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Abstract

This thesis examines the failure behaviour of spot welded connections in components using
three different aluminium-silicon coated hot stamped steels, Ductibor® 500-AS, Ductibor® 1000-
AS, and Usibor® 1500-AS, with 1.2 mm and 1.6 mm sheet thicknesses. Spot weld connections are
first characterized using single spot weld experiments. A novel experiment is then developed to
characterize weld failure propagation within groups of welds under predominantly shear loading
conditions. The experiments are modelled to evaluate how a calibrated weld failure model from
single spot weld test data performs in predicting spot weld group response.

Tensile lap shear and cross tension single spot weld experiments were conducted under quasi-
static conditions, according to the AWS D8.9M:2012 standard, for all materials and thicknesses
considered in this work. Recorded force versus crosshead displacement curves and integrated
absorbed energy versus crosshead displacement are reported for all single spot weld experiments.
The higher strength materials, Ductibor® 1000-AS and Usibor® 1500-AS, exhibited brittle weld
failure modes and thus absorbed almost no energy following failure initiation. The lap shear
experiments showed similar levels of spot weld strength, around 15 kN, for all 1.2 mm specimens
and approximately 20-26 kN for the 1.6 mm lap shear specimens. The cross tension experiments
showed similar strength for the Ductibor® 500-AS and Ductibor® 1000-AS specimens, 7 kN for
the 1.2 mm thickness and 12 kN for the 1.6 mm thickness. The peak loads for the Usibor® 1500-
AS cross tension specimens were approximately 50% of the loads for the other two materials. The
Ductibor® 500-AS specimens absorbed the most energy for the lap shear and the cross tension
experiments which is attributed to increased parent metal deformation and more ductile weld

failure characteristics.

A new mechanical test, termed the Caiman Mode Il1, was developed to promote shear failure
within a group of spot welds in a manner similar to a mode 111 fracture mechanics specimen. A
custom rail design using U-channels, that is fabricated in stages, is selected. The Caiman Mode Il
experiments are tested under quasi-static and dynamic loading rate conditions to examine the
mechanical properties of spot welds in a structure in which the applied load can be shared across
multiple spot welds. The Caiman Mode 111 experiments further showed that the three materials
have similar peak loads and that the Ductibor® 500-AS spot welds have the highest toughness and

most absorbed energy of the three materials tested. Spot weld failure timing was recorded to



characterize the extent and rate of spot weld failure propagation in the Caiman Mode IlI
experiments. High speed thermal imagery was applied to determine precise spot weld failure times
in both the quasi-static and the dynamic Caiman Mode Ill experiments since it was difficult to
identify failure of specific weld from the force-displacement data. The Ductibor® 500-AS
exhibited a slower rate of failure propagation through the weld group compared to the two higher

strength alloys.

Two different spot weld material models were considered in numerical simulations of the
single spot weld and Caiman weld group experiments. The first weld material model,
*MAT _100 DA, is used commonly by industry in car crash simulations, while the second weld
material model, *MAT 240, used a cohesive zone approach that enables more direct control over
the spot weld post-failure behaviour. Both weld material models were calibrated to the single spot
weld experiments with respect to force versus displacement. The *MAT_100_DA model showed
no post-failure unloading response for the normal-tensile loading condition, thus under predicting
the total absorbed energy. The *MAT _240 model enabled more accurate post-failure unloading

for all of the single spot weld conditions tested.

Simulations of the Caiman Mode Il experiments were performed to validate the calibrated
single spot weld models. The *MAT _240 simulations and the *MAT_100_DA simulations show
similar predictions for each material condition except for the Ductibor® 500-AS 1.6 mm model.
The numerical simulations of the Caiman Mode I11 experiments were able to qualitatively predict
the overall behaviour of the Caiman Mode Il experiments, including aspects such as high initial
load followed by load drops at each sequential weld failure and load drop off, as well as progressive
failure propagation through the weld group. However, the simulations showed inconsistent peak
force and energy absorption accuracy results when examining the results of different material and
thickness simulations. The Caiman Mode |11 simulation inconsistencies for both material models
suggests that the differences between the predictions and the experiments may be from physical
inconsistencies between the design and the as-fabricated final specimens. Edge tear out failure was
observed in the Caiman Mode Il experiments due to 10 mm nugget-to-edge distance while the
spot weld models were calibrated from single spot weld experiments with 20 mm weld-edge

distance that exhibited button pull out failure instead.
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1. Introduction

1.1. Motivation

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

vehicles [1].

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

maintaining or improving the overall strength and safety of the structure.

To achieve weight savings through this method, manufacturers have been implementing
Advanced High Strength Steels (AHSS) in vehicles. These alloys typically have higher strengths
but do tend to have lower elongation, as shown in Figure 1. As the materials used in automotive
applications increase in strength, it can be seen that there is an inverse relation with total
elongation; as the materials become stronger the elongation decreases. This relationship limits the
range of structural applications in which the highest strength materials can be used because
forming parts with complex geometry is very difficult with such low total elongation values.
Additionally, there will be lower energy absorption capacity due to the low ductility which can
have negative effects on crash worthiness and passenger safety. Future material development for
3" Gen AHSS grades, seen in the grey bubble labelled “3™® GEN AHSS” in Figure 1, is
investigating different ways to maintain high tensile strength but increase the elongation through

new chemistries, processing techniques, and material behaviour.
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Figure 1: Left) Actual and projected changes in the absolute amount and percentage of the total weight in North American
vehicles [2]. Right) Steel strength ductility diagram [3].

This thesis presents research that is a part of a larger effort investigating the application of hot
stamped steels in the front end structure of automobiles. Hot stamped steels are among the highest
tensile strength materials available, but also exhibit relatively low ductility. Typically, hot stamped
steels have been limited to applications in which anti-intrusion is desired to protect the passenger
compartment during a vehicle crash, such as in the vehicle door ring, seen in the red coloured
sections in Figure 2. The passenger cabin is designed to be enclosed by a rigid shell that limits
deformation and intrusion into the cabin (referred to as “intrusion protection’) during crash events.
The use of ultra high strength hot stamped steels in the front end structure, where a large amount
of deformation is required for energy absorption, is a challenging task. Omer et al. [4]
demonstrated that significant spot weld failure and the brittle behaviour of the martensitic UHSS
material (UTS > 1,500 MPa) used in axial crush experiments led to catastrophic failure. Unstable
or catastrophic failure is undesirable for front crash applications in vehicles where reliable energy
absorption is required to design safe vehicles. Omer et al. [4] showed that tailoring properties via
in-die-heating can lead to favourable crash performance. Mdnera et al. [5] introduced Ductibor®
500 for Laser Welded Blanks to extend the application of hot stamp material to high energy
absorption areas such as front and rear rails. More recent work by Peister [6] with Tailored Welded
Blanks has demonstrated that somewhat lower strength hot stamped grades (UTS < 1,000 MPa)

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

With the increases in strength of materials being used in the construction of vehicles, it is
becoming more important to understand the joining methods being used to assemble the structure.
Accurate representation of the joint strength, and joint failure behaviour or fracture modes, is
necessary to understand and predict a vehicle’s global behaviour and response to a crash scenario.
Resistance spot welding (RSW) is a major joining method utilized in the fabrication of automotive

structures because of the low time required per weld and high suitability for automation, without



a requirement for additional filler material [7], [8]. Over 90% of assembly work in a car body is
completed by RSW, totalling anywhere from 3000-6000 individual spot welds, depending on the
vehicle [8]-[10]. Given its prominence in vehicle assembly, significant efforts are being applied

to simulate the RSW process and subsequent structural and crash performance.
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Figure 2: 2016 Honda Pilot body construction and high-strength steel content. [11]

Implementation of high strength steels has measurably affected the structural performance of
component level structures. Early work examining the effects of using a spot welded top-hat
channel (Figure 3 (a)) instead of a square tube with a continuous seam weld (Figure 3 (b))
highlighted the importance of understanding and accurately modelling spot weld failure. Structural
effectiveness is a parameter used to evaluate axial crush performance and is calculated by
normalizing the average stress during an axial crush by the material tensile strength. It was shown
the structural effectiveness was reduced for top-hat channel axial crush experiments when
changing the material from lower strength (300 MPa) UTS mild steel to higher UTS materials
[12]-[14]. However, the structural effectiveness was not affected when increasing the base metal

strength in the square tube axial crush experiments.

@ (b)

Seam weld
Spot weld

Figure 3: (a) Top-hat channel section; (b) square channel section. Adapted from Tarigopula et al. [12].



Schneider and Jones [15] established that there are many aspects that could explain a reduced
structural effectiveness when increasing the material strength, but none of them explain why
square sections did not exhibit the same phenomenon. These results indicate that the presence of
the spot welds on the flange of a top-hat channel, in contrast to the seam welds used in the square
section, is the cause of the structural effectiveness reduction when applying higher tensile strength
materials to axial crush experiments. It was also noted that finite element simulations were not

able to reproduce the different structural effectiveness for spot welded top-hat sections.

In this review, the hot stamping process and mechanical properties of the materials considered
in this thesis are discussed. Following that, the resistance spot welding process is introduced and
how it affects the microstructure of the hot stamped materials being used. Next, the commonly
used single spot weld characterization tests and component-level weld group tests are reviewed.
Lastly, the various methods of spot weld numerical modelling for FEA and the results of

simulations from the current literature are discussed.

1.2. Hot Stamping

Increasing the strength of steel allows for thinner gauge sheet to be used in automotive
applications while maintaining structural and safety integrity. However, increasing the strength of
the steel sheet metal typically results in a reduction of the total elongation of the material, shown
in Figure 1, making it impossible to form the complex geometry required in automotive structures.
According to Mori et al. [16], cold-stamping UHSS that has a tensile strength greater than 1.2 GPa
is unpractical because of the large amounts of spring back and tool wear. Mori et al. [16] also
stated that the hot stamping process is ideal to overcome these issues because it is springback-free,
parts have tensile strengths of 1.5 GPa after stamping, and during stamping there are low loads
and increased ductility. In the hot stamping process, depicted in Figure 4, a blank is first heated in
an oven until a completely austenite microstructure is obtained. Then, the blank is transferred from
the oven into the press where the final geometry is formed while simultaneously rapidly cooling
the part. The austenitization heat treatment process followed by the die quenching forms a 100%

martensite or mixed martensite and ferrite or bainite microstructure, depending on the alloy [17].



Figure 4: Direct hot-stamping process diagram. [18]

The mechanics of the hot stamping heat treatment can be further understood from the iron-

carbon binary phase diagram and the isothermal transformation diagram, shown in Figure 5. The

austenite microstructure is formed when an iron-carbon alloy with a carbon content of

approximately less than 2% by weight is heated above the upper critical temperatures, Az or Acm.

Martensite is formed through the diffusionless transformation of austenite when it is rapidly cooled

to low temperatures [19, p. 362]. Martensite does not appear on the iron-carbon phase diagram

because it is a meta-stable, or non-equilibrium, microstructure. As the martensite transformation

is diffusionless, it has the same chemical composition as the parent austenite phase [20]. The

presence of alloying elements can significantly alter the phase transformation temperatures and

carbon content in the phase diagram as well as change the time and shape of the isothermal

transformation diagrams.
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1.3. Hot Stamped Steel Material Properties

The hot stamped alloys considered in this work are Ductibor® 500-AS, Ductibor® 1000-AS,
and Usibor® 1500-AS, supplied by ArcelorMittal. These grades of steel are micro alloyed with
boron and coated with an aluminium-silicon alloy. The addition of boron to steel has been well
studied and is known to increase hardenability by suppressing the nucleation of ferrite at the grain

boundaries of austenite [21].

The mechanical properties for these three alloys are listed in Table 1 based on a heat treatment
process of 5 to 10 minutes at 880°C to 930°C followed by a simulated paint bake cycle at 170°C
for 20 minutes. All three steels in the as-received condition have a ferritic-pearlitic microstructure
[22], [23]. A 100% austenite microstructure is formed during the heat treatment process before
quenching. After die quenching, the Usibor® 1500-AS forms a 100% martensite microstructure
[22]-[26] and the Ductibor® 500-AS microstructure consists of ferrite and martensite [23], [26],
[27]. The Ductibor® 1000-AS also forms 100% martensite but has increased ductility-toughness
through a micro-alloying addition of Nb [28]. The Nb addition in the steel composition contributes

mainly to a more refined microstructure during hot stamping operations [29].

Table 1: ArcelorMittal material minimum characteristic values after hot stamping and paint baking simulation. [18]

Material Yield stress  Tensile strength  Min. Elongation Bending angle
[MPa] [MPa] [96]

Ductibor® 500-AS > 380 >550 15 >120

Ductibor® 1000-AS > 800 > 1000 6 >80

Usibor® 1500-AS >1050 > 1400 5 >50

During the austenitization heat treatment, the sheet metal blank forms an oxide scale when in
contact with air and undergoes surface decarburization [30]. Typically, a zinc-based or aluminium-
based coating is applied to the steel sheet to prevent this from occurring. The material considered
in this work has an Al-Si (10% wt.) coating applied by a hot-dip process [18]. During the
austenitization process many different phases and layers are formed through the diffusion of iron
from the base metal into the partially melted coating, assisting with adhesion of the Al-Si coating
to the steel substrate [18], [31], [32]. The adhesion of the coating to the base metal substrate means
that paint may be applied directly without additional processing. Alternatively, if no coating is
applied, an extra shot-blasting process is required to remove the scale to allow good paint adhesion

[32], [33]. Comparative work done by Ighodaro, Biro, and Zhou [34] found that the presence of



both Al-Si and zinc-based galvannealed (GA) coatings required increased welding current due to
the increase of electrical resistance. The peak load of the spot weld joint (after welding) was not
affected by the coatings because the strength depends solely on the size of the fusion zone. It was
also found during weld failure testing that welded coupons with both coatings in the hot stamped
condition exhibited similar levels of energy absorption, indicating that the different coatings do

not affect the weld strength or toughness.

1.4. Resistance Spot Welding Process

Resistance spot welding (RSW) is a process to join two or more stacked metal sheets together
by clamping the material between two copper electrodes and driving a large electric current
through the stackup. The generated heat rapidly melts the material between the electrodes which
then solidifies, creating a fusion zone that joins the sheets together. Heat is generated in this process
as a function of the applied current, the electrical resistance of the components in the circuit, and

the time the current is flowing, according to

Q =I?Rt (1)
in which Q is the heat generated, I is the welding current, R is the electrical resistance, and ¢ is the
time current is applied. The current has the largest effect on the total heat generated because the
amount of heat generated is proportional to the square of the applied current. Increasing the current
grows the nugget size but excessive current density will cause molten metal expulsion, weld
cracking, and lower mechanical strength properties [10]. The primary parameters of the RSW
process are controlling the current, welding time, hold time, and force applied by the electrodes.
These controlling parameters are illustrated for a possible RSW process diagram seen in Figure 6.
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Figure 6: Generic RSW process with optional features. [35, p. 2]



The electrode geometry and internal water cooling are also parameters that can affect weld
quality. The AWS D8.9M:2012 [36] standard provides specifications for all of the spot welding
process parameters for sheet thicknesses ranging from 0.60 mm to 3.00 mm. For an AC power
supply, the weld time is defined as number of cycles at a system frequency of either 60 Hz or 50
Hz, but can also be converted to seconds. Newer technology using DC power supplies provide
better electrical efficiency and the more precise control of the spot welding process [35], [36]. The
applied force directly relates to the contact resistance. As the clamping force increases, the surface
asperities that offset the sheets from each other begin to yield. This reduces the average height of
the asperities and increases the number of asperities in contact. The overall effect of this it to
reduce the interface electrical resistance [35], [37], [38]. Acceptable weld quality is defined using
the weld nugget size for a range of current amperes and time/cycles of current applied, referred to
as the weld lobe [3]; there is a minimum and maximum weld nugget size that will provide
acceptable mechanical properties. The minimum weld nugget size is 4v/t, in which t is the sheet

thickness, and the maximum nugget size is limited by the occurrence of expulsion [36].

The thermal cycling from the resistance spot weld process alters the microstructure of the
surrounding parent metal in all materials; however, the final microstructure is highly dependent on
the initial microstructure and exact thermal cycle. Depicted in Figure 7, the microstructure of the
spot weld is made up of different zones that experience different thermal cycles during the RSW
process. The heat affected zone (HAZ) due to welding can be divided into four sub-regions: the
coarse grained (CG), fine grained (FG), intercritical (IC), and the subcritical (SC) zones [39], [40].
These sub-regions extend from the fusion zone (FZ), where material is heated above the melting
temperature and has a cast-like structure, to the base metal (BM) region, where the original
microstructure is heated to below approximately 200°C and generally unaffected. In the CG and
FG zones, the peak temperature exceeds the As temperature and the local structure is fully
austentized. The CG HAZ, which is closest to the FZ, undergoes a thermal cycle well above the
Az and grain-coarsening temperature, thus promoting grain growth. The FG HAZ thermal cycle
nucleates austenite grains but does not reach grain coarsening temperatures. Rapid cooling
transforms the austenite into large martensite grains in the CG HAZ, whereas the FG HAZ
produces an ultra-fine martensitic microstructure. The IC zone peak temperatures are between the
A and As temperatures causing partial transformation of the ferrite phase to austenite resulting in

a final martensite + ferrite microstructure. The SC zone temperatures are below the A1 point and



temper the metastable martensite and bainite phases, if they exist, shown by Eller et al. [41]. Some

materials, such as mild carbon or HSLA steel, may not show structural changes in this region.
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Figure 7: Spot weld HAZ microstructure with respective peak temperatures shown on equilibrium diagram [39, p. 403].

Early work by Kunishige et al. [42] showed that localized necking and fracture occurred during
forming operations due to softening in the HAZ for DP grade steel, but not HSLA steel. The DP
steel, which contains a mixture of martensite and ferrite, experienced tempering of the martensite
in the base metal that was heated to above 600°C and below the Ac: temperature. Khan et al. [43]
examined the microstructure and mechanical properties of several AHSS grades with reference to
a conventional HSLA steel. The AHSS grades showed higher tensile strengths than the HSLA
steel. The FZ was observed to have harder microstructures due to the complex chemical
compositions of the AHSS when compared the HSLA steel. Baltazar-Hernandez et al. [44] studied
the extent of softening in the SC HAZ in DP steel through the use of a nano indentation technique
on each individual phase present. Micro indentation testing showed an average maximum drop in
hardness of 31 HV at 100 um from the start of the SC zone. The nano indentation measurements
revealed that almost no softening occurs in the ferrite phase; all softening is due to the tempering
of martensite and tempered martensite existed further from the FZ than the micro hardness data
suggested. Biro et al. [45] studied more specifically the softening kinetics of the SC HAZ in laser
welds in DP 600 and 780 steels. They found HAZ softening occurred through martensite tempering
and that the heat input required for HAZ softening decreased as the carbon content of the
martensite phases increased. The martensite tempered via decomposition into cementite and
ferrite, and the formation of carbides due to alloying elements (Cr and Mo) reduces the effects of

softening.

Fully quenched hot stamped boron steel (22MnB5) has a completely martensitic microstructure
that exhibits microstructural changes in the HAZ from the thermal cycle of the spot welding

process that are similar to those in the DP steels. Jong et al. [46] investigated the effects of RSW



parameters and post-weld microstructure of 1.2 mm Usibor® 1500-AS. The sub-regions and
softening effects in the HAZ present in the Usibor® 1500-AS are the same as what was reported in
the high strength DP steels. The CG and FG HAZ contained only martensite, the IC HAZ was a
mixture of martensite and stable ferrite, and in the SC HAZ the pre-existing martensite formed
stable ferrite and tempered martensite resulting in a softened region. The hardness at the weld
fusion zone and the base metal was approximately 550 HV compared to approximately 320 HV in
the SC HAZ. Lu et al. [47] also showed that for Usibor® 1500-AS, the same range of
microstructures form in the HAZ from the RSW process as those identified by Jong et al. [46].
The weld nugget, CG HAZ, and FG HAZ microstructure consist of fresh martensite, followed by
a duplex structure of martensite and ferrite in the IC HAZ, and lastly tempered martensite in the
SC HAZ with the extent of tempering decreasing towards the BM. In a study by Burget and
Sommer [48] to characterize and model fracture of spot welds in hot stamped grade steel, it was
found that the measured elongation of a uniaxial tensile specimen was significantly reduced
compared to the specimen with no spot weld. In work to develop a calibrated strain-based fracture
model for RSW of tailored hot stamped boron steel, Eller et al. [41] showed a peak softening effect
as a result of a short tempering cycle just below the Ac: temperature. The reduction of hardness
scaled linearly with the base material hardness for the five tailored hardness grades examined.
Additionally, the study by Eller et al. [41] and the earlier study by Burget and Sommer [48] both
showed that for uniaxial tensile loading, strains localize in the softened HAZ leading to early
fracture initiation for base metals with hardness of 250 HV or greater. The presence of the spot
welds affects the overall deformation response of the tested specimens; this further shows the need
to characterize weld failure when implementing higher strength materials in automotive structures

and have accurate models.

1.5. Standard spot weld characterization test methods

Single spot weld characterization is performed to understand the joint strength under isolated
loading conditions (in the absence of other spot welds). Single spot weld tests are used to
objectively determine the strength of a weld and quantitatively compare the weld strength of joints
using different welding process settings, sheet materials and thicknesses in a consistent manner.
There are two basic test methods for determining the strength of a single resistance spot weld
defined by the American Welding Society (AWS) in the AWS D8.9M:2012 standard [36]. These
two methods are the tensile lap shear test and the cross tension test, as detailed in the following.

10



1.5.1. Lapshear

The lap shear test applies a tensile load acting along the plane of the weld interface to develop
a shear stress in the weld nugget. Depending on material properties, this test only approximates a
shear loading because the weld nugget rotates out-of-plane as the load increases. Mohamadizadeh
et al. [49] showed for PHS600 (Ductibor® 500-AS) material that the lap shear test begins with an
isolated shear loading condition but begins to transition into a mixed shear and normal loading as
the weld nugget rotates while the higher strength PHS1500 (Usibor® 1500-AS) material had
negligible normal force components. Nonetheless, the tensile lap shear is one of the most
commonly adopted and simplest weld characterization tests in use. The coupon geometry is

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

1.5.2.  Cross tension

The cross tension test applies a tensile load normal to the interface plane of the spot weld to
develop a normal stress in the weld nugget. This test requires significant fixtures to connect the
welded specimen to the tensile frame grips. The applied load is centred on the weld nugget and is
rotationally symmetric about the weld nugget so there is no transition from the initial isolated
loading condition, unlike the coach peel test [50]. However, the cross tension test typically
develops a large amount of coupon deformation away from the nugget which makes it difficult to
characterize the local deformation conditions near the weld at the onset of failure [51]. Alternative
spot weld characterization methods can help reduce this effect, such as the KS-I1I test discussed in

Section 1.6.2. The welded assembly geometry for the cross tension test is shown in Figure 9.
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Figure 9: Cross tension assembly geometry and fixture schematic.

1.6. Advanced spot weld characterization test methods

There are several other methods of testing welds found in literature used for the
characterization of spot welds in addition to the standard tensile shear and cross tension tests
outlined in the AWS D8.9:2012 standard. These advanced characterization methods do not follow
any particular standard and thus each specific implementation in different studies tend to vary
slightly, especially with regards to coupon geometry. However, each characterization method has
a specific use that is maintained regardless of implementation differences, such as load condition,
ease of testing, or numerical model validation purposes. The more commonly found methods found

in literature are discussed in detail here.

1.6.1. Coach peel

The coach peel test is useful for characterizing spot weld behaviour under bending loading
conditions [50]. The geometry, seen in Figure 10, joins the flanges of two pieces of material that
are formed into an L-shape. As the coupon is loaded, pull-out begins on one side of the spot weld
and propagates around the weld nugget. The concentration of stress at the opening of the coach
peel specimen results in reduced load carrying capacity (strength) in comparison to that of the
symmetrically loaded cross tension specimen [52]. The coach peel test has been used to calibrate

joint models that include a bending term in the failure model [50], [52]-[58].
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Figure 10: Coach peel test geometry (left) and modified KS-11 test for peel (right). Arrows indicate direction of applied loading.

1.6.2. KS-11

The KS-I1 test [50] is used often in addition to or instead of the typical tensile shear test and
cross tension test [48], [52], [56]-[59]. The KS-11 weld coupon joins two formed U-channels, with
the weld located at the centre of the mating surfaces. The assembly, shown in Figure 11, is then
mounted into a tensile frame. The KS-II can be loaded at any loading angle from 0° (pure simple
shear) to 90° (pure tension or opening mode). Particularly for tensile lap shear testing, there is
significant weld nugget rotation that leads to a combined tensile and shear loading condition. The
mixed mode loading makes calibrating the shear failure conditions for the spot weld models
difficult but is avoided in the KS-11 test because the specimen geometry provides more support to
reduce the coupon deformation. Typically, loading angles of 0°, 30°, 45°, 60°, and 90° are used to
investigate the relationship between normal and shear stresses, referred to as mixed loading
condition, or mixed mode behaviour. The capability to apply isolated or mixed loading conditions

with one geometry makes it convenient to calibrate failure behaviour for numerical models.

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

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

location, deformation modes, and global force-displacement curves.

Apart from validation purposes, the presence of multiple spot welds allows for unique methods
of characterizing weld failure behaviour. O’Keeffe [51] applied a “crack extension” metric to
evaluate the rate of weld failure in the Caiman Mode | tests (detailed later). As the spot welds
failed sequentially, referred to as unzipping, stronger material that had low energy absorption

correlated to the fastest crack propagation.

1.7.1. H-Specimen

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

this test all the spot welds see the same nominal loading simultaneously.

(a) (b)

T20]

T lnnnnn I

Figure 12: H-specimen geometry used for multiple spot weld fatigue tests for (a) shear, and (b) peel, loading conditions [60]
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1.7.2.  T-Joint Test

The T-component or T-joint weld group test is commonly used in literature as a weld model
verification test [50], [52], [56], [62], [63]. The test is a simplified lab version of the lower section
of a B-pillar and door ring seen in passenger vehicles, shown in Figure 13. It consists of two square
rails that are joined to form a T-shape. The square rails are made from a hat-channel with a flat
backing plate. The trunk of the ‘T’, which is representing the B-pillar, is loaded by the green
impactor in Figure 13 as would be seen in a full vehicle side impact test. This test is used for weld
model validation because it is relatively easy to fabricate and has many spot welds that undergo

different loading conditions simultaneously.

Load cell A

Load cell B

e

ot
y

Figure 13: T-joint model [50].

1.7.3.  Caiman Mode |

O’Keeffe [51] developed the Caiman Mode | weld group test to characterize how spot welds
progressively fail in tension as a result of two components separating. The Caiman Mode | derives
its name from the fracture mechanics failure type Mode I, not from the mixed mode loading
definition used for the KS-I1 tests. The test uses a double hat-channel rail that has been partially

joined along the length using with spot welds on the flange, seen in Figure 14.

Figure 14: Caiman Mode I [51].

15



The Caiman Mode | test produces a unique characteristic force versus displacement response,
seen in Figure 15, that is described by smooth loading up to the peak load followed by stepped
force unloading as each progressive spot weld failure occurs. As the test progresses and the hat-
channels separate, the spot welds on the flanges are loaded sequentially creating a propagating
“crack”. When comparing the results of single spot weld testing using different material
conditions, O’Keeffe [51] found that the strength of single spot welds was not largely affected by
parent metal strength or ductility but energy absorption was higher for the lower strength parent
metal due to increased plastic deformation and change in weld fracture mode. The differences in
weld toughness between the material conditions tested are clearly seen in the Caiman Mode |
structural connections experiments; the specimens with softer material (labelled 400 °C and 700

°C) exhibited much higher energy absorption.

—1 6mm

Force (kN)
Energy (J)

Z =g

Displacement (mm)

Displacement (mm)

Figure 15: Force (left) and energy (right) versus pin displacement plots for quasi-static Caiman Mode | tests [51].

There are other geometries for large-scale weld group testing that use a full vehicle test or a
section of a full vehicle, usually in conjunction with numerical simulations to predict local
conditions within welds. One study looked at applying a weld model to the seat mounting point on
a floor frame [54], another study compared the numerical and experimental results of a side crash
test on a vehicle floor pan [64], and two studies looked at modelling and predicting the global
deformation mode of the frontal structure during vehicle crash [58], [65]. Due to the large number
of components and complex deformation that occurs in these assemblies, often only qualitative
conclusions are drawn from a model validation perspective. Weld failure location and timing
correlations are made as well as identifying similar trends in force-displacement plots. The
complexity of these types of weld group tests makes them difficult to use as a weld model
validation tool.
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1.8. Spot weld numerical characterization

The development of models of failure of the various joints used in automotive structures is an
on-going process, underway within many research groups in the automotive industry. Accurate
representation of the joint strength and failure modes is necessary to understand a vehicle’s global
behaviour and response to a crash scenario. LS-DYNA is a non-linear finite-element solver that is
commonly used for crash analysis for the automotive industry. There are already multiple
simplified models for spot weld failure that have been developed and implemented within LS-
DYNA [66], [67]. These methods are suitable for automotive CAE analysis in which shell
elements are most commonly used that have a size on the order of 3-5 mm to enable reasonable
solution times for full vehicle simulations. An alternative modelling approach is to use a detailed
model with sub-millimetre solid elements that will capture the micromechanics at the meso-scale.
This modelling strategy, discussed in Section 1.9, can predict force-displacement response and
fracture modes at weld failure very well [41], [48], [57], [68]-[70] but is complex since it requires
constitutive models for individual heat affected zones. For simulations at the automotive CAE-
level, elements that are less than approximately 3 mm in size are considered prohibitively small

and as such HAZ modelling has not yet been applied to full vehicle simulation in current literature.

The CAE-level methods, which are described in detail here, are all designed to accomplish the
same general task but are based on different formulations and thus provide different results with
varying levels of effectiveness or accuracy. There is a balance that must be determined by the user
that involves aspects such as modelling complexity (e.g., acquiring test data for calibration or
meshing requirements), effects on run-time, and accuracy relative to real spot weld behaviour. All
spot weld models require single spot weld test data to calibrate the model for various isolated
loading conditions, ideally to enable accurate solutions for more complex loading conditions seen
in component level or full vehicle crash tests. Typically, the standard single spot weld tests defined
in the AWS standards [36] such as cross-tension and tensile-lap-shear are used [50], [51], [54],
[68], [69], [71]. Itis also possible to use other geometries such as KS-I1I that can provide various
isolated and mixed loading conditions while only using one coupon geometry [48], [52], [55]-
[57], [72], [73]. Some single spot weld tests require more preparation before testing can be
performed, for example coach peel and KS-11 tests need to have formed coupons before being spot
welded whereas cross-tension and tensile-lap-shear use flat blanks. The spot weld modelling

options have different meshing methods or sometimes can be meshed multiple ways. Different
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meshing methods can impact the feasibility of implementing a weld model into existing component
and vehicle meshes. A weld model may have a different response depending on how the weld
elements and the joined surfaces are meshed, as well as how the weld is connected to the parent
surfaces — all of which is referred to as mesh-dependence [41], [48], [50], [54], [55], [74]. A mesh-
independent modelling method is preferred since a mesh-dependent weld may also require
significant manual remeshing of the joined components or meshing with the use of custom macros
or CAD tools. The element type and formulation can change depending on which weld model is
being used. Each element type and formulation have a different method of determining the
minimum time step required and can influence the total run time of the simulation. At the CAE
level of analysis, it is impossible to capture the exact fracture mode of a spot weld due to the
inability to capture crack propagation near the weld nugget or within the HAZ. Localized
deformation in the HAZ as well as fracture through the nugget or parent material are not captured
via a simplified weld model using beam or solid elements to connect shell elements representing
the parent material. However, there are still differences between the weld models that will more
or less accurately capture the stress state of the weld and the failure behaviour. Models that use
solid elements can be refined to a higher density of elements in the nugget that will better capture
peeling or use different damage formulations that are more representative of the physical

mechanics [50].

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

every time.

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

to simulate the failure of the spot weld. Instead of using a rigid connection, deformable beam or
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solid elements, incorporating an appropriate constitutive model, have also been considered to
introduce compliance of the connection to the model. Additionally, these methods can implement
post-failure damage treatments that will gradually unload the connection as separation occurs. The
more common and recent formulations that are commonly seen in automotive CAE analysis

simulations (here focusing on LS-DYNA) are described in the following.

1.8.1. *MAT _100/*Mat_Spotweld

The *Mat_Spotweld is an elasto-plastic material model based on von Mises plasticity theory
[67]. It can be applied to either beam elements or solid elements that are used to mesh the
connection between two deformable or rigid surfaces. When connecting beam elements to shell
surfaces, the elements have an unconstrained drilling degree-of-freedom which prevents torsional
loads from developing; if torsional forces are expected, solid elements should be used instead of
beam elements. A single solid element or an assembly of up to 16 solid elements, shown in Figure

16, can be used to mesh the connection.

Figure 16: Sample of four, eight, or sixteen solid elements used to construct a single spot weld assembly.[66]

The spot weld material is modelled with isotropic hardening plasticity that can be coupled to
failure models. In the simplest case, a failure strain is specified that defines when each integration
point in the spot weld connection element fails. Alternatively, a variety of failure formulations that
have been developed by different groups and are implemented into LS-DYNA can be used as the
failure criterion instead of a single strain value [67]. The OPT parameter on the *MAT _100
material card is used to select which failure method is applied to the weld elements and is separate

from the damage parameters and function.

1.8.1.1. Force resultant-based failure

Three normal (N,.-, N,, N,.;) and three moment resultants (M,.,., Mg, M;,) are used to define a
failure surface that is either predefined, shown in Equation (2), or specified via a
*DEFINE_FUNCTION card. Additionally, the failure function can be evaluated but not applied,
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meaning no failure, to assist with the identification and analysis of spot welds that are likely to

fail.
Max (N, 0)] l l l l l l l r IMtt r _1=0 (2)
rrF rSF TtF rrp SSF NttF

1.8.1.2. Stress-based failure

The stress-based failure options uses normal stress, a,.., and shear stress, 7, in the weld material

elements and a failure surface to determine failure, similar to the force resultant based option. The
stresses used in these failure functions are calculated using the same force resultants that are used
in the force resultant method. For the primary stress-based option (OPT = 1), the failure surface

is defined by:

2

(U—ﬁ)z + (TLF) —1=0 (3)

O-TT

If rate effects are to be considered, Equation (3) becomes:

Orr T L ,
IUrFr(éeff)l * ITF(éeff)l 1 (4

where o/, (é.77) and 7 (€. ) describe the function dependence of failure stress on strain rate and
are defined with user input curves. There are alternate stress-based failure options (OPT = 6,7,9)
that slightly alter the input method using extra *DEFINE cards but all follow the same base failure
functions defined by Equations (3) and (4).

An approximate notch stress (OPT = 3) and stress intensity factor (OPT = 4) failure method,
developed by Zhang [71], were implemented into *MAT _100 as failure options. The notch stress
and stress intensity factors are developed by superposition of the approximate analytical solution
maxima on the nugget edge for tensile shear, cross tension, and coach peel specimens. It was noted
by Zhang [71] that the formulas were not validated for systematic variations with regards to
specimen geometry, weld placement, or spacing. It was also assumed that the spot welds are at
least two diameters away from the nearest edge and that there are at least four diameters between

spot welds. The notch stress equation is given by:
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and «; for i = 1,2,3 are input correction factors. F., F,;, M, and M, are normal forces and
moments about the local element axes s and t. The constant t is the sheet thickness, d is the nugget
diameter, and p is the notch-root radius at the nugget edge. The structural stress intensity failure

criterion is given by:

Keq - KeqF >0 (8)
where

Keq = /K,Z + K2 9
and
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For the stress intensity Equations (10) and (11), F, M, «;, d, and t are the same as defined above

for notch stress.

There is another stress based failure option (OPT = 1) that is described in the patent
application by Lee and Balur [75] (current patent status is abandoned) based on the ratios of
nominal/ultimate and static/dynamic for shear or normal stresses. The failure criterion, given in

Equation (12), is similar in form to the failure surface defined by Equation (3) for OPT = 1.
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The exponent 8 modifies the shape of the failure surface to better fit with the experimental failure

points. S, ; are the material specific ultimate tensile strengths, S, ; and S ; are the material specific

spot weld ultimate static normal and shear strengths, and P is the load rate. The subscripts 1 and 2

in Equations (13) and (14) denote strengths for base materials 1 and 2 respectively.

1.8.1.3. User subroutine failure

A user-written subroutine, named uweldfail, uweldfail12, or uweldfail22, can be defined that
is run at every time step to evaluate if failure has occurred and optionally incorporate a damage
model. In the failure only option, axial and shear forces, bending moments, torsional resultant,
weld diameter, and user defined parameters can be used to evaluate a failure criterion. Once the
criterion is met, sudden failure occurs and the weld elements will be deleted. In the failure and
damage subroutine, the user has access to the same input parameters as the failure subroutine and
additional strain related variables. The damage parameter is calculated in the user defined
subroutine which is then used to determine the scaled true stress in the spot weld from the nominal

stress.

1.8.1.4. Post-failure damage

The *MAT_SPOTWELD card also has options for implementing post-failure damage
accumulation and weld unloading. If a rupture strain value is specified, then a damage counter is
invoked, and a smooth drop-off of the resultant forces occurs as the effective plastic strain of each
element reaches the user-defined rupture strain before deleting the weld element(s). The actual

stress is calculated by modifying the nominal stress with the damage parameter.
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where P is the applied load, A is the surface area of the spot weld, 4,5, is the void area, and w is
the damage parameter. The damage parameter can be a function of effective plastic strain in the

weld, defined in Equation (20), or as a function of time, in Equation (21).

Eo ~ Efai
p P P _ e ailure
Sfailure = geff = grupture 2 w= gp _ gp (20)
rupture failure
t— tfailure
traiture St = Lrupture > W = t— (21)
rupture

1.8.1.5. Mesh Effects

It has been found through a mesh discretization study by Seeger et al. [50] that a single solid
weld element joining shell elements can have artificial parasitic contact forces causing unphysical
and unpredictable failure. For certain meshes, the flange shell elements on either side of the weld
element contact each other causing the internal forces of the spot weld, used for the failure criteria
calculation, to be disturbed and differ from the external forces. Modifying the contact algorithm
to reduce the contact thickness of the shell elements near the spot weld reduced the contact forces
and prevents the artificial internal forces except for extreme deformation cases, which are not
relevant because weld failure occurs first in practice. Malcolm and Nutwell [54] used an alternative
solution by discretizing the single solid spot weld element into an assembly of 8 solid hex elements.
The tied contact to the parent shell elements is more robust due to the weld consisting of an inner
ring of nodes. The results reported by Malcolm and Nutwell [54] show there is minimal shell
element pass-through of the weld elements for a shell mesh size of 5 mm. The internal forces are
stable and closely match the external forces in 8-hex weld assemblies for positional cases and
rotational cases used to evaluate mesh dependence. Malcolm and Nutwell [54] also reported that

hour glassing effects introduced by this type of weld element meshing were minimal.
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1.8.2.  *MAT 100 DA/*MAT SPOTWELD DIAMLERCHRYSLER
The *MAT_100_DA weld material model developed by Seeger et al. [50] is a direct
enhancement of the *MAT_100 weld material model that has been implemented within LS-
DYNA. The primary enhancement is the addition of a new failure criterion, Equation (22), which
includes a failure term for the bending stress component. In Equation (22), g, is the normal stress
component, g;, is the bending stress component, and t is the shear stress component. The
superscript F denotes the pre-defined failure stress parameter. Consideration of this loading
component is important for accurately determining the failure of peeling dominated load cases.
mp b mg
=) (%) @) 22
Damage models are available to apply post-failure unloading behaviour and capture additional
energy absorbed by the work of the spot weld failure instead of sudden load drop when the failure
occurs. The damage models available for *"MAT_100_DA are applied in a similar manner as the
*MAT_100 material model: a scaling factor is calculated using a damage parameter and then
applied to determine the true stress from the nominal stress. If damage growth is selected as a
function of plastic strain (DGTYP = 1) then Equation (20) is used to determine w and the true

stress, G, is determined by

) DGPR(1 — w)
g = o

, 23
w<%+ %+DGPR)+DGPR 23)

where DGPR is a user-defined damage parameter. *MAT_100_DA introduces a new method of

describing the damage of the spot weld (DGTYP = 4) as a function of internal work done by the
spot weld after the failure that uses a single input parameter, GFAD. The damage model is defined

by the following set of equations:
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where Fj; is the deformation gradient, o°P is the scaled Cauchy stress tensor, o"4 is the undamaged
Cauchy stress tensor, n is the current simulation step, and GFAD is the fading energy parameter.

The other available damage models (DGTYP = 2, 3) are not used in reported literature and are not

described here.

Studies by Yang et al. [56], Ghassemi-Armaki et al. [57], Khan et al. [73], and O’Keeffe [51]
performed on resistance spot welds using the *MAT_100_DA weld material model show good
agreement with the single spot weld tests used to calibrate the model up until the point of weld
failure initiation (peak load). After weld failure initiates and the load has reached a peak value,
measured force-displacement data exhibit different unloading behaviour that is dependent on the
material and facture mode. Figure 17 shows the point in a load-displacement plot of a single spot
weld when the weld fails and begins to accumulate damage, before final fracture. Yang et al. [56]
did not apply a post-failure damage model and noted that the measured data showed higher loads
than the predictions. Ghassemi-Armaki et al. [57] also did not apply a damage model in their
predictions using *MAT _100_DA to capture the additional energy from post-failure unloading but
stated that it will be a focus of a future study. Khan et al. [73] investigated the use of the weld
damage model DGTYP = 4 available with *MAT_100_DA and found that it did not work for all
loading modes. Khan et al. [73] proposed an investigation of a loading path dependent damage
model as part of future work. O’Keeffe [51] determined that the fade energy was critical to
accurately predict the deformation of automotive structures, but only achieved a good correlation

for post-failure unloading under shear loading conditions.
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Figure 17: Spot weld failure and damage. [73]
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An additional validation step has been performed by Seeger et al. [50] and Yang et al. [56]
using their developed weld model in a T-component test (Figure 13) and by O’Keefe [51] using a
newly designed component level test for an isolated loading condition (Figure 14). In all cases, the
component level simulations showed reasonable accuracy up to initial weld failure and accurate
weld failure locations. After weld failure, the simulations under predict the experimental force-

displacement and total absorbed energy.

1.8.3.  *MAT _240/*Mat_Cohesive_Mixed Mode Elastoplastic_Rate

The material model *MAT _240 is a rate-dependent, elastic-ideally plastic cohesive zone model
developed by Marzi et al. [64], [76], [77] implemented into LS-DYNA. The model is defined by
a tri-linear (trapezoidal) traction-separation law, seen in Figure 18, with a quadratic yield and
damage initiation criterion in mixed-mode loading. The damage evolution is governed by a power-
law formulation. Similar to the *MAT_100_ DA weld model, the *MAT _240 material model also
uses solid hex elements that are tied to the parent shell elements to represent the joint. The model
was originally implemented to simulate adhesively bonded connections; however, there is also
limited published work that considers this model to simulate other joining methods such as self-
piercing rivets [62], [72] and spot welds [65], [78].
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Figure 18: *MAT_240 Trilinear mixed mode traction-separation law. [67]

The model has been calibrated for adhesive bonded joints by Marzi et al. [64] using a single
lap-shear, T-peel, End-Loaded Shear joint (ELSJ) and Tapered Double Cantilever Beam (TDCB)
tests and shows good correlation with validation tests using a side-impacted floor pan. The
*MAT _240 material model has been calibrated for other joining methods using the KS-I1 geometry
in various loading conditions, peel, and shear tests. A study on semi tubular self-piercing rivets by

Bier et al. [62] recommended *MAT _240 due to its simple application and calibration procedure
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and showed good correlation with the calibration experiments, but no validation experiments were
performed. Sommer and Maier [72] investigated riveted joints using multiple different material
models with KS-11 and peel specimen tests concluded that *MAT _240 is the most promising model
tested to describe the deformation and failure behaviour of the riveted joints. The correlations of

the cohesive model and experimental tests are shown in Figure 19 for the self-piercing rivets.

—=0°-Sim.
30°-Sim.
——60"-Simu.
~—80".Sim.
== Peel-Sim.
—0%-Exp.

2mm-2mm

30"-Exp.

60°-Exp.
—90%-Exp.

Peel-Exp.

Load

v )‘\VADIs-p Ll | ixss AWM .LL. it}
Figure 19: Tests and CAE correlation using *MAT_240 at coupon level of different loading conditions for self-piercing rivets (left
[62] and right [72]).

Bier et al. [78] first considered the application of cohesive zone element formulations to
describe spot welds in DCO04 steel. Bier et al. [78] primarily examined the effects of meshing
design dependence on failure predictions by modifying the spot weld rotation and position on the
parent mesh. To date, only one other publication, due to Koralla et al. [65], implemented cohesive
zone element formulations to describe spot welds in an unspecified material. The *MAT 240
cohesive material model showed that it can capture the post-weld failure unloading behaviour for
both normal tensile and shear failure conditions. The correlations of the cohesive model and

experimental tests are shown in Figure 20 for the spot weld joints.
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Figure 20: Tests and CAE correlation using *MAT_240 at coupon level of different loading conditions for spot welds. [65]
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1.8.4. *Constrained_Interpolation_Spotweld

*Constrained_Interpolation_Spotweld, previously named *Constrained_SPR3, is a constraint
formulation in LS-DYNA, rather than a material model, that is used to define a spot weld with
failure [66]. The physical connection, whether it be a spot weld or self-piercing rivet (SPR), is not
meshed when applying this method of modelling. A single node defines the centre of the joint
connection and then constraints are applied to the appropriate nearby nodes of the connected shell
parts, depicted in Figure 21 (left). A plasticity-damage model is incorporated that reduces the force
and moment resultants to zero as the spot weld fails. This model, which has been detailed by Bier
and Sommer [52], is similar to the self-piercing rivet model *Constrained_SPR2. The SPR2 model
was introduced by Hanssen et al. [55] and showed that numerical results gave an acceptable fit the
experimental force-displacement curves for the 0°, 45°, and 90° KS-11 tests. When applied to the
peeling test, however, the model over predicts the forces compared to the experimental behaviour.
Small changes to the parameters were able to give a good fit to the peeling test without significantly
affecting the fit of the other tests. It was also noted by Hanssen et al. [55] that the sensitivity to
changes in mesh is minimal for the SPR2 model.

The elastic force calculations in Equation (29) are based on an averaging procedure of the
normal relative displacement, &,,, the tangential relative displacement, &,,and the relative rotation,
wy,, between the two connected sheets and the connection stiffness. The calculated forces and

moment are uniformly applied to all the coupled nodes.

f = [fn'ft'mb] = STIFF - [671' 61?! a)b] (29)

The post-yielding, or plastic, the behaviour is defined using the flow function:

1

[(HRﬂ)ﬁ + (;ec_t)ﬁr —F @) <0 (30)

where a determines the influence of bending moment on the failure, the exponent 8 controls the

mixed loading behaviour and the flow curve FO(uP!) is defined by the user.

The damage and failure behaviour are primarily defined by two plastic equivalent

displacements, ﬂgl, and ﬁ}”, shown in Figure 21 (right). The plastic equivalent displacement

a(’)’l(;c) defines the point when damage initiation begins and ﬁ]’c’l(;c) defines when failure occurs.
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Both these parameters are defined by the user as a function of load mixity, x, seen in Equation

(31), allowing for different normal and shear failure behaviour.

2 1 (fn + amb) 31)

K=—tan |————
s ft

Damage initiates when Equation (32) is satisfied, and the transmitted force is reduced linearly as
defined by Equation (33). Failure occurs and the connection is deleted when Equation (34) is

satisfied.
P — @' () = 0 (32)
aPt — b (i)

anl — (agl(;c) + ﬁ]f’l(x))

dmg = (33)

vt — (' () + a;’l(x)) =0 (34)
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Figure 21: Left) Schematic representation of *Constrained_Interpolation_Spotweld [55]. Right) Flow curve with damage and
failure plastic equivalent displacements [52].

Studies that have used the *Constrained_Interpolation_Spotweld model primarily focus on
self-piercing rivets. Bier and Sommer [52] showed that the model can reproduce the measured
force-displacement curves of the KS-I1 test, specifically the maximum forces as well as the failure
displacements of the experiments. This study also identified the weakness of this model when
simulating the peel test. In a study on SPR modelling using several phenomenological models,
Bier et al. [62] reported that the model shows good reproduction of the overall strength level but
experienced oscillations that can be reduced with additional optimization within LS-DYNA. A
modified model, called *Constrained_Interpolation_Spotweld (Model 2), was presented by Bier
and Sommer and further detailed in two studies [52], [79]. *Constrained_Interpolation_Spotweld

(Model 2) addressed the issue of the inability to capture the asymmetry of the peel test load
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distribution and was able to accurately predict the peel test experimental behaviour. Shown in
Figure 22, the *Constrained_Interpolation_Spotweld model over-predicted the coach peel
maximum force and the failure displacement, whereas the *Constrained_Interpolation_Spotweld
(Model 2) correctly predicts the maximum force and failure displacement.
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Figure 22: Simulations results of KS-11 and peeling tests with the *Constrained_Interpolation_Spotweld (left) [52] and the
modified *Constrained_Interpolation_Spotweld (Model 2) (right) [79].

1.9. Simulation of HAZ Material Failure

Current Gen 2 AHSS materials, and more so for new Gen 3 AHSS, cover a variety of complex
microstructures and can contain many alloying elements that further complicate the issue of
predicting weld failure behaviour. Button pull-out, for example, is a common failure mode in spot
welds that can initiate from the weld notch through the CGHAZ, or initiate from the softened
SCHAZ, or by ductile yielding of the base metal outside of the HAZ. As a result, considerable
effort has been expended to develop models of HAZ failure. Failure models have been pursued at
two levels: (i) CAE-level shell element-based models and (ii) meso-scale models incorporating
fine brick element discretization. The CAE level analysis of HAZ modelling employs one or more
rings of shell elements in the connected components around the weld nugget elements [48], [57],
[59], [68], [70]. Conformal mesh dependent modelling of shell components is required to obtain
the HAZ ring elements, which can increase the difficulty of applying the weld model to existing
meshed components. There is also an effect on the time step size with this method of modelling
the HAZ because each sub-zone of the HAZ is has dimensions of around 0.5-1 mm measured
radially from the fusion zone, as reported by Eller et al. [41] for different hardness grades of
Usibor®1500 and by Tamizi et al. [80] for MS 1400. Each concentric ring of HAZ elements must
have one edge length at this size to capture the different constitutive properties that will cause them

to become the limiting time step elements. Burget and Sommer [48] showed that larger elements
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could be used that generalize the HAZ and use adjusted material models to predict the weld coupon

behaviour to use HAZ failure modelling at the CAE-level.

As an alternative to shell element discretization of the HAZ, meso-scale analysis uses a detailed
model with a mesh of fine solid elements from the fusion zone to the base metal region. In such
models, the HAZ constitutive material properties are mapped onto the solid elements around the
fusion zone of the weld nugget [41], [48], [53], [69], [81]-[85]. Such detailed models can more
accurately predict the weld fracture modes and predict global behaviour better than the CAE-level
methods, but cannot be applied at the CAE-level due to minimum time step constraints. Figure 23
shows an example of a CAE-level and meso scale finite element model for predicting spot weld

failure with specific HAZ constitutive properties applied to the elements.
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Figure 23: Left) CAE-level finite element model with 2 mm shell element size, adapted from [70]. Right) Detailed model of spot
weld with three sub-zones [82].

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

mechanical simulation.

1.9.1. HAZ Properties from Hardness Scaling

HAZ sub-zone constitutive models for simulation models have been developed in multiple
ways in recent literature. Seeger et al. [82] directly scaled the base metal tensile strength by the
Vickers hardness of the different HAZ using the conversion table specified by the DIN 50150
(DIN EN ISO 18265:2013) standards. Lee and Choi [53] and Wang et al. [68] used a method
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developed by Zuniga and Sheppard [86] that uses a relation between the hardness traverse data of
the spot weld and the base metal properties to scale the constitutive model of the base metal and
obtain HAZ material constitutive models. Nielsen [83] employed a similar tensile strength scaling
method by developing a piecewise function that determines the material yield stress profile at any
point in the HAZ by scaling the base metal yield stress by the mapped hardness. Kong et al. [84]
used inverse modelling techniques and incrementally varied material properties until indentation
load-displacement curves in the simulation matched the experimental curves. It is noted by the
present author that for all the previously mentioned publications, the materials used did not exhibit
a zone of reduced hardness lower than that of the base metal in the HAZ, which has been shown
by Eller et al. [41] to be true for materials that have an ultimate tensile strength less than
approximately 600 MPa or 180 HVO0.1. Mohamadizadeh et al. [87] applied a strain-rate dependent
Voce hardening rule for Usibor® 1500-AS, developed by Bardelcik et al. [88], based on hardness
values measured across the spot weld. It has been identified by Ghassemi-Armaki et al. [70] that
using the hardness data to scale the base metal constitutive data does not accurately capture the
onset of yielding and the hardening behaviour of the different HAZ microstructures. Thermo-
simulated “HAZ specimens” from the Gleeble (discussed later) provide more accurate hardening
behaviour and fracture strain. Figure 24 shows the difference in experimental hardening data
between the “HAZ specimens” from the Gleeble and data from scaling the base metal data using

HAZ hardness.
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Figure 24: Usibor® 1500-AS flow curves; Base metal tensile specimen (solid black), hardness scaled base metal (dashed black),
Gleeble thermo-simulated tensile specimen (red). [57]
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1.9.2. HAZ Properties from Gleeble

Dancette et al. [89], Biro et al. [90], and Rezayat et al. [91], have shown that experimental
simulations of the resistance spot welding thermal cycles can be performed with a Gleeble thermo-
mechanical simulator in order to reproduce the local microstructures in the weld. Local heat
affected zone material constitutive behaviour can be obtained using characterization tests carried
out with the HAZ specimens produced with the Gleeble and used for modelling of the weld
mechanical behaviour [48], [57], [69], [70], [89]. Burget and Sommer [48] compared the results
of tensile tests and 3-point bend tests using detailed meso-scale models with simplified CAE level
models. It was found that the calculated results of the detailed model accurately predicted the
reduction of tensile strength due to the presence of the softened HAZ inside the tensile specimen.
The simplified model required adjusting the material model properties to predict the stress-strain
response of the tensile tests due to the element size being significantly larger than the actual width
of the HAZ zone. As validation, the calculated results of the 3-point bend tests showed very good
agreement with the experimental curves for the detailed model and the simplified model after the
material models were adjusted. Other reported results by Dancette et al. [69] of a detailed model
also showed good agreement of force-displacement curves and fracture behaviour using material
models obtained from Gleeble tests. Using a simplified HAZ and weld model, Ghassemi-Armaki
et al. [70] concluded that the FEA results of welded tensile and cross tension tests using input data
Gleeble samples and tested welds show a good correlation to experimental characterization with
respect to failure load, displacement, and failure location.
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Figure 25: Force-displacement curves for experimental cross tension test and simulation model. Simplified FEA model (left) [70]
and detailed model (right) [87].
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1.9.3. HAZ Properties from Miniature Specimens

Nakayama et al. [81] developed a new testing technique utilizing tensile specimens with a
gauge length of 1 mm to measure stress-strain relationships and ductility of the base metal and
HAZs for RA590 and DP780. The failure strain and load of static tensile shear weld tests were
predicted with good accuracy when applying their HAZ material properties to a meso scale model.
Tao et al. [92] used miniature tensile specimens extracted from weld joint coupons to obtain
material models for the base metal, heat-affected zone, and the fusion zone through the use of
strain fields measured using DIC techniques. The material models were incorporated into a meso
scale FE model to compare the predicted overall deformation behaviour and local stress-strain
behaviour with that measured from the experiments. It was reported that the material models
developed from the tensile coupons consisting entirely of one weld zone material (i.e., BM, HAZ,
and fusion) can be used to simulate the deformation response of an entire spot weld in a finite
element simulation to a reasonable degree of accuracy. Burget and Sommer [85] used inverse
simulations to determine the parameters of the Gologanu model [93] (a modified Gurson model)
and fracture criteria in a heterogeneous spot weld consisting of 22MnB5 and HC340LAD. Their
study used reduced dimensions specimens for smooth tensile, notched tensile, and double notched
shear specimens cut from the base metal, HAZ, and weld nugget. The authors showed simulations
with their calibrated model reproduced the experimentally measured force versus displacement
well using ABAQUS/Explicit except for the case of coach peel

1.10. Simulation of Weld Groups (Structural Connections)

The weld group tests, as discussed in Section 1.7, are used as validation tools for the spot weld
model calibrated from single spot weld test data. The weld group test design, also referred to as
component specimen tests, can follow either a mixed loading condition or an isolated loading
condition methodology. The T-joint design emulates the lower section of a B-pillar in an easily
manufacturable design that will validate the weld model in terms of predicting complex loading
conditions and overall behavior in a crash scenario. The Caiman Mode | test isolates the loading
conditions imposed on the spot welds such that one failure mode prediction (i.e. tensile) is
validated. Isolated loading condition component tests ideally minimize the amount of deformation
occurring in the base metal regions to reduce the impact of model parameters used for different

loading conditions.
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Seeger et al. [50] used the T-joint test to validate the *MAT_100_DA model that was
calibrated using four different rotation angles of the single spot weld KS-11 test and a peel test. The
force versus displacement simulation results show accurate predictions of the peak load and
displacement, seen in Figure 26 (a), as well as the initial weld failure location. After the peak load
is reached and weld failure initiates, the sudden unloading predicted by the model fails to capture
a large amount of absorbed energy since the overall structure continues to deform while the spot
welds unload. The authors attributed the elastic material behavior of the spot weld to the sudden

failure.

Yang et al. [56] similarly used the T-joint test with different material stack-ups and loading
directions to validate calibrated spot weld models. The authors noted several differences between
the simulation predictions and the measured results from testing, seen in Figure 26 (b). It was seen
that the physical specimens had partial weld failure whereas the model predictions showed full
separation of the welds. Additionally, it was noted that the calibrated weld failure model assumed
sudden failure once failure initiated; crack propagation through damage modelling was beyond the
scope of the study. This treatment led to under prediction of the peak force because in the physical
specimen a partially failed weld still has a residual load carrying capacity that the model did not

account for.

Bier and Sommer [52] apply their calibrated *Constrained_Interpolation_ Spotweld (Model 2)
to the T-joint test for model validation of SPR connections. Their results, seen in Figure 26 (c),
show a good prediction of the maximum force and reasonable trends in the force versus
displacement data. It is seen though that the model slightly over predicts the final displacement

before failure.

May et al. [63] developed a rate dependent cohesive zone model to predict adhesive bonds for
high strength steel DP-K 30/50. The adhesive model was calibrated from data available in the
literature and the adherend (parent material) properties were determined from tensile testing. The
models developed were validated using T-joint components loaded in front impact and side impact
configurations. The results of the measured and predicted values of the component testing for front
impact under quasi-static conditions are seen in Figure 26 (d). The authors reported accurate
predictions of the peak loads and the general shape of the force versus displacement curves for all

loading conditions tested.
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Figure 26: T-joint measured and predicted force-displacement responses from (a) Seeger et al. [50] (b) Yang et al. [56] (c) Bier
and Sommer [52] (d) May et al. [63].

The Caiman Mode | test, developed by O’Keeffe [51] and shown in Figure 14, promotes weld
failure within spot weld groups under a tensile/peel loading condition using two hat-channels that
are spot welded along partial lengths of the flanges. O’Keeffe developed a model of this
experiment using the *MAT _100_ DA spot weld model calibrated using single spot weld cross
tension and lap shear experiments. The model was assessed based on the Caiman Mode | test for
Usibor® 1500-AS in the fully quenched and softened conditions (using 700° in-die heating in the
flange region), as presented in Figure 27. The fully quenched predictions show an overly stiff
response during elastic loading but match the rapid brittle failure modes seen in the experimental
data. The softened predictions accurately match the force-displacement response of the
experiments up to peak load, but the peak load is under predicted. The model predictions also show
more rapid unloading than what is seen in the measured data for both material conditions, resulting
in lower absorbed energy. O’Keeffe indicated the importance of calibrating the spot weld model

to capture the post-failure response and accurately predict the total absorbed energy.
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Figure 27: Caiman Mode | measured and predicted force-displacement response for quasi-static tests [51]. Fully hardened
condition shown on left and softened condition (using 700° in-die heating in the flange region) shown on right.

1.11. Current Work

There exists a large variety of materials that are applied in the construction of an automotive
BIW structure as well as a range of different joints and joint modelling techniques that need to be
captured within CAE-level automotive crash simulations. For the application of hot stamped grade
steels that are considered in the current thesis, there are very few published results on the modelling
of spot welds. Furthermore, a consistent shortfall reported in the published literature is the need
for improved predictions of the onset of failure and post-failure unloading behaviour of resistance
spot welds, particularly in high strength steel alloys. Accurately capturing the post-failure
behaviour of spot welds in numerical simulations for CAE analysis represents a significant need.
The development of models of single spot welds that can predict the force versus displacement
response for isolated loading conditions (tensile, shear, and bending), as well as mixed loading
conditions is also a topic of current research. Weld group tests under various mixed loading
conditions, such as the T-joint, have been employed successfully for qualitative model validation
using metrics such as failure location and peak forces. The Caiman Mode I, a predominantly Mode
I/peel loading condition weld group test, has been developed and quantitative analysis applied to
validate the calibrated weld model. No test for weld groups under predominantly shear loading

conditions exists.

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

component level test that will produce failure in weld groups under shear loading conditions. There
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is also focus on exploring more accurate numerical models for spot welded connections that will
fully capture mixed loading conditions and the overall weld failure behaviour seen in vehicle crash
scenarios. This thesis examines weld failure in hot stamped Ductibor® 500-AS, Ductibor® 1000-
AS, and Usibor® 1500-AS, of thickness 1.2 mm and 1.6 mm. These alloys are currently under
consideration for integration within automotive front-end structures. Such structures are currently
constructed from lower tensile strength cold-formed materials. This work builds in part on the
work done by O’Keeffe [51] in developing the Caiman Mode | test for group weld failure under
tensile-normal loading conditions. The intent of the weld group experiments is to provide a
validation tool for the numerical models that are calibrated from single spot weld test data. The
shear group weld component specimens developed here, termed the Caiman Mode IlI, are tested

under quasi-static and dynamic conditions.

Tensile lap shear and cross tension single spot weld experiments are performed in this work to
investigate mechanical behaviour and characterize RSW performance. Simulations of the single
spot weld experiments were developed using the *MAT_100_DA spot weld model to remain
consistent with previous modelling efforts, as well as a more novel approach considering
*MAT_240 because it has been reported to better describe the deformation and failure behaviour
of various connection methods. The *MAT _240 model has separate parameters for normal-tensile
loading failure and shear loading failure. Applying *MAT _240 to spot welds is novel since the
model was originally implemented to simulate adhesively bonded connections. The different weld
models are calibrated to establish accuracy and feasibility for implementation into full vehicle

simulations for the purpose of evaluating crash performance and safety.

The balance of this thesis is organized as follows: Chapter 2 presents the material and specimen
preparation; Chapter 3 contains the single spot weld characterization experimental data and
numerical model for single spot weld model calibration; Chapter 4 details the development process
of the Caiman Mode IlI test; Chapter 5 presents the final design experimental and simulation
results for validation; and lastly the final conclusions and future recommendations are in Chapters
6and 7.

38



2. Specimen Preparation

A variety of equipment was used to prepare and test welded connections, and record data for
all of the experiments. The furnace and press were used to process (hot stamp) the material into
the fully quenched condition before spot weld welding and testing. The spot weld characterization
was done under quasi-static conditions while the group spot weld testing was performed under
both quasi-static and dynamic conditions. This chapter describes the equipment and process
methodology used to prepare and weld the samples prior to mechanical testing. The actual testing
methodology is described in Section 3.1 for the single spot weld specimens, and Section 4.2 and

4.3 for the quasi-static and dynamic group weld specimens, respectively.

2.1.  Furnace

A Deltech DT-20 front load furnace was used for all of the thermal processing in this work.
The furnace uses three heating elements on both the top and bottom surfaces of the interior to reach
a maximum operating temperature of 1000 °C. Each top and bottom pair makes up a zone that is
independently controlled and maintains a specified temperature using a thermocouple feedback

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

2.2. Press

The press used for quenching was a hydraulic, single-acting press manufactured by Macrodyne
Technologies Inc. It has a 120 tonne actuator that is supplied by either a 150 GPM proportional
valve or 30 GPM servo valve. The press is controlled by an MTS FlexTest SE servocontroller with
custom LabView applications to provide analogue voltages and record digital displacement and
load data. A National Instruments Multifunction 1/0 device, model USB-6216, is used to interface
between the PC running LabView and the MTS FlexTest SE. The displacement is measured with
a string potentiometer connected to the ram. The load is calculated using the actuator dimensions
and pressure transducers at the inlet and outlet ports. The 150 GPM proportional valve is used
under displacement control for high speed applications while the 30 GPM servo valve is used for

load control applications.

Two different die sets were used for quenching material, depending on the size of the blank.
There is a flat die, seen in Figure 28, with built-in water-cooling channels that can be used for

blanks up to the dimensions 240 mm by 340 mm. This die is two separate pieces that are split in
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the centre to allow one side to be raised with shims to accommodate multi-gauge tailor welded
blanks (TWBSs), which are not used in this project. The other die used is a rail forming die that is
designed to form hot stamped hat channels and seen in Figure 29. It has an outer binder supported
by nitrogen springs and a male punch fixed to the stationary platen on the hydraulic press. There
is a female die and top binder surface fixed to the ram of the press. The binder surface on each side
of the punch is 613 mm long and 110mm wide. The binder is supported by four DADCO U.0800
nitrogen springs with a maximum stroke length of 80mm. The nitrogen springs are pre-charged to
1500 psi that provides a total on-contact force of 4,565 Ibf. In this current setup, the compressed

stroke length when the dies are fully closed is 51.2 mm, resulting in a total final force of 6,144 Ibf.

2.3.  Material Preparation

The material used for this project are three different grades of press hardenable steels supplied
by ArcelorMittal for the application of hot stamping. The three steels are Ductibor® 500-AS150,
Ductibor® 1000-AS150, and Usibor® 1500-AS150, all with a nominal thicknesses of 1.2 mm and
1.6 mm. The total coating weight, including both the top and bottom surfaces, is 150 9/, for all
materials. The mechanical properties of these three hot stamped steels are listed in Table 1, and
the hardening curves are presented in Figure 46 in Section 3.3.1. The chemical composition and
the carbon equivalent percentages for each material are listed in Table 2. The CEjyw carbon
equivalent formula [94] was developed by the International Institute of Welding (IIW) as a
weldability index, to determine how the alloying elements affect the maximum hardness in the
HAZ. The CEn carbon equivalent formula was developed by Yurioka et al. [95] to assess the
susceptibility of steel to cold cracking for steels that have widely ranging carbon contents. Taylor
et al. [96] used the CEn formula in a study investigating 22MnB5 and 38MnB5 grades of boron
hot-stamped steel. The carbon equivalent was found with two different methods, using Equations
(35) [94] and (36) [96].

Mn Cu+Ni Cr+Mo+V

_ mn 35
CEw = C + ACC {Si+Mn+Cu+Ni+Cr+Mo+Nb+V+SB} (36)

N © 24 6 15 20 5
where A(C) = 0.75 + 0.25 tanh[20(C — 0.12)] (37)
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Table 2: Maximum weight percent chemical composition of the three hot stamped steels considered and calculated carbon equivalent
contents, from ArcelorMittal [18]

Material C Si Mn P S Al B Ti+Nb Cr+Mo CEw CEn
Ductibor” 500-AS 0.1 0.5 1.9 0.03 0.025 0.015-0.2 0.001 0.24 0.417  0.356
Ductibor® 1000-AS ~ 0.12 0.8 2 0.3 001 001-01 001 0.12 0.6 0573 0541
Usibor” 1500-AS ~ 0.25 0.4 14 003 001 001-01 0.005 0.12 1 0.683  0.748

Using the calculated carbon equivalent for each material as an approximation of the carbon
content and examining the carbon-iron binary phase diagram [19, p. 319] it can be seen that the
materials are hypoeutectoid steels. The hot stamping process requires heating the material to a
temperature above the upper critical temperature point (As) and holding at this temperature to
achieve a complete austenite microstructure. For this work, the material was inserted into the oven
at 930°C for six minutes before being removed and quenched between flat dies that were water
cooled to maintain a temperature of approximately 25°C.

The provided material in the as-received condition was in large 1200 mm x 1500 mm sheets,
that were cut from the coil, and were reduced to smaller blanks for hot stamping. For single spot
weld characterization, the coupons range in dimensions from 50 mm to 150 mm. To prepare
material for these coupons, 215 mm square blanks were sheared from the large sheets. After the
austenitization process, the blanks were transferred into a flat quenching die, shown in Figure 28.
For the single spot weld blanks, the smaller flat dies were installed, and the press was operating
under load control for the quenching process. The clamping force during quenching was set to
136,000 Ibf or 605 kN, resulting in a quench pressure of 13.1 MPa for the blank size used. The
dies were held closed at this pressure for 15 seconds to ensure that the blanks cooled to a low

enough temperature for the martensite transformation to complete.

Figure 28: Picture of flat die with cooling channels present

The blanks used for the Caiman Mode |11 group spot weld tests are 600 mm long by 100 mm
wide. These blanks were treated with the same hot stamping process as the smaller blanks used for
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single spot weld characterization. The flat die that was used for the smaller blanks cannot
accommodate the length of the Caiman Mode 11l blanks and another die must be used for
quenching. The binder of the rail die show in Figure 29 is large enough to be used for this purpose.
A dummy blank was placed on the opposite side binder surface to ensure that there was evenly
distributed loading on the blank being quenched. The nitrogen springs supporting the binder
initially only provided enough force to apply 0.5 MPa to the larger Caiman Mode 111 blanks. Steel
blocks were place under the binder to stop the downward travel and allow the press to apply more
pressure to the blanks. The clamping force was set to 136,000 Ibf and created a quenching pressure
of 10 MPa.

Dummy blank
Actual blank

Figure 29: Image of lower hot stamping rail die binder, punch, and cooling tubes.

2.4. Spot weld process

The resistance spot welding process used for all specimens in this work was developed and
performed by the Promatek Research Centre. Two different weld schedules were developed, one
for each thickness used, that produce spot welds in all three materials to be consistent with
industrial standards. The spot weld settings used are shown in Table 3. Micrographs, taken by
Mohamadizadeh et al. [49], of the spot welds in the Ductibor® 500-AS material and the Usibor®
1500-AS material are shown in Figure 30. Note that these two materials are referred to as PHS600
and PHS1500 in the work by Mohamadizadeh et al. [49] but are from the same blanks as the

material in this work.

Table 3: Resistance spot weld schedule.

Sheet Thickness Force Pre-Heat Main Weld Hold Time
1.2 mm 770 Ibf 8 kA -33 ms 7 kA — 400 ms 200 ms
1.6 mm 900 Ibf 10 KA-33ms 7 kA — 400 ms 200 ms
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Figure 30: Micrograph images of spot welds after failure (A) PHS600 (Ductibor® 500-AS) no expulsion; (B) PHS600 (Ductibor®
500-AS) with expulsion; (C) PHS1500 (Usibor® 1500-AS) no expulsion; (D) PHS1500 (Usibor® 1500-AS) with expulsion.
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3. Single spot weld characterization

3.1. Single spot weld specimens

Single spot weld characterization is performed in this work to objectively determine the
strength of the weld for each isolated loading condition and quantitatively compare the weld
strengths of joints using different materials or thicknesses in a consistent manner. There are two
basic test methods for determining the strength of a single resistance spot weld defined by the
American Welding Society (AWS). These two methods are the tensile lap shear test and the cross
tension test. The AWS D8.9:2012 standard dictates that the crosshead velocity shall be 10 mm/min
and conducted at room temperature (20°C + 5°C) [36]. Each test is considered complete when full
separation occurs between the two welded coupons or when the total displacement extends beyond
approximately 500% of the displacement at peak load. The test matrix used for the single spot
weld testing regime is shown in Table 4. The AWS D8.9:2012 standard suggests at least three
specimens are tested for each weld condition. Five repeats are selected here to assist with the weld

model development.

Table 4: Single spot weld test matrix.

Material Thickness [mm] # of Lap Shear  # of Cross Tension
. 1.2 5 5
Ductibor® 500-AS 16 5 5
] 1.2 5 5
Ductibor® 1000-AS 16 5 5
. 1.2 5 5

® .

Usibor® 1500-AS 16 5 5

All single spot weld testing was performed under quasi-static conditions using an MTS
Criterion® Model 45 tensile frame with a 100 kN load cell attached to the crosshead. The tensile
frame was controlled via the MTS TestSuite™ TW Elite software. The tensile load and crosshead
displacement were recorded at 500 Hz for the duration of the test. The single spot weld test
specimens were gripped in the tensile frame using knurled hydraulic grips set to 2500 psi. The
crosshead speed was determined by the specific test that was being performed. The single spot
weld tests recorded the crosshead displacement, load cell force, and time data that was output from
the MTS frame.
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3.1.1. Lapshear

The lap shear test applies a tensile load along the weld interface plane to develop a shear stress
in the weld nugget. This test results in only the approximate ultimate shear strength of the spot
weld because the weld nugget begins to rotate out-of-plane as the load increases. The test begins
with an isolated shear loading condition but begins to transition into a mixed shear and normal
loading as the weld nugget rotates [49]. The geometry used is illustrated in Figure 31 and the
dimensions used are listed in Table 5. Shims were used when installing the test specimens in the

grips of the tensile frame to ensure that the coupons align properly.

Table 5: Lap shear geometry dimensions, all dimensions in mm.

. Coupon length Coupon width Overlap Sample length Unclamped length Gripped length
Sheet thickness L W 1) SL UL GL
12/16 125 40 40 210 130 40
- SL »
1: uL gl B
T \_ GRIPS
O\ T TEST SFECIMEN—‘;? igl-l:-nE(ss-: mﬁ-r.ggﬁt?‘;ss
SHiM \ : GRIPS
[—GL —] [e—— O —-t WELD IS CENTERED AT O/2 AND W/2 | 1]
- L > |

Figure 31: Tensile lap shear assembly geometry and schematic of gripping in the tensile frame. [36]

3.1.2. Cross tension

The cross tension test applies a tensile load normal to the interface plane of the spot weld to
develop a normal stress in the weld nugget. This test requires significant fixtures to connect the
welded specimen to the tensile frame grips. The applied load is centred on the weld nugget and is
rotationally symmetric about the weld nugget so there is no transition from the initial isolated
loading condition. However, the cross tension tests typically develop a large amount of coupon
deformation which makes it difficult to determine the exact displacement before weld failure
occurs. More analysis on this is discussed in detail in Section 3.2.2. The coupon and welded
assembly geometry, and the fixture method for the cross tension test is shown in Figure 32. The
dimensions used for the tests are listed in Table 6. The bolts that connect the bottom and top clamps

to the weld specimen were torqued to 40 Nm, or 29.5 ft:1bf.
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Table 6: Cross tension geometry dimensions, all dimensions in mm.

Sheet thickness ~ Coupon length Coupon width Overlap Hole spacing
L W (6] HS
1.2/16 150 50 50 100
BOLT HEAD
FOR ATTACHMENT
N __e 20 M 4020 _L T TO TENSILE MACHINE
4402, FOR ATTACHMENT o~ TOP CLAMP
TOTENSILE — | b NUT TOP MEMBER
MACHINE BoLT OF TEST
) T = SPECIMEN
w0 \(3\ w L BACKING PLATE BOTTOM
FOR BOTTOM GLAMP MEMBER
Q\ l OF TEST
SPECIMEN
’ BOTTOM CLAMP
i S __@ : BACKING PLATE
WELD IS CENTERED 7 FOR ATTACHMENT FOR TOP CLAMP
! AT W2 AND L2 BOLT HEAD TOJEg'fINLE
_.| wiz '}._ () TOP VIEW (B) FRONT VIEW

Figure 32: Cross tension assembly geometry and fixture schematic. [36]

3.2.  Single spot weld mechanical performance

In this section, the single spot weld tensile lap shear and cross tension test results are reported,
and the failure modes and behaviour are analysed. The data presented is the maximum load and
the crosshead displacement when the maximum load occurs, which together are taken as the onset
of failure initiation, as well as the total energy absorbed by the specimens until complete separation
occurs. The failure modes, seen in Figure 33, are classified in the AWS D8.1M:2007 standards as

interfacial failure, partial thickness fracture, full button pull out, or a mixed form thereof [35].

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

Interfacial fracture with Interfacial fracture with
button pull partial thickness fracture

Full interfacial fracture No fusion

Figure 33: Possible spot weld fracture modes. [35]
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3.2.1. Lap shear Test Results

The 1.2 mm thickness single spot weld tensile lap shear force versus displacement and
absorbed energy versus displacement test results are presented in Figure 34 and Figure 36,
respectively. The 1.6 mm thickness test results for force versus displacement and absorbed energy
versus displacement are in Figure 35 and Figure 37, respectively. Note that spot welds that
exhibited expulsion are indicated in these figures with a dashed line. The peak force, the
displacement when the peak force occurred, and the total energy absorbed average values for each

material condition are summarized in Table 7.

Table 7: Summary of average data values for single spot weld tensile lap shear tests.

Thickness Max Load Displ @ max  Absorbed Energy

Material
[mm] [kN] [mm] [J]
1.2 142+0.2 16+0.1 293
e e
Ductibor® 500-AS 16 19.3+0.9 16+0.3 43 +20
. 1.2 16.8+0.1 1.1+0.03 16+2
® .
Ductibor® 1000-AS 16 21.0+0.4 1.0 £0.03 14+1
1.2 13.2x0.1 0.6 £0.03 712
L e )
Usibor® 1500-AS 16 26.5 + 2.4 1.0+0.1 19+3
30
Usibor®1500
25 Ductibor®1000
Ductibor®500
— 20
)
8 15
(=]
|6
10
5
0

0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5

Crosshead Displacement [mm]

Figure 34: Lap shear force versus displacement data for 1.2 mm specimens.
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Figure 35: Lap shear force versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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Figure 36: Lap shear energy absorbed versus displacement data for 1.2 mm specimens.
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Figure 37: Lap shear energy absorbed versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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It is seen from Table 7 that for all materials tested, the lap shear peak forces increased with
thickness; however, increasing the thickness did not always correspond to an increase in the total
energy absorbed for each material, as seen in the Ductibor® 1000-AS tests and discussed later. A
few distinct behaviours are noted from these tests. When the load is decreasing after the peak force,
termed the unloading region, the specimens often exhibit abrupt drops in load followed by periods
of sustained loading. The sudden drops are the result of brittle crack growth through the heat-
affected zone from the nugget to the outer surface of the specimens [97]. The sustained unloading
regions occur when the brittle fractures are arrested, allowing for continued plastic deformation

and ductile crack growth.

The lap shear experiments for each material condition exhibited consistent partial thickness
fracture with button pull out (Figure 33), except for three outlier specimens for which expulsion
occurred during spot welding. The specimens that contain expulsion from the welding process
typically exhibit a reduced peak load and little-to-no unloading region (Figure 35) due to the rapid
brittle interfacial failure that is triggered by excessive surface indentation and porosity formed
when expulsion occurs [10], [38], [98], [99]. The expulsion that occurred in the Ductibor® 500-
AS 1.6 mm specimen is attributed to a burr, seen in Figure 38, which was left over from the laser
trimming operation to create the blank geometry. The burr created a gap between the two coupons
that caused an unequal force distribution when they were spot welded together, allowing for the

expulsion of melted material from the fusion zone.

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

Also, one of the Ductibor® 500-AS 1.6 mm tests extends out of the plot area of Figure 35 before
complete failure occurs. This specimen had a unique shared asymmetric pull out failure mode that
is not classified in the AWS standards, shown in Figure 39. In this case the weld nugget was pulling
out of both sides of the specimen at the same time and complete separation did not occur until the
weld nugget rotated almost 180°.
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Figure 39: Ductibor®500-AS 1.6 mm lap shear specimen exhibiting double shared pull out failure mode (not classified by AWS).

It can be seen in the force displacement data for the Ductibor® 1000-AS 1.6 mm lap shear tests
(Figure 35) that there was very little unloading region after the peak load for any of the tested
specimens. The 1.6 mm Ductibor® 1000-AS specimens all exhibited interfacial failure (Figure 33)
and were the only material condition for lap shear tests, of the six material conditions tested, that
exhibited no post-failure unloading behaviour. As a result, the absorbed energy for these samples

was particularly low (see Table 7).

As previously mentioned, the average total energy absorbed during the lap shear tests increased
when comparing the 1.6 mm thickness test specimens to the 1.2 mm specimens, except for
Ductibor® 1000-AS lap shear tests. The Usibor® 1500-AS and the Ductibor® 500-AS test
specimens both showed an increase of absorbed energy of approximately 13 J, or increases of
189% and 48% for a thickness increase from 1.2 to 1.6 mm, respectively, whereas the Ductibor®
1000-AS tests showed a decrease in total absorbed energy of 2.6 J. The total absorbed energy of
the Usibor® 1500-AS 1.6 mm tests is higher than the Ductibor® 1000-AS 1.6 mm specimens. It is
noted that an increase in the peak force does not always correspond to an increase in the total
energy absorbed. The lack of relation of peak force to energy absorbed is attributed to the different
heat affected zone microstructures for each material condition resulting in different failure modes.
The Ductibor® 1000-AS 1.6 mm tests do not have any post-failure unloading behaviour and as a
result there is less energy absorbed than in the thinner gauge material tests. This behaviour
highlights the importance of the post-failure behaviour when optimizing the weld strength from a
process perspective and the importance of capturing this behaviour in numerical models for

simulation, as discussed in Section 3.5.

3.2.2. Cross tension Test Results

The 1.2 mm thickness single spot weld cross tension force versus displacement and energy
absorbed versus displacement test results are presented below in Figure 40 and Figure 42,
respectively. The 1.6 mm thickness test results for force versus displacement and energy absorbed

50



versus displacement are in Figure 41 and Figure 43, respectively. Specimens exhibiting expulsion
are indicated with a dashed line. The peak force, displacement when the peak force occurred, and
the total absorbed energy average values for each material condition are summarized in Table 8.

Table 8: Summary of average data values for single spot weld cross tension tests.

Material Thickness Max Load Displ @ max  Absorbed Energy

[mm] [KN] [mm] [J]
s LT mmi e
wmemoss 15 St e e
WHOISIAS G ssioa assor 1722

The cross tension tests showed similar behaviour as the lap shear tests in that the thicker 1.6
mm specimens recorded a higher peak force than the 1.2 mm thick specimens. From Table 8, the
amount the cross tension test peak force increased by, for the Usibor® 1500-AS material
specimens, was 1.5 kN for a thickness increase from 1.2 to 1.6 mm, while the Ductibor® 500-AS
and the Ductibor® 1000-AS material specimens increased by 4.9 kN and 5.6 kN, respectively. All
the single spot weld cross tension tests showed significantly reduced absorbed energy post-weld
failure compared to their lap shear counterpart tests, with the exception of the 1.6 mm Ductibor®
1000-AS because neither supported load beyond initial weld failure. It is interesting to note that
the Ductibor® 500-AS and Ductibor® 1000-AS cross tension experiments had similar or identical
peak loads when comparing the same material thickness. The Ductibor® 500-AS welds displayed

higher crosshead displacement than the Ductibor® 1000-AS, which is discussed below.

14

Usibor®1500

NN

Ductibor®
Ductibor®
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10
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30

Crosshead Displacement [mm]

Figure 40: Cross tension force versus displacement data for 1.2 mm specimens. Dashed lines showed expulsion.
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Figure 41: Cross tension force versus displacement data for 1.6 mm specimens. Dashed lines showed expulsion.
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Figure 42: Cross tension energy absorbed versus displacement data for 1.2 mm specimens.
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Figure 43: Cross tension energy absorbed versus displacement data for 1.6 mm specimens.
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The absorbed energy versus displacement plots for the cross tension tests show similar trends
as the lap shear tests but are more exaggerated due to the larger overall crosshead displacement.
In Figure 42 and Figure 43, it is seen that the slopes of the energy versus displacement curves are
different for each of the three materials tested. The strongest material, Usibor® 1500-AS, has the
steepest slope while the softest material, Ductibor® 500-AS, has the lowest slope. These
characteristics are also seen in the lap shear data but are not as noticeable because all the lap shear
tests end before 5 mm of crosshead displacement. The cross tension test data shows progressively
more absorbed energy as the base material softens except for the Ductibor®500-AS and Ductibor®
1000-AS specimen tests which record similar values of total absorbed energy for the 1.6 mm
specimens. The Ductibor® 1000-AS 1.6 mm final absorbed energy values (111 J) are almost three
times larger than the 1.2 mm specimens (43 J) because of the change from brittle failure to more
ductile failure mode.

Most cross tension specimens exhibited the partial or full button pull failure modes defined by
AWS, examples of which were shown in Figure 33. Four of the Ductibor® 500-AS 1.2 mm and
three of the 1.6 mm specimens did not exhibit partial or full button pull out failure modes. Some
of the specimens had expulsion occur during the spot welding process and resulted in inconsistent
peak forces and total energy absorbed (indicated with dashed lines in Figure 40 through to Figure
43). The other specimens not exhibiting the partial or full pull out failure mode had the shared
asymmetric pull out failure mode, shown in Figure 44, that was discussed in the lap shear
experimental results, Section 3.2.1. These tests show distinct characteristic behaviour in the force
versus displacement plots shown in Figure 40 and Figure 41; there is a sharp drop in load after the
peak followed by an increase in the load as the weld nugget rotates. As the nugget rotates
approximately 90° the load begins to increase again until finally there is complete separation of
the weld nugget from one of the coupons.

Figure 44: Close up of the Ductibor® 500-AS 1.6 mm cross tension test showing shared asymmetric pull out.
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Another characteristic of the cross tension tests that was not present in the lap shear tests are
the effects of coupon deformation on the force versus displacement response. The total crosshead
displacement of the cross tension specimens was approximately 5 to 10 times larger than the lap
shear tests. The softer materials, with lower ultimate tensile strength, deform more and result in a
higher overall crosshead displacement. The direct cause of this behaviour is that the top and bottom
coupons are pulling out of the fixtures and deforming, indicated by the arrows in the top left image
of Figure 45. Post-test examination of the cross tension specimens reveals that slippage of the
coupons in the fixtures was a key factor affecting the amount of coupon deformation. Shown in
the right image of Figure 45, there are burnish marks on the coupons where the Al-Si coating has
flaked off due to deformation from the coupon coming into contact with the bolts used for clamping
the fixture. Once the coupon contacts the bolt, the slippage in the fixtures stops and further
deformation is due to the spot weld fracture. The point that the coupon contacts the bolts is seen
in the force versus crosshead displacement data as an upwards inflection point approximately 4
mm from the peak force. The strongest material tested, Usibor® 1500-AS, did not show this

behaviour because there was very little coupon deformation.

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

The three Ductibor®500-AS cross tension specimens that exhibited the shared asymmetric pull
out failure mode are easily identifiable on the absorbed energy versus displacement plots. There is
a secondary region of increasing absorbed energy that begins when the specimens that had other
failure modes end. This secondary region increases at a slower rate than primary region and is
entirely due to the weld nugget pulling out of the parent coupons by shearing through the thickness
of the sheets in the HAZ region. There is approximately 10-15% more total energy absorbed during

this failure phenomenon.
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3.3.  Numerical model development

After the collection of the single spot weld test data, a numerical weld model is developed
using the finite element analysis software LS-DYNA®. As introduced earlier, the weld model is a
key aspect of the full vehicle simulation. As the parent metal strength increases and the cross
sectional area of frame components is reduced to save weight, the stress developed in these
automotive structures increases. A study by Li et al. [100] on the use of high strength steel for
vehicle light-weighting identified that mild steel can be replaced with higher yield and failure
strength steel, and lower depth (thickness) while maintaining impact energy absorption. The
increase of stress throughout these structures has shifted the location of failures to the joints [15].
Thus, an accurate model of the spot welded joints is critical to generate accurate predictions at the
component level and for full vehicle simulations. In this chapter, the development of two different
weld material models is presented using the single spot weld test data for each material condition.
The purpose is to determine if the weld material model is capable of capturing the weld failure
characteristics, such as unloading behaviour, and mechanical performance for multiple load cases,
since full vehicle simulations will induce complex loading conditions acting on the spot weld

joints.

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

experimental peak force and energy absorbed values recorded.

The spot weld nugget was modelled using an assembly of hexahedral fully integrated, selective
reduced solid elements and are assigned the *MAT _100_DA material model [50] or modelled as

cohesive elements and assigned the *MAT _240 material model [64], [76], [77]. The parent metal
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is modelled using a 2.5 mm mesh of fully integrated shell elements. The *MAT_100_DA, or
*MAT_SPOTWELD_DAIMLERCHRYSLER, is an elasto-plastic material model based on the
von Mises plasticity with a failure criterion that uses the axial, shear, and bending stresses
developed in the weld nugget. This material model also includes a fading energy parameter that
defines additional energy absorbed after the weld failure. The material model *MAT 240, or
*MAT_COHESIVE_MIXED_MODE_ELASTOPLASTIC_RATE, is a rate-dependent, elastic-
ideally plastic cohesive zone model defined by a tri-linear traction-separation law with a quadratic

yield and damage initiation criterion in mixed-mode loading.

The goal of the weld model calibration is to be able to accurately predict the peak load and
total energy absorbed values of the single spot weld test data. This means the weld models are
calibrated to the single spot weld test data and are then verified afterwards by insertion into a more
complex loading case in a component level simulation. The two spot weld material constitutive
models introduced use different set of parameters to define the spot weld behaviour but follow the
same general calibration and evaluation processes. A mesh is required for both the cross tension
and the tensile lap shear single spot weld tests. It is important that the mesh remains constant except
for minor changes that are required for different weld material models so that comparisons made

between the weld models are valid.

3.3.1. Parent metal constitutive models

The rate-sensitive stress-strain curves models used in the numerical simulations for three hot
stamped materials are shown in Figure 46. The Ductibor® 500-AS constitutive model is from the
work by Samadian et al. [27], the Ductibor® 1000-AS constitutive model is from Abedini and
Samadian [101], and the Usibor® 1500-AS constitutive model is published by Omer et al. [4]. All
three hot stamped materials are rate sensitive, with higher strain rates causing higher strength. Two
different methods were originally employed to obtain these constitutive models. Flow curves for
the Ductibor® 500-AS and Ductibor® 1000-AS material were created using a combination of
uniaxial tensile and shear test data, following a procedure developed by Rahmaan et al [102]. High
tensile strength materials tend to have low amounts of uniform elongation, making it difficult to
extrapolate material hardening data to large strains. It was found that the hardening data from shear
tests, which reach much higher strains due to the suppression of necking, could be used to extend

the uniaxial tensile data. From the work of Omer et al. [4], the Usibor® 1500-AS flow curves were
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generated using a method called the extended Tailored Crash Model (eTCM). The eTCM is an
extension of the “Tailored Crash Model” (TCM) and the “Tailored Crash Model II” (TCM II)
models developed by Bardelcik et al. [88], [103]. The TCM is a phenomenological strain rate
sensitive model for quenched boron steel with tailored properties, via in-die heating, that varied
from martensitic microstructure to bainitic. The TCM is based on the VVoce hardening model with
an additional strain rate sensitive term. It was later shown that the Vickers hardness and strength
levels can be similar for as-quenched microstructure of bainite + martensite and bainite +
martensite + ferrite, but the presence of ferrite can greatly affect the hardening behaviour. A new

model, TCM 11, was developed to account for this [103].
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Figure 46: Material flow curves for Ductibor®500-AS [27], Ductibor®1000-AS [101], and Usibor®1500-AS [4]. Curves of the
same material show rate-sensitivity by increasing orders of magnitude from bottom to top.

Fracture is modelled for the three hot stamped materials using the Generalized Incremental
Stress State Model (GISMMO) in the 2-Dimension (plane stress) form. In this model, the fracture
strain is a function of the instantaneous stress state, referred to as the stress triaxiality and defined
in Equation (38) as the ratio of hydrostatic stress to the von Mises equivalent stress. The fracture
loci used in GISSMO failure model was characterized by ten Kortenaar [22] for Usibor® 1500-
AS, and characterized by Abedini and Samadian [101], [104] for Ductibor® 500-AS and Ductibor®
1000-AS. The GISSMO fracture treatment also applies a regularization factor to scale the fracture
strain based on the element mesh size. The fracture loci are shown in the left image of Figure 47

and the mesh regularization is shown in the right image of Figure 47.
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Figure 47: Fracture loci (left) and GISSMO mesh regularization factors (right) of Ductibor® 500-AS [104], Ductibor® 1000-AS
[101], and Usibor® 1500-AS [22].

3.3.2. Weld coupon mesh development

The single spot weld coupons for the cross tension and tensile lap shear test simulation models
are created using a combination of HyperMesh™ and LS-PrePost®. HyperMesh™ is used to create
all of the mesh components in the model. LS-PrePost® is used to develop the rest of the keyword
deck required for the simulations. This includes control cards, database outputs, boundary
conditions, contact definitions, constraints, element section properties, node and part sets, and
material model definitions. The cross tension and the tensile lap shear models share a common
framework with only geometric differences. The parent metal material and section properties, and
all of the control card parameters are consistent across the different models. The parent metal
coupons are meshed with a 2.5 mm element size and assigned a fully integrated element
formulation with five through-thickness integration points. The element thickness is 1.15 mm or
1.55 mm to account for removing the Al-Si coating thickness from of the 1.2 mm and 1.6 mm
nominal thicknesses, respectively, since the coating adds no structural strength [105]. The
*CONTACT_AUTOMATIC_SINGLE_SURFACE card is used to define contact between all
components, including self-contact. The weld joint contact definition is dependent on the weld
material model being used. For all models, the spot weld is meshed using solid elements that have

a total cross section area of 28.3 mm?, the same as a 6 mm diameter spot weld.
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In the cross tension model, seen in Figure 48, there are two coupons (blue and red) being
clamped with shells (grey) to mimic the fixtures. The fixture components are assumed to only
deform elastically and are assigned a thickness of 12.7 mm to match the actual fixtures. The bottom
fixture is fixed while the top fixture’s movement is controlled by a prescribed boundary motion
with the same velocity as the crosshead of the tensile frame, 10 mm/min. The bolt used to clamp
the coupons within the fixtures is modelled by using an elastic beam that is constrained to the
fixture shell element nodes at both ends, similar to a ring of spokes. To model the initial torque on
the bolt, the beam is set to an initial pre-load of 10 kN before the top fixture begins moving. The

pre-load tensile force is calculated from the applied torque by

T
" Kd

where F; is the pre-load tension, T is the applied torque, K is the torque coefficient, and d is the

F; (39)

bolt major diameter [106, p. 430]. For a bolt diameter of 20 mm and an approximate friction
coefficient of 0.20, the 40 Nm (29.5 ft:1bf) applied torque equates to a 10 kN pre-load. It was found
from the cross tension experiments that the coupons slide out of the fixtures until the coupon
contacts the clamping bolt, placing an upper limit on the coupon sliding. To capture this behaviour,
rings of rigid shell elements, representing the cylindrical surface of the bolt, were added, seen in

Figure 49, to enforce contact with the shell edges of the coupons.

i

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

The tensile lap shear model, seen in Figure 50, is a simpler model than the cross tension. There
are no fixture components meshed for the lap shear model because the specimens insert directly
into the hydraulics grips of the tensile frame. To replicate these boundary conditions in the
simulation model, only the ungripped length of the specimens are meshed and single point
constraints are applied to the top and bottom edge nodes. The bottom nodes are fixed in all 6
degrees of freedom and the top nodes are fixed in the y and z translational axis and about all three

rotational axes.

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

3.3.2.1. MAT_100_DA

The *MAT _100_DA material model, as discussed in Section 1.8, assigns material properties
to the solid hex elements that comprise the weld nugget mesh. These solid elements are grouped
into an assembly of eight elements to create one weld nugget. The spot weld elements are
connected to the parent material parts using the *CONTACT_TIED_SURFACE_TO_SURFACE
contact definition. On this card, the spot weld part is defined as the slave and a part set including

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

deformation behaviour, such as density, elastic modulus, Poisson’s ratio, and specify the

connection properties card ID. Basic weld failure conditions can be input on the material card, if

desired, as well as other parameters to modify the weld nugget behaviour. An example of a

complete *MAT_100_DA card is shown in Table 9 and a complete description of the material

model is provided in the LS-Dyna Keyword Manual Il [67].

Table 9: *MAT_100_DA keyword card sample with Usibor® 1500-AS 1.2 mm weld properties.

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

Value 0.0

Variable rs true t con_id

Value 0.0 0.85 1

The *MAT_100 DA material model uses the con_id variable value to connect to the

*Define_Connection_Properties card that contains all of the related weld failure variables. The

yield strength and the tangent modulus are defined to provide post yielding hardening behaviour.

An example of a completed keyword card *Define_Connection_Properties is shown in Table 10

and a complete description is provided in the LS-Dyna Keyword Manual | [66]. Note that the sb

and exsb variables are given a value of 1.0E14 because no bending experiments were performed

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

Table 10: *Define_Connection_Properties keyword card example with Usibor® 1500-AS 1.2 mm weld properties.

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

Value 1 0 0 4 0

Variable sigy etan dg_pr rank sn sb ss
Value 1200.0 1200.0 1.0E10 0.0 182.0 1.0E14 600.0
Variable exsn exsb exss lcsn lcsb lcss gfad sclmrr
Value 1.0 1.0El4 1.0 0 0 0 230.0 1.0
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3.3.2.2. MAT_240

A key aspect of this material model is the ability to model the post weld failure behaviour
independently for different loading conditions (tensile, shear, mixed mode) to better predict joint
failure. Similar to the *MAT_100_DA weld model, the *MAT _240 material model also uses solid
hex elements that are tied to the parent shell elements to represent the joint. The solid elements are
assigned the cohesive element formulation 20 on the section card. Two contact definitions are
required for each part-to-part joint that is being modelled. The nodes of the cohesive elements’
lower surface must be grouped into a node set that is then tied to the mating part. The same must
be done for the cohesive elements’ upper surface nodes. The *MAT 240 key word card contains
the parameters that define the traction-separation law for both Mode | and Mode /111 crack

opening conditions. An example of a complete *MAT _240 keyword card is provided in Table 11.

Table 11: *MAT_240 keyword card example with Usibor® 1500-AS 1.2 mm weld properties.

Column 1 2 3 4 5 6 7 8
Variable mid ro roflg intfall emod gmod thick
Value 245 7.89%9e-9 1 1.0 200000.0 2800.0 1.0
Variable glc 0 glc_inf  edot gl t0 tl edot t fgl
Value 390.0 0.0 0.0 140.0 0.0 0.0 0.01
Variable g2c_ 0 g2c_inf  edot g2 s0 sl edot s £g2
Value 240.0 0.0 0.0 473.0 0.0 0.0 0.10

The same hexagon shaped assembly as the *MAT_100_DA is used, with the total cross section
area of 28.27 mm? representing a 6 mm diameter spot weld. It was found that sudden increasing
or decreasing irregularities were introduced into the force versus displacement response by using
only one element to model the spot weld joint. It was determined that the irregularities were caused
by shell elements belonging to the parent coupon parts contacting each other through the cohesive
element. Increasing the element density of the spot weld nugget increases the number of tied points
between the cohesive elements and the shell elements. More tied points help prevent the shell
elements passing through the solid cohesive elements in a non-physical manner. It can be seen in
Figure 51 that by increasing the mesh density by using the hex assembly mesh provides a stiffer
and more accurate prediction of the experimental data for loading up to weld failure initiation with
no irregularities. Additionally, using the hex assembly mesh pattern for the *MAT_240 cohesive
elements maintains industry meshing practice which will provide fairer comparisons to the

*MAT_100_DA models as well as ease the application of *MAT _240 to existing models.
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Figure 51: Effect of the cohesive element mesh patterns used to model a single spot weld nugget using *MAT_240. Data shown is
for Ductibor®500-AS 1.6 mm lap shear experiments.

3.4. Calibration Procedure

The calibration procedures for the two weld models (*MAT_100_DA and *MAT _240) follow
the same general steps but vary slightly because there are different parameters that must be defined
in each model. An initial estimation of parameter values is first made based on the force versus
displacement data gathered from the experiments. The assumed parameters are confirmed to be
correct by running the cross tension and lap shear numerical models and then comparing the output
force versus displacement data to the measured data. The normal tensile parameters are first
assessed with respect to the experimental cross tension data because the cross tension test is an
isolated loading condition and there is little to no influence on the numerical model output
associated with the shear failure parameters. It is typical that the assumed parameter values require
slight adjustment to reduce the numerical error because of the necessary slight differences between
the idealized numerical models and the actual test conditions. Once the normal tensile parameters
are determined, the shear parameters are confirmed by comparing the numerical and measured lap
shear force versus displacement response. The complete set of spot weld model parameters for
*MAT_100 DA and *MAT _240 for all materials and thicknesses are given in Appendix A.

3.4.1. *MAT_100 DA Calibration

Calibrating the *MAT _100_DA model has proven to be difficult because of the limited number
of parameters that are available to define spot weld behaviour as well as the inability to specify
different post-failure or damage parameters for different loading conditions. It is straight forward

to determine the failure values used in the failure criterion, shown in Equation (22), by calculating
stress values using the measured peak force and weld nugget area by o = % . However, the elastic

modulus, e, Von Mises yield stress, sigy, and tangent modulus, etan, parameters from Table 9
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and Table 10 control the constitutive behaviour. These three parameters pertain to the stress-strain
relation of the weld elements and do not directly relate to the force versus displacement data that
is being used for calibration. The only user input parameter that controls the damage model, shown
in Equations (24)-(27) , is the gfad parameter and is taken here as having the units [MPa - mm]

which can be converted to and interpreted as the energy release rate [mm—n{z] where mJ is millijoules.

It should be possible to calculate a value for Work [J] done by the spot weld during unloading by
multiplying gfad by an area but it is unclear if this is the proper way to interpret the physical
meaning of this parameter since the documentation is limited. The correlation between the energy
absorbed by the spot weld specimens and the input parameter gfad are investigated in more detail
in Section 3.5.1. Additionally, the three constitutive parameters and the gfad parameter cannot be
specified different values for different loading conditions. If there are different loading behaviours
or fracture modes between the lap shear and cross tension tests, then the *MAT_100_DA model

may not be able to accurately predict both conditions.

3.4.2. *MAT_240 Calibration

The *MAT _240 model enables more direct control over the spot weld behaviour and force
versus displacement response of the numerical models. As discussed in Section 1.8.3, the
*MAT_240 model defines one traction-separation curve for the normal-tensile loading (Mode 1)
and a second curve for the shear loading (Mode II/111) condition. There are four parameters used
to define the Mode I/Mode Il traction-separation (T-S) curve: emod/gmod, to/se, fgi/fg2, and
glc_0/g2c_o. The separation defined in the T-S curve is calculated by LS-DYNA from the
element top surface to bottom surface displacement, relative to the element thickness. The cohesive
element thickness is manually set to 1 via the thick parameter to directly equate the T-S separation
to the actual element stretch. The other parameters on the keyword card that are not defined here
are used for applying rate sensitivity to the material model. A brief description of each parameter
is provided in Table 12 and an example of how the input parameters define the traction-separation

curve for the normal-tensile case is shown in Figure 52.

Table 12: *MAT_240 T-S Law defining parameter descriptions.

Parameter (Mode | / Mode I1) Description

emod / gmod Elastic modulus

to / so Yield stress

fg1 / fg2 Ratio of area under plateau to total area
glc © / g2c_o Energy release rate
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Figure 52: Relation between *MAT_240 input parameters and resulting Traction-Separation law for the normal-tensile case.

The elastic modulus parameter does not have much of an effect on the overall spot weld
behaviour, as long as the initial stiffness is high enough that the coupon deformation is activated
in softer materials, particularly Ductibor® 500-AS. The *MAT_240 model does not have any
hardening, meaning that the yield stress is also the failure stress. The yield stress parameter can be
easily determined in the same way as done for *MAT _100_ DA by dividing the average measured

peak force by the weld nugget area. Using the Ductibor® 1000-AS 1.6 mm cross tension test as an

. . _F_ 12270N
example. s1igy = A 2827 mmZ

= 433 MPa. The length of the plateau at yield stress is set to match
the behaviour seen in the measured data; for the cross tension model a small plateau is used while
the lap shear model has a larger plateau. The final parameter, either gi1c_e or g2c_#, is determined
through analysis of the post-mortem experimental coupons. Shown in Figure 53 for the cross
tension case, the final crosshead displacement can be broken into coupon deformation and the
cohesive element separation. Note that in Figure 53, only half of the total coupon deformation is
shown. The cohesive element separation can be calculated by subtracting the coupon deformation
(both top and bottom coupons) from the final crosshead displacement. There is generally very little
coupon deformation in the direction of applied load in the case of the lap shear experiments, so the

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

Following the process described here, the *MAT _240 material model required less iterations
to achieve a calibrated model than the *MAT_100_DA model. This is attributed to the fact that
the *MAT _240 material model parameters can be determined from experimental force versus
displacement data and examination of the specimens more easily than the *MAT_100_DA
parameters. In the following Section 3.5 it is shown that the *MAT 240 model predicted the
experimental results better than the *MAT_100_DA model.
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Figure 53: a) Ductibor® 1000-AS 1.6 mm cross tension experimental force vs. displacement and output of *MAT_240 numerical
model data confirming input values; b) Partial cross-section view of the *MAT_240 cross tension model showing applied forces;
¢) *MAT_240 normal-tensile traction-separation law; d) Measurement of coupon deformation from post-test coupon.

3.5. Single spot weld simulation results

The *MAT _100_DA and the *MAT _240 weld material model simulations for tensile lap shear
1.2 mm and 1.6 mm are shown in Figure 54, and the cross tension 1.2 mm and 1.6mm results are
shown in Figure 55. The simulation results for the predicted peak load and energy absorbed values

are presented in

Table 13 and Table 14. Also, in these two tables, the error percentage values of the numerical
predictions with respect to the average values for each of the corresponding experiments are
presented. The predicted peak load and energy absorbed data from the simulations and the

experimental are displayed together in Figure 56 and Figure 57, respectively.

Both the *MAT _100_DA and the *MAT _240 weld material model predictions for the lap shear
tests are very accurate with respect to the experimental data. On average, the numerical predictions
are within 5% percent error of the experimental results for the max load and the absorbed energy.
There are no predicted values with a percent error larger than 20% for any lap shear test metric.
For the modelling of shear dominant spot weld failure, either of the *MAT_100_DA and the

*MAT _240 weld material models can be used.
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Cross Tension

Cross Tension
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Table 13: Lap shear single spot weld numerical simulation prediction and error results.

*MAT_100_DA Simulations

*MAT _240 Simulations

Max Load Energy Max Load Energy

[KN] absorbed [J] [KN] absorbed [J]

Ductibor®500-AS 141 28 13.4 29
% error 1.0% 1.6% 6.4% 1.6%
Ductibor® 1000-AS 16.7 16 16.4 16
% error 0.5% 1.9% 2.4% 4.4%
Usibor® 1500-AS 14.1 7 12.9 7
% error 6.3% 9.5% 2.7% 3.1%
Ductibor®500-AS 18.9 41 18.6 47
% error 2.0% 2.9% 3.4% 9.5%
Ductibor® 1000-AS 21.0 14 20.8 13
% error 0.2% 0.4% 0.8% 6.4%
Usibor® 1500-AS 26.2 19 26.0 19
% error 1.3% 0.2% 2.1% 0.9%
Average % error 1.9% 2.8% 3.0% 4.3%

Table 14: Cross tension single spot weld numerical simulation prediction and error results.

*MAT_100_DA Simulations

*MAT _240 Simulations

Max Load Energy Max Load Energy

[kN] absorbed [J] [KN] absorbed [J]

Ductibor®500-AS 8.6 62 7.4 72
% error 16.0% 19.7% 2.1% 3.8%
Ductibor® 1000-AS 7.8 38 6.8 43
% error 15.6% 15.5% 3.0% 0.8%
Usibor® 1500-AS 53 12 3.9 15
% error 23.9% 13.5% 4.2% 8.4%
Ductibor® 500-AS 12.5 104 115 133
% error 3.3% 31.6% 5.4% 2.6%
Ductibor® 1000-AS 12.8 72 12.4 106
% error 4.1% 53.4% 0.8% 5.0%
Usibor® 1500-AS 5.6 7 55 16
% error 0.9% 141.5% 1.5% 8.6%
Average % error 10.6% 45.9% 3.3% 8.8%
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The *MAT_100_DA numerical predictions for the cross tension tests are much worse than the
lap shear test predictions. The Usibor® 1500-AS 1.2 mm cross tension test peak force numerical
prediction error is 23.9% while the average peak force predictions error for all materials is 10.6%.
The absorbed energy values for the *MAT_100_DA predictions for the 1.2mm cross tension tests
are within the 20% requirement but the 1.6 mm cross tension test predictions are all above 20%.
The *MAT _240 weld model predictions for the cross tension test peak forces and energy absorbed

are all within 10% of the experiments.

The lap shear force versus crosshead displacement plots show that the numerical predictions
for the weld material models match the experimental test results closely. Up until the peak load,
when weld failure initiates, the test data is very consistent. There is more variation in the test data
after failure initiates due to the uncertain nature of the crack growth from the nugget through the
HAZ. The weld models are unable to predict the sudden drops in load and the subsequent extended
regions of sustained load. Instead, the numerical models predict a smooth unloading that averages
out the experimental unloading behaviour. This is most noticeable in the Ductibor®1000 1.2 mm

lap shear simulation and experiments.

Ductibor®500 Ductibor®1000 Usibor®1500 *MAT 100 DA  ————— *MAT_240
20 . 20 . 20
18 Ductibor® 500 1.2 mm Lap Shear 18 Ductibor® 1000 1.2 mm Lap Shear 18 Usibor® 1500 1.2 mm Lap
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o
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Figure 54: Tensile lap shear 1.2 mm and 1.6 mm experiments (red, blue, and purple lines) and numerical model simulation results
(black lines).
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Figure 55: Cross tension 1.2 mm and 1.6 mm experiments (red, blue, and purple lines) and numerical model simulation results
(black lines).

As discussed earlier, the cross tension test models predictions are not as accurate as the lap
shear tests. This is mainly attributed to the large amount of coupon deformation and total crosshead
displacement that occurs. The *MAT_100_DA models typically deviate from the experimental
data as the force increases. The model accurately captures the peak load value but not the crosshead
displacement when the peak load occurs. It was seen in the cross tension experiments using the
softer materials, Ductibor® 500-AS and Ductibor® 1000-AS, the coupons are pulled out of the
fixtures until they contact the bolts. The point that this occurs at is seen in the experimental data
as an inflection change near the peak load. The cross tension mesh model includes a ring of shell
elements to represent the bolt and capture this effect but this did not work well for the
*MAT_100_DA model. The *MAT _240 material is defined using a traction-separation law curve
so the total separation distance can be calibrated to match the experiments, for example, 4.4 mm
for the Ductibor® 500-AS 1.6 mm cross tension model. This approach enables a much more
accurate prediction of force and displacement when failure initiation begins. After failure initiation
occurs, damage accumulates and the weld coupons begin to unload. The *MAT_100_DA material
model has the gfad parameter to capture the energy released during unloading but for the cross
tension tests it is observed that no post-failure unloading is predicted; the weld elements are deleted
immediately after failure occurs. In addition, if the gfad parameter did induce unloading in the

simulation there is no way to define a different value for shear failure or normal tensile failure.
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The *MAT _240 material model is able to capture the post-weld failure unloading very well for all

of the material conditions tested for the cross tension tests.

The evaluation of the two spot weld material models is that the *MAT _240 cohesive element
weld material model can provide better numerical predictions of the spot weld for tensile lap shear
and cross tension tests. The evaluation that *MAT _240 better predicted the experiments than
*MAT_100_DA was determined through quantitative analysis of the experimental peak force and
energy absorbed data, and qualitative comparisons of the force versus crosshead displacement
predictions to the recorded data. The cohesive material model also showed that it is capable of
capturing the post weld failure unloading behaviour for both normal tensile and shear failure
conditions. Capturing the post weld failure unloading, and thus the total absorbed energy for the

cross tension experiments, appears to be the largest benefit provided by the *MAT_240 model
over the *MAT_100_DA model.
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Figure 56: Peak force data for lap shear (left) and cross tension (right) experiments and simulations.
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Figure 57: Total energy absorbed for lap shear (left) and cross tension (right) experiments and simulations.
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3.5.1. Post-Failure Energy Absorption Correlations

Capturing the work done by the spot welds during post-failure unloading is critical to
accurately predicting the spot weld strength and toughness. The cross tension experiments
performed in this work, on average, had 15% of the total absorbed energy occur during post-failure
unloading. The lap shear experiments absorbed on average 30% of the total energy during post-
failure unloading. It was seen previously that input values on the material cards can be manipulated
to produce numerical spot weld failure models that accurately predict the experimental force versus
displacement responses. Here, it is examined if there are relationships or correlations that can be
found between the material model input and the simulation output for the spot weld unloading
behaviour. For the *MAT _100_ DA model, the gfad parameter controls the post-failure energy
absorption, however, possible correlations for the *MAT_100_DA cross tension simulations are
not shown in the following (do not seems to exist) because there was no significant post-failure
energy absorbed in these simulations. The parameters relevant to energy absorption for the
*MAT_240 material model are either gic_o, for cross tension, or g2c_o, for lap shear. As an
example, the post-failure absorbed energy for the *MAT_100_DA and *MAT _240 Ductibor® 500-
AS simulations are highlighted by the red regions in Figure 58.
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Figure 58: Ductibor® 500-AS 1.2 mm experiment, *MAT_100_DA, and *MAT _240 force vs. displacement response for (a) cross
tension; and (b) lap shear. Red shaded areas indicate post-failure absorbed energy predicted by numerical models.

The energy absorbed during the spot weld unloading, as predicted by each numerical model, is
plotted against the relevant input parameter for both the *MAT_100_DA and *MAT _240 material

models in Figure 59. All of the plots in Figure 59 show a general trend that larger values input on
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the material model keyword cards results in more energy being absorbed post-failure during the
simulations. Although this is an obvious and expected trend, a larger input value did not always
result in higher absorbed energy, even for simulations where the only difference was the thickness
of the material. This indicates that there are other factors affecting the simulation post-failure
behaviour, such as the failure stress in the weld elements, discussed below. Correctly defining the
input parameters is important for calibrating the spot weld material models, however, there is no
clear relation between the simulation output absorbed energy and the input parameter value that
could be used to inform future spot weld model calibration efforts beyond what was discussed in
Section 3.4.
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Figure 59: Post-failure energy absorption versus input parameter value for each simulation. (a) Lap shear simulations with
*MAT_100_DA model; (b) Cross tension simulations with *MAT_240 model; (c) Lap shear simulations with *MAT_240 model.

The cross tension *MAT_100_DA plot is omitted in Figure 59 because there is negligible
energy absorbed after the peak load for all cases and any comparison to input values would be
meaningless. The *MAT_100_DA material model does not predict any post-failure unloading for

the normal-tensile loading seen in cross tension tests because yielding in the spot weld elements is
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determined by the von Mises equivalent stress but failure is determined from the stress tensor. To

illustrate this point, the stress tensor at failure for the first solid hex element to fail within the spot

weld for the Ductibor® 1000-AS 1.2 mm cross tension and lap shear simulations are given in

Equations (40) and (41). Using these stress components, the von Mises equivalent stress at the

time of failure was calculated for both simulations using Equation (42) and is shown in Table 15.

Also shown in Table 15 is the yield stress parameter for the *MAT_100_DA model which was

780 MPa. From Table 15, it is evident that the von Mises stress does not reach the yield stress in

the cross tension model before failure occurs. Thus, since the elements in the cross tension

simulation do not first yield, the subsequent damage and unloading behaviour does not activate,

resulting in the elements being deleted immediately after failure occurs.

170 0 31
Ductibor® 1000-AS 1.2 mm Cross Tension at failure:  &; 0 170 11 (40)
| 31 11 335
[402 0 555
Ductibor® 1000-AS 1.2 mm Lap Shear at failure: oij=| 0 147 0 (41)
555 0 —20
1 2 2 2 2 2 2 42
Oom = |5 [(o‘x —0a,) + (0, —0,) + (0, — 0y) ] +3(t2, + 12, + T2) (42)

Table 15: Ductibor® 1000-AS von Mises equivalent stress at time of failure for *“MAT_100_DA cross tension and lap shear
experiments, and the *MAT_100_DA yield stress parameter.

Simulation Oym [MPa] s, [MPa]
Cross Tension 175 780
Lap Shear 1029 780
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4. Development of a shear group spot weld characterization test

A primary focus of the present work is to develop a test specimen that will capture shear failure
behaviour in groups of spot welds. This new test specimen builds on the work by O’Keeffe on
developing the Caiman Mode | test. Test specimens with a group of spot welds have been shown
in literature with a variety of different designs, as discussed in Section 1.7. Some specimen designs
are representative of an automotive structure component while others are designed to induce

specific loading conditions on the spot welds.

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

other than the ones used for calibration. Group spot weld experiments fulfil this task.

The final group spot weld test specimen developed in this work section is a product of iterative
design based off numerical analyses and validation experiments. The quasi-static and dynamic test
methodology for the Caiman Mode 111 specimens are also discussed here in Sections 4.2 and 4.3.
Each design concept is modelled in a 3D solid modelling CAD software to determine the specimen
geometry. The solid model is then meshed and inserted into the LS-Dyna simulation keyword
deck. The simulations are used as a tool to establish preliminary feasibility without having to spend
time and effort fabricating prototype specimens, only to discover the design does not behave as

desired. The numerical simulations are presented in more detail in Section 5.2. Once a design was
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shown in the simulations to create successive shear weld failure in a controlled manner, a small
batch of validation specimens were fabricated. These specimens were tested to confirm
experimentally whether the design is viable for both fabrication and test data acquisition.
Following the validation specimen experiments, a final design was completed after slight
modifications. Subsequently, weld group specimens were fabricated using the three hot stamped
materials, Ductibor® 500-AS, Ductibor® 1000-AS, and Usibor® 1500-AS, and were tested. The
weld group design process and preliminary results are given in this chapter, while results of the
mechanical testing and the numerical model simulations considering the three hot stamped alloys

are reported in Chapter 5.

4.1. Caiman Mode Il Design

The original weld group test developed by O’Keeffe [51], the Caiman Mode I, derived its name
from the visual similarities seen between the opening of a caiman’s mouth and the opened post-
failure test specimen. The Mode | refers to fracture mechanics mode | opening type that develops
when an edge crack is loaded with a normal tensile load. Continuing off of the work done to
develop the Caiman Mode | test, it is desired to have a similar weld group test but one that
predominately loads the spot welds under shear stress. This new test is named the Caiman Mode
I11, to indicate the predominantly shear, mode 111 fracture mechanics opening type. The design of
the Caiman Mode 11l test was an iterative process that considered many factors, such as the
specimen stability (suppression of buckling), fabrication feasibility, compatibility with Caiman
Mode I fixtures, and specimen weight.

Compatibility with the Caiman Mode | fixtures requires that the Caiman Mode 111 design must
interface with the tensile frame and the crash sled fixtures via pins that pass through inner and
outer bosses. The quasi-static and dynamic test fixtures are shown in Figure 60. The pins will be
reused, and the geometry of the inner and outer bosses can be altered as long as the pins pass
through with no interference. For both the quasi-static and dynamic setups, the pins are hardened
S7 steel that is ground to a final dimension and the bosses are machined from pre-hardened AlSI
4140. The inner bosses and pins are processed to a nominal dimension of 24.13 mm or 0.950 inches
and adhere to the H9/d9 tolerance specification to ensure that the pin can easily slide through the
inner bosses. The outer bosses have at least a 0.5 mm clearance around the pins. For the MTS

tensile frame, there are two custom designed clevises that replace the hydraulic grips (left image

75



in Figure 60). The lower clevis is fixed while the upper clevis is connected to the crosshead. The
dynamic tests use a large fixture that is bolted to the wall to hold the specimen away from the wall

such that the forks attached to the sled impact the longer pin (right image in Figure 60).

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

4.1.1. Initial Design Options

The first option for the Caiman Mode |11 design was to use a double hat channel rail as the test
specimen, similar to that adopted for the Caiman Mode | assembly by O’Keeffe [51]. To develop
shear stress in the weld joints instead of the normal tensile stresses, the hat channel rail would have
to be rotated axially 90°, as shown in Figure 61. This approach is attractive since a significant
amount of equipment and expertise is readily available to form these parts and join them together
[24], [49], [107], [108]. This existing equipment would greatly ease the fabrication process which
is desirable for this work as well as any future work that would utilize this test. The arrows in
Figure 61 indicate the applied loads, ‘F’, on each hat channel that are required to pull apart the
specimen and create shear loads in the spot welds. Unfortunately, this specimen design exhibited
a strong tendency to buckle prior to spot weld failure. Initial simulations were completed using hat
channels that are assigned material properties corresponding to Ductibor® 500-AS (Figure 46) and
the calibrated spot weld model. Ductibor® 500-AS is used for these initial simulations because this
material has the lowest tensile strength of the three considered in this work and also has the
toughest spot welds. It is shown in the right image of Figure 61 that the structure does not have
enough stiffness to resist twisting due to the bending moments created by the applied loads that
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are not on the central XZ-plane. Another factor for the rejection of this design is that the fixtures
required to support the specimen as it is loaded would be a new design and impractical. For the
quasi-static tests the fixture design is relatively straightforward as the tensile frame pulls the
specimen from opposite sides. However, for the dynamic test using the crash sled, the fixture
design is significantly more complex because one channel is fixed and offset from the wall while
the other channel has to be impacted by the sled. Thus, this design was judged inadequate for

achieving the goals of the Caiman Mode 111 test.

Figure 61: Left) Initial Caiman Mode 111 design idea to rotate a double hat channel to create shear stress weld failures. Arrows
indicate applied load, F, on each hat channel. Right) Simulation of the initial design using Ductibor® 500-AS material showing
the twisting and buckling occurring at the first spot weld on each flange.

An iterative design approach was undertaken to solve the fundamental issues with the initial
design (Figure 61) that used a typical hat-channel rail. The main issue with the hat-channel rail is
that it is predicted to be unstable during loading causing the specimen to twist and buckle before
significant weld failure occurs. It is established that the main reason for this is that the loads being

applied to each channel are offset from the centre plane.

The previous design is modified by doubling the hat-channel rail by mirroring the entire rail
along one of the channel top faces, as seen in Figure 62. With this design, the two inner channels
will be pulled or impacted together while the outer two rails will be fixed. It is hypothesized that
this setup creates balanced forces so that a twisting moment or torque is not generated. However,

there are other issues created by introducing a second hat-channel rail. A total of 56 spot welds
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and 4 hat-channels are required for the assembly of one test specimen. This is a large amount of
material that requires shearing, forming/quenching, and trimming operations which adds a
significant cost and time to the fabrication of a specimen. Another possible issue is with the
addition of a second hat-channel rail with more spot welds, there are four spot welds that will be
initially loaded at the same time. As an approximation, the peak force for the strongest lap shear
spot welds (26.5 kN for Usibor® 1500-AS 1.6 mm) multiplied by four indicates the peak load of
this Mode 111 assembly. This equates to a theoretical peak load that could be upwards of 100 kN,
or more if there is load sharing, which is at or above the limit of the load cell that is used in the
tensile frame for quasi-static testing. Simulations of this design, shown in the right side of Figure
62, with the same input parameters as the previous design model shows that while twisting is

suppressed by this more balance load application, significant local buckling still occurs.

TOPAND BOTTOM
RAILS FIXED

SHEARING
WELDS

IMPACT

IMPACT

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

From these initial design considerations and the validation simulations performed, it is
established that the hat-channel rail geometry cannot be easily converted to a Mode I11 group weld
shear failure test. Thus, a new rail geometry design is needed that will meet the requirements

established for a successful test specimen.

4.1.2. Custom U-channel Design
Given the issues identified with the two preliminary designs using the available u-channel
sections, it was decided to abandon development of a group spot weld Caiman Mode 111 testing

using these sections. Instead, an entirely new specimen design was pursued.
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The first design iteration, referred to as Caiman Mode 11l Rev 1, focuses on creating the shear
loading condition in the spot welds and while maintaining ease of fabrication. It is understood that
to create a shear loading condition, the interface plane of the spot weld joints needs to be parallel
to the applied load, as seen in the tensile lap shear specimens. The simplest way to achieve this for
the application of multiple spot welds is to extend the width of the tensile lap shear specimen
coupons and apply more than one spot weld. This geometry would load all of the spot welds
simultaneously, which is undesirable for examining weld failure unzipping. Alternatively, the
specimen coupons could be gripped at one end but would be very unstable as they are pulled apart,
similar to what was seen for the single hat channel rail design in Section 4.1.1. The first design
option considered was to fabricate two U-channels that are spot welded together down the length
of each side wall. This design attempts to replicate the design of the Caiman Mode | specimen
except that instead of having the spot welds on the mating flanges of the two hat-channels, the spot
welds are located on overlapping side walls of the U-channels. The clamping strategy using an
inner and outer boss with through-pins is the same as the Mode | test. The boss geometry changes
slightly since the rail geometry is different, but the pins are common across the Mode | and Mode
111 designs.

The fabrication of the U-channels presents a number of challenges that need to be resolved. It
is infeasible to hot stamp a U-channel that has parallel vertical side walls because it is not possible
to control the contact pressure, and thus quench rate, on the sidewalls. The other issue with joining
two overlapping U-channels is that once the two channels are positioned in place to await the spot
welds, there is no longer access for the spot welding electrodes on the inner side of the channels,

illustrated in Figure 63.

Figure 63: Interference between lower weld electrode and sidewalls when joining two overlapping die-formed U-channels.
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To resolve the issues of fabrication, it is proposed that the entire specimen is built up by
welding an assembly together in stages, as illustrated in Figure 64. To describe the U-channel
design, specific nomenclature is used. The U-channel is fabricated from two side walls and one
(or more) C-channels. Then, two U-channels make a complete rail specimen. Although, due to the
actual fabrication sequence, a single U-channel is never actually obtained because the side walls

of opposing U-channels are spot welded together first.

U-CHANNEL | U-CHANNEL 2
N, s r/_‘//_‘ T 7 IT T TT 7T T T i Z 2
<\ e~
MIG WELD SPOT WELDS [ MIG WELD
4 _ N\
C-CHANNEL— I SIDE WALLS SIDE WALLS— |\ C-CHANNEL
_ \ \
. SPOT WELDS v MIG WELD
MIG WELD ) o

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

First, the as-received sheet metal blanks are austenitized and then quenched using flat dies to
mimic the hot stamped condition. After quenching, the blanks are laser cut to form the sidewalls
of the specimen. Two sidewall blanks are then spot welded together in a fixture. This step is
performed twice to create two spot welded sidewalls. Second, C-channels are formed using a high
tensile strength material that can be cold formed, such as DP 980, which will be used to offset and
support the spot welded side walls. A series of 25 mm long MIG welds, spaced 35 mm apart, are
used to join the sidewall material to the DP 980 C-channels. The final product is essentially the

same as two U-channels that are spot welded together along the overlapping side walls but
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following a fabrication process enables flat, parallel sidewalls to be spot welded in a hot stamped

condition.

Quasi-static simulation of the Caiman Mode 111 Rev 1 design® show that this assembly buckles
at the first and second spot welds prior to progressive failure of the spot weld group. As the Caiman
Mode 111 specimen is loaded, the two U-channels that have been joined with spot welds act as
cantilevered beams that extend from the pins to the first spot weld. As the load increases, a bending
moment is generated. For a cantilevered beam, the maximum moment occurs at the location
furthest from the applied load, in this case the nearest load-bearing spot weld. At this location, the
compressive stress causes the U-channels to buckle and create a hinge-like pivot point, seen in the
right image of Figure 65. Once this occurs, the structural strength of the U-channel is compromised
and weld failure halts, seen in the right image of Figure 65. From this simulation it is established
that the channels making up the specimen require more strength and rigidity to promote spot weld

failures.

40s
33.37 mm

200s
165.8mm

time
pin displacement

time
pin displacement

Figure 65: Left) Caiman Mode Il Rev 1 simulation showing von Mises equivalent stress contour plot. Right) Complete U-
channel buckling of the Caiman Mode 111 Rev 1 simulation.

There are three aspects that can be altered that will increase the specimen strength and rigidity
to resist buckling: changing the material, changing the loads, and changing the geometry. The
sidewall material cannot be changed since it is the focus of this project, however, in principle a
stronger material with a higher yield and ultimate tensile stress could be selected for the C-
channels. The material currently selected for the C-channels has an ultimate tensile strength of 980
MPa and a stronger material that is easily integrated into this design is not available, therefore it

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

! Note that the finite element models of the Caiman Mode 111 experiments are documented in Section 5.2.
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channels will lower the bending stress but to do this the weld strength would have to be reduced,
which is counter to the goal of the project. The geometry of the specimen can be changed to
increase the moment of inertia of area which will also reduce the effective bending stress that is
causing the buckling. Two geometry changes are considered for the Caiman Mode Il Rev 2
design, seen in Figure 66. The first option, Rev 2.1, is to double the C-channel thickness, which is
1.6 mm, by adding a second C-channel inside of the first one. The double C-channel design option
is proposed because it adds more material at the location of folding initiation where buckling
initiates. The other option, Rev 2.2, is also to add a second C-channel but have it offset from the
first one, towards the spot welds. In addition to increasing the strength and stiffness of the rail,
adding a second support in the Rev 2.2 option that connects the sidewalls to each other helps
prevent twisting and out-of-plane motion of the sidewalls. Examining the simulation results, in
Figure 67, it is seen that both geometry changes considered are predicted to prevent the specimen
from buckling. The maximum out-of-plane displacement of the side walls is 23.8 mm for Rev 2.1
and 8.6 mm for Rev 2.2. The Rev 2.2 offset C-channel design is selected over the Rev 2.1 double
C-channel option because the predicted results show less out-of-plane deformation of the side
walls and less bending in the rails.
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Figure 66: Cross section of the custom U-channel design revisions. Centre of Mass symbol indicates location of the centroid for
each cross section.
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Figure 67: Simulation results of the Caiman Mode Il Rev 2.1 (left) and Rev 2.2 (right) design options. Measurements show
maximum out-of-plane displacement of the side walls during simulation. All models are shown at pin displacement = 118 mm.

4.1.3. Validation Specimens

Validation specimens are created using the Caiman Mode Il Rev 2.2 design geometry. The
purpose of the validation specimens is to ensure that the selected geometry can be fabricated and
that the experiments produce progressive shear weld failure. To construct the validation
specimens, as-received material (not hot stamped) is used for the side walls to reduce the time
required for fabrication. The side wall blanks are laser cut from the large as-supplied sheets to the
final shape. These blanks include hole features for the pins to pass through and for the bolts used
to clamp the inner and outer bosses together. Since the side wall material for the validation
specimens is not quenched, the weld schedule that was optimized for hot stamped sheet requires
slight modification. The weld current is adjusted to eliminate expulsion and although this will not
necessarily produce peak strength spot welds, it is assumed that this approach is adequate for the
purpose of the validation process. Twelve spot welds are placed along the overlapping region of
two individual side wall blanks, for a total of twenty-four welds. The sidewalls are joined to the
DP980 1.6 mm C-channels using MIG welds that were 25 mm long with a spacing of 35 mm to
reduce the amount of heat input into the side wall material. A completed validation test specimen
is shown in Figure 68.

83



Figure 68: Caiman Mode I1l Rev 2.2 validation specimen, labelled UW#2.

The validation specimen tests are performed using the MTS tensile frame under quasi-static
conditions (more detail is provided in Section 4.2). The crosshead speed is set to 50 mm/min and
the test is stopped when the crosshead displacement reaches 250 mm. The pins each slide through
a clevis to interface with the tensile frame. The first validation specimen tested, labelled UW#1,
buckled after two weld failures occur on one side, shown in Figure 69. From the post-failure
images, it is seen that there is significant out-of-plane deformation of the side wall material and
the C-channel that the side walls are welded to. Closer examination shows that the buckle initiates
between the MIG welds on both sides of the U-channel. On one side, the C-channel and the side
wall fold together as the buckle occurs while on the other side the side wall separates from the C-
channel. The cause of the buckling is attributed to a lack of a constraint that allows the side wall

material to fold out of its initial plane.

Figure 69: Caiman Mode 1l Rev 2.2 post-test validation specimen UW#1.

The next design revision, referred to as Rev 3 and labelled UW#3 in Figure 70, is a modification
of the previous validation specimen that was tested. It was seen in the test of Rev 2.2 that the cause
of buckling is the folding deformation of the side wall and C-channels due to the compressive
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stress as the rail is loaded. To prevent the folding, which was noted to occur between the spaced
out MIG welds, the specimen is modified to have a continuous MIG weld joining the side walls to

the C-channels for the entire length of the specimen.

Figure 70: Caiman Mode Il Rev 3 specimen, labelled UW#3.

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

the first spot weld and fracture towards the outer edge.

Figure 71: Caiman Mode 111 Rev 3 post-test validation specimen UW#3.

The Caiman Mode 111 Rev 4 design adds 1.25 x 1.25 x 0.188 inch angle iron that is welded into
place along the outer C-channels, labelled UW#2 in Figure 72. They key purpose of the angle iron
is to fully constrain the side walls to prevent any out-of-plane motion. The angle iron significantly
increases the moment of inertia of area and resistance to buckling for each U-channel. The

85



calculated moment of inertia of area for the Rev 4 design is 356914 mm* and the maximum vertical

distance from the neutral axis is 18.1 mm.

Figure 72: Caiman Mode Il Rev 4 specimen, labelled UW#2.

The Rev 4 validation specimen experiment results, Figure 73, shows that the current design
can produce stable and progressive shear weld failure up to approximately seven or eight spot
welds per side. There is very little out-of-plane deformation in this specimen until the rail begins
to collapse from spot weld #8 to the end. As the crosshead displacement increases and the weld
failure progressed, the unconstrained end of the specimen began to collapse. The sidewalls separate
from the inner c-channels that are supporting the structure and start to fold over. The collapsing
behaviour is not desirable because the major deformation mode is changing and prevents further
weld failure; however, since this collapse does not occur until over half of the spot welds have

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

Figure 73: Caiman Mode 111 Rev 4 post-test validation specimen UW#2.

86



4.1.4. Final Design

The final design adopted for the Caiman Mode |1l specimen is designated Rev 5, labelled
UWH#6 in Figure 74. This revision is a modification from Rev 4 that replaced the angle iron addition
with a flat sheet of DP 980 steel that acts as a closing cap along the length of the rail. It was
established that the primary function of the angle iron was to prevent out-of-plane deformation of
the side walls during the test and the flat cap continuously welded onto the side wall edges achieves
this purpose. The angle iron increased the total cross section area, and thus volume and mass, of
the rail by 65% whereas the flat closing cap in Rev 5 increased the total cross section area by only
20%. This lower inertia is more desirable to reduce higher inertial effects in the dynamic testing.

A drawing package of the final design is provided in Appendix B

Figure 74: Caiman Mode |11 Rev 5 specimen, labelled UW#6, before and after testing.

87



The recorded force versus displacement data from each validation specimen revision is
presented in Figure 75. The force response of the Rev 2.2 and Rev 3 specimen designs had a lower
peak force and lower total energy absorbed because of the buckling failure mode. In addition to
the higher peak force, the design modifications Rev 4 and Rev 5 (which did not buckle) had a
longer sustained load as the weld failures propagate along the rail. In the same way as the single
spot weld experiments showed, different weld failure modes can be seen in the data here. Sudden
drops in the force for specimens Rev 5 and Rev 2.2 are caused by interfacial failures while all other
weld failures seen in the validation specimens are shared asymmetric pull out. The rail collapse
discussed earlier for specimen designs Rev 4 and Rev 5 after 7-8 weld failures per side occurred

corresponds to the rapid load drop at approximately 90 mm of crosshead displacement.
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Figure 75: Force (solid lines) and Absorbed Energy (dashed lines) versus crosshead displacement data for validation specimen
revisions.

4.2. Quasi-static testing methodology

The quasi-static Caiman Mode 111 specimens were tested using the same MTS tensile frame
and setup documented in Section 3.1, with slight modifications. The quasi-static testing is
performed with a crosshead speed of 50 mm/min and a maximum total displacement of 250 mm.
The group spot weld tests recorded the same tensile load and crosshead displacement data as the
single spot weld tests, as well as optical and thermal videography. The optical cameras were Point
Grey GRAS-50S5M-C set to record at a frame rate of five frames per second. Two optical cameras

used were to capture video of the left and right side of the specimens. Correlated Solutions Vic-
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Snap software was used to record the camera videos and time synchronize with the force and
displacement data from the MTS frame via a National Instruments Multifunction 1/0 device. A
Telops Fast-IR-2K thermal camera was used to record infrared (IR) images during testing.
O’Keeffe [51] reported that IR images can be used to detect the onset of weld failure due to the
sudden local plastic work and heat released during strain localization. The Reveal IR software was
used to perform data collection and post-process to create videos. The thermal camera data
acquisition was triggered using the rising edge of the load signal coming from the MTS frame. An
example quasi-static setup showing the group weld Caiman Mode Il specimen is seen in Figure
76.

MTS Frame Load Cell Desktop controlling MTS Frame

. Camera 2
NI DAQ \
Lights —%
Camera 1 Hydrauhc
grips pump

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

Emissivity measurements for use in the post-processing of the thermal images were made using
a Gier-Dunkle DB-100 Reflectometer, shown in Figure 77. The DB-100 is an infrared
reflectometer for accurately determining the total emittance of samples. The measurement is a
broadband measurement (from 5 to 25 pum). Emissivity tests were performed in accordance with
Method A of ASTM E408-13 [109]. In this work, all surfaces captured with the thermal camera
were sand blasted. Ductibor® 500-AS emissivity values are used for Ductibor® 1000-AS surfaces.
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Material Thickness Surface  Emissivity

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

Figure 77: Left) Gier Dunkle DB-100 Reflectometer; Right) Emissivity measurements for Usibor® 1500 and Ductibor® 500.

4.3. Dynamic testing methodology

The dynamic testing was performed for the Caiman Mode 111 group weld experiments using a
Seattle Safety impact sled installed at the Waterloo Forming and Impact Lab. The dynamic test
setup is discussed here while the Caiman Mode 111 specimen development and experimental results
are detailed extensively in Section 5.1.2. The impact sled system uses a pressurized vessel to drive
a large pneumatic piston that is connected to the sled via a rope. As the pressurized tank valve is
opened, the piston is forced to advance and accelerates the sled. The sled weighs 850 kg in the
configuration used and the system was pressurized to achieve a sled velocity of 7.1 m/s at the
moment of impact. A custom fixture was developed to support the Caiman Mode | specimens for
dynamic testing, and is detailed by O’Keeffe [51]. Seen in Figure 78, the fixture set up was made
from two assemblies. The first assembly is attached to the wall and supports the specimen. The
two pins that connect through the specimen are inserted through two slotted plates. The slotted
plates also support the Fixed Pin and has a long slot that constrains the Impact Pin to move in only
one direction during the impact. The slotted plate was connected to a load cell pack containing
three 120 kN piezoelectric load cells in a triangle pattern. To acquire data, the load cells were
sampled at 10,000 Hz. There are two standoffs from the wall that hold the honeycomb used to
arrest the sled at a controlled deceleration rate. Plascore 5056 honeycomb with a nominal crush
strength of 3.69 MPa (535 psi) [110] was used. The specimens have 75 mm of free crush distance

before the sled engages with the honeycomb.

The other fixture assembly is attached to the front face of the sled. The sled-side assembly

consists of a long fork subassembly (similar in shape to a tuning fork) that extends outwards ahead
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of the sled. The fork subassembly passes on the outside of the slotted plates on the wall side
assembly and catches the Impact Pin. As the sled moves forward, the Impact Pin is pushed with it
and pulls the specimen apart. Forces from the sled-side of the impact are also recorded using a
load cell pack in the same configuration as the wall-side to record. There are two accelerometers
mounted to the sled, one on each side, that record the sled accelerations during each test at the
same rate as the load cells. The sled displacement is calculated by integrating the accelerometer

data and is also directly measured using a Keyence LK-G507 laser displacement sensor.

Thermal Camera  Camera 1 Test specimen Wall Fixture

Laser Sensor
\ % | S RO ; 4

Sled Sled Fixture Honeycomb

Figure 78: Dynamic testing setup. Metal-halide floodlighting systems, Cameras 2 and 3, DAQ, and control computers not shown.

The sled displacement was measured directly using a Keyence laser displacement sensor and
was also calculated from the acceleration data recorded by the two accelerometers onboard the
sled. In Equation (43), the raw accelerometer data is in units of g, which is converted to m/s? using
the gravitational constant, 9.81, and averaged. Equations (44) to (47) are then used to determine
the instantaneous displacement, as a function of time. In these equations, a is acceleration, t is
time, v is velocity, and x is displacement. The subscript n refers to the sample point number, which

was recorded at 10,000 samples per second. There is no difference between the two displacements
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from initial sled-pin contact to the point the sled impacts the honeycomb, which is 75 mm of
displacement. It was found that at the maximum sled crush distance, which ranges from 190 mm
to 230 mm, the displacement calculated using acceleration data was consistently 4% below the
directly measured displacement and continues to increase as the sled rebounds and travels
backwards. Figure 79 shows the displacements from the two methods for a single Ductibor® 500-
AS test and the difference between them. The displacement corresponding to honeycomb impact
is also indicated. For all the dynamic experimental data presented in this work, the measured

displacement using the Keyence laser displacement sensor is used.
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Figure 79: Comparison of measured and calculated sled displacement.
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5. Caiman Mode Ill Results

The Caiman Mode |11 specimens fabricated according to the Rev 5 design (Section 4.1.4) were
tested under quasi-static and dynamic conditions for all three hot stamped alloys and two
thicknesses. The experimental results, analysis of the observed overall specimen behaviour, and
spot weld failure modes are discussed here. The Caiman Mode 111 numerical model is developed,
applying the calibrated weld material models from Chapter 3, and the simulation results are

compared to the experiments and discussed.

5.1. Caiman Mode Il mechanical performance
5.1.1. Quasi-Static Response

The quasi-static Caiman Mode 111 experimental data is summarized in Table 16. The quasi-
static force versus crosshead displacement curves for the 1.2 mm specimens and 1.6 mm specimens
are shown in Figure 80 and Figure 81, respectively. All tests initially show a sharp rise in load up
to the first spot weld failure. As spot weld failure progresses, the load is sustained near the peak
load values or slightly decreases. Sudden drops in the measured load are caused by individual
brittle weld failure modes such as interfacial or partial button pull out, similar to what was observed
for the single spot weld tests and the Caiman Mode 111 validation specimens. More ductile weld
failure modes such as tear out still result in load drops but are less distinct than the brittle failure
modes. Once spot weld failure has propagated to close to the end of the rails, the side walls tend
to buckle away from the supporting inner C-channels and the load drops drastically. The rail end
collapses occurred between 25 mm and 32 mm of crosshead displacement for the 1.2 mm thick

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

Table 16: Caiman Mode I11 quasi-static experimental data summary.

Thickness Max Load Energy absorbed

Material [mm] [KN] [J]
Ducthort SOOAS ¢ alos osaas o
Ductbor 100045 e pgitge s s
USORIS0AS Y yriar aesiso
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40 5
Usibor®1500 1.2 mm
Ductibor®1000 1.2 mm

35
Ductibor®500 1.2 mm
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Figure 80: Caiman Mode I1l 1.2 mm quasi-static force versus displacement.
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Figure 81: Caiman Mode Il 1.6 mm quasi-static force versus displacement.

The average absorbed energy versus crosshead displacement for all specimens is shown with
the heavy solid and heavy dashed lines in Figure 82. The experimental repeats are also shown in
Figure 82 with the light faded lines. The maximum, or peak, load and the total energy absorbed
increased for all specimens when the material thickness increased; the peak loads increased by
approximately 100% while the absorbed energy increased by approximately 200%. All of the
specimens resulted in progressive weld failures, as was desired, with the exception of one of the

Ductibor® 500-AS 1.6 mm specimens which buckled, as discussed later.
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The absorbed energy curves, Figure 82, show the weld toughness for the different materials
and sheet thicknesses for the weld group specimens. For both the 1.2 mm and the 1.6 mm
thicknesses, the Ductibor® 500-AS specimens have the highest absorbed energy. This is an
expected result considering that the softer material doesn’t have a softened SCHAZ zone, which
has been shown in literature to cause early strain localization and fracture. The single spot weld
lap shear experiments also showed that the Ductibor® 500-AS material exhibits ductile weld
fracture modes and almost 50% of the total absorbed energy of the lap shear tests occurred after
failure initiated during the unloading region. The Ductibor® 1000-AS and Usibor® 1500-AS
specimens absorbed significantly less energy than the Ductibor® 500-AS specimens. It is
interesting to note that for 1.2 mm specimens, the Ductibor® 1000-AS and Usibor® 1500-AS force
and energy versus displacement are near identical. For the 1.6 mm experiments, the Ductibor®
1000-AS specimens absorbed less energy than the Usibor® 1500-AS specimens, which was an
unexpected result based on the relative strength of these alloys. It was established in the single
spot welding experimental results that the weld toughness is directly related to the weld fracture
modes. The Ductibor® 1000-AS 1.6 mm specimens exhibited more interfacial weld failures than
the Usibor® 1500-AS 1.6 mm specimens, resulting in poorer energy absorption.

Ductibor® 1000 1.6mm Average

3000 .
Ductibor®500 1.2mm Exp. Repeat
Ductibor® 1000 1.2mm Exp. Repeat
2500
Usibor® 1500 1.2mm Exp. Repeat
=) Ductibor®500 1.6mm Exp. Repeat
2000
%3 Ductibor® 1000 1.6mm Exp. Repeat
&8 .
= Usibor® 1500 1.6mm Exp. Repeat
5 1500
"g = = = Ductibor® 500 1.2mm Average
é 1000 = = = Ductibor® 1000 1.2mm Average
= = = Usibor®1500 1.2mm Average
500 = Ductibor® 500 1.6mm Average

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

Crosshead Displacement [mm]

Figure 82: Average Caiman Mode |1l quasi-static energy absorbed versus displacement data for 1.2 mm (dashed lines) and 1.6
mm (solid lines) specimens. Experimental repeats are shown with thin faded lines.

Figure 83 shows a side view of one of each specimen condition tested and Figure 84 shows the
collapsed or partially collapsed rail ends for each specimen condition. It is seen that that higher
strength materials Usibor® 1500-AS and Ductibor® 1000-AS exhibit less end-collapsing than the
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Ductibor® 500-AS rails. It was also observed that more spot welds fail as the strength of the
material increases and the rail end collapse behaviour is reduced; spot weld failure stops once the
rail end collapses in this manner. Ductibor® 500-AS specimens consistently had 7-8 spot welds,
per side, fail before the rail end collapsed. The Ductibor® 1000-AS specimens had 9-10 spot welds
fail per side. Three of the Usibor® 1500-AS specimens had 11 spot welds fail per side and one

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

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

|
|

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

- TN T —
O O AT

Figure 83: Side view of post-mortem Caiman Mode 111 specimens.

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

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

Figure 84: End view of post-mortem Caiman Mode 111 specimens.
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Multiple different weld failure modes are present in each of the specimens, but each material
and thickness condition tend to have a dominant failure mode. The Usibor® 1500-AS 1.6 mm
specimens contained equal proportions of partial button pull out and tear out failure modes (refer
to Figure 33). The Usibor® 1500-AS 1.2 mm specimens showed exclusively partial button pull out
failures. The Ductibor® 1000-AS 1.6 mm specimens contained many interfacial failures along with
smaller quantities of full or partial pull out and tear out failure modes. The Ductibor® 1000-AS 1.2
mm specimens exhibited almost all partial pull out with only a couple of spot welds across the four
specimens tested exhibiting tear out. The Ductibor® 500-AS 1.6 mm specimens displayed mostly
tear out and double shared tear out, which was defined in Section 3.2.1, along with a small amount

of pull out failures.

Expulsion was present for approximately 50% of the Caiman Mode 111 specimens tested under
quasi-static conditions, with the exception of the Ductibor® 500-AS 1.6 mm specimens. Figure 85
shows a Caiman Mode Il specimen exhibiting a large amount of expulsion. Although it is not
fully understood why there was so much expulsion present in these group weld specimens,
considering that the weld schedule used was the same as what was used for the single spot weld
speciments it is suspected that there were electrode or part alignment issues. It’s also possible that
or other fabrication related variables were different during the welding process that resulted in

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

———————————

Figure 85: Caiman Mode 111 Usibor® 1500-AS 1.2 mm specimen exhibiting significant expulsion.

The effects of different weld failure modes and the overall weld toughness are best seen in the
absorbed energy trends and the histories of ‘crack’ extension versus load point displacement. The
‘crack’ discussed here is not a true crack in the Caiman specimens, but rather a representation of
the progression of successive spot weld failures through the weld group. If the Caiman specimens
are visualized as a Compact Tension specimen used in fracture mechanics, as shown in Figure 86,
the ‘crack’ is taken as the distance “a” from the pins used for loading up to the nearest load bearing

(intact) spot weld.
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Figure 86: Left) Compact Tension specimen showing the updated crack size, ‘a’. Adapted from ASTM E1820-15a [111]. Right)
Caiman Mode 11 specimen drawing showing ‘crack’ extension measure, ‘a’.

Weld failure was detected using an IR imaging technique first developed by O’Keeffe [51] for
the Caiman Mode | specimen. In this method, the local spike in temperature due to the increase in
plastic work and heat generation associated with spot weld failure can be used to identify when
weld failure occurs. Thermal images were captured using a Telops Fast-IR-2K IR camera for the
first six spot welds of each quasi-static Caiman Mode 11 specimen. Images captured during the
testing of two Ductibor® 500-AS specimens, in Figure 87, highlight the different thermal
distribution of various failure modes. In the upper image, double shared tear out and button pull
out are present in the first two spot welds of the Ductibor® 500-AS 1.6 mm #1 specimen and in the
lower image, the Ductibor® 500-AS 1.6 mm #2 specimen shows tear out failure occurring at
different stages for the first four spot welds. Tear out failure modes generate more heat than pull
out failure due to increased plastic work, which is consistent with the energy absorbed for these
failure types as seen in the tensile lap shear experiments (Figure 37). Regardless of the failure
mode, the peak temperature rise seen during the quasi-static testing was around 10 °C. The long
test time of the quasi-static experiments leads to heat conduction into the surrounding parent. It is

not expected that constitutive softening effects are occurring due to the low temperature rise.

Ductibor® 500 1.6 mm #1

Double shared tear out
Nugget pull out

Tear out Ductibor® 500 1.6 mm #2

>be oo

Figure 87: Quasi-static Caiman Mode 111 thermal images showing different failure modes. Colour scale in °C.
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The crack extension versus load point displacement plots for the Caiman Mode 11l specimens
tested in this work are shown in Figure 88. As each spot weld fails, the ‘crack’ extends in a stepwise
manner. Each vertical step indicates a weld failure and increases the crack extension by 35 mm,
which is the weld spacing used for the specimens. The horizontal step occurs between weld failures
while the crosshead displacement (the x-axis) continues to increase and the current spot weld is
loaded. It is noted that for these plots the weld failure is simplified to occur instantaneously at the
crosshead displacement when weld failure begins. This is not strictly accurately for all weld failure
modes, such as tear out, that are ductile failure modes with drawn out failure before complete
separation occurs. There were some instances in the higher strength materials, Usibor® 1500-AS
and Ductibor® 1000-AS, for which brittle interfacial weld failure occurred, and multiple spot welds
fail at the same time. In these cases, the crack extension increases by multiples of 35 mm at one
crosshead displacement. The precise weld failure time and corresponding crosshead displacement
was determined using a combination of the thermal images and the force versus displacement
curves in which load drops correspond to weld failures. The Ductibor® 500-AS experiments have
slower ‘crack’ propagation than the other two materials for both thicknesses. All three 1.6 mm
materials consistently had slower ‘crack’ propagation than the 1.2 mm experiments.

Usibor®1500-AS

Ductibor®500-AS Ductibor®1000-AS
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Figure 88: Caiman Mode |11 quasi-static ‘crack’ extension growth. (a) 1.2 mm specimens; (b) 1.6 mm specimens.
One of the Ductibor® 500-AS 1.6 mm experimental specimens buckled in a manner similar to
the early design validation specimens but exhibited the same force versus displacement curve as
the experiments that did not buckle. It was expected that the Ductibor® 500-AS 1.6 mm specimen

that buckled would have a force response similar to the Caiman Mode Il validation specimens
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that buckled (Rev 2.2 and Rev 3, Figure 75) — but it did not. Examining the post-mortem Ductibor®

500-AS 1.6mm #3 specimen in Figure 89 revealed the cause of the specimen to buckle. During the
experiment, the MIG weld that joined one of the inner C-channels to the side walls failed. This
behaviour is different than what occurred during the validation experiments in which the buckling
was caused by the sidewalls folding out-of-plane under compressive loading. Once the MIG welds
failed, the upper half of the specimen lost the support of the C-channel and then fracture extended
from spot weld #3 into the parent metal region. The force versus displacement curve of this
specimen is indistinguishable from the other specimens that did not buckle because of the high
number of spot weld failures that occurred before the buckling began. In contrast, in the validation
specimens, only one or two spot welds failed on either side before buckling started. Looking at the
Caiman Mode 111 Ductibor® 500-AS 1.6 mm #3 specimen in Figure 89, the first five spot welds
on each side have started tear out failure.

Figure 89: Caiman Mode 111 Ductibor® 500-AS 1.6 mm q‘uasi-static specimen that buckled.

5.1.2.  Dynamic

The Caiman Mode Il specimens were tested at dynamic rates for the 1.2 mm and 1.6 mm sheet
thicknesses of Ductibor® 500-AS, Ductibor® 1000-AS, and Usibor® 1500-AS. Initial and final
images from a high-speed camera for each different specimen condition are shown in Figure 90.
The Caiman Mode Il1 dynamic test results are summarized in Table 17. The wall-side total force
versus sled displacement curves for Ductibor® 500-AS, Ductibor® 1000-AS, and Usibor® 1500-
AS, are shown in Figure 91, Figure 92, and Figure 93, respectively. The peak load for the
Ductibor® 500-AS and the Ductibor® 1000-AS dynamic experiments increased by approximately
40% when changing from 1.2 mm to 1.6 mm thick sheets. The Usibor® 1500-AS peak load
increased by 20% when changing to the thicker material. All three materials experienced increases
in total absorbed energy between 100% and 200% when increasing the sheet thickness from 1.2

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

Table 17: Caiman Mode Il dynamic experimental data summary.

Thickness Max Load Energy absorbed

Material [mm] [KN] [J]
Ductibor® 500-AS 12 2(7)? i gg ;gig z 3:
Ductibor® 1000-AS 12 g;i i ;i 14224;122
Usibor® 1500-AS 12 ‘51‘31:3 i i:i 11;1265;1?2
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Figure 91: Caiman Mode 111 dynamic Ductibor® 500-AS wall-side force versus displacement.

————— Ductibor® 1000 1.2 mm
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Displacement [mm]
Figure 92: Caiman Mode 111 dynamic Ductibor® 1000-AS wall-side force versus displacement.

T e Usibor® 1500 1.2 mm
Usibor® 1500 1.6 mm
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Figure 93: Caiman Mode 111 dynamic Usibor® 1500-AS wall-side force versus displacement.
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The force versus displacement curves from the dynamic testing are more difficult to interpret
than the quasi-static data curves. The initial sled velocity at the time of impact, which is
approximately 25.5 kph, or 7.1 m/s, causes significant inertial effects that obscure the loading
response from the specimens. Images from the high-speed cameras were used to find the time that
sled-pin impact occurs for each test and align the data such that sled-pin impact occurs at x = 0
for all tests. It can be seen, however, that in the force versus displacement curves (Figure 91, Figure
92, and Figure 93), there is approximately 10 mm of sled displacement before the load begins to
increase. This delay in loading is due to the elastic deformation and flexing of the fixture and pins.
There is also a slight amount of shifting of the bosses inside of the specimens that is unavoidable
at the impact rates used in the dynamic testing. At 75 mm of sled displacement, the sled impacts
the honeycomb which slows down the sled and momentarily causes the Impact Pin to lose contact
with sled. Once the sled catches back up to the Impact Pin there is a spike in the load, which can
be seen to occur at 85 mm of displacement. The momentum of the pin and bosses attached to the
specimen cause the Impact Pin to travel beyond the sled as the sled impacts the honeycomb. Then,
the force on the spot welds that are joining the impacted side of the specimen to the fixed side
reduces the momentum until the sled contacts the pin again. The Ductibor® 1000-AS and Usibor®
1500-AS specimens exhibit more brittle weld failure, which absorbs less energy, and lose contact
between the sled and the pin more than the Ductibor® 500-AS specimens. This is seen in the high-
speed images in Figure 94 as well as the force versus displacement curves where the force decays

and fluctuates around zero load before spiking back up when sled-pin contact resumes.

+00:00:00.0608 +00:00:00.0672 ; +00:00:00.0694
¥ : =

Figure 94: Caiman Mode Il dynamic high-speed images of Usibor® 1500-AS 1.2 mm specimen showing pin and sled contact.
Left) Initial contact; Centre) Loss of contact; Right) Secondary contact.

The force data recorded by the wall-side load cells was integrated over the sled displacement
from the laser displacement sensor to obtain the energy absorption. The experimental repeats and

average energy absorbed versus sled displacement curves for each specimen are shown in Figure
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95. The Ductibor® 500-AS specimens absorbed twice as much energy as the other Ductibor® 1000-
AS and Usibor® 1500-AS specimens for both thicknesses. The Ductibor® 1000-AS and Usibor®
1500-AS specimens performed quite similarly up to the honeycomb impact, after which the
Ductibor® 1000-AS absorbed slightly more than the Usibor® 1500-AS specimens. It is seen that
noise was introduced to the absorbed energy data once the sled impacts the honeycomb. The same

phenomenon was observed by O’Keeffe [51] for the Caiman Mode | dynamic experiments.
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Figure 95: Average Caiman Mode Il1 dynamic energy absorbed versus crush distance for 1.2 mm (dashed lines) and 1.6 mm
(solid lines) specimens. Experimental repeats are shown with thin faded lines.

Thermal images captured using the Telops Fast-IR-2K IR camera from one specimen from
each material condition are shown in Figure 96. As each spot weld fails, the surrounding HAZ and
parent metal regions deform and heat up due to the plastic work. Peak temperatures at spot welds
that failed via tear out or button pull-out reach up to 230-240 °C in the HAZ on the outer surface.
The visible outer surface of interfacial weld failures only reaches to 30-40 °C. As the two halves
of the specimen separate and the inner surface becomes visible, peak temperatures of
approximately 160 °C are recorded on the fracture surface of interfacial failure spot welds. The
temperature of the fracture surface itself is only an approximate value because the emissivity of
the fracture surface is not known. Emissivity values were calibrated for the hot stamped material
in the as-stamped and sand-blasted condition (Section 4.2). Note that the thermal colour scale used
in Figure 96 has a peak temperature of 60 °C to increase specimen and spot weld clarity; the peak
temperatures on specific pixels in the images reach the higher temperatures discussed here. It is
also seen that the heating within each spot weld during failure is adiabatic at these elevated loading
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rates since there is almost no temperature increase in the surrounding base metal regions. The
thermal images, which are synced with the optical images and load cell data, are useful for
determining precise spot weld failure timing in the dynamic experiments. The unfiltered dynamic
load data does not produce the well-defined step-like force versus displacement that is captured in
the quasi-static tests. As such, the dynamic load data cannot be used to determine individual spot

weld failure.

Ductibor® 500 Ductibor® 500 Ductibor® 1000 Ductibor® 1000 Usibor® 1500 Usibor® 1500
1.2 mm 1.6 mm 1.2 mm 1.6 mm 1.2 mm 1.6 mm

N4
a

®. %

Figure 96: Thermal images captured for the Caiman Mode Il dynamic experiments. Colour scale in °C.

The ‘crack’ extension data, used to characterize the extent of spot weld failure propagation, for
the Caiman Mode 111 dynamic tests are shown in Figure 97. The timing of each spot weld failure
was determined using the thermal images and then cross-plotted using the time axis with the
recorded displacement data for each experiment. Note that each vertical step of 35 mm in ‘crack’
extension corresponds to a spot weld failure. The ‘crack’ extension results are consistent with the
absorbed energy curves reported for the same experiments in Figure 95. Failure propagation is
slower in the Ductibor® 500-AS specimens relative to the specimens made from the other two
higher strength materials because the Ductibor® 500-AS spot welds are tougher and absorb more
energy before complete failure. The Ductibor® 1000-AS and the Usibor® 1500-AS specimens have
nearly identical failure propagation rates, with the Usibor® 1500-AS 1.6 mm being slightly faster
than the Ductibor® 1000-AS 1.6 mm specimens near the final spot weld failures. It is also clear in
these two ‘crack’ extension plots that the number of spot welds that failed reduced as the parent
metal strength decreased; this behaviour can be attributed to earlier collapse of the end of the

specimen for the lower strength materials.
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Figure 97: Caiman Mode Il1 dynamic ‘crack’ extension growth. (a) 1.2 mm specimens; (b) 1.6 mm specimens.

5.2.  Caiman Mode Il numerical model development

Numerical models of the Caiman Mode 111 experiments have been developed for assessment
of the calibrated single spot weld models presented in Section 3.3. The model assessment studies
focused on the quasi-static experiments instead of the dynamic experiments since the quasi-static
force versus displacement curves are cleaner, without the excessive dynamic oscillation present in
the dynamic data. Each weld failure produced a distinct load drop that can be compared to the
predicted force versus displacement output. In addition, in the quasi-static setup, there is only the
large clevis between the pin and the load cell, seen in Figure 60 and Figure 76. In the dynamic
setup there are the long, slotted plates and a thick plate that is part of the load cell pack, seen in
Figure 60 and Figure 78. If the dynamic condition were to be used for model validation, the slotted
plates and load cell pack components would have to be modelled as solid elements to capture the
dynamic effects. All of the quasi-static experiments, except for one, had at least one spot weld that
did not fail by the time the test stopped. As a result, there remains a small load after the rail end
collapses due to parent metal deformation and fracture. For the purpose of the spot weld model
validation, the Caiman Mode 11l experiment is considered complete after the rail end collapses,

spot weld failure has stopped, and the load has dropped off and is slowly reducing to zero.

As was done for the single spot weld models, a Caiman Mode Il model was developed for
both the 1.2 mm and 1.6 mm specimen geometries. Apart from geometrical differences from the

106



change in specimen geometry, the Caiman Mode |1l models use the same material properties and
control cards as the single spot weld models, developed in Section 3.3. For each model, the
constitutive properties of the three materials, Ductibor® 500-AS, Ductibor® 1000-AS, or Usibor®
1500-AS, (presented in Figure 46) and fracture limits (Figure 47) are assigned to the deformable
shell elements. Zhumagulov et al. [112] developed a constitutive model for DP 980, which is used
in the Caiman models in the current work. Figure 98 shows the constitutive model fit to the
experimental data for an unspecified DP 980 material. Due to the nature of the industrial
consortium that provided the material in the work by Zhumagulov et al. [112], it is not possible to
know if the constitutive model is for the same DP980 material used here, which was supplied by
ArcelorMittal. In the single spot weld model development, it was established that a single spot
weld mesh assembly consisting of eight hexagonal brick elements can be used for both the
*MAT_100_DA and *MAT_240 material models. The element formulation applied to the brick

elements in the weld region changes between the material models, but the mesh remains the same.
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Figure 98: DP 980 experimental strain rate data and Cowper-Symonds (CS) constitutive model fit. [112]

With the absence of inertial effects, it is possible to model the fixturing components as rigid
shells instead of using elastic solid brick elements. The Caiman Mode 11l mesh is shown in Figure
99. The model uses rigid shell elements for the bosses and pins in a configuration that matches the

clamping of the specimen in the experiments. The pins are beams defined using a node at either
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end and are connected to the inner bosses using the *JOINT_REVOLUTE constraint. This allows
the inner boss to rotate freely around the pin beam while the top pin beam is translated by the
boundary condition. The numerical models have the quasi-static boundary conditions applied to
them; a prescribed boundary condition of 50 mm/min is applied to the top pin beam and the bottom
pin beam has fixed X, y, and z translational degrees of freedom. Since the numerical model is
simulating the quasi-static experiments, time scaling is applied to reduce the simulation run time
to 3-4 hours. 100x time scaling is applied to the Usibor® 1500-AS simulations, 400x is applied to
the Ductibor® 1000-AS simulations, and 600x is applied to the Ductibor® 500-AS simulations.
Different time scaling values, and end times, are used because there is less crosshead displacement

before the load drops to 1-2 kN for the higher strength materials that exhibit a more brittle weld

Closing cap
Outer boss \
Side wall

Pulling pin —

C-channel

failure mode.

Inner boss

Stationary pin ———

Lo f

Figure 99: Caiman Mode 11 numerical model mesh. Rigid components coloured grey.

In the numerical models, the specimen is constructed in a manner similar way to the actual
specimens. The specimens use stitch pattern MIG welds to join the C-channels to the side walls;
25 mm long MIG welds are spaced 35 mm apart. The flat closing cap that was added in the final
design, Rev 5, is joined to the sidewalls using a continuous MIG weld the entire length of the

specimen. In the model, the C-channels are tied with a rigid beam that is offset to the side wall
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parts via a *CONTACT control card, following the same spacing as the MIG welds. The flat
closing caps are tied to the edge of the side walls using a *CONTACT control card and a node set.
As detailed in Section 3.3, the spot weld nugget mesh elements are tied to the side wall parts.
Figure 100 shows the tied contact nodes and segments for a quarter of the specimen model. Contact
is defined for all the shell components of the specimen using the automatic single surface
algorithm. The contact for the bosses is also defined using automatic single surface and the specific

specimen parts that they contact.

Spotweld nugget nodes C-channel shell element segments

" ” ’
nnnnnnnnn EVVEY) OO OO,

X_ Closing cap nodes

Figure 100: Caiman Mode |11 numerical model tied contact locations. One quarter of the specimen shown here.

The force applied in the direction the crosshead moves is extracted from the jntforc database
output. The pin displacement is assumed to be equal to the crosshead displacement and is recorded
in the simulation by tracking one of the nodes of the top pin beam. The displacement data of the
top pin beam node is extracted using the nodout database output. The node displacement versus
time and the force versus time are cross plotted using time to generate force versus displacement
curves that can be compared to the experimental force versus displacement curves from the MTS
tensile frame. Weld failure time is obtained from dcfail database output for *MAT_100_DA

models and from individual element history data for *MAT _240 models

5.3.  Caiman Mode Ill simulation results

The Caiman Mode I11 quasi-static simulations are completed for each material condition using
both *MAT _100_DA and *MAT _240 calibrated material cards for the welded joints. The peak,
or maximum, force and the total absorbed energy are the two main parameters that are used to
evaluate the calibrated single spot weld models. The predicted force versus displacement response
is also compared to the experimental data curves for qualitative analysis, as is the extent of failure
propagation through the spot weld group as a function of displacement. The final deformed state
of the simulations for each 1.6 mm material model are shown in Figure 101 and Figure 102, for
*MAT_100_DA and *MAT 240, respectively.
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Ductibor® 500-AS 1.6mm Ductibor® 1000-AS 1.6mm Usibor® 1500-AS 1.6mm

AXN

Figure 101: Caiman Mode Il *MAT_100_DA simulation final frames.

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

MmN

Figure 102: Caiman Mode 111 *MAT_240 simulation final frames.

The simulated outputs of the Caiman Mode Il quasi-static numerical model using the
*MAT_100_DA weld material model are compared to the experimental curves for Ductibor® 500-
AS, Ductibor® 1000-AS, and Usibor® 1500-AS, in Figure 103, Figure 104, and Figure 105,
respectively. The outputs of the Caiman Mode 111 quasi-static model using the *MAT _240 weld
material model are compared to the experimental curves for Ductibor® 500-AS, Ductibor® 1000-
AS, and Usibor® 1500-AS, in Figure 106, Figure 107, and Figure 108, respectively. The
*MAT_240 simulations show similar trends to the *MAT_100_DA simulations. The peak forces
are close to the experimental data and although there is still a large discrepancy in the absorbed
energy values, the *MAT _240 model has on average about 50% error while the *MAT_100_DA
absorbed energy values have more than 80% error on average. The step-like behaviour that is
characteristic of the quasi-static Caiman experiments is captured relatively well by the models.
The weld models that were calibrated to have higher energy absorption after weld failure initiates
tend to have a smoother predicted force versus displacement curve, as seen in the Ductibor® 500-
AS 1.2 mm and 1.6 mm predictions that have the largest gfad parameter values. The weld models
with larger energy absorption have larger separation distance before failure which distributes the
applied load across multiple spot welds. Since multiple spot welds are sharing the load, when one
fails there is less of a load drop and thus a smoother force response. Conversely, the Ductibor®
1000-AS *MAT _100_DA models have the smallest gfad parameter values and the largest drops

in the predicted force versus displacement curves.
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Figure 103: Caiman Mode 111 Ductibor® 500 experimental force versus displacement and *MAT_100_DA model output.
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Figure 104: Caiman Mode 111 Ductibor®1000 experimental force versus displacement and *MAT_100_DA model output.
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Figure 105: Caiman Mode I11 Usibor® 1500 experimental force versus displacement and *MAT_100_DA model output.
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Figure 106: Caiman Mode I11 Ductibor® 500 experimental force versus displacement and *MAT_240 material model output.
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Figure 107: Caiman Mode Il Ductibor® 1000 experimental force versus displacement and *MAT_240 material model output.
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Figure 108: Caiman Mode I11 Usibor® 1500 experimental force versus displacement and *MAT _240 material model output.
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The peak forces and total absorbed energy are listed in Table 18 and are presented graphically
in Figure 109 to better visualize the results of the simulations and experiments. When comparing
the *MAT_100_DA and the *MAT_240 models, they both predict similar peak force and energy
absorption results for each Caiman Mode I11 simulation, except for the energy in the Ductibor®
500-AS material simulations. The *MAT _240 model largely over predicted the absorbed energy
for both thickness of Ductibor® 500-AS in the simulations. However, there are changes in
behaviour when comparing the force versus displacement response of one model, either
*MAT_100_DA or *MAT _240, to a different material condition simulation using the same model.
The Ductibor® 500-AS simulations over predict the peak force and the total absorbed energy but
the Usibor® 1500-AS simulations show the opposite trend, under predicting the peak force and
total energy. For the Ductibor® 1000-AS simulations, the models don’t consistently over or under
predict both 1.2 mm and 1.6 mm specimens, but the *MAT_100_DA and *MAT _240 models both

predict very similar force responses.

Table 18: Caiman Mode Il quasi-static numerical simulation prediction and error results.

*MAT_100_DA Simulations *MAT_240 Simulations

Max Load Energy Max Load Energy

[KN] absorbed [J] [KN] absorbed [J]

Ductibor® 500-AS 27.8 1288 325 2049

% error 23% 30% 34% 56%

« Ductibor® 1000-AS 27.2 401 28.8 595
~ % error 46% 9% 49% 38%
Usibor® 1500-AS 15.9 128 15.9 137

% error 3% 173% 3% 153%
Ductibor® 500-AS 375 2789 39.8 4237

% error 6% 1% 11% 33%

«© Ductibor® 1000-AS 30.5 375 30.1 403
™ 9 error 4% 175% 3% 156%
Usibor® 1500-AS 27.3 387 27.4 545

% error 24% 186% 23% 103%
Average % error 9% 83% 12% 47%
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Figure 109: Peak Force data (left) and Total Energy Absorbed data (right) for Caiman Mode 111 experiments and simulations.

All the Caiman Mode Il simulations using *MAT_100 DA and *MAT_240 predicted
progressive weld failure behaviour, except for the *MAT_240 material model for the Ductibor®
500-AS 1.6 mm material. In this case, the force applied by the pins reached nearly 40 kN before
the structural integrity of the specimen failed and one U-channel of the specimen began to buckle.
The change in global failure behaviour to a buckling mode produced a force-displacement response
that is distinctly different from all the other simulations. Although the predicted force response
from the Ductibor® 500-AS 1.6 mm simulation that buckled does not match the Ductibor® 500-
AS 1.6 mm experiment that buckled, it is the same as the experimental force versus displacement

curve recorded from the validation experiments that buckled, Rev 2.2 and Rev 3.

The predicted “crack” extension is overlaid with the corresponding measured “crack”
extension in Figure 110 for the 1.2mm cases and Figure 111 for the 1.6 mm cases. For
*MAT_100 DA, the dcfatil database output showing the failure function (Equation (22)) is used
to determine the predicted weld failure timings; failure initiates when the failure function reaches
unity. The *MAT_240 model does not have a dedicated database output and instead element
history data is used to identify the point of failure for each spot weld location. Failure initiation is
taken to occur when the von Mises stress in the inner most spot weld nugget element reaches a
peak value. The *MAT _100_DA numerical model predicted weld failure timings that were very
similar to that observed in the Ductibor® 500-AS and Ductibor® 1000-AS experiments. The
Usibor® 1500-AS predictions from the *MAT_100_DA model propagated weld failure at similar
rates as the experiments for the first half of the spot welds. Then the model predicts sudden weld
failure of all the remaining spot welds, which does not correspond to behaviour shown in the
experiments. The *MAT_240 predicts inconsistent behaviour for the three different materials. The
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*MAT_240 1.2 mm numerical model over predicts the crosshead displacement at each spot weld
failure. Recall that the *MAT _240 1.6 mm model buckled after two weld failures and cannot be
used for comparison. The *MAT_240 numerical models predicted nearly identical results as the
*MAT_100_DA models for the Ductibor® 1000-AS and Usibor® 1500-AS materials.
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Figure 110: Caiman Mode I1l 1.2 mm quasi-static experiments (red, blue, and purple lines) and numerical model simulation
(black lines) crack extension measurements.

Ductibor®500 Ductibor®1000 Usibor®1500 ———— *MAT 100 DA ———— *MAT_240
590 _ 590 _ _
Ductibor® 500 1.6 mm Ductibor® 1000 1.6 mm Usibor® 1500
520 520
485 485
450 450 .
=] I
2 415 415 -
—_ 1
& 380 380 !
] |
g 345 345 e
[
24 310 310
&
O 275 275
240 1 240
1
205 r==1 205
1
170 ! 170
0 20 40 60 80 100 120 140 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Crosshead Displacement [mm] Crosshead Displacement [mm] Crosshead Displacement [mm]

Figure 111: Caiman Mode 111 1.6 mm experiments (red, blue, and purple lines) and numerical model simulation (black lines) crack
extension measurements.
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The similarities between the *MAT _100 DA and *MAT_240 simulations show that the
Caiman Mode 111 models predict consistent results with different weld material models. The
consistency of the two weld models here suggests that the differences between the predictions and
the experiments may be from physical inconsistencies between the design and the as-fabricated
final specimens, which is discussed in detail in Chapter 6. In particular, the distance of the weld
nugget to the edge of the sheet metal changed from the tensile lap shear coupons to the Caiman
Mode I11 specimens and is discussed in Section 6.4. Alternatively, differences could also arise
from inaccuracies or simplifications made in the creation of the numerical model. The parent shell
mesh element size and section properties, as well as the spot weld nugget mesh and connection
details remained the same between the calibrated tensile lap shear simulations and the Caiman
models. Since these aspects of the model were present in the calibrated coupon models, it is
unlikely that they are the cause of numerical prediction differences seen in the Caiman models.

Newly introduced components that are only in the Caiman models are the bosses and pins, the
DP980 inner C-channel parts, and the tied contact definitions used to represent the MIG welds
connecting the C-channels to the side walls. The concern with the modelling of the bosses is that
it is possible that the specimen sidewalls slip within the bosses and alter the real or effective
displacement that is being applied to the specimen. The tied contact definitions do not have failure
and could result in different specimen behaviour. The DP980 material constitutive model used in
the work presented here was developed by Zhumagulov et al. [112]. No fracture was observed in
the DP 980 components in any of the experiments, and so the applied constitutive model is not of

a concern here.

The Caiman specimens are clamped using two inner boss and outer boss pairs. The boss pairs
in the experiments are bolted together while in the model they are rigid parts that are constrained
to move together to mimic the real bolt connections. The contact definition in the simulation
applies a friction coefficient of 0.4 between the bosses and specimen side wall parts but the
simulation does not apply a clamping force since the boss parts are rigid. Shown in Figure 112,
the Ductibor® 500-AS 1.6 mm simulation had the largest amount of specimen movement within
the rigid bosses, measured to be 2.1 mm. In the experiments, the presence of the pin limits the
amount the side walls can move within the bosses. In the simulation, the specimen side wall
(coloured red) does not slide into the region the pin would occupy (white region within bosses),

thus the limited amount of slippage in the simulation is not thought to be a concern.
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Figure 112: Close up side view of Caiman Mode 111 Ductibor® 500-AS 1.6mm simulation showing side wall slippage..

There was a concern that the simulation would not predict the same end-collapse folding
behaviour that was observed in the experiments. The tied contact definitions used on the C-
channels are approximately in the same locations as the MIG welds used on the actual specimens
but do not have a failure condition. In Figure 114, on the left is the post-mortem image of the end
of the Caiman rail for the Ductibor® 500-AS 1.2 mm quasi-static test and in the right image is the
equivalent screen capture from the simulation output. The experiment and the simulation show
remarkably similar folding behaviour at the end of the test. Although the shell segments that are
tied to the C-channels remain tied throughout the simulation, the Ductibor® 500-AS parent metal
shell elements around the tied segments fracture and are deleted. Folding that is very similar to the
experiments occurs after the shell elements are deleted.

Inner C-channels (DP980)
<«— Closing cap (DP980) p N

Figure 113: End view of Ductibor® 500-AS 1.2 mm Caiman Mode Il quasi-static experiment and simulation end-collapse.
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There were three concerns regarding new aspects introduced when developing the Caiman
simulations, which are the side walls slipping within the rigid bosses, the uncertainty of the DP980
material constitutive model used, and the effect of tied constraints joining the DP980 parts to the
side walls. None of these concerns definitively explain the differences seen between the numerical
models using *MAT _240 or *MAT_100_DA weld material models and the experimental force
versus displacement results. It is more likely that the differences between model predictions and
experiments arise due to changes in spot weld strength and toughness, and corresponding changes
in failure modes. As discussed in Chapter 6, changes in spot weld strength and toughness could be

from spot weld quality or physical deviations from the design, or both.
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6. Discussion / Analysis

In this chapter, aspects of the single spot weld characterization tests and the Caiman Mode I11
group weld validation tests are compared and analysed, for both the experiments and the
simulations. The peak forces, total amount of energy absorbed, and weld failure modes of the
single spot weld and group weld tests are examined, and any unexpected behaviour is discussed.
The effects of loading rate (quasi-static versus dynamic) on the response of the Caiman Mode 111

weld group specimens is also discussed.

6.1. Comparison of single spot weld and Caiman peak forces

In Section 4.1, which describes the design of the Caiman Mode Il specimen, an assumption
was made that the approximate peak load that the group weld specimen would experience is at
least double the peak load that was measured for the single spot weld tensile lap shear tests. In the
group weld specimens, there are two spot welds that are loaded at a time while the lap shear
specimens have just one spot weld. It was also possible that load sharing between multiple spot
welds, as the first two welds begin to deform, would further increase the peak load. The measured
peak forces from the Caiman Mode |11 quasi-static and dynamic experiments are compared to the
peak forces in the single spot weld lap shear experiments in Table 19. The peak forces during the
Caiman Mode Il quasi-static experiments never reached a value of double that of the tensile lap
shear experiments. Moreover, the 1.2 mm Ductibor® 1000-AS Caiman Mode Il quasi-static
specimens had a lower peak force than seen in the corresponding tensile lap shear specimens. The
low peak force increase for the Caiman Mode Il quasi-static experiments suggests the presence

of poorer quality spot welds. The effects of changing loading rate are discussed in Section 6.5.

Table 19: Average tensile lap shear peak forces and Caiman Mode I11 peak forces with percent differences in brackets.

. Tensile Lap  Caiman Mode Il Caiman Mode 111
Material Shear [KN]  Quasi-Static [kN] Dynamic [kN]
e Ductibor” 500-AS 14.2 21.4 (50%) 37.6 (164%)
E Ductibor” 1000-AS 16.8 14.7 (-12%) 37.1 (121%)
- Usibor® 1500-AS 13.2 16.3 (23%) 44.3 (234%)
c Ductibor® 500-AS 19.3 35.3 (83%) 50.1 (160%)
E Ductibor” 1000-AS 21.0 29.3 (40%) 52.4 (150%)
= Usibor® 1500-AS 26.5 33.7 (27%) 53.9 (103%)

Average % difference: (35%) (155%)
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6.2. Comparison of single spot weld and Caiman absorbed energy

There is no direct analysis to be made by comparing the values of the total absorbed energy for
the tensile lap shear experiments to that of the Caiman Mode |1l experiments. The Caiman Mode
I11 specimens are fabricated using twenty-four spot welds whereas the tensile lap shear specimen
has only one. There is also a large amount of work being done to deform the parent metal for the
softer Ductibor® 500-AS Caiman Mode 111 specimens. Instead, in Figure 114 the total absorbed
energy for the tensile lap shear and Caiman Mode I11 tests are plotted, with the lap shear values on
a separate scaled axis. Overall, there is an increase in the total absorbed energy, ie. weld toughness,
as the parent material strength decreases and the elongation increases. Comparing the Usibor®
1500-AS results to those for the Ductibor® 500-AS, there was a consistent trend for the absorbed
energy to decrease, for both the single and weld group specimens, as the parent metal strength
increased. The results for the Ductibor® 1000-AS samples were less consistent and, in some cases,
the absorbed energy for the lap shear and/or Caiman Mode I11 Ductibor® 1000-AS samples was
lower than that of the Usibor® 1500-AS specimens (most notably the 1.6 mm Ductibor® 1000-AS

lap shear and Caiman samples and the 1.2 mm Caiman samples).
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Figure 114: Total energy absorbed for Tensile Lap Shear and Caiman Mode I1I experiments.

6.3. Effects of interfacial weld failure

As mentioned, there are several aspects of the experiments that could lead to the observed
deviation between the models and experimental results. In particular, it was noted for all of the
Caiman Mode Il specimens that there was a large amount of expulsion present (Figure 85).
Expulsion can reduce the mechanical strength and toughness of the spot welds by creating stress
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Figure 115: Left) First to fourth spot welds post-failure for left and right sides of the Caiman Mode 111 Ductibor® 1000-AS 1.6 mm
quasi-static specimens. Right) Corresponding experimental force versus displacement curves.

concentrations that lead to interfacial or partial pull out failure modes. Using the Ductibor® 1000-
AS 1.6 mm specimens as an example, it is shown in Figure 115 that two specimens, #1 and #4,
have interfacial failure for the first spot welds on both sides. The other two specimens, #2 and #3,
have at least one spot weld with pull out or tear out failure for the first spot weld. The
corresponding force versus displacement curves exhibit significantly lower local peak loads prior
to the load drops associated with each weld failure, demonstrating that interfacial failures result in
lower weld strength and lower energy absorption (toughness) by the Caiman specimens. This
effect of the weak and brittle interfacial failure mode it not just limited to the Ductibor® 1000-AS
1.6 mm Caiman Mode 11l specimens shown in Figure 115; it has been observed in many of the
different experiments conducted in this work, including the single spot weld and the validation

specimens.

Possible reasons for the excessive amounts of expulsion in the quasi-static Caiman Mode I
samples were discussed briefly in Section 5.1.1. The spot welding process has many parameters
that can affect the possibility of expulsion occurring; reducing electrode face diameter, increasing
electrode force, increasing current, and increasing current cycle time can all increase the likelihood
of expulsion occurring. In addition to those process parameters, there could be fixturing issues
causing part misalignment which can also cause expulsion. For the Caiman Mode 11l specimens
that were fabricated in this work, the process parameters were unchanged from the single spot weld
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specimens. The expulsion also occurred across all three different materials and two different
thicknesses. The single spot weld coupons had very limited expulsion, thus suggesting that the

cause for expulsion may be due to a fixturing issue during the Caiman Mode |11 fabrication.

6.4. Spot weld nugget to edge distance

Another difference observed between the tensile lap shear and the Caiman specimens is the
distance from the centre of the spot weld to the edge of the sheet. On the tensile lap shear
specimens, the nugget is located 20 mm from the edge of the coupons. However, the Caiman
specimens only have 10 mm from the nugget centre to the edge of the side wall components.
Specifying a 10 mm nugget-to-edge spacing for the Caiman Mode |1l specimens was done to
maintain consistency with the Caiman Mode | specimens tested by O’Keeffe [51]. The weld
locations in the Caiman Mode | specimens were limited due to the size of the hat channel flanges.
The flanges are not wide enough to accommodate 20 mm spacing from nugget to the edge used on
the lap shear specimens, so it was reduced. While the Caiman Mode 111 design does not have this
limitation, it was decided at the time that it was more important to keep the nugget-to-edge
dimension consistent with the Mode I design. Future work should consider larger weld offset from

the sheet metal edge to ascertain the effect of this design parameter.

There were also fabrication issues found on a few of the Caiman Mode |11 specimens. The side
walls were misaligned with respect to the placement of the spot weld electrodes in the spot-welding
fixture, causing some of the spot welds to be closer than 10 mm to the edge. Figure 116 shows the
worst case found on a Ductibor® 1000-AS 1.6 mm specimen. Spot welds #11 and #12 are so close
to the edge that the parent material was pushed outward due to the electrode clamping force and
thermal softening during welding. It is not thought that the low peak force for the Caiman Mode
111 quasi-static specimens is caused by this particular fabrication issue since only a small number
of specimens showed it and it only occurred to spot welds near the end of the rail, which did not

fail before the test completed.

A
— (20 mm
!

10 mm

Figure 116: Ductibor® 1000-AS 1.6 mm quasi-static specimen #4 showing worse-case spot weld nugget to edge distance.
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The reduced nugget to edge distance had a noticeable impact on the weld failure mode observed
in the Caiman Mode I11 1.6 mm experiments compared to the tensile lap shear 1.6 mm experiments.
The Usibor® 1500-AS 1.6 mm tensile lap shear experiments and post-failure images, presented by
O’Keeffe [51], show exclusively button pull out failure for this material. The Ductibor® 1000-AS
1.6 mm tensile lap shear experiments conducted in this work also show only pull out or partial pull
out failure modes. In the Caiman Mode I1l experiments, tear out failure (shown in Figure 117)
occurred in 47% of the failed spot welds for Usibor® 1500-AS 1.6 mm specimens and in 23% of
the failed spot welds for Ductibor® 1000-AS 1.6 mm. The precise impact that the tear out failure
has on the weld strength and toughness compared to the pull out failure mode observed in the
tensile lap shear experiments is not quantified. It’s also possible that the change in failure mode
from pull out to tear out is because of the constraints on the material deformation that the Caiman
Mode 111 structure introduces, and not the nugget-to-edge distance. The single spot weld tensile
lap shear experiments would need to be repeated with the 10 mm nugget-to-edge spacing (versus
the current 20 mm used for lap shear) that was used in the Caiman experiments to characterize the

weld strength and observe if the failure mode changes to tear out.

Figure 117: Usibor® 1500-AS 1.6 mm Caiman Mode Il quasi-static specimen showing tear out failure.

6.5. Loading rate effects in the Caiman experiments

The peak loads recorded for the quasi-static and the dynamic Caiman Mode Il experiments
are shown in Figure 118 (predicted values are listed in Table 19). The increased loading rate in the
dynamic testing has positive strengthening effect on the peak loads for all the materials and
thicknesses tested. This increase is largely attributed to inertial effects during the early stages of
impact loading of the Caiman samples, but would also be due in part to the positive strain rate
sensitivity of these material [4], [27], [101]. The total absorbed energy values, shown previously

in Figure 114, do not show any significant strain rate effects on the weld toughness for the
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Ductibor® 500-AS and Usibor® 1500-AS materials. Ductibor® 1000-AS showed an increase in
total absorbed energy when comparing the quasi-static to dynamic experiments, for both material

thicknesses.

Usibor®1500-AS 1.6mm

Ductibor®1000-AS 1.6mm

Ductibor®500-AS 1.6mm B Caiman Mode III Quasi-Static

B Caiman Mode III Dynamic
Usibor®1500-AS 1.2mm

bed 1.2 mm specimens

PR A S :
Ductibor®1000-AS 12mMIM A EE 1.6 mm specimens

L -
A A A P PPt s

Ductibor®500-AS 1.2mm

0 5 10 15 20 25 30 35 40 45 50 55 60
Peak Load [KN]

Figure 118: Peak load data from Caiman Mode 111 quasi-static and dynamic experiments.

It is thought that the increase in absorbed energy seen in the dynamic Ductibor® 1000-AS
experiments was caused by the reduced number of interfacial failures observed. As previously
discussed, the interfacial weld failure occurs when sudden brittle fracture propagates through the
weld interface and has been shown in single spot weld testing to absorb less energy than more
ductile weld failure modes, such as button pull out or tear out. The total number of weld failure
types are counted for of all the Ductibor® 1000-AS Caiman specimens in Table 20. It is noted that
the pull out weld failure counts include both partial pull out and full button pull out. The percentage
of interfacial failure spot welds present in the 1.6 mm specimens largely decreased when
comparing the quasi-static testing to the dynamic testing. However, the 1.2 mm specimens had
low amounts of interfacial weld failure for both the quasi-static and the dynamic experiments, and
so the proposed cause of increase in total absorbed energy due to number of interfacial failures is

not supported.
Table 20: Caiman Mode 111 Ductibor® 1000-AS weld failure mode count.

) Interfacial Tear out Pull out
Material _ ) _
# of fails % of total # of fails % of total # of fails % of total
E Ductibor® 1000-AS Quasi-static 0 0% 2 3% 78 98%
S Ductibor® 1000-AS Dynamic 8 10% 8 10% 63 80%
E Ductibor” 1000-AS Quasi-static 47 60% 20 26% 11 14%
S Ductibor® 1000-AS Dynamic 21 21% 32 40% 28 35%
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The Caiman Mode III average ‘crack’ extension step curves from the quasi-static and dynamic
testing are shown in Figure 119, Figure 120, and Figure 121, for the Ductibor® 500-AS, and
Ductibor® 1000-AS, and Usibor® 1500-AS samples, respectively. There is no significant
difference between the ‘crack’ propagation rate of the quasi-static and dynamic experiments
fabricated from the Ductibor® 500-AS and the Usibor® 1500-AS materials. The Ductibor® 1000-
AS 1.2 mm dynamic experiments had a slightly slower ‘crack’ propagation than the quasi-static
experiments, identified by larger displacements for the same ‘crack’ extension measurement. The
slower ‘crack’ propagation seen in the dynamic Ductibor® 1000-AS 1.2 mm experiments

corresponds to the large increase in absorbed energy seen in Figure 114.
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Figure 119: Caiman Mode Il Ductibor® 500-AS quasi-static and dynamic ‘crack’ extensions.
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Figure 120: Caiman Mode 111 Ductibor® 1000-AS quasi-static and dynamic ‘crack’ extensions.
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Figure 121: Caiman Mode 111 Usibor® 1500-AS quasi-static and dynamic ‘crack’ extensions.
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7.

Conclusions and recommendations

The following conclusions are made from the work presented in this thesis:

For the three hot stamped sheet metal materials examined, Ductibor® 500-AS, Ductibor®
1000-AS, and Usibor® 1500-AS, the tensile lap shear and cross tension single spot weld
experiments showed that peak weld strength and weld toughness increased with material
thickness. The lap shear experiments showed similar levels of spot weld strength, around
15 kN, for all 1.2 mm specimens and approximately 20-26 kN for the 1.6 mm lap shear
specimens. The cross tension experiments showed similar strength for the Ductibor® 500-
AS and Ductibor® 1000-AS specimens, 7 kN for the 1.2 mm thickness and 12 kN for the
1.6 mm thickness. The peak loads for the Usibor® 1500-AS cross tension specimens were
approximately 50% of the loads for the other two materials. As parent metal strength

increased, and elongation decreased, the weld toughness decreased.

Weld failure mode has a significant effect on the post-failure unloading behaviour of single
spot weld coupons. Brittle weld failure modes like interfacial failure and, to an extent

partial pull out, reduce the total absorbed energy by up to 50%.

The *MAT_240 material model parameters can be determined from the measured force
versus displacement data and examination of the specimens more easily than the
*MAT_100_DA parameters. The *MAT_240 material model required less iteration to
achieve a calibrated model than the *MAT_100_DA model.

For the single spot weld tensile lap shear simulations, both the *MAT_100_ DA and the
*MAT _240 weld material model predictions were accurate to within 5% of the measured

peak force and total absorbed energy.

For the single spot weld cross tension simulations, the *MAT_240 material model
simulations were able to accurately predict the force and total absorbed energy to within
3% and 9% of the measured values, respectively. The *MAT_100_DA model was only
able to predict the peak force values to within 10% of the experiments while the absorbed

energy predictions varied widely, with an average error of approximately 50%.
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The amount of energy absorbed in the single spot weld experiments post-failure varied
from 0% up to 50% of the total energy, depending on the parent metal strength and weld
failure mode. It was identified that predicting the post-failure energy in the weld models is
critical, but that it is also difficult to accurately predict the total absorbed energy. The
energy absorbed post-failure in the numerical simulations was plotted against the material
keyword parameters that control the post-failure energy absorption, namely the g1c_o and
g2c_o parameters for *MAT _240 and the gfad parameter for *MAT _100_DA. Although
increasing these parameters saw an increase in the post-failure absorbed energy, the
increase in absorbed energy was inconsistent and it was identified that there are other

factors affecting the simulation post-failure behaviour.

A new weld group component test termed the Caiman Mode Il was developed and
validated. A custom U-channel configuration, fabricated through several welding steps,
was selected as the final design. The Caiman Mode Il test proved useful to promote
progressive failure and characterize the loads and absorbed energy for weld groups under

shear loading.

The peak force and total absorbed energy measured in the Caiman Mode Il1 experiments
increased when the material thickness increased. When the material strength increased, the
peak force and the absorbed energy both tended to decrease. The energy absorbed in the
static and dynamic Caiman Mode Il experiments was similar, while much higher peak
loads were measured in the dynamic experiments, which was attributed to inertial and strain

rate hardening effects.

Increased parent metal ductility and the occurrence of more ductile weld failure modes was

shown to reduce the rate of spot weld failure propagation through the weld group.

The numerical simulations of the Caiman Mode 111 experiments were able to qualitatively
predict the overall behaviour of the Caiman Mode |11 experiments, including aspects such
as high initial load followed by load drops at each sequential weld failure and load drop
off, as well as progressive failure propagation through the weld group. The *MAT _240 and
the *MAT _100_DA model simulations predicted similar results for each material condition

simulated except for the Ductibor® 500-AS 1.6 mm model. However, the simulations were
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unable to accurately predict the peak force and load-displacement history.

Differences in the Caiman Mode 11l design and the single spot weld specimens led to a
change in failure modes observed in the Caiman Mode Il experiments that were not
captured during the calibration using the single spot weld specimens. The nugget-to-edge
distance in the Caiman Mode 111 specimens was 10 mm, half of the 20 mm used in the lap
shear specimens, which led to change in failure mode, and thus weld toughness, from

button pull out to tear out.

The specified 10 mm weld offset from the sheet edge, as well as other physical
inconsistencies between the design and the as-fabricated final specimens, were identified

as possible reasons for the Caiman Mode |11 simulation inconsistencies with experiment.

The following recommendations are made for future work stemming from this thesis:

A bending load case single spot weld test (e.g. coach peel test) should be performed to
calibrate the bending term of the *MAT_100_DA material model. The *MAT_100_DA
material model uses three stress parameters for failure determination, but in this work, only
normal-tensile and shear stress failure parameters were calibrated. Such tests could also be
used to assess the *MAT 240 model calibrations.

KS-I1 specimens should be tested in the normal-tensile orientation to obtain failure loads
versus displacement under conditions for which coupon deformation is less pronounced. It
was noted during the single spot weld model calibration that the cross tension experiment
displacement was dominated by coupon deformation, making it difficult to calibrate an

independent weld failure model.

Future work should consider constraining the end of the Caiman Mode I11 rails to prevent
collapse which results in earlier arrest of weld failure propagation. Particularly for the
Ductibor® 500-AS experiments, rigidly supporting the end of the rail geometry can
promote propagation of failure to the last spot weld on either side but may have other

(unknown) effects on the overall specimen behaviour.
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Considering that one of the Caiman Mode Il Ductibor® 500-AS 1.6 mm specimens
buckled, make the Caiman sections deeper to increase bending strength for cases in which

the weld strength is high relative to the parent metal strength (e.g. Ductibor® 500-AS).

The overall Caiman Mode 111 specimen design could be modified to remove some of the
fabrication complexity such as using bolted connections to connect the sidewalls to a stiffer

spine, eliminating the need to MIG weld the C-channels into place.

Perform tensile lap shear tests with the same nugget to edge dimension as the Caiman Mode
[11 to see if the peak forces and energy are more in line with the Caiman experiments. The
nugget-to-edge distance was 10 mm for the Caiman Mode Il experiments, but for the
tensile lap shear experiments the distance was 20 mm. The weld models were calibrated
using the 20 mm dimension and as a result could be over predicting the strength or

toughness of spot welds in the Caiman experiments.

Ensure proper fixturing of the side walls during Caiman Mode 111 specimen fabrication to
prevent misalignment resulting in reduced nugget-to-edge distances as well as significant

amount of expulsion that could affect failure modes of the spot welds.

Improve the Caiman Mode 11l numerical model to be more physically accurate relative to
the experimental specimens. This includes adding a clamping force on the external bosses

and more accurate modelling of the MIG welds to include failure.
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Appendix A

Material Card Parameters

Table 21: *MAT_100_DA material card parameters.

Material ro e pr true_t
[tonne/mm3] [MPa] [mm]
= Ductibor® 500 7.89E-08 5000 0.3 0.85
f,. Ductibor® 1000 7.89E-08 5000 0.3 0.85
- Usibor® 1500 7.89E-08 200000 0.3 0.85
= Ductibor® 500 7.89E-08 6000 0.3 0.85
: Ductibor® 1000 7.89E-08 8000 0.3 0.85
™ Usibor® 1500 7.89E-08 200000 0.3 .85
Table 22: *DEFINE_CONNECTION_PROPERTIES material card parameters.
. si etan sn sb ss exsn exsb exss fad
Material [MPg)], [MPa] [MPa] [MPa] [MPa] [mJ/%nmz]
c Ductibor® 500 750 380 260 1.00E+14 725 1 1.00E+14 1 400
ff Ductibor® 1000 780 1500 235 1.00E+14 800 1 1.00E+14 1 192
- Usibor® 1500 1200 1200 182 1.00E+14 600 1 1.00E+14 1 230
< Ductibor® 500 1040 750 420 1.00E+14 910 1 1.00E+14 1 500
: Ductibor® 1000 900 6000 435 1.00E+14 875 1 1.00E+14 1 120
= Usibor® 1500 1500 900 251 1.00E+14 1050 1 1.00E+14 1 290
Table 23: *MAT_240 material card parameters.
Material ro emod gmod thick glc_© to fgl g2c_0 sO fg2
[tonne/mm3*] [MPa] [MPa] [mm] [m3/mm?] [MPa] [m3/mm?2]  [MPa]
= Ductibor® 500 7.89E-09 20000 1500 1 640 285 0.01 740 555  ©.05
f, Ductibor® 1000 7.89E-09 2500 1500 1 400 248 0.1 535 593 0.5
- Usibor® 1500 7.89E-09 200000 2800 1 390 140 0.01 240 473 0.1
e Ductibor® 500 7.89E-09 2500 2000 1 640 285 0.01 740 555  9.05
j Ductibor® 1000 7.89E-09 2500 2000 1 1130 433 0.1 420 742 0.3
- Usibor® 1500 7.89E-09 200000 2400 1 470 200 0.01 6670 1040 0.1
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5 shear_connector 1 .
— 6 shear_cap 2 . .
. 7 shear_connector 1 .
— 8 shear_connector 1 .
O
e _ =1
N OO
UNLESS CTHERWISE SPECIFIED: NAME DATE UNIVERSITY OF WATERLOO
DIMENSIONS ARE IN M DR AWN CT |2019-10-23
REFERENCE VIEW OF oLERANCLS: CHECEED TILE:
COMPLETED SPECIMEN w&mﬂmwmmmwmmm_&wﬁ waw R
ANGULAR: BEND :2 MFG APPR. WM<< MI _m>m M_U_mmu__/\:m_/_
INTERPRET GEOMETRIC Q.A.
PROPRIETARY AND C OMFIDENTIAL TOLERANCING PER: oS
e o SITE [DWG. NO. REV
CAMERON TOLTON. ANY
REP RODUCTION IN PART OR AS A FINGH > shear_specimen_lafinal ._ - N
WHOLE WITHOUT THE WRITTEN NEXT ASSY USED ON
PERAMISSION OF CAMERON TOLTOMN IS
PROHIBTED. APPLICATION DO NOTSCALE DRAWING SCALE: 1:4 7<<m_OI._._ 7 SHEET 1 OF &6
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“ m ENSURE HOLES ALIGN
UNLESS OTHERWISE SPECIFIED: NAME DATE
UNIVERSITY OF WATERLOO
DIMEMSIONS ARE IM MM DRAWN T 2019-10-23
TOLERANCES: CHECKED TITLE:
ONE PLACE DECIMAL £0.5 ENG APFR. SHEAR SPECIMEN - 1.6mm - C
TWO PLACE DECIMAL +0.05
ANGULAR: BEND +2 MEG APPR. CHANNEL
INTERPRET GEOMETRIC QA
PROPRIETARY AND C ONFIDENTIAL TOLERANCING PER: COMENTS:
kil s MATERIAL WELD STANDARDS IS0 2653 SIZE |DWG. NO. REV
CAMERCN TOLTON, ANY . ._ N
REPRODUCTION IN PART OR AS A FINSH shear_specimen_lfinal .
WHOLE WITHOUT THE WRITTEN NEXT ASSY USED ON
PERMISSION OF CAMERON TOLTOMN IS
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 1:2 _<<_m_OI._._ _ SHEET 2 OF 6
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>

2

BUILD:

STEP 1) OVERLAP TWO SIDE WALLS

STEP 2) RESISTANCE SPOT WELD SHEETS TO GETHER
STEP 3) REPEAT STEPS 1-2
STEP 4) USE THE WALL CONNECTORS TO SPACE THE TWO NEW WALLS,

ENSURING HOLES ALIGN

STEP 5) WELD WALL CONNECTORS INTO PLACE
STEP 6) WELD CLOSING CAPS INTO PLACE

STEP 1
TABLE 1: RESISTANCE SPOT WELD SCHEDULE 6,12 (35)
~ RSW 35TYP 170
MATERIAL FORCE PRE-HEAT MAIN WELD HOLD TIME
26
1.6 mm DuctiborsC0/ 1000 900 Ibf 10 kA -33 ms 7 kA - 400 ms 200 ms
1.4 mm Usibor1 500 770 Ibf 10 kA -33 ms 8 kA - 500 ms 200 ms 7. /mmrw.m%
& & + @ @ L2 R4 < ¢ & @
A e A = e z ema |
_‘ _ _[ CONTINUOUS -,
ﬁ h % B STEP 2
DETAIL B
SCALE2:3
ix NG x 25 (35)
_‘l SECTION A-A
A SCALE1:3
STEP 5
UNLESS OTHERW ISE SPECIFIED:
NAME | DA UNIVERSITY OF WATERLOO
DIWMENSIONS ARE IN A DRAWN CT | 2019-10-23
TOLERANCES: CHECKED TITLE:
OME PLACE DECIMAL 105 NG APFR
TWO FLACE DECIMAL #0.05 :
ANGULAR: BEND +2 MFG APPR. Wm<< MI _m>m m_u _mo___/\:mz -
INTERPRET GEOMETRIC Q. BUILD INSTRUCTIONS
PROPRIETARY AND CONFIDENTI AL TOLERANCING PER: o,
CRAINS 1 THE SOLE PROPERTYOF MATERAL WELD STANDARDS 150 2253 | SIZE [DWG. NO. REV
CAMERON TOLTON. ANY )
REPRODUCTION IN PART OR AS A FINSH > shear_specimen_lfinal ._ . N
WHOLE WITHOUT THE WRITTEN NEXT ASSY USED ON
PERMISSION OF CAMERON TOLTON 15
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 1:5 _<<_m_OI._._ _ SHEET 3 OF 6
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15.20

. .. 250 (43.0)

15.20 16.5

DETAIL m
SCALE1:

[ s
‘V_ ££23 _5
ey

# 31.4

1.6 4600
- —
= e
™~ .
UNLESS OTHERWISE SPECIFIED: NAME | DATE UNIVERSITY OF WATERLOO
DIMENSIONS ARE IN A DRAVN cr 2019-10-23
TOLERANCES: CHECKED TITLE:
ONE PLACE DECIMAL +05
- ENG APFR.
TWO PLACE DECIMAL +0.05
ANGULAR: BEND +2 MFG APPR. M_U_m <<>_|_|
INTERPRET GEOMETRIC QLA
PROPRIETARY AND C ONFIDENTIAL .
THE INFORMATION CONTAINED IN THIS R COMMENTS:
MATERIAL DUCTIBGR 500,
DRAWING I3 THE SOLE PROPERTY OF DUCTIRORI 000, SIZE |DWG. NO. REV
CAMERON TOLTON, ANY USBORI 50 ._ h.
REPRODUCTION IN PART OR AS A FINEH mjmo_\l<<0__ .
WHOLE WITHOUT THE WRITTEN NEXT ASSY USED ON AS QUENCHED
PERMISSION OF CAMERON TOLTOMN IS
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 1:3 _<<_m_OI._._ _ SHEET 4 OF 6
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2

ITEM NO. |CONFIGURATION NAME DES CRIPTION A B C
2 outer C CHANNEL - COMMON 50 15 | 600
3 outer_offset_support C CHANNEL - COMMON - EXTRA INTERIOR SUPPORT 50 15 | 540
4 inner_1.6 C CHANNEL 2-FOR 1.6mm SIDE W ALL 468 15 | 600
5 inner_1.6_offset_support |C CHANNEL 2 - FOR 1.6mm SIDE W ALL - EXTRA INTERIOR SUPPORT 468 15 | 540
USE 1 EACH (4 TOTAL) WALL CONNECTORS TO MAKE 1T COMPLETE RSW SHEAR SPECIMEN
A
L 1.6
,/ /
\\ \\
R2.0 R2.0 - NN
/v b
/ \ \\ \\
+ i\ \
ISOMETRIC VIEW
SCALE 1:10
UNLESS CTHERWISE SPECIFIED:
MAME | DATE UNIVERSITY OF WATERLOO
DIMENSIONS ARE IN MM, DRAWN CT |201%-1023
TOLERANCES: CHECKED TITLE:
ONE PLACE DECIMAL 105 NG APPR.
TWO PLACE DECIMAL $0.05
ANGULAR: BEND £2 MFG APFR. WALL CONNECTOR
INTERPRET GECMETRIC GLA.
M FoA N TN T comenTS:
DRAWING IS THE SOLE PROPERTY OF DP980 SIZE | DWG. NO. REV
REPROUCTION B »ART C FINISH > shear_connector ._ M
REPRODUCTION IN P ART OR AS A .
WHOLE WITHOUT THE WRITTEN NEXT ASSY USED ON AS ROLLED -
PERMISSION OF CAMERON TOLTON 13
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 111 7<<m_OIﬁ _ SHEET 5 OF 6
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530

PROPRIETARY AND CONFIDENTI AL

THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
CAMERON TOLTON. ANY
REPRODUCTION IN PART OR AS A
WHOLE WITHOUT THE WRITTEN
PERMISSION OF CAMERON TOLTON 15
PROHIBTED.

o
=~
|
~0
UNLESS OTHERW SE SPECIFIED: MAME | DATE UNIVERSITY OF WATERLOO
DIMEMSIONS ARE IN M DRAVWN CT | so15:0102
TOLERANCES: CHECKED TITLE:
OME PLACE DECIMAL 105 A
TWO FLACE DECIMAL #0.05
ANGULAR: BEND +2 MFG APPR. O_IOM_ZO O) _U
INTERPRET G EOMETRIC QLA
qummﬂ_ﬁ”u_zm PER: COMMENTS:
DP 980 SIZE |DWG. NO. .__mm/ﬁ\u
NEXT ASSY USED ON e AS ROLLED > shear_cap .
APPLICATION DO NOT SCALE DRAWING SCALE: 1:3 _<<_m_OI._._ _ SHEET 6 OF 6
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