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Abstract

Escalating environmental concerns have promgféalts to reduce vehlie weight and carbon
emissions,resulting in increased application of advanced high strength steels (AFH2R®)NB5 ot
stamping grade AHSShamely USIBOR 1500Provide high strength to weight ratio allowing sheet

thickness reductioto decrease weight, while maintaining high safety characteristics.

Resistance spot welding (RSW) has been the predominant welding process for automotive
assemblies. Welding hatamping AHSS hamitroduced new challenges for achieving acceptable welds.
The added alloying elements and high hardenability characteristics resulting in low weldability and weld
toughness complicates this initiative. The current study examines the effecizrot@ssveld tempering

with secondary current puldas on the weltbughness during RSW of USIBOR steels.

RSW and weld tempering were tested on USIBOR at two different surface conditioesivased
and hotstampedJoint performance propertiesiicro-hardness map profiles, and failure modes of welds
for both temperednd nortempered conditions are detailed. Furthermore, a relationship betesdiing

joint performancendmicrostructural evolution is produced.

The objective of this work is to optimize-process tempering parameters, analyze metallurgical
evolution of the weldments, and compare the effects on mechanical performance for both tempered and

nontempered welds.
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Chapter 1

|l ntroducti on

1.1 Automotive Applications for Advanced High Strength Steels (AHSS)

Escalating concernsregardingclimate changedue to CO, emissionshave prompted the U.S
Environmental Protection Agen¢iPA)to issue legislation® reducdhe average automotivieetcarbon
emissions levefrom 155 grams/knmin 2016 down to 101 grams/km by 203%]. One of the means to
achieve these goals is lmghicle weight reductignwhich also reduces fuel consumptiong/herefuel
savings 010.150.70L/100kmcan beachievedper 100kg of mass reducti¢2]. Vehicle weight reduction
can achieved bincreased utilizatiof nonferrousor low-density materiasuch as aluminiuralloys or
fibre-reinforced polymerd43]. However, the highcost of these alternative materiataake them kss
attractive for production of high volume car modalsd these also impede the recyclability of used vehicles
As a result, steel will continued to be usetsideringts cost suitability for high volume productions, and
recyclability. The typical aproach tovehicle weight reductioffior steel bodyin-white (BIW) involves
reductions insheet thicknessHowever, thismay resultin a decrease in BIWstructural integrity
compromising occupant safety. In order to addwestght reduction whilanaintaining occupant safety,

application ofadvanced high strength steels (AHSS) has been incorppted
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Figure 1-1: Steel Application Trend in Automotive Industry [4]

AHSS includesmany families of steels with various microstructural and performance properties
such as:Dual Phase (DP), Compléhase (CP), FerritiBainitic (FB), Martensitic (MS or MART),
TransformatioAnduced Plasticity (TRIP), Hdtormed (HF), and Twinnirgnduced Plasticity (TWIP[4].

It is a general trendhat increasing material strength resulted in diminishing elongation, as depicted in
Figure1-1. The material of particular interest is the aluminized 22MnB5 HF steel;tieded $IBOR

1500P by ArcelorMittal.

1.2 HF Steel Application for Anti-Intrusion Components

The selection for AHSS grades is dependent on the location of applicettieBIW. For example,
DP or TRIP steels are well suited for crumple/crash zones where high energy absorption charaateristics
crucial[4, 5, 6] Meanwhile, MS and HF steels with extreme high strengths are well suited fmtargion
components which make up the passenger compartments. Holwes&ons that bridge between different
zoneswithin the BIW require specific material characteristics for optimal load transmission during crash

evens Figurel-2.



Load transmission during frontal crash

Crash Direction

ﬁ& -

Crumple Zone | Anti-Intrusion Zone | Crumple Zone

Load transmission during side crash

& - rash Direction

source: Volkswagen AG|

Figure 1-2: Load transmission path in a BIW for different crash situations|[7]

HF componentsconsists mainly ofmartensitic microstructure due to high hardenability
characteristicafter hotstamping a praduction processomprise®f heating HF steel blanks to a malleable
state at high temperatures and stamped/quenched to the desired geometrical form in one swift stroke. Hot
stamped $IBOR 1500P offerstensile strength up to 1500MPa and low elongations%f{&. Low
ductility characteristicof this material impedes impact (crash) performamspecially inside impact
scenarios depicted rigure1-2. As a result, it becomeasperativefor antiintrusion components to have
varying (tailored) propertieswith increased elongation for higher energy absorpffnProduction of
components with tailored properties can be achieved with modification to the thermalgsbgesducing
cooling ratesow enough to avoid full martensitic microstructd@ing hotstamping.This process can be
done by varying cooling tas with the integration of heating elements within the forming dies to reduce
cooling rates at desired locatiofrs 9, 10] Alternatively, tailoring can be achieved by welding different

grade materials to fon one componenwhichareknown as tailored welded blang0].



1.3 Problems to Resistance Spot Welding USIBOR 1500P

In light of increasing demand for HF grade AHSS and tailored properties requirement-for hot
stamped componentthere are, on the other hand, limitstldy on weldability andweld tailoring of
USIBOR 1500P; which in turn may limit its applicabilit9ptimization and analysis of resistance spot
welding of USIBOR 1500P will enable more efficient utilization of theektThe following comprise the
main problems found in RSW of USIBOR 150@e of thechallenges to resistance spot weldiif§iBOR
1500Pis weldability. The operatingvindow for RSW of the steel is generally narrower compared to
conventionahutomotive stels[11, 12] This can battributedpartly to their surfaceoating that serves as
anoxidation barrier duringpot stampind13]. Additionally, the added alloying elemetiits hardenability
enhancements contributesdocelerated resistiieeat generation, thus resultingincreasedchances of
weld expulsion when weldingySIBOR 1500Psteels.Due to the high hardenability characstigs of
USIBOR 1500R weld nuggets are pne to interfacial failures due to notch sensitiyity, 15, 11] High
hardenability results in microstructgneith high hardness and low ductility in theesld heat affected zone
(HAZ). A narrowsoftenedor tempered zone subjected to strftical temperaturess typically formed and
surrounded byhigh hardness surrounding materidégding to abrittle stress concentration poirttsat
promotescrack propagationAn interfacial fracturemode is normally associatedvith low energy
absorptior[5, 16]. However,USIBOR 1500Pspot weldsnormallyfail interfacially, even when achieving
high fracture strengths. Welds which fail interfacially stithibit poor energy absorption properties. This
is crucial in terms of weklsubjecting to impacloading, since this essential to tbemshworthiness of

vehicles

1.4 Objectives

The aim of this thesigs to understand resistance spot welding process of USIBOR 1500P with

varying welding scheme@rocessig condition$, analyze metallurgical transformations of weldméats
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both fusion and heat affected aremdcfostructure), and its effects on mechanical performaimcearious
tensile loading modes and weld hardness characteristics (fiegpefhe specificmbjectives of this thesis
are adollows:
1. To investigate the practicality of rapid martensite tempering imigbrocess tempering method
duringRSW of USIBORIn addition, tooptimize and analzewelding schemgfor two sheestack
up of USIBOR 1500P steelsVelding scheme optimizatiomgeredone on both adelivered and
hotstamped USIBOR steels.
2. To compargoint performance between-aglded and tempered weldg evaluating fracture loads,
displacements, and energy (weld toughness).
3. To correlate the hardness of rapidly weld tempered USIBOR weld nuggets with microstructures

using optical and scanning electron microscopy.

1.5 Criteria and Constraints

The assessment of spot welthperties and characteristiase based upon recommended practices
according to American Welding Society (AWSnd International Organizatiorstandardization
Organization (ISO¥tandard$17, 18, 19] Mechanical testing methods used in this researched are detailed
in following chaptersAdditional mechanical property tests of the USIBOR base material are based upon
ASTM International E8L0[20]. This thesis work is limited to the investigatiaif the effects of RSW and
tempering olUSIBORhot-stampingsteel. Attention has been addressed in particularighe hotstamped
condition of the USIBOR stesddjnceit is the commortonditionin which it iswelded duringautomotive
manufacturing.Material thickness is restricted th.2mm and1.5mm due to availability and the
correspondinglectrode sizegsed areecommended bWS guidelines An important consideration that

was encountered during this thesis work is the electrode alignment during RSW. This was unexpectedly



found to have a dramatic influence on the output when applying tempersiy iduring RSW, and

represents one of the tical issues to be addressed in terms of industrial applications.

1.6 Thesis Outline

This thesis report has been organized in 7 chapters as follows:

1

Chapter lintroduction to background, problem, objectives, justification and constraints.

Chapter 2:Literaure reviewi characteristics o0RSW process, fundamentals of ferrous\RS
microstructuralevolution, processing of USIBOR 1500&nd its characteristicsand tempering

evolutionof martensitic steels

Chapter 3:Experimental Method$ details on materialdnstrumentationand characterization

methods, experimental procedursisnulation software, and modelling theory

Chapterd: As-Delivered staté&JSIBORWelding and Tempering detailswelding challenges with
asreceived coatings and heat balankgplication of inprocess tempering pulses and evaluation

of resulting weld performance.

Chapter5: Hot-stamped stat&)SIBOR Welding and Tempering detailsthe gplication of in-
process tempering pulsen hotstampedUSIBOR welds and evaluation of resutty weld

performance in comparison to-tmeated weld nuggets.

Chapter 6Conclusions anRecommendatiorissummarizes the main findings, the knowledge and

contributions attained to this research work, and proposed future work.



Chapter 2

Literature Revi ew

2.1 Resistance Spot Welding

Resistance spot welding (RSW) is an autogenous welding procearing no filler metal is added)
in which contacting metal surfaces are joirtedether withlocalizedheat generatiodue toresistancef
an appliedelectric currenf21, 22, 23, 24]The invention of resistance welding was accrediteHlifou
Thomsonwhen he accidentally fused tvedectricalwires together during an experimemhomsonfiled
the patentMethod ofElectric Welding[25] in 1890 andhe welding principle was further developiatb
resistancepot, seam, projectioandflash butt weldind26].

RSW has been the predominant weldimgethod for joining steel sheets in automotive
manufacturingspecifically for bodyin-white (BIW) construction. The process is rapid, easily automated,
autogenous, and requires little skdl operatethus making it suitable fdrigh capacityproductionlines
[24]. Presently, a typical BIVihcludes40036000 spot welds depending on the model and size of the
vehicle[21].

RSW involves coordinated application of electric current and mechanicalpgrexfsthe proper
magnitude in order to generate a defect free vz to the short current path of a typical two sheet stack
up, low voltage high currenis necessary to develop the desired amount of heat for weleiigigre 2-1
illustrates a schematic afresistance spot weldirggtup The currentfrom incoming single phase powisr
stepped up through a welding transformer and into the weltingwhich is connected usin@lexible
conductorsThe horn is constructeaut of heavy duty copper arms with electrode holders where copper
alloyed welding electrode®side Figure2-2 illustrates the cross section @two sheet stackp clamped

between water cooledeetrodesat specified electrode pressivéater cooling is generally supplied to the



electrodes to prevent these from overheatmading. During welding é&her alternating/AC) or direct
current(DC) is passed from the electrodes through the clampadtpieces Peak heat generation and
material fusion occurs at the workpiece faying surfaces duegto resistancat the faying interfae

combination comparedith theelectrode to workpiece interfaces, resulting welded joint.

flexible conductor

welding horn
transformer'\
confactor -t
T - r electrode holder
1
. [ i l
single phase [ | electrode horn
power 1I : electrode Spacing
I { | electrode holder
[]
L__..1!

{al
throat
"’ "depth

Figure 2-1: Resistance Spot Welding Machine Schemat[@1]
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Figure 2-2: Electrode and Stackup Cross Section Schematid®?2]



The RSW processconsists ofs distinct sages 1) initial squeeze of the work pieces between
electrodes, 2applicationof the electrode force to desirddad 3) application of current for heat generation
atthe faying interface, 4) holding tinte allow forsolidification of the motel metal and finally 5) electrode

release of the work pieces.

y
Work Sheets@ ﬁ‘
7? MR

Figure 2-3: Stages of Resistance Spot Welding@7]

2.1.1 Fundamentals

The physical principle dRSWc an be expr es s eadrJoblg Hedtiogguantifgiry f i r st
the amount of heat releakky passage oflectric current through a conductdoule heating is expressed

as:

1 'OYa Eqn.1: Joule
Heating

where Q [J] is the amount of heat generat¢dmps] is the current appliethrough the conductor, R

is the total resisince of the conductaandt [s] is the timeof the duration of applied current

Theresistance of the conducterthe summation of various interface and bulk resistances in series
of the sheet metastackup. A typical two noncoatedsheetstackup setup consists of seven resistance
across the circuifFigure2-4). R1 and R&reelectrodebulk resistancg wheretheresistivityis lowest due

9



to the excellent electrical conductivity of the copper electrod®®.and R6are electrode to workpiece
contac resistancg due to the contact with copper electrodes, these resistances are relativil® kand

R5 areworkpiece bulk resistansgresistivity of the bulk material is dependent to electrical conductivity
characteristics of the base matefigigure 2-5). Finally, R4 is the workpiece interface resistancthis
resistance is generally the highest betwibersteetsteelinterfacesresulting in highest heat genéoatin

this area to create the weld pool

R1

Electrode R2

R3

[ Sheet i

| Sheet | R4
RS

Elecirode R6

R7

Figure 2-4: Stack-up resistance between welding electrod¢21]

14 [ T T T

Mild steel

Pure aluminum

Electrical resistivity (f2-cm/K)

LU IR I I L L N N B R L L DL I

PURTES AT

a—o——_a  Copper
P L o /i Y S el s o b b g gy
200 +00 e00 800 1000 1200 1400 1600

Temperature (K)

Figure 2-5: Bulk resistivity vs. temperaturebetween different base material$23]
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Resistances for coated steels compared to uncoated ones differ significamtlge case of
automotive steels, coatingsich ashot-dipped galvanized (HDG; Znased coatingare typically used
which have a melting point much lower than that of the steel. This leads to melting of the coating during
RSW, which may suddenly drastically reduce the contact resistanc&€hR4ignificantly influencesthe
heat genet#on potential resulting inrequiredhigher current input to attain acceptable weld s[283.

Figure2-6 illustrates a sample of resistance differences between coated andated steels.

R R
_....,,..—.——-’— _—b_
R2 Eﬂ\h —_— R2 — — e —

==
-

3

COATED

R'zvr—;;,;-- m'r,g"m."

UNCOATED

Figure 2-6: Resistanceprofile comparison betweencoatedand uncoated steelf27]
In the case of hestamping steels such as USIBOR 1500P AhS&i protective coatings used to
prevent oxidation during thermal treatmemé diffused with iron, resulting in formation of intermé¢al

layers of higher resistivitypromotingheat generatiorF{gure2-7) [28, 29]

1t

h. 4

N

i

Figure 2-7: Temperature distribution during RSW between Al-Si and Zn coated HF stee]28]

\AI-Si HPF/
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2.1.2 Weldability and Determination of Weld Quality

Weldability in resistance spot welding is a measure of how effectively a particular material stack
up combination can be welded using specified electrodes and fokeddability lobes(Figure 2-8)
describethe upper and lower limits of the system with respect to parameters such as weld current and weld
time combinations thaaroducesatisfactory weld sizes. Thawer limit for asatisfactoryweldis determined

by the minimal welddiameterexpressed g4.8]:

0 T 0 Eqn.2: Minimum
Nugget Diameter

given by AWS D8.9M, wher®lgi.is theminimumweld diamete(mm)and tis the material sheet thickness

(mm).

Weld 4
Diameter

Interfacial splash Y1

) | |

>
Welding Current

weldg |
Time |

i Interfacial splash
Acceptable |
Welds

Small Welds
b}

>
Welding Current

Figure 2-8: a) weld growth curve for fixed weld times b) weldability lobe at constant electrode ford@1]
The upper limit of the satisfactory is determined by the observation of weld flash or expulsion.
Weld flash occurs when heat generation is too rapid, resulting in the electrode to sheet interface to glow red

hot during welding. Weld expulsion occurs whba molten weld pool grows too rapidly and too large for
12



the constant cooling of the electrodes to contain, resulting in molten material being expelled out of the
faying interface or near surface of the sheets adjacent to the elettiedangesf current and time which

define theweldabilityis determined bthe relative power required to foraweld,as well as the robustness

of the weld system. Typicallyvide weldability lobes are more robust than narrow lobetheas will bea

greater range of current that can be applied to form a satisfactory weld.

2.1.3 Welding parameters

The main parameters that can be contraliedingresistance welding machine are welding current,
welding and cooling timegJectrode geometrand electrodedrce. Each of these parameters have different
effects on the resulting weld quality. The combinations of these parametennines theveld quality and

ranges for theveldability lobe

2.1.3.1 Welding Current

The weld current can either be alternating (AC) ceati(DC) currents. AC current sources causes
the weld pool to grow in steps as the current switches polarity. DC current sources, on the other hand results
in continuous growth of weld poollhe weld current can be considered the most influential to heat
generation during resistance spot welding. Accordingdo. 1, the heat generation is proportionakiie
square of thapplied current. Essentially, doubling theremt will quadruple heat generation of any period
of weld time. The automotive industry has mainly setup its assembly lines with AC resistance spot welding
machines and DC powered machines have been limited to more specialized applications. Recantly, medi
frequency DC (MFDC) spot welders have become more popular due to increased energy Staviteys

welding times compared to AC, and reduced capital costs related to high current trangistn&€k

13



2.1.3.2 Welding and cooling time

Time can be differentiated between welding and cooling tiffigse is generally measured in
cycles with 60 cycle/seconds for the 60Hz North American machinessTam®C power suppliegare

measured in milliseconds.

Weld time is the period kich current is applied to the weld pool. Weld current and weld times are
complementary to each other. At low weld currestsficient time is required for heat generatidn.
contrasthigh weld currents requires low weld times to avoid expulsiomeve, time cannot be shortened
too much regardless of the increase of current. BasEdmi, heat generation is proportional to the square
current. The effect of higburrent and short time combination would generate heat too ragdiyting in
pitting, surface flashing, or weld expulsidield time is commonly setonstantdependingon material

thickness, grade, and coatjrag petAWS D8.9M: 2012 for automotive st materials.

Cooling timesare measureduring theperiodwhen current stops flowing, but electrode force is

still applied.During this time, heat generation is halted and heat is conducted away from the weld by the
water cooled electrodes and adjadeuik material The coolingtime isalsogenerally known as holding

time that occurs at the end of the applied current pulse so the weld pool can ddtittifgg times allow
enough molten material to solidify to provide the weld with sufficient structtrahgth.Long holding

times are generally applied for weld pools to fully solidify. However, this may not always be desired as
rapidly quenched weld pools may form porosities or void shrinkages. As a result, holding times can be
shortened by releasingedtelectrodes before the weld pool fuliglidifies, allowing the remainder molten

material to solidify by conduction to the surrounding material or convection to the surrounding air.
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Figure 2-9: Multi -Pulse Profile Welding Scheme
Depending on welding schemesgoting times can either biglentified asmulti-pulsecooling or
guenchtimes For thicker materials, mulpulsed schemes are desired in order to form high quality welds
of sufficient size withoutisking premature expulsiothe cooling periods in between pulses are identified
as multipulse cooling time$31]. These cooling periods typically range from 2 to 4 cyaes33 to 66

milliseconds aslefinedby AWS D8.9M[18].

For welds that require post weld heat treatments (PWaiT)ntermission quench time is applied
for the weld to completely solidified, as molten material cannot be meaningfully heat treated with temper
pulses.This is alin to the application of external heating following other welding processes in order to
suppress brittleness or excessively hard microstructures in steels. In the case of RSW, this PWHT can be
applied during the process by the electrodes, by using antuvhéch is below the threshold required to
cause melting of the sheets, essentially allowing heat treatment to be perforsitedshortly after the

weld is formed.
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2.1.3.3 Electrode Pressure

The pressure applied by the electrotietps to securéhe workpiecegogether during welding.
There are two stages of weld forces; initial squeeze force and welding Toeciitial squeezeorce is
required to avoidinwantednotionof the electrodespon the workpiecgsrior to the weld, aiding electrode
and material atjinment. Prior to the application of weld current, the electrode force is intensified to a
desired level, this is known as the weld fortlee weld forcenfluencescontact resistances of the material
stackup, thus influences the resulting heat generatfotow electrode force may lead toreduction of
actual contact between workpieces, and the resulting contact resistance will be high. Low electrode forces
lead toarisk of rapid heat generation and expulsion as tharsisgficientforce to contain thexpanding
weld metal On the contrary, higher weld forces lowers interfacial contact resistamEro asperities
between nt er f ac e s tayether Afi srepultel@ver dehtdgeneration may occurthisdmust be

compensatetbr with increasedveld current/time combinations.

2.1.3.4 Electrode Alignment

Under ideal conditions, the top and bottom electrodesitrated withfaces parallel to each other
and concentrically overlapping during welding. Good electrode alignment ensures uniform electric curren
conduction and heat generation for nugget formd88n33] Pooralignment carause poor weld qualities
such as diminishing weld strengths due to undersized nuggets oexgudsion Electrode misalignment
canbe attributed to factors such as poor electrode s&iupmachine stiffness, and dynamic movements
during welding33]. Figure2-10i s a schematic il lustrating deflecti
welding. At high electrode forces or weldment of heavy gauge sheet material, deflection due to poor
machine stiffness can cause electrodes to become misaligned in botlcosxitricity and angular

alignment

16
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Figure 2-10: Deflection of welder's arm under electrode forcd33]

Irregularnugget shapes cacur for misaligned electroddse to an imbalance of electrode forces
and heat generatiofrigure2-11 illustrates probable nugget shapes due to different misalignment modes.
Assuming axial misaiinment in only one of the axis, electrical current is forced to travel at an angular path
from the one electrode to another. The resulting nugget shape will be oval due to narrowing of current

density along the displaced direction.

| /
| /

|
>d<- ;.
| a
Axial Angular
misalignment misalignment

Figure 2-11: Effects of nugget shapes due to misalignmentodes[32]
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When electrodes are angularly misaligna@ssure generated from the applied electrode force will
concentrate to one sideigure2-12illustrates the pressure distribution comparison between ideally aligned
electrodes to angular misaligned electrde®.ideally aligned electrodethepressure is evenly distributed
around the electrode edge in order to contain the molten nugget and prevent weld eip4djsibor

angularly misaligned electroddamping pressurdistributes asymmetrically, causing increasisélsr of

Pressure : i
Pressure

() — \

e ]

Figure 2-12: Electrode pressure distribution due to misalignmen{32]

weld expulsior{35].

2.1.4 Mechanical Performance of RSW

2.1.4.1 Qualitative (Destructive) Tests

Various destructive mechanical tests are damethe weld nuggets to either qualitatively or
guantitatively assess their soundnéssarge portion of these destructive tests are performed at assembly
lines, where time restraining cinmstances only allows for weld buttdaesand failure mode monitoring
The two general qualitative tests are chisel test and peel test. Chisel tests involves driving a chisel wedge
in between welds to assess brittle fracture behavior of the specifi§yesidrally done after the weld has
cooled down). The peel test involves pieglone of sheet lap jointed to the other sheet thatdeaxad
(normally by a vice). Onceorkpiece is peeled away revealing the weld faying suyfactton diameter

and failuremode is monitored and evalua{@é].
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(a) Chisel test (b) Peel test

Figure 2-13: a) Chisel Test b) Peel Teq36]

2.1.4.2 Tensile Shear (TST) and Cross Tensile Test (CTT)

In order to quantitativelyevaluaé the soundness of weld nuggdistrength and ductility)
instrumentecperformance testwhere load and displacement quantities are monitored and recarded
conductedThe two common instrumented tension tests ardeesigear (TST) and cross tensile test (CTT)

[36, 37, 38]

TST (also known as shear te@)done oma lap welded specimefRifure2-14a) by subjecting the
sampleto uniaxial loading until weld fracture y A s h racale Thentasting method focuses on the weld
nugget integrity (stiffness) under shear loading méilgure2-14is a schematic demonstrating the failure
progression of a lap welded specimen undergoing Tréflally, the weld nugget experiences rotatam
the specimen is pdt As the loading progresses, the matesiarounding the nugget begia deform
similar to a rigid button embedded in ductile material. Finally necking occurs (generally et 080
positions)at the edge of the nugget. Under ideal circumstafurgsullout failure, fracture is initiatedt
one of these two pointnd the weld button will be pulled d@9]. If the weld fails interfacially, the fracture

initiates at the faying area and fractures through the nuljgetn be noted that nugget rotation can be
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minimized by shimming the grip regions of each sheet to equal thicknesses to ensure axial loading through
the nuggefl7, 18, 38] Additionally, increased specimendth as well agncreasedase materiadtiffness

also minimizes nugget rotatig@8].
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Figure 2-14: Tensile Shear Test schematics and fracture progressig&9]
Minimum shear tension strengttas been defined by AWS D8.1M:2007 to ensmigimum
acceptable shear tensiareld strengths achieved. The minimum strength is a functiorba$e material

strength and sheet thickness. The relatiateffned by the followng:

[¢]
N
[¢]
N
(0]

8 [17] Eqgn.3: Minimum
Shear Tensior
Strength

where, ST is theheartension strengtin (kN), UTS is the base metal tensile strength (MPa), aisdthe

vy

materal thickness (mm).
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CTT (also known as tension test) subjects the weld nugget in the normal difaabialer to test
t he A onessaicafthé weld nuggetailure load results from CTare dependemin basamaterial
sheet thickness, strength and ductility, as well asdféedted zone strength and ductility of the weld region
[37]. CTT requires specialized specimen geomety guip fixturesto ensure normal tension is applied on

the weld(details will be highlighted in chapter 3).

(a)
i o { i
A
(ol Elslt
T ®» 7 =
l ] L]
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Top view of cross tension
Th. © - sample with fixture
=nh-/= :E

I ‘ Shear fracture around the nugget |

Figure 2-15: Cross tensile test schematics and fracture progressig&9]
Figure2-15 demonstrates the deformation pattern and failure progression of cross tensile specimen
during CTT. Initially, large bending deformation occurs along the width of the sample. As the loading
progresses, necking an@dture occurs around the weld buttonefwally, the weld nugget is pulled out

from either one of the coupons and stays with the other coupon for pullout failure.

The minimum cross tension strengdtcommended by AWS D8.1M:20@¥a function of the base material

thickness. The equation is givas

6 Y pg& v o[17] Eqgn.4: Minimum
Cross Tensiol
Strength

where, CT is the cross tension strength in (kN), aisdthe material thickness (mm).
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2.1.4.3 Quantitative Result Interpretation

Recorded data from instrumented tensile tests are generally in the form-didplatement curves
for weld joint tensile testStressstrain calculations are generally not used to quantify RSW performance
due to the dynamic nature of the weld nugget during loading, thus it becomes difficult to properly gauge
the changes in nugget area as well as utilization of strain gauges weltieel specimerfigure 2-16

depicts a general loadisplacement curve for a weld joint tensile test.
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Figure 2-16: L oad-Displacement curve for weld joint tensile tesf17]

For a typical weld loadlisplacement curve, the following information is usually collected.

1 Peakload Themaximum load attainablef theweld during tensile test prioptfracture.
7 Ductility 7 is themaximum weld displacement prior to fractréi D d-igure@-16).

1 Energy i The total energyabsorptionis calculated as the area under the curve from

load/displacemenrdrigin until the peak load.
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2.1.4.4 Weld Failure Mode

There are eight different combinatiorigailure modes for resistance spot welds identified by AWS
D8.1M:2007: button pullout, partial thickness fracture with button pullout, partial thickness fracture,
interfacial fracture with button pullout and partial thickness, interfacial fracture witlorbgpullout,
interfacial fracture with partial thickness fracture, interfacial fracture, and finally, no f{isignFor
simplicity, only three main failure modes are considered: pullout failure (PO), partial plug failQreufelF
interfacial failure (IF)40, 41}

Partial Plug Pullout
Failure (FF) Failure (PO)
t i

—
) \ !
' bt
%‘ v
. -\ \ 7
Int_erfamalq_ ________ . R
Failure (IF) / |
HAZ o/ Base metal

Figure 2-17: Different failure/fracture modes for resistance spot welded nugggt0]

Figure2-17illustrates the different fracture paths of IF, PF, and PO failures.

PO welds are generally associated to large welds, where the weld nugget is completely pulled out
from one of the metal giets, leaving a hole in the other. In the case of IF, fracture primarily initiates at the
faying notch and fracture propagatesough the fusion zone. IF&ssociated to small welds which has low
load carrying and poor energy absorption capability andtén avoided in industry standgtb, 39, 42]

PF welds share a mixture of interfacial and pullout failure, where fracture first propagates in the fusion zone

and then is redirected through the thicknefsthe base metal.
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Figure 2-18 Load- displacement curve difference between PO and IF failureg2]
Many welding institutes including AWS and IS@vedefined the minimum weld nugget to be
given byEqgn. 2. However, IF remain persistent for AHSS welds even when nugget diameter surpasses
minimum requirement. It has beargued that the dynamic of weld fracture for AHSS significantly differs
than that of conventional automotive sheet steels, thus weld quality checks for AHSS welds should not be

deemed solely on fracture modas].

2.2 Welding Metallurgy for Ferrous Material

Figure2-19illustrates the relationship between peak temperatureS,bteary phase diagram,@n
resulting microstructural evolutiasf a gas metal arc welding (GMAW)eld. The schematic offers similar
temperature to microstctural evolution relationship fanany fusion welding process, including RSAV.

typical fusion weld section composgswo distinct zones; fusion zone (FZhd reat affected zone (HAZ)
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Figure 2-19: Peak temperatures and microstructural evolution of a weld zon§43]

2.2.1 Fusion Zone (FZ) and Weld Solidification Process

The FZ is the regiowhere melting and solidification occur to form the joireld. The temperature
within the FZ exceeds the liquidus temperature (>363d0r steel)and solidifies as heat is removed post
weldment The ability to form a serviceable jointdependenbn the naterial chemical composition and
the circumstances of solidificatioBolidification of aresistance spateld poolis similar to that of metal
casting wheresolidification starts withthe formation of nucleates (solid species within the liquid phase)
within the weld pool and the continuation of liga@solid transformation of crystal structure growth. The
crystallization process is governed by heat dissipation of the weld poohatsutrounding, normally
occurring by conduction. The initial solidificatiofithe weld poais that of epitaxiahucleation androwth,
initializing at the liquidsolid interface known as fusion boundary (FB34, 45, 46] Grain growth is
primarily columnar as the FB front moves forward for RSWe evolutiorof grain growth within the weld
poolis dependent on thitemperature gradient and growth rais.the solidification front forward into the

weld pool the temperature gradief) decreasesvhile the growth rate (R) increase¥he general
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solidification mode undergo from planar > cellular > cellular dendritic > columnar dendrit@/Ras

decreasepi5].

2.2.2 Heat Affected Zone (HAZ) and sub-zones

The HAZ is a region of the base material (BM) where temperatures were not high enough to cause
melting and solidification, but high enough for sold state transformations within the microstructure.
Microstructural transformatiorwithin the HAZ is governed by local thermal cyclagsulting in
heterogeneous regionBased on different local thermal cycles, various zones of HAZ with different
microstructures can be identified. The region adjacent to the FB (supercritical HAZ) carchtegaiized
into two parts; theoarse grain (C&1AZ) andfine grain (FGHAZ). Temperatures experienced at the-CG
HAZ is typically between solidus arftbmogenizingemperature$~1500C > T > ~1100C), thus this
region is also known as grain growth z@sinitial segregations are eliminated and reformed from cooling
during post weldmen{47]. Below the grain coarsening temperatures and abovdutheustenite
transformation temperatuécs) liesthe grain refined zone (FBAZ). Further away from the FEAZ
lies a region that experiences partial phase transformation, also known agific@r (IC-HAZ). The
temperatures experienced in this regiany between Ag andthe austenite start temperaturkcf). As a
result, new phses that do not exist in theaiginal base material may form, due to partial austenite
transformation and subsequently quenched post weldment. Theitscdd HAZ (SGHAZ) or tempered
zone is a region where temperatures do not excegednficgenerally ab@ martensite start temperature
(Mg). As a result this region does not normally show any major observable microstructural changes as
temperatures are not high enough to cause any phase transformation. This region, however, generally
contains the weakest amostructuresince the region has been softened by -subical temperatures

(tempered).
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2.3 Ferrous Martensite

The termmartensitevas named after German metallurgist Adolf Martdie namevas first used
to identify very hard, platéke or acicular constituent prodwtén many steelshat arerapidly quenched
from austenite statg48]. Martensitic transformation is diffusionlegsneaning that the chemical
composition of the parent and product phases are idenéndlpccurs upon cooling at rates fast enough to
suppress the diffusieoontrolled transformation of austenite to ferrite, pearlite, and bainite. In martensitic
transformation, neither iron atoms ncaarlbon atoms diffuse; therefore, the transformation occurs by
shearing or the rapidulk motion of atomsMartensite is in the form of metastable bamnter tetragonal
(bct) structure, contrast to bodgnter cubic (bcedf common steelait equilibrium stee [48, 49] The
morphology and structure of, dependent of carbon content, ferrous martensite generally is in the form of

plates or lath, or mixestructure Figure2-20).
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Figure 2-20: Effect of carbon concentration of the ranges of lath and plate martensite of ireoarbon alloys[48]

In the case of hestamping steel, the martensite morphology is predominately lath martensite due
to carbon concentration not exceeding 0.25wit&th martensite is found in low to medium alloyed steels
of carbon concentrations up to 0.6wt%. Martensitid latructures are usually grouped together in

differently oriented packets (or bundlesjaring identical orientation and habit plavéthin each packet,
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small anglemisorientedlath structurds differentiate into different block@ppears as microstrucas of
different contrasts)The combination of blocks and packets forms within an austenite [¢&i50, 51]

Figure2-21illustrates schematics and optical micrograph of a typical oy lath martensite structure.

Prior austenite grain boundary

I ,V!,J,

Laths of 2 variants
with small misorientation

Block boundary

Figure 2-21: Lath martensitic structure schematics and optical micrograph[50, 51]

2.3.1 Martensite Tempering

In the asquenched state, martensite has very high strength and haitiseavery useful material
in specific areas requiring such characteristicsvever,asquenched martensiie also very brittle and
requires heat treatment to increase ductility at the exgpehstrength. Heat treatment of martensite is
generally known atempering by heating martensitic steel to a certain temperdtypécally 256700°C)
below critical temperature Afor a specificperiod of time[52, 53, 54] The tempering procedsvolves
overlapping stages of the following: the segregation of carbon to lattice defects and the precipitation of
carbides, the decomposition of retained austdifitany), and the recovery and recrystallization of the
martensitic structurg¢52, 53] Essentially,softening of martensite occurs with carbide nucleation and
coarsening througbarbon diffusion from the supeatsirated martensitic structure flrms a mixture of

ferrite ( U)Fea@)mphhseslteshoald beinoted that tempering is a diffusion process, thus
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sufficient time must pass at selected temperatures for transformations to Tealoler2-1 details the

martensite temperingansformations atach stageassociated witklifferent temperature ranges

Table 2-1: Stages of Temperind52, 53]

Temperature Transformation
Decomposition of supersaturated martensite to transition carbi
SLIAAOFWHARS yR 26 OFND2Y YI NI
T2: (200; 30C°C) Decomposition of retained austenifd present)to bainite
Transformation of bctmarteéh A S o6h ¢ 0 Ay (2 CSam
gonstituens
T4: (>356C) Spheroidization of cementite
T5: (>358C) Alloyed stee| Intermetallic precipitates and alloy carbides

T1:(100¢ 250°C)

T3: (250; 350°C)

2.3.2 Rapid Tempering

Tempering is generally accomplished by isothermal heatitty sufficient soaking periodp to
numerous hours order to attain desired steel attribute®wever,thermal historie®f a spot weldare
rapidand softening castill be observed specifically within the HAZ regions, regardless of the absence of
prolonged dwell timesCvetkovskiet al.,observed an initial large drop in hardness of martensitic structure
within the first tenth of a second when laser tempering martensitic medium carbohistiéed softening
was observed for longer temper tinfé8$, 56, 57] Simply stated the initial softening of martensite is
related to carbide nucleation and is dependarspecifictemperaturdevels (activation energy), whereas,

subsequent softening is due to carbide coarsening when enough tempering time hderpdiffsistbn

The morphology of carbide (cementite) formation within martensite subjectedsotbermal
temperingdo differ to isothermal temperinddaltazaret al.,have observethat during that noisothermal
tempering of martensitéine cementite formation was attributeddmmbined effecof delay in cementite
precipitation and insufficient time for diffusion of carbon duditgh heating/cooling rates. As such, there

was not enough time for third stage (T3) tempering where cementite coarsening and recrystallization occur
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[58]. Figure2-22 illustrates of fine inter and intdath cementite formation of a martensite stitucture
subjected to noisothermal tempering, comparing to fully spheroidized cementite and complete grain

recovery after isothermal tempagin
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Figure 2-22: FesC formation within martensite subjected to isothermal and nonrisothermal tempering [58]

2.4 USIBOR 1500P

USIBOR1500P, trade named by ArcelorMittal, is a 22Mri3&deboron alloyed steel coated with
Al-Si coatings for hestamping proces3.he intended use of USIBOR 1500P is for automobile structural
and safety component by offegivery high mechanical strengtfithe final part, while achieving weight

savings 0f30% to 50% compared to conventional cold forming grade qg&els

Hot stamping is a neisothermal forming process, where forming and quenching takes place in
one combined proces$here are two main variants of ksiamping direct and indirect hot stamping
methodas illustrated inFigure 2-23. Direct hotstamping involveghe heating steel blanks abovesAc
temperature and soaked for a given amount of time (typicallyo80@ for 4 to 10 minutes) in an open

atmosphere furnacé&ransferred to the press, and subsequently formed and quenched in the cloded tool.
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direct hotstampingnvolves an extra step of cold pi@ming part tonear completion and then normaith

stamping procedure fdinal part geometry calibratiofl0, 8, 59, 60, 61]

Figure 2-23: Hot Stamping Process: a) direct hotstamping, b) indirect hot stamping [10]

2.4.1 Hardenability and Critical Temperatures

The high hardenability (ease to form martensite) characteristics of USIBOR 1500P is a result of
addedalloying elementswith the major effectontributedby the addition of boron (BR2MnB5 hot
stampinggrade steelgenerally lave chemical compositiomms main alloying elementsf 0.19-0.25wt% C,
1.1-1.4wnt% Mn, and 0.008-0.006wt% B [62]. Details of specific chemical compaosition of the USIBOR
sheets used for experiments will be discussed in tlmnfiolg sectionThe effects ofmainalloying elements

are as follows:
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