considering the relative isotopic abundanc&@$C; ions (0.07 pct) and the previous calculation
that yielded an estimate of 40,398, ions present, just 28 of these ions are expected to occur at the
25.0Da peak. As the prior analysis attributed the entire 24.0 Da peakida<Cit follows that there are
no 2C'3C' ions present, as this species accounts for 2.2 pct of.tthIEcules. Thus, the remainder of
ions at the 25.0 Da peak are attributeéP@?* ions, which is in agreement with the relative intensities of
the 26.0 and 26.5 Da peaks corresponditg@s* and>*Cr?*, respectively.
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Figure 317 lllustration of the full widthkhundredth max ranging criteria for assigning counts to a
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Figure 318 Example mass spectrum obtained during APT analysis demonstrating the overlapping
peaks of thé*C,2* and*?C,!* ions at 24.0 Da as well as the overlappif@!3C,2*, 12C13C*, and®°Cr?*
ions at 25.Ma. The peak at 24.5 Da was solely attributetd@e-*C?* ions and was used for

deconvolution of the 24.8nd 25.0 Da peaks. Peaks corresponding to vanadium and chromium are also
labelled.

3.2.9 Weld Halo Investigation

A tangential investigation of the fusion boundary was conducted in parallel to the studies pertaining
to the HAZ microstructures after preliminary work revealed welds failing along the fusion zone boundary
in unbaked welds, but not in baked wel26]. The procedures described here are partially obtained from
t he aut hor 6s o[Rdi]eand the esultsiare previdied m dpp&ndix A.

To understand the characteristics of the weld halo, its formation, and its potential influence on weld

deformation and paint baking response, three weld schedules were selected with 8, 16, 32yeled 80
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weld times, as described in Table 3.2. The lengthened weld times were selected due to reports by some
investigators that the weld halo tends to form at longer weld {52260} Mechanical characterization

of the welds to examine paibaking sensitivity in relation to weld halo severity was conducted on the 8,
32, and 8&cycle welds using the modified lap shear geometry and test procedures outlined in
Section3.2.3.

Microhardness maps were used to identify weld halos and characterize their general size, shape, and
degree of softening; microhardness maps consisted of a 36 by 20 matrix of indents acquired over half of
each weld, covering the fusion zone, HAZ, and bas&inThe analysis was performed using a LECO®
AMH55 equipped with the Cornerstone® software. A 200 g indenter load with a 10 s dwell time was
used, which typically produced indents that were near 30 um along the diagonals. Accordingly, indents
were spaced20 um apart both vertically and horizontally to probe the weld microstructure with fine
resolution while avoiding overlapping strain fields of adjacent indents. The solidification microstructures
were examined with an Olympus® DSX500 ligigitical microsope in the differential interference
contrast mode after etching welds in a 5 pct picral solution at room temperature for 10 s. The weld
microstructures were examined using a JEOL® 7000 field emission SEM after etching with 2 pct nital
for5s.

Measurements of the local carbon content through the HAZ, weld halo, and fusion zone were made
using timeof-flight secondary ion mass spectrometry (F&IMS). Depth profiling was conducted
within a 50pum square region, with quantification of ion yields taken from the final 50 s of a 200 s scan.
Electron probe microanalysis (EPMA) was used to quantify the local distribution of silicon and
manganese across the HAZ, weld halo, and fusion zone using alJX2G8230 electron probe

microanalyzer with a 1 um stejize.
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CHAPTER 4 BAKING SENSITIVITY OF RESISTANCE SPOT WELDS

The results presented here detail the initial survey on the baking sensitivity of RSWs made in the TBF
and DP steels tested using a newly developed modified lap shear geometry. Weld failure behavior is
examined in asvelded and baked welds, and digital geacorrelation (DIC) is implemented with the
modified lap shear geometry to quantify in situ deformation behaviorweklted and baked welds.

Finally, the intercritical HAZ microstructurdsrmedin the TBF and DP spot weldse compared

4.1 Baking Sensitivity of TBF and DP Welds Tested in ModifiedLap Shear

A preliminary study was conducted to confirm the TBF steel and the weld schedule selected did
exhibit a sensitivity to baking. The DP steel was included to confirm the absence of baking sensitivity in
this steel as reported in the literature and to prozidefi ¢ o n t r o dingensitivee spothvalds.i n g
Modified lap shear tests were conducted with the material, weld schedule, and test procedures detailed in
Section 3.2.1 and 3.2.2.

Shown in Figure 4.1(a) ar(d) are the forcalisplacement measurements obtained during modified
lap shear testing of the TBF and DP spot welds, respectively, in-theldead (dotted red lines) and
baked (solid black lines) conditions. After paint baking, the peak load increased.&tonl12.6kN and
energy absorption (area under the fedcgplacement curve) increased from 15.6 to 34.2 J in the TBF spot
welds, whereas the corresponding values of 13.4 kN andl28r@ained unchanged after baking in the
DP spot welds. Toplown images of representative welds after testing are displayed for the TBF spot
welds in the asvelded (Figuret.1(b)) and baked (Figure 4.1(c)) conditions, revealing a change in failure
location from the edge of the fusion zone to the HAZ. Thedtmpn images of the tested DP welds in the
aswelded (Figure 4(e)) and baked (Figure X)) conditions reveal that both DP welds exhibit fracture
in the HAZ and base metal. A difference in fracture paths is evident between the DP and baked TB
welds with the former fracture path following the spot weld circumference, and the latter fracture path
appearing tangential to, but not following, the weld circumference.

To further characterize the effects of padaking on spot weld failure behavior, cressctioned
views were obtained to examine fracture paths relative to the weld microstructures. The TBF welds in
Figure 4.1(b) and (c) were sectioned along the dashesl (in the sheet rolling direction) for examination
of weld failure, and these views are provided in Figu?e Additionally, the remaining two aselded
specimens in the TBF steel were sectioned for analysis, as it was observed after sectioning that the
fracture locations varied slightly between the threevelsled specimens only; one of the three baked
welds is displayed, as the fracture locations in the remaining specimens were identical to the one shown.

For reference, a schematic illustration of thedified lap shear geometry with the directions of the
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applied force (shown by arrows) is provided in Figu2a), and all specimens have been oriented
according to the schematic. Thewaslded TBF specimens are displayed in Figud¢d-(d) and

demonstrate the inconsistency in fracture location in tiveedded condition, with fracture observed

along the fusion boundary (Figureé)), through the supercritical HAZ (Figure2fc)), and partially

into the fusion zone (Figure2{d)). Despite the slight differences in fracture location, the strength and
toughness measurements for each of the three wedtisd in the agelded conditiorare similar, as

shown bydashed red lineis Figure 4.1(a). In the baked specimen (Figugée)) fracture appears to have
initiated at the sheet interface in the supercritical HAZ and progressed through the intercritical HAZ and
into the base metal. The angle of the fracture surface is notably distinct frorviblad specimens,

which are gemally oriented at an orthogonal angle relative to the applied tensile load on the upper right
ligament of each specimen. In contrast, the baked specimen exhibits a slanted fracture surface that is

nearly45° relative to the applied load, suggesting that the baked specimen exhibited ductile failure.
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Figure4.1 (a,c)Forcedisplacement measurements obtained during modified lap shear testing of the

aswelded(dotted red lines) and baked (solid black lines) conditiotise TBF and DP spot weldwith
macroscopic views of tested welds in thggllaswelded and (€) baked conditionsf both steelsDotted
lines indicate the planes along which these specimens were sectioned for examination of fracture
locations relative to the weld microstructure.
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TBF: As-Welded _ TBF: As-Welded

- T bl
'v’“k” ;

(d) (e)

DP: As-Welded

V) (9)
Figure 42 (a) Schematic of the modified lap shear geometry used for mechanical characterization of
the TBF and DRpot welds. (b) (d) aswelded and (e) baked conditions in the TBF steel. All three
aswelded TBF welds display varied fracture locations; one representative baked weld is displayed as
identical fracture locations were observed in the remaining speci(fiethe aswelded and (g) baked DP
spot welds after modified lap shear testing. Ligptical micrographs, Bct picral etch at room
temperature for 5 s.

The sectioned views of the-aglded and baked DP specimens after modified lap shear testing

displayed in Figure 2(f) and ), respectively, reveal no difference in failure mode after baking, which is
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expected given the similarity in the fordesplacement data in Figureldd). Similar to the failure

behavior of the baked TBF welds, fracture in both DP welds appears to have initiated in the supercritical
HAZ at the sheet interface and progressed through the adjacent HAZ and into the ba&=enefgder
ligament for labels)The fracture surfaces of both DP welds are also oriented approximately 45° relative
to the applied load. It should be noted that the 45° angle is relative to the applied loadjwehic

rotation is not exactly horizontal relative to the welds as pictured; this is made apparent in Bigure 4.

The 45° orientation of the fracture surfaces in the baked TBF welds andvieddasl and baked DP
welds suggested that weld failure in these conditions was associated with significant ductility in the HAZ.
To gather additional evidence regarding the defdion characteristics of the HAZ in the baked TBF
welds, the ligaments that did not fully fracture were examined, macroscopic images of which are
displayed in Figure 8. The modified lap shear geometry is shown again for reference in Fig(ag 4.
alongwith a macroscopic view of a tested weld in Figuk), both of which are oriented similarly to
the test specimens in Figute(c)-(e). Arrows in Figure &(a) and (b) indicate the loading direction and
the ligament to which load was applied. The welds have also been rotated such that the loading axis is

aligned horizontally in the page, representing the rotation of the weld during testing.

(c) (d)
Figure 43 (a) Schematic and (b) macroscopic view of the modified lap shear geometry used in
testing the (b)d) baked TBF spot welds, with partially fractured ligaments displayed. The centerline
band in each steel was traced and superimposed below the weld to demonstrate the flow behavior of the
HAZ. The red box in (b) indicates the approximate locations shown-{e)c

Each of the weld# Figure 4.3exhibits identical partial fractures that appear to initiate at the sheet
interface and propagate through the supercritical and intercritical HAZs before stopping in the subcritical
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HAZ or base metal. These fracture surfaces are also oriented approximately 45° relative to the applied
load (left in the page), which can more clearly be seen with the imposed image rotations. The
macroscopic deformation behavior can also be deduiedte etched compositional bands in the steel,

which are remnant of the solidification process. The bands along the centerline of each sheet have been
traced just ahead of the crack tip and are superimposed below the weld for clear observation without
occlusion of the actual features. Evidenced by the shape of these bands, it is apparent that the modified
lap shear test imposes a combined stress state on the spot weld, consisting of both bending and shearing
stresses. The effects of the combined stresses caevibed by comparing the base metal ¢afbst) and

HAZ (rightmost ) portions of the bands demonstrating th:
from one another. It should be noted here that this thrthigkness shearing in the HAZ latedl®o the
implementation of the small punch test for mechanical characterization of the baking sensitivity in
simulated HAZ microstructure$hough analysis of these weld failures yields insightful differences in

weld behavior between the-a®lded and baked conditions, it remains unclear as to whether a difference

in shear strength of the HAZ is the reason for the improvements in bakinthergeeater deformation

in the HAZ is possible because the regions that exhibited failure before baking (theiticgddia\Z,

fusion boundary, and fusion zone) exhibited some increase in strength or toughness after baking.

4.2 Deformation Characterization of TBF Welds with DIC-Modified Testing

The mechanical characterization of thensdded and baked TBF welds confirmed that paint baking
causes an increase in weld strength and energy absorption, as well as a change in failure mode. However,
the specific influence of paint baking on the mecharpcoperties of the individual weld regions is not
readily deduced by paestortem analysis. To address this limitation, DIC testing was implemented to
guantify the differences in strain evolution through the HAZ in theelded and baked spot welds to
examine whether paidtaking caused some measurable difference in deformation behavior preceding
specimen failure. First, the Diodified lap shear geometry was validated as a means of characterizing
differences in weld deformatidn the HAZ

In Figure4.4(a), the DICGmodified lap shear geometry is provided for reference and is similarly
oriented relative to the specimens shown in the rest of the figure. A plot showing the evolution of force
with time is shown in Figure 4(b) for a TBF weld tested using the Ditodified lap shear geometry,
with vertical dashed lines added to indicate the times for which strain maps are provided. Force was
plotted as a function of time for direct referencing to the images that were acjuiredi time intervis
(i.e., every 200 ms). The etched weld prior to testing is shown in Figd(d) 4demonstrating the use of
the scribe placement for location of the intercritical HAZ and fusion zone microstructures in the strain

maps, Figure 4(c). Both the shear strain and then Mises strain were plotted at test times of 25 s
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(Figure 44(e) and (f)), 45 s (Figure 4{g) and(h)), and 48.6 s (Figure4{i) and (j)), with the last time
point corresponding to the final frame preceding weld failure. Other strain measurements were calculated
but did not provide a clear comparison of local differences in strain evolution. The strain accumulation in
the weld &a test time of 25 s (corresponding to a force of approximately 10 kN) in Fgije¢ and (f)
reveals strain accumulation in the HAZ in both the shear straim@niflises strim measurements, while
thevon Mises strain also shows a significant strain at the weld interface. The interfacial strain to the left
of the HAZ is not due to deformation of any mater
due to the weld rotation caused by the apforce, which can be confirmed in Figure 4.6(d) showing the
position of the interface in the etched weld relative to the scribe and the intercritical HAZ microstructure.
With increasing deformation, the strain continues taliae in the HAZ, and appears to be either in or
immediately adjacent to the intercritical HAZ; due to translation and rotation of the weld specimen during
testing, the exact position of the intercritical HAZ, which is approximately 175 pm in the preddnt w
cannot be accurately determined. Figiri) and (j) also reveal shear strain accumulation along the
fusion boundary and some mingrn Mises strain at the edge of the fusion zone. These results
demonstrate that the developed DIC method is capéfileeescale strain measurements that can resolve
differences in localized deformation behavior across the various weld microstructures.

Measurements of force as a function of time during the lap shear test are displayed in Siglre 4.
for aswelded (red) and baked (black) TBF welds. Thevakled and baked specimens exhibit identical
behavior until 48 s, at which point a sharp load drop occurs with failure of-teldsd specimen. The
baked weld continues deforming until 60 s whesimilar load drop is observed, demonstrating that the
DIC-modified lap shear geometry enables analysis of the deformation behavior associated with baking
sensitivity. Here, thevon Mises strain was mapped as opposed to the shear strain which did not capture
well the strain in the subcritical HAZ and base metal as well as the slight deformation in the fusion zone.
To obtain a comparison of deformation behavior between thekedand baked weld conditions, both
strain maps were analyzed at 48 s, immediately preceding failure ofweddesi condition. The shear
strain at 60 s in the baked specimen is also presented to examine the subsequent deformatidantonco
to the observed paktitaking effect Thevon Mises strain maps for the-aglded and baked welds after
48 s of testing are shown in Figur&@#) and (c) respectively, and indicate that at the same time during
testing, the baked weld exhibits greater strain accumulation in the HAZ and base metal thavettedhs
specimen. In the baked specimen tested further to 60 s, the strain map re\exdigitheal strain
accumulation in the HAZ and base metal. The horizontal black dashed lines in Figoye(d), and (d)

were used to obtain measurements of strain as a function of position along that line.
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Results obtained during Di@odified lap shear testing of thevaglded TBF spot weld

with (a) a schematic illustration of the test specimen with arrows indicating the direction of applied load,
(b) a plot of force vs. testing time with dashed lines irtdigathe times at which the shear strain aod

Mises strain maps are provided. (c) and (d) demonstrate the use of the etched weld with a scribe for
locating HAZ microstructures relative to the calculated strain maps displayed at test times of (g, f) 25 s
(9,h)45s, and (i, j) 48.6 s, immediately preceding weld failure. Dashed lines indicate approximate weld
microstructures as defined in (€§dlor Imagei See PDF Copy
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Figure 45 A plot of (a) forcetime for the asvelded and bake@BF welds tested by DI€nodified

lap shear, with dashed liséndicating the timeat which subsequent strain mas shownThevon

Mises strain measured at 48.6 s is displayed fofttheswelded and (c) baked TBF welds, and (d) at

60 s for the baked weld. Horizontal black dashed linesiff(d)) i ndi cat e the |l ocati on
slicingo for strain measurements was performed fo
dottedlines indicaé the approximate locations of the intercritical HAZ and fusion zddelof Imagei

See PDF Copy)

Figure 46 provides theron Mises strain measurements as a function of position (obtained along the
dashed, black harizontal lines in Figur&(®), (c), and (d)) at test times of 48.6 s in thevatded
(dashed red line), and baked (dashed black line) conditions, and at a test time of 60 s in the baked (solid
black line) condition. Here, the positions of the weld microstructures were estimagetiupmn the line
length relative to the scribe and the corresponding HAZ microstructure in the etched wetd, ivie
Figure 4.6(d). It should be noted that there is likely some error in the approximate positions of the
boundaries between the HAZ microstructures owing to translation and rotation of the specimens during
testingand there may be some degree of uncertainty in the strain measurements plotted here, though
uncertainties in these measurements were not calculated in the presemitwloek48 s test time, thaen
Mises strain in the base metal and subcritical HAZ is between 6 and 8 pct in both weltis, peakt

strain, which appears immediately adjacent to the intercritical HAZ, is 11 pct in the baked weld and 9 pct
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in the aswelded weld, and it should again be noted that these measurements are taken at the exact same
force and test time (displacement) during testing. At an equivalent time during testing, and with
equivalent forces on the weld, the baked specimetigaig deforms to a greater extent than the as

welded specimen, which indicates the pdiaking effect has some influence on the HAZ microstructure
and may also have an influence on the fracture behavior of the transition region between the intercritical
and subcritical HAZ microstructures. Thien Mises strain in the baked weld after 60 s of testing
(immediately preceding failure of this specimen), shown by the solid black line in FiGurevkals a

strain of 8 to 14 pct in the base metal and subcritical HAZ, and a peak strain of about 14.5 pct at the
boundary between the subcritical and intercritical HAZ microstructures. For all specimens, a sharp
decrease in strain occurs between theranitical and supercritical HAZ microstructures, and throughout
the supercritical HAZ and fusion zone there appears to be little strain accumulation and no significant
differences between the two conditions. While there may appear to be a difference in the strain
accumulation just inside the fusion zone after bakimg,difference is relatively minor and depends on

the positioning of the dotted lines, which may exhibit some error in location.
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Figure 46 Von Mises strain as a function of position along the horizontal black dashed lines in

Figure4.5(b), (c), and (eyjuantifyingthe strain at various positions along the centerline of the bottom
sheet in the awelded (short dotted red line) and baked (long dotted blackTRE)welds after 48.6 of
testing, as well as the baked weld after 60 s of teésimigd black line)

After identifying that differences in strain accumulationaswelded and baked TBF weldse
associated witlthe intercritical HAZ(or the region of the subcritical HAZ immediately adjacethig¢se
microstructures were examined for possible evidence of bakthged microstructural evolution. SEM
micrographs obtained within the intercritical HAZ of thevaedded and baked TBF welds are displayed
in Figure 47(a) and (b), respectively, and reveal a significant difference in the appearance of the MA

constituent between the-a&lded and baked conditions. In thevesdded condition the MA constituent
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appears smooth, suggesting a relatively homogenousetitahg response. In contrast, the baked MA
constituent exhibits a more textured etching response, suggesting MA constituent is less homogenous
after baking, characteristic of tempering effects. €rsmne microstructures were examined in the DP
steel to investigate whether a similar change in microstructure was observed; Fi@)rartl (d) show

the intercritical HAZ microstructure in the-agelded and baked DP welds, respectively. Both the as
welded and baked conditions of the DP steel éxhilsecond phase that appears more martensitic, with a

texturedappearancsimilar to the baked TBF welds.

Figure 47 The intercritical HAZmicrostructure®f the TBF spot weldsn (a) the asvelded and (b)
baked conditionand the intercritical HAZ of the DP spot welds in (c) thevaetded and (d) baked
conditions. Secondary electron micrograpgbhed with2 pct nital for 5s.

4.3 Discussion

The experimental results presented here confirm the baking sensitivity of the TBF spot welds and the
baking insensitivity of the DP spot welds and supports their use throughout the remainder of this work,
providing a comparison of the microstructural clegegstics associated with baking sensitivity and those
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associated with baking insensitivity. Further, any proposed mechanisms that explain thalpagt
sensitivity in the TBF steel must also address the baking insensitivity of the DP steel. Several key
observations made here warrant further discussioh, asithe weld failure modes, the DIC results and
testing methodology, and the observed microstructural evolution after baking.

The modified lap shear testing revealed that the weld failure location in-thelded TBF welds was
inconsistent, with three different failure locations observed in the three specimens tested, suggesting that
these microstructures exhibit similar strdngt toughnessas a single failure behavior was not
consistently observed. In the baked condition, all three specimens exhibited ductile failure through the
HAZ, and this failure mode was also identical to that observed in both-theldsd and baked Dields.
These results could indicate that each of thevelded TBF failure locatiords the supercritical HAZ,
fusion zone, and fusion boundérgxhibit some sensitivity to baking, or that thensdded HAZ
firesistsd plastic de feformimthe HAZ legds ta grediter tstiess canaerdrationl i t y
at the sheet interface, generating the failures observed inthelded cases. The Diodified lap shear
test was successfully implemented to show that paint baking led to greater strain accuannutliaéio
HAZ, particularly along the boundary between the subcritical and intercritical HAZ microstructures, at an
equivalent time during testing. While the Diftodified geometry enables measurement of localized weld
deformation, several considerations aeeessary regarding the influence of the specimen geometry
modification on weld deformation. The introduction of a free surface upon which a speckle pattern is
applied for strain measuremetiteely changes the local stress state in and around the wetheF,
was shown in Figure 4.3 that one ligament in each of the baked peetasly fractured, but this was not
observed in the DIC modified specimens, which may be a product of the stress state modification.
However, despite tise potential impacts on weld mechanical behawanoreffect of baking was measured
during therelative comparison under the same test conditidimus, the altered stress state is not
considered critical to the investigated effects of baking.

Several studies in the literature hypothesize that the-pakihg effect manifests as an improvement
in toughness of the fusion zone due to tempering of the martfhsli@], however, the findings
presented here do not agree with the literature hypotheses, as fusion zone failure was not consistently
observed in either the @gelded or baked conditions. Rather, these findings suggest that the HAZ is a
critical region manifestig the paint baking effect. The modified lap shear test, with and without
sectioning of the weld for DIC analysis, revealed that an effect of baking could be measured in the
absence of fusion zone failure, and similar findings have also been reportéetsy2&]. The failure
behavior of the baked welds (ductile failure through the HAZ) as well as the strain measurements
obtained during DIC testing indicate that the p&iaking cycle promotes plasticity in the HAZ. The

absence of baking sensitivity in the DP bteas associated with ductile failure through the HAZ in the
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aswelded specimen. Therefore, it may be suggested that some characteristic -of¢ldeddHAZ
microstructure in the TBF steel prevents plastic deformation in the HAZ, but the DP welds are not prone
to this characteristic; the paibtiking cycle enablgdasticity in the HAZ, and so no effect is measured in
the DP steel as plastic deformation readily occurs in tiveetdded condition. To further examine the
characteristics of the HAZ that may limit plasticity, the microstructures are considered.

The tempering of MA constituent observed in the
previous findings of bakinrghduced microstructural evolution associated with improvements in Gen3
spot weld mechanical performan@s, 117, 242]and it is noteworthy that this observation has not been
reported by other investigators i nmattdnsitéanthet er at ur e
aswelded DP welds is congruent with the absence of a baking sensitivity in the DP steel, as the
hypothesized effect of baking is present priorto baking, t he DP spobalwetlds are f:
Tempering of the MA constituent is likely associated with a decrease in the carbon supersaturation of the
martensite that would lead to a decreaseemtiartensite strength. Similarly, Tumuluru proposed that
baking led to the formation of Cottrell atmospheres around dislocations in the ferrite, leading to a
strengthening effed3]. It is possible that these combined mechanisms decrease the ratio of
microconstituent hardness, which has been shown to improve local formability in DP microstructures
[243, 244] A decrease in carbon supersaturation of martensite has also been shown to improve local
formability [243, 245] and this effect may be magnified in the intercritical HAZ due to the formation of
ferrite and carbomich austenite during welding. The observed strain localization in the HAZ during
DIC-modified lap shear testing supports the hypothesis that the itiatdd AZ microstructural
evolution is critical to the paint baking sensitivity, though the sharp microstructural gradient present in the
HAZ limits the confidence with which this argument can be made. Therefore, the next stage in
experimental work was digned to simulate the HAZ microstructures and characterize the baking
sensitivity of each microstructure independently, and test whether the intercritical HAZ or other HAZ

microstructures exhibit an independent baking sensitivity.
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CHAPTER 5 BAKING SENSITIVITY OF FURNACE SIMULATED HAZ MICROSTRUCTURES

The purpose of the experiments presented in this chapter was to quantify the baking sensitivity of
isolated HAZ microstructures using the modified lap shear specimen geometry utilized in Chapter 4.
Then, the small punch test was examined as a methodntfyulfferences in mechanical performance
between unbaked and baked HAZ microstructures. The results presented here describe the effects of paint
baking on the mechanical performance and microstructure of HAZ microstructures preidifoecace
simulatbn as described in Section 3.2.5, and a portion of these results was presented at the 2023
International Symposium on New Developments in Advanced High Strength SheefZt2klan
initial dilatometric study was conducted to identify the critical transformation temperatures used during
simulation of HAZ microstructures, followed by the modified lap shear and small punch testing. Then,

simulated microstructures are examined insideration of the measured palatking effects.

5.1 Dilatometric Study for Critical Transformation Temperature Identification

The critical transformation temperatures in the TBF and DP steels were identified via dilatometry
performed at a heating rate of 100 °C/s. The results from dilatometry performed to quantidyahd A
Acstemperatures for the TBF and DP steels are presented in Figure 5.1. Thermal expansion during
heating causes the increase in specimen length until austenite begins to form, identified by the box region
in Figure 5.1(a). As austenite forms, the specimegtledecreases with the transformation to the closer
packed structure (and thus greater density of austenite compared to ferrite) and this temperature range is
shown in greater detail in Figure 5.1(b), revealing several inflection points in the austenite transformation
regime. The measured heating ratethefspecimens are shown in Figbré(c) and indicate a deviation
in heating rate from the defined heating rate of kD3 to about 40C/s; the temperature at which this
decrease in heating rate occurs in both steels is indicated by the dashed Inéhg biiick diamond in
Figure5.1(c) included for reference with Figure 5.2.

To gain further insight on the change in heating rate and a clearer analysis of the transformation
behavior within the intercritical regime, the differential change in length as a function of time was plotted
vs. temperature for both steels. FigGr2(a) and (b) present the differential change in length (solid lines)
as well as the high frequen@yF) power(dashed lines) of the dilatometer as a function of test
temperature for the TBF and DP, respectively. In both plots, deviations in the differentigé chdength
are labelled with symbols to aid in the discussion. The arrows indicate the initial decrease in the rate of
length change associated with the femperatures: 680 °C in the TBF steel and 723 °C in the DP steel.
Shortly after this point, a peak in the differential change in length is measured, marked by the black

diamond that indicates the approximate temperature marked by the black diamonda® Bigy, the
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point at which the heating rate decreases from 100 °C/s to 40 °C/s. The increase in HF power from just
over 20pct to 100 pct at this point suggests that the decrease in heating rate identified in Figure 5.1(c)
corresponds to the HF power achieving maximum output. The most plausible explanation for HF power
saturation is the loss of coupling efficiency of the irtcrcheating coil as the material passes its Curie
temperature, though there is also likely some heat absorbed by the transformation to .austenite
Immediately following the peak in differential length change, a sharp decrease is measured, indicated by
the leftmost stars in Figurg.2(a) and (b). This initial decrease is thought to be due to the rapid
contraction of the specimen (rapid austenite formation) following the spike in HF power. A secondary
local minimum in differential length change is identified in both steels withabensl star, though the
minimum is more prominent in the DP steel. Some investigators have identified similar caméractio

within the intercritical temperature range that were attributed to the transformation of ferrite to austenite,
which occurs at higher temperatures due to the relatively low solute content of ferrite compared with
other microconstituen{246]. The Acsis indicated by the triangle that marks the point at which the
differential change in length returns to a positive, constant value, indicating the transformation to
austenite is complete and the specimen is expanding at a linear rate with increasirgfteenddne As
temperatures were determined to be 880 °C in both steels, though a distinct plateau is absent in the TBF

curve indicating the transformation to austenite was not complete through the entire sample.
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Figure 51 A plot of (a) thechange in length vs. temperature for both steels with a box identifying

the temperature range for austenite formation, a magnified view of which is provided in (b) showing
several discontinuities and inflections associated with austenite formation. Timg nate during

dilatometry is shown in (c) indicating a decrease from 100 °C/s to about 40 °C/s occurs in both steels at
the dashed lines; the diamond is included for reference with Figure 5.2.

The dilatometry results presented here successfully identified the critical transformation temperatures

for furnace simulation of HAZ microstructures; however, these results also indicate that inductive heating
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in a dilatometer is an inadequate method for accurate simulation and characterization of HAZ
microstructures produced with rapid heating rates as the target heating rate could not be obtained. It was
shown that at a heating rate of 1's, which is more than an order of magnitude slower than the

heating rates used in literature studies that simulate weld microstructures, insufficient heating power led
to an inadequate heating rate during austenite transformation. To properly ingebtigadking effeah

Gen3 RSW HAZ microstructures, simulated microstructures should resemble actual weld microstructures
as closely as possible. This factor led to the implementation of the Gle&b08&or HAZ

microstructure simulation, as resistive heating is relatively insensitive to changes in magnetism. A contact
dilatometer was also employed to measure the Acs, and M temperatures during simulation of HAZ

microstructures, and these results will be presented in Chapter 6.
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Figure 52 Plots of the HF Power outp(dashed linesdf the dilatometesuperimposeith the

differential change in lengtsolid lines)as a function of temperature f@) the TBF1000 an(b)

DP1000 steelsArrows indicate A1 temperaturesdiamonds indicate an increasetie differential
change in length associated with the HF power reaching 100 pct, stars indicate local minima in the
differentialchange in length, and triangles indicate femperatures.

5.2 Baking Sensitivity of TBF and DP Welds Tested in ModifiedLap Shear

After identification of the critical transformation temperatures in the DP and TBF steels, five
temperatures were selected for simulation of one subcritical, three intercritical, and one supercritical HAZ
microstructure in each steel. Thelectedemperaturesvere650, 725, 775, 825, and 900 °C, though it
should be noted that 725 °C is very close to tbetémperature (723 °C) in the DP stefet detailed in
Section3.2.5 six specimenper temperature per staetre welded anthenheat treated in a fuate for
(AUnbake

for 20 minutes i n a

5 minutesbefore beingiuenched in water. Three of the specimens were tesigdias n ¢ h e d

and three were held at 180 AC
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Theforce-displacement measurements obtained during modified lap shear testing of tveldost
heat treated TBBnd DPspecimens are displayed in Figure &8l Figure 5.4, and in each figure the
unbaked conditions are plotted as dashed red lines, while the baked conditions are plotted as solid black
lines. It should be noted that each plot contains thefdisfgacement data for all six specimens per
tempeature, and some curves are occluded due to significant overlap with other specimens. The
force-displa@mentcurvesfor the subcritical TBF and DP specimens heat treated dt®%@e shown in

Figure5.3(a) and (b) and reveal an identical response of the unbaked and baked specimens
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Figure 53 Forcedisplacement curvesbtained during modified lap shear testing of spot welds that,

after welding, were furnace heat treated for 5 minutes at®%0 (a) the TBF and (b) DP steels and at
725°C in the (c) TBF and (d) DP steels. Specimens were water quenched before testing in the
asquenched (AUnbaked, 06 dashed red |ines) or baked

The force displacement curves for specimens heat treated t€ 1@%-igure5.3(c) and (d) show a

similar peak force between the unbaked and baked conditions, and a decrease in the slope of the

91



force-displacement curve just after 3 kN in the TBF specimens. The unbaked and baked DP specimens
fail at similar displacements, whereas the baked TBF specimens reach greater displacements prior to
specimen failure. Additionally, the 6%Md 725°C conditions produce similar foraksplacement
measurements between the TBF and DP steels, with the peak force and displacement of the TBF
conditions being just slightly greater than those of the DP specimens.

Figure 5.4(a) and (c) reveababstantiabaking effecin the forcedisplacement measurements of the
intercritical TBF specimens heat treated at 775 and 825 °C, while a relativedyeffect of baking is
observed in the corresponding DP specimens in Figure 5.4(b) and (d). The unbaked TBF specimens
fracture at forces between 6 and 7.5 kN and displacements aroumd \Whereasfter bakingspecimens
fail at twice the peak force and triple the displacenoéninbakedspecimens. It is also noteworthy thirat
the 775 and 82%C conditions, the TBF specimens exhibit peak force and energy absorption less than the
DP specimens prior to baking, but greater than the DP specimens after baking. Thisfdacement
measurements obtained for the supercritical specimens heat treated@te@8&Ghown in Figure 5.4(e)
and (f), and agaiexhibita significant influence of baking on the TBF specimens and a relatively minor
influence on the DP specimens. The baked TBF specimens reveal a dectieasmpeof the
force-displacement curvafter reaching an approximate force of 2 kN load and reach an identical peak
force but greater displacemeatsfailure compared tthe unbaked specimens.

Resultsobtained duringnodified lap shear testing of simulated HAZ microstructures are summarized
in Figure5.5 and Figure 5.6 for each of the five paglld heat treatment temperatures in each steel. The
data are separated into plots summarizing the peak force, Figure 5.5(a) and (b), as well as the energy
absorbed, Figure 5.6(a) and (Byring testingThe peak force measurements and energy absorption
values measured in tieeldedspecimenshat were not heat treat@oresented in Chapter 4) are added to
each plot for a relative comparison of the effects of the heat treatment on modifibedaperformance
and baking sensitivity. Each data point represents the average of three specimens, with error bars
representing the standard deviation of that average. Red diamonds with dashed lines indicate
measurements for unbaked specimens, wheraak bircles with solid lines represent measurements
obtained for specimens tested in the baked conditidrigure 5.5(a)the subcritical and lower
temperature intercritical heat treatments are shovee iosensitive tbakingin the TBF steel. The
spe@mens heat treated at 775 and 825eveal a decreaséetlative to the base conditiopgak force in
the unbaked conditiomg., a trough in peak force is observed within the intercritical temperature regime.
An increase in the baking sensitivity the TBF specimernis observed within the intercritical regime
compared to the specimens that were not heat treated, as the peak fortakédig5 and 825C
conditions is nearly identical to that of the specimen that was not heat treated and was testbdked

condition. The DP specimens heat treated at subcritical and intercritical temperatures exhibit lower peak
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forces than the specimens that were not heat treated, and lack any significant paint baking effect. In
consideration of the specimens heat treated at supercritical temperatures, the peak force of the TBF
specimens exceeds that of the specimens that weheabtreated, and an effect of baking is not
observed. In the DP supercritical specimens, both the peak force and baking sensitivity are slightly
increased relative to the specimens that were not heat treated.

Figure 5.6(a) and (b) present the summarized energy absamsidisfor the TBF and DP
specimens, respectively, that reveal a similar trend to the data presented in Figiine 3BF
specimens heat treated to subcritical temperatures exhibit energy absorption similar to the TBF specimens
that were not heat treated and were tested in theskied condition, and no increase in energy
absorption after baking was observed in thigcsitical specimens. In the DP steel, the subcritical
specimens exhibit reded energy absorption relative to the specimens that were not heat treated and are
also insensitive to lkéng. A minimum in the energy absorption is observed within the intercritical
temperature range forghunbaked conditions of both steels. The TBF specimensrbatgd at 725C
exhibit a slight baking sensitivity, whereas the 775 &26I°C specimens exhibiargeincreases in
energy absorption of 475 and 335 pct, respectively, following the baking cycle. Additionally, the baked
intercritical specimes exhibit reduced energy absorption relative to the baked specimensvieldeghat
were not heat treate@he specimens heat treated to supercritical temperatures exhibit a moderate baking
sensitivity @1 pct increase in energy absorptiolm) the DP steel, a minor increase in energy absorption is
measured after baking in the 775, 825, and°@6onditions, and all of these conditions exhibit reduced
energy absorption relative to tepecimens that were not heat treale@lsummarize, these results
indicate that baking sensitivity is most strongly associated with thetmigbper range of intercritical
HAZ microstructures formed in the TBF steel. Further, the supercritical HAZ exhibits moderate baking
sensitivity, and the absence of any baking seiitsifiv the subcritical HAZ was confirmed.
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Figure 54 Forcedisplacement curves obtained during modified lap shear testing of spot welds that
were furnace heat treated for 5 minutes at (&/B)°C, (c,d) 825°C, and (e,f) 900C in the TBF and DP

steels. Specimens were water quenched before testinginghe@anc hed (fAiUnbaked, 0
or baked (fiBaked, o0 solid black |lines)
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TBF and (b)DP spot welds after furnace héaatment and testing in the unbaked (red diamonds) and
baked(black circles) conditions. Vertical dotted lines indicate tihgahd Acs temperatures in each steel.
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Figure 56 Summarized energy absorption (area undefahe-displacement curve) measurements

from the data presented in Figure 5.3 and 5.4 for the (a) TBF and (b) DP spot welds after heat treatment
tested in the unbaked (red diamonds) and baked (black circles) conditions. Vertical dotted lines indicate
the Ac: and Acstemperatures in each steel.

5.3 Baking Sensitivity of TBF and DP Welds Quantified Using the Small Punch Test

Following characterization of the baking sensitivities in the fursaioellated HAZ microstructures

testedvia modified lap shear testing, specimens for small punch testing were produced using temperature
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of 775, 825, and 900 °C, corresponding to the three temperatures associated with a significant paint
baking effecin the TBF steelFigure 5.7 displays the foralisplacement curves obtained during small
punch testing, with specimens tested in the unbakedakedaonditiors represented by red dashed lines
and solid black linegespectivelyFigure5.7(a) and (b) display the forcksplacement curves obtained
for the TBF and DRteels, rgsectively, in the bas@sreceived)condition and the lower intercritical
temperature of 775 °C. The base condition of each steel is shown to be insensitive to painafaking,
similar peak force and energy absorptieasmeasuredor both steels. Aubstantiatifference can be
observed regarding thimpactof the 775°C heat treatment othe TBF and DP steels. In the TBF steel,
the 775 °C conditions (unbaked and baked) exhibit an increase in staadgtlecrease in displacement
compared tohte base condition, whereas the corresponding specimens in the DP steel exhibit a decrease
in peak force and an increase in displacement relative to the base cotiiafY.5°C TBF specimens
exhibit a sensitivity to baking with a decrease in peak force and an increase in displacement; in contrast,
the 775°C specimens in the DP steel seem insensitive to baking, consistent with the results presented in
Figure 5.5 and Figure 5.6.

The forcedisplacementurvesfor the specimens heat treated at temperature of 825 arfdCa0e
displayed in Figure 5.7(c) and (d) for the TBF and DP steels, respectively, and show an effect afbaking
all conditions The general shapef the curves for the 82% specimens are similar between the two
steels, showing an increase in punch displacement at specimen failure in addition to a decrease in the peak
force after baking. Thepecimens heat treatedd0 °Cexhibit adifference indeformation beavior at
the peak forceln the TBF steel, the unbaked specimens fracture at their peak force, whereas the unbaked
DP specimens fractuidter their peak force, exhibiting a response similar to the-pofbrm elongation
observed during tensile testinthe difference in curve appearance suggests that the unbaked DP
specimens exhibitegreater plastic deformatiaduring small punch test fractucempared to theanbaked
TBF specimengsAfter baking the curve appearanfer the TBF specimens exhibia sligh difference in
appearance though the DP specimens still exhibit much greater plastic deformation during small punch
failure. Baking is shown to decrease the peak force of the DP specimens heat treated to supercritical
temperatures, with minor changes in total punch displacement. These results are considered to validate the
small punch test as a tool for quantification of thkifig sensitivity in simulated HAZ microstructures. It
should also be noted that the inflection in the curves at a force of apptekirh.4 kN represent bending
of the test specimen; these inflections were found to be identical among all specimens tested, and were

removed in subsequent analyses presented in Chapter 6.
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Figure 57 Forcedisplacement curves obtained during small punch testing of the basedasd)

and 775°C condition in (a) the TBF steel and (b) the DP steel. The curves for specimens heat treated at
825 and 90 °C are provided for (c) the TBF steel and (d) the DP steel. Dastédes indicate unbaked
specimens, while solidlacklines indicate baked specimens.

5.4 Microstructural Characterization of Simulated HAZ Microstructures

Consideringhe baking sensitivitiesf the simulated HAZ microstructures measw&dmodified lap
shear testing and small punch testisygecimens heat treated at 825 and @@/ere examined for
evidence of bakingnduced microstructural evolution associated withitggrovements in mechanical
behavior Additionally, the intercritical microstructures were compared to the corresponding
microstructures in actual spot welds, to determine the effectiveness with which the target HAZ
microstructures were simulated, and to determine whether anygaakited observations corresponded
to the microstructural evolution observed in spot welds.

The microstructures of the modified lap shear specimens prodiszckoinace heat treatment at
825°C (Figure 5.4(c) and (d)) are displayed in the unbaked and baked conditions for the TBF steel in
Figure 5.8(a) and (b), and the DP steel in Figuééa) and (b). Microstructures were examined at
approximately the midhickness position in the HAZdjacent region (base metal just outside the
subcritical HAZ) of the initial weld. The micrographs for the TBF specimens reveal a tempering of the
MA consituent inthe intercritical HAZ microstructure after baking, in a manner similar to that observed
in the actual spot weld microstructure analyzed for the baked TBF weld in Chapter 4. In the unbaked DP
specimen, a mixture of smooth and textured MA constituent (dengte) was observed, whereas in the
baked condition all of the MA constituent (martensite) appeared textured, suggesting that the intercritical
HAZ microstructures in the DP speci mens wer e, i n
treatmeh , as il lustrated by the inset-biakikhig®yr er5.th(ea

tempering of MA constituent (baking) during the quench, seems supported by these observations and may
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explain the lesser baking sensitivity in the DP steel. It is also evident in Figures 5.8 and 5.9 that the TBF
specimens exhibit a greater fraction of MA constituent in the final microstructure, which can be attributed
to the lower A1temperature of the TBF steel (680 °C) compared to that of the DP steé(Q)723

resulting in a greater fraction of austenite in the TBF steel at the heat treatment temperatuf€ of 825

The variations in the fraction of MA constituent in the TBF and DP specimens are alsmedeto relate

to the small punch test results of the 7Z5conditions shown in Figure 5.7(a) and {8, the increase in

peak force (compared to the base condition) in the TBF steel and decrease intfied@Rrsteel.

(b)
Figure 5.8 Microstructures produced after furnace heat treatment for 5 minutes & 8@fowed
by water quenching in (a) the unbaked and (b) baked conditions in the TBF steel. Secondary electron

micrograph, 2 pct nital etch for 5 s.

(b)
Figure 5.9 Microstructures produced after furnace heat treatment for 5 minutes &€ 3@%owed

by water quenching in (a) the unbaked and (b) baked conditions in the TBF steel as well as the (c)
unbaked and (d) bakednditions in the DP steel. Secondary electron micrograph, 2 pct nital etch for 5 s.
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The microstructures of the TBF and Dfédified lap sheaspecimens heat treated at S@were
also examined, and these results are displayed in Figure 5.10(a) and (b) for the unbaked and baked TBF
specimens and Figukel1(a) and (b) for the unbaked and baked DP specimens, respectively. The TBF
specimens are shown to exhibit fully martensitic microstructures, and there may be a slight difference in
contrast variations in the specimen between the unbaked and baketbnenttibugh this could also be
due b differences in the contrast/brightness settings of the SEM imaging software. Notably, the presence
of transition carbides within martensite laths of baked specimens was not observed, as has been reported
by several investigators by means of SEM imad##y 25] It should be noted, however, theBSD or
TEM analysis is necessary to draw any meaningful observations regarding secondary phase evolution

during the baking cycleand TEMwill be implemented in later work and presented in Chapter 7.

(b)

Figure 510  Microstructures produced in the TBF steel after furnace heat treatment & 80
minutes followed by water quenchiimg(a) the unbaked and (b) baked conditi@econdary electron
micrograph, 2 pct nital etch for 5 s.

Initial observation of the DP microstructures in Figure 5.11 reveals a significant fraction of ferrite
present in the DP specimens. The most likely explanation is that these specimens were not fully
austenitized during heat treatment after welding. Ibisedtain whether the specimens did not reach the
target temperature of 9GC, or that the transformation to austenite at @ the DP steel requires
more time than was provided during thenfhute furnace hold. Another potential explanation for the
increased fraction of ferrite in the DP specimen is the growth of ferrite during cooling, but this is thought
to be negligible considering the short time between specimen removal from the furnace and quenching
into water (less than 3 s). The incomplete anitt@ransformation thus leads to the characterization of the
900°C specimens as intercritical microstructures, and the change in the appearance of these
microstructures after baking is still significant. Figure 5.11(a) and (b) reveal a similar rebelCiB

99



microstructures presented in Fig&®(a) and (b), in which a mixture of smooth and textured MA
constituent is mostly observed in the unbaked condition and a fully textured MA constituent is observed
after baking. It appears that increasing the heat treatment temperature from 825 t¢ifo&@asing the
fraction of austenite) increases the fraction of textured MA constituent present before baking. It is again
worth noting that the MA constituent found in the intercritical HAZ of the DP spot welds echiiully
textured appearance in the unbaked condition, which suggests thaguerehing represents a faster

cooling rate than applied during spot welding.

DP —900 °C — Unbaked

il BN A 7 = |
N o o 1 C ol

DP —-900 °C — Baked

T
SATENE

(b)

Figure 5.11  Microstructures produced in ti#P steel after furnace heat treatment at 90@or 5
minutes followed by water quenchiimg(a) the unbaked and (b) baked conditi@econdary electron
micrograph, 2 pct nital etch for 5 s.

In consideration of the results obtained in Section 5.2 and 5.3, in which specimens heat treated at
lower intercritical temperatures exhibited little to no baking sensitivity while specimens heat treated at
higher intercritical temperatures exhibited sfigraint baking sensitivities, the intercritical HAZ
microstructures in actual spot welds were closelgxaminedBy placingmicrohardness traverses
through the weld, the microstructures corerespondi
regions of relatively low and high microhardness within the intercritical region, were examined.
Microhardnesgrofiles for the asvelded (solid) and baked (dashed) conditions are presented in
Figure5.12(a) for the TBF (black) and DP (red) spotweldish e boxes | abell ed 6bd th
Figure5.12(a) indicate the microhardness and relative positions within the weld where the micrographs in
Figure 5.2(b)-(e) were acquired. The microstructures observed in FiguBclgely resemble those
presented ilChapter 4; a bakinrnduced change in appearance of MA constituent is observed in the
intercritical HAZ of the TBF weld, shown in Figure 3(h) and (c), whereas the-a&lded and baked
conditions of the intercritical HAZ in the DP, Figure &d) and (e) bothexhibit MA constituent with a
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textured appearanc&he TBF microstructures presented here resemble the microstructures of the TBF
specimens heat treated at 825in Figure5.8, whereas the DP specimens more closely resemble the
microstructures of the specimens heat treated t¢OQflisplayed in Figur&.11. These results

demonstrate that microstructures with similar microhardness likely form at different temperatures in the
two steels, which may impact the microstructural evolution in the TBF and DP stgeldiffering

extents ofcarbide dissolutioret ceteralt is also presumed that the heating rate may also influence the
development of the intercritical microstructures, and rapid heating will be more closely examined in
Chapter 6. It is also worth noting the general similarity in microhardness profilesdreasvelded and
baked conditions suggests a minimal effect of baking on strength of the various HAZ as diseiernible
microhardness measurement. A decrease in microhardness of the supercritical HAZ of both steels (the
regions of highest hardness) is also observed after baking; however, this hardness decrease is not
consistently observed, and the apparent hardness decrease in Figure 5.12(a) may be due to slight

differences between spot welds.

(b) (©

(a) (d) (e)
Figure 512  The (a) the microhardness profiles in the HAZ of the TBF and DP spot welds in the
aswelded( sol i d) and baked (dashed) conditions. Boxes

micrographs in (b) through (e) were obtained. Micrographs display the appearance of the intercritical
HAZ in the (b) aswvelded and (chaked TBF spot welds and the &welded and (e) baked DP spot
welds. Secondary electron micrograph, 2 pct nital etch for 5 s.

Figure 5.8 provides a similar analysis to the and~igure 5.2 but for a region of the intercritical

HAZ with lower hardness. The microhardness profiles in Figur&&) Blso include boxes indicating the
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