Investigation of Resistance Spot V
Failure in Tailored Hot&nped
Assemblies

by

CamerorDO Keef f e

A thesis
presented to the UnivégsOf Waterloo
in fulfillment of the

thesis requirement for the degree of

Master of Applied Science
in

Mechanical and Medhanics Engineering

Waterloo, OntaricgCanda 2018

©CamerolDd Keef fe 2018



| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including any
required final revisions, as accepted bgxaminers

| understand that my thesis may be madealmetily available to the public



Abstract

This thesis presents the results from the mechanical characterization of resistance spot welds
within hot stamped USIBOR500AS steel sheet (1.2 and 1.6thiokness) with tailored properties.
Three parent metal conditions, ranging from a fully martensitic (495 HV) to a mixdehfsititic
microstructure (211 HV), were obtained uskttieimeating (IDH) to control the cooling (quench)
rate during the hstamping process. Flat sheets and hat channel geometries were produced through
die quenching in which the die was maintained at 25, 400, and 700°C with strengths of 1,548, 817, and

671 MPa, respectively.

The asguenched sheets were resistance spotiveeldenechanically tebte lap shear, cross
tension, VYbend, and JIS tensile coupon geometries to characterize the mechanical response of single
welds under various loading orientations. Hardness testing was conducted on the welds to investigate
the hardess (strength) distribution in the welded region, heat affected zone (HAZ) and parent metal.
The drop in hardness within the HAZ increased as the parent metal strength increased, such that the
hardness of the HAZ was similar for all three spot weldeat paetals (21318 HV). In the
mechanical testing, strain localized in the HAZ (or nugget) with the result that the strength of the
welds was relatively constant for all die quench conditions. For the range of material conditions
considered, the lowest @etrength 4-4.5 kN was measured in the cttession tests compared to

12.115.0 kN for the lap shear tests (data for 1.2 mm sheet).

A new mechanical test, termed the udeai mano
both static and dynamic Molstructural loading. Channel sections comprmsgifigly quenched
material as well as hot stamped components with tailored, lavgth $images were joined via spot

welding The experiments subjected the welded regions to Mode | tensile loadesgigat@how



failure propagated along the spot weld line. It was found that the energy absorption within the welded
connections was higher for the lower strength (tailored) parent metal conditions, largely due to
activation of plastic deformation withie ffarent metal as opposed to the fully martensitic condition

for which deformation was confined to the weld nugget or HAZ. High speed thermal imaging was
shown to be an effective method to detect failure of individual welds and track failure propagation
within the welded assembly due to local adiabatic heating associated with weld fracture or pullout.
Temperature increases of 7 °C were typical ofsgasiloading whereas increases of 80 °C were
observed under dynamic loading. It was determined ihtibmif the first weld failure was delayed
slightly under dynamic loading (relative to -gtetss); however, failure propagation after initiation

was more rapid for dynamic loading for a given load point displacement.

Numerical simulations of the Igipear and cross tension single weld experiments were used
to calibrate weld failure models within ¢oenmerciafinite element softwareS DYNA, with
relatively good correlation to the experimental data. The calibration exeregdeheviegortance
of simulatonof t he post failure response, in parti

parameter, to more accurately capture the energy released during the weld fracture event.

The weld failure models calibrated from the single weld tests pliex tapsimulate the
static and dynamic Cai man e xprahe quastatitCaimani t h o ut
simulationghepredicted loadisplacement response and failure propagatierelatively accurate
with higher errors for the fully nensitic cassince the HAZ was not modell€the dynamic

simulations aligned relatively well with the experimental results.
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1.0Introduction

1.1 Motivation

The automotive industry is utilizing novel manufacturing processes to produce light weight
structural components that reduce vehicle weight and increase fuel econsunsi. i@aeufacturing
process is hot stamping that involves heating a boron steel sheet in a furnace followed by forming in
a chilled tool. By partitioning the forming die into temperature controlled sections to control the
guench rate, the microstructur¢himi different regions of a single part can be varied to produce a
tailored microstructure with mechanical properties that vary from high strength (low ductility) to

moderate strength (high ductility).

To apply these tailored hot stamped components tmeatite structures they need to be
able tabe attached to other pafesistance Spotalding(RSW)s a joining technique used heavily
by the automotive industry to join sheet metal components. Spot welds are created by running
electrical current througlamped pieces of sheet metal at a point. The heat melts the sheets together,
creating a bonded nugget of material. For mild grade steels, the spot welding process creates a fully
hardened nugget that is surrounded by the lower strength base metal, Whesmtiee base metal
is largely martensite as in hot stamped components there is a region surrounding the weld that gets
tempered because the material is heated to just below the critical temperature creating a softened sub
critical Heat Affected Zone (HAthat is softer and more ductile than the surrounding material. Due
to this localized strength reduction, it has been shown that cracks will initiate in the HAZ and can lead
to premature failure of hot stamped structural components. The onset oflénaetlyrgoverns the
crash performance of a structure and since fracture can initiate in the HAZ, it is important to

investigate this phenomenon.



To reduce development costs, manufacturers are creating complex computer simulations to
ensure new designsantomotive structures meet safety standards before investing in tooling and
physical testing. To improve the accuracy of these simulations, new material models are continually
being developed to better predict the deformation and fracture of the msestialodelling of
spot weld failure is of interest when considering the deforinatiaviouof tailored hot stamped
structures due to the complex mechahefzviouof spot welds. Modelling of a single weld alone
is challenging but methods have Ipreposed in literature to tackle the problem. What is uncertain
is how to transition from single welds to welded structures and how to properly cduhesitng
of spot weld groups. The aim of the current research is to experimentally and nimiesitgéilie

failure within spot welded tailor hot stamped coupons and structures.

12 Hot stamping

Hot stamping was initially developed to produce steel sheet components with a fully
martensitic microstructibecause complex parts with ditghstrengticould be formed at elevated
temperatures that couldndét be formed at room
obtain a martensitic microstructure a high cooling rate is needed so chilled dies are commonly used.
[1]. Later on, it was discovered that by altering the temperature of the forming die, different
microstructures could be produced in the fina[3Ja&s shown bifigurel, altering the cooling rate
of the blank changes the resulting microstructure of the formgd].pafith lower cooling rates
bainite and ferrite are formed by crossing essgective region of the CCT diagram during the

guench.
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Figurel: Continuous Cooling Transformation diagram for USFBIBROAS [4]

Several procedures are available to tailor the microstructure throughout a hot stamped part
such as tailor welded blanks, blank tempering, and in die heating. Tailor welded blanks involves joining
materials of varying strength by laser welding follovaegteynizing and hot stamping. In the blank
tempering process, only certain regions of the blank are heated above the austenizing temperature so
that only these regions experience phase transformation during the hot stamping process. The In Die
Heating (IDH process involves tailoring a component by controlling the temperature at different
regions within the quenching die. To produce more ductile regions, a lower cooling rate is used to
produce more bainite and ferrite. This is achieved by heating péttiendi® and maintaining the
tooling at some desired temperature. In areas where intrusion resistance is key, high cooling rates are
used to produce high strength martensite. This is accomplished by cooling portions of the tooling

with water channels toamtain the die at room temperaf&ie

A multitude of studies have been conducted on IDH to study its advantages and limitations
relative to conventional hot stamping. It has been shown that IDH can be used to reduce the
splingback of the formed part and increase formdbililthe main advantage of IDH is the ability

to produce a variable hardness distribution throughout the formed part. Gealgé, 7]
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demonstrated that several distinct microstructures could be produced in a single part by producing a
labscale Bpillar which had an ulttagh strength zoneith lowductility and a region of moderate

strength and highductility ashown inFigure2.
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Figure2: Vickers hardness contour plots for various heated die temp§fatures

To numerically model the defation of tailored components, one must accurately predict
the distribution of material properties throughout the part. To accomplish this, forming simulations
are used to predict the decomposition of austenite into bainite, ferrite, or martensiteeriahe mat
model developed by Akerstr¢®h implemented in LBYNA finite element software is one such
model which may be used to predict the final phase composition and Vickers hardness in each element

as a result of the formingopess.

While phase compositiondsficult to validate in formed parts, defining the material as a
composite offers a more physical approach to predict flow stress andbighetticewr Srithananan
et al[9] used microgrdys to generate representative volume elements of dual phase steels. Utilizing
this approach, the flow strdsshaviourof martensitic and bainitic heat treated boron steels was
numerically predicted for several different loading conditions with goodeagréenthe

experimental results. While this method can accurately predict the response of the material it is
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computationally expensive to implement into a full vehicle crash model. To that end1@olling
presented a double inclusion homogenization model to define the beltaximlurof tailor hot
stamped steel as a function of constituent content. Numerically this metlabtevia accurately
predictthe response of microstructures containing vagiognts of bainite, ferrite, and martensite

while remaining computationally efficient.

Bardelciket al.[11] used a phenomenologicahpproach to characterizhe tailored
microstructures by assumingagehardening model foréhconstitutive responaed assuming the
coefficients to be functions of the micralmess. Theredicted flow stredsehaviourof several
tailored microstructuresdifferent strain rates/erlaid on experimental detahowrin Figure3. In
crash events, the flow stress response alone is not sufficient to adescatsdythe deformation of
a componentThe fracturéehavioumust also be characterized suchttiganitiation of cracks may
be predicted icomplex loading conditions found in hot stamped compomantgerically, if the
onset of fracture is inaccurately predicted, the simulated results will prepliesicahresults that
do not correlate to expmental results. One commonly used phenomenoldginabe (fracture)
model is the Generalized Incremental Stress State dependent damage Model[(Q]8BMBEeSs
Eq. (L)to define damage by a scalar variBbkbat isa function of equivalent plastic stain, the
plastic strain at failu¢e ) that is defined by a fracture Jaoid a user defined damage exponent,
ten Kortenaar{13] developed the set of fracture loci for tailordtamnped components shown in

Figured.

o
wo = . (1)
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Omeret al[14]used these fracture loci and the flow stress curvesisttéigured and 5to

define a hardness dependent material model. When implemented into a finite element simulation, the



material model was able to accurately predict the energy absorption of tailored axial crush components
as seen ifrigure9. Eller [15] used a similar hardndmsed modelling approach that utilized a
Modified MohrCoulomb fracture criterion and power law hardening to define the properties
throughout the hat channels and was able to accurately predict the deformation abdHeadtune

in fourpoint bending.
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Figure5: Flow stress curves for several quench conditibhs

By utilizing IDH, components may be tailored to provide high energy absorption and stable
deformation when crushed. Ek¢al[15]created a hat channel section with two distinct zones along
the length of the part and wageéb produce a bainitic microstructure in one region and a martensitic
condition in the other region. When these specimens were subjectestatmpudmiint bending it
was shown that fracture would initiate in the martensitic region. Pr@jsigowed that by tailoring
the flanges of side impact beams, the extent in which the part fractured could be supgresged in 3
bending. Omeet al[14, 17produced the axial crush memlisti®wvn inFigure6 to highlight how

IDH can be used to stabilize the crush response dlfiigliratrength components in crash scenarios.
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Figure6: Tailored axial crush female die and rail configurfit#ins

Once formed, the parts were crushealdrash sleat 10.6 m/s weighing 855tkgnvestigate
how tailoring affected the dynamic crush responk&ure?, the force and energy measurements
are shown for the tailoring configurations showkigare6. With this test it was shown that the
crush efficiency of the rail increased when a ductile region was introduced. While the fully cooled part
exhibited the highest amount of energy absorgitensive fracture was observed during the crush
event as seen kigure8. In the tailored rails, the cruskhaviouwas more stable due the large
majority of thedeformation occurring in the soft areas. Specifically in the graded soft zone ralil,
progressive folding was observed which began in the softest region and concluded in the martensitic

region.
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Figure?7: Average dynamic force dég@ment and energy absorption curves for tailored crufhttails
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Figure8: Images showing the axial crush of all tailored rails immediately prior to honeycori#mpact
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Figure9: Measured versus pre€icenergy absorption curves for axial crush spediigns

Clearly, IDH can be used to produce parts which utilize the strength of martensite while
suppressing undesirable fractoebaviour For this manufacturing method to be viable in the
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automotive industry, the mechanetiaviouof these components mustdxeeurately captured in

numerical models to reduce tooling costs and the number of design iterations.

The preceding failure prediction strategies are designed to predict parent metal failure.
However, it is important to be able to predict the failyognts, in particular spot welded joints that
comprise the most common joining method for automotive structures. The deformation and rupture
of the joints in a structure largely governs the overall deforaradi@mergy absorption therefore

RSWmust be ppperly modeled in vehicle crashworthiness simulations

10



1.3 Resistance spot welding of hot stamped boron steels

For steeto-steel joining, Resistance Spatldvig (RSW) is a commonly used joining
technique with upwards of 2,000 spot welds in one automotive sfl@itiiitee RSW process joins
two sheets together by applying electrical current and clamping force at a poist.g€nerated
due to the resistance of the applied current causes the contacting metal components to melt together
and form a nugget of joined material. In the region surrounding the nugget, the metal never reaches a
molten state and a tempered regiondctdke heat affected zone (HAZ) is produced. In martensitic
steels, the nugget and base material are approximately the same hardness but the HAZ is significantly
softer[19] It has been shown that fracture will initiate insthfitened aref0] therefore, proper

characterization and simulation of the mechdabhal/iounf the HAZ is crucial.

1.3.1 Resistance spot welding

RSW is a massless joining technique (no filler metal is added) thatthrevajelication of
electric current and clamping pressure in order to generate a nugget of joined material. In two sheet
connections there is a short current path and therefore, to produce the required heat, low voltage and
high current are required. TR8W process as showifrigurelObegins by squeezing the work piece
components between the electrodes, ttiedesired clamping load is applied éoatbrk pieceyb
the electrode,ucrent is then passed through the work piece and the nugget is held to allow for

solidification of the molten metal before the matsrilkased.
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FigurelQ Spot weld procef3l]

While the clamped region turns completely molten, the adjacent material becomes heated but
does not reach the melting temperature resulting in a local tempering process. As shown by the cross
sectional view iRigurell, this occurs because of the how the heat is distributed throughout the two

sheets.
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Figurell Cross sectional spot weld view and heat distripp®pn
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Peak heat generation occurs at the interface between the clamped sheets due to the high resistance o
the discontinuity. The dispersion of heat causes the sheets to melt and fuse resulting in a welded

nugget and tempered surrounding region.

1.3.2 Mchanical performance of RSW

1.3.2.1 Mechanical performance experimentation of RSW

Many types of destructive mechanical tests have been developed to characterize spot weld
performance. Qualitative spot weld tests are performed on assembly liney tssessthe quality
of the spot weld based on the failure surface. An example of this is the peel tesFaiamebh2in
that is used to determine the quality efwkld based on weld faildfespot weld pulbut as shown
by Figurel3part Ais observed thethe weldingrocess is deemed satisfactory. If interfacial fracture

occurs then the process parameters need further refinement.

Figurel2 Manual peel teg3]
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The fracture mode of the spot weld reveals a large amount about the quality and robustness
of the spot weld process parameters. Failiggob welds may affect the stiffness, noise, vibration
and crash performance of a structural comp¢a8hDue to the rapid electtbermemechanical
event occurring during RSW, the resulting joint can take a varietysoffignmally, when there is
not enough heat delivered into the work piece, interfacial or partial thickness failure occurs. Both of

these modes are unfavorable in load bearing structures due to the low energy absorption and rapid
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failure of this fracture ade. In industrial applications, a pullout failure mode is preferred because it

offers the maximum amount of energy absorption.

As shown byrigurel4there are three basic waysitateand grow a crack. To properly
capturethe fracture of resistance spot welds, each one of these modes must be characterized. In
contrast to qualitative tests such as the peel test, the two main quantitative tests to determine the
strength and ductility of spot welds in shear (Mode Il) and tension (Mode I) are the lap shear and
crosstension tests. In the lap shear test, thevegldied coupon is subjected to uniaxial loading until

the weld fails as shownRigurels.

ST

(a) (b) ()

Figurel4 (a) Mode t aperture (b) Mode Hsliding (c) Mode 118 tear[26]

r__
T
-

Figurel5 Lap shear tef27]
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The lap shear test is utilized heavily by industry because lapesitans can be created

and tested with relative ease. Typically, the force displacement data similar to thigiusekdisn

recorded over and the peak loadkise act ed t o determine a Omaxi mu

Pullout

Load(KN)

\ Interfacial
o ki

Displacement (mm)

Figurel6 Load displacement diagram for lap shear in both failure [28]jdes

Although the lap shear test provides an easy method to characterize the joints response in

shear loading, the loading condition is complex due to a stress intensity at the notch of the weld and

bending occurring in the base metal as showiginel7.

Figurel?. Stress distribution on nugget under lap §hegar
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During the lap shear test, the specimen expesishear loading in the nugget and normal
loading in the HAZ. Due to the nugget being subjected to the bulk of the shear stress, these tests
typically show a high peak load and can reveal the dominant failure mode of the weld in shear. As
shown byFigurel8 when the | ap she®at 6spedhiemasmefcaimesn b
large amount of rotation and a complex stress state has developed when frastuvéhereas for
interfacial failure, the coupons experience less distortion and a smaller peak load dsigin@vn by

16
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Figurel8 Lapshear failure mod§z9]

For the crostension test shown Figue 19, the specimen is subjected to transverse uniaxial

loading.
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Figue 19 Cross tension te&7]

Similar to lap shear, the cross tension test is commonly used to calibrate spot weld settings
due to the ease of specimen fabrication. The loading experienced in the spot weld is again complex

due to the stress intensity at notch and the bending shieigare20.

P p—

_-—a.

Figure2Q Stress distribution on nugget under cross te2sipn

During the test, the specimenargnces normal loading in the nugget and shear loading in
the HAZ. In practice, the peak load is extracted from a measured force displacement curve and used
to calculate a Omaxi mum nor mal forced. reThis t
mode of the spot weld in normal loading. Together, lap shear astdngiossare the basic tests to

characterize the mechanimthaviouof spot welds.
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1.3.2.2 Mechanical performance simulahioRSW

Due to the complexities and experimentalrtainges in the RSW process as weéleas
variation of the mechanical properties within the HAZ, approximations are required to generate
numerical models. Each modelling technique utilizes different meshing techniques and damage
models to capturthe behavour of RSW joints. Wureg al[30]defined the joint as a beam element
that was governed by a felzesed failure criterion. When the critical force was reached in the beam
element it would be deleted to simulate failuteecpot weld. While this method may reasonably
represent the behaviour of mild steels, the oversimplification of joint geometry can cause inaccurate
predictions. Malcolf@1]refined this approach by using solid elementsci gldeam elements to
more accurately model deformation and failure of the joint. In this work, a mesh configuration using
8 brick elements governed by a ftwased failure criterion was used to numerically represent the
spot weld. These models were @lbetter represent the deformation of the joint prior to weld failure

but were unable to capture the unloading behaviour of the joifdilpwst

Uncertaintieand errors in the numerical models of single spot welds are compounded when
analyzing welded components as in vehicle crash. The manner in which the materials and joints within
a structure dissipate strain energy largely effect the impact performh@njoets within a structure
are designed to palut upon failure, foreeased models are not sufficient to capture the energy
absorbed by spot welded joints. Alternatively, by using a-t@sederiterion in the base material
andweld nugget pulloubut may be modelled by the progressive deletion of elements surrounding
the nugget. Wargg al[32]used a hardness distribution to define the variation in the yield strength.

To mesh the region rigid beam elements comprised the nugget and shell elements represented the
base material and HAZ. A constant value was used for the maximum strain ire thiétésibn and

thus was unable to accurately predict failure in different loading conditions &gseeai.in
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Nielsen[33] improved upon the method of Waagal [32] and used solid elements in
combination with a modified Gurs[3#]damage model to capture the mechanical bahaifith
this technique, both interfaciand pullout failure could be captured but it was computationally
expensive due to the use of solid elements [Z&pgoposed a more efficient model that used rigid
solid elements in place of the nugget and applied ax®assal damage approach to model the base
material. Using this technique, good predictions were obtained for bettnsioasand lap shear

tests as seenkigure22 However, since solid elements were used, it was not feasible to translate this

to automotive crash structures that are based upon shell elements.
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Nguyer36]Jused the ductile ESVilkinsKamoulakos failure mod8l’] to predct the failure
of the joint using both solid and shell elements to represent the base material. In this work, SYSWELD
software was used to distribute the material properties throughout the weld in the finite element
simulation. As shown Figure23 it was shown that accuracy improved by using shell elements to

represent the base material and HAZ.
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1.3.3 Resistance Spot Welding of Martensitic Steels

As described in section 1.3.1, RSW is a fusion welding process in which heat is ganerated by
localized current and pressure is applied to ensure contact of the joining sheets. The physical principle
for the heat generation is described by Joul e
a weld nugget is formed but not so high thdtemonetal is ejected from the weld zone. The

complexity of RSW joints mainly stems from the inhomogeneity of the microstructure.

The joint can be broken down into three distinct zones, the fusion zone, HAZ, and base
material. IrFigurell, the fusion zone is the region that the temperature surpasses the melting point
of the material. In the HAZ, the metal is heated but not molten and is subdivided into three regions,
the upper critical, intercritical, and subcritical HAZ. The upper critical HAZ is the region that
experiences peak temperatures above the auste
intercritical HAZ reaches temperatures betwegmé As; and transforms into ausienand ferrite
during the RSW proce§38] The subcritical region experiences temperatures bgl@amdA

experiences tempering of metastable bainite and martensite.

In dual phase steels, Baltd28fshowed martensite grains heated to a temperature close to
or below the lower critical transformation temperature would soften due to the diffusion of carbon.
This type of softening is also seen in the subcritical HAZ whengitiarsteels are spot welded. It
was shown by Baltad0]that while the grains of the base material are retained in this region, they
have been tempered. As showrigure24, it was observed that the tempered martensite in the
subcritical HAZ would experience significant reduction in hardness with respect to the grains seen in

the base material.
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Figure24: Vickers micrdnardness indentation profile across resistance spot welded DP§81] steel

The degree of HAZ softening is mainly dependent on the base material and spot weld
parameters used. While martersintent and alloying elements are used in hot stamping to increase
the strength of the material, they largely affect the degree of softening seen in the subddfical HAZ
42] It has also been shown by Dan¢éBighat as the amount of heat input into the material
increases, so does the softening. Therefore, thicker sheets and higher welding currents increase the

degree of softening.

Using several tailored hot stamped grades eEbd&{44] welded several coupons together and
investigated the mechanioahaviouof resistance spot welds. As sedrigare25, there is a clear
relation between hardness of the parent metal and severity of softening within the HAZ. Eller
subjected the weld to different loading conditions so that the force and strain data could be used to
optimize the flow stress and fractuebaviarin numerical models. Figure26, for a fully hardened
boron steel where the change in material properties is the most aggressive, the ductile media fractures
atstrains much lower than that of the base material. To numerically model the welded region a linear
interpolation scheme was used to scale the yield strength and failure strain in the parent material

radially around the spot weld cenfBinsee mechanical tests were performed to obtairDigdal
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Image Correlation (DIGYrain measurements to correlate with the-thspgacement response of
the weld sahat inversdinite element simulations could be used to calibrate the materidigsrope
of the critical HAZ. This method was then evaluated on the tensile speEigam®27 with good

agreement to experimental data.

Hardness grade 1 Hardness grade 2

5 ¥ 3 = W e
5% 000505 Ldsion 5 ope0L0c006 g0 080 5G040 00
S
o . . H . H
. . . ! . .

=3
1
i

w-coordinate [mm]

- -4 -2 o0 2 4 6 -2 0 2 -6 -4 -2 0 2 4 & 2
x-coordinate [mm] z-coordinate [mm]

Hardness grade 3

v-coordinate [mm]

-6 -4 =2 0 2 4 6 -2 0 2
x-coordinate [mm] z-poordinate [mm]

-2 2
z-coordinate [mn

Hardness grade 3
550

310
470
430
390

Hardness
[HVD.5] 350
310

v=coordinate [mm]

270
230
190

-6 -4 2 0 2 4 6 -2 0 2
x-coordinate [mm] z-goordinate [mm] 150

Figure25 In-plane and crossectional hardness measurements of RSWs in five different base material hardness grades

[45]
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Figure26 Base metal and Critical Heat Affected Zona $taailening curves for the various tailor hot stamped steels in
Figure25[45]
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Figure27. Measured and predittgtrain fields of coupon tests of various tailor hot stamped |gldes
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Burget[46]used a thermmechanical testing system to create bulk material with the same
microstructure as the HAZ in fully hardened steel. Specimens were then fabricated to determine the
plastic and fractubehaviouof the region. Burggt6] then used a hardaésaverse of the spot weld
to obtain the hardness distributions and map the material properties onto a solid element mesh. Using
von Mises plasticity and a ductile fracture criterion, the results sltogure@8 were obtained

where the yielding and fracture in the specimen was accurately captured by the numerical model.

Experiment | §Simulation

! 35 | —- Experiments

| =— Simulation

Force in kN
N
o

00 20 40 6.0 80 100 120 140 16.0 180 20.0 220 24.0
Displacement in mm

Fracture in simulations Fracture in experiments

Figure28 Comparison of local equivalent strain distributions,¥ercksplacement curves and final deformed states of

the 3point bending tests on components from experiments and sim(#ijons
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1.4 Resistance spot weld groups

Since automotive structural components never contain orgjeaspot weld, the failure of
weld groups is critical to understand how spot welds affect crash performancet aMptyh
investigatetlow the number of spot welds ilap shear specimen effected the maximum shear force
and fracture mode. For welds of various diameters, as stfeiguré29, the strength of the weld

line under quastatic loading conditions linearly increased with the number of welds.

18000
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Figure29 Variation of tensile shear force (TSF) with total number of welds at various weld ffl@neters

Maryd47]showed that for single spot weld lap shear specimens, nuggetagl observed
at joint failure. Transitioning to the multiple spot welded specimens, asgper3df the failure
mode changed depending on the orientation of the spot weld group. Suggesting that the orientation

of the spot weld groups influences the unloading of the joints.
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Figure30 Two weld laghear specimens with a 4.0 mm spot weld dig#idter

Dynamically, the unloadibghaviouof the weld largelgnpacts structures ability to absorb
energy. Schneidet al[48] showed that the energy absorbed during the separation-wekfzot
could differ considerably from the idealized deformation within the joint, contributing to the inability
of finite element simulations to predict structural effectiveness in crast.aY.f@used a T
specimen like that showrHigure31to validate the performance spot welds through extracted force
displacement daésd visual inspection of the failed joints. As sdaegure32 the model accurately
predicted the location and preld failure deformation but the definition efdMailure caused the

finite element simulation to largely under predict the peak force.
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Figure31 T-component geometry (top) and numerical simulation (bottom) bj4%hng
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Figure32 Comparison of load and displacement curves between testing (samples 1,2, and 3) and modelling (blue) of T
specimen by Yarjg9]

While forcebased failure criteria may represent the mechweahasiour of an individual spot
welded joint, in structural scenarios, these models typically prodplogsical results once a single
weld fails. With the recent development of damage models that can capture the energy absorbed in
joint failure, theresia new opportunity to improve numerical predictions made for RSW structures in

impact simulations.

1.5 Imaging techniques

For the simulations shown in Section 1.3.2, force and displacement measurements were used
to evaluate the numerical models. Tlsnacroscopic approach to characterizing the joint. To truly
capture the mechanics that occur during an experiment, imaging techniques are required. In Section
1.3.3, Digital Image Correlation (DIC) was applied to the welds so that the strain figltearalohd

could be evaluated during the test and compared to the numerical predictions. Recently, there has
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been interest in using both DIC and Infrared thermography as complementary imaging techniques to
evaluate the thermomechaniediaviounof materiad. While there are many examples of using DIC

to characterize RSWSs, not much thermography has been done to analyze the thermomechanical state
of the welds during deformation. Since both DIC and Inftaeechographpre employed over the

course of the thes this section serves as a summary of each technique.

1.5.1 Base concepts of Digital Image Correlation

DIC is used to measure the material displacement field during a test by tracking the movement
of a speckle pattern on the surface of the test spgé@jaa shown ifrigure33 This is done by
comparing two images which represent the deformed and undeformed object. Each of these images
are defined by a gray level distribution where each pixel can be tracked from the reference image to
the deformed image thus determining the displacement field. Since the gray value of a pixel is not
unigue between two images, more information is redobaeds found in the group of pixels
surrounding the pixel of interest called subsets. The tracking of each pixel is based on optimizing a
specific correlation function representing the difference of the subset from undeformed to deformed

State.

v
v

Displacement vector
Subset P

_|_

Target subset

Reference image Deformed image

Figure33 Principle of the subskased DIC, tracking of a pixel from reference to deformed[iB4ge
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The displacement measurements are then used to calculate the strain over the region of
interest. There athree main parameters that affect the quality of the strain measurement; the pixel
size, step size, and strainrfil®nce the number of pixelstba cameras senor is fixed, the-fiéld
view ultimately controls the physical size of each pixelofRredeh is a function of camera sensor
size, focal length of the lens, and working distance as shbignrb84. All of these parameters
may be adjusted by modifythg experimental sep but once a test is conducted they are fixed.

Strain is a relative displacement over a gauge length that is calculated through numerical differentiation
that can increase the noise contained in the computed value. To counise teimoothing is done

using local polynomial smoothjbd]over the Virtual Strain Gauge (VSG) as showigure35.

Since subsets are used to determine the displacement of each pixel, not every pixel is used to calculats
the strain, alternatively a step size is defined in which the strairs tealsodted at each pixal

distance of one step size apart. The strains are then smoothed over a square called the VSG with a

side length of strain filter times step size such that the measurement point is at the center of the VSG.
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Figure34 Camera field of view diagrfsg]
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Figure35: Visualization of Virtual Strain Galfsg]

1.5.2 Base concepts of Infrared Thermography

The first law of thermodynamistates that the increase in the amount of energy stored in a
control volume must equal the amount of energy that enters the volume minus the amount of energy
that leavef53] This relationship is quantified by Eq. (2) wHiére is the change in the total energy
of the systerm is the net heat transfer to the system Vdmsl the net work done by the system.

Strain energy is the energy required to deform an object that is quantified by Eq.U33 vadtalre
strain energy in the systdhis the force required to deform that systemganid the elongation
produced by the applied loadEd. (2)is divided by the volum¥ ) of the system the strain energy
is determined in terms of stress &ndstrain { as shown by Eq. (4). According to Eq. (2), the
energy enters a control volume must exit, and if we considegratrginas mechanical work input

into the system that energy must dissipate through heat.
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Therefore as a material plastically deforms its temperature must rise to dissipate the
mechanical work done. Using a thermal camera the temperature field in a region of interest may be
monitored. The FASIR-2K [54] developed by Telops Inc. monitors the thermal state of the
specimen by measuring the amount of radiant power emitted from a particular area within a given
solid angl¢55] Since none of the beaials characterized in this thesis are black bodies, the surface
radiative property know as emissivity must be defined. Emissivity is the ratio of the radiation emitted
by a surface to the radiation emitted by a blackbody at the same temperatineth8mcal camera
measures the emitted power from the heated specimen, properly characterizing the emissivity is critical
for accuate temperature measuremeByaising the thermal camera to monitor the test specimen

over the experimental event the itistron and quantity of mechanical work can be visualized.

1.6 Current Work

As mentioned in section J1tBe modelling of a spot weld and the effects of the softened HAZ
in tailor hot stamped materials has been investigated in several studies, Badiscussed in
section 1.4there is limited literature that investigates the fracture behaviour of spot weld groupings
in hot stampings and how structures respond to the progressive unzipping of spot welds. While a
single beam element using a force Waseck criterion is the simplest and most efficient modeling
approach, when applied to structures, the joints may rapidly unzip after joint failuredisAsitia

described in section 1,3ddmage models to define the failure of the parent maternabgetican
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significantly improve the fracture predictions at a coupon level but there has been limited application

of this methodology to hot stamped automotive structures.

Both DIC and Infrared Thermography have been applied to material charactésizatio
measure the thermomechanical state of a deforming material but there has been little application to
RSW mechanical testing. Each of these methods offer new opportunities to obtain a local
understanding of the mechanics of the deformation of a R&/oApon level, these techniques
could be used to evaluate the load sharing between the various materials present in the weld region.
In automotive crash structures, infrared thermography could be applied to determine when and where
strain energy localizasd fracture initiates. Each of these techniques will be applied in this thesis t

characterize the mechamicsurring during RSW deformation.

In this thesis, the objective is to investigate the mechahiaalounf RSW joints in various
tailored hotstamped steel grades. This will be done using hardness, DIC, infrared thermography,
force, and displacement measurements. Hardness maps will be used to evaluate the material propertie:
within the welded region. DIC and Infrared Thermography will bedappliederstand how load is
shared between the various materials in the welded region. Force and displacement measurements wil

be used to evaluate accuracy of numerical models of the welded coupons and structures

In order for the automotive industry wdly utilize the capabilities of IDH components,
properly capturing progressive spot weld rupture is critical. Within this thesis, a spot weld modelling
technique is developed based upon extracted data from several test specimens representing different
loading conditions. IDH will be employed to produce three USIBOR®AS@8ilored grades of
varying strength and ductility. These conditions were obtained in coupon and hat channel specimens
that were then spot welded together. The process of obtainitguamdrzing the parent material

for all test specimens and tmechanical testingf the grades is examined in Chapter 2. The
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mechanical test plan of RSWs includes lap shear, cross tension, spot welthésnsibe)d/Caiman

tests which are discussed in Chapter 3. To calibrate the spot weld model used, in Chapter 4, the
experimental results from lap shear, cross tensionyeldotensile, and-bMend specimens are
presented. Chapter 5 focuses on the experimental results of the coupon level tests and the calibration
of the inverse finite element models. The experimental data gathered from Caiman tests are then
shown in Chapter &nd the simulations are discussed in Chapter 7. The thesis concludes in Chapter

8 that provides a discussion and recommendations for future work.
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2.0 Specimen preparation and characterization
2.1 Base Material

In this work, USIBOR1500AS, a boron sel manufactured by ArcelorMittal, was used as
the base material. To prevent oxidation during hot stamping, USIBOGAS features an
aluminum silicon coating that forms an intermetallic layer on the steel when it [S@jeahed

chemical composition of the material is shown in Table 1.

Tablel: USIBOR 1500AS Chemical composition

Element Composition (weight %)
Carbon 0.2303
Silicon 0.23
Manganese 1.19
Phosphorus 0.016
Sulfur 0.001
Aluminum 0.040
Chromium 0.19
Copper 0.01
Molybdenum 0.00
Nitrogen 0.0055
Nickel 0.006
Niobium 0.001
Titanium 0.030
Boron 0.0030
Vanadium 0.002
Calcium 0.0016
Iron Remaining

In the agreceived condition, the microstructure is a mix of ferrite and pearlite which has a
yield strength af10MPa and an ultimate strengttb66MPa. Bardelciid] showed that blgeating
the steel to the austenite tempeearange thewoolingit at arate of at least 30/s, a fully
martensitic microstructure could be obtained. If a lower cooling rate is applied than the final

microstructure becomes a combination of martensite, ferrite, and bainite.
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2.2. Quenching

Priorto analyzing the deformation of spot welded joints on a structural level, coupon level tests
were required to characterize libbaviouiof a single joint in various loading conditions. Tailored
components typically include multiple microstructuresingla part and therefore, a variety of
microstructures were needed to determine how changes in the constituent composition of the parent
material affected the performance of the weld. The tailoring conditions considered for 1.2 mm and
1.6 mm thick sheetiwesponded to a fully quenched condition with a cooled die and quenching using
dies at 40C and 70%. For this work, a heated die was developed to alter the cooling rate that the
material experienced post austenization. Quenching was achieved liyehewtiagal in a furnace
above thaustenization temperature of €@ 930°C, transferring it to a flat die, asldmpinghe

sheet in a hydraulic press. The system used to execute this process iEiglogds.in

Figure36. Quenching apparatus
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The blank geometry used for quenching was a 304.8 mm by 304.8 mm square with 38.1 mm
of material removed around the perimeter of the sheet prior to extracting specimens to ensure all
samples had a consistent microstructure. The first step of the quanocieisgjinvolved heating the
blank above the austenization temperature in an 18 kW furnace from Deltech Inc.Eigoven in
37. The internal dimensions of fnenacenvere 1575 mm x 128@m x 203 mm. The furnace had six
heating elements, three on the top and three onttbentibat spanned the entire 1575 mm x 1220
mm area. There were three separate control groups in the front, middle, and back of the furnace which
ersured even heating within the furnace. During operation, the furnace maintained a temperature of
930C and the blanks were left inside for 6 minutes to ensure a fully austenized micrd$§tucture
To move the blank into thieirnace and onto the press, a moving tray is incorporated within the
furnace that is attached to pneumatic cylinders. Blanks were placed onto the tray and then moved into
the oven for préeating. The heated blanks were removed from the oven by theéotray pr

transferrindo the quenching tool that was located adjacent fiorttzee

Figure37. Furnace and blank tray

To transfer the blank from the furnace onto the flat die, a pneumatic transfer system was used
which is showim Figure38 When the tray from the furnace fully extended towards the press, the

transfer system grips the blank with pneumatic grips and pulls the blank tateditheOnce in
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position over the die, the grips release and an air cylinder pushes the blank out of the grips. The

transfer process concluded by fully retracting the transfer system and cycling the press stroke

Figure38 Gripper incorporated within the blank transfer system

All of the quenching and forming in this work was performed on a hydraulic forming press
fabricated by Macrodyne Technologies Inc. The press was capable of exerting up to 900 tonnes of
forceusingitsmi n cyl i nder and also contained four si
to 60 tonnes of force. For quenching on the flat die, a force of 60 tonnes was used to obtain an

approximate contact pressure of 7 MPa on the blank.

The flat die set used this work consisted of two identical halves. Each die was held at a
constant temperature through the use of PID controllers and four 1900W, 600V resistance heaters
that had a 19 mm diameter 8.8 mm length. Each die ha&ad control zones and PID doollers
to monitor the temperature of the die via thermocouples and adjust the electrical current fed to the
heaters to maintain the desired temper@iiREAL-95 insulation board that was42bm thick was
wrapped around the die to promote a more even temperature distribution across the die surface when

it was heated.

Fully martensitic material was made by leaving the iemaemperature and quenching

the sheets for 10 seconds. Between cycles, amuatwvater chilled plate was put between the dies
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to maintain room temperature (25°C). For the heated conditions, the die set was closed between press
cycles to reduce heat loss. Bainitic/ferritic steel was produced by maintaining the°Giead 700

holding it for 4 seconds. The intermediate condition was created by heating the di€saiod400

holding the sheet for 4 seconds. Once renfowedthe flat die, the sheetsrevéeft to air cool on a

rack.

To validate the temperature distribution on the cudé the flat dies, a FLIR® infrared
camera was used to capture the thermal stéte4®@CC and 70T dieconditions shown iRigure
39 Note that the control @mmocouples in the dies were maintain&d Botter than the intended
temperature to ensure the tool surface was at the desired temperature at the end of the transfer
sequence. To capture these thermal images, the dies were opened and the imagéowetteetaken
front once the press fully stopped. In the@a@ie condition, there was a large region in the back of
the die which was at 480with a slight decrease to AD@bserved towards the front of the die.
Width-wise, the temperature was relatiwigistent within the heated region but strong temperature
gradients down to 3%¥Dwere observed around the mounting bolts. For th€ d@condition, the
temperature was not as evenly distributed. Within the heated region, the temperature varied from
725C to 678C with the same gradients observed around the edges of the die that were observed at
the 400C die condition. To avoid inconsistent results, only the space between the blackdieds was
and 38.Inm of material was removed from the edge ofteeithed sheet to ensure homogeneous

material composition.
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Figure39 Temperature distribution of top and bottom dies &480d 708C quench conditions.

The black lines are to show where the material was droppddawsienred from the oven and

samples were only extracted from the quenched blanks in the regions where the temperature was
relatively uniform

2.2.1 Base metal tensile testing

To determine the strength of each quench condition, tensile specimens, Sigomed 0 based
on JapanesmdustrialSandardqJIS)[57] were extracted from the quenched flat sheets via laser
cutting. This cuttinghethod was used so that the specimen would have a smooth edge along the gauge
length, prohibiting fracture from initiating on the edge of the specimen that could occur with shearing

or watefjet cutting
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Figure4G Tensile specien geometr{b7]

Thesetensilespecimens were tested using a 100 kN Mit&i@ Model 45 tensile frame
that isshown irFigure4l Alltensile tests were performed at a strain rate of 0.D0C svas utilized
to measure displacements and compute surface strains for these experiments. For all tensile tests, twc
Point Grey Research GZLLL-41C6MC 5.0 MP cameras with 180 mm lenses weas$ousecord 10

images with a resolution of 15 pixels/mm.

Figure41l MTS Criterion Model 45

To capture and process the images, the software package from Correlated Solutions was used
[58] VIC SNAP 209 captured the imagesand8® 7 per formed anal ysi s.

Touch white primer was used on each specimen to create a base coat, on which a random speckle
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pattern was applied using Rustol eueswlPrausedt er 6 s
by the DIC software to compute displacement and strain by comparing images of the deformed
specimen to a previous state. Whenpaosiessing the images, a subset of 29, step size of 1, and

strain filter of 7 pixels was used resulting intaaV/Btrain Gauge Length (VSGL) of 0.5 mm.

The data collected from tensile testing is shofsigune42 Reviewing the data, the quench
condition had a large impactthe results. The fully quenched@2%e), 40, and 708C tailored
materials showed ultimate strengths of 15%8BMPa, 81F 18 MPa, and 6415 MPa. While the
strength was relatively constant between the different thicknesses, the amounhatfodefor
observed before necking was slightly larger for the 1.6 mm material compared to the 1.2 mm sheet.

These results highlight the effect oflim heating on the ductility and strength efuesched

materials.
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Figure42 Truestressstrain curve for all parent metals in uniaxial tensile tests

2.2.2 Base metalbénd testing

Although the JIS experiments were sufficient to characterize the material strength, due to the
onset of tensile instability these results were not a fasefiibasuring of ductility. Neckirggy

undesirable in material testing since it causes the strain state at fracture to deviate from the desired
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condition and measuring strain within the region isnhaitive. Bending produces a plane strain
loadingcondition which suppresses necking and the strain measurements can maintain a constant
ratio between major and minor strain until fracture initiation. In bending thereuglattickness

strain gradient from tension on the outer surface to compraissierinner radius of the bend. The

strain gradient helps to delay or suppress a tensile instability from ¢86u@jgo that end, plate

bending tests were conducted on 40 mm squares specimens using the stppanaitFigure43

During the experimental event, the punch was stationary and the rollers moved downwards at a speed
of 20 mm/min. The rollers were spaced byn#® for the 1.2 mm and 3.7 mm for the 1.6 mm
material in accordance with VDA 23®[61] No lubrication was used on the punch and it had a
radius at the tip of 0.4 mm. Load and displacement were measured in the actiereogagtst

DIC was taken on the top surface. These specimens were subjected to the same surface preparation

as the tensile specimamsla VSGL of 0.5 mm was used for post processing.

Figure43 Plate bending apparatus
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The failue moment was estimated by observing the peak force and then waiting until the load
dropped by 30 N. At this instance, the equivalent strain and bend angle were measured and used to
compare the ductility of each material condition. The bend angle wame®tesing the VDA
relation[61] between roller radiuR)( sample thickness),(punch strokeS, and roller distanck)(
shown in Eq. (4). The variablteg andi are functions of the test geometry and the expressions ca

be found in VDA61]

& (5)
© )

The strain, force, artisplacement measurementsalbimaterial conditiorewe shown in
FigureddandFigure45 As expected, the martensitic condition was consistently the strongest material
and ehibited rapid load drop after reaching peak force. THe di@dquenched material was roughly
onehalf of the strength of the martensitic material but was able to withstand higher strain levels before
the onset of cracking as it has a higher ductditythie martenisite. The 7G0material was the most
interesting because it exhibited a higher hardening rate in the 1.6 mm condition causing it to be more
ductile and higher strength than the 1.6 mriiCi0i@ quenched material. Looking at the strain paths
measured during the experimehigure45), the \Ybend specimens were subjected to plane strain
loading. This loading condition is useful because this is thestateithat sheet materials tend
towards prior to fracture. The fully quenched metal was the least ductile material showing fracture
strains about oAealf of the strain of the heated die conditions when the VDA load threshold was

met. Whereas the 24@and700C die quenched materials were able to withstand similar strains.
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Figured5 Strain paths for-8endtesting with VDA failure point marked

Table2: Summary of Plate bending tests

: Load at VDA : . VDA Bend

Material Threshold (N) Major Strain Angle (°)
1.2 FQ 4261+233 0.23+0.02 51+3
1.2 400 272374 0.51+0.02 96+3
1.2 700 2478%36 0.50+0.02 11343
1.6 FQ 7688+160 0.31+0.02 54+2
1.6 400 4346+200 0.54+0.02 10315
1.6 700 4481+443 0.55+0.07 11748
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2.3 Hat channel forming

The main goal of this work was to investigate the unzipghagiouof spot weld groups in
tailor hot stamped structures. To achieve this objective, three configurations of hot stamped hat
channels were produced and are showigime46. These tailoring schemes were used to investigate
how ductility (quench condition) affected the unzigy@hgviouof spot weld groups. Each formed
part had a top hat cross section consisting @hahel with flanges on each side fGimeed parts

had a length of @mm, Gchannel width of 60 mm, and total width of 125 mm.

A
\ \ «— Sidewall

50.8mmf R7.9mm Top
Flange
/ Fully Quenched

S
L

v 125mm

N

Tailored - 400°C Tailored - 700°C

Figure46. Hat channel tailoring conditions

The dimensionsf the preformed blankvere 50 mm x 200 mm as illustratedfgure47. The
blank also included two tabs on both ends, one tab had a triangle slot while the opposing end had an
obround hole. The holes in the tabs were used to align the blank on pitmimthand allowed

for easy handling of the part during the forming process.
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Figured47. Hat channel blank geomatrymillimeters

The same furnace used to austenize the blanks and the transfer system discussed in section
2.2 was also used in the rail forming process. The same transfer system from section 2.2 was used to
move the blanks from the furnace to the die set but adjustmesatsnade to the guide system to

ensure the blank aligned within the die properly as $eéguara#8

Figure48 Hat channel tool setstalled in Macrodyne press

The tooling used toreate the hat channels was designed by Gé&pagepart of the broader
scope of the hot stamping project and is showfigare49 The tool set consistexf three
components, the die, binder, and punch. The die on the top half of the tool set was broken into two
regions, a watehilled arethatformed the hat channel and a hegdggobrthat contactethe flanges.
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The cooled punch wasounted to the bottom half of the tool set. Bireder movealownwards

with thepress ram such that the sheetdvasn into the cavitgsthe press cycle@he binder was

heated and mounted on four nitrogghnderghatproduced a constant pressure of 10.3 MPa. The
diameter of the cylinders was 25.4 mm, that generated a total force of 6.0 kN when compressed by

the die.

Female Die

Ceramic — Blank Holder

Insulation 2 mm Air Gap

Binder
Binder Stop

b . Nitrogen
uncl
F gas

spring
I Il Il .

Figure49 Tooling schematic showing heated and cooledsegitool to produce tailored hat section from Gefdgje

Water was pumped through the cooled punch and die cavity to maintain a steady state
temperature of 2&. To insulate the chilled regions of the die from the heated flange portions, a 2
mm air gap was designed into the tooling as shéuwgune49[16] The heated regions were held at
a constant temperature through the use of PID controllers and several 700W, 68QKateader
a 19 mm diameter. In the blank holder there were 16, 76.2 mm long heaters and in the binder there
was 16, 101®m long heaters. The heaters and thermocouples were wired such that there were 4
control zones in the top and bottom halves of the tool. To heat the tooling, a ramp function was used
and once the desired temperature was reached the current would bet@ajzsteain constant

temperature.

The heated parts of the tooling were insulated by 12.7 mm thick ZBRCHhis material

had a thermal conductivity of 0.31 W/mK at’2)®.29 W/mK at 400, and 0.27 W/mK at 600
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[62] The ZIRCAL-95 can be seenhiigure48as the white coloured sheets surrounding the tooling.
These external layers prevented excessive heat loss when the toolimgawes ma40C and

700C.

Overall the forming process consisted of four stages. To start;ftirenpceblank shown in
Figure47wasplaced on the oven rack shoin Figure37and placed within the furnace and heated
to 930C. After 6 minutes, the blank was transferred from the oven to the press by the pneumatic
transfer system. Once placed on the binder, theefdimalas pressed over the male punch to form
the part at a speed of 254 mn@k For the fully quenched material, the formed part was held in the
die for a total of 10 seconds. In the°@0énd 70T tailored flange specimgtie parts were held in

the die set for a total of 4 seconds.

As a measure of temperature distribution across the die surface, a thermal camera was used to
capture the state of the die as the press opened for the forming cycle. Still images afegsinewn in
50with the emissivity set to 1.0 for each forming condition. Looking at these images, the temperature
distribution was relatively uniform. In Section 1.5vastshown that emissivity largely effects the
temperature of a pixel. As mentioned in section 3, thermocouples were used to control the
temperature of the die sets as they were heated and were 3€tand@0TC for the tailored flange
conditions. Whempplying an emissivity of 0.8, the temperatures in the image did not match the
thermocouple. The emissivity value was then reduced systematically from 0.8 until a value of 0.55
when the results converged. While the root of this problem was not firtiflgdgéime tool set did
experience a considerable amount of oxidation which has been shown to drastically alter the emissivity

of stee[63]
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Figure50 Thermal images of the hat channel die sebat temperature (Left), 4@ (Center), and 780 (Right)
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tailored flange conditions

While the thermal images helped to inform on the temperature during forming they did not
serve to validate the forming proce3ace the hat channels wéremed, Vickes micrehardness
measurements were taken to determine the hardness distribution through the cross section of the part.
Strips of the hat channel were removed via laser cutting as shigurebil The strips were then
further sectioned with a water cooled abrasive saw and mounted for precision grinding as shown to

the right.

Figure51 Hat channel hardness strip (left) and mounted spgcighgh

The sectioned hat channeisre mounted in epoxy resin and polished using silicon carbon

paper in grits of the following order: 120, 220, 500, 800, 1200, 2400, and 4000. After sample
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preparation, hardness measurements were taken every 2.5 nthre dmmterline of the cress

sectional area. These measurements were used to define the distribution of hardness through the aree
of the part. This work was completed on a Nanovea CB500 automated Vickéiesrdmess tester

that used a 500g indenter lead 15 second dwell time. The Vickers rhiardness is dependent

upon the indenter load so it is important to note that unless otherwise specified, all hardness

measurements correspond to a 500g indenter load.

The hardness measurements shoviagure52 were taken with the intent of investigating
the resulting microstructure throughout thdoamed part for the different hot stamping
configurations. They were alsed to map the microstructural properties throughout-tbaree
hat channels numerically. The fully quenched material showed an average hardness of 495 HV
throughout the entire cressction with little variability. This hardness indicated thatftrenasl
fully quenched channels contained a purely martensitic microstructure. In the 1°€ ranod€d
flange hat channel, a hardness gradient existed in which the hardness ranged from 280 HV to 325 HV
in the flange and increased up the sidewall ®weedop portion. For the 1.6 mm channels the
hardness was closer to 260 HV throughout with the sidewall and bottom flange experiencing more
aggressive hardness gradients. These hardness levels in the flange correspond to a mixed
bainite/martensite micrtvacture, whereas the top portion was martensitic with the relggtween
comprising of a gradual increase in martensite content. For the 1.6°@rtaikf)@d flange hat
channel, the flange exhibited a hardness of 200 HV corresponding to a farsitelictice, with
the bottom flange and sidewall serving as a transition region to a martensitic region at the top of the
channel. All the formed conditions aligned with the quenched flat sheets in the single weld work
except for the 40Q tailored flangehich was slightly harder than the flat sheets quenched in Section
2.2. Since the same welding parameters were used to bond these components, it is assumed that the
same softening profile froRgue 54 existed at each weld within the specimen.
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Figure52 Hardness distribution measured through the cross section of formed channels
2.4 Resistance Spot welding

All resistance spot welding shoanmd discussed throughout this thesis was done by the
Promatek Research Centre. For each thickness, a set of spot weld parameters was determined by the
Promatek Research Centre to ensure the settings were consistent with typical industrial practices. The

settings used for each material thickness is shown in Table 2.

Table3: Resistance spot weld settings

Thickness - Preheat : Weld Force (N
Time (ms) Current KA) Time (ms) Current KA)
1.2 33 8 400 7 3425
1.6 33 10 400 7 4003

Asdescribed in section 1.3.1, the spot welding process induces a thermal transient which results in a
solid nugget of joined material. To investigate how this process altered the microstructural
composition in and around the spot weld, thrabiglkness spemens were used for midrardness

maps and microscopy.
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Pairs of quenched blanks, processed using the various quench conditions described in section
2.2, were welded together using the settings given in Table 2 and 48 mm squares were removed via
water jécutting. Specimens were sectioned thrthugkness using an abrasive water saw to reduce
the 48 mm squares into 25mm squares and then cutting 3 nmweldafénter such that, after
polishing, the center plane of the weld would be measured. Afteneangddshwere mounted in
epoxy resin pucks and polished using silicon carbide paper of the following grits: 120, 220, 500, 800,

1200, 2400, and 4000.

Hardness measurements were performed at ArcelorMittal Dofasco R&D. Hardness maps
across the welded cragstions of the samples were taken using the pattern slirogureéb3 In
the througkthickness direction, measurements were spaced by a distance of 300 mieasns wher
the sheet iplane direction the spacing was 150 microns. To make the indents, a 500 gram force was
used and a 15 second dwell ttmé.t er har dness testing, the spec
Om, and 0. past@athattheaspecmedudd be etched with 2% Nital and then soaked

in a 10% Sodium Metasulfite aqueous solution.

Figure53 Resistance spot weld hardness map measurement pattern

Figue54shows the hardness maps measured in the welded region for each material condition
and the corresponding hardness traverses are sHagur@5with a summary of the data shown
in Table 4. Reviewing the data, the fully quenched material exhibited the most softening, while a small

degree of softening with the HAZ was seen in tR€ #@erial. No discernable HAZ softening was
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seen in the 700 welds. While the spot weld process parameters for each thickness were unique, the

size and severity of the softened region was relatively constant for each respective quench condition.

1.6 Full Quench RSW
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Figue 54 Hardness maps of all resistance spot welded die quenched flat sheets
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Figure55: Traverses extracted from hardness maps

Table4: Summary of RSW hardness maps with averagedsaathd variation between largest and

smallest measurement in each region of the weld

400°C
700°C

Condition Base materi_al. Nugget _ HAZ _
Average | Variation Average | Variation Average | Variation
1.2 FQ 486 1.58% 504 4.30% 318 8.37%
1.2 400 262 2.44% 513 5.09% 239 2.00%
1.2 700 211 2.89% 513 3.75% N.A N.A
1.6 FQ 485 1.06% 496 4.44% 302 6.97%
1.6 400 262 3.38% 497 4.59% 235 2.59%
1.6 700 201 3.49% 490 6.86% N.A N.A

To determine the phase distribution throughout the joint, optical micrographs stigwe in
56were taken in the nugget, HAZ, and base metal of each material condition. In the nugget, all quench
conditions showed a coarse martensitic microstructetetvaimsitioned to a finer grain on the edges
of the nugget. For the fully martensitic conditions, the subcritical HAZ served as a transition region
between the bainite in the critical HAZ and the martensitic nugget. Moving towards the base metal,

a gradal change was seen from the bainitic HAZ to the martensitic base metal. F6Ctlde2400
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guenched material, a change in microstructure was observed around the weld but the affected region
was much smaller and was similar to the base metal. Both thetalaediHAZ appeared to be a
combination of martensite and bainite with a slight change in grain size within the HAZCThe 700
tailored metal was unique in that there appeared to be no intermediate HAZ but simply a transition

from the martensitic nuggetthe base metal.

Nugget Heat Affected Zone Base metal
B s e e ] Ry b

297G

400°C |

700°C

Figure56. Optical micrographs of nugget and HAZ for all die quenched flat sheets
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3.0 Spot weld mechanical testing program

To investigate theehavioupf resistance spot welded joints in IDH tailored USBIBR0
AS several assemblies were constructed using the hot stamped flat sheet and hat channels describe
in Section 2.0. The quenched sheets described in Section 2.2 were used to construct single spot weld
coupons that subjected the joint to several differelmdpeonditions. The hat channels discussed in
Section 2.3 were used to manufacture spot weld group specimens to subject the chain of welds to

Mode | (aperture) loading.

3.1 Coupon test plan

The test geometries selected to reveal the mechah@abuof the welded joint comprised
lap shear, cross tension, spot welded tensile;laemdVAll of these specimens were cut from flat
sheets that were quenched using the flat die described in Section 2.2. The intention of the coupon test
regimen was to idefyt the deformation and fractubehaviourof an individual spot weld under
different loading conditions. These tests were performed on both the 1.2 mm and 1.6 mm material
guenchedusing dies at either room temperature;Cj06r 700C. To weld the specimg, the
processes described in Section 2.4 were utilized. All welding described in this thesis was performed by

Promatek Research Centre.

3.1.1 Lap shear

Classically, the lap shear test is used to determine the shear strength of the welded joint. For
this work, the lap shear test procedure outlined in the American Welding Society Standard AWS

D8.9M:201324]was used with the coupon showifrigure57. To fabricate these specimens, the

59



single part shape was laser cut from the quenched sheets and welded in the tensile shear specimer

configuration.

Single Part Shape

40mmI

i

4

125mm

Tensile Shear Specimen Size
125mm

v

-
+

40mm I @)

'y
v

125mm

40mm

Figure57. Lap shear specimgga]

To test the lap shear specimens the material testing system g$tigune4d was used. As
described if24] shims were used to ensuresipecimen was properly orientated in the grips of the
machine. The knurled grips on the MTS frame were hydraulically driven and applied a constant
gripping pressure of 3000 psi. The cross head on the frame was set to move at a rate of 10 mm/min

upwards asgy the AWS standard.

During the testload and displacement data was measured at 500 Hz with a 100 kN load cell
and a LVDT attached to the crosshead. The data was then assembled in the program TW Elite which
exported the data in a comma separated ¢efdrfppostprocessing. After the specimens were tested,
the nugget diameter was determined by measuring the minimum and maximum nugget sizes and

averaging them as described in the AWS D8.9M stfzvlard
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3.1.2 Cross tension

Cross tension tests were used to investigate the deforpedizounof the welded joint in
tensile loading. The test procedsimewn in the AWS standard D8.924] was followed when
executing these tests. The coupon, showigume58 was removed from the quenched sheets via

laser cutting and spot welded together.

Figure58 Cross tension specimamillimeters

Smilar to the lap shear tests, 10® kN MTS test frame shownRigure41l was used to
deform the specimens. The fixtures showigumre59were used to hold the specimens in the proper
orientation within the MTS. During ttest,the cross head of the MTS was set to move at a rate of

10 mm/min and the knurled grips exerted a pressure of 3000 psi on the fixtures when clamping.
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Figure59 Cross tension fixtures

The same data collection scheme discussezttion 3.1.1 was utilized during the cross
tension experiments. Both the lap shear and cross tension tests can provide insight into deformation
at the macroscopic level but since the failure mode was dominated bythiokuegs shear
concentrated dhe weld notch, the critical strains were not visible. Condgghest tests could

not be used to directly measure the weld fracture strain.

3.1.3 Spot weldedhénd

The W-bend specimens were used to investigate the deforbetaonounof the HAZ in
plane strain loading. The square specimens shbigares0were extracted from quenched sheets

which were spot welded together with an offset so that the HAZ lveourl the strained region.

Thickness (T)| Width (W)
1.2 48
1.6 64

W/2

—— W/2+275

Figure6Q V-bend specimein millimeters

To perform these tests, the apparatus showigume43was used with a procedure similar

to the VDA standard used for base metal testing. Initially, the spot weld specimen was placed such
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that it lay flat across the supports and knife. Onceghmitiated, the circular supports descended
the specimen onto the knife edge at a rate of 20mm/min, inducing bending. To record force data
during the experiment, a 70 kN load cell was placed between the hydraulic actuator driving the motion

and the digacement was measured using an LVDT within the hydraulic actuator.

Random speckling was applied to the top surface of the specimen and DIC techniques were
used with the cameras described in Section 2.2.1 and 35 mm lenses producing a resolution of 56
pixelgmm. For post processing of the images, a subset size of 55, step size of 3, and strain filter of 5

was used, resulting in a VSGL of 0.31 mm.

3.1.4 Tensile spot weld

The tensile spot weld specimen was used to investigatpl#me ideformatiobehavior
of the HAZ, similar to the work conducted4b, 65] To fabricate the coupon showrigure6l,
the tensile geometry in sect2.2.1 was removed via laser cutting from quenched sheets and joined

using the weld parameters in Section 2.4.

- 80
N j_l ]
12.50
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Figure61 Spot welded tensile specirimemillimeters

The main benefit of this test was the opportunity to use DIC strain measurements in the
welded region to determine how strain was distributed throughout the joint. To track strain on the

surface of the specimens, a random speckle pattern was requatbd.th@tspecimen was media
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blasted and sanded with 800 grit aluminum silicon sand paper to produce a surface roughness suitable
for paint adhesion. At low strains, theSAtoating will flakeff and compromise the DIC speckle

pattern and had to be rewed. The specimens where then painted using the same procedure outlined

in Section 2.2.1. To measure the evolution of the strain field, the cameras and software detailed in
Section 2.2.1 were used. For post processing a subset of 29, step of b, faed sfréiwere used

to obtain a VSGL of 0.5 mm. To obtain force and displacement data, the scheme described in Section
3.1.1 was used. For the 1.6 mm specimens, the peak load was above the capacity of the system show
in Figured4land therefore a higher capacity machine was required. To addtiesdMiiS @terion

64 shown in Figure &2as used. For these tests, only force and displacement data was recorded due

to the drive system interfering with the line of sight of the cameras.

Figure62 MTS Criterion 64
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3.2 Weld group experiments

The couponlevel tests described in the previous section are useful for charaaterizing
individual weld under different loading conditions; however, in real structural joints, spot welds are
never used in isolation and groups of welds are used to transmiaktasadsr To numerically
predict the mechanical response of these structures in a crash event, the progressive failure of spot
weld groups must be characterized. In this work, an experiment was developed which examined the
Mode | unzippindpehaviounf spd weld groups. The intention was to characterize how spot welds
progressively failed in tension as a result of two components separating. To fabricate the specimen for
this work, the hat channels described in section 2.3 were laser cut and spot mepltted usi

procedures in Section 2.4 asHgure63
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Figure63 Mode | structural specimienmillimeters

3.2.1 Mode | guastatic

To induce Mode | quasiatic loading of the weld group, a test configuration, dubbed the

oCai mandé, was developed to investigate the str

65



and boundary conditions implemented in this test are shéwguie64 The tooling consisted of

bosses that clamped the specimen and a clevis that displaced the inner clamp via the dashed 19.05 mn
diameter pins. The bottom clewiss clamped in the grips of the tensile machine shéwuied1

with a pressure of 3000 psi and the top clevis threaded into the crosshead load cell tlzategas displ
upwards at a rate of 50 mm/min producing the deformation shdwgunme65 During testing it

was discovered that as weld failure propagated towards tharendefl line, the displacement

between weld failures increased significantly. Due to this, the specimens were only pulled to 250 mm

of maximum displacement to reduce experimental run time.

Crosshead
Clevis

uN

Clevis

Figure64 Mode | quasstatic fixtuing and boundary conditions
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Figure65: Start (top, first weld failure (center), and end (bottom) side images of Modsdtapuizsit

As a proof of concept, 1.2 mm fully quenched arf€4@0ored flange specimens were tested
using the apparatus showrkigure66. In these experiments strain field measurements were taken
using DIC, similar to the pwach mentioned in sections 3.1.3 and 3.1.4. To apply a random speckle
pattern to the first spot weld, the same surface preparation described in section 3.1.3 was used. When
the specimen was clamped within the fixtures, the cameras and lenses dssctiber®i@.1 were
used to capture images at 10 Hz with a resolution of 34.4 pixels/mm up until the first weld completely
failed. For post processing, a subset size of 95, step size of 3, and strain filter of 5 was used resulting

in a VSGL of 0.44 mm. Frothe side, a macro view was obtained with a Point Grey Researeh GRAS
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50S5MC 5.0 MP camera at a frequency of 4 Hz. VIC SNAP 2009 was used to capture the images so

that force and displacement data could be synchronized to the visual data.

Top surface
DIC

Macro

Side view Specimen

Figure66. Proof of concept Mode | quastatic camera set up

Next, 1.6 mm fully quenched, 20@&nd 70%C tailored flange specimens were tested and the
setup was modified as shownHRigure67. From the proebf-concept tests it was observed that
there was minimal surface strain due to the stress intensity at the notch within the weld which is
discussed further in Chapter 6. Therefore, for the 1.6 mm material the set up differed froralthe origin
set up in that the DIC system was removed and replaced with thermal imaging. The thermal camera

used in this work was the Telops#as2K and the HypelR softwanes usetb perform the data



collection and pogtrocessing. During the experiments #raera was set to trigger once the load

reached approximately 700 N afterwards images were taken at 4 Hz until the end of the test.

Thermal
Camera
Specimen
Side View
Camera

Figure67. Mode | quasstatic setip

Attempts were also made to utilize pEeotric acoustemission sensors to detect acoustic
events associated with weld failure. Unfortunately, a high sample rate was required to capture the
acoustic event, whereas a long duration was required to record the entire test duration; as a result, the
amount of datgathered during each test was too large and exceeded the storage capacity of the
available AE system. Consequently, this measurement method was abandoned and left for future
work. Regardless, the thermal imagery proved adequate to track weld failat®pnphon the

spot weld group.
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3.2.2 Mode | dynamic

The ultimate goal of this work was to improve the manner in which spot welds are modelled
in crash simulations. While the gststic Caiman was sufficidat comparing the structural
response of g welds to that seen in the single weld testing described in section 3.1, crash events are
not quasstatic. To induce dynamic Mode | loading on the specimens shBgaret3 the
apparatus shown igure68was used. The idea was to replicate the deformation produced statically
so that comparisons could be made betweelyniaentc and quasiatic versions. Since the way in
which the boundary conditions are applied to the deforming pin are fundamentally different in the

guasistatic and dynamic tests, differenupstwere required.

Specimen——>
Load cell Load cell
pack pack

Shock insert

pals

Slotted plate

Impactéed Fixed \
pin pin Support plate

Support plate

Figure68 Moce | dynamic apparatus CAD please add arrow showing the sled movement

The dynamic sefp used the same boss system that thedja@sitest used to clamp the
specimen but insteafithe clevisedwo subassembliesnforced displacement boundary condition
To conduct the dynamic testing, the sled at the University of Waterloo was used. The fork was
mounted to the sled and it consisted of 2 channels that were reinforced by a plate on the bottom and
had shock inserts bolted in that impacted the free pimeowall assembly. The bepgscimen

assembly was held in position by two pins that contacted the inner bosses of the assembly. These pins

70



were held in place by two plates that were mounted to the wall and had a hole and a slot machined
into them. The hol&arthest from the wall was used to hold the specimen in place during the test and
the slot was intended to allow free motion of the impacted pin. During the experiment, the shock
insert impacted the pin closer to the wall at a speed of 7.4 m/s pradughly the same
deformation modeas the quasitatic testingshown byFigure 69 Pins were used to enforce

displacement in the system because the bosses neetde &s ieformation occurred.

Figure69: Start (left), first weld failure (center), and end (right) side images of Mode | dynamic test

Plascore 5052 honeycomb with a nominal crush strength of 3.69 MPa (68bwas)
mounted on both sides of the specimen assembly to stop the sled after the majority of the test distance
was reached. The crush distance for all dynamic tests was Z2&@ aB0.mm x 150 mm blocké
honeycomlwith a length of 200 mm were mountedrb@&babove the base of the sled; one on each
side of the crush specim@ncecontacted, the honeycomb serietring the sled to a complete

stop prior to the fork assembly contacting the rigid wall, therebyipgedantage to the equipment.

The fork and wall assemblies were mounted using three 120 kN load cells and 2 mounting
plates. The total force applied by the sled onto the parts was equal to the sum of the forces measured
by the cells within each pack. Tded cells were placed in a triangular pattern at a spacing of 233

mm. The sampling rate used to acquire the load cell data was 10,000 Hz. The crash sled incorporates
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two accelerometers with one mounted on a@deh Bhe accelerometers meatheedeceletin
experienced by the sled during crash. The sampling rate for these accelerometers was the same as th
piezoelectric load ce{ts0,000 Hz). The displacement of the sled was calculated by integrating the

deceleration data obtained from the acceler@mneter

The dynamic experiment was recorded using threspleigth Photron SA4/5 digital cameras,
with a frame rate of@0 Hz. The first of these cameras was mounted to the side of the specimen,
the second was mounted such that it provided an isometriandetive third was mounted above.
The thermal camera used in gatadic testing was also utilized in this experiment at a capture rate of
5,000 Hz. The assembled apparatus with all cameras and lighting used in testing girevih in
with still images from each high speed camera shévwuia7l The two data acquisitioysgems
(the piezoelectric load cells and the accelerometers) as well as the cameras were activated by a las
trigger that was located on the rails of the sled. During a dynamic crush test, once the sled crossed the

trigger, the data acquisition was tuoretbr two seconds that was sufficient to capture the impact.
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Figure7C Mode | dynamic experimental set up

Figure71 Still images of Mode | dynamic set up from top (left), isometric (@ttesifje (right) views
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4.0 Mechanical performance data for Single Spot

Welds

4.1 Cross tension

To assess the tensile response of single spot weldensiossexperiments were performed.
In Figure72 the forcedisplacement measurements taken frencrosstension experiments on
single weld coupons for all material conditions are shown. Overall, the peak load levels were similar
for all quench conditions of like thickness with the more ductile materials experiencing more
deformation before fracture and during the fracture event. As the thickness of the material increased,
so did the resistance to bending, resutio@ Mode | opening #te edge ofthe weldwith more
bending The quench condition affected the amount of displacement sustained before fracture. For
the fully quenched material, softening was seen around the nugget whereas for the tailored materials,
little to no softening wabserved. There were two distinct post frateinavious which emerged
from the data. The first corresponded to a sudden drop after the peak load corresponding to the left
image irFigure7 3andFigure74, in whichthe weld pulled completely out of the coupon after reaching
the peak load. The second mode corresponds to a pidi@ae that was observed after the peak
| oad; this mode corresponded to t Rigure@theubl e
majority of the weld pulledubof one couponafter whichit continued to transmit load prior to
completely pulling out of the opposite coupon. The critical measurements extracted from the data are
summarized in TabB Reviewing the data, a large variation was observed int$aaeptasicular
for in the 400C tailored material. Several factors could contribute to this, such as weld position relative

to the centre, coupon alignment, fixture alignment, and clamping force. The fixturesFsgoren in
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59used to execute these tests were difficult to control such that the same clamping conditions could

be reproduced for evemst.

Force (kN)
[pS] w L= w (o] =l (o]

(=] —_
L

- = 1.2mm

o

Displacement(mm)

—1.6mm

700°C
400°C
25°C

Displacement (mm)

Figure72 Force displacememieasurements taken from all cross tension tests

Figure73 Cross tension single (left) and double (right) fracture images
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Full Quench 400°C die quench 700°C die quench

Single pullout | Double pullout | Single pullout | Double pullout Interfacial Double pullout

Figure74: Cross tension failure surfaces

Table5: Average and standard deviation fdraal measurements from cross tension testing

Material Peak Force (kN) | Displacement (mm) EA: s::;ryl/) E(‘:(]j) '\?rfr%et
1.2 FQ 4.0£0.4 4.8+£0.7 13.7£1.7 5.3+0.3
1.2 400 4.51+0.4 7.2£1.0 24.315.4 5.440.3
1.2 700 4.1+0.1 6.4+0.5 21.7+3.6 5.3+0.5
1.6 FQ 5.5+0.3 3.9+0.5 17.4+2.0 5.3+0.4
1.6 400 6.3+0.4 6.6+1.7 34.7+12.3 6.2+1.1
1.6 700 5.4+0.5 6.4+0.8 25.4+6.0 4.5+0.7

On a structural level, it is important to characterize the amount of energy a welded joint
absorbs through deformation. To that end, the measurements slvogurai2 were integrated
over the forcelisplacement history and energy as a function of displacement is shguwe7a
While thickness slightly increased the amount of energy the joint absorbed over the experimental
event, parent metal strength largely controlled the response. In the fully quenched material, the HAZ
had a lower yield strength so deformatigokty localized in the HAZ and resulted in rapid weld
failure. The parent metal strength in the fully quenched materiakisdtigtt limits parent metal
deformation such #t overall energy dissipatiolovg. For the tailored specimens, more defaomat
occurred in the parent metal allowing the joint to absorb more energy. The large variation in total

energy absorbed in the experiment is mainly due to how fracture initiated and propagated in the
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specimen. In the fully quenched specimens, the faddeswas consistently double pull out for the

1.2 mm material in that the specimen experienced a drawn out fracture process but since the parent
metal absorbed little to no strain energy, the work done throughout the test was relatively consistent
as showmy Figure75. For the 1.6 mm fully quenched material, single pull out was observed causing
the specimens to completely fail at lower displacements than the 1.2oms. douhe tailored

materials, two different fracture modes were observed as stioguraid3 andFigure74. In the

specimens which experienced fracture in both coupons, the amount of energy absorbed was

significantly higher than those specimens that only fractured in a single weld coupon.
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Figure75 Absorbed energy versus displacement for all cross tension tests

4.2 Lap shear results

In order to characterize the shear strength of the joint, lap shear specimens were tested. The
measured force displacement results are shdviguie76. Overall, the peak load increased with
base metal strength and the amount of displacement observed at fracture initiation and during the
fracture event increased with ductilityd8sreasing the material thickness, the surface area of the

nuggetHAZ interface shrinkghe amount of bending in the sample is higher, and there is a larger
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Mode | load at the edge of the walducing the amount of strameegy picked up by the material
andlowering the load bearing capacity of the joint. Parent metal ductility also affected the response
of the welded joint; in the fully quenched materials, little to no yielding was observed whereas the
400C and 70W die quenched specimens exhibitede ndeformation before fracture. This is
highlighted by the amount of rotation sedfigare77and the failure surfaceigure78 In terms

of the fracture eventjhenstable nugget pull out occurred like in the thicker heated die materials, the
force response was consistent but when fracture propagated all the way arelsh@sheean in

the fully quenched specimens, the peak load and displacement saw larger variation. After the test, the
nugget was measured with a set of analog calipers and the diameter along with other critical
measurements is shown in Tablev@as obswed that the thinner material consistently had a smaller
nugget. This likely occurred because there was less heat used to bond the thin metals compared to
their thicker counterparts. Contrary to the eigssion results, a larger variation was meastined i

lap shear nuggets because in the pullout fractures sheigur@r8 a small amount of material

remained attached to the nugget after it pulled out.
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Figure76. Force and displacement measurements gathered during lap shear testing
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Table6: Average and standard deviation fitical measurements from lap shear testing

. Peak Force . Absorbed Nugget
Material (kN) Displacement (mm) Energy (J) (rr?r?w)
1.2 FQ 13.2+0.5 0.6+0.03 6.8+0.5 5.4+0.2
1.2 400 15.0+0.1 0.82+0.01 16.7+3.0 7.5+0.8
1.2 700 12.1+1.3 0.78+0.14 12.2+6.0 6.0+1.3
1.6 FQ 26.5+2.1 0.98+0.13 19.0+2.7 6.1+0.2
1.6 400 20.8+0.6 1.00+0.04 34.6x4.5 8.7+0.1
1.6 700 18.8+0.2 1.28+0.02 36.9+£1.6 8.8+0.2

In the ductile materials whehe HAZ was harder than the base metal, the strain was
distributed throughout the base metal with the largest concentration being at edge of the weld. Small
strains were measuratdthe surface of the specimen because there is a large amotoftgbaost

bending and through thickness shear placing the critical strains at the weld notch which is not visible

as discussed in Section 1.3.2.

Equivalent Strain Equivalent Strain
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Figure77. Stain fields measured on fully quenched areC#06 quenched lap shear specimernisgitesting
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Figure78 Lap shear specimen failure modes

Using the data shownhkigure76 the absorbed energy was calculated by integrating the force
versudisplacement. Energy was then plotedugisplacement as shownFigure79. For the 1.6
mm material, there is little difference between tR€ 40@ 70T tailored materials. When weld
failure occurred by inducing fracture in the parent thetatrength of the parent metal seetoed
have little influence ohdé amount of energy absorbed by the joint. Comparing the 1.2 mm and 1.6
mm samples, the thickness was observed to affect the strength of the specimen. While the mechanical
response of the fully quenched and°@0§caled with thickness, the °@Q@ailored raterial
experienced a change in the spot weld fracture mechanism. This can be explained by the size of the
welded region, the volume around the weld in the thinner material is smaller and therefore, plastic

strain energy density is higher, increasing&racentration in the material close to the nugget. This
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gave the material less area to dissipate plastic energy over and causing fracture to propagate aroun

the weld at lower displacement values.

- = 1.2mm —1.6mm |700°C
EL el
a0 i
— 75 1 = 75 - ==
| = -~
& 20 - o -] 3204 ,é':
$ aaemsnd 7
5 15 4 o e Sl IEEER
‘-.'E""_ e
10 * - - e - 10 4
A
5 _ J‘-r‘ 5 -
.-"J ,-',/
D T = T T T D = T T T
] 1 2 3 4 ] 1 2 3 4
Displacement {rmmj Displacement (mm)

Figure79 Energy plottedver displacement for all lap shear tests
4.3 Spot welded-bend results

While the lap shear and cross tension tests are useful to determine the maximum force and
energy which the joint could endure in tensile and shear loading, they were not useful for extracting
local fracture strains. To that end, spot weldednd specinms were tested so that the strain
distribution across the nug¢dZ-parent metal zones could be examineligime 80, the force
displacement measurements are peskeReviewing the force measurements, the thickness and
guench condition both distinctly influenced the failure process. When looking at the different quench
conditions, the fully quenched material is the strongest and least ductile, wher&asitiuZ G®O
die quenched materials show similar strength and ductility. Also, for both of these material conditions
even after fracture initiated, the force continued to increase. In the thicker specimens, the forces were
larger and the variation between disjpheent at peak load and weld release for the quenched materials

was amplified. Similar to the base metal data shéuguie44, the 700C die quenched material
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exhbited more hardening in the 1.6 mm condition causing it to be stronger and more ductile than the
400C metalWhileforce measurements were useful to identify trends in the material strength, the

true value of this test was in the strain measurements
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Figure8Q Force displacement measurements gathered dioémgl V¥esting

To process the strain field data sampled over the test event, true strain data was extracted at
the point where fracture initiated. The strain paths andlequsteains at fracture showrfFigure
81were extracted with Vi8D. In the fully quenched and 20Qdie quenched material, the strain
localized on the nuggdAZ interface where softening occurred causing fracture to initiate early in
the deformation procegdthough a crack formed in the HAZ, the load continued to increase because
the surrounding parent metal continued to take up load as the rollers displatied. 708
material, as was shown in the lap shear specimens, a different failure mode was seen in the 1.2 mm
and 1.6 mm specimens. In the thinner materials, the strength gradient in the welded region caused
strain to localize at the lowest hardnessdacatijacent to the weld but in the thicker material, a
larger amount of material was available to absorb strain energy and fracture initiated in the parent

metal. Contrary to previous testing methods, this procedure resulted in strain levels mbah higher t
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those seen in lap shear. This high strain occurred because the weld notch was placed close to the initia

location of neutral axis of the bend suppressing its effect on the joint.

In Table 7 outside of the 1.2 mm 7@die quenched material, all wedghibited similar failure

strains and bend angles when a crack fofroethe 1.2 mm 70Q material strain localized in the

parent metal with the weld acting as a stiffener significantly improving the performance of the
specimen. Otherwise strémcalized in the HAZ suggestithgit the strength gradient around the

weld caused strain to localize and fracture to initiate at a major strain of approximately 0.20 strain in
the HAZ. Since these strains were much lower than that observed in the parétBnier fully

hardened at 0.5 for tailored material) it is clear that strain energy localizes in the softened region
surrounding the weld during deformation inducing fracture early due to thainighastgy density

in the HAZ.
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Figure81: Contour plots (top) of equivalent strain one frame before fracturdémd\tests (2& left, 400C center,

70C0C right) and strain paths at critical point until crack initiation (bottom)

Table7: Average andatdard deviation foritical measurements frorddénd testing at the VDA
load threshold

Material Pe?ll:NF)orce Displacement (mm) | Fracture Strain VD:;] ;an
1.2 FQ 10.6+0.2 3.8+0.5 0.14+0.01 27+4
1.2 400 8.0+0.3 3.8+0.3 0.18+0.02 27+3
1.2 700 7.6+0.1 7.8+1.6 0.48+0.09 61+11
1.6 FQ 23.1+0.2 4.840.1 0.25+0.03 33+1
1.6 400 14.1+0.2 3.9+0.7 0.20+0.08 2714
1.6 700 15.8+0.3 5.4+0.6 0.22+0.05 3844
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4.4 Spot welded tensile tests

Similar to the Wend specimens, spot weld tensile specimens were used to provide insight
into how the strain field is distributed across a spot welded jBigureB2 the forcedisplacement
measurements taken during the test are presented. As can be seen HiligEdoeoeent curves,
the presence of the weld had little influence on the response of the si&ioeetine 1.6 mm
specimens reached loads highan t100 kN, a larger system was required and due to physical
constraints of the apparatosly forcedisplacement data was extracted from these experiments.
While the fully quenched material was able to support small strain values in the JIS sgecimens, th

welded samples show significantly less ductility. This can be explained by examining the measured

strain fields.
120 120 .
- = 1.2mm —1.6mm| 700°C
100 100 A 400°C
80 - 80 -
= s
= =
§ 60 - § 60 -
(=] [=]
L 40 L 40
, w\
20 ] 20
A Lk
0 1 T I-Il T 0 T T
0 5 10 15 20 0 5 10 15 20
Displacement(mm) Displacement (mm)

Figure82 Force displacement measurements gathered during spot welded tensile testing

From the strain field dataye strain was calculated over the entire gauge length resulting in
the equivalent contour plots showkigure83 There was a clear localization around the weld in the
fully quenched material where normal shear bands occurred in the heated die material conditions.

These results served to validatebthaviourdiscussed in the previous sections, since strain clearly
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localized in the softened HAZ of the fully quenched specimens but in the tailored specimens because

there was no significantly softening around the weld causing fracture to occur imtétalbase
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Figure83 Equivalent strain contour plots one frame before fracture for spot welded tensile tests of fully quenched (left),

and 400C (right) specimens

86



4.5 Summary of Single Weld Experimental Data

The single weld testing shown in this chapter illustrated how the ability of the base metal to
dissipate plastic woirkfluenced the performancethe joint. In normalMode I)loading, all welds
showed similar strengths with the more ductile rsetaiy moredisplacement before fracture. The
resulting fracture surface showed nugget pull out consistently with a shorter onset of cracking in the
thickersheet When loaded in shear, the effect of tailoring was obseétivetie ductile quench
conditions exgriencing rotation and the fully hardened material showing little. The fully hardened
material saw nugget pullout with fracture contained within the welded=@ufilbe ductile quench
conditions nugget pull out was observéth fracture transition fno the welded region to the base
metal The \Ybend experimentshowed how strain distributed in the joint and how this impacted
fractureThefully hardened and 400°C quenched madaviedtrain localize in the HAZ which caused
rapid fracture initiation dpropagation at equivalent straif®°C quenched material showed a more
even distribution and higher strain at failt0iiee single weld work was then concluded by the JIS
testing which showed ttstitain localization and failure occurred in the wetldddardened material

whereas the tailored grades showed strain localization and fracture occurring within the base material.
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5.0 Numerical characterization of single weld

deformation and failure

In this chapter, a numerical model of resistancengbdt(RSW) failure is presented and
compared to the data sampled during the single resistance spot weld experiments described in Chapter
4. The objective of this model was to provide predictions of RSW failure that are compatible for use
within current indstrial computer aided engineering (CARJuf vehicle crash response. With this
in mind, the model is not cast at a mesanicrescale, but rather adopts a mauae treatment
using shebhased finite element formulations. For this model thedeehtescribed by Seelgai
was used and the material properties iteeadivelydetermined by comparing predictions of cross
tension and lap shear simulations to experimental data. For all numerical work presented here, LS

DYNA MPP R7.0.068]was used.

When modelling spot welds on a structural leeehputational efficiency is wital
importanceso the schemes used to define spot weld deformation and anptunlg intended to
describéhe macroscopic performance of the joint. In these simulations, deformation and fracture of
the Usibor® 1508\S paent metal, in the various tailored conditions, was modelled using the
hardness dependent mapping technique described byl@Jriene weld was characterized using
linear hardening and a streased failure criterion, withcacsa |l | ed o0f ade energyo
control postfailure response after failure initiation. The material model used to define the spot weld
in LSDYNA is discussed in this Section 5.1.2. Calibration of the model was performed for the three
material (gench) conditions and sheet thicknesses considered in the weld characterization studies

presented in the previous chapter. The cross tension results were used to calibrate the normal strength
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of the weld, while the lap shear data was utilized to chzedtteryield strength, linear hardening

rate, shear strengtnd fade energy of the joint.

5.1 Base material and spot weld modeling technique

This section contains a description of the meshing strategy and material models used for the
parent metal and @pweld. While the method of modelling the parent metal is not developed as part
of this study, a quick review serves to strengthen the discussion herein. In the weld model, the yield
strength, hardening modulus, weld size, normal strength, shear sirehdgldle energy were
investigated and the effects of each variable are examined in a parametric fashion at the end of this

chapter.

5.1.1 Mesh distribution within spot weld region

Although the overall mesh distribution changed between the lap sheasarension
simulationsanapproximation of the mesh shoimrFigure84 was used in all numerical models in
this chapter. The parent metal was defined using fellyated shell elements with 7 through
thickness integration points. The weld was defined by a beam element that is automatically converted
by LSDYNA into a cluster of 8 hexahedron solid elements when the simulation initialized. In the
cross tension sination, 3.1 mm shell elements were used, while in the lap shear simulation 2.8 mm

elements were applied.
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Figure84 Welded region mesh distribution

5.1.2 Parent Material Model Properties

The parent metal constitutive and frachafeaviour makes use of extensive efforts by the
Forming and Impact Group to characterize USIBOBOO0[11, 3, 13, 17, 14,. 7he yielding
behaviour was modelled using the von Miskbcriterion and the hardening curves shofigume
85which were made strain rate dependent by adoptipgehemenological relations propdsgd
Bardelcik an@mer[11, 14] A set of flow stress curves was defined for each base metal hardness as
shown in Section 4.2.1. Fracture of the parent metal wasdnsd®j the Generalized Incremental
Stress State dependent damaggeM&ISSMO) developed by Daimler and DYNAmore for the
modeling of failure in ductile materidl2, 69] This failure model utilizes a phenomenological
approach to damage prediction in which damage is accumulatediwseistrain increment based
upon the ratio of plastic strain incremerth&failure strairn proportional loading that vareesa
function of stress state. The fracture locus under proportional loading, developed by ten Kortenaar
[13]for each of the quench conditions considered in the current work, is taken as the primary input

data to the GISSMO model with the damage exponent fixed at 2.
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Figure85 Flow stress curves and fracture loci ofduinched (25°C), 400°C tailored (262 HV), and 700°C tailored (211

HV) USIBOR® 150ASused in numerical models
5.1.3 Spot Weld Material Model Properties

For thespotweld, an isotropic linear hardening model was used to define yielding and a stress
depenént damage model was used to account for failure. The constitutive response of the spot weld
elements was characterized usiedlohv stress curve shownFigure86. In this curve, after yield
the material hardened at a linear rate speciftad bger (B until failure initiated after which the
weld absorbed a defined amount of energy prior to complete failure to résepnsetand

progression of cracking.
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Figure86: Sample numerical flow stress curve of spot weld from a lap shear simulation

The failure function used for this work is shown by Eg. (5) through Eq. (8). The failure
function, Eq. (5), has 6 uskafined parametefdprmd Strength,( ), Bending Strength (), Shear
Strength { ), and the respective exponents,@ ,& ). The normal stress in the weld is
calculated by dividing the normal forge transmitting through the weld by the afeacf the
weld, as shown by Eq. (6). The bending resultant is determined by divithngethtgperpendicular
totheweldd @& @ by the moment of inertid) as shown in Eq. (7). The shear resultant
calculated using Eg. (8) in whibh moment parallel to the weld  which is scaled by a user

defined factoBCLMRRand the force resultants perpendicular to the weldo € © are divided

by the area of the weld.

Lo ©)
(0]
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The energy absorbed by the spot weld after failure is calculated using Eq. (9) through Eqg. (11).

In Eq. (9) the damage is determined by dividing the consuaiedknergy by the total fade energy

and then the softened stress in the welds(determined based by multiplying the scaled Cauchy

stress tensor, by the linear damage relation shown. To determine the amount of energy

consumed thus far, H3.0) is used wheffgis the deformation gradient afds the strain increment

which occurred over the last time step. Since the loading state can change after the onset of failure,

the undamaged Cauchy stress tensor is scaled such that the scalar product bEY- is the

same energy increment in comparisgn to" V- making, h equipotential tg h [67]as

seen in Eq. (11).

o
9
” p C&O08 D 9)
"0 "0 AAO, VY- (10)
. ¥ (11)
) ” y- "

To bond the spot weld elements to the parent shell elements, tied contact was used which
constrained bottranslational and rotational degrees of freedom in the contacting spot weld nodes to
the parent metal surface. This was implemented IRDYNS& using the

*CONTACT_TIED_SHELL_EDGE_TO_SURFACE keyword.
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5.2 Cross tension simulation

Since the cross tension spemns were not clamped within the grips of the material testing
system, the fixtures needed to be meshed so that the force response of the entire system could be
compared to the experimental results described in Section 4.2.2shdw assembly shown in
Figure87was used to represent the experiment. To mesh the fixtures and clamping squares, elastic
solid elements were used with the properties shown in Table 3. To increase cahgffitatinry,
the bolts were reduced to a force boundary condition (grees srFogure87) applied to rigid
washers which held the coupon in place with of 30 kN of clamping force applied linearly in the first
two seconds of the simulatiomoprto any deformation. After this, a second stage occurred where a
velocity of 10 mm/min was assigned to the blue node set in the top fixture, mimicking the
displacement of the crosshead in the experiments. The othedeeskt shown iRigure87 was
fixed during this stage, representing the bottom (fixed) grip in the material testing system. To enforce
contact between all the components within the assembly -susiaéace penalty functidsased
contact algorithms where used. All dtesteel contact used a friction coefficient of 0.4 except the
squares because the contact surface was knurled, so the coefficient of friction was arbitrarily doubled

to 0.8.
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Figure87. Cross Tension assembly (top) and coupon (bottom) mesh plot and boundary conditions

Table8: Tool steetaterial properties

Density (tonne/mm?3) 7.88E-09
Young's modulus (MPa) | 200000
Poisson's ratio 0.3

During the development of this simulation, a parametric study was conducted on the normal strength
and size of the weld with the effestseach variable discussed écti®n 5.4. This study was

undertaken to highlight how the welderal properties affected the predictions.
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5.3 Lap Shear Simulation

The lap shear simulations allowed for calibration of the weld plastagtgpndthe shear
failurecriterion Since the specimen was clamped within the grips, the model was simfler th
cross tension modeg shown by the meshhkigure88 The mesh comprised two sheeth@parent
metalrepresented bshell elemen@ndbound by a spot weld beam element. A spring was placed

between the top coupon and the displaced node to accounttastizecompliance of the test frame

Fixed

Figure88 Lap shear mesh plot and boundary conditions

To enforce the gerimental boundary conditiotig& nodes at the bottom red lind-igure
88were fixed, representing the edge of the gripped material. The top green node séiaivesicon
such that the vertical displacements were common and a spring was placed between this node set anc
the top blue node&ince the MT&achine complianseas unknowna stiffness of 80,000 N/mm
was assigned based on the outer diameter and lemgtltiofular column of the MTS. To enforce
the deformation, the top node was displaced at a speed of 10 mm/min and this continued until the

weld released. To account for contact between the steel componentgpsunfioe contact
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algorithms were usedthva friction coefficient of 0.4. For this simulation, the yield strength,
hardening modulus, shear strength, and fade energy of the weld were parametrized and the effects of

each variabls discussed in Section 5.4.2.

5.4 Single weld numerical results

In this section, a numerical model is calibrated based on experimental data using the meshing
scheme in Section 5.1 and the material model in Section 5.2. By conducting sensitivity studies on the
variables described at the end of Sections 5.2 and 5@elava® generated for each material
condition examined in this work. The following section describes the effect of each parameter and

concludes by showing the results of each calibrated material model.

5.4.1 Cross tension sensitivity study and calibrated

results

In the cross tension simulatiospot weld material models were calibrated in normal loading
where the weld normal strength and spot size were determined throughsi@sativiey studies.
Since force and displacememtasurements were thaly data sampled during the test, the
relationship was used to benchmark the numerical results. The nugget diameter measured on the
specimens after testing was used to weld diameter in the simulation and normal strengthywas taken
dividing the maximunofce by the spot aréko highlight the sensitivity of the material models to
the @librated values, a paramestiticly is presented with ingh fully quenched USIBOR500AS

as the baseline.

The final predictions for all materianditions are shown iRigure 89 to align with

experimental datasingthe material parameters shownrlable9. Figure90 showsthe predicted
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deformation of the mediter failure for two quench conditions (1.6 mm fully queractee700 °C

die quench) alongside the deformed samples from the respective expdrimaenisual
correspondence of the predicted and observed deformed shapes waguge®d (right) shows

the predicted and measured peak loads for the entire range of conditions cdraditEdeth

general, the predicted loads agreedthdtimeasured values. The accuracy of the predicted energy
absorption (toughness) was not as good, with the modepuedieting toughnesattempts were

made to calibratine absorbed energy through the fade energy (GFAD) parameter, however, the
predictions did not improvPart of the issue in the predictions is likely due to the fact that failure
often occurs through ptdut of the heat affected zone which occurs witi@rparent metal and
cannot balirectlyrepresentedsing standarghell elements. Further work is required to improve the

toughness predictions for normal failure of the weld.
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conditions

Table9: Calibrated parameters from cross tension simulatitbribe average and standard

deviation shown from the experimental data

Peak Force (kN) Toughness (J) Normal .
Material . . . . strength il s
Simulated | Experiment | Simulated | Experiment (MPa) (mm)
1.2 FQ 4.0 4.0£0.4 7.2 13.7+£1.7 182 5.3
1.2 400 4.5 4.51£0.4 14.3 24.315.4 196.9 5.4
1.2 700 4.0 4.1+0.1 13.1 21.7£3.6 185.2 5.3
1.6 FQ 5.6 5.5+0.3 7.2 17.442.0 250.6 5.3
1.6 400 6.2 6.3+0.4 18.3 34.7+12.3 208 6.2
1.6 700 5.3 5.4+0.5 19.2 25.4+6.0 344 4.5
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Figure9Q 1.6 mm fully hardened (top) and 700 C die quenched (bottom) cross tension predicted versus actual deformation
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1.2FQ G6FQ 1.6400 1.6 700

Figure91 Bar charts comparing Toughness (left) and Peak load (right) from Cross Tension simulations and experiments

A parametric study was conducted to determine the sensitivity of the numerical model to the
spot size and its normal sigén. The normal strength controlled the amount of stress required to
initiate damage, as shown by Bg$ce the two coupons were only held together by a solid nugget,

a simple force over area calculation was used to determine the normal strerajtbtrélogth is a

construct to define normal failure numerically and therefore since it was not physical, it was adjusted
to ensure the peak load at failure in the simulations aligned with the experimental cross tension data.
The sensitivity of the crossi¢eon simulation to variation in the normal strength is identified by

inspecting the predicted pealdkoat failure shown Bygure92 With lower normal strength like the
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100 MPa case, the specimen failed at the lowest load and displacement, as normal strength was

increased the force and displacement required to initiate damage increased.

Normal strength variation
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Figure92 Effect of varying normal strengthtbe predictedorce and displacement for a

crosstension test

In the numerical models, the weld size was constant however experimentally this parameter
varied so it ismportant to see how variations of this vahresffect the predictio; In Figure93
the size of the weld changed the level of stress which caused the weld to fail. The normal and shear
stresses compared to therwdefined values are averaged over the entire welded assembly, Therefore

as the weld diameter increased, the amount of force required to initiate damage increases because th

area increased.
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Weld diameter variation
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Figure93 Effect of varying weldameter on cross tension force displacement predictions made by the simulation
5.4.2 Lap sheaensitivity study and calibrated results

To calibrate the weld model for each material condition, first the yield strength and hardening rate
were calibrated tmimic the experimental data, afterwards the shear strength was determined so the
peak load of the simulation matched the experimental data &nthérfatle energy was calibrated

so that the simulated strain energy matched what was mé&asuestilts from each calibratgubt

weld material moded shownin Figure94 and Table10 with the corresponding input parameters
specified in Table 1TheY displacemer{butof-plane)of the lap shear numerical models is shown
alongside the experimental dataFigure 95 Contrary to the cross tension simulations, the
deformation of thespecimen was not captudeg the simulation. The difference in-ofaplane
displacement is duettee mesh being too large to capture the localization aneumdlt Physically

there is a stress concentration around the radius of the weld due to tiedsstabgtion at the

weld Numerically the boundary conditions applied to the top and bottom of the coupon could be too
rigid causing the mesh bodies tetlie Regardless, the predictions for toughness and peak load from

the lap shear simulation aligned rather well with the experimental data asFsgoreaan
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Figure94: Final lap shear results for all material conditions overlaid on experimental data

TablelQ Calibrated results from lap shear madéisthe average and standard deviation shown

for the experimeal data

Material Peak Force (kN) Toughness (J)
Simulated Experiment Simulated Experiment

1.2 FQ 13.1 13.2+0.5 6.6 6.8+0.5
1.2 400 15.6 15.0£0.1 16.6 16.7£3.0
1.2 700 12.2 12.1+1.3 12.3 12.246.0
1.6 FQ 26.2 26.5+2.1 19.1 19.0£2.7
1.6 400 21.4 20.8+0.6 29.2 34.6+4.5
1.6 700 18.8 18.8+0.2 36.5 36.9+1.6
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Tablell Calibrated material parameters from lap shear models

. Weld size Yield strength Hardening Shear strength
Material (mm) (MPa) (MPa) (MPa) GFAD (mJ)
1.2 FQ 5.4 700 1000 600 230
1.2 400 7.5 500 1800 375 250
1.2 700 6.0 480 1400 440 200
1.6 FQ 6.1 1500 900 1050 290
1.6 400 8.7 385 1500 500 280
1.6 700 8.8 400 900 315 275
1.6 mm Fully Quenched 1.6 mm 700°C die quenched

Y displacement (mm)

Y displacement (mm)
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Figure9s: 1.6 mm fully hardened (top) and 700 @denched (bottom) lap sheaedicted versus actual deformation
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Figure96. Bar charts comparing Toughness (left) and Peak load (righgpfreireasimulations and experiments
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Although tensile and shesereused to definghe stress state of the weld for damage
initiation, the current spot weld model did not account for the amount of energy released by a spot
weld in different stress states. While the failure response of the fully martensitic material was well
suited for thenaterial model used, tm@reductile materiahowed fracture in the parent metal that
was not captured by the model. A more robust technique would be to mesh the weld region more
finely andhendefine each material throughout the region. Since fracileés are usually calibrated
with small elements, a mesoscale model is required to properly calibrate a spot weld fracture model

that can accurately capture the energy absorbed during weld failure.

Sensitivity studies were also conducted with thledapsimulations so that the effect of weld
yield strength, hardening modulus, shear strength, and fade energy could be shown. As a baseline for
comparison, the lilarated lap shear model for té fully hardenedSIBOR’ 1506ASmodel was
usedo identifythe effectof the parametric variatioférst, the yield behaviour was examiviadh
controlsthe amount of deformation observed before the weld #&ilsHown b¥igure97. The
yielding behaviour was determined by first looking at the point where the force response started to
diverge fom the experimental force displacementiflatastic deformation of the weld continued.
By adjusting the yield stgth and hardening modulus, the force predictions made by the simulation

could be calibrated to match the experimental data.

Linear hardening rate variation Yield strength variation

1000 MPa Baseline : 700 MPa 400 MPa 1200 MPa Baseline: 1000 MPa 800 MPa
15 15
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Figure97: Effect of varying yield strength (right) and hardening rate (left) on the force disptattioenmneasured

during the lap shear simulation of 1.2 mm fully hardened USESO®
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As discussed in Section 4.2.3, when the ductility of the parent metal was increased, so did the
amount of rotation which the nugget experienced as sh&wuie/ 7andFigure’/8. This produced
a mixed mode loading state which was both handahear loading. While the lap shear test did not
produce a pure shear state, shear still dominated the failure mode. Similar to the normal strength in
the cross tension simulatiore 8hear strengtiontrolled the peak load of thienulation as shown
by Figure98. Increasing and decreasing the amount of shear strength the spot weld could endure
changed the maximum force predicted by the simuldigne the simulation with 450 MPa had a

peak load of.9 kN and the 850 MPa model had a peak force of 16.6 kN

Shear strength variation

850 MPa Baseline: 600 MPa 450 MPa

Force (KN)
[w=] [Sa] =]
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w
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0 0.5 1 1.5 2

Displacement (mm)

Figure98 Effect of varying shear strength on the force displacement relationship measured over the simulated lap shear
test of 1.2 mm fully hardened USIBQORS00

After the peak load was reackggderimentallythe weld continued to absorb strain energy as
fracture propagated around the weld. To account fiwethésioun u mer i cal Iy, a of ad
specifiedhat controlledhe amount of internal work done by thet speld as it unloaded. Due to
the large element size used in the modelling technique, it was not posatblehie mechanical
work done during thenset of crackings shown ikigureds To prevent the weld from automatically
deleting after failure initiation, the amount of fade energy released by the spot weld after peak load

was calibrated such that the work done by the mesh assembly matched the expegisteniad dat
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in Figure76 In Figure99, the value was increased and decré&asedhe calibrated value to show

the sensitivity to the parameter.

Fade energy variation

500 m] —DBaseline: 230 m] 250 m]
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Figure99 Effect of fade energy on the force response of measured in lap shear simulations of 1.2 mm fully hardened

USIBOR® 1500AS
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5.5 Summary of Single W&limulations

Numerically, only the cross tension and lap shear experiments were replicated because the
weld modelsed was intended for application in crash mtdglslonot havethe mesh density
required to capture thecalizeddeformation andractue thatoccurredn the Vbend and Tensile
RSW specimenSince therosstension andap shearsimulations were used to catdrtie weld
model, the material model g beenevaluategetsinceso farthe model was forced to match
experimental datdhe realevaluatiorof these spot weld material models will occur when they are

applied to structures in Chapter 7.

Cross tension was challengiegduse the displacement was meafredvay from the
critical region. Due to this the fixturing needed to be modelled to capture the compliance of the system
but error was introduced due to the complex surface interaction at the bolted connections. In normal
loading, the spot weld model wa able to capture the softening of the weld after failure had
initiated Since the simulations weesformed using an implisiblution procedurand theonset of
crackingvas not smooth, equilibriumas broken over the time step used in the simutatiging it
to crash once fracture initiated. In terms afitimericatesultsspot weld normal strength correlated

to experimental data becausestitg weld wais a pure tension state when damage initiated.

Lap shear was better suited for imptiodelling because tfaeceresponse of the specimen
during the onset of cracking was smogthersofteningrofile after weld failure was less aggressive
than that observed in cross tension, and therefeveseelements used to megst In shear the
spotweld model was able to capture the response of the RSW both before and after damage initiation
since the duration of thtestwas smaller aritie welds did not exhibih abruptdrop in force
response after weld failure. Contrary to the spot weldainptgameters from the cross tension

simulationshear strength, hardening, and yield fronsHepr did not correspond directly to the
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experimental dataveén thought he fully martensitic speci men
experimentally,it hal the highest shear strength for both 1.2 mm and 1$psuimensince less
rotation occurredAlso specimetoughness increased with parent metal ductility, the amount of fade

energy the weld released after failure initiation decreased for the heatediaieonditions.

The spot weld model was able to capture the compliance of the joined assembly in lap shear
and cross term becauseall simulations have been calibrated to match the experimental data. The
true test of this spot weld model will be when it is applied to structures and no modifications are
applied to the material model to align the numerical predictions with expedeteen&tfucturally
the fade energy and load sharetgaviounf RSW is critical to accurately predict the deformation of
automotive crash structures. If the spot welds fail prematurely or the softening after damage is not
captured properly, the structaem detach instead of deforming significantyunderestimatehe
response of the structure to craélthe weldmodel wastronger than the physical wiild model
could give a satisfactory rebultwhen performing physitestngthe structure mayot perform as

intended.
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6.0 Spot weld group experimental results

The primary objective of this aspect of the work was to investigate the performance of resistance
spot weld groups. To conduct structural testing, a new experiment was developed, dubbed the
0Cai mané6é, and was perfor med 3®using thepars preated ime n s
Section 2.3. The purpose of these experiments was to observe how spot weld failurewitbpagated
groupsof welds and how the absorbed energy, for example, was influenced by the ductility of the
parent metal. In this chaptthe results for quastiatic and dynamic versions of the Caiman test are

discussed.

6.1Quasistatic Mode | structural testing

Figure 100 visualizesthe deformatio that occurredduring the quasitatic Caiman
experiments. Shown are still images from the side video camera at the start of the test, the first weld
failure, and the end of te&perimentfor each material conditiddote that the 1.2 mm specimens
represented the first round of testing and afterwards, process refinements were made when testing the
1.6 mm material to improve the procedure. For the side images, a backdrop, weld location markers,
and LED lighting were implemented for the 1.6 mm data. lulthenartensitic condition, the
majority of the strain energy was absorbed by the spot welds and this caused fracture to propagate
down the weld line rapidly, producing the largest amount of weld failure for a given load point
displacement. For the tadd flange conditions, for which the flanges consisted°af 460 70TC
die quenched material, more energy was absorbed through the deformation of the flanges that caused
the weld line to exhibit a stronger, more stable fracture mechanism becaaserglyaias more
evenly distributed throughout the specimen. As a crude measure of weld failure propagation, the side

video served as a visual means of determining when each weld failed but since only one side was
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captured, it did not fully capture allha# failure events because the flange on the opposite side of the

sample was not visible.

Start First weld failure End

1.2mn

1.2mm
400°C

1.6mm
400°C

1.6mm
700°C

Figurel0Q Side images taken at the start (left), first weld failure (center), and end (right) for all 1.2 mm (top) and 1.6 mm

(bottom)quasistatic forming conditions
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6.11 Quasstatic @iman weld failure modes

After conducting each test, the recovered specimen was to assess the weld fracture mode based
on the fracture surfaces showirigurelOlandFigurel02 In the martensitic materiaiterfacial,
partial interfacial, and pull out weld failure was obseritre fracturecontained within the weld
region. For the tailored materfigcture occurred at the edge of the weld close to the side wall which
then propagated around the weld out the flange. While all specimens experienced the same top pin
displacemeén the ductile matersashowed superior weld performance because the parent metal
deformation and fracture delayed crack propagation across the spot weld group alongAtbe flange.
shown byFigurelOl1these fracture mechanisms and the corresponding strained volume affected the
number of welds which failed in the assembly. The fully haddémachmaterial had the lowest
volume of strained material causing 12 wefdd &dong the flange. In contrabel.6 mmtailored
flange specimermad only 8veld failures because a larger amount of metal was straining, delaying

crack propagation.
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Side Flange
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1.6mm
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1.6mm
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FigurelOz Side (left) and flange (right) imagesuakistatic caiman specimens after testing for all material conditions

tested
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25°C

400°C

Pull out

700°C

Pull out Interfacial

Figurel02 Weld failure modes from gusisitic caiman tests

6.12 Quasstatic @iman nechanical response

In Figurel03 the forcedisplacement results gathered from ¢ptiai$c testing are shown.
Looking at the data, the scatter seen between tests is large. As the weld electrode tips became worn.
contact properes changed and the thermal load input into the material is[@@¢cadising the
welds to experience geometric and microstructural variations as the electrode cap wore. Even though
there was variation in tbbservedractue mode and force response, the materials appeared to be
contained within response corridiwat outline the upper and lower bounds of weld line strength in
mode | unloading. The fully martensitic material tested showed both nugget pullout and interfacial

failure, as shown iRigure102 but consistently had the most aggressive crack propagation and
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variation. Due to the presence of either initial weld defects osdfi&ning, the joints detached
causing the overall strength of the assembly to be compromised. 111Ghand0VOTC tailored
flange conditions, pull out was observed as shdwgurel02which was more stable and caused

the weld to exhibitlass abrupt force drop

Figurel03 Force versus pin displacement plots for all-giadisi caiman testing. Note that the 1.2 mm, 700 °C condition
was not tested.

Absorbed energy was calculated by integrating thedikplaement data for each
experimentAs shown by the plot of absorbed energlyignre 104 for the quasstatic results
gathered, the stiffness of the parent metal had a clear effect on the response of the specimen. In the
fully martensitic material where weld failure propagatddniyglown the weld line, a lower level of
energy was absorbbdcause the hat channels detathexdigh weldfailure before absorbing
significanstrain energyn the Section 4.1 the Mode | response of RSW in each tailored grade was
shown to be similar but in ductile material plastic deformation was enableavplibfaitureWith
increased parent metal ductility, the energy absorption capabilities ofdispecimen were almost
doubledInterestinglythe difference iparent metal strength betwele® 400°C and 700 tailored

samples seemed to have littleceé on the absorbed energy response of the specimen because the
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