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Abstract

This thesisexamineghe failure behaviour of spot welded connections in componesns)
three differenaluminiumsilicon coated hot stamped steels, Ducftt®d0-AS, Ductibof 1006
AS, and Usibdt 1500AS, with 1.2 mm and 1.6 mm sheet thicknesSgot weld connections are
first characterized using single spot weld experimehtsovel experiment ishendeveloped to
characterize weld failure propagation within groups of welds under predominantly shear loading
conditions.The experiments are modelled to evaluate how a calibrasédi faillure model from

single spot weld test dapeerforms in predictingpot weld group response.

Tensile lap shear and cross tension single spot weld experiwmert€onductednderquast
static conditionsaccording to thé&WS D8.9M:2012standardfor all materials and thicknesses
considered in this workRecorded forceversuscrosshead displacement curves and integrated
absorbed energyersuscrosshead displacement are reported for all single spot weld experiments.
The higher strength materials, Duii® 1006AS and Usibdt 150GAS, exhibited brittle weld
failure modes and thuabsorbedalmostno energyfollowing failure initiation. The lap shear
experiments showed similar levels of spot weld strength, around f6ikill 1.2 mm specimens
and approxnately 2626 kN for the 1.6 mm lap shear specimens. The cross tension experiments
showed similar strength for the DuctiBdB00-AS and Ductibdt 100GAS specimens, 7 kN for
the 1.2 mm thickness and 12 kN for the 1.6 mm thicknessp@&alk loads for th&Jsibor® 1500
AS cross tension specimens were approximately 5a¥tedbads fothe other two materials. The
Ductibo® 500-AS specimens absorbed the most energy for the lap shear and the cross tension
experimentswhich is attributed to increasqmhrent metadeformation and more ductile weld

failure characteristics

A new mechanical test, termed the Caiman Mode lll, was developedrtwteshear failure
within a group of spot welds in a manner similaatmode Il fracture mechanicgpecimenA
customrail design using kthannelsthat is fabricated in stagés selected. The Caiman Mode llI
experiments are tested under qestatic and dynamic loading rate conditions to examine the
mechanical properties of spot welds in a structunghich the appliel load can be shared across
multiple spot welds. The Caiman Mode Il experiments further showed that the three materials
have similar peak loads and that the DucfitB00-AS spot welds have the highest toughreess

most absorbed energy of the three malertested. Spot weld failure timing was recorded



characterizethe extent and rateof spot weld failure propagatiom the Caiman Mode Il
experiments. High speed thermal imagery agsliedto determine precise spot weld failure times
in both the quasstatic and the dynamic Caiman Mode Il experimesse it was difficult to
identify failure of specific weld from the foredisplacement dataThe Ductibof 500-AS
exhibited a slower rate of failure propagation through the weld group compared t@ thig/her

strength alloys.

Two differentspot weldmaterial models wereonsidered in numerical simulation$ the
single spot weldand Caiman weld groumxperiments.The first weld material mode
*MAT_100_ DA, isused commonly byndustryin car crash sinlations, while thesecondweld
material mode*MAT 240, useda cohesive zonapproachthat enablemore direct control over
the spot welgostfailure behaviour Both weld material models were calibrated to the single spot
weld experiments with respect torceversusdisplacement. The *MAT_100_DA model showed
no postfailure unloading response for the noraehsile loading condition, thus under predicting
the total absorbed energihe *MAT_240 model enabled more accuraiestfailure unloading

for all of thesingle spot weldonditions tested.

Simulations of the Caiman Mode Il experiments were performed to validate the calibrated
single spot weld models. The *MAT _240 simulations and the *MAT_100_DA simulations show
similar predictionsfor each material condition except for the Ducth600-AS 1.6 mmmodel.

The numerical simulations of the Caiman Mode IIl experiments were able to qualitatively predict
the overall behaviour of the Caiman Mode Il experiments, includipgas such as high initial

load followed by load drops at each sequential weld failure and load drop off, as well as progressive
failure propagation through the weld grotfowever, the simulations showed inconsistent peak
force and energy absorption acacy results when examining the results of different material and
thickness simulations. The Caiman Mode Il simulation inconsistencies for both material models
suggests that the differences between the predictions and the experiments may be from physical
inconsistencies between the design and ttialagated final specimenBdge tear out failure was
observed in the Caiman Mode Ill experiments dugéGanmnuggetto-edge distance while the

spot weld modeal were calibrated from single spot weld experimemigh 20 mm weldedge

distancethat exhibited button pull out failure instead.
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1. Introduction

1.1. Motivation

The Environment Protection Agency (EPA) and the National Highway Traffic Safety
Administration (NHTSA) require manufacturers of passenger cars and light trucks to meet certain
fuel consumption standards for vehicles sold in the ddnftates. The fuel consumptianset
through the Corporate Average Fuel Economy (CAFE) program. The CAFE program has been in
effect since 1978 and the latest extension covers the model years (MY) 2017 to 2025. The program
is estimated to save four bilhdoarrels of oil and reduce the emission of greenhouse gases by the
equivalent of approximately two billion metric tons over the lifetimes of the 2026 MY

vehicles[1].

One approach that vehicle manufacturers are investigating to reduce emissions is through
vehicle lightweighting.Reducing the overall weight of the vehicle will require less energy, and
thus burn less fuel, to operate the vehicle. While vehicle-igdigghting has many facets, in this
work the focus is on the ligiweighting of automotive structures, i.e. the vehfcdene, through
the development and application of higher strength materials. Increasing the strength of the
material allows manufacturers to reduce the effective cross section of frame members while

maintaining or improving the overall strength and safétihe structure.

To achieve weight savings through this method, manufacturers have been implementing
Advanced High Strength Steels (AHSS) in vehicles. These alloys typically have higher strengths
but do tend to have lower elongation, as showRigurel. As the materials used in automotive
applications increase in strength, it can be seen that there is an inverse relation with total
elongation; as thematerials become stronger the elongation decreases. This relationship limits the
range of structural applications which the highest strength materials can be used because
forming parts with complex geometry is very difficulith such low total elongain values.
Additionally, there will be lower energy absorption capacity due to the low ductility which can
have negative effects on crash worthiness and passenger safety. Future material development for
3 Gen AHSS grades, seen i HGENeAldS Sigurelhnsbbl e
investigating different ways to maintain high tensile strength buéase the elongation through

new chemistries, processing techniques, and material behaviour.
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Figure 1: Left) Actual and projected changes in the absolute amount and percentage of the total weight in North American

vehicleg2]. Right) Steel strength ductility diagrdB].

This thesis presents research that is a part of a larger effort investigating the application of hot

stamped steels in the front end structure of automobiles. Hot stamped steels are among the highest

tensile strength materials available, but also exhibit relgtlet ductility. Typically, hot stamped

steels have been limited to applications in which-gmitusion is desired to protect the passenger

compartment during a vehicle crash, such as in the vehicle door ring, seen in the red coloured

sections inFigure2. The passenger cabin is designed to be enclosed by a rigid shell that limits
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The use of ultra high strength hot stamped steels in the front end strudtere a large amount

of deformation is required for energy absorption, is a challenging @sier et al. [4]

demonstratethat significant spot weld failure anthe brittle behaviour of the martensitic UHSS

material(UTS > 1,500 MPajised in axial crush experiments led to catastrophic failure. Unstable

or catastrophic failure is undesirable fint crash applications in vehicleghere reliable energy

absorption is requireth design safe vehicle®meret al.[4] shaved that tailoring properties via

in-die-heating can lead to favourable crash performance. M@ieh[5] introduced Ductibdt

500 for Laser Welded Blanks to extend the application of hot stamp material to high energy

absorption areas such as front and rear iMibse recent worky Peiste[6] with Tailored Welded

Blankshas demonstrated that somewhat lower strength hot stamped grades (UTS < 1,000 MPa)

can absorb crash energy and may be suitable for front end structural applications.

With the increases in strength of materials being used in the construction of vehicles, it is

becoming more important to understand the joining methods being used tolagbersbructure.

Accurate representation of the joint strengahdjoint failure behaviour orfracture modesis

necessary

t o

under st and

and

predict

a

vehicl e

Resistance spot welding (RSW) is a major joining method utilized in the fabrication of automotive

structures because of the low time required per wedidhagh suitability for automation, without



a requirement for additional filler materid], [8]. Over 90% of assembly work in a car body is
completed by RSW, totalling anywhere from 3@IDO0 individual spot welds, depding on the
vehicle[8]i[10]. Given its prominence in vehicle assembly, significant efforts are being applied
to simulate the RSW process and subsequent structural ahgperésrmance.

| 270 MPa ' Upper View

Magnesium

Steel Tensile
Strength Legend

Aluminum

Figure 2: 2016 Honda Pilot body construction and higtiength steel contertL1]

Implementation of high strength steels has measurably affected the structural performance of
component level structures. Early work examining the effects of using a spot weldeal top
channel(Figure 3 (a)) instead of a square tubeith a continuous seam weldrigure 3 (b))
highlightedthe importance of understanding and accurately modelling spot weld f&turetural
effectiveness is a parameter used to evaluate axial crush performance and is cabgulated
normalizing the average stress during an axial crush by the material tensile sttevegrshown
the structural effectiveness was reduded top-hat channelaxial crush experiments/hen
changing the material from lower strength (300 MPa) UTS médlgb higher UTS materials
[12]i [14]. However, he structural effectiveness was not affestdabnincreasing the base metal

strength in the squatabe axial crush experiments.

@ (b)

Seam weld
Spot weld

Figure 3: (a) Tophat channel section; (b) square channel sectiatapted from Tarigopulat al.[12].



Schneider and Jongk5] established that there are many aspects that could explain a reduced
structural efiectiveness wheilincreasingthe materialstrength but none of them explain why
square sections did not exhibit the same phenomdia@se results indicatbat the presence of
the spot welds on the flangé a tophat channelin contrast to the seam weldsed in the square
section,s the cause of the structural effectiveness reduettean applying higher tensile strength
materials to axial crush experimenlswas also noted that finite element simulations were not

able to reproduce the different sttural effectiveness for spot welded togt sections.

In this review, lhe hot stamping process améchanicapropertief the materials considered
in this thesis are discussdebllowing that, he resistance spot wéahd process is introduced and
how it affects the microstructure of the hot stamped materials being Ne&tl the commoly
usedsingle spot weld characterization tests and compegat weld group testare reviewed
Lastly, the various methods of spot weld numerical modelling for FEA andethdts of

simulations fronthecurrent literature are discussed.

1.2. Hot Stamping

Increasing the strength of steel allows for thinner gauge sheet to be used in automotive
applicatons while maintaining structural and safety integrity. However, increasing the strength of
the steel sheet metal typically results in a reduction of the total elongation of the material, shown
in Figurel, making it impossible to form the complex geometry required in automotive structures.
According to Moriet al.[16], coldstamping UHSS that has a tensileength greater than 1.2 GPa
is unpractical because of the large amounts of spring back and tool weaetMbijil6] also
stated thathe hot stamping processideal to overcome these issues becausepinngbackree,
parts have tensile strengths of 1.5 Gitar stampingand during stamping there are low loads
and increased ductilityn the hot stampingrocess, depicted ffigure4, a blank is first heated in
an oven until a complédieaustenite microstructure is obtained. Thée blank is transferred from
the oven into the press where the final geometry is formea whmultaneously rapidly cooling
the part. Thaustenitizatiorheat treatment process followed by the die quenching forms a 100%

martensite or mixed martensite and ferrite or bainite microstructure, depending on tii73lloy



Figure 4: Direct hotstamping process diagraifi.8]

The mechanics of the hot stamping heat treatment can be further understood from-the iron
carbon binary phase diagram and the isothermal transformation diagram, sHeguré®d. The
austenite microstructure is formed when an 4carbon alloy with a carbon content of
approximately less than 2% by weight is heated above the upper critical temperajoresg i
Martensite is formed through the diffusless transformation of austenite when it is rapidly cooled
to low temperaturefl9, p. 362] Martensite does not appear on the {canbon phase diagram
because it is a metable or nonequilibrium, microstructure As the martensite transformation
is diffusionless, it has the same chemical composition as the parent austenit§2PhaBee
presence of alloying elements can significantly alter the phase transformation temperatures and
carbon cotent in the phase diagram as well as change the time and shape of the isothermal
transformation diagrams.
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1.3. Hot Stamped Steel Materi@loperties

The hotstamped alloys considered in this work are Ducfil&fi0-AS, Ductibof 1000AS,
and UsiboP 1500AS, supplied by ArcelorMittal. These grades of steel are micro alloyed with
boron and coated with an aluminitsilicon alloy. The addition of boron to steelshiaeen well
studied and is known to increase hardenability by suppressing the nucleation of ferrite at the grain

boundaries of austenif21].

The mechanical properties for these three alloys are listEabile1 based on a heat treatment
process of 5 to 10 minutes at 880°C to 930°C followed by a simulated paint bake cycle at 170°C
for 20 minutesAll three steels in the a®gceived condition have ferritic-pearlitic microstructure
[22], [23]. A 100% austenite microstructure is formed during heat treatment process before
quenching. After die quenching, the UsiBA500AS forms a 100% martensite microstructure
[22]i [26] and the Ductibdt500-AS microstructure consists of ferrite and martengsg, [26],

[27]. The DuctiboP 1000AS also forms 100% marisite but has increased ductiliiyughness
through a micrealloying addition of N§28]. The Nb addition in the steel composition contributes
mainly to a more refined microstructure during hot stamping operdfi®hs

Table1: ArcelorMittal material minimum characteristic values after hot stamping and paint baking simuldgdn.

Material Yield stress  Tensile strength  Min. Elongation Bending angle
[MPa] [MPa] [%0]

Ductibo® 500-AS o 3 O 5 15 o 1

Ductibo 1000AS o 8 O 1¢ 6 080

Usibo® 150GAS O 1¢ O 1¢ 5 o ¢

During theaustenitizatiorheat treatment, the sheet metal blank forms an oxide scale when in
contact with air and undergoes surface decarburizg8@jnTypically, a zinebased or aluminium
based coating is applied to the steel sheet to prevent thiofraumring. The material considered
in this work has an ABi (10% wt.) coating applied by a hdip procesg18]. During the
austenitizatiorprocess many different phases and layers are formed through the diffusion of iron
from the base metal into the patly melted coating, assisting with adhesion of theSAtoating
to the steel substraj#8], [31], [32] The adhesion of the coating to the base metal substrate means
that paint may be applied directly without additional processing. Alternatively, if no coating is
applied, an extra shdtlasting process is required to remove the scale to allow good pagsi@ah

[32], [33]. Comparative work done by Ighodaro, Biro, and Z[@®j found that the presence of



both Al-Si and zinebased galvannealed (GA) coatings required increased wealdingnt due to

the increase of electrical resistance. The peak load of the spot weld joint (after welding) was not
affected by the coatings because the strength depends solely on the size of the fusion zone. It was
also foundduring weld failure testing #tweldedcouponswith both coatingsn the hot stamped
conditionexhibited similar levels of energy absorptiandicating that the different coatings do

not affect the weld strength or toughness

1.4. Resistance Spot Welding Process
Resistance spatelding (RSW) is a process to join two or more stacked metal sheets together

by clamping the material between two copper electrodes and driving a large electric current
through the stackup. The generated heat rapidly melts the material between theesledgtiod
then solidifies, creating a fusion zone that joins the sheets together. Heat is generated in this process
as a function of the applied current, the electrical resistance of the components in the circuit, and
the time the current is flowing, accamg to

0 ‘OYo (1)
in which is the heat generates the welding currenty is the electrical resistance, adis$ the
time current is appliedlhe current has the largest effect on the total heat generated because the
amount of heat generated is proportional to the square of the applied current. Increasing the current
grows the nugget size but excessive current density will cause molten maildi@ax weld
cracking, and lower mechanical strength propeitl€§. The primary parameters of the RSW
process are controlling the current, welding time, hold time, and force applied by the electrodes.
These controlling parameters are illustratadafpossible RSW procedsagram seen ifigure®6.
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The electrode geometry and internal water cooling are also parameters that can affect weld
quality. The AWS D8.M:2012[36] standard providespecifications dr all of the spot welding
process parameters for sheet thicknesses ranging from 0.60 mm to 3.00 mm. For an AC power
supply, the weld time is defined as number of cycles at a system frequency of either 60 Hz or 50
Hz, but can also be converted to secommswer technology using DC power supplies provide
better electrical efficiency and the more precise control of the spot welding pi@gl$36]. The
applied force directly relates to the contact resistance. As the clamping force incressedate
asperities that offset the sheets from each other begin to yield. This reduces the average height of
the asperities and increases the number of asperities in contact. The overall effect of this it to
reduce the interfacelectricalresistancg35], [37], [38]. Acceptable weld quality is definesing
the weld nugget size for a range of current amperes and time/cycles of current agigieed to
as the weld lobg3]; thereis a minimum and maximum weld nugget size that will provide
acceptable mechanical properties. The minimum weld nugget Sig®,isn whichois the sheet

thicknessand the maximum nugget size is limited by the occurrence of exp{B&pn

The thermal cycling from the resistance spot weld process alters the microstructure of the
surrounding parent metal in all materials; however, the final microstructure is highly dependent on
the initid microstructure and exact thermal cydbepicted inFigure 7, the microstructure of the
spot weld is made up of different zones that experience different thermal cycles during the RSW
processThe heat affected zone (HAZ) due to welding can be divided into fouregidns: the
coarse grained (CG), fine grained (f@tercritical (IC), and the subcritical (SC) zoh89], [40].

These subregions extend from the fusion zone (FZ), where material is heated above the melting
temperature and has a clke structure, to the base rakt(BM) region, where the original
microstructure is heated to below approximately 200°C and generally unaffected. In the CG and
FG zones, the peak temperature exceeds théeperature and the local structure is fully
austentized. The CG HAZ, which isoskst to the FZ, undergoes a thermal cycle well above the

Az and graincoarsening temperature, thus promoting grain growth. The FG HAZ thermal cycle
nucleates austenite grains but does not reach grain coarsening temperatures. Rapid cooling
transforms the wstenite into large martensite grains in the CG HAZ, whereas the FG HAZ
produces an ultrine martensitic microstructure. The IC zone peak temperatures are between the
A1 and A temperatures causing partial transformation of the ferrite phase to astsniting in

a final martensite + ferrite microstructure. The SC zone temperatures are belowpthiatAand



temper the metastable martensite and bainite pha#esy exist shown by Elleet al.[41]. Some

materials, such as mild carbon or HSLA steel, may not show structural changes in this region.
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Figure 7: Spot weld HAZ microstructure with respective peak temperatures shown on equilibrium dz@ran403]

Early work by Kunishiget al.[42] showed that localized necking and fracture occurred during
forming operations due to softening in the HAZ for DP grade steel, but not HS&ABte DP
steel, which contains a mixture of martensite and ferrite, experienced tempering of the martensite
in the base metal that was heated to above 600°C and below: tieenfperature. Khaat al.[43]
examined the microstructure and mechanical properties of several AHSS grades with reference to
a conventional HSLA steel. The AHSS grades showed higher tensile str¢hgththe HSLA
steel. The FZ was observed to have harder microstructures due to the complex chemical
compositions of the AHSS when compared the HSLA steel. Balké&arandezt al.[44] studied
the extent of softening in the SC HAZ in DP steel through the use of a nano indentation technique
on each individual phase present. Micro indentation testing showed an average maximum drop in
hardnes®f 31 HV at100um from the start of the SC zone. The nano indentation measurements
revealed that almost no softening occurs in the ferrite phase; all softening is due to the tempering
of martensite and tempered martensite existed further from the FZhénamicro hardness data
suggested. Biret al.[45] studied more specifically the softening kinetics of the SC HAZ in laser
welds in DP600 and 788teels. They founHAZ softening occurred through mansite tempering
and that theheat input required for HAZ softening decreased as the carbon content of the
martensite phases increased. The martensite tempered via decomposition into cementite and
ferrite, and the formation of carbides due to alloyirepegnts (Cr and Mo) reduces the effects of

softening.

Fully guenched hot stamped boron steel (22MnB5) has a completely martensitic microstructure
that exhibits microstructural changes in the HAZ from the thermal cycle of the spot welding
process that arersilar to those in the DP steels. Jaogigal. [46] investigated the effects of RSW



parameters and pesteld microstructure of 1.2 mm UsifoA500AS. The subregions and
softening effects in the HAZ preséntthe Usibof 1500-AS are the same as what was reported in
the high strength DP steelBhe CG and FG HAZ contained only martensite, the IC HAZ was a
mixture of martensite and stable ferrite, and in the SC HAZ thexisting martensite formed
stable ferrite and temped martensite resulting in a softened region. The hardness at the weld
fusion zone and the base metal was approximately 550 HV compared to approximately 320 HV in
the SC HAZ. Luet al. [47] also showed that for Usiddrl500AS, the same range of
microstructures form in the HAZ from the RSW procesghose identified by Jongf al. [46].

The weld nugget, CG HAZ, and FG HAZ microstructure consist of fresh martensite, followed by
a duplex structure of martensite and ferrite in the IC HAZ, and lastly tempered martensite in the
SC HAZ with the extent of tempeg decreasing towards the BM. In a studyBiyrget and
Sommen48] to characterize and model fracture of spot welds in hot stamped grade stesl, it w
found that the measuresglongationof a uniaxial tensile specimen was significantly reduced
compared to the specimen with no spot weld. In work to develop a calibrateebsisathfracture

model for RSW of tailored hot stamped boron steel, Eliet.[41] showed a peak softening effect

as a result of a short tempering cycle just below thetéfnperature. The reduction of hardness
scaled linearly with the base material hardnfs the five tailored hardness grades examined.
Additionally, the study by Elleet al.[41] andthe earlier study by Burget and Somnjé8] both
showed that for uniaxial tensile loading, strains localize in the softened HAZ leading to early
fracture initiation for base metals with hardness of 250 HV or greater. The presaheespot

welds affects the overall deformation response of the tested specimens; this further shows the need
to characterize weld failure when implementing higher strength materials in automotive structures

and have accurate models.

1.5. Standard spotwveld characterization test methods

Single spot weld characterization is performed to understand the joint strength under isolated
loading conditions (in the absence of other spot welds). Single spot weld tests are used to
objectively determine the strengiha weld and quantitatively compare the weld strength of joints
using different welding process settings, sheet materials and thicknesses in a consistent manner.
There are two basic test methods for determining the strength of a single resistancddspot we
defined by the American Welding Society (AWS) in the AWS D8.9M:2012 starj@@}dThese
two methods are the tensile lap shear test and the cross tension test, as detailed in the following.
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1.5.1. Lap shear

The lap shear test applies a tensile load acting along the plane of the weld interface to develop
a shear stress in the weld nugd@pending on material propertiesist test only approximates a
shear loading because the weld nugget rotatesfepiine as the load increasbshamadizadeh
et al.[49] showed for PHS60(Ductibor® 500AS) materialthatthe lap sheatest begins with an
isolated shear loading condition but begins to transititma mixed shear and normal loading as
the weld nugget rotateshile the higher strength PHS15@Usibof® 1500AS) material had
negligible normal force componentdlonetheless, the tensile lap shear is one of the most
commonly adopted and simplest weldacacterization tests in use. The coupon geometry is

illustrated inFigure8.

125

20

il

Figure 8: Tensile lap shear assembly and schematic of gripping in the tensile frame.

1.5.2. Cross tension

The cross tension test applies a tensile load normal to the interface plane of the spot weld to
develop a normal stress in the weld nugget. This test requirescagnifixtures to connect the
welded specimen to the tensile frame grips. The applied load is centred on the weld nugget and is
rotationally symmetric about the weld nugget so there is no transition from the initial isolated
loading condition unlike the ocach peel tesf50]. However, the cross tension test typically
develops a large amount of coupon deformation away from the nugget which makes it difficult to
characterize the local deformation conditions near the weld at the onset of[&liJudsternative
spot weld characterization methods can help reduceftieis, such as the K8 test discussed in

Sectionl.6.2 The welded assembly geometry for the cross tension test is shé&vguia9.
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Figure 9: Cross tension assembly geometry and fixture schematic.

1.6. Advanced spot weld characterization test methods

There are several other methods of testing welds found in literature used for the
characterization of spot welds in addition to the standard tensile shear and cross tension tests
outlined in the AWS D8.9:2012 standard. These advanced characterizationlsrekahaot follow
any particular standard and thus each specific implementation in different studies tend to vary
slightly, especially with regards to coupon geometry. However, each characterization method has
a specific use that is maintained regardlesmpfementation differences, such as load condition,
ease of testing, erumericaimodel validation purposes. The more commonly found methods found

in literature are discussed in detail here.

1.6.1. Coach peel

The coach peel test is useful for characterizing sgd behaviour under bending loading
conditions[50]. The geometry, seen Kigurel0, joins the flanges of two pieces of material that
are formed into an{shape. As the coupon isaded pull-out begins on one side of the spot weld
and propagates around the weld nugg@ée concentration of stress at the opening of the coach
peel specimen results in reduced load carrying capacity (strength) in comparibah @b the
symmetrically loaded cross tension specirf&]. The coach peel tebas beemsed to calibrate

joint models that include a bending term in the failure m{&@| [52]i [58].
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Figure 10: Coach peel test geometry (left) and modifiedIKi8st for peelright). Arrows indicate direction of applied loading

1.6.2. KSlI

The KSII test[50] is used often in addition to or instead of the typical tensile shear test and
cross tension te§48], [52], [56]i [59]. The KSII weld coupon joins two formed{dhannels, with
the weld located at the centre of the matindesies. The assembly, shownRigurell, is then
mounted into a tensile frame. The HISan be loaded at any loading angle from 0° (pure simple
shear) to 90° (pure tension or opening mode). Particularly for tensile lap shear testing, there is
significant weld nugget rotation that leads to a combined tensile and shear loading condition. Th
mixed mode loading makes calibrating the shear failure conditions for the spot weld models
difficult but isavoided in the KSI test because the specimen geometry provides more support to
reduce the coupon deformation. Typically, loading angles of 0°430;60°, and 90° are used to
investigate the relationship between normal and shear stresses, referred to as mixed loading
condition, or mixed mode behaviour. The capability to apply isolated or mixed loading conditions
with one geometry makes it convemi¢o calibrate failure behaviour for numerical models.

Figure 11: Different load cases for the KItest. Arrows indicate direction of applied loading.
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1.7. Weld group tests

Weld group tests examine the behaviour of spot weld®atdimponent level, which generally
implies connections consisting of more than one spot weld. Spot welds in full vehicle crash
scenarios have more complex loading conditions than what is represented in the single weld
coupon tests. Also, when multiple spetlds are present in a deforming body the loads will be
shared across multiple spot welds. A component level weld group test is used to verify that a weld
model calibrated using one or more single spot weld tests will be able to accurately reproduce
behavour in the more complex loading conditions seen in vehicle crash analysis. The main results
of a numerical simulation that are used to verify the weld material model are the weld failure

location, deformation modes, and global fedigplacement curves.

Apart from validation purposes, the presence of multiple spot welds allows for unique methods
of characteri zing wel {b1] aippliedau riiec r baechka vei xotuern.s i @ank
evaluate the rate of weld failure in the Caiman Mode | tests (detailed later). As the spot welds
failed sequentially, reerred to as unzipping, stronger material that load energy absorption

correlated to the fastest crack propagation.

1.7.1. HSpecimen

The Hspecimen test is a multpotwelded fatigue test defined by the 1ISO 18592 standard
[60], [61]. This test has the same form as the-IK&st but is larger in all dimensions to
accommodate multiple spot welds in one specimen. The geometry is defined for shear and peel
load conditions, as shown HRigure 12. The Hspecimen test is a multiple weld group test,
however, it is of limited utility for characterizing fracture propagation between spot welds since in

this test all the spot welds see the sarominal loadingimultaneously

(a) (b)

Tl 1 annnl

Figure 12 H-specimen geometry used for multiple spot weld fatigue tests for (a) shear, and (b) peel, loading c{@@litions
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1.7.2. T-Joint Test

The T-component or Jjoint weld group test is commonly used in literature as a weld model
verification tes{50], [52], [56], [62], [63] The test is a simplified lab version of the lower section
of a B-pillar ard door ring seen in passenger vehicles, showigimre13. It consists of two square
rails that are joined to form adhape. The square rails are made from ahahnel with a flat
backing pl ate. The trunk o fpilar,fsdoadédiby the greeri ¢ h i
impactor inFigure13as would be seen in a full vehicle side impact test. This test is used for weld
model validation becae it is relatively easy to fabricate and has many spot welds that undergo

different loading conditions simultaneously.

Load cell A

Load cell B

e

ot
y

Figure 13: T-joint model[50].

1.7.3. Caiman Mode |

0O 06 K e=¢p1] tleveloped the Caiman Mode | weld group testharacterize how spot welds
progressively fail in tension as a result of two components separBiegaiman Mode | derives
its name from the fracture mechanics failure type Mode I, not from the mixed mode loading
definition used for the K&H tests.The test uses a double fditannel rail that has been partially

joined along the length using with spot welds on the flange, sdegurel4.

Figure 14: Caiman Mode I[51].
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The Caiman Mode | test producgsiniquecharacteristic forceersusdisplacement response,
seen m Figure 15, that is describetly smooth loading up to the peak load followed by stepped
force unloading as each progse® spot weld failure occurés the test progresses and the hat
channels separate, the spot welds on the flanges are loaded sequentially creating a propagating
Acracko. Wh e n ¢ o mpsiaglei spaweld testing using uliffetest matdrial
condt i on s, [)daredehatthe strength of single spot welds was not largely affected by
parent metastrength oductility but energy absorption was higher for the lower strength parent
metal due to increased plastic deformatma change in welddcturemode The differences in
weld toughness between the material conditions tested are clearly seen in the Caiman Mode |
structural connections experimertise specimens with softer materfibelled400 °C and 700

°C) exhibited much higher energy absorption.

Energy (J)

Figure 15: Force (left) and energy (rightyersus pin displacement plots for quagitic Caiman Mode | tesf51].

There are other geometries for lasgmale weld group testing that use a full vehicle test or a
section of a full vehicleusually in conjunction with numerical simulations teeglict local
conditions within weldsOne study looked at applying a weld model to the seat mounting point on
a floor frame[54], another study compared the numerical arperimental results of a side crash
test on a vehicle floor pa®4], and two studies looked at modelling and predicting the global
deformation mode of the frontal structure during vehicle c@8}, [65]. Due to the large number
of components and complex deformation that occurs in these assemblies, often onligvgualita
conclusions are drawn from a model validation perspective. Weld failure location and timing
correlations are made as well as identifying similar trends in -disgacement plots. The
complexity of these types of weld group tests makes them diffioulise as a weld model
validation tool.
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1.8. Spot weld numerical characterization

The development of models fafilure of the various jointased in automotive structures is an
ongoing processunderwaywithin manyresearchgroupsin the automotive industryAccurate
representation of the joint strength and fail
behaviour and response to a crash scena&@®YNA is a nonlinear finiteelement solver that is
commonly used for crash analysis for the auttweoindustry. There are already multiple
simplified modelsfor spot weldfailure that have beedeveloped and implementedthin LS-
DYNA [66], [67]. These methods amaitable for automotive CAE analysis which shell
elementsare most commonly usdbat have a size on the order 65 3nm to enable reasonable
solution times for full vehicle simulations. An alternative modelling approach is to use a detailed
model withsubmillimetre solid elements that will capture the micromechanics at the-scase.
This modelling strategydiscussed in Sectioh9, can predict forcalisplacemenresponse and
fracturemodes at weld failure very wg#1], [48], [57], [68] [70] butis canplex since itequires
constitutive models for individual heat affected zones. stmulations at the automotiveAE-
level, elements that are less than approximately 3imsizeare considered prohibitively small

and as such HAZ modelling has not yetrbapplied to full vehicle simulation in current literature

The CAE-levelmethods, whictaredescribed in detaliere are all designed to accomplish the
same general task but are based on different formulations and thus provide differentvrgsults
varying levels of effectiveness accuracyThere is a balance that must be determined by the user
that involves aspectsuch as modelling complexitg.Q, acquiring test data for calibration or
meshing requirements), effects on4time, and accuraaselativeto real spot weld behaviour. All
spot weld models require single spot weld test data to calibrate the modetiémsviaolated
loading conditiongsideally to enablaccurate solutions for more complex loading conditions seen
in component level or full vehicle crash tests. Typically, the standard single spot weld tests defined
in the AWS standardg6] such as crostension and tensH&ap-shear are use®0], [51], [54],

[68], [69], [71] It is also possible to use other geometries such al$ &t can provide various
isolated and mixed loading conditions while only using one coupon geof8iry52], [55]

[57], [72], [73] Some single spot weld tests require more preparation before testing can be
performed, for example coach peel andIK&sts need to haermed coupons before being spot
welded whereas crogsnsion and tensidlap-shear use flat blanks. The spot weld modelling

options have different meshing methods or sometimes can be meshed multiple ways. Different
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meshing methods can impact the feagipoif implementing a weld model into existing component

and vehicle meshes. A weld model may have a different response depending on how the weld
elements and the joined surfaces are meshed, as well as how the weld is connected to the parent
surfaces all of which is referred to as meslependencptl], [48], [50], [54], [55], [74] A mesh
independent modelling method is preferrgidce a meskhdependent weld may also require
significant manual remeshing of the joined components or mgs¥th the use of custom macros

or CAD tools. The element type and formulation can change depending on which weld model is
being used. Each element type and formulatiane a different method of determining the
minimum time step required and canfluence the total run time of the simulation. At the CAE

level of analysis, it is impossible tapturethe exactfracturemode of a spot weld due to the
inability to capture crack propagation near the weld nuggetithin the HAZ Localized
deformation in théedAZ as well as fracture through the nugget or parent material are not captured
via a simplified weld model using beam or solid elements to connect shell elements representing
the parent material. However, there are still differences between the weld thaedetsll more

or less accurately capture the stress state of the weld and the failure behaviour. Models that use
solid elements can be refined to a higher density of elements in the nugget that will better capture
peeling or use different damage formidas that are more representative of the physical

mechanic$50].

Apart from the inherent difficulty of generatingCAE-level weld model that can predict the
overall response of single spot weld tests, another difficulty facbédtisot every spot weld is the
same. Each of the thousands of spot welds placed on a car body will have minute differences that
can affect the failure mode and weld strength. A spot weld model, however, will use the exact
same properties that have been calibrated to a certain wele faibde for every weld so it can
be problematic when trying to represent spot welds on a component that do not fail the same way

every time.

As stated earlierhere are many methods or different formulations for modelling a spot weld
connectiorbuilt into the finite element solver LBYNA [66], [67], [74] The simplest connection
method is a rigid connection that uses a tied contact or constrained nodal rigid body to couple the
nodal rotatims and displacements of the points of a nodal pair to each other. Later methiods buil
on this foundation to provide failure criteria that will release the tied constraint of the nodal pair

to simulate the failure of the spot weldstead of using a rigidonnection, deformable beam or
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solid elementsincorporating an appropriate constitutive model, have also been considered to
introduce compliance of the connectimthe modelAdditionally, these methods can implement
postfailure damagéreatmentshatwill graduallyunload the connection as separation occurs. The
more common and recent formulations that are commonly seen in automotive CAE analysis

simulations(here focusing ohS-DYNA) are describeth the following

1.8.1. *MAT_100/*Mat_Spotweld

The *Mat_Spotweld is an elasfastic material model based on von Mises plastitigory
[67]. It can be applied to either beam elements or solid elements that are used to mesh the
connection between two deformable or rigid surfaces. When connecting beam elements to shell
surfaces, the elements have an unconsulain#ing degreeof-freedom which prevents torsional
loads from developing; if torsional forces are expected, solid elements should be used instead of
beam elements. A single solid element or an assembly of up to 16 solid elements, dfigunrein

16, can be used to mesh the connection.

Figure 16 Sample of four, eight, or sixteen solid elements used to construct a singleekbassemblj66]

The spot weld material imodelledwith isotropic hardening plasticity that can be coupled to
failure models. In theimplestcase, a failure strain is specified that defines when each integration
point in the spot weld connection element fails. Alternatively, a variety of failure foiongahat
have been developed by different groups and are implemented HY N3 can be used as the
failure criterion instead of a single strain valié¥]. The OPTparameter on the *MAT_100
material card is used to select which failure method is applied to the weld elements and is separate

from the damage parameters and function.

1.8.1.1. Forceresultantbased failure
Three normal{f ,0 ,0 )andthree momentresultants (,0 ,0 ) are used to define a
failure surface that is either predefined, shown in Equati@y or specified via a

*DEFINE_FUNCTION card. Additionally, the failure function can be evaluated but not applied,
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meaning no failure, to assist with the identification and analysis of spot welds that Bréolike

fail.

— — - - p m (2
1.8.1.2. Stresshased failure

The stresdased failure options uses normal strgss,and shear stresk,in the weld material
elements and a failure surface to determine failure, similar to the force resultant based option. The
stresses used in these failure functions are leamiusing the same force resultants that are used

in the force resultant method. For the primary stiessed option@PT = 1), the failure surface

is defined by:

” T
— T p T (3)

If rate effectsare to be considered, Equati@) becomes:

. t
” - T -

p T (4)

where, - andt - describe the function dependence of failure stress on strain rate and
are defined with user input curves. There are alternate-fiasssl failure option©OPT =6,7,9 )

that slightly alter the input method using extra *DEFINE cards but all foh@xsame base failure
functions defined by Equatiornf3) and(4).

An approximatenotch stress@PT = 3) and stress intensity factddPT = 4) failure method,
developed by Zhany1], were implemented into *MAT_100 as failure options. The notch stress
and stress intensity factors are developed by superposition of the approximate analytical solution
maxima on the nugget edge for tensile shear, cross tension, and coach jreehspdtowvas noted
by Zhang[71] that the formulasvere notvalidated for systematic variations with regards to
specimen geometry, weld placement, or spacingvds also assumed that the spot welds are at
least two diameters away from the nearest edge and that there are at least four diameters between

spot welds. The notch stress equation is given by:
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and| for 'Q pltho are input correction factor§0, 'O, 0 , andd arenormalforces and
moments about the local element azasdt. The constanbis the sheet thicknes®is the nugget
diameter, and is the notchroot radius at the nugget edge. Htructural stress intensity failure

criterionis given by

0 0 Tt (8)
where
) ) 0 (9)
and
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TR (11)
For the stress intensity Equatiofd®) and(11), Q0 ,| ,'Q andoare the same as defined above

for notch stress.

Ther is another stress based failure optiO®T = 10) that is described in the patent
applicationby Lee and Baluf75] (current patent status is abandoned) based on the ratios of
nominal/ultimate and static/dynamic for shear or normal stresses. The failure criterion, given in

Equation(12), is similar in form to the failure surface defined by Equa(®)rior OPT = 1.
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The exponerit modifies the shape of the failure surfacéétter fit with the experimental failure

points.”Y j; are the material specific ultimate tensile strengthsand"Y};, are the material specific

spot weld ultimate static normal and shear strengiidd is the load rateThe subscripts 1ral 2

in Equationg13) and(14) denote strength®f base materials 1 and 2 respectively

1.8.1.3. User subroutine failure

A userwritten subroutine, nameaweldfail uweldfaill2 or uweldfail22 can be defined that
is run at every time step to evaluate if failure has occurred and optiomaihporate a damage
model. In the failure only option, axial and shear forces, bending moments, torsional resultant,
weld diameter, and user defined parameters can be used to evaluate a failure criterion. Once the
criterion is met, sudden failure occunsdathe weld elements will be deleted. In the failure and
damage subroutine, the user has access to the same input parameters as the failure subroutine and
additional strain related variables. The damage parameter is calculated in the user defined
subroutire which is then used to determine the scaled true stress in the spot weld from the nominal

stress.

1.8.1.4. Postfailure damage

The *MAT_SPOTWELD card also has options for implementing {ba&ire damage
accumulation and weld unloading. If a rupture strain vaduspecified, then a damage counter is
invoked,and a smooth drepff of the resultant forces occurs as the effective plastic strain of each
element reaches the usiefined rupture strain before deleting the weld element(s). The actual

stress is calculatday modifying the nominal stress with the damage parameter.
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whereD is the applied load) is the surface area of the spot weid, is the void area, and is
the damage parameter. The damage parameter can be a function of effective plastic strain in the

weld, defined irEquation(20), or as a function of time, in Equati¢al).

- - - 0 (20)

o) 0O 0 07 — (21)

1.8.1.5. Mesh Effects

It has been found through a mesh discretization study by Sekegk[50] that a single solid
weld element joining shell elements can have artificial parasititacoforces causing unphysical
and unpredictable failure. For certain meshes, the flange shell elements on either side of the weld
element contact each other causing the internal forces of the spot weld, used for the failure criteria
calculation, to be dturbed and differ from the external forces. Modifying the contact algorithm
to reduce the contact thickness of the shell elements near the spot weld reduced the contact forces
and prevents the artificial internal forces except for extreme deformatios, eelsieh are not
relevant because weld failure occurs first in practice. Malcolm and Nyb4¢lised an alternative
solution by discretizing the single solid spot wellement into an assembly of 8 solid hex elements.
The tied contact to the parent shell elements is more robust due to the weld consisting of an inner
ring of nodes. The results reported by Malcolm and Nutysdl] show there is minimal shell
element pasthrough of the weld elements for a shell mesh size of 5 mm. The internal forces are
stable and closely match the external forces-hre8 weld assemblies for positionzdses and
rotational cases used to evaluate mesh dependence. Malcolm and fashabo reported that

hour glassing effects introduced by this type of weld elemeshimg were minimal.
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1.8.2. *MAT_100 DA*MAT_SPOTWELD DIAMLERCHRYSLER
The *MAT_100_DA weld material model developed by Seegeral. [50] is a direct
enhancemenof the *MAT_100 weld material model that has been implemented within LS
DYNA. The primary enhancement is the addition of a new failure criterion, Equa#prwhich
includes a failure term for the bending stress compoiegiguation(22),,, is the normal stress
component,, is the bending stss component, andt is the shear stress componehhe
superscriptOdenotes the prdefined failure stress parameté&onsideration of this loading

component is important for accurately determining the failure of peeling dominated load cases.

= = Lo (22)

Damage models are available to apply gastire unloading behaviour and capture additional
energy absorbed by the work of the spot weld failure instead of sudden load drajhevfziure
occurs. The damage models available for *MAT_100_DA are applied in a similar manner as the
*MAT_100 material modela scaling factor is calculated using a damage parameter and then
applied to determine the true stress from the nominal stfedamage growth is selected as a
function of plastic strainiGTYP = 1) then Equatior(20) is used to determine and the true

stressf, is determined by
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whereDGPRs a useefined damage parameter. *MAT_100_DA introduces a new method of
describing the damage of the spot walGTYP = 4) as a function of internal work done by the
spot weldafter the failure that uses a single input param&@EADThe damage model is defined

by the following set of equations:

oo PT (24)
-
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where& is the deformation gradient, is the saled Cauchy stress tensér, is the undamaged
Cauchy stress tensar,is the current simulation step, a@FADs the fading energy parameter.

The other available damage mod@&<5(TYP = 2,3) are not used in reported literature and are not

described here

Studies by Yangt al.[56], GhassemArmaki et al.[57], Khanet al.[73], and (@®&lKeef f e
performed on resistance spot welds using the *MAT_100_[@#dwnaterial model show good
agreement with the single spot weld tests used to calibrate the model up until the point of weld
failure initiation (peak load). After weld failure initiates and the load has reached a peak value,
measured forcdisplacement da exhibit different unloadingehaviourthat is dependent on the
material and facture modEigure17 shows the point in a loadisplacement plot of dargle spot
weld when the weld fails and begins to accumulate damage, before final fracturet éaf6]

did not apply a podtilure damage model and noted that the measured data showed higher loads
than the predictions. GhasseArmaki et al. [57] also did not apply a damage model in their
predictions using *MAT_100_DA to capture the additional energy fromfadste unloaihg but

stated that it will be a focus of a future study. Kledral. [73] investigated the use of the weld
damage moddDGTYP = 4available with *MAT_100_DA and found that it did not wdik all
loadingmodes Khanet al.[73] proposed an investigation afloading path dependent damage
model as part of future wok . O O[KLedetermired that the fade energysweritical to
accurately predict the deformation of automotive structimaisonly achieved a good correlation

for postfailure unloadingundershear loading conditions.

——Exp. Test Curve

!.
%

Displacement (mm)

Figure 17: Spot weld failure and damagé&23]
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An additional validation step has been performed by Sestga [50] and Yanget al. [56]
using their developed weld model in a&cdmponent testHigurel3d) and b y51]0singKa e f e
newly designed component level test for an isolated loading condtiguré14). In all cases, the
componentevel simulations showed reasonable accuracy up to initial weld failure and accurate
weld failure locations. After weld failure, the simulations under predict the experimental force

displacemenand total absorbed energy

1.8.3. *MAT_240/*Mat_Cohesive Mixed ModElastoplastic Rate

The material model *MAT _240 is a ratkependent, elasticleally plastic cohesive zone model
developed by Marzet al.[64], [76], [77]implemented into LDYNA. The model is defined by
a tri-linear (trapezoidal) traiin-separation law, seen irigure 18, with a quadratic yield and
damage initiation criterion in mixehode loading. The damage evolution is governed by a power
law formulation. Similar to the *MAT_100_DA weld model, the *MAT _2dtaterial model also
uses solid hex elements that are tied to the parent shell elements to represent the joint. The model
was originally implemented to simulate adhesively bonded connections; howerer,s also
limited published work that considettsis model to simulat@ther joining methods such as self
piercing rivetd62], [72] andspot weldg465], [78].

Traction

90l Ay

(Sll ﬁ

At am
Figure 18 *MAT_240 Trilinear mixed mode traon-separation law[67]

The model has been calibrated for adhesive bonded join#almi et al. [64] using a single
lap-shear, Tpeel, EndLoaded Shear joint (ELSJ) and Tapered Double Cantilever Beam (TDCB)
tests and shows good correlation with validation tests using anspgdeted floor pan. The
*MAT _240 material model has been calibrated for otherijg methods using the Kibgeometry
in various loading conditions, peel, and shear tests. A study on semi tubufaessifg rivets by
Bier et al.[62] recommended *MAT _240 due to its simple application and calibration procedure
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and showed good correlation with the calibration experiments, but no validation experiments were
performed.Sommer and Maief72] investigated riveted joints using multiple different material
models with KSII and peel specimen tests concluded that *MAT_240 is the most promising model
testedto describe the deformation and failure behaviour of the riveted joints. The correlations of

the cohesive model and experimental tests are sholigume 19 for the selfpiercing rivets.
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Figure 19: Tests and CAE correlation using *MAT_240 at coupon level of different loading conditions-fuieselig rivets (left
[62] and right[72]).

Bier et al. [78] first considered the application of cohesive zone element formulations to
describe spot welds in DC04 steBler et al. [78] primarily examined the effects of meshing
design dependence on failure predictions by modifying the spot weld rotation and position on the
parent meshlo date, only one other pubditon, due to Korallat al.[65], implemented cohesive
zone element formulations to describe spot welds in an unspecified material. The *MAT_240
cohesive material model showed thatah capturgéhe postweld failure unloadindpehaviourfor
both normal tensile and shear tm@ conditions. The correlations of the cohesive model and

experimental tests are shownFigure20 for the spot weld joints.
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Figure 20: Tests and CAE correlation using *MAT_240 at coupon level of different loading conditions for spof&&élds.
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1.8.4. *Constrained_Interpolation_Spotweld

*Constrained_Interpolation_Spotweld, previously named *Constrained_SPR3, is a constraint
formulationin LS-DYNA, rather than a material model, that is used to define a spot weld with
failure [66]. The physical connection, whether it be a spot weld ompseiting rivet (SPR), is not
meshed when applying this method of modelling. A single node defines the centre of the joint
connection and then constraints are applied to the approprateymedes of the connected shell
parts, depicted iRigure21 (left). A plasticitydamage model is incorporated that reduces the force
and moment resuhts to zero as the spot weld fails. This model, which has been detailed by Bier
and Sommej52], is similar to the selpiercingrivet model *Constrained_SPR2. The SPR2 model
was introduced by Hanssenhal.[55] and showed that numerical results gave an acceptable fit the
experimental forcelisplacement curves for the 0°, 45°, and 90¢IK&sts. When applied to the
peeling test, however, the model over predicts the forces compared to the experimental behaviour.
Small changes to the parameters were able to give a good fit to the peeling test without significantly
affecting the fit of the other tests. It was also noted by Hansisah[55] that the sensitivity to
changes in mesh is minimal for the SPR2 model.

The elastic force calculations in Equati(#®) are based on an averaging procedure of the
normal relative displacement,, the tangential relative displaceméntand the relative rotation,
1 , between the two connected sheets and the connection stiffness. The calculated forces and

moment & uniformly applied tall the coupled nodes.
B oiga  Y'Yowdh h (29)
The postyielding, or plastic, the behaviour is defined using the flow function:
Q | a Q — (30)
T V O o Tt
wherel determines the influence of bending moment on the failure, the expomenitrols the

mixed loadingoehaviourandthe flow curve& O s defined by the user.

The damage and failure behaviour are primarily aefirby two plastic equivalent

displacementsd , andd , shown inFigure 21 (right). The plastic equivalent displacement

0 I defines the point when damage initiation begins@ndll defines when failure occurs.
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Both these parameters are defined by the user as a function of load Inig&gn in Equation
(31), allowing for different normal and shear failure behaviour.

I S o Q |a
—0WE —/—
@ Q

(31)

Damage initiates when Equati@8?) is satisfied, and the transmitted force is reduced linearly as

defined by Equatior33). Failure occurs and the connection is deleted when Equ@®ns

satisfied.
o} o | T (32)
. o] o |
Qa0 - , , (33)
0 o | o |
o} o | o | T (34)
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Figure 21: Left) Schematic representation of *Constrained_Interpolation_Spo{@&®]dRight) Flow curve with damage and
failure plastic equialent displacemen{s2].

Studies that have used the *Constrained_Interpolation_Spotweld model primarily focus on
selfpiercing ivets. Bier and Sommdb2] showed that the model can reproduce the measured
force-displacement curves of the KEBtest, specifially the maximum forces as well as the failure
displacements of the experiments. This study also identified the weakness of this model when
simulating the peel test. In a study on SPR modelling using several phenomenological models,
Bier et al. [62] reported that the model shows good reproduction of the overall strength level but
experienced oscillations that can be reduced with additional optimization witRiDYINA. A
modified model, called *Constrained_Interpolation_Spotweld (Model 2), was peeseytBier
and Sommer and further detailed in two stu®3, [79]. *Constrained_Interpolation_Spotweld
(Model 2) addressed the issue of the inability to capture the asymmetry of the peel test load
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distribution and \as able to accurately predict the peel test experimeetayviour Shown in

Figure 22, the *Constrained_Interpolation_Spotweld model ewedicted thecoach peel
maximum force and the failure displacement, whereas the *Constrained_Interpolation_Spotweld
(Model 2) correctly predicts the maximum force and failure displacement.
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Figure 22: Simulations results of kB and peeling tests with the *Constrained_Interpolation_Spotweld [&ft)and the
modified *Constrained_Interpolation_Spotweld (Model 2) (ridig)].

1.9. Simulatiomof HAZ Material Failure

Current Gen 2 AHSS materials, and more so for new Gen 3 AHSS, cover a variety of complex
microstructures and can contain many alloying elements that further complicate the issue of
predicting weld failure behaviour. Button pullit, for example, is a common failure mode in spot
welds that can initiate from the weld notch through the CGHAZ, or initiate from the softened
SCHAZ, or by ductile yielding of the base metal outside of the HAZ. As a result, considerable
effort has been expead to develop models of HAZ failure. Failure models have been pursued at
two levels: (i) CAElevel shell elemenbased models and (ii) mesoale models incorporating
fine brick element discretizatiomhe CAE level analysis of HAZ modelling employs onenare
rings of shell elements in the connected components around the weld nugget e[é8lefi3],

[59], [68], [70]. Conformalmesh dependent modelling of shell components is required to obtain
the HAZ ring elemerst, which can increase the difficulty of applying the weld model to existing
meshed components. There is also an effect on the time step size with this method of modelling
the HAZ because each sabne of the HAZ ishas dimensions adround 0.51 mm measurd

radially from the fusion zone, as reported by E8éral. [41] for different hardness grades of
Usibo®1500 and by Tamizt al.[80] for MS 1400. Each concentric ring of HAZ elements must
have one edge length at this size to capture the different constitutive prapatiel cause them

to become the limiting time step elemersrget and Sommg#8] showed that larger elements
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could be used that generalize the HAZ and use adjusted material models to predict the weld coupon

behaviourto use HAZ failure modelling at theAE-level.

As an alternative to shell element discretization of the HAZ, rseate analysis uses a detailed
model with a mesh of fine solid elements from the fusion zone to the base metal regioch
models, the HAZ constitutive material properties magpped onto the solid elements around the
fusion zone of the weldugget[41], [48], [53], [69], [81] [85]. Such detailed models can more
accurately predict the weldaicturemodes and predictgbal behavioubetterthan the CAHevel
methodsbut cannot be applied at the CA&veldue to minimum time step constrairfesgure23
shows an examplef a CAE-level andmeso scaldinite elementmodel for predicting spot weld

failure with specific HAZ constitutive properties applied to the elements.
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Figure 23: Left) CAElevel finite element model with 2 mm shell element size, adapte@7®brRight) Detailed model of spot
weld with three suzonedq82].

The specific HAZ constitutive properties have been determinddiraplemented by many
different methods in the literature. The publications, which are detailed below, use the following
methods for obtaining HAZ properties: scaling base metal constitutive properties based on material
hardness ratios, characterizing HAiperties using specimens with reduced dimensions that are
cut directly from the post spot welded material, and characterizing specimens that have undergone
an experimentally simulated thermal process to recreate the HAZ microstructure using a thermo

medanical simulation.

1.9.1. HAZ Properties from Hardness Scaling

HAZ subzone constitutive models for simulation models have been developed in multiple
ways in recent literaturé&Seegetet al. [82] directly scaled the base metal tensile strength by the
Vickers hardness of the different HAZ using the conversion table spebifiegde DIN 50150
(DIN EN ISO 18265:2013) standards. Lee and B8] and Wanget al. [68] used a method
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developed by Zuniga and Sheppf86€] that uses a relation between the hardness traverse data of

the spot weld and the base metal properties to scale the constitutive model of the base metal and
obtain HAZ material constitutive models. Nield88] employed a similar tensile strength scaling
method by developing a piegise function that determines the material yield stress profile at any
point in the HAZ by scaling the base metal yield stress by the mapped hardnesst Kb[&]

used inversenodelling techniques and incrementally varied material properties until indentation
load-displacement curves in the simulation matched the experimental curves. It is noted by the
present author that for all the previously mentioned publications, theiasatesed did not exhibit

a zone of reduced hardness lower than that of the base metal in the HAZ, which has been shown
by Eller et al. [41] to be truefor materials that have antimate tensile strength less than
approximately 600 MPa or 180 HV0.1. Mohamadizaelehl. [87] applied a strahmate dependent

Voce hardening rule for Usibbrl500AS, developed by Bardelciét al.[88], based on hardness

values measured across the spot weld. It has been identified bgeBhArmaki et al.[70] that

using the hardness data to scale the base metal constitutive data does not accurately capture the
onset of yielding ath the hardenindpehaviourof the different HAZmicrostructuresTherma
simulated AHAZ specimenso from the Gleeble (d
behaviourand fracture strainkFigure 24 shows the difference in experimental hardening data
bet ween the AHAZ specimenso from the Gleebl e
HAZ hardness.
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Figure 24: Usibor® 1500-AS flow curves; Base metal tensile specimen (solid black), hardness scaled base metal (dashed black),
Gleeble thermeimulated tensile specimen (ref§7]
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1.9.2. HAZ Properties from Gleeble

Dancetteet al.[89], Biro et al. [90], and Rezayaet al.[91], have shown that experimental
simulations of the resistance spot welding thermal cycles can be performed with a Gleeble thermo
mechanical simulator in order to reproduce the local microstructures in the weld. Local heat
affected zone material cortsiiive behaviour can be obtained using characterization tests carried
out with the HAZ specimens produced with the Gleeble and used for modelling of the weld
mechanical behavioy48], [57], [69], [70], [89] Burget and Sommg#48] compared the results
of tensile tests and-Boint bend tests using detailed measale models with simplified CAE level
models. It was found that the calculated results efdatailed model accurately predicted the
reduction of tensile strength due to the presence of the softened HAZ inside the tensile specimen.
The simplified model required adjusting the material model properties to predict thesstnass
response of theensile tests due to the element size being significantly larger than the actual width
of the HAZ zone. As validation, the calculated results of theifit bend tests showed very good
agreement with the experimental curves for the detailed model anidnipidied model after the
material models were adjusted. Other reported results by Dantett¢69] of a detailed model
also showed good agreement of fedigplacement curves and fracture behaviour using rahter
models obtained from Gleeble tests. Using a simplified HAZ and weld model, Ghasseaki
et al.[70] concluded that the FEA results of weldedsile and cross tension tests using input data
Gleeble samples and tested welds show a good correlation to experimental characterization with
respect to failure load, displacement, and failure location.
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Figure 25: Force-displacement curves for experimental cross tension test and simulation model. Simplified FEA mof&)](left)
and detailed model (righfg7].
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1.9.3. HAZ Properties from Miniature Specimens

Nakayamaet al. [81] developed a new testing technique utilizing tensile specimens with a
gauge length of 1 mm to measure str&sain relationships and ductility of the base metal and
HAZs for RA590 and DP780. The failure aitr and load of static tensile shear weld tests were
predicted with good accuracy when applying their HAZ material properties to a meso scale model.
Tao et al. [92] used miniature tensile specimens extracted from weld joint coupons to obtain
material models fothe base metal, heaffected zone, and the fusion zone through the use of
strain fields measured using DIC techniques. The material models were incorporated into a meso
scale FE model to compare the predicted overall deformation behaviour and locadtstias
behaviour with that measured from the experiments. It was reported that the material models
developed from the tensile coupons consisting entirely of one weld zone material (i.e., BM, HAZ,
and fusion) can be used to simulate the deformation respainan entire spot weld in a finite
element simulation to a reasonable degree of accuracy. Burget and S[@imesed inverse
simulations to determine the parameters of the Gologanu f88]€kh modified Gurson model)
and fracture criteria in a heterogeneous spot weld consisting of 22MnB5 and HC340LAD. Their
study used reduced dimensions specimens for smooth tensile, notched tensile, and double notched
shear speimens cut from the base metal, HAZ, and weld nugget. The authors showed simulations
with their calibrated model reproduced the experimentally measuredversesdisplacement

well using ABAQUS/Explicit except for the case of coach peel

1.10. Simulation of Wel GroupgqStructural Connections)

The weld group tests, as discussed in Sedtidrare used as validation tools for the spot weld
model calibratedrbm single spot weld test data. The weld groupdestgn also referred to as
component specimetests can follow either a mixed loading condition or an isolated loading
condition methodology. The-jbint design emulates the lower section of -pilar in an easily
manufacturable design that will validate the weld model in terms of predicting complex loading
conditions and overall behavior in a crash scenario. The Caiman Mode | tessit@dtading
conditions imposed on the spot welds such that faflere mode prediction (i.e. tensile) is
validated.solated loading condition component tests ideally minimize the amount of deformation
occurring in the base metal regions to reduce the impact of model parameters used for different

loading conditions.
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Seegeret al. [50] used the Jjoint test to validate the *MAT_100_DA model that was
calibrated using four different rotation angles of the single spot welll €St and a peel test. The
force versusdisplacement simulation results show accurate predictions of the pehlarioa
displacement, seen Figure26 (a), as well as the initial weld failure location. After the peak load
is reached and weld failure initiates, theden unloading predicted by the model fails to capture
a large amount of absorbed enesgycethe overall structure continues to deform while the spot
welds unload. The authors attributed the elastic material behavior of the spot weld to the sudden

failure.

Yanget al.[56] similarly use&l the T-joint test with different material staakps and loading
directions to validate calibrated spot weld models. The authors notedké¥ferences between
the simulation predictions and the measured results from testing, $&gare6 (b). It was seen
that the physical specimehad partial weld failure whereas the model predictions showed full
separation of the welds. Additionally, it was noted thatctdératedwveld failure model assumed
sudden failure once failure initiated; crack propagation through damage modelling wad they
scope of the study. Thiszatmented to under prediction of the peak force because in the physical
specimen a partially failed weld still hagesidualload carrying capacity that the model did not

account for.

Bier and Sommd52] apply their calibrated *Constrained_ Interpolatid@potweld (Model 2)
to the Fjoint test for model validation of SPR connections. ifhesults, seen ifigure 26 (c),
show a good prediction of the maximum force aedsonabletrends in the forceversus
displacement data. It is seen though that the model slightly over predictaahdigplacement

before failure.

May et al.[63] developed a rate dependent cohesive zone model to predict adhesive bonds for
high strength steel DR 30/50. The adhesive model was calibrated from data available in the
literature and the adher@parent material) properties were determined from tensile testing. The
models developed were validated usingiht components loaded in front impact ancesidpact
configurations. The results of the measured and predicted values of the component testing for front
impact under quasstatic conditions are seen kigure 26 (d). The authors reported accurate
predictions of the peak loads and the general shape of theveystesdisplacement curves for all

loading conditions tested.
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Figure 26: T-joint measured and predicted fordésplacement responses from (a) Seegex.[50] (b) Yanget al.[56] (c) Bier
and Sommej52] (d) Mayet al.[63].

The Caiman Mde ltest dev el op e gl]bang shown kregarél#, promotesveld
failure within spot weld groups undertensile/peel loading condition using two-bhannels that
are spot welded along partial lengths of the flangeé. Keef f e devel oped a
experiment usinghie *MAT_100_ DA spot weld model calibrated using single spot weld cross
tension and laghear experiments. The model vessessed based thre Caiman Mode | test for
Usibo® 1500-AS in the fully quenched and softeneshditions(using700° indie heatingn the
flangeregion, as presenteth Figure 27. The fully quenched predictions show an overly stiff
response during elastic loading but match the rapid brittle failure modes seen in the experimental
data. The softened predictions accusatehatch the forcalisplacement response of the
experiments up to peak load, but the peak load is under predicted. The model predictions also show
more rapid unloading than what is seen in the measuretbdaiath material conditionsesulting
inlowerdosor bed energy. ObKeeffe indicated the i m

to capture the posgailure response and accurately predict the total absorbed energy.
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Figure 27: Caiman Mode | measured and predicted fedégplacement response for quasatic testg51]. Fully hardened
condition shown on left and softened condition (using #®die heating in the flange region) shown on right.

1.11. Current Work

Thereexistsa large variety of materials that are applied in the cortstruof an automotive
BIW structure as well asrangeof different joins and jointmodellingtechniqueghatneed to be
captured withirCAE-level automotiverashsimulations. For the application of hot stamped grade
steels that areonsidered in the ctentthesis therearevery fewpublished results on the modelling
of spot weldsFurthermore, a consistent shortfedported in the publishdderature is the need
for improved predictions of the onset of failure and gastire unloading behaviousf resistance
spot welds, particularly in high strength steel allop&curately capturing the postilure
behaviour of spot welds in numerical simulations for CAE anatggisesents a significanteed
The development of models single spot welslthat can predict theforce versusdisplacement
response for isolated loading conditigiesnsile, shear, and bend)ngs well as mixed loading
conditions is alsa topic of currentresearchWeld group tests underaxious mixed loading
conditiors, such as th&-joint, have been employed successfully for qualitative model validation
using metrics such as failure location and peak fofides Caiman Mode |, predominantly Mode
I/peelloading conditionweld grouptest,has been developed and quantitative anabgiedto
validate the calibrated weld mod®o test forweld groups undepredominantlyshear loading

conditiors exists

Thus, he primary objective of this thesis is to develop the geometry and test setup for a

component level test that will produ@aléirein weld groups under shear loading conditidrisere
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is also focus on exploring more accurate numerical models for spadweldnectios that will

fully capture mixed loading conditions atietoverall weld failure behaviour seen in vehicle crash
scenarios. This thesis examinesld failure in hot stampeBuctibof® 500-AS, Ductibof 1000

AS, and Usibdt 1500-AS, of thickness 1.2 mm and 1.6 mm. These alloys are currently under
consideratiorfor integrationwithin automotivefront-end structure Sud structures areurrently
constructed from lower tensile strength ctddmed materialsThis work builds in part on the
wor k done [BYin d@ékrng thé @iman Mode | test for group weld failure under
tensilenormal loading conditions. The intent of thesld group experimentss to provide a
validation tool for the numerical models that are calibrated from single spot weld test data. The
sheargroup weld component specimetsveloped hertgermed the Caiman Mode lll, are tested

under quasstatic and dynamicanditions.

Tensile lap shear and cross tension single spot weld experianepesformed in this work to
investigate mechanical behaviour and characterize RSW performance. Simulations of the single
spot weld experiments were developed ugimg*MAT_100_ DA spot weld modeto remain
consistent with previous modelling effartas well asa more novel approach considering
*MAT_240 because ihas beemeported to better describe the deformation and failure behaviour
of various connection methodkhe *MAT_240model has separate parameters for notteraile
loading failure and shear loading failure. Applying *MAT_240spot welds is novaincethe
model was originally implemented to simulate adhesively bonded connedtiendifferent weld
models are calilated to establish accuracy and feasibility for implementation into full vehicle

simulations for the purpose of evaluating crash performance and safety.

The balance of this thesis is organized as foll@V&pte2 presents thenaterial and specimen
preparation;Chapter3 contains thesingle spot weld characterizatiexperimenth data and
numerical model for single spot weld model calibrati@hapte# detailsthe development process
of the Caiman Mode Il tesChapter5 presents thdinal design expemental and simulation
results for validationand lastly thdinal conclusions and future recommendatiansin Chapters
6 and?.
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2. SpecimerPreparation

A variety of equipment was used to prepanetestwelded connectionsand record data for
all of the experiments. The furnace and press were ugawd¢esghot stampthe material into
the fully quenched condition before spot weld welding and teskimg spot weld characterization
was done under quasiatic conditions while the group spot weld testing was perfoumeer
both quasstatic and dynamic condition3.his chaper describegshe equipment and process
methodologyused to prepare and weld the samples prior to mechanical testing. The actual testing
methodology is described Bection3.1 for the single spot weld specimemsid Section4.2 and

4.3for thequastistatic and dynamigroup weld specimensespectively

2.1. Furnace
A Deltech DTF20 front load furnacevasused for all of thehermal processinm this work.
The furnace uses three heating elementisoth the top and bottom surfaces of the interior to reach
a maximum operating temperature of 1000 °C. Each top and bottom pair makes up a zone that is
independentlycontrolledand maintains a specified temperature using a thermocouple feedback

systemDuring normal operation all three zones were set to the same desired temperature.

2.2. Press

The press used for quenchivgsa hydraulic, singlecting press manufactured by Macrodyne
Technologies Inc. It has a 120 tonne actuator that is sudpliedher a 50 GPM proportional
valve or 30 GPM servo valve. The press is controlled by an MTS FlexTest SE servocontroller with
custom LabView applications to provide analogue voltages and record digital displacement and
load dataA National InstrumentMultifunction /O device, model USE216, is used to interface
between the PC running LabView and the MTS FlexTesf{T&E.displacemerns measured with
a string potentiometer connected to the ram. Theibealculated using the actuator dimensions
and pressure tradscers at the inlet and outlet ports. The 150 GPM proportional valve is used
under displacement control for high speed applications while the 30 GPM servo valve is used for

load control applications.

Two different die setsvereused for quenching material, depending on the size of the blank.
There is a flat dieseen inFigure 28, with built-in watercooling channels that canebused for

blanks up to the dimensio240mm by340mm. This dieis two separate pieces that are split in
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the centreo allow one side to be raised with shims to accommodate-gaute tailor welded

blanks (TWBSs), which are not used in this projdtte otherdie used is a rail forming die thist
designed to form hot stamped hat channels and séegure29. It has an outer binder supported

by nitrogen springs and a male punch fixed to the stationary platen on the hydraulic press. There
is a female die and top binder surface fixed to the ram of the press. The binder surface on each side
of the punch is 613 mm long and 110mm wide. The binder is sugdnytiour DADCO U.0800

nitrogen springs with a maximum stroke length of 80mm. The nitrogen springs -ateapged to

1500 psi that provides a total-oontact force of 465 Ibf. In this current setup, the compressed

stroke lengttwhen the dies are fullglosedis 51.2 mm, resulting in a total final force 164 Ibf.

2.3. Material Preparation

The material used for this project are three different grades of press hardenable steels supplied
by ArcelorMittal for the application of hot stamping. The three stasDuctibo? 500-AS150,
Ductibof® 1000AS150, and Usib8t1500AS150, all with a nominal thicknessof 1.2 mm and
1.6 mm.The total coating weightncluding boththetop and bottom surfaces, is 1"529 for all
materials.The mechanical properties of these three hot stamped steels are |iEtdadeih, and
the hardening curves are presente#igure46 in Section3.3.1 The chemical composition and
the carbon equivalent percentages for each material are Iist€able 2. The # % carbon
equivalentformula [94] was developed by the Intetional Institute of Welding (IIW) as a
weldability index, to determine how the alloying elements affect the maximum hardness in the
HAZ. The CHk carbon equivalent formula was developed by Yuriekal. [95] to assesshe
susceptibility of steel to cold cracking for steels that have widely ranging carbon conéss.
et al.[96] used the Ckformula in a study investigating 22MnB5 and 38MnB5 grades of boron
hotstamped steelhe carbon equivalent was found with two différerethods, using Equations
(35) [94] and(36) [96].
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Table2: Maximum weight percent chemical compositiéthe three hot stamped steels considared calculated carbon equivalent
contentsfrom ArcelorMittal[18]

Material C Si Mn P S Al B Ti+Nb Cr+Mo CEw Ck
Ductibor’ 500AS 0.1 0.5 1.9 0.03 0.025 0.015-0.2 0.001 0.24 0.417  0.356
Ductibor’ 1000AS 0.12 0.8 2 03 001 0.01-01 0.01 0.12 0.6 0.573  0.541
Usibor 1500AS  0.25 0.4 1.4 0.03 0.01 0.01-0.1 0.005 0.12 1 0.683  0.748

Using the calculated carbon equivalent for each material as an approximation of the carbon
content and examining tlearboniron binary phase diagrafit9, p. 319]it can be seen that the
materials are hypoeutectoid steels. The hot stamping process requires heating the material to a
temperature above the upper critical temperature poig)tdAd holding at this temperature to
achieve a complete austenite microsuuet For this work, the material was inserted into the oven
at 930°C for six minutes before being removed and quenched between flat dies that were water

cooled to maintaila temperature aipproximately 25°C.

The provided material in the -asceived condion wasin large 1200nm x 1500mm sheets
thatwerecut from the coil, anadverereduced to smaller blanks for hot stampiRgr single spot
weld characterization, the coupons range in dimensions fromrB0to 150mm. To prepare
material for these coupon®15 mm squarblankswere sheared from the large sheets. After the
austenitizatiorprocessthe blanksveretransferred into a flat quenching die, showrrigure28.
For the single spot weld blanks, thealler flat diesvereinstalled,and thepresswasoperating
under load control for the quenching procédse clampingforce during quenchingvasset to
136,000 Ibf or 605 kNresulting in a quench pressure of ILB1Pa for the blank size used. The
dieswereheld closed at this pressure for 15 seconds to ensure that the blanks cooled to a low

enough temperature for the martensite transformation to complete

Figure 28: Picture of flat die with cooling channels present

The blanks used for the Caiman Mode Il group spot weld tests ama@long by 100 mm
wide. These blankweretreated with the same hot stamping process as the smaller blanks used for
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single spot weld characterization. The flat die thais used for the smaller blanks cannot
accommodate the length of the Caiman Mode Ill blanks and another die must be used for
guenching. The binder of the rail die showkigure29is large enough to be used for this purpose.

A dummy blankwasplaced on the opposite side binderface to ensure that theweasevenly
distributed loading on thelank being quenched he nitrogen springs supporting the binder
initially only provided enough force to apply 0.5 MPa to the larger Caiman Mode IlI blanks. Steel
blocks were place under thender to stop the downward travel and allow the press to apply more
pressure to the blanks. The clamping force was 966@®00 Ibfandcreated a quenching pressure

of 10 MPa

Dummy blank
Actual blank

Figure 29: Image of lowehot stampingail die bindetr punch, and cooling tubes.

2.4. Spot weld process

The resistance spot welding process used for all specimens in this work was developed and
performed by the Promatek Research Centre. Two different weld schedules were developed, one
for each thickness used, that produce spot welds in all three materiads donsistent with
industrial standards. The spot weld settings wsedhown inTable 3. Micrographs taken by
Mohamadizadekt al.[49], of the spot welds in the DuctidoB00-AS materialand the Usibdt
1500AS material are showm Figure30. Note that these two materials are referred to as PHS600
and PHS1500 in the work by dhamadizadelet al. [49] but arefrom the same blanks as the

material in this work.

Table 3: Resistance spot weld schedule.

Sheet Thickness Force Pre-Heat Main Weld Hold Time
1.2 mm 770 Ibf 8 kAT 33 ms 7 kAT 400 ms 200 ms
1.6 mm 900 Ibf 10 kAT 33 ms 7 kAT 400 ms 200 ms
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PHS1500
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Figure 30: Micrograph images of spot welds after failure (A) PHS@DGctibor® 500-AS)no expulsion; (B) PHS60Muctibor®
500-AS)with expulsion; (C) PHS150@sibor® 1500-AS no expulsion; (D) PHS150@sibor® 1500A9 with expulsion.
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3. Single spot weldharacterization

3.1. Single spot weld specimens

Single spot weldcharacterization is performed this work to objectively determine the
strength of the weld for each isolated loading condition and quantitatively compare the weld
strengths of joints using défent materials or thicknesses in a consistent manner. There are two
basic test methods for determining the strength of a single resistance spot weld defined by the
American Welding Society (AWS). These two methods are the tensile lap shear test aasisthe cr
tension test. The AWS D8.9:2012 standard dictates that the crosshead velocity shall be 10 mm/min
and conducted at room temperature (20°C * $36]) Each test is considered complete when full
separation occurs between the two welded coupons or when the total displacement extends beyond
approximagly 500% of the displacement at peak load. The test matrix used for the single spot
weld testing regime is shown ifable4. The AWS D8.9:2012 standasiiggests at least three
specimens are tested for each weld condition. Five repeats are selected here to assivelith

model development.

Table4: Single spot weld test matrix.

Material Thickness [mm] # of Lap Shear # of Cross Tension
_ 1.2 5 5
Ductibof® 500-AS 1.6 5 5
, 1.2 5 5
Ductibo® 1000AS 16 5 5
. 1.2 5 5
Usibo® 1500AS 16 5 5

All single spot weld testingvas performedunder quasistatic conditionsusing an MTS
Criterior® Model 45 tensile frame with a 100 kN load cell attached to the crosshead. The tensile
frame was controlled via the MTS TestSuiteE
displacement were recorded at 500 Hz for the duration of the test. The spaj weld test
specimens were gripped in the tensile frame using knurled hydraulic grips set to 2500 psi. The
crosshead speed was determined by the specific test that was being performed. The single spot
weld tests recorded the crosshead displacentat dell force, and time data that was output from
the MTS frame.
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3.1.1. Lap shear

The lap shear test applies a tensile load along the weld interface plane to develop a shear stress
in the weld nugget. This test results in only the approximate ultimate shewagtistoé the spot
weld because the weld nugget begins to raiatef-planeas the load increases. The test begins
with an isolated shear loading condition but begins to transition into a mixed shear and normal
loading as the weld nugget rota{d®]. The geometry used is illustrated Figure 31 and the
dimensions used are listedTiable5. Shims were used when installing the sstcimens in the

grips of the tensile frame to ensure that the coupons align properly.
Table5: Lap shear geometry dimensions, all dimensions in mm.

Sheet thickness COUPOC length Coup(\),c width Overlap Sample length Unclamped length Grippe(zdelength

O SL UL
1.2/16 125 40 40 210 130 40
- SL -
g ol
‘_. uL 'I \_
T \_ GRIPS
O\ | e[ I

SHIM
\ : GRIPS
l— GL — |[«—— O —-t WELD IS CENTERED AT O/2 AND W/2 | 1)
- L > |

Figure 31 Tensile lap shear assembly geometry and schematic of gripping in the tensileg3@ime.

3.1.2. Cross tension

The cross tension test applies a tensile load normal to the interface plane of the spot weld to
develop a normal stress in the weld nugget. This test requires significant fixtures to connect the
welded specimen to the tensile frame grips. The applied load is centred on the weld nugget and is
rotationally symmetric about the weld nugget so there is no transition from the initial isolated
loading condition. However, the cross tension tests typicalyeldp a large amount of coupon
deformation which makes it difficult to determine the exact displacement before weld failure
occurs. More analysis on this is discussed in detail in Se8t@d2 The coupon and welded
assembly geometry, and the fixture method for the cross tension test is sHeigur@B82. The
dimensions used for the tests are listefahle6. The bolts that connect the bottom and top clamps

to the weld specimewere torqued to 40 Nm, or 29.5lifi.
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Table6: Cross tension geometry dimensions, all dimensions in mm.

Sheet thickness  Coupon length  Coupon width Overlap Hole spacing
L W (6] HS
12/1.6 150 50 50 100
BOLT HEAD
FOR ATTACHMENT
N __e 20 M 4020 _L T TO TENSILE MACHINE
4402, FOR ATTACHMENT o~ TOP CLAMP
TOTENSILE — | b NUT TOP MEMBER
MACHINE BoLT OF TEST
) T = SPECIMEN
w0 \(3\ w L BACKING PLATE BOTTOM
FOR BOTTOM GLAMP MEMBER
Q\ l OF TEST
SPECIMEN
‘ ’ BOTTOM CLAMP
i S __@ BACKING PLATE
WELD IS CENTERED 7 FOR ATTACHMENT FOR TOP CLAMP
! AT W2 AND L2 BOLT HEAD TOJEg'fINLE
_.| wiz '}._ () TOP VIEW (B) FRONT VIEW

Figure 32: Cross tension assembly geometry and fixture scherf@gic.

3.2. Single spot weld ethanical performance

In this sectionthesingle spot weldensilelap shear and cross tension test resultseqerted,
and the failure modes and behaviour are analysed. The data presented is the maximum load and
the crosshead displacement when the maximum load occurs, which t@getteken as the onset
of failure initiation, as well as the total energy absorbed bgpkeimens until complete separation
occurs. The failure modes, seerfFigure33, are classified in the AWS D8.1M:2007 standards as

interfacial failure partial thickness fracture, full button pull out, or a mixed form thei@&jt

Button pulled without Interfacial fracture with
evidence of interfacial Partial thickness fracture Partial thickness fracture button pull and partial
fracture with button pull with no button pull thickness fracture

Interfacial fracture with Interfacial fracture with
button pull partial thickness fracture

Full interfacial fracture No fusion

Figure 33: Possible spot weld fracture mod§35]
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3.2.1.

Lap sheaflest Results

The 1.2 mm thickness single spot weld tensile lap shear f@rsusdisplacement and

absorbedenergy versusdisplacement test results are presentedrigure 34 and Figure 36,

respectively. The 1.6 mm thickness test results for feeceusdisplacement andbsorbednergy

versusdisplacement are ifrigure 35 and Figure 37, respectively.Note that spot welds that

exhibited expulsion are indicated these figureswith a dashed line. The peak force, the

displacement when the peak force occurred, and the total energy absorbed average values for each

material condition are summarizedTinble7.

30

25

20

15

Force [kN]

10

Table7: Summary of average data values for single spot weld tensile lap shear tests.

Thickness Max Load Displ @ max  Absorbed Energy

Material
[mm] [KN] [mm] [J]
. 1.2 142+ 0. 1.6 +0. 20 + 3
Ductibo® S0-AS 16 19.3+ 0. 1.6 +0.: 43 + 2
_ 12 16.8+0. 1.1+0.0; 16 + 2
Ductibo® 1000AS "¢ 210+ 0.4 1.0+ 0.0z 14 + 1
. 1.2 13.2+0. 0.6 + 0.0 742
Usibof® 1500AS 16 26.5 + 2. 1.0+0.1 19 + 2

Usibor®1500

Ductibor®1000
Ductibor®500

0.5 1 L5 2 2.5 3 3.5 4 4.5 5

Crosshead Displacement [mm]

Figure 34: Lap shear force versus displacement data for 1.2 mm specimens.
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30

Usibor®1500
25 Ductibor®1000
Ductibor®500
0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5
Crosshead Displacement [mm]
Figure 35: Lap shear force versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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Usibor®1500

50 ——— Ductibor®1000
= Ductibor®500
B 40
o
g
< 30
&
2
g 20
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0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Crosshead Displacement [mm]
Figure 36: Lap shear energy abdeed versus displacement data for 1.2 mm specimens.
60
Usibor®1500

50 Ductibor®1000
= —— Ductibor®500
B 40
2
g
< 30
B
2
g 20 =
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0

0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5
Crosshead Displacement [mm]

Figure 37: Lap shear energy absorbed versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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It is seenfrom Table7 that for all materials tested, thep sheapeak forces increased with
thickness however jncreasing the thickness did not always correspond to an increase in the total
energy absorbed for each material, as seen in the DIftiBOBAS tests and discussed later. A
few distinct behaviours are noted from these tests. When the load is decaétasitige peak force,
termed the unloading region, the specimens often exhibit abrupt drops in load followed by periods
of sustained loading. The sudden drops are the result of brittle crack growth through the heat
affected zone from the nugget to theasgurface of the specimef®¥]. The sustainednloading
regionsoccurwhen the brittle fractures asgrestedallowing for continuedplastic deformation

and ductile crack growth.

Thelap shear experimentsr each material conditioaxhibited consisterpartial thickness
fracture with button pull outHigure 33), except forthreeoutlier specimengor which expulsion
occured during spot welding.The specimens that contain expulsion from the welding process
typically exhibita reduced peak load and littleno unloadingegion(Figure35) due to the rapid
brittle interfacial failure that is triggered by excessive surface indentation and porosity formed
when expulsion occurfd 0], [38], [98], [99] The expulsion that occurred in the DuctiB&00-

AS 1.6 mm specimen is attributed to a burr, sedfignre38, which was left over from the laser
trimming operation to create the blank geometry. The burr created a gap between the two coupons
that caused an unequal force distribution when they werensgdded together, allowing for the

expulsion of melted material from the fusion zone.

Figure 38 Ductibor® 500-AS 1.6 mm lap shear specimen exhibiting expulsion. Burr from laser trimming expanded in detail.

Also, mne of the Ductibdt500-AS 1.6 mm tests extends out of filet area ofFigure35before
complete failure occurs. This specimen had a unique shared asymmetric pull out failure mode that
is not classified in the AWS standards, showRigure39. In this case the weld nugget was pulling
out of both sides of the specimen at the same time and complete separation did not occur until the
weld nugget rotated almost 180°.
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Figure 39: Ductibor® 500-AS 1.6 mm lap shear specimen exhibiting double shared pull out failure(nuddassified by AWS

It can be seen in the force displacement datth&Ductibo® 1000AS 1.6 mm lap shear tests
(Figure 35) that there wagwery little unloading region after the peak load for any of the tested
specimens. The 1.6 mm DuctiBadkr000AS specimenall exhibited interfaial failure Figure33)
andwere the only material condition for lap shear tests, ofithenaterial conditionsested, that
exhibited no postailure unloading behaviouAs a result, the absorbed energy for thesmmples

was particularly low (se€able?).

As previously mentioned, the average total energy absorbed during the lap shear tests increased
when compang the 1.6 mm thickness test specimens to the 1.2 mm speciexeept for
Ductibo® 100GAS lap shear tests. The Usifot500AS and the Ductib8t 500-AS test
specimens both showed an increasaliforbedenergy of approximately 13 J, or increases of
189%and 48%for a thickness increase from 1.2 to 1.6 ymaspectively, whereas the DuctiBor
100CAS tests showed a decrease in total absorbed energy of 2.6 J. The total absorbed energy of
the UsiboP 1500AS 1.6 mm tests is higher than the Ductibb®0GAS 1.6 mm specimens. It is
noted that an increase in the peak force does not always correspond to an increase in the total
energy absorbed. The lack of relation of peak force to energy absorbed is attributed to the different
heat affected zone microstructufeseach material condition resulting in different failure modes.

The DuctiboP 1000AS 1.6 mm tests do not have any pfasiure unloading behaviour and as a
result there is less energy absorbed thamhe thinner gauge material tests.isTbehaviour
highlights the importance of the pdsilure behaviour when optimizing the weld strength from a
process perspective and the importance of capturing this behaviour in numerical models for

simulation, as discusséad Section3.5.

3.2.2. Cross tensioiiest Results

The 1.2 mm thickness single spot weld cross tension f@rsisdisplacement and energy
absorbedversusdisplacement test results are presented belowignre 40 and Figure 42,
respectively. The 1.6 mm thicknesest results for forceersusdisplacement and energy absorbed
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versugdisplacement are iRigure41 andFigure43, respectivelySpecimengxhibiting expulsion
are indicated with a dashed line. The peak force, displacement when the peak force occurred, and
the totalabsorbecerergy average values for each material condition are summariZedlies.

Table8: Summary of average data values for singlet sgeld cross tension tests.

Material Thickness Max Load Displ @ max  Absorbed Energy

[mm] [kN] [mm] 1]
Ductibo® 500-AS 12 éi i g-.: g; i é 1;4; i i(
Ductibof® 1000AS 12 16252 i gf 101AE:> ii_ (:)LE 14;3; i E
Usibo® 1500AS 12 g:gi%i ‘3‘:2 i 8 1471 i j

The cross tension tests showed similar behaviour as the lap shear tests in that the thicker 1.6
mm specimens recorded a higher peak force than the 1.2 mm thick speé¢iren$able8, the
amount thecross tension tespeak force increased pyor the Usibof 1500AS material
specimenswas1.5 kNfor a thickness increase from 1.2 to 1.6 nwhile the Ductibd? 500-AS
and the Ductibdt1000AS material spcimens increased bydkN and 5.6 kN, respectively. All
the single spot weld cross tension tests showed significantly reduced absorbed enesgydpost
failure compared to their lap shear counterpart tests, with the exception of the 1.6 mm Buctibor
1000AS because neither supported load beyond initial weld failure. It is interesting to note that
the Ductibo? 500-AS and Ductibd? 100G-AS cross tension experiments had similaidentical
peak loads when comparing the same material thickness. The DE&HBAS weldsdisplayed
highercrosshead displacement than the Ducfld@)00-AS, which is discussed below.

14

Usibor®1500
Ductibor®1000
Ductibor®

12

10

Force [kN]

30

Crosshead Displacement [mm]

Figure 40: Cross tension force versus displacement data for 1.2 mm specimens. Dashed lines showed expulsion.
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Figure 41: Cross tension force versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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Figure 42: Cross tension energy absorbed versus displacement data for 1.2 mm specimens.
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Figure 43: Cross tension energy absorbed versus displacement data for 1.6 mm specimens.
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The absorbed energyersusdisplacement plots for the cross tension tests show similar trends
as the lap shear tests but are more exaggerated due to the larger overall crosshead displacement.
In Figure42 andFigure43, it is seen that the slopes of the eneargssusdisplacement curves are
different for each of the three matésigested. The strongest material, UsfobBOGAS, has the
steepest slopavhile the softest material, Ductidbr500-AS, has thelowest slope. These
characteristics are also seen in the lap shear data but are not as noticeable because all the lap shear
teds end before 5 mm of crosshead displacement. The cross tension test data shows progressively
more absorbed energy as the base material softens except for the B&€bas and Ductibd?
1000AS specimen testahich record similar values of total absexb energy fothe 1.6 mm
specimens. The DuctibbL000-AS 1.6 mm final absorbed energy valigs1 J)are almosthree
timeslarger than the 1.2 mm specimgd8 J)because of the change from brittle failure to more
ductile failure mode.

Most cross tensiogpecimens exhibiteithe partial or full button pulfailure modes defined by
AWS, examples of which were shown Figure 33. Four of the Ductibof 500-AS 1.2 mm and
threeof the 1.6 mm specimens did not exhibit partial or full button pull out failure mds@sie
of the specimens had expulsion occur during thewplating process and resulted in inconsistent
peak forces and total energy absorfiadicated with dashed lines Figure40 through toFigure
43). The other specimens not exhibiting the partial or full pull out failure nmadiethe shared
asymmetric pull out failure mogdeshown inFigure 44, that was discussed in the lap shear
experimental resultsSection3.2.1 These tests show distinct characteristic behaviour in the force
versugdisplacement plotshown inFigure40 andFigure41; there is a sharp drop in load after the
peak followed by an increase in the load as the weld nugget rofedethe nugget rotates

approximately 90the loadbegins to increase again until finally there is complete separation of

the weld nugget from one of the coupons.

Figure 44: Close up of the Ductib8r500-AS 1.6 mm cross tension test showing shared asymmetric pull out.
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Another characteristic of the cross tension tests that was not present in the lap shaa tests
the effects of coupon deformation on the fox@susdisplacement response. The tatadsshead
displacement of the cross tension specimens was approximately 5 to 10 times larger than the lap
shear tests. The softer materials, with lower ultimate tensile strength, deform more and result in a
higher overall crosshead displacement. The daaase of thibehaviouis thatthe top and bottom
coupons are pulling out of the fixtures and deforming, indicated by the arrows in the top left image
of Figure 45. Posttest examination of the cross tension specimens revealslijhadge ofthe
coupons in the fixtures was a key factor affecting the amount of coupon deformation. Shown in
the right image oFigure45, there ardurnishmarks on the coupons where the3lcoating has
flaked off due to deformation from the coupon coming into contact with the bolts used for clamping
the fixture. Once the&oupon contacts the bolt, the slippage in the fixtures stops and further
deformation is due to the spot weld fracture. The point that the coupon contacts the bolts is seen
in the forceversuscrosshead displacement data asipwardsinflection point appoximately 4
mm from the peak force. The strongest material tested, UsiEiOAS, did not show this

behaviour because there was very little coupon deformation.

Figure 45: Top Left) Coupon deformation showing vertical displacement measurement. Bottom-BeftpAting missing where
the coupon is pulled out of the clamping fixture. Rightpirdoating flakes off due to coupon contact with the clamping bolt.

The three Dudbor® 500-AS cross tension specimens that exhibited the shared asymmetric pull
out failure mode are easily identifiable on #iEsorbednergyersusdisplacement plots. There is
a secondary region of increasiagsorbedenergy that begins when the speansi¢hat had other
failure modes end. This secondary region increases at a slower rate than primary region and is
entirely due to the weld nugget pulling out of the parent coupons by shearing through the thickness
of the sheets in the HAZ region. Thereppeximately 1015% more total energy absorbed during
this failure phenomenon.
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3.3. Numericalmodel development

After the collection of the single spot weld test data, a numerical weld model is developed
using the finite element analysis software D¥NA®. Asintroduced earlier, the weld model is a
key aspect of the full vehicle simulation. As the parent metal strength increases and the cross
sectional area of frame components is reduced to save weight, the stress developed in these
automotive structures increes.A study by Liet al. [100] on the use of high strength steel for
vehicle lightweighting identified thamild steel can be replaced withgher yield and failure
strength steeland lower depth (thickness) while maintaig impact energy absorptioi.he
increase of stress throughout these structures has shifted the location of failures to tHé]oints
Thus, an accurate model of the spot wdigints is critical to generate accurate predictionbat
component level and for full vehicle simulatiofrsthis chapter, the development wit different
weld material models presentedsing the single spot weld test data for each material condition.
The purpose is to determine if the weld material magiebpable of capturing the weldilure
characteristicssuch as unloading behavioandmechanicaperformancdor multiple load cases,
sincefull vehicle simulations will induce complex loading conditicenting onthe spot weld

joints.

The spot weldig process inherently contains a large amount of variability due to the different
factors that affect the quality of a weld. During the weld process development, there is significant
effort used to determine a weld schedule that will produce spot wel@tsugigh a large diameter
and no expulsion. A consistent spot weld will have predictable failure modes such as full button
pull out. However, it is seen in the experimental data for the tensile lap shear and cross tensions
test that there is a mix of frare modes. Multiple inconsistent fracture modes poses another
challenge for spot weld modelling because the numerical model will always predict the same result
given a set of inputs and boundary conditions. One spot weld model is incapable of predicting a
forceversusdisplacement history of either interfacial failure or full button pull out failure for any
one given loading condition. Due to this, the spot weld models are calibrated to the average

experimental peak force and energy absorbed values recorded

The spot weld nugget was modelled using an assembly of hexahedral fully integpimtetive
reduced solid elements and are assigned the *MAT_100_DA material fB0fel modelled as
cohesive elements and assigned the *MAT_240 material niétlel[76], [77] The parent metal
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is modelled using a 2.5 mm mesh of fully integrated shell elements. The *MAT_100_DA, or
*MAT_SPOTWELD_DAIMLERCHRYSLER, is an elastplastic material model based on the

von Mises plasticity with a failure criterion thases the axial, shear, and bending stresses
developed in the weld nugget. This material model also includes a fading energy parameter that
defines additional energy absorbed after the weld failure. The material model *MAT_240, or
*MAT_COHESIVE_MIXED_MODE_ELASTOPLASTIC_RATE, is a ratdependent, elastic

ideally plastic cohesive zone model defined by-&rtaar tractiorseparation law with a quadratic

yield and damage initiation criterion in mixeabde loading.

The goal of the weld modehlibrationis to beable to accurately predict the peak load and
total energy absorbed values of girgle spot weldest data. This means the weld models are
calibrated to the single spot weld test data and are then verified afterwards by insertion into a more
complex loathg case in a component level simulation. The two spot weld material constitutive
models introducedse different set of parameters to define the spot weld behaviour but follow the
same generalalibration and evaluatioprocessesA mesh is required fordbh the cross tension
and the tensile lap shear single spot weld tests. It is important that the mesh remains constant except
for minor changes that are required for different weld material models so that comparisons made

between the weld models are valid.

3.3.1. Parent metal constitutivenodels

The ratesensitivestressstrain curvesnodels used ithe numerical simulations for three hot
stamped materials are shownFiigure46. The DuctiboP 500-AS constitutive model iffom the
work by Samadiaret al. [27], the Ductibo? 1000AS constitutive model is from Bedini and
Samadiarj101], and the Usib8t1500AS constitutive model is published by Onetial.[4]. All
three hot stamped materials are rate sensitive, with higher strain rates causinsfi@ggtér Two
different methods wer@riginally employed to obtain these constitutive models. Flow curves for
the DuctiboP 500-AS and Ductibd? 1000AS material were created using a combination of
uniaxial tensile and shear test data, following a procedure developed by Rat@mlgad2]. High
tensile strengtimaterials tend to have low amounts of uniform elongation, making it difficult to
extrapolate material hardening data to large strains. It was found that the hardening data from shear
tests, which reach much higher strains due to the suppression of neckilighe used to extend

the uniaxial tensile dat&rom the work of Omeet al.[4], the UsiboP 1500-AS flow curves were
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generated using a method called the extended Tailored Crash Model (eTCM). The eTCM is an
extension ofrastk HRNddelor édCM) and the #ATail or
models developed by Bardelcgt al. [88], [103]. The TCM is a phenomenological strain rate

sensitive model for quenched boron steel with tailored properties,-dia imeating, that varied

from martensitic microstructure to bainitic. @ACM is based on the Voce hardening model with

an additional strain rate sensitive term. It was later shown that the Vickers hardness and strength
levels can be similar for apuenched microstructure of bainite + martensite and bainite +
martensite + ferte, but the presence of ferrite can greatly affect the hardening behaviour. A new

model, TCM IlI, was developed to account for {1i83].
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Figure 46. Material flow curves for Ductib8i500-AS[27], Ductibo®1000AS[101], and UsiboP1500AS[4]. Curves of the
same material show ratgensitivity by increasing orders of magnitude from bottom to top.

Fracture is modelledof thethree hot stamped matesalising the Generalized Incremental
Stress State Model (GISMM@) the 2Dimension(plane stressprm. In this model, the fracture
strain is a function of the instantaneous stress state, referred to as the stresty/taadidifined
in Equation(38) as the ratio of hydroatic stress to the von Mises equivalent strése fracture
loci used in GISSMO failurenodelwas characterized by ten Korten [22] for Usibof® 1500
AS, and characterized by Abedini and Samafiiéxi], [104]for Ductibof® 500-AS and Ductibd?
1000AS. TheGISSMO fracturdreatmentlso applies a regularization factorscale the fracture
strainbased on the element mesh siklee fracture loci are shown in the left image~ajure47

and the mesh regularization is shown in the right incddgegure47.
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Figure 47: Fractureloci (left) andGISSMOmesh regularization factorgight) of Ductibor® 500-AS[104], Ductibor® 1000AS
[101], andUsibor® 1500:AS[22].

3.3.2. Weld coupon mesh development

The single spot weld coupons for the cross tension and tensile lap shear test simulation models
are created using a c¢omPBreRod.t iHbynp eorf MeHsylpketei Mse suhsEe
all of the mesh components in the model-Ri®@Post is used to develop the rest of the keyword
deck required for the simulations. This includes control cards, database outputs, boundary
conditions, contact definitions, constraints, element sectionegiep, node and part sets, and
material model definitions. The cross tension and the tensile lap shear models share a common
framework with onlygeometricdifferences. The parent metal material and section properties, and
all of the control card parameseare consistent across the different models. The parent metal
coupons are meshed with a 2.5 mm element size and assigned a fully integrated element
formulation with five througkthickness integration points. The element thickness is 1.15 mm or
1.55 mm toaccount for removing the A$i coating thicknesfrom of the 1.2 mm and 1.6 mm
nominal thicknesses, respectivelsince the coating adds no structural strengti®5]. The
*CONTACT_AUTOMATIC_SINGLE_SURFACE card is used to define contact between all
components, including setiontact. The weld joint contadefinition is dependent on the weld
material model being used. For all models, the spot weld is meshed using solid elements that have

a total cross section area of 2&n?, the same as a 6 mm diameter spot weld.
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In the cross tension model, seenFigure 48, there are two coupons (blue and red) being
clamped with shells (grey) to mimic the fixtures. The fixture components are assumed to only
deform elastically and are assigned a thickness of 12.7 mm to match the actual fixtures. The bottom
fixture is fixedw i | e the top fixtureds movement is con
with the same velocity as the crosshead of the tensile frame, 10 mihwaibolt used to clamp
the coupons within the fixturas modelledby using an elastic beam that is coasted to the
fixture shell element nodes at both ends, similar to a ring of spb&esodel the initial torque on
the bolt, he beam is set to an initial pl@ad of 10 kN before the top fixture begins moving. The
pre-load tensile force is calculated fnathe applied torque by

y
0Q
whereOis the preload tension;Yis the applied torque) is the torque coefficient, ardis the

(39)

bolt major diametef106, p. 430] For a bolt diameter of 20 mm and an approxinfateion
coefficient of 0.20, the 40 Nig29.5 fitlbr) applied torque equates to a 10 kN-fwad. It was found

from the cross tension experiments that the coupons slide out of the fixtures until the coupon
contacts the clamping bolt, placing an upper limit on the cosliding. To capture this behaviour,

rings of rigid shell elementsepresenting the cylindrical surface of the batre added, seen in

Figure49, to enforcecontactwith the shell edges @he coupons.

i

Figure 48: Cross tension model mesh.
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Figure 49: Close up view of the cross tension mesh showing the clamping fixture components and bolt ring.

The tensile lap shear model, seefigure50, is a simpler model than the cross tension. There
are no fixture components meshed for the lap shear model because the specimens insert directly
into the hydraulics grips of the tensile frame. To replicate these boundary conditions in the
simulation model, only the ungripped length of the specimens are meshed and single point
constraints are applied to the top and bottom edge nodes. The bottom nofilesdaire all 6
degrees of freedom and the top nodes are fixed in the y and z translational axis and about all three

rotational axs.

Figure 50: Tensile lap shear model mesh. Top (red) coupon elements removed to show saldmehds (green).

3.3.2.1. MAT_100 DA

The *MAT_100_DA material model, as discussederctionl.8, assignanaterial properties
to the solid hex elements thabmprisethe weld nugget mesh. These solid elements are grouped
into an assembly of eight elements to create one weld nugget. The spot weld ekments
conneckdto the parent material pausingthe *CONTACT_TIED_SURFACE_TO_SURFACE
contact definitionOn this @ard, the spot weld part is defined as the slave and a part set including

the two side wall parts being joined are defined as the master. One contact card is needed for each
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side of the weld The material card primarily inputs the parameters for the mhtelaatic

def ormati on behaviour, such as density, el as
connection properties card ID. Basic weld failure conditions can be input on the material card, if
desired, as well as other parameters to modify the wedthet behaviour. An example of a

complete *MAT_100_DA card is shown ifable9 and a complete description of the material

model is provided in the L-:®yna Keyword Manual 1{67].

Table9: *MAT_100_DA keyword cardample with Usibdt 1500AS 1.2 mm weld properties.

Column 1 2 3 4 5 6 7 8
Variable mid ro e pr dt tfail
Value 6 7.83E-8 200000 0.3 0.0 0.0
Variable efail

Value 0.0

Variable rs true_t con_id

Value 0.0 0.85 1

The *MAT_100_ DA material model uses thwn_id variable value to connect to the
*Define_Connection_Properties card that contains all of the related weld failure variables. The
yield strength and the tangent modulus are defined to provide post yieldimgingrdehaviour.

An example of a completed keyword card *Define_Connection_Properties is sh@ahl@l0
and a complete description is provided in tf$Dyna Keyword Manual [66]. Note that thesb
andexsb variables are given a value of 1.0E14 because no bending expenmeaerformed

in the current workand therefore it is assumed that no failure from bending occurs.

Table10: *Define_Connection_Properties keyword card exampth Wsibof® 1500AS 1.2 mm weld properties.

Column 1 2 3 4 5 6 7 8
Variable con_id proprul areaeq dg_typ moarfl

Value 1 0 0 4 0

Variable sigy etan dg_pr rank sn sb ss
Value 1200.0 1200.0 1.0E10 0.0 182.0 1.0E14 600.0
Variable exsn exsb exss Icsn Icsb Icss gfad sclmrr
Value 1.0 1.0E14 1.0 0 0 0 230.0 1.0
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3.3.2.2. MAT_240

A key aspect of this material model is the ability to model the post weld failure behaviour
independently for different loading conditions (tensile, shear, mixed mode) to better predict joint
failure.Similar to the *MAT_100_DA weld model, the *MAT _240 neaital model also uses solid
hex elements that are tied to the parent shell elements to represent the joint. The solid elements are
assigned the cohesive element formulation 20 on the section card. Two contact definitions are
required for each pato-partj oi nt t hat i s being modell ed. The
lower surface must be grouped into a node set that is then tied to the mating part. The same must
be done for the cohesive el ementsd upper surf
the parameters that define the tractsmparation law for both Mode | and Mode Il/lll crack

opening conditions. An example of a complete *MAT_240 keyword card is provideabia11.

Table11: *MAT_240 keyword card example with UsiBd500AS 1.2 mm weld properties.

Column 1 2 3 4 5 6 7 8
Variable mid ro roflg intfall emod gmod thick

Value 245 7.8% -9 1 1.0 200000.0 2800.0 1.0
Variable glc O glc_inf edot_g1 t0 t1 edot_t fg1

Value 390.0 0.0 0.0 140.0 0.0 0.0 0.01
Variable g2c_0 g2c_inf edot_g2 sO sl edot_s fg2

Value 240.0 0.0 0.0 473.0 0.0 0.0 0.10

The same hexagon shaped assembly adtAd _100_DA is used, with the total cross section
area of 28.27 mArepresenting a 6 mm diameter spot weld. It was foundstidden increasg
or decreamg irregularitieswereintroduced into the forceersusdisplacement response by using
only one elemet to model the spot weld joint. It was determined theirregularities were caused
by shell elements belonging to the parent coupon parts contacting each other through the cohesive
element. Increasing the element density of the spot weld nugget extbasiumber of tied points
between the cohesive elements and the shell elements. More tied points help prevent the shell
elements passing through the solid cohesive elements inphysital manner. It can be seen in
Figure51 that by increasing the mesh density by using the hex assembly mesh provides a stiffer
and more accurate prediction of the experimental data for loading up to weld failur®mititi
no irregularities. Additionally, using the hex assembly mesh pattern for the *MAT_240 cohesive
elements maintains industry meshing practice which will provide fairer comparisons to the

*MAT_100_DA models as well as ease the application of *MAT_@4€xisting models.
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Figure 51: Effect of the cohesive element mesh patterns used to model a single spot weld nugget using *MAT_240. Data shown is
for Ductibof® 500-AS 1.6 mm lap shear experiments.

3.4. Calibration Procedure

Thecalibration procedurgor thetwo weld model*MAT_100_DA and *MAT _24( follow
the same general steps but vary slightly because there are different parameters that must be defined
in each model. An initiaéstimationof parameter values is first made édon the forcerersus
displacement data gathered from the experiments. The assumed parameters are confirmed to be
correct by running the cross tension and lap shear numerical models and then comparing the output
force versusdisplacement data to the meesii data. The normal tensile parameters are first
assessewith respecto the experimental cross tension data because the cross tension test is an
isolated loading condition and there is little to no influence on the numerical model output
associated witthe shear failure parameters. It is typical that the assumed parameter values require
slight adjustment to reduce the numerical error because of the necessary slight differeneen
the idealized numerical models and the actual test conditions. noermal tensile parameters
are determined, the shear parameters are confirmed by comparing the numerical and measured lap
shear forcerersusdisplacement respons€he complete set of spot weld model parameters for
*MAT_100 DA and *MAT_240 for all mateals and thicknesses are given in Appemlix

3.4.1. *MAT_100_DA Calibration
Calibrating the *MAT_100_DA model has proven to be difficult because ditited number

of parameters that are available to define spot weld behaviour as well as the inability to specify
different postfailure or damage parameters for different loading conditions. It is straight forward

to determine the failure values used in the failure cotershown in Equatio(22), by calculating
stress values using the measured peak force and weld nugget area-hyHowever, lhe elastic

modulus,e, Von Mises yield stressjgy , and tangent modulustan , parameters froriable9
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andTablel0controlthe constitutive behaviour. These three parameters pertain to thesttaass
relation of the weld elements and do not directly relate to the ¥erseisdisplacement data that
is being used for cddration. The only user input parameter that controls the damage model, shown

in Equatiors (24)-(27) , is thegfad parameter and igken here as havirthe units 0 0 X &
which can b&onverted to anihterpreted as the energy release rate- , whered Uis millijoules.

It should be possible to calculate a value for Warlkdone by the spot weld during unloadimg
multiplying gfad by an area but it is unclear if this is the proper way to interpret the physical
meaning of this parametsince the documeation is limited The correlation betweaheenergy
absorbed by the spot weld specimens and the input parajfeetesire investigated in more detalil

in Section3.5.1 Additionally, the three constitutive parameters ancyfhe parameter cannot be
specified different values for different loading conditions. If treeeslifferent loading behaviosr

or fracture modes between the lap shear and cross teastejthenthe *MAT_100_ DA model

may not be able to accurately predict both conditions.

3.4.2. *MAT_240 Calibration

The *MAT_240 model enables more direct control over the spot weld behaviour and force
versusdisplacement response of the numerical models. As discuss8ection 1.8.3 the
*MAT_240 model defines one tractieseparation curve for the norrainsile loading (Mode 1)
and a second curve for the shear loading (Mode IkZbhdition. There are four parameters used
to define the Mode I/Mode Il tractieseparation(T-S) curve:emod/gmod t0/sO , fgl/fg2 , and
glc 0/g2c_ 0. The separation defined in theSTcurve is calculated by EBYNA from the
element top surface to bottom surface displacement, relative to the element thickness. The cohesive
element thickness is manually seltaa thethick parameter to directly equeathe FS separation
to the actual elemestretch The other parameters on the keyword card that are not defined here
are used for applying rate sensitivity to the material model. A brief description of each parameter
is provided inTable12 and an example of how the input parameters define the tresgtmaration

curve for the normailensile case is shown igure52.

Table12 *MAT_240 TS Law defining parameter descriptions.

Parameter (Mode | / Mode II) Description

emod / gmod Elastic modulus

t0/s0 Yield stress

fgl/ fg2 Ratio of area under plateau to total ai
glc 0/g2c O Energy release rate
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Figure 52: Relation between *MAT_240 input parameters and resulting Tra8&paration law for the normaénsile case.

The elastic modulus paratee does not have much of an effect on the overall spot weld
behaviour, as long as the initial stiffness is high enough that the coupon deformation is activated
in softer materials, particularly Ductifo500-AS. The *MAT_240 model does not have any
hardeling, meaning that the yield stress is also the failure stress. The yield stress parameter can be
easily determined in the same way as done for *MAT_100_DA by dividing the average measured
peak force by the weld nugget area. UsimgDuctibo® 1000AS 1.6mm cross tensiotestas an

examplesigy EO %’T T 0 @ 0 dThe length of the plateau at yield stress is set to match

the behaviour seen in the measured data; for the cross tension model a small plateau is used while
the lap shear model has a larger plateau. The final parametergeih@or g2c_0, is determied

through analysis of the pestortem experimental coupons. ShownFigure 53 for the cross

tension case, the final crosshead displacement can berbioio coupon deformation and the
cohesive element separatidiote that inFigure53, only half of the total coupon deformation is
shown.The cohesivelement separation can be calculated by subtracting the coupon deformation
(both top and bottom couporfsdm the final crosshead displacement. There is generally very little
coupon deformation in the direction of applied load in the case of the lapesipeaiments, so the

amount of element separation is initially set to equal to the total crosshead displacement.

Following the process described here, the *MAT_240 material model required less iterations
to achieve a calibrated model than the *MAT_100_Dadel. This is attributed to the fact that
the *MAT_240 material model parameters can be determined from experimentaléosces
displacement data and examination of the specimens more easily than the *MAT_100_DA
parameters. In the following Secti@5 it is shown that the *MAT_240 model predicted the
experimental results better than the *MAT_100_DA model.
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Figure 53: a) Ductibo 1000-AS 1.6 mm cross tension experimental force vs. displacement and output of *MAT_240 numerical
model data confirming input values; b) Partial cresesction view of the *MAT_240 cross tension model showing applied forces;
¢) *MAT _240 normatensile tractiorseparation law; d) Measurement of coupon deformation fromtesstoupon.

3.5. Single spot weldmulationresults

The *MAT_100_DA and the *MAT _240 weld material model simulations for tensile lap shear
1.2 mm and 1.6 mm are shownHigure54, and the cross tensiori2lmm and 1.6mm results are
shown inFigure55. The simulation results for the predicted peak load and energy absorbed values

are presented in

Tablel3andTable14. Also, inthese twdables, the error percentage values of the numerical
predictions with respect to the average values for each of the corresponding expeamments
presented The predicted @ak load and energy absorbed data from the simulatiodsthe

experimentalre displayedogether m Figure56 andFigure57, respectively.

Both the *MAT_100_DA and the *MAT _240 weld material model predictions for the lap shear
tests are very accuratgth respecto the experimental data. On average, the numemiedictions
are within 5% percent error of the experimental results for the max load aalosttrbednergy.
There are no predicted values with a percent error larger than 20% for any lap shear test metric.
For the modelling of shear dominant spot weldufa, either of the *MAT_100_DA and the

*MAT _240 weld material models can be used.
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Lap Shear

Lap Shear

Cross Tension

Cross Tension
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Table13: Lap shear single spot weld numerical simulation prediction and error results.

*MAT_100_DA Simulations

*MAT _240 Simulations

Max Load Energy Max Load Energy
[KN] absorbed [J] [KN] absorbed [J]
Ductibo 500-AS 14.1 28 13.4 29
% error 1.0% 1.6% 6.4% 1.6%
Ductibo® 1000AS 16.7 16 16.4 16
% error 0.5% 1.9% 2.4% 4.4%
Usibo® 1500AS 14.1 7 12.9 7
% error 6.3% 9.5% 2.7% 3.1%
Ductibo® 500-AS 18.9 41 18.6 47
% error 2.0% 2.9% 3.4% 9.5%
Ductibo® 1000AS 21.0 14 20.8 13
% error 0.2% 0.4% 0.8% 6.4%
Usibo® 1500AS 26.2 19 26.0 19
% error 1.3% 0.2% 2.1% 0.9%
Average % error 1.9% 2.8% 3.0% 4.3%

Table14: Cross tension single spot weld numerical simulation prediction and error results.

*MAT_100_DA Simulations

*MAT_240 Simulations

Max Load Energy Max Load Energy
[KN] absorbed [J] [kN] absorbed [J]
Ductibof® 500-AS 8.6 62 7.4 72
% error 16.0% 19.7% 2.1% 3.8%
Ductibof® 100GAS 7.8 38 6.8 43
% error 15.6% 15.5% 3.0% 0.8%
Usibof® 150GAS 5.3 12 3.9 15
% error 23.9% 13.5% 4.2% 8.4%
Ductibof® 500-AS 125 104 115 133
% error 3.3% 31.6% 5.4% 2.6%
Ductibo® 1000AS 12.8 72 12.4 106
% error 4.1% 53.4% 0.8% 5.0%
Usibo® 1500AS 5.6 7 5.5 16
% error 0.9% 141.5% 1.5% 8.6%
Average % error 10.6% 45.9% 3.3% 8.8%
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The *MAT_100_DA numerical predictions for the cross tension tests are much worse than the
lap shear test predictions. The UsbaB00GAS 1.2 mm cross tension test peak force numerical
prediction error is 23.9% while the average peak force predictions error for all materials is 10.6%.
Theabsorbeenergy values for the *MAT_100_DA predictions for the 1.2mm cross tension tests
are wihin the 20% requirement but the 1.6 mm cross tension test predictions are all above 20%.
The *MAT _240 weld model predictions for the cross tension test peak forces and energy absorbed

are all within 10% of the experiments.

The lap shear forceersuscrossiead displacement plots show that the numerical predictions
for the weld material models match the experimental test results closely. Up until the peak load,
when weld failure initiates, the test data is very consistent. There is more variation in dag¢atest
after failure initiates due to the uncertain nature of the crack growth from the nugget through the
HAZ. The weld models are unable to predict the sudden drops in load autbHeguergxtended
regions of sustained load. Instead, the numerical legaedict a smooth unloading that averages
out the experimental unloading behaviour. This is most noticeable in the Dfit666r1.2 mm

lap shear simulation and experiments.

Ductibor®500 Ductibor®1000 Usibor®1500 *MAT 100 DA  ————— *MAT_240
20 . 20 . 20
18 Ductibor® 500 1.2 mm Lap Shear 18 Ductibor® 1000 1.2 mm Lap Shear 18 Usibor® 1500 1.2 mm Lap
16 Shear
14
12
10
8
3
4
2
— 0
0 1 2 3 4 5 0 05 1 1.5 2 25 0 0.5 1 1.5

Usibor® 1500
1.6 mm Lap A% '}
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Figure 54: Tensile lap shear 1.2 mm and 1.6 mm experiments (red, blue, and purple lines) and numerical model simulation results
(black lines).
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Figure 55: Cross tension 1.2 mm and 1.6 mm experiments (red, blue, and purple lines) and numerical model simulation results
(black lines).

As discussed earlier, the cross tension test models predictions are not as accurate as the lap
shear tests. This is mainly dted to the large amount of coupon deformation and total crosshead
displacement that occurs. The *MAT_100_DA models typically deviate from the experimental
data as the force increases. The model accurately captures the peak load value but not te crosshe
displacement when the peak load occurs. It was seen in the cross tension experiments using the
softer materials, Ductib8r500-AS and Ductibd? 1006AS, the coupons are pulled out of the
fixtures until they contact the bolts. The point that this ocatiis seen in the experimental data
as an inflection change near the peak load. The cross tension mesh model includes a ring of shell
elements to represent the bolt and capture this effect but this did not work well for the
*MAT_100_DA model. The *MAT _240material is defined using a tractigeparation law curve
so the total separation distance can be calibrated to match the experiments, for example, 4.4 mm
for the Ductibo? 500-AS 1.6 mm cross tension model. Thipproachenables a much more
accurate predtion of force and displacement when failure initiation begins. After failure initiation
occurs, damage accumulates and the weld coupons begin to unload. The *MAT_100_DA material
model has thgfad parameter to capture the energy released during unlobdingr the cross
tension tests it is observed that no gragtire unloadings predictedthe weld elements are deleted
immediately after failure occurs. In addition, if thiad parameter did induce unloading in the

simulation there is no way to defimedifferent value for shear failure or normal tensile failure.
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The *MAT _240 material model is able to capture the et failure unloading very well for all

of the material conditions tested for the cross tension tests.

The evaluation of the two spotld material models is that the *MAT_240 cohesive element
weld material model can provide better numerical predictions of the spot weld for tensile lap shear
and cross tension tesfBhe evaluation that *MAT_240 better predidt the experiments than
*MAT_100_ DA wasdetermined through quantitative analysis of the experimental peak force and
energy absorbed data, and qualitative comparisons of the viersaescrosshead displacement
predictions to the recorded data. The cohesive material model also showedstltapable of
capturing the post weld failure unloading behaviour for both normal tensile and shear failure
conditions.Capturing thepost weld failure unloading, and thus tioéal absorbed energy for the

cross tension experimenisppears to be thlargest benefit provided by the *MAT_240 model
over the *MAT_100_DA model.

Lap Shear Cross Tension
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Ductibor®1000-45 1.6mm [y Ductibor®1000-AS 1.6mm [
Ductibor®500-AS 1.6mm [ Ductibor®500-AS 1L6mm [
Usibor®1500-A8 12mm i e Usibor®1500-A8 1.2mm 22228 7z
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Figure 56: Peak force data for lap shear (left) and cross tension (right) experiments and simulations.
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Figure 57: Total energy absorbed for lap shear (left) and cross tension (right) experiments and simulations.
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3.5.1. PostFailure Energy Absoiph Correlations

Capturing the work done by the spot welds during -faiire unloading is critical to
accurately predicting the spot weld strength and toughness. The cross tension experiments
performed in this work, on average, had 15% of the total Bbda@nergy occur during pefsiilure
unloading. The lap shear experiments absorbed on average 30% of the total energy during post
failure unloading. It was seen previously that input values on the material cards can be manipulated
to produce numerical spatld failure models that accurately predict the experimental Yenseis
displacement responsédere, it is examined if there are relatibips or correlationghat can be
found between the material model input and the simulation output for the spbtimleading
behaviour.For the *MAT_100_ DA model, thgfad parameter controls the pesilure energy
absorption, howevepossible correlationr the *MAT_100_DA cross tension simulations are
not shownin the following(do not seems to exidhecause #re was no significargostfailure
energy absorbed in these simulations. The paramstt¥gantto energy absorption for the
*MAT_240 material modehre eitherglc_0, for cross tension, ag2c_0, for lap shear. As an
example, the podtilureabsorbed energy for the *MAT_100_DA and *MAT_240 Ductfhs00-
AS simulations are highlighted by the red regionBigure58.
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Figure 58 Ductibor® 500-AS 1.2 mm experiment, *MAT_100_DA, and *MAT_240 force vs. displacezspohse for (a) cross
tension; and (b) lap shear. Red shaded areas indicatefaihste absorbed energy predicted by numerical models.

The energy absorbedidng the spot weld unloading, as predicted by each numerical model, is
plotted against the relevant input parameter for be@hMAT_100_ DA and *MAT_240 material

models inFigure59. All of the plots inFigure59 show a general trerttiatlarger values input on
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the material model keyword cards results in more energy being absorbddilpostduring the
simulations. Although this is an obvious and expected trend, a larger inpuiichiugt always

result in higher absorbed energy, even for simulations whemnithelifference was the thickness

of the material. This indicates that there are other factors affecting the simulatiefailpost
behaviour, such as the failure stress in the weld elentkstsissed belowCorrectly defining the

input parameters is iportant for calibrating the spot weld material models, however, there is no
clear relation between the simulation output absorbed energy and the input parameter value that

could be used to inform future spot weld model calibration efforts beyondwalsaliscussed in
Section3.4.
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Figure 59: Postfailure energy absorption versus input parameter value for each simulation. (a) Lap shearisimulath
*MAT_100_DA model; (b) Cross tension simulations with *MAT_240 model; (c) Lap shear simulations with *MAT_240 model.

The cross tension *MAT_100_DA plot is omitted kiigure 59 because there is negligible
energy absorbed after the peak Idadall casesand any comparison to input values would be
meaninglessThe *MAT_100_DA material model does not predict any gastire unloading for

the normaltensile loading seen in cross tension tests begaeising in the spot weld elements is

72



determined byhe von Mises equivalent stresst failure is determined fromme stress tensofo
illustrate this point,te stress tensait failurefor the firstsolid hex element to fail within thepot

weld for the Ductibo® 100GAS 1.2 mmcross tension and lap shear simulatiansgiven in
Equations(40) and (41). Using these stress componentse ton Mises equivalent sgsat the

time of failurewascalculatedor both simulationsising Equatior{42) andis shown inTable15.

Also shown inTable 15 is theyield stress parametéor the *MAT_100_ DA model whictwas

780 MPaFromTablel5, it is evident thatite vonMises stress does not reach theld stresen

the cross tension modélefore failure occurs. Thusince the elements in the cross tension
simulation do not first yield, the subsequent damage and unloading behaviour does not activate

resulting in theelementdeing deletedmmediately after failure occurs

pPXTmTMm op
T pPXTPP (40)
op PP OCUL

Ductibof® 1000AS 1.2 mm Cross Tensiat failure a

TTC T ULUU
m pTYX T (41)
VUuUT T

Ductibof® 100GAS 1.2 mmLap Sheaat failure

,, § . L o ot t ot (42)

Table15: Ductibor® 1000ASvon Mises equivalent stress at time of failure for *MAT_100_DA cross tension and lap shear
experiments, and the *MAT_100_DA yistdess parameter.

Simulation 717 [MPa] “l, [MPa]
Cross Tension 175 780
Lap Shear 1029 780
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4. Development of a shearaup spot weld characterizatidast

A primaryfocus of the present work is to develop a test specimen that will capture shear failure
behaviour in groups of spot welds. This new test specimen banltish e wor k by OO0 Ke
developing the Caiman Mode | te$est specimens with a group of spot veeldhve been shown
in literature with a variety of different desigras discussed in Sectitrv. Some specimen designs
are representative of an automotive structtwenponent while others are designed to induce

specific loading conditions on the spot welds.

Group spot weld tests are an extension of the single spot weld characterization tests and serve
two purposesOne is to examine the experimental behaviour ofii@lure in a component that
contains a group of spot welds. It is understood that an automotive structure, such as the vehicle
frame, contains upwards of several thousand resistance spot welds for its fabrication. In any crash
scenario, an automotive stiture will begin to deform and exert load the spot weld joints. It
will be possible to examine the effects of multiple spot welds in terms of peak forces and total
energy absorbed by performing experiments on specimens that mimic an automotiveabtructur
component. Thigspproachwill help inform vehicle design in scenarios where, for example, the
base material is of such a high strength that the weakest, and thus most critical, component of the
structure is the joining method used. Group spot w&fmerment are also used as a validation
tool for the weld material modelSingle spot welds are characterized to develop a material model
for finite element analysis of the response of a vehicle to different crash scenarios. A good weld
material model can pdict the single spot weld experimental data that was used for calibration. A
different test is required to validate that the weld model will predict accurate results for conditions

other than the ones used for calibration. Group spot weld experimeittthfsiifask.

The final group spot weld test specindgveloped in thisvork sectionis a product of iterative
design based off numerical anagsnd validation experimeniBhe quassstatic and dynamic test
methodology for the Caiman Mode Il specimeamsalsodiscussed here in SectioA® and4.3.

Each design concept is mdied in a 3D solid modelling CAD software to determine the specimen
geometry. The solid model is then meshed and inserted into t#i¥yh& simulation keyword
deck. The simulations are used as a tool to establish preliminary feasibility without havieigdo sp
time and effort fabricatingrototypespecimens, only to discover the design does not behave as

desired. The numerical simulations are presentetbiredetailin Section5.2 Once adesignwas
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shown in the simulation® create successive shear weld failure in a controlled manner, a small
batch of validation specimens were fabricated. These specimens were tested to confirm
experimentallywhether the design is viable for both fabrication and test data acquisition.
Following the validation specimen experiments, a final design was compddter slight
modifications.Subsequentlyweld groupspecimes were fabricatedsing the three hot stamped
materials, Ductibdt 500-AS, Ductibo 1000AS, and Usibdt 1500AS, andweretested The

weld group design process and prelimingggultsare given in this chapter, while resutisthe
mechanical testing and the numerical model simulatonsidering the three hot stamped alloys

arereported inChapterb.

4.1. Caiman Mode Il Design

The originalweld grouptestd e v e | o p e d [Bly the@aikan dMbdde lederived its name
from the visual similarities seen between the
failure test specimen. The Modtleefers to fracture mechanics mode | opening type that develops
when an edge crack is loaded with a normal tensile load. Continuing off of the work done to
develop the Caiman Mode | test, it is desired to have a simi#t group test but one that
predaminately loads the spot welds under shear stress. This new tneshésithe Caiman Mode
1l, to indicate thepredominantly sheamode Il fracture mechanics opening type. The design of
the Caiman Mode lll test was an iterative process that considereyl factors, such as the
specimen stabilityfsuppression of buckling¥abrication feasibility, compatibility with Caiman
Mode | fixtures, and specimen weight.

Compatibility with the Caiman Mode | fixturesquireghatthe Caiman Mode Il desigmust
interface with the tensile frame and the crash sled fixtures via pins that pass through inner and
outer bosses. The quasatic and dynamic test fixtures are showikrigure60. The pins will be
reused, and thgeometry of thenner and outer bosses cha alteredas long as the pins pass
through with no interference. For bdtre quaststatic and dynamic setups, the pinslaedened
S7 steel that is ground to a final dimension and the bosses are machined ffardpreed AISI
4140. The inner bosses and pins are processed to a nominal dimension of 24.13 mm or 0.950 inches
andadhere tdhe H9/d9 tolerancspecificationto ensire that the pin can easily slide through the
inner bosses. The outer bosses have at least a 0.5 mm clearance around the pins. For the MTS

tensile frame, there are two custom designed clevises that replace the hydrau(lefyiipsge
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in Figure60). The lower clevis is fixed while the upper clevis is connected to the crosshead. The
dynamic tests use a large fixture that is bolted to the wall to hokp#w@men away from the wall

such that the forks attached to the sled impact the longéngim image inFigure60).

Figure 60: Left) Tensile frame interface fixtures for quagtic testing. Right) Crash sled fixtures for dynamic testing.

4.1.1. Initial Design Options

The first option for the Caiman Mode tesignwas to use a double hat channel rail as the test
specimensimilar to that adopted fahe Caiman Moded s s e mb | y [51]. TOGeketop f f e
shear stress in the weld joints instead of the normal tensile stresses, the hat channel rail would have
to be rotated axially 909sshown inFigure 61. This approach is attractive sinaesignificant
amount of equipment and expertiseeadily available to form these parts and join them together
[24], [49], [107], [108] Thisexisting equipmentvould greatly ease the fabrication process which
is desirable fothis work as well as any future work that would utilize this test. The arrows in
Figure6li ndi cate the applied | o aearequireddtd-plll apastthe e a c h
specimen and create shear loads in the spot wéidertunately, this specimen design exhibited
a strong tendency to buckle prior to spot weld faillmigial simulations were completed using hat
channels that are assignedten@l properties corresponding Buctibof® 500-AS (Figure46) and
the calibrated spot weld model. DuctiB&00-AS is used for these initial simulatis because this
material has the lowest tensile strength of the three considered in this work andsaise ha
toughest spot welds. It is shown in the right imag€igtire61 that the structure does not have
enough stiffness to resist twisting due to the bending moments created by the applied loads that
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are not on the ceratl XZ-plane. Another factor for the rejection of this design is that the fixtures
required to support the specimen as it is loaded would be a new design and impractical. For the
guaststatic tests the fixture design is relatively straightforward as the tensile frame pulls the
specimen from opposite sides. However, for the dynamic sasgy the crash sled, the fixture
design is significantly more complex because one channel is fixed and offset from the wall while
the other channel has to be impacted by the sled. Thus, this aessgudgednadequate for

achieving the goals of the Caim&lode Il test.

Figure 61: Left) Initial Caiman Mode IIl design idea to rotate a double hat channel to create shear stress weld failures. Arrows
indicate applied load, F, on each hat chanrgight) Simulation of the initial design using Ductilfd500-AS material showing
the twistingandbucklingoccurring at the first spot weld on each flange.

An iterative desigrapproach was undertakém solve the fundamental issues with thigal
design(Figure61) that used a typical hathannel rail. The main issue with the-4catnnel rail is
that it is predicted to be unstable during loading causing the specimen to twist and buckle before
significant weld failure occurs. It is established thatmain reason for this is that the loads being

applied to each channel are offset from the centre plane.

The previous design is modified by doubling the-¢tannel rail by mirroring the entire rail
along one of the channel top faces, as seé&gre62. With this design, the two inner channels
will be pulled or impacted together while the outer two rails will be fixed. It is hypothesized that
this seup creates balanced forces so thlaviating momentor torqueis not generated. However,

there are other issues created by introducing a secoruhduatel rail. A total of 56 spot welds
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and 4 hathannels are required for the assembly of one test specibhis is a large amount of
material that requires shearing, forming/quenching, and trimming operations which adds a
significant cost and time to the fabrication of a specimen. Another possible issue is with the
addition of a second hahannel rail withmore spot welds, there are four spot welds that will be
initially loaded at the same time. As an approximation, the peak force for the strongest lap shear
spot welds (26.5 kN for UsibBr1500AS 1.6 mm) multiplied by four indicates the peak load of

this Mode Il assembly. This equates to a theoretical peak load that could be upwards of 100 kN,
or more if there is load sharing, which is at or above the limit of the load cell that is used in the
tensile frame for quastatic testing. Simulatins ofthis degyn, shown in the right side ¢figure

62, with the same input parameters as the previous design model showshitbatvisting is

suppressed by this more balance load application, significant local bustdirmgcurs.

TOPAND BOTTOM
RAILS FIXED

SHEARING
WELDS

IMPACT

IMPACT

Figure 62: Left) Initial design iteration showing the mirrored hatannel rail. Fixed rails and desired weld failure indicated
with black arrows. Impacted rails and direction are indicated with red arrows. Right) Simulation of the mirrorelimaiel rail
design.

From these initial design considerations and the validation simulations performed, it is
established that the hahannelail geometry cannot be easily converted to a Mode Il group weld
shear failure test. Thus, a new rail geometry design is needed that will meet the requirements

established for a successful test specimen.

4.1.2. Custom channel Design
Given the issues identifiedith the two preliminary designs using the availablehannel
sections, it was decided to abandon developmentgobap spot weld Caiman Mode Hésting

using these sections. Instead, an entirely new specimen design was pursued.
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The first designteraion, referred to as Caiman Mode Ill Rev 1, focuses on creating the shear
loading condition in the spot welds antlile maintaining easef fabrication. It is understood that
to create a shear loading condititime interface plane of the spot weld joineed to be parallel
to the applied load, as seen in the tensile lap shear specimens. The simplest way to achieve this for
the application of multiple spot welds is to extend the width of the tensile lap shear specimen
coupons and apply more than one spetd. This geometry would load all of the spot welds
simultaneously, which is undesirable for examining weld failure unzipping. Alternatively, the
specimen coupons could be gripped at one end but would be very unstable as they are pulled apart,
similar towhat was seen for the single hat channel rail design in Settloh The first design
optionconsidered waw fabricatetwo U-channels that are spot welded togeti@wvn the length
of each side wall. This design attempts to replicate the design of the Caiman Mode | specimen
except that instead of having the spot welds on the mating flanges of the-whahaels, the spot
welds are located on overlapping side wallghe Uchannels. The clamping strategy using an
inner and outer boss with througins is the same as the Mode | test. The boss geometry changes
slightly since the rail geometry is different, but the pins are common across the Mode | and Mode

[l desigrs.

The fabrication of the i¢hannels presentsramberof challenges that need to be resolved. It
is infeasible to hot stamp athannel that has parallel vertical side walls becaus@aadt possible
to control the contact pressure, and thus quenchoratee sidewalls. The other issue with joining
two overlapping tchannels is that once the two channels are positioned in place to await the spot
welds, there is no longer access for the spot welding electrodes on the inner side of the channels,

illustrated inFigure63.

Figure 63: Interference between lower weld electrode and sidewalls when joining two overlappfoguiel Uchannels.
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To resolve the issues of fabrication, it is proposed that the entire specimen is built up by
welding an assembly together stagesasillustratedin Figure 64. To descrile the U-channel
design, specific nomenclature is used. Thehdnnel idabricatedfrom two side walls and one
(or more) Gchamels. Then, two kEhannels make a complete rail specimen. Although, due to the
actualfabricationsequencea single Uchannel is never actually obtained because the side walls

of opposing Uchannels are spot welded together first.

U-CHANNEL 1 U-CHANNEL 2
WL r/_‘//_‘ LT T T T i 7 7 i ir 7 7 2
) a4
MIG WELD \ SPOT WELDS { ‘7 MIG WELD
p \
C-CHANNEL— —SIDE WALLS SIDE WALLS— N C-CHANNEL
. SPOT WELDS v N MIG WELD
MIG WELD ) —

Figure 64: Top) Custom bChannel rail components. Bottom) Three step joining operations and final outer dimensions with spot
weld spacing.

First, the ageceived sheet metal blanks arestenitized and thejuenchedusing flat dies to
mimic the hot tamped condition. After quenching, the blankslaser cut to form the sidewalls
of the specimen. Two sidewall blanks are then spot welded together in a fixture. This step is
performed twice to create two spot welded sidewalls. Seconta@nels are fored using a high
tensile strength material that can be cold formed, such as DP 980, which will be used to offset and
support the spot welded side walls. A series of 25 mm long MIG welds, spaced 35 mm apart, are
used to join the sidewall material to the DB0Gchannels. The final product is essentially the

same as two thannels that are spot welded together along the overlapping side walls but
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following a fabrication processnables flat, parallel sidewalls to be spot welded in a hot stamped

condition

Quaststatic simulation of the Caiman Mode Il Rev 1 desigimow that thimssemblyuckles
at the first and second spot wefiigor to progressive failure of the spot weld grofip the Caiman
Mode Il specimen is loaded, the twadbannels that have begrined with spot welds act as
cantilevered beams that extend from the pins to the first spot weld. As the load increases, a bending
moment is generated. For a cantilevered beam, the maximum moment occurs at the location
furthest from the applied load, this case the nearest lebdaring spot weld. At this location, the
compressive stress causes theHannels to buckle and create a hiige pivot point, seen in the
rightimage ofFigure65. Once this occurs, the structural strength of thehainnel is compromised
and weld failure halts, seen in the right imagé&igure65. From this simulation it is established
that the channels making up the specimen require more steejtigidityto promotespot weld

failures.

40s
33.37 mm

200s
165.8mm

time
pin displacement

time
pin displacement

Figure 65: Left) Caiman Mode Il Rev 1 simulation showing von Mises equivalent stress contour plot. Right) Complete U
channel buckling of the Caiman Mode 1ll Rev 1 simulation.

There are three aspects that can be altered that will increase the specimenastcerigitlity
to resist buckling: changing the material, changing the loads, and changing the geometry. The
sidewall material cannot be changgdceit is the focus of the project, howeveiin principlea
stronger material with a higher yield and ultimate tensile stress could be selected for the C
channels. The material currently selected for tteh@nnels has an ultimate tensile strength of 980
MPa and a stronger matdrthat is easily integrated into this design is not available, therefore it

is not changed. Reducing the tensile load that ieslthee bending moment in the specimen U

! Note that the finite element models of the Caiman Mode Il experiments are documented inS2ction
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channels will lower the bending stress but to do this the weld strength would havetiubed,

which is counter to the goal of the project. The geometry of the specimen can be changed to
increase the moment of inertia of area which will also reduce the effective bending stress that is
causing the buckling. Two geometry changes are comrsldier the Caiman Mode Ill Rev 2
design, seen iRigure66. The first option, Rev 2.1, is to double theannel thicknessvhichis

1.6 mm,by adding asecond EGchannel inside of the first one. The doublel@nnel design option

is proposed because it adds more material at the location of folding initiatior kdekling
initiates The other option, Rev 2.1 also to add a seconddbannel but have it offset from the

first one, towards the spot welds. addition to increasing thgtrength and stiffness of the rail,
adding a second support in the Rev 2.2 option that connects the sidewalls to each osher help
prevent twisting and owdf-plane motion of the sidewall&£xamining the simulation results, in
Figure67, it is seen that both geometry changes amsd are predicted to prevent the specimen
from buckling. The maximurout-of-planedisplacement of the side walls is 23.8 mm for Rev 2.1
and 8.6 mm for Rev 2.2. The Rev 2.2 offseti@nnel design is selected over the Rev 2.1 double
C-channel option becae the predicted results show lesg-of-plane deformation of the side

walls and less bending in the rails

Rev 1 Rev 2.1 Rev22
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Figure 66: Cross section of the customdbiannel design revisions. Centre of Mass symbol indicates location of theidéotr
each cross section.
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Figure 67: Simulation results of the Caiman Mode Il Rev 2.1 (left) and Rev 2.2 (right) design options. Measurements show
maximunoutof-planedisplacement of the side walls during simulation. All nidee shown at pin displacement = 118 mm.

4.1.3. Validation Specimens

Validation specimens are created using the Caiman Mode |ll Rev 2.2 design geometry. The
purpose of the validation specimens is to ensure that the selected geometry can be fabricated and
that the experiments produce progressive shear weld failure. To constructalidation
specimens, ageceived materiglnot hot stampedis used for the side walls to reduce the time
required for fabrication. The side wall blanks are laser cut from thedaigigopliedsheets to the
final shape. These blanks include hole features for the pins to pass through and for the bolts used
to clanp the inner and outer bosses together. Since the side wall mébertak validation
specimenss not quenched, the weld schedule tasoptimizedfor hot stamped sheetquires
slight modification. The weld current is adjusted to eliminate expulsidrathough this will not
necessarily produce peak strength spot welds, it is assumetishapproaclis adequate for the
purpose of the validation process. Twelve spot welds are placed along the overlapping region of
two individual side wall blanks, foa total of twentyfour welds The sidewalls are joined to the
DP980 1.6 mm &hannels using MIG weldbhat were25 mm longwith a spadng of 35 mmto
reduce the amount of heat input into the side wall material. A completed validation test specimen
is shavn in Figure68.
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Figure 68. Caiman Mode Il Rev 2.2 validation specimen, label&ti#2.

The validation specimen tests arefpemed using the MTS tensile frame under gisdatic
conditions(more details providedin Sectiord.2). The crosshead speed is set to 50 mm/min and
the test is stopped when the crosshead displacement reaches 250 mm. The pins each slide through
a clevis to interface with the tensile frame. The first validation specimen tested, |t
buckled afterwo weld failures occur on one side, shownFigure 69. From the posfailure
images, it is seen that there is significantaidplane deformation of thside wall material and
the Gchannel that the side walls are welded to. Closer examination shows that the buckle initiates
between the MIG welds on both sides of thehdnnel. On one side, thedbannel and the side
wall fold together as the buckle oecswhile on the other side the side wall separates from-the C
channel. The cause of the buckling is attributed lack of a constraint that allows the side wall

material to fold out of its initial plane.

Figure 69: Caiman Moe Ill Rev 2.2 postest validation specimedW#1.

The next design revision, referred to as Rev 3 and labgWét3in Figure70, is a modification
of the previous validation specimen that was tested. It was seen in the test of Rev 2.2 that the cause
of buckling is the folding deformation of the side wall anadt@nnels due to the compressive
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stress as the rail is loaded. To pravire folding, which was noted to occur between the spaced
out MIG welds, the specimen is modified to have a continuous MIG weld joining the side walls to

the Gchannels for the entire length of the specimen.

Figure 70: Caiman Myde Il Rev 3 specimen, labelledV#3.

The test results of theW#3specimen show that buckling is still occurring after one to two
spot weld failures. The continuous MIG welds had the desired effect of constraining the side walls
to the Gchannels but theide wall folding behaviour still occurred. A more direct constraint on
the side walls is required to prevent the folding. It is also noted that because the side walls fold
and buckle instead of initiating progressive weld failure, the side wall mategais to split at

the first spot weld and fracture towards the outer edge.

Figure 71: Caiman Mode Il Rev 3 postst validation specimedW#3.

The Caiman Mode Il Rev 4 design adds 1.25 x 1.25 x 0.188 inch angle iron tlesdeslwto
place along the outer-€hannels, labelledW#2in Figure72. They key purpose of the angle iron
is to fully constrain the side walls to pest anyout-of-planemotion. The angle iron significantly
increases the moment of inertia of area and resistance to buckling for edw@nngl. The
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calculated moment of inertia of area for the Rev 4 design is 356914nathe maximum vertical

distance ifom the neutral axis is 18.1 mm.

Figure 72 Caiman Mode Il Rev 4 specimen, labelld@/#2.

The Rev 4 validation specimen experiment resHligure 73, shows that the current design
can produce stable and progressive shear weld failure up to approximately seven or eight spot
welds per side. There is vélittle out-of-planedeformation in this specimen until the rail begins
to collapse from spot weld #8 to the end. As the crosshead displacement sarehte weld
failure progressedhe unconstrained end of the specimen began to collapse. The sidewalls separate
from theinner cchannels that are supporting the structure and start to fold over. The collapsing
behaviour is not desirable because the major deformation mode is changing and prevents further
weld failure however,since this collapsdoes not occur until over laf the spot welds have

failed, it was not deemed a significant issue at this time.

Figure 73: Caiman Mode Il Rev 4 posest validation specimedW#2.
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4.1.4. Final Design

The final desigradopted forthe Caiman Mode Il specimen designatedRev 5, labelled
UWH#6in Figure74. This revision is a modification from Rev 4 that replaced the angle iron addition
with a flat sheet of DP 980 steel that acts as a closing cap along the length of the rail. It was
established that the primary function of the angle iron waseeent ouof-plane deformation of
the side wallsluring the tesand the flat cap continuously welded onto the side wall edges achieves
this purpose. The angle iron increased the total cross section area, and thus volume and mass, of
the rail by 65% whereas the flebsing cap in Rev 5 increased the total cross section area by only
20%. Thislower inertiais more desirabléo reducenigherinertial effects in the dynamic testing.

A drawing package of thignal designis provided inAppendix B

Figure 74: Caiman Mode Ill Rev 5 specimen, labelldd/#6, before and after testing
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The recorded forceversusdisplacement data from each validation specimen revigo
presented ifrigure75. The force response of the Rev 2.2 and Rev 3 specimen designs had a lower
peak force and lower total energy absorbed because of the buckling failure mode. In addition to
the higher peak forcehe design modifications Rev 4 and Rev 5 (which did not buckle) had a
longer sustained load as the weld failures propagate along the rail. In the same way as the single
spot weld experiments showed, different weld failure modes can be seen in the el@adudan
drops in the force for specimens Rev 5 and Rev 2.2 are caused by interfacial failures while all other
weld failures seen in the validation specimens are shared asymmetric pull out. The rail collapse
discussed earlier for specimen designs ReviRev 5 after B weld failures per side occurred

corresponds to the rapid load drop at approximately 90 mm of crosshead displacement.

—Rev5(UW#6) ——Rev4(UW#2) ——Rev3(UW#3) ——Rev22(UW#]1)
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Figure 75: Force (solid lines) and Absorbed Energy (dashed limesjuscrosshead displacemedata for validation specimen
revisions.

4.2. Quasistatic testingnethodology

The quasstatic Caiman Mode 1l specimens were tested using the same MTS tensile frame
and setup documentedin Section 3.1, with slight modifications The quasstatic testing is
performed with a crosshead speed of 50 mm#misha maximum total displacement of 250 mm
The group spot weld tests recorded the stmsile load and crosshead displacentataas the
single spot weld testas well as optical and thermal videography. The optical cameras were Point
Grey GRAS50S5MC set to record at a frame rate of five frarper second. Two optical cameras

used were to capture video of the left and right side of the specimens. Correlated Solutions Vic
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Snap software was used to record the camera videosira@dynchronize with the force and
displacementlata from the MTS frae via a National Instruments Multifunction I/O devige.
Telops FastR-2K thermal camera was uséd record infrared (IR) images during testing.

O 0 K e ¢1]feported that IR images can be used to detect the onset of weld failure due to the
sudden local plastic work and heat released during straindattah. The ReveallR softwareas
usedto perform data collection and pgstocess to create videos. The thermal camera data
acquisition was triggered using the rising edge of the load signal coming from the MTSArame.
examplequaststaticsetupshowingthe group weldCaiman Mode Ill specimeis seen irFigure

76.

MTS Frame Load Cell Desktop controlling MTS Frame

- Camera 2
NI DAQ \
Lights —%
Camera 1 H.)"drauhc
grips pump

Figure 76: Quaststatic testing setup showing the group spot weld configuration. Thermal camera not seen here.

Emissivity measurements for use in the gostcessing of the thermal images werade using
a GierDunkle DB100 Reflectometershown in Figure 77. The DB-100 is an infrared
reflectometer for accurately determining the total emittance of samples. The measurement is a
broadband measurement (from 5 top2B). Emissivity ests were performed in accordance with
Method A of ASTME40813[109]. In this work, all surfaces captured with the thermal camera

were sand blaste®uctibof® 500-AS emissivity values are used for DuctiBA000AS surfaces.
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Material Thickness Surface  Emissivity

12 as-stamped 0.5
s ) sand blasted 0.41
Usibor™ 1500
16 as-stamped 0.52
’ sand blasted 0.39
12 as-stamped 0.5
’ sand blasted 0.42
Ductibor® 500
16 as-stamped 0.51
’ sand blasted 0.41

Figure 77: Left) Gier Dunkle DBLOO Reflectometer; Right) Emissivity measurements for Usit&@#0and Ductibo® 500.

4.3. Dynamic testingnethodology

The dynamic testing was performfent the Caiman Mode IIl group weld experiments usang
Seattle Safety impact sled taed at the Waterloo Forming and Impact Labe dynamic test
setup is discussed here while the Caiman Mode Ill specimen development and experimental results
are detailed extensively in Sectibrl.2 The impact sled system uses a pressurized vessel to drive
a large pneumatic piston that is connected to the sled via a rope. As the pressurized tank valve is
opened, the piston is forced aolvanceand accelerates théed. The sled weighs 850 kg in the
configuration use@nd the system was pressurized to achieve a sled velocity of/3.at the
moment of impact. A custom fixture was developed to support the Caiman Mode | specimens for
dynamic testing, ainbd]. Seenirdigare78 thé fextdre detyup viad Maglee f f e
from two assemblies. The first assembly is attached to the wall and supports the specimen. The
two pins that connect through the specinae@a inserted througtwo slotted plate. The slotted
platesalso supporthe Fixed Pin and has a long slot that consérdie Impact Pin to move in only
one direction during the impact. The slotted plate was connected to a load cell pack containing
three 120 kN piezoelectric load cells in a triangle pattern. To acquire data, the load cells were
sampled at 10,000 Hz. Thereeawo standoffs from the wall that hold the honeycomb used to
arrest the sled at a controlled deceleration rate. Plascore 5056 honeycomb with a nominal crush
strength of 3.69 MPa (535 p$i)10] was used. The specimens h&®anm of free crush distance

before the sled engages with the honeyzom

The other fixture assembly is attached to the front face of the sled. Theiddeassembly
consists of a long fork subassembly (similar in shape to a tuning fork) that extends outwards ahead
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of the sled. The fork subassembly passes on the outsithe @lotted plates on the wall side
assembly and catches the Impact Pin. As the sled moves forward, the Impact Pin is pushed with it
and pulls the specimen apart. Forces from the-sl#el of the impact are also recorded using a

load cell pack in the sanw®nfiguration as the wallide to record. There are two accelerometers
mounted to the sled, one on each side, that record the sled accelerations during each test at the
same rate as the load cells. The sled displacement is calculated by integratingldreraeter

data and is also directly measured using a Keyenc&h87 laser displacement sensor.

Thermal Camera  Camera 1 Test specimen Wall Fixture

S -
\ ' ‘ :
- o) ;

Laser Sensor

Sled Sled Fixture Honeycomb

Figure 78: Dynamic testing setup. Methhlide floodlighting system§ameras 2 and 3)AQ, and control computers not shown.
The sled displacement was measured directly usiigyence laser displacement sensor and
was also calculated from the acceleration data recorded by the two accelerometers onboard the
sled. In Equation43), the raw accelerometer data is in units of g, which is converted toisirg
the gravitational constant, 9.81, and averaged. Equada@hso (47) are then used to determine
the instantaneous displacement, as a function of time. In these equatisres;celeation, O is
time, U is velocity, andvis displacement. The subscriptefers to the sample point number, which

was recorded at 10,000 samples per second. There is no difference between the two displacements
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from initial sledpin contact to the poirthe sled impacts the honeycomb, which is 75 mm of
displacement. It was found that at the maximum sled crush distance, which ranges from 190 mm
to 230 mm, the displacement calculated using acceleration data was consistently 4% below the
directly measured isplacement and continues to increase as the sled rebounds and travels
backwardsFigure79 shows the displacements from the two methods for a single Dft&b66r

AS test and the difference between them. The displacement corresponding to honeycomb impact
is also indicated. For alhé dynamic experimental data presented in this work, the measured

displacement using the Keyence laser displacement sensor is used.

% Wp Ia— (43)
O RO ® FO0 0 Yo (44)
0 Yoo (45)
0 o Yo (46)
Yo oo (47)
Measured Displacement - - - = Calculated Displacement Difference

200

175 et T e e

50 e T e

125

100
75
50
25

Honeycomb Impact

Displacement [mm]

0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15
Time [s]

Figure 79: Comparison of measured and calculated sled displacement.
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5. Caiman Mode IResults

The Caiman Mode Il specimens fabricated according to the Rev 5 design (Set#épwere
tested under quastatic and dynamic conditionr all three hot stamped alloys and two
thicknessesThe experimental results, analysis of the observed overall specimen behaviour, and
spot weld failure modes are discussed hene. Caiman Moddl numerical model is developed,
applying the calibrated weld material modélem Chapter3, and the simulation results are

compared to the experiments and discdsse

5.1. Caiman Mode IIl mechanical performance
5.1.1. QuasiStaticResponse

The quasistatic Caiman Mode Ill experimental data is summarizetainle 16. The quasi
static forceversuscrosshead displacement curves for the 1.2 mm specimens and 1.6 mm specimens
are shown irFigure80 andFigure81, respectively. All tests initigf show a sharp rise in load up
to the first spot weld failure. As spot weld failure progresses, the load is sustained mesakthe
load values or slightly decreases. Sudden drops in the measured load are caused by individual
brittle weld failure modes such as interfacial or partial button pull out, similar to what was observed
for the single spot weld tests and the Caiman Moldealldation specimens. More ductile weld
failure modes such as tear out still result in load drops but are less distinct than the brittle failure
modes. Once spot weld failure l@®pagated talose to the end of the rails, the side walls tend
to buckleaway from the supporting inneréhannels and the load drops drastically. The rail end
collapses occurred between 25 mm and 32 mm of crosshead displacement for the 1.2 mm thick

specimens and between 35 mm and 80 mm for the 1.6 mm specimens.

Table16: Caiman Mode Il quasstatic experimental data summary.

Thickness Max Load Energy absorbec
Material [mm] [kN] [J]
Ductibof® S00AS ié g;g i 8( 28234;2?
et o0as 12 70 e
Usbof 1500AS 1 37l iiopsa

93



40 -
Usibor®1500 1.2 mm

Ductibor®1000 1.2 mm

Ductibor®500 1.2 mm

35

30

4
3
=)
|6
_— ]
90 100 110
Crosshead Displacement [mm]
Figure 80: Caiman Mode Il 1.2 mm quastatic forceversusdisplacement.
40 .
Usibor®1500 1.6 mm
35 Ductibor®1000 1.6 mm
Ductibor®500 1.6 mm
30
— 25
4
o 20
3]
=)
15

10

——

—

0 10 20 30 40 50 60 70 80 90 100 110

Crosshead Displacement [mm]
Figure 81: Caiman Mode Il 1.6 mm quastatic forceversusdisplacement.

The average absorbed enekgysuscrosshead displacement for all specimens is shown with
the heavy solid and heavy dashed lineBigure82. The experimental repeats are also shown in
Figure82 with the light faded lines. The maximum, peak, load and the total energy absorbed
increased for all specimens when the material thickness increased; the peak loads increased by
approximately 100% while the absorbed energy increased by approximately 2008%6.thdl
specimens resulted in progressiwveld failures, as was desired, with the exception of one of the

Ductibof® 500-AS 1.6 mm specimenshich buckled, asliscussed later.
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The absorbed energy curvésgure 82, show the weld toughness for the different materials
and sheet thicknesses for the weld group specimens. For both the 1.2 mm and the 1.6 mm
thicknesses, the Ductitbr500-AS specimens have the highest absorbed energy. This is an
expected result considering that the softer m
has been shown in literature to cause early strain localization and fracture. The single spot weld
lap shear experiments also showed that the DuétiBOO-AS material exhibits ductile weld
fracture modes and almost 50% of the total absorbed energy of the lap shear tests occurred after
failure initiated during the unloading region. The Ductbd000AS and Usibdt 1500AS
specimensabsorbedsignificantly less energy than the Ductib®r500-AS specimens. It is
interesting to note that for 1.2 mm specimens, the Dué&ibdo®0AS and Usibd? 1500AS force
and energyersusdisplacement araear identicalFor the 1.6mm experiments, the Ductifor
1000AS specimens absorbed less energy than the Usisi0AS specimens, which was an
unexpected resuliased on the relative strength of these allttywas established in the single
spot welding experimentagésults that the weld toughness is directly related to the weld fracture
modes. The Ductib8r1000AS 1.6 mm specimens exhibited more interfacial weld failures than

the Usibof 1500AS 1.6 mm specimens, resulting in poorer energy absorption.

3000 .
Ductibor®500 1.2mm Exp. Repeat

Ductibor® 1000 1.2mm Exp. Repeat
2500
Usibor® 1500 1.2mm Exp. Repeat

Ductibor®500 1.6mm Exp. Repeat
2000

Ductibor® 1000 1.6mm Exp. Repeat

Usibor® 1500 1.6mm Exp. Repeat
1500

Ductibor®500 1.2mm Average

Absorbed Energy [J]

ibor® 2 ;
1000 Ductibor® 1000 1.2mm Average

Usibor® 1500 1.2mm Average

500

> -~ e
G A P R e
5 P~

= Ductibor® 500 1.6mm Average
———— Ductibor® 1000 1.6mm Average

0 Usibor® 1500 1.6mm Average
0 20 40 60 80 100 120 140

Crosshead Displacement [mm]

Figure 82 Average Caiman Mode Il quastatic energy absorbecersusdisplacement data for 1.2 mm (dashed lines) and 1.6
mm (solid lines) specimens. Experimental repeats are shown with thin faded lines.

Figure83 showsa side view of one of each specimen condition temtedFigure84 showsthe
collapsed or partially collapsed rail ends for each specimen conditigseen that that higher
strength materials Usib®n500AS and Ductibd? 100GAS exhibit less endollapsing than the
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Ductibof® 500-AS rails. It was also observed that more spot welidsagathe strength of the
material increases and the rail end collapse behaviour is reduced; spot weld failure stops once the
rail end collapses in this manner. Ductib&00-AS specimens consistently haeB Bpot welds,

per side, fail before the rail ewdllapsed. The Ductib8r1000AS specimens had 80 spot welds

fail per side. Three of the Usifod500AS specimens had 11 spot welds fail per side and one

specimen had all 12 spot welds on each side fail, causing the two halves to separate.

Usibor® 1500-AS 1.6 mm Ductibor® 1000-AS 1.6 mm | Ductibor® 500-AS 1.6 mm

|
|

Usibor® 1500-AS 1.2 mm Ductibor® 500-AS 1.2 mm

- TN T —
O O AT

Figure 83: Sideview of posimortem Caiman Mode Il specimens.

Usibor® 1500-AS 1.6 mm Ductibor® 1000-AS 1.6 mm Ductibor® 500-AS
1.6 mm

Usibor® 1500-AS 1.2 mm Ductibor® 1000-AS 1.2 mm Ductibor® 500-AS

Figure 84: Endview of postmortem Caiman Mode Il specimens.
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Multiple different weld failure modes are present in each of the specimens, buhaizchal
and thickness condition tend to have a dominant failure mode. The ¥4iBOBAS 1.6 mm
specimens contained equal proportions of paotdtionpull out and tear out failure modéefer
to Figure33). The Usibof 1500AS 1.2 mm specimens showed exclusively partial button pull out
failures. The Ductibdt1000AS 1.6 mm specimens contained many interfacial failures along with
smaller quanties of full or partial pull out and tear out failure modes. The Du&ibhOOCAS 1.2
mm specimens exhibited almost all partial pull out with only a couple of spot welds across the four
specimens testeakhibitingtear out.The Ductibof® 500-AS 1.6 mm speimensdisplayedmostly
tear out and double shared tear out, which was defined in S8@idnalong with a small amount

of pull out failures.

Expulsion was preséifor approximately 50% of the Caiman Mode 1l specimens tested under
quasistatic conditions, with the exception of the DucthB00-AS 1.6 mm specimenBigure85
shows a Caiman Mode Il specimen exhibiting a large amount of expulsion. Although it is not
fully understood why there was so much expulsion present in these group weld specimens,
considering that the weld schedule used was the same as adased for the single spot weld
specimens it iIis suspected that there were el e
or other fabrication related variables were different during the welding process that resulted in

excessive expulsion, bit is not possible to identify them post testing.

Figure 85. Caiman Mode Il Usibdt 1500AS 1.2 mm specimen exhibiting significant expulsion.
The effects of different weld failure modes and the overall weld touglanelssst seen in the

absorbed energy trends and kietories ofé ¢ r a ¢ k 6 versydoad paint displacementhe

6cracké discussed her e i smensphutraghertarepresen@atiomaf k 1 n

the progressiorof successivepot weld failure through the weld groujtf the Caiman specimens

are visualized as a Compact Tension specimen used in fracture mechanics, as Bimweds,

thebcr askdaken aafromihe pind usedtfonloadirg upito the nearest load bearing

(intact)spot weld.

97



©

](%):‘ 0¢¢¢¢¢¢¢¢¢¢

|-—3—~| [ 5 —————— ]

Figure86Lef t) Compact Tension specimen showing t-hba[lld]pRigatt ed cr ac
Cai man Mode 111 specimen drawing showing 6crackd extension m

Weld failure was detected using an IR imaging technigsied e v el oped [blyforO6 Ke e f
the Caiman Mode | specimeim this method, the local spiketemperature due tiieincreasan
plastic work and heat generatiossaciated with spot weld failure can be used to identify when
weld failure occursThermal images were captured usagelops FastR-2K IR camerdor the
first six spot welds of each quasiatic Caiman Mode Il specimen. Images captured during the
testng of two Ductibof 500-AS specimensin Figure 87, highlight the different thermal
distribution of various failure modes. In the upper image, double shared tear daittompull
out are present in the first two spot welds of the DuctiBO0-AS 1.6 mm #1 specimen and in the
lower image, the Ductib&r500-AS 1.6 mm #2 specimen shows tear out failure occurring at
different stages for the first four spot welds. Tear out failure modes generate more heat than pull
out failure due to increased plastic work, which is consistent with the energy absorlexbéor t
failure types as seen in the tensile lap shear experinfieigisre 37). Regardless ofhe failure
mode, the peak temperature rise seen during thstgiatic testing was around $G. Thelong
test time of the@juasistaticexperiments leads to heat conduction into the surrounding pHrisnt.

not expected thatonstitutivesoftening effects are occurring due to the low temperaisee

Ductibor® 500 1.6 mm #1

Double shared tear out
Nugget pull out

Tear out Ductibor® 500 1.6 mm #2

>be oo

Figure 87: Quaststatic Caiman Mode Il thermal images showing different failure modes. Colour s¢&le in
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The crack extensioversusload point displacememiots for the Caiman Mode IIl specimens
tested in this workreshown inFigure88. As each spotweldfails he oO6cr acké extends
manner. Eeh vertical step indicates a weld failure and increases the crack extension by 35 mm,
which is the weld spacing used for the specimens. The horizontal step occurs between weld failures
while the crosshead displacement (thaxis) continues to increase atigk current spot weld is
loaded. It is noted that for these plots the weld failure is simplified to occur instantaneously at the
crosshead displacement when weld failure begins. This is not strictly accurately for all weld failure
modes, such as tear othat are ductile failure modes with drawn out failure before complete
separation occurs. There were sdnsancesn the higher strength materials, UsiBdl500AS
and Ductibo? 1000-AS, for whichbrittle interfacial weld failure occurred, and multipfoswelds
fail at the same time. In these cases, the crack extension increases by smil8plenm at one
crosshead displacement. The precise weld failure time and corresponding crosshead displacement
was determined using combination othe thermal imges and the forceersusdisplacement
curvesin whichload drops correspond to weld failar&he Ductibof 500-AS experiments have
sl ower (pagatrctkad thepather two materials for both thicknesses. All three 1.6 mm
materials consistently hadoswer 6écr acké propagation than the
Usibor®1500-AS

Ductibor®500-AS Ductibor®1000-AS

590 590
555 | @ 555 ©)
520 J I | 520 |
= 485 __ 485 | | ,—H |
| g
E 450 g 450
S 415 g 415 & |
= o
g 380 g 380 l
o 345 E 345 ”
(=]
£ 310 g 310
8] 5 |
275 275
240 240
205 205
170 170
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Crosshead Displacement [mm] Crosshead Displacement [mm]

Figure 88 Caiman Mode Il quasstatic 'crack’ extension growth. (a) 1.2 mm specimens; (b) 1.6 mm specimens.

One of the Ductib8t500-AS 1.6 mm experimental specimens buckfed mannesimilar to
the early design validation specimens exhibitedthe same forceersusdisplacement curve as
the experiments that did not buckle. It was expected that the DFcEBOHAS 1.6 mm specimen

that buckled would have a force response similar to the Caiman Mode Il validation specimens
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that buckled (Rev 2.2 and ReMBgure75) i but it did not. Examining the pestortem Ductibd?
500-AS 1.6mm #3 specimen Figure89revealedhe cause of the specimen to buckle. During the
experiment, the MIG weld that joined one of the innech@nnels to the side walls failed. This
behaviouis different than what occurred during the validation experimantichthe buckling
was caused bihe sidewalls foldingut-of-planeunder compressive loading. Once the MIG welds
failed, the upper half of the specimen lost the support of tblea@nel and then fracture extended
from spot weld #3 into the parent metal region. The fateesusdisplacenent curve of this
specimen is indistinguishable from the other specimens that did not buckle becauskigt the
numberof spot weld failures that occurred before the buckling begamoritrast, irthe validation
specimens, only one or two spot weldsddibn either side before buckling started. Looking at the
Caiman Mode Il Ductibdt 500-AS 1.6 mm #3 specimen Figure89, the first five spot welds
oneach side have started tear out failure.

Figure 89: Caiman Mode Il Ductibd? 500-AS 1.6 mnguastistatic specimen that buckled.

5.1.2. Dynamic

The Caiman Mode Ill specimens were tested at dynamic rates for the 1.2 mm andshéehm
thicknesses of Ductib8r500-AS, Ductibof 100GAS, and Usibdt 150GAS. Initial and final
images from a higispeed camerir eachdifferent specimeronditionare shown irFigure 90.
The Caiman Mode Il dynamic test results are summariz&alibe17. The waltside total force
versussled displaement curves for Ductib8r500-AS, Ductibof 1000AS, and Usibdt 1500
AS, are shown irFigure 91, Figure 92, and Figure 93, respectively. The peak load for the
Ductibof® 500-AS and the Ductib8t1006AS dynamic experiments increased by approximately
40% when changing from 1.2 mm to 1.6 mm thick sheets. The UsiE00AS peak load
increased by 20% when changing to the thicker material. All three materials experienced increases
in total absorbed energy between 100% and 200% when increasing the sheet thickness from 1.2

mm to 1.6 mm.
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Figure 90: First and last highspeed image of a Caiman Mode Il dynamic experiment from each material and thickness.

Table17: Caiman Mode Ill dynamic experimental data summary.

Material Thickness Max Load Energy absorbec

[mm] [kN] [J]
wanorsmoss 12 GEIE
Ductibof® 1000AS ié 22411 i é 142634;133::
Usbof 1500AS T gaotil pmam
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