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ABSTRACT

In order to design car body structures which are safe dumagh.c modern
automotive manufacturers perform both full-scale experimentahdests and computer
simulation of vehicle crash events using commercially availaioiée Element Analysis
(FEA) packages such as ABAQUS or LS-DYNA. Use of crashlgitions significantly
reduces the number of real time crash experiments needed andsréuitime required
for design changes. However, in order to capture accuratei tiehavior during high-
speed impact, a large amount of detailed FEA modeling featuresasuctmber and
types of elements, mesh element size, number of components, diffgpest of
connectors, material properties, and other detailed featuresetedneCrash simulation
requires explicit time-stepping procedures, which can be computdfi@exgensive for
complicated full vehicle models with many components.

An important feature in crash simulation is the amount of detailded in
modeling spot weld connections. Traditionally for efficiency, sinmade-to-node rigid
connections for modeling spot weld connections between different compa@renised,
especially when many components are connected in a full vehicle gradel. Recent
studies have shown the importance of accurate modeling including eftifhess and
failure modes for spot welds due to high impact loads in automotigh araalysis. For
efficiency and convenience, most commercially available FEokgges now include the
option of creating mesh independent spot welds, which allow the usdfite the
location of the center point of the spot weld and define the spot agiglsron adjacent

surfaces of connected components. A distributed coupling to nodes wighiradius



specified is automatically created which approximates the behakiarspot weld of
finite size. In addition, the size of the rigid spot weld model previgleater accuracy
compared to the simple node-to-node connection. However, it has moubievery
recent that some researchers and commercially availaBles&fEvare have the ability to
include important spot weld elastic properties and failure modesioog pull, peal,
shear, and torsion.

In this work, different levels of complexity in spot weld modeling are exadrime
terms of sufficient accuracy which can be used efficienttyirfgpact analysis of large
connected components and full vehicle crash models. In order ofdmgeamplexity,
the following spot weld models are considered and results comparstn(d¢ node-to-
node rigid connection, (b) rigid mesh independent spot welds, (cjicelagesh
independent spot welds, and (d) elastic with failure mesh independenvelpst In
order to study the fundamental behavior of the different mesh-indepesp@ntiveld
models, pullout and peal tests between two thin ductile steet @etdeperformed which
isolate different failure modes. Comparisons of reaction foresusedisplacement
curves and internal energy versus displacement for all theatiffepot weld models are
given. Results indicate that the rigid connected results in paakae forces which are
much larger than elastic spot welds. The spot weld model, whdhdes failure,
follows the same path as the elastic weld but when reachingattieular failure force
the reaction remains constant with additional applied displacement.

To better understand the behavior of the spot-weld models foramabfsis on a

realistic and important automotive component which exhibits compleshicrg modes



with combined axial and bending a frontal longitudinal rail desigeedtrength and
energy absorption was studied with a node-to-node rigid spot weld oesnwah mesh
independent rigid and elastic spot weld connections. The frontal longitualina a thin
walled closed section located in between the front bumper and twalfirmanufactured
from two stamped sheets with spot welds on both sides of flatgéiscrete intervals
along the length. In addition to spot welds, the effect of various strapsize parameter
changes including waves, beads, and a small rib for crush inititadnsignificantly
increase energy absorption and crush force efficiency for tthecoanponent are

proposed.
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CHAPTER ONE

INTRODUCTION

The vehicle body structure forms the foundation for automobiles andsseargy
functions, including strength, a stable platform for mounting components and afetsh s
features in case of impact. The behavior of such structures dimndrontal crash
depends on the joints between the various connected components which nthke-up
body structure. For low-cost manufacturing of automotive bodieméss production,
the vast majority of vehicles are constructed from stampeddawedium strength steel
sheet materials. To form complicated shapes, stamped sheatsostreoften welded
together to form the body and other components. For automated, fasffenneht
connections, spot welds are most often used.

In order to design car body structures which are safe darash, modern
automotive manufacturers perform both full-scale experimentahdests and computer
simulation of vehicle crash events using commercially availainiée Element Analysis
(FEA) packages such as ABAQUS or LS-DYNA. Use of crashlgitions significantly
reduces the number of real time crash experiments needed andsréuitime required
for design changes. However, in order to capture accuratei tiehavior during high-
speed impact, a large amount of detailed FEA modeling featuresasuctmber and
types of elements, mesh element size, number of components, diffgpest of
connectors, material properties, and other detailed featuresetedneCrash simulation
requires explicit time-stepping procedures, which can be computdfiexgensive for

complicated full vehicle models with many components. Therefdrenwimulating the



crash of an entire vehicle using commercially available FEAkgmpes spot welds
behavior plays an important role in the output obtained. Typically, thousEnsisot
welds are required to join all parts and components to form the baahe fr During a
crash event, body structures are designed to crush in a cahtmodiener in order to
provide energy absorption, avoid penetration, and reduce peak acceleratitims t
occupants. During crush, spot welds between joined stamped shgd@lmaherefore,
properties of the spot-weld joints especially during failure Wehalay an important
role in crash simulation. The role of spot-weld modeling in theulsiton of crash
analysis has become an important topic in world-class automotinganies at the
leading edge of technology for crash safety such as BMW and Foedimportance of
accurate and efficient spot-weld models in industry has urged EAe dmmercial
software package developers to add new features that are convenieattcarate in
creating the spot welds in finite element models.

An important feature in crash simulation is the amount of detallded in
modeling spot weld connections. Traditionally for efficiency, sinmade-to-node rigid
connections for modeling spot weld connections between different comp@renised,
especially when many components are connected in a full vehisle gradel. Recent
studies have shown the importance of accurate modeling including al@$bhess and
failure modes for spot welds due to excessive loads in automotisie aralysis. For
efficiency and convenience, many commercially available FEAgges now include the
option of creating mesh independent spot welds, which allow the usdefite the

location of the center point of the spot weld and define the spot agildsron adjacent



surfaces of connected components. A distributed coupling to nodes viiéhradius
specified is automatically created which approximates the behafverrigid spot weld
of finite size. In addition, the size of the rigid spot weld modeViples greater accuracy
compared to the simple node-to-node connection. However, it has moubidevery
recent that some researchers and commercially availaBles&fEvare have the ability to
include important spot weld elastic properties and failure modesioog pull, peal,
shear, and torsion. An example of this technology is the new mdspeindent spot
weld feature in the latest version of ABAQUS V6.8 from Simulidjol allows the
analyst to create spot welds between thin shell element mestheboth elastic, and
failure behavior which combines multiple load paths. In addition, ABAQktludes

generalized failure models which allow damage initiation for spot-welds



Frontal longitudinal Ra

Figure 1-1 Location of Frontal Longitudinal Rail of a Vehicle

The front section of an automotive vehicle playsraportant role in crash safe
during a frontal collision or impac In order to optimize the performance of theicle
structure during a frontal collision the primeobjective of a desigengineer would be t
design the frontal area witnergy absorbinstructures that reduce peak acceleration
forces in the occupant a. In most automotive vehicles, the frordils are major
componat of the vehicle structure tl aredesigned to crush in a controllable man
and absorb kinetic energjuring frontal collisiol. The frontal longitudinal rail is a thi

walled closed section located in between the fbaumbper ad the firewall manufacture



from two stamped sheets with spot welds on both sides of flatgéiscrete intervals
along the length. A key feature of the frontal longitudinal rath&t it acts as an energy
absorber during frontal impact. During a frontal impact, typicéld¢o of the kinetic
energy in the system is reduced by the plasticity of th&clkess frame. This achievement
is mainly due to the controlled crush deformation of the vehicle fretrtacture [1]. For
a 35mph frontal impact, the vehicle frontal region has a relgtiaetje deformation of

between 20-28 inches (0.50 m — 0.70 m).

1.1Literature Review

The energy absorption in the frontal rail during crash is due tordioation of
axial and bending collapse modes. The major challenge for ergjisgerdesign a front
rail that crushes axially because the axial collapse ma$#pdies more energy during
frontal crash when compared to the bending collapse mode. The tongatudinal rail
is designed with more axial collapse mode by providing folds irfrdrgal area of the
longitudinal rail. When considering individual components, an optimized rdesag
often be achieved because of the relatively simple load pathssanthed boundary
conditions. However, in case of a full vehicle, several facliges the number of
components attached to the vehicle frame, variation in the mapedpéerties of the
components and variation in the energy absorption of the components has to be
considered ,and due to interaction, can be highly complicated. Inoa¢idite boundary
conditions and contact between surfaces vary continuously throughoussheewent in

a very short time interval. The time taken for crash evertgoically 200 ms. Therefore,



to predict the crash behavior of a complex structure during a lfrowitession, one must
characterize the crash energy management of the structudetesmining the load
carrying capacity or strength of each major component under vasipas of loading
and collapse modes [2].

The crash energy management design deals with the many dsysteens of a
vehicle. To optimize the energy flow in a vehicle during crasla imultidisciplinary
process involving various components interacting closely with eachr. otlbile
designing a vehicle for crashworthiness many diversenergng disciplines such as
biomechanics, structures, vehicle dynamics, packaging, engineenalysia and
manufacturing must be considered. There are two major considerititnes design of
automotive structures for crashworthiness, absorption of the keretigy of the vehicle
and the crash resistance to sustain the crush process to mpagaenger compartment
integrity. The desire for crashworthiness must be balancédoftén competing goals of
light weight for improved fuel economy and c{3}t

To increase energy absorption and improve fuel efficiency of thielee weight
reduction is one of the most effective approaches. The fuel consmmyti decrease by
6 to 8% if a car weight is reduced by 10%. An automotive bodgtsire weighs about
30 to 40% of a full vehicle. Therefore, the lightweight body strucplegs a rather
important part in obtaining a satisfactory weight reduction ofla vehicle. There
reduction of weight of the frame structure can be achieved flgciag the existing
material with new types of light materials such as alumimlloys, magnesium alloys,

engineering plastics and composite materials. The second aeppso#& optimize the



number of parts of the body structure. By decreasing thicknesem@oding material in
the components weight reduced in the structure.

Axial collapse modes of thin-walled box columns are one of the eftesttive
methods to increase the crashworthiness of a vehicle. An idkalased tube mounted
for axial collapse is illustrated in Figure 1-2. Thin walbs#d structures absorbs the
kinetic energy involved in the system, which will protect passerdjsrstly exposing to
these high-speed impacts. An automobile frontal longitudinal railtypical example of
the energy absorber columns in crash energy management, sifintakecrash safety
performance of a vehicle is increased by the collapse behavibese components. The
frontal area of the ralil structure is generally straight to iadudal progressive collapse,
which is the most efficient mode of collapse for crash energgrptisn. The crashing
behavior of the front-end structure is very important becausefattafthe overall

acceleration measured at the driver compartment during impact [4].

R~ R ———

Figure 1-2 Axial collapse mode for closed section tube [5]

The bending collapse mode of a frontal longitudinal rail involves foomaif

local hinge mechanisms and linkage-type kinematics. The bending ocotldpse in



frontal longitudinal rag can be eithedue to a bend in the profile offi@ntal longitudinal
rail or in offsetcollision of vehicle, there will be improper didtution of the load the
will create a bending mode collapsea straight longitudinal rail. Thugyer though the
frontd longitudinal rail structur absorbs more energy due to axial colle it fails
mainly due to the bending load acting or Figure 13 shows typical bending mo

collapse of drontal longitudinalrail.

Figure 1-3Bending collapse modtof a closed section tube

Thin-walled elements are the most comily used to support theomponentsn
vehicle frame structureThe shape of the tt-walled profile and the technology of
manufacture are the maiactors, whicl determine impact energy absorption by tar’s
frame. One such manufactur technology consists of joiningesistance spot welding
two open omegahaped profiles made of steel characterized by higyly strength an
plasticity (e.g. DOCOL 800DP) to im one closed profile. Such beams are mounte

the car’'s front sectiono absorb impact energy in the case of an acciddost of



literature on thin-walled structures involves information abouingthe calculations of
thin-walled profiles with a circular, rectangular, polygonal, sdfided with foam) or
hollow cross section, joined together by continuous bonding or welding, bbetishdtle
information about such calculations for thin-walled structures joingdther by spot
welding. The reported results of strength tests carried outingbesspot welds are
insufficient to predict the behavior of the thin-walled structure uadé compression.
Taking into account the phenomena that occur when and after a thid-waileture
loses stability, the structure geometry, the kind of material asddhe non-linearity due
to geometrical, the designers has to precisely design andyspgex calculation and
methodology to determine strength for these types of thin walledtstes. Since no
information on thin-walled profiles joined by spot welding, subjetteaxial-symmetric
compression can be found in the literature, FEM-based simulatisteuofure crushing
can be studied [5].

Automotive design companies using commercially available finlement
software to simulate the crash analysis have urged developetsoduce more complex
spot weld options in their packages which improve simplicityciefficy and accuracy.
MSC/NASTRAN is a widely used finite element software usedthe automotive
industry. MSC/NASTRAN has delayed to develop a separate totd imenu to model
spot welds for crash analysis. This is mainly due to the teahdifficulties and other
simple options exist, such as flexible springs and bars (CBUBWKR(, rigid elements
(RBAR, RBE2, RBE3) and multipoint constraint that represent the splat v a full

FEA model of vehicle. However, in recent years with the akdity of high-



performance computing systems, designers and analysts arelecagalvunning
efficiently very large and detailed models with the goal rafreased accuracy and
correlation and validation with real physical experiments. Tasire for improved
accuracy and the need for modeling details of thousands of spot-wsldieimanded
tools for simplicity of modeling, and greatly improved accuracgpdt-welds for crash
analysis [6].

As mentioned above, there are different options available in carrah&EA
software to create spot weld connections in a simple manner, \@bhi&h not require
detailed information of the spot weld. The main reason for modelisigoaweld in a
simple manner is to reduce the computational time. In caseeal atructure the number
of spot welds is very high. Hence, detailed modeling of each spdtimvalge structures
will increase the computational and modeling time largely.example, in a full vehicle
there are about three to five thousand spot welds. The only pragmalach is to model
the spot welds with very coarse mesh that take care to gy the model used
accurately represents the stiffness characteristics of the ret |6l

The spot weld plays an important role in crash simulation of a leehite
National Crash Analysis Center (NCAC) has been involved irhcasulation analysis
for many years. Entire FEA models of the vehicle are aleated during development,
intermediate validation for the performance and accuracy of thg btdcture is
evaluated. NCAC has shown that there is a significant differeetwveen simulation
and test results in the case that only three spot welds ab&atyohs in the entire car

body is missing [7].
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In [8], three different types of spot weld modeling techniques arerided; a
single element connection, a single hexahedron element connection, &gk a
hexahedron element connection, all available for crashworthiness adioplic
Obviously, using a single beam element connection is the singdesttization effort to
model spot welds in a finite element model. In case oflesieiement, the overall
stiffness depends strongly on the position where the beam nodes aeetednto shell
surfaces. Secondly, the torsion stiffness of the beam cannot batedtisince the
corresponding degree of freedom is not available in the attachddfcineulation.
Considering the spot weld discretization with four hexahedron elem#rm@ssmall
element size would decrease the time step severely to mamiaerical stability in
explicit solvers and hence additional mass scaling is requratlaw larger time-steps
but with loss in accuracy. The third modeling technique consists of somgle
hexahedron spot-weld element created between the joined components.

Failure properties of spot welds must be obtained by conductisgaihy
tests that isolate pure load paths. Examples of these sinspdeare the shear-tension,
lap-shear, and coach-peel coupon tests. To conduct thesediegfie &pot-weld between
the two thin plates. The shear-tension sample is tested in theredif angles: load
applied at Ocreates a pure shear test, at @@ates a pure tension test on the spot weld
[10].

As discussed earlier, an important feature in crash simulaiomei amount of
detail included in modeling spot weld connections. Traditionally fociefcy, simple

node-to-node rigid connections for modeling spot weld connections betliféerent
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components are used, especially when many components are connextedl vehicle
crash model. Recent studies have shown the importance of acoodatng including
elastic stiffness and failure modes for spot welds in automot&ghcanalysis. For
efficiency and convenience, many commercially available FEA g@skaow include the
option of creating mesh independent spot welds, which allow the usdefite the
location of the center point of the spot weld and define the spot aildsron adjacent
surfaces of connected components. A distributed coupling to nodes viiéhradius
specified is automatically created which approximates the behafverrigid spot weld
of finite size. In addition, the size of the rigid spot weld modeViples greater accuracy
compared to the simple node-to-node connection. However, it has moubievery
recent that some researchers and commercially availaBleséfavare have the ability to
include important spot weld elastic properties and failure modesioomg pull, peal,
shear, and torsion.

In this work, different levels complexity in spot weld modeling examined in
terms of sufficient accuracy which can be used efficienttyirfgpact analysis of large
connected components and full vehicle crash models. In order ofdsmgeamplexity,
the following spot weld models are considered and results compayatnfde node-to-
node rigid connection, (b) rigid mesh independent spot welds, (c)icelassh
independent spot welds, and (d) elastic with failure mesh independenwvealpst In
order to study the fundamental behavior of the different mesh-indemtespet weld
models, pull-out and peal tests between two thin ductile stees@a¢ performed which

isolate different failure modes. Comparisons of reaction foresusedisplacement
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curves and internal energy versus displacement for the diffeypas tof spot weld
models are given. Results indicate that the rigid connectedsresudt reaction force
which is much larger than elastic spot welds. The spot weld matéh includes
failure, follows the same path as the elastic weld but whehirgathe particular failure
force the reaction remains constant with additional applied displacement.

To better understand the behavior of the spot-weld models foramabfsis on a
realistic and important automotive component which exhibits compleshicrg modes
with combined axial and bending a frontal longitudinal rail desigmedstrength and
energy absorption was studied with a node-to-node rigid spot weld oesnwah mesh
independent rigid and elastic spot weld connections. In addition to sjust, Wee effect
of various shape and size parameter changes best suited for Irefamatic energy for

the rail component is studied.
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CHAPTER TWO
MANUFACTURING PROCESS FOR AUTOMOTIVE STRUCTURES WITH
SPOT WELDS
This chapter gives an overview of the manufacturing of thinedadlutomotive
structures jointed by spot welds. Stamping is the main process used tdlweahte-wall
automotive structures. Most passenger vehicles manufactured hadg that comprises
100-150 stamped metal parts. A stamped component in vehicle varige ifiosn a
small like a bracket to a more complex panel such as fenders, lanodsody sides [12].
These thin walled structures are joined to each other using spdingvgbrocess.
Resistance spot welding (RSW) has been widely employed in rsleg¢&lt fabrication for
several decades. The automotive industry prefers spot welding bdtasican be an
easily manufactured and cost-effective joining method. Thereéhatesands of spot in
every passenger vehicle. However, each spot weld in the bodyt@-sthicture of a
vehicle has different loads acting on it based on location.
The automotive front side rail is one of the most important padsa sutomotive
body in white, because of its energy absorption capacity dtimmdrontal crash of a
vehicle. In the past two decades extensive studies on frontarailag to obtaining
crashworthiness along with less weight have been performed. The fomgilidinal rail
is a closed thin walled structure manufactured in a stampinggsoeith spot weld

provided on both side flanges.
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2.1 General Description on Stamping Process for Thin Walled section

Stamping is a metal working process by which sheet mefalinshed using a
press tool to form the sheet into a desired shape. This couldihgleastage operation,
where every stroke of the press produces the desired form on thherstakpart, or a
multi stage operation [11]. Generally, the body-in-white structaes sheet metal
components with a thickness varying between 1.5 to 3 mm. In the stamucess,
stretching of sheet metal takes place in between the dies dam dbe desired shape.
Therefore, with a stamping process more intricate shapes with beads and holes on
sheet metal can be obtained. The alternative forming technigiceging where the
metal is compressed in between dies, it is difficult to farsinape of sheet metal that has

small thickness.

2.2 Spot Weld Manufacturing Process

Welding is the joining of two or more pieces of metal by theliaation of heat
and sometimes pressure. In resistance spot welding, hgaiesated by the resistance of
the parts to the flow of an electric current at a localizesh @and a bond is created
between the two thin sheets. The main difference between nesistelding process and
other welding is that there is no need for filler metalfloxes. In addition, the spot
welding is a process in which weld is created by fusion so thereeed for the
application of force to forge the heated work pieces together. &gt shows the

welding of body-in-white structure in a vehicle assembly p[ad]. The projection
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welding and seam welding methods also fall under the categoryesistance welding
process. Spot welding is a type of resistance welding and malsé @utomotive body
frame structures and components joined using spot welds. Spot-wekl gopated by
applying heat and pressure at a local area of the metalsn@iaé objects have provides
a resistance to the current flow that make it possible fddimge plates with less
thickness. Compare to other process spot welding automation withcroddtniques is
highly adaptable. A typical body in white contains thousand of spot Wwatdatlows the
automotive manufactures to use robotic techniques to create spot Wéltis the
application of robotic techniques, even the intricate locations of th@awents can be
spot-welded. The application of robotic technique to create spot weldalloaged

efficient creation of thousands of spot welds in single vehicle.

Figure 2-2 Automated process of spot welding for Body-In-White structre [11]
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The Figure 2-3 shows a spot welding manufacturing process set-upspohe
weld process has two copper alloy electrodes and the sheétptaetd in between the
electrode tip. A very high current supplied between the electrddes heat generated
within the material by the resistance to the passagehadhacurrent through the metal
parts. Heat develops mainly at the contact area betweenhewbss eventually causing
the material at that location to melt, forming a molten poolthed solidify into a weld
nugget. The Figure 2-4 shows the molten pool created due to theweent passed in
between the electrode tip and the surrounding solid metal creates.

Spot welding is a technique generally used to bond metals shapeshestis no
thicker than 6.5 mm. Unlike other welding techniques, spot welding e&atecprecise
bonds without generating excessive heating that can affect the me@dithe rest of the
metal sheet. An important characteristic of the spot weldingegrois the time taken to
create a weld. The time taken for production of a weld can betHassone second,
depending on the application and the metal properties. The loadngacgpacity of a
spot weld mainly depends upon the quality of the spot weld manufactured. The amount of
current follow between the plates through electrodes calduteteed on the thickness of
the sheet welded and the diameter of the spot weld. Spot weldingidely employed

technique to join sheet steels structure in the automotive industry.
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Figure 2-3 Spot-weld manufacturing proces§l1]

Figure 2-4 Microscope view of a spot wed between two sheet metal pdtt]
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2.3 Material Model

For this study, ductile steel material is assumed for thetshe be stamped and
spot-welded to form components. Table 2-1 provides the mechanogrpes of the
material. The body-in-white of a vehicle is manufactured usiegl £ven though there
has been continuous study to replace it with a lightweight matiéeahluminum. Since

the frontal longitudinal rail is studied the material properties of mild sexinsidered.

Property Metric
Density (g/cc) 7.89
Tensile Strength, Ultimate 693 MPa
Tensile Strength, Yield 400 MPa
Modulus of Elasticity 210 GPa
Poisson’s ratio 0.3

Table 2-1: Material Properties for Steel used in this study
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CHAPTER THREE

SPOT WELD CONNECTION FOR CRASH ANALYSIS

In this Chapter, the various methods of spot-weld connection availabi@iter
element crash analysis and the ways to create these optiahiscargsed. A main goal of
the investigation is to understand the performance of the differeds of spot weld
options available for crash analysis. Spot-welds plays an impaodinin keeping the
automotive components joined with each other. In the case of studwngrash
behavior of the entire vehicle, using a finite element analysyrtant details about the
spot weld behavior has to be provided so that the final simulation srestch
experimental values. The failure of a spot weld occurs due fereht kinds of load
acting on it. Failure can be either due to shear load, twisting dodeknding load.
However, most of the finite element codes until recently hagd asimple node-to-node
rigid connection to represent spot welds in the model. This kind ofrgd®n leads to
(1) under estimation of energy absorbed in crash analysis, (2) caadi pine failure of
the spot weld, (3) the shell elements around the connection can balisticedly
distorted when compared to the elements some distance away fonode-to-node
rigid connection. Another approach for modeling spot welds is usangdlid elements.
This level of detail is an excessively expensive process betiareeare usually several
thousands of spot welds in a car so it takes more time in mgdafid solving. To
achieve realistic finite element simulations of crash of -hogy structures, the
connection between the components in the FEA models needed to biedmpeoperly

in terms of their respective materials and failure [7].
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3.1Various Options for Spot weld Connection for Crash Analysis

In this Section, the Mesh Independent spot weld feature whichaitalale in
ABAQUS is compared with the other kinds of spot weld connections. Fostindy six
different spot weld models which are available in ABAQUS areser that can be used
in crash analysis application. First is the single node-to-nodel rMMulti-Point
Connection (MPC) between the top and bottom surface node as showigurea3-1(a).
Next is to connect a set of nodes in the top and bottom surfpdly to a reference node
and a rigid MPC connection created between these refereades has shown in Figure
3-1(b). This kind of connection attempts to simulate a rigid spot @fdidite size. Third
is a mesh independent spot weld connection, created using a connatimteds shown
in Figure 3-1(c). Using connector elements to create a spotopaon allows the user to
model very complex behavior of the connector. Like other uses otctmrelements,
the connection can be fully rigid or may allow for unconstrain&tive motion in local
connector components. In addition, deformable behavior can be specified using a
connector behavior definition that can include the effects of elgstidamping,
plasticity, damage, and friction. Therefore, the third type usesnaector element to
create a spot weld that will have rigid behavior properties ifihe fourth type is to
create a spot weld connection that will have the elasticityepties added to it. By
adding elasticity to the spot weld. The behavior of deformatiohbeilappropriately
equivalent to the experimental component deformation. The fifth typerofection is to
add a failure criterion of the spot weld. By this method, a partitoga on the spot weld

reaches the failure load; it will fail and will allow tlsheets to separate at that location.
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The failure of a spot weld can be a coupled or uncoupled based on the load acting on each
direction of a local co-ordinate of the spot weld. In case of awpfat involved in a

crash analysis of a vehicle or component, the failure behavpoisded in a coupled

manner.

Rigid Beam Flement Between the
Nodes from top and hottom surface

(@)
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Rigid the Top Swface node to a Reference Node

Rigid Beam connection

Rigid the Bottom Smiface node to a Reference Node

(b)

CONN3D2 Element to Create MMesh Independent Spot weld in ABAQUS

(c)
Figure 3-1 (a) Simple node-to-node rigid spot weld connection, (b) dtd spot

weld created using rigid body and MPC, (c) Mesh independent spot weld
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3.2Mesh Independent Spot Weld

There are thousands of spot weld in automotive assemblies. The nrawtech
spot welds undergo damage and failure during a crash can obviousgno#la vehicle's
structural crashworthiness. One of the most useful tools developedaiitworthiness
simulation in ABAQUS is a mesh-independent fastener thatbeansed to simulate
elastic, failure and damage behavior in spot welds. A spot weld ciimmesed in crash
simulation must behave like a point—to-point connection between two sufétbegood
computationally efficiency and must be relatively easy totereEhe mesh independent
fastener option in ABAQUS v6.8 [16] automatically determines thatimes of the spot
weld based a reference node provided, and identify the two shell esyrfabich is
connected by creating the distributed coupling. The mesh independentetppatan also
tie more than two shell surfaces. Either a connector element or BEAGsMEtween the
two surfaces act has a local center axis for spot weld coaneB@ased on the spot weld
radius provided, the number of nodes involved in the distributed coupling is

automatically determined.

In case of mesh independent spot welds, the fastener can be dafimma any
relation to the nodes on the surfaces to be connected. For exammehandependent
spot weld is created between two plates is shown in Fig@reTBe number of nodes in
the top and bottom plate involved in the spot weld is based on the radnesspiot weld
specified. The location of the spot weld does not dependent upon the nilkslplates.

Even if the mesh on the plates is changed, the location of the sjmtreveains
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unaltered. The only difference will be the number of nodes involvelerspot weld

distributed coupling would have increased has shown in Figure 3-2. Thie- mes

independent fastener capability in ABAQUS is designed to modelspoe weld

connections in a convenient manner; one that contributes to modelingrefficand

saves a great deal of time for engineers in creating thengdd$é connections. Once the

connection is created, the properties of the spot weld have to be prtwidedurately

weld between two sheets.
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Figure 3-2 Mesh independent spot-weld on coarse and fine mesh
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3.2 Mesh Independent Spot Weld Failure

Before explaininghe different failures modesf a spot weld, the different lo:
components and local cadinates of the spot weld are discuss#&dhile modeling spot
welds in ABAQUS,six loading components with respecta global coordinate syste
aredefined for the asseml. There are 3 force components, &cthoment componen
(couples)as degree of freedom with respect to the globaldinate ystem. As shown in
the Figure 3-4, the centaf the spot weldis considered as therigin for the local
coordinates system [16].h€ local coordinates; and y are directed inthe plane of the
mid surface of the spot weland parallel to the surface of the spot weabpectively.
The axs that is perpendicular to the surface of the speltd is consideec as the local
coordinate z

F

Z
DE-'{‘ES spot weld ' Center for the spot weld local co-ordinate

&)

Global Ceordinate

Figure 3-3Loading components of the Spot weld in local ~ordinate [16]

The local in plane force compone fy, and { are combined into one resulta

shear force § and theorce along th«out of plane axis is considered has the normal fi
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F.. The local moment components,; & m, are combined into one local resultant
bending M, and the moment s considered as a twisting moment M

There are four different types of failure modes in the spad.vidie sliding mode
failure of the spot weld is due to in plane forces that act alomdpcal axis of the spot
weld. The shear failure of a spot-weld studied, creating avegidtat the center of plates
and applying a pure shear load. Tear mode failure is due to the planefmoment g
This is due to the twisting moment acting on the spot weld coonecthe other two
failure modes of the spot weld are due to pulling the spot welthanotit of plane
direction. This open mode failure may be evenly deformed or unedefitymed based
on the kind of force acting. In case of normal forcef&lure can be studied by
conducting a pull test. The uneven deformation of open mode failure is Whespot
weld opens up in one sidad leaves the other side unaffected. This kind of imbalanced
opening of the spot weld can be studied by conducting a Peel test [1].

The above explanation described the different kinds of individual farockes in
a spot weld. However, for general loadings on structural componatht spot welds, the
failure modes are coupled. In ABAQUS, the failure criterion comgimnultiple failure

modes is written into a single equation as follows: Equation (1)

R

In this equation s, b, n and t represent the four independent failure-nekske
shear, peel bending, normal pull and in-plane torsion. The denominatibf, =, and

M, represent the spot weld strengths of the four independent failuresmaie the
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numerators § m,, f, and m represent the applied loads on the corresponding failure
modes. The symbols v, u andp are the unknowns that would define the failure surface
between the independent modes, and must be determined by expefiierthjs is
known as a coupled failure spot weld model. Regardless of the wdlueg p andp any
single loading can be studied until the failure equation wouldtigfied when the value
of the numerator is equal to the denominator. This means that wheppiwddoad
reaches the failure load of a spot weld, the spot weld williféaieach single failure
mode. This is known has uncoupled failure of a spot weld. In ABAQUS,giamadels
which can account for strain rate, and brittle fracture camdbleded as options in a
generalized failure model, but are not used in this study.

For the elastic spot-weld model, a stiffness value, which dependseoplate
thickness, is defined for each of the deformation modes of shear,npeadal, and
rotation. The elastic spot weld stiffness values used in thiy sttedobtained from an

empirical formula found in [16] and shown below:

K =Cxt!xt)

Here, K is the stiffness of the spot weldist the smaller plate thickness andst
the larger plate thickness. A different stiffness value isrdehed for each deformation
mode. The stiffness value depends on the thickness and materialipsopethe sheets
[16]. Failure of a spot weld can be considered equivalent to théication of local
forces and/or moments in the different modes exceeding a maximim dnd then

setting the stiffness values to zero, so that the weld cannot carry any loather
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Failure Mode | Thickness mm C n, n, K
N/mm
Shear 1.55/2.16 10307 2 0.2 | 13118.35
Peel 1.4/1.0 1.761 E5| 1.667| 0.667| 2.2E05
Normal 1.38/1.2 652 1.3 0.9 1106.45
Rotation 0.99/0.68 2.0E6 0.55 | 0.33 1.6E6

Table 3-1: Elastic properties for Spot Weld

3.4Rigid Body and Beam MPC Spot Weld

A rigid spot weld is created using rigid body option and Multi-point tairg. In
a rigid spot-weld, a set of nodes in the top surface and bottonteswémnected to a
reference node has a rigid body and a MPC rigid beam credteedethe two reference
nodes. Rigid body is a collection of nodes, elements, or surfaces Wwkbsgior is
controlled by the motion of a single reference point calleditheé body reference node.
The relative positions of the nodes and elements that are inclattethe rigid body
moves based on the reference node. A rigid body created in ABAQUScut®dt be
deformed but it can move based on the reference point boundary conditiensolion
of a rigid body is prescribed by applying boundary conditions at girek vody reference
node [16]. MPC provides a rigid connection between two nodes; it will also cartbtai
displacement and rotation degree of freedom at the first rotleetdisplacement and

rotation degree of freedom at the second node.
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CHAPTER FOUR

FINITE ELEMENT MODEL AND TESTING PROCEDURES FOR SPOT WELD

In this study, Finite Element Analysis (FEA) is used to sttigy behavior of
various spot weld connections used in crash analysis. The analpggormed for two
loading conditions acting on the spot weff@ilure properties for spot welds are obtained
by conducting shear, pull, peel and twist coupon teBités chapter deals with the
geometric modeling, finite element meshing, loading and boundary condibtion®n-

linear analysis of spot weld for the pull and peel tests.

4.1 Spot Weld Test Procedure

Figure 4-1 Shear test step-up showing specimen with a spot weldd spot

weld failure [14].
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Figure 4-1 shows the shear test perfomed on two sheets connétiedsmgle spot
weld. This test coupon has a two thin plates with half the |lgpigtted over each other

and a spot weld is created at the center of the over lap area [14].

Figure 4-2 Peel test step-up showing specimen with a spot welad spot

weld failure [14].

Figure 4-2 shows the peel test for a spot weld specimen.aebrkend of failure
mode, there has been a separate test coupon and test procedure deVelspet
coupon has a thin two plates with L-shape joined together. The top anthlestyes of
the coupon is pulled evenly from both sides until failure occurs.fdioe at which the

failure of the spot weld occurs ploted against the displacement.
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Figure 4-3 shows the pull test for a spot weld. This test coupoa twas inverted
cup shape plates and a spot weld is created in between ting npdaites [14]. The two

holes in the top and bottom of the cup shape plates are the mountingopdiotshe test
fixture.

yF B |

Figure 4-3 Pull test step-up showing specimen with a spot welahd spot

weld failure [14].

4.2 Geometric modeling for the shell model of Pull and Peel Test Coupon

As mentioned previously, the (a) sliding mode failure, (b) tear nfaitlee, (c)
even deformation due to pull mode, and (d) uneven deformation due to pull mads fail
are the four kinds of failure modes that are combined in a spotdueidg crash. To

compare the different kinds of spot weld models, pull and peeMibsi® modeled using
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ABAQUS v6.8 finite element software. Separate specimen geesiéor both pull and
peel tests were created using CATIA V5 CAD software.

In case of the pull test, a cup-to-cup test coupon as shown ireHeiis used to
determine the normal separation strength Fn and stiffnesd &spot weld along the out
of plane axis. This is a newly designed specimen disclosed, iwif@] two back-to-back
cups welded at the center of the back surfaces. Each of the cuppdia®f short walls,
which are butt welded to the long walls. The end of the long wall has a rethfardele
for loading. When loaded through the long wall pinholes, the unevenly distributed
bending moment is relieved, and a nearly pure lifting force isegppienly around the
spot weld. Two different test results can be obtained by pullctagbon, the nugget
shear-off or the nugget crack. The first failure is a @ipitugget pullout is complete
nugget shear-off around the heat affect zone. The second failareugget crack is
radial cracks occurred in the center area of the nugget. Ttdelddiection curve for this
test is provided in [9], from which the normal pull strength, Fn alfthests Kn of the
spot weld is interpolated.

In case of the peel test, two L-shape plates are used tndetehe peel strength
My and stiffness K The L-shape coupon used was developed in [10], the local peel
moments ml and m2 can be combined into one local resultant bending moment M

Figure 4-4 shows the geometric CAD model of cup-to-cup test caugmxhin the
Pull Test, and Figure 4-5 shows a 2D drawing with all the dimnaasif the plates. The
CAD model is created in CATIA V5. A simple U-shape sketckxsuded along for a

length of 19.5 mm. The bottom cup has the same dimensions. There krzeshi
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difference between the top and bottom plates, the top plateshakmess of 1.38 mm
and the bottom plate as a thickness of 1.20 mm. The shell createdergpthe middle
surface of the plates so the gap between the top and bottom cup i®espuamation of
the half the thickness of top and bottom plates. The both plates aeegblan offset
distance of 1.29 mm. A fillet radius of 2.5 mm is provided to the sharpseafgthe

model.

Figure 4-4 Pull test CAD model created in CATIA V5
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Figure 4-5 Dimensions of the pull test specimen created in CATIA V5

Figure 4-6 shows the CAD model of two L-shape test coupons udbd ireel
Test) and Figure 4-7 shows a 2D drawing with all the dimenbnise plates. Using
CATIA V5, an L-shape sketch is extruded to a length of 20 mm tiectbe top L-shape
plate. The bottom L-shape plate has the same dimensions. Thdtedkness difference
between the top and bottom plates, the top plates as a thickness ofnrth.4dd the
bottom plate as a thickness of 1.00 mm. The sheet createdergprédse middle surface
of the plates so the gap between the top and bottom cup is equal tatsamwhthe half
the thickness of top and bottom plates. The both plates are plac®fiset distance of

1.20 mm. A fillet radius of 4 mm is provided to the sharp edges of the model.
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Figure 4-6 Peel test CAD Model Created in CATIA

20 mm

30 mm

20 mm

[
|
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Figure 4-7 Dimensions of the Peel Test Specimen
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4.3Finite Element Mesh for the pull and peel test coupon

The surfaces of the geometric model are meshed using HYPERMHEB shell
elements of 0.75 mm element size for the pull test and 1 mm miesze for peel test.
The CAD model created in CATIA V5 is imported into HYPERMESHtlhe IGES
format. The surface is meshed with 4-node doubly curved thin or thidk sddriced
integration, hourglass control, finite member strain element (S4R® mesh from
HYPERMESH is saved as an ABAQUS v6.8 input. A total of 1962 nodesl&ad
elements are present in the finite element mesh of the puflgemetric model and 1407
nodes and 1300 elements are present in the finite element mestpeélthest geometric
model. Figures 4-8 and 4-7 shows the mesh detail of both the pull ahdepee

specimens.

Figure 4-8 Mesh for the pull test specimen
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Figure 4-9 Mesh for the peel test specimen

4.4Boundary conditions for the pull and peel test

Pull and peel-coupon tests are modeled with the different typepotineld
connections discussed in Section 3-1. The loads and boundary conditidifeeaeat for
both pull and peel test. In case of a cup-to-cup test coupon a dispidgaein® mm along
the z-direction is applied to the both rigid body reference points. Toabtaoper lift of
the cup, the walls on both sides of the plate shown in Figure 4-1@i@reonnected to a
central reference point. Both the top and bottom cups have a cefgnance point to

which loads are applied.
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Figure 4-10 Sidewalls of the cup shape plates are rigidly connected toentral

reference point

A displacement boundary condition is applied to the both center refenedes.
The top and bottom reference points are allowed to translate necidn alone with
other degrees-of-freedom restricted. A displacement of 8mnowdad to the both top
and bottom rigid body reference point in opposite directions. Figure ghaivs the

boundary conditions applied for the pull test.
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Figure 4-11 Equal and opposite vertical displacements applied on theth top and

bottom reference point

In case of the peel test, the L-shape plates are used te difarent types of
spot-weld connection at the center and a peel displacement of 16 mm applied. To obtain a
proper peel of the two plates, the both top and bottom vertical waltsoanected rigidly
to a central reference point. The Figure 4-12 shows the top and befier@nce points.

The purpose of making the walls rigid to the reference poind iachieve a uniform
behavior as per the boundary condition provided to the reference point. Bodip ted
bottom L-shape specimens have central reference points to Whictdary conditions

are applied.
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Figure 4-12 Sidewalls of the plates rigidly connected to referencedes.

A displacement boundary condition is applied to both center refenenies. The
top and bottom reference points are allowed to translate in threctioin alone with the
other degree-of-freedom restricted. A displacement of 8mm isdaduo both top and
bottom rigid body reference point in opposite directions. Figure 4-12 dhewsoundary
conditions applied for both top and bottom plates of the peel test sgecirhe edge

nodes of the horizontal surfaces are fixed in all degree-of-freedomponents as shown

in Figure 4-13.
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Figure 4-13 Equal and opposite displacements applied on the both topdhbottom

reference points

4 5Dynamic Non Linear Analysis

The main goal of the investigation is to study how spot welgspden important
role in crash analysis. Since crash analyses are high-spegdcti events,
ABAQUS/Explicit is used to simulate the pull and peel testdifferent the different

types of spot weld modeling techniques. Both the pull and peel testondacted for a
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duration 200 ms and the applied displacement is applied has a smoaitestdps time

interval.

4 .6 Results for Pull Test

In the previous sections the steps involved in creating differens kihgpot weld
connection for the Pull test in ABAQUS v6.8 was discussed. The spotopgons that
are Mesh Independent allows monitoring the output of the spot weldeiriotm on
forces and moments in the local co-ordinate of the spot weld. Ino€aggd spot-welds
created using none-to-node BEAM MPC and rigid body connectors,tbalynternal
energy of the test specimen is measured. Figure 4-14 shows avitanbdf the pull
coupon for the comparision of deformation between the rigid spot weltedreaing
Mesh Independent spot weld and spot welds created using rigid body to@mreed
Beam MPC. Deformation result that the rigidized spot weld WIBC is more stiff
when compared to the “rigid” spot weld created using the Mesh indetesplat weld.
This difference occurs because in ABAQUS when a Mesh Indepespeniveld is used
to create the “rigid” spot weld between surfaces, the saftwdernally calculates and
applies a high value of elasticity to the spot weld to relaxperfectly rigid condition.
When elastic data is not available for the spot weld, therbitier to use the rigid spot
weld option available in mesh independent fasteners which can beoussxhitor the
spot weld local forces and moments. As shown in Figure 4-14, the bplabes deforms

more when compared to upper plates because of the difference betveeqtate
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thickness. Since the lower plate has lesser thickness it defoores compared to top

plate.
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Figure 4-14 Comparison of displacement between rigid body spot weld
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shown on left and “rigid” mesh independent spot weld shown on right.

To compare the different kinds of spot-weld deformations, the font wifete
pull coupon deformed images are superimposed to obtain a more cleatamdiag of
the deformations. Figure 4-15 shows a superimposed image of a rigidindependent

spot weld and an elastic, mesh independent spot weld. The normalsstiffalee Kn
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depends on the thickness values of the connected plates. The valuesthiseslark are
taken from curves found in [9]. The local variation in the defowwnatif the bottom and
top plates does not exist in elastic mesh independent spot weld. lof cage spot-weld
the connection between the two plates where highly rigid. The ssffppperty along

the pull direction of the spot weld allows it to deform in a more realistic manner.

™
=
=

Figure 4-15 Comparison of displacement between rigid mesh indepest

spot weld shown in Red, and elastic mesh independent spot weld sihaw Blue.

The elastic spot weld does not show any vigorous deformation aptteveld

location. For elastic mesh independent spot weld, both the top and bottomaveps
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semi spherical shape created at the center. When the detorratween the rigid and
elastic spot weld is compared the elastic spot weld deformasiomare realistic

compared to the rigid spot weld.
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Figure 4-16 Comparison of displacement between elastic mesh ineéeplent

spot weld shown in Red, and elastic with failure mesh independespot weld shown

in Light Blue.
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The Figure 4-16 shows a superimposed deformation of elastic d&me faiesh
independent spot weld. The values used in the failure criteria in Bquad depend on
the thickness and material properties of the sheets and areftakeRef. [9]. The top
and bottoms cups of failure spot weld expanded further because it ileak dter
reaching the failure force due to pulling. However, the elaptt weld has kept the two

plates intact with each other so it offers more resistance to expanding.
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Figure 4-17 Comparison of displacement between single notlenode rigid
spot weld shown in Green, and elastic with failure mesindependent spot weld

shown in Aqua.
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Figure 4-17 is a superimposition of single rigid node-to-node comeetnd
elastic spot-weld connection with failure criterion. In casehef single rigid node to
node connection the bottom plate is deformed forming a local kink on thepladées.
The single rigid node to node connection has created more locaimdgion where the
mesh independent spot weld deformation is more distributed around the Epcadues.
The kink shows that the rigid node-to-node spot weld poorly representtodhle

deformation.
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Figure 4-18 Contours of Von-Mises Stress for rigid body spot weld
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The next step is to compare the location of high stress in the nitidél stress
gradients can occur near spot weld connections and thus should betedlactzurately
so failure strength of the component can be evaluated correctlyb&cause improper
connections in the model can misguide the location of high strésg aceas. Figure 4-
18 shows the Von Mises stress distribution for a rigid spot wettertausing rigid body
and Beam MPC. Since the set of nodes in the top and bottom are ednagd rigid
body to a reference node, the spot weld connection behaves likel adwider without
any deformation. This creates a very high stress surroundingiglie patch. As
mentioned earlier the bottom plate has higher stress actifigndren compared to top
plate, this is because the thickness of bottom plate is sriizdierthe top plate. Hence,
the bottom plate offers low resistance to the pull load. In daaeigid body connection,

the high stresses observed at the area surrounding the rigid body spot-weld.
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Figure 4-19 Contours of Von-Mises Stress for rigid mesh independespot-

weld created using a connector element

Figure 4-19 shows the Von Mises stress distribution for a sigad weld created
using the Mesh independent spot weld option in ABAQUS. In case of imshendent
rigid connection, the elements involved in the spot weld deformed ahdtnegs acts on
the elements involved in the spot weld location. However, the dafammand stress

distribution is almost the same between the both rigid body andmiggth independent
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spot weld. The rigid spot weld connection created using mesh indepspdémield can

use either a connector element or Beam MPC.
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Figure 4-20 Contours of Von-Mises Stress for elastic mesh independespot-

weld created using a connector element

Figure 4-20 shows the Von Mises stress distribution for an elaptt weld
created using Mesh independent spot weld option in ABAQUS. The stifffreperty
along the pull direction of the spot weld allows the connection betwertups to

deform. When compared to rigid spot weld, the high stress locatrmhsleformation
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pattern is entirely different. In case of elastic spot weltl Bigess is created in the edges
where fillet is provided. Mostly this is the place where higbssies are expected when a

cup-to-cup model with a spot weld at the center is axially pulled.
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Figure 4-21 Contours of Von-Mises Stress for elastic with failure mas
independent spot-weld created using a connector element
Figure 4-21 shows the Von Mises stress distribution for an eldatiure spot
weld created using Mesh independent spot weld option in ABAQUS. fiffreess and

the force at which failure occurs are provided along the pull- tthrecthe values are
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taken from Ref. [9]. When compared to the elastic spot weldinmex stress values are
reduced. This can be explained by the spot weld has failedreftelning a particular

force so it will not provide any resistance to the pull load after failure.
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Figure 4-22 Contours of Von-Mises Stress for single node-to node rigid spot

weld connection
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Figure 4-22 shows the Von Mises stress distribution for a simggke-to-node
rigid connection spot weld. Since a single node in the top and bottoine giates are
connected, there is a local deformation kink created at thercaintbe both top and
bottom plate. This kink shows that the rigid node-to-node spot weld rdodsla poor

job representing local deformation and stresses.
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Figure 4-23 Connector element reaction force along pulling direatin for rigid,

elastic and elastic with failure mesh independent spot weld

Figure 4-23 shows the reaction force along z-direction for ithe, relastic and
failure spot-weld created in mesh independent spot weld option. Singgithgpot weld

has a very high resistance for deformation there has been véryonig created at the
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center of the spot weld. However, in case of elastic spot-whlete the connecting
elements are allowed to deform the reaction force plot showsch smaller force acting
on it. The reaction force for the failure spot weld has followed the same pathelastic

spot weld but after reaching the prescribed failure force \alperox. 7.5 kN), it starts
to not offer any resistance to the pull force. The use of thsielgpot weld model
without failure, obtains a maximum force which is about 10% highen the limiting

force of 7.5 kN-mm observed in the failure model.

Figure 4-24 shows the internal energy absorption plot for singié mgde-to-
node, rigid body and failure spot-weld connections. The internal enesiygles elastic
and plastic deformation strain energies. The rigid body spot weldsshovery high-
energy absorption because it acts like a rigid cylinder congettim two plates. The
single node-to-node rigid connection and the failure spot weld meshemdisqt fastener
show an initial path which is similar, but later there isaaiation in values. When
compared to rigid spot-weld, the single node-node rigid connectiogidlded results

closer to failure spot weld.
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Figure 4-24 Internal energy absorption for rigid body, single node-to-node and

elastic with failure spot weld

4.7 Results for Peel Test

To compare the different kinds of spot-weld deformations, the images
superimposed to obtain a clear understanding of deformation of spbtcamhection.
Figure 4-25 shows the side view of the peel coupon for the comparistefaymation
between the rigid spot weld created using Mesh Independent spotgahtady spot
weld. The rigid body spot weld is more stiff when compareddid 8pot weld created
using the Mesh independent spot weld. This difference is bgsosthuse in ABAQUS

when a Mesh Independent spot weld is used to create the rigid dpobeteeen the
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plates then the software internally calculates a high valuasti@ty to the spot weld in
order to relax the perfectly rigid condition.

In case of rigid spot weld created using rigid body connectiorBaach MPC the
element involved in the rigid body does not undergo deformation. Ioathe of rigid
spot weld created using mesh independent spot weld component deformatieseist

and appears as expected for the peel test.

& &

Figure 4-25 Comparison of displacement between rigid body spot weld amigjid

mesh independent spot weld for the peel test.
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Figure 4-26 Comparison of displacement between elastic mesh inégent spot

weld and elastic with failure mesh independent spot weld forgel test

Figure 4-26 is a superposition of rigid spot weld and elastic\gplat connection
created by mesh independent spot weld. The deformation betwedgidhand elastic
spot weld is almost the same. In the case elastic spot stdfldess was provided but for

rigid spot-weld, ABAQUS internally calculates a very high stiffnes
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Figure 4-27 Comparison of displacement between elastic mesh inéeplent

spot weld and elastic with failure mesh independent spot weldif peal test

Figure 4-27 is a superposition of elastic spot weld and faifpet-weld
connection created by mesh independent spot weld. In case of petiaateformation
between the elastic and failure spot weld is almost the.ddowever, the failure spot
weld expanded further because it has failed after reachingitheefforce due to peeling.

Figure 4-28 is a superposition of single rigid node-to-node conneaidrfailure spot-
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weld connection. In the case of the single rigid node to node connehedmttom plate
is deformed forming a kink on the both plates. The single rigid nodede-omnnection
has created more local deformation where the mesh independent kpdefeemation is

distributed around the spot weld radius.

%

Figure 4-28 Comparison of displacement between single node-to-nodgid spot

weld and elastic with failure mesh independent spot weld for gétest
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In case of peel test, the reaction moment in the spot weld afengotating
direction of y-axis is compared between the mesh independent spist waure 4-29
shows the reaction moment along y-direction for the rigid, elastcfalure spot-weld
created in mesh independent spot weld option. Since the rigid spot hag higre
resistance for deformation there has been very high force draiatiee center of the spot
weld. However, in case of elastic spot-weld the elements invalvespot weld
connections are allowed to deform with the amount determined byivee sgtiffness
value given. Therefore, the reaction moment plot shows a much sfoatleracting on it
compared to the rigid spot weld. The reaction force for the faslooé weld has followed
the same path as the elastic spot weld but after readiengréscribed failure moment
value (approximately 10 kN-mm), it does not offer any furtheistance to the pull
force.

During the initial crush displacement up to about 0.4mm, the slope oédhgon
moment curve vs. displacement curves is relatively steep and pomadrindicating a
large linear stiffness for small deformation. As deformatiorg@sses beyond 0.5mm,
the curves flatten indicating a softening effect due to geomneinlinearity. For
deformations beyond 1.0mm a hardening effect is observed up to aboutm4vthere
material plastic strains are developed limiting the maximaneefwhich can be achieved.
The use of the elastic spot weld model without failure, obtainaxanmmum force which is

about 10% higher than the limiting force of 10 KN-mm observed in the failure model.
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Figure 4-29 Connector element reaction moment for rigid, elastic anelastic with

failure mesh independent spot weld for peel test

Figure 4-30 shows the internal energy absorption plot for single migde-to-
node, rigid body and failure spot-weld connections. The rigid body spdt shelws a
very high-energy absorption because it acts like a rigid afimbnnecting the two
plates. However, the single node-to-node rigid connection and theefaibot weld of
mesh independent fasteners has shown much smaller energy absorpgoncémpared
to rigid spot-weld, the single node-node rigid connection has given sedoker to

failure spot weld.
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Figure 4-30 Internal energy absorption for rigid body, single nod-to-node and

elastic with failure spot weld for peel test
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CHAPTER FIVE

SPOT WELD ON A REAL STRUCTURE OF A VEHICLE

In the previous Chapter, the various types of spot-weld models weredstutia
single spot weld for simple pull and peel tests with isolated load patbslt®REom these
tests showed large differences in the results can occur betmebntype of spot weld
modeling technique. However, for full vehicle models, node-to-node spais veeé
often used for simplicity. To understand more about the behavior of sfzbnweeleling
behavior in a realistic automotive component, a front longitudinaceastructed from
two stamped thin sheet metal parts joined with spot welds at epgaaing along its

length.

5.1 FEA Model From National Crash Analysis Center

Figure 5-1 shows an entire FEA model of a Dodge Neon obtained from the
National Crash Analysis Center (NCAC). Since NCAC uses YB!B for crash
analysis, the FEA model is in LS-DYNA format. In this full vdaimodel, all spot welds
are modeled with simple node-to-node rigid connections. The next phasady is to
select one component from this FEA model and to compare how they efsayption of
the component varies when this node-to-node rigid connection is replabed mesh
independent spot weld connection. Figure 5-2 shows the single nodedaospot-weld

connection in the entire FEA model of the Dodge Neon.

64



Figure 5-1 Full vehicle FEA model created by National Crash Analysis &hter
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Figure 5-2 Sngle node-to-node rigid spot weds in the entire FEA model of

Dodge Neon

5.2 Components Involved in Frontal Crash

Since the FEA modecreated at NCAC isfor frontal crashanalysis, the
component that plays amport role in the frontal crash energy absorpi®selected for
further study.Therefore, a study on how energy is distributedndufrontal impact wa
done. Figure 5-3hows some of the important structural componengsmodrn vehicle
that plays an important role irrontal crash of a vehicle. THengitudinal beams at
designed to crumple in a controlled manner and r@bgmetic energy during th
collision. Lateral connections help stabilize arehsfer loads between easide of the
vehicle. This load transfer is important for catiss where only one longitudinal bean
loaded directly. Loads from the longitudinal beaams transferred into the passen
compartment through the firewall into the-pillars, tunnel and Bi The structures

forming the passenger compartmeshould not deformor protrude significant,
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maintaining and intact passenger capsule duringdhision. Imrportant components n
seen in Figure 5-are the engine and wheels. Both of these compc can contact th
firewall with sufficient deformation of the fronttraicture. These contac usually

introduce frontal compartment intrusion and theeased risk of occupant inju

Figure 5-3 Sructural components in front crash protection: a— upper

longitudinal, b — lower longitudinal, ¢ — lateral connection, d firewall, e — A-pillar,

f - sill

In frontal impact situations, the goal is have the structures in Figur-3 interact
with the corresponding structures on the colligpamtners. However, for other impe
conditions (oblique, side and rear impacts) thisaspossible. As seen Figure 5-3, for

side impacthere are no corresponding strires in the side of the vehictgher than thi
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door. In path of energy absorption during froncrash,lower longitudinal rail playan
important role in absorbing the kine energy of the system. Figure SHows the lower
longitudinal rail assembled in the Dodgeeon, whit plays an important role ienergy
absorption. A large amount cesearch and development this kind of structure idone
in industry to improve the energy absorption of the componemnttlgat the forc

transfered to the driver compartment during fral crash is reduced.

Front Longitudinal
Rail

Figure 54 Location of lower frontal longitudinal rail of Dodge Neon
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5.3Reverse Engineering of a FEA Model of Frontal longitudinal rail

The frontal logitudinal rail is thin-wall structure which manufactured by
stamping process. It has two components, the open section which haedsasection
and the bottom plate which are joined together using spot weld. To gtadsnergy
absorption of the longitudinal rail alone it has to be seperated from the ehicke\EEA
model of the car. The entire FEA model is imported into the Hypshmand the
longitudianal rail is seperated from the entire FEA modelurigich-5 shows the FEA

model longitudinal rail which is seperated from the entire FEA model.
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Figure 5-5 FEA model of frontal longitudinal rail in HYPERMESH
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Figure 5-5 shows the longitudinal rail obtained from NCAC, it hasuase mesh
with element size between 7 mm to 20 mm. In order to perforstudy of the
component, a proper mesh on the component must be provided. The entire frontal
longitudinal rail CAD model is recreated in CATIA V5 with tREA mesh as the input.
A surface extraction from the FEA mesh option in HYPERMESHSed to create the
surface of the longitudinal rail. Figure 5-6 shows the surfadengfitudinal rail extracted
from the mesh. From Figure 5-6 it can be observed thecgadraurface does not have a
proper tangent continuity between the surfaces. So the surfacésdstaed in IGES

format in Hypermesh and exported into CATIA v5 for further re-creation of thelmode

Figure 5-6 Surface of longitudinal created from mesh in HYPERMESH
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Figure 5-7 CAD model of frontal longitudinal rail created in CATIA V5
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Figure 5-8 2D drawing for frontal longitudinal rail created in CATIA V5

Using the advanced surface creation option in CATIA V5, the surdfdbe

longitudinal frontal rail is created. Figure 5-7 shows the CAD rhadehe frontal

longitudinal rail. The overall dimension of the longitudinal rail hi®wn in Figure 5-8.
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5.4 Test Procedure To Study Frontal longitudinal Rail

To conduct the impact testing of the longitudinal rail there areous types of
test sep-ups like Drop hammer, pendulum or an inclined sled thavailable. Figure 5-
9 shows the drop hammer test step used to study the crushing ehsoglyed of a thin-
walled closed structures. It has a heavy mass lifted up dpeeific height from the
ground and that stores a potential energy in it. When the mdgsnsdto free fall from

that height, it gains more Kinetic energy from the loss of potential enengpgsn it.

Figure 5-9 Drop hammer test step up for crushing the thin walled

structure [16]
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The test-step has a fixture in the bottom to hold the specttagng crushing
with a free fall heavy weight. The maximum velocity acheirethe experiment is based
on the total height of lift of the drop hammer. Other means asctompressed air or
springs used at the top of the drop hammer can accelerate theweight to a higher
crushing velocity [16]. With the drop hammers shown in Figure 5-9, thes man be
lifted 1.5 m high and has mass of the impact object can be varieml 44.89kg. When
mass is gravity driven the crushing velocity is in the rad@d-3.66m/s and it can be
increases up to 3.66-13.41 m/s when the mass is dropped with pneumassated

system.

Figure 5-10 sled test step up with ramp for crushing the thin walled

structure [16]

74



Figure 5-10 shows another method for conducting impact testsd aesng
facility at Cranfield impact centre. At FORD, to stutliye energy absorption of the
longitudinal rail, they have used the sled test rig [16]. In theetslgt, a ramp with a mass
at the top is used. The ramp has an inclination of 11 degrees to thenkari upon
which a trolley floats on four air pads provides a frictionlesgtion and repeatable
impact speeds. Figure 5-11 shows the sled test setup with themittmippe mass at the
top, which will slides down to crush the specimen placed at the lemce of ramp. Low
impact speeds achieved by using gravity rolling of the mass op, ram for higher
speeds elastic cord is used to increase the velocity. Pendulan@ésoacreate a same
type of impact loads on thin structures. One such rig shown in&-igurl and is

available from Cranfield.

Figure 5-11 Pendulum test step up with ramp for crushing the thin wited

structure [16]
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Based on the above various experimental setups the study on longitadimal r
done using a Commercial FEA package by placing a longitudinddet@ieen two rigid
walls. One rigid end wall is fixed in all degrees-of-freedamg the other rigid end wall
is allowed to translate axially alone such that the longitudaibis crushed. Figure 5-12
shows the experimental setup, the front end of the longitudinal faseto a rigid wall
and the rear rigid wall is allowed to translate in x-direcsonthat the component is

crushed.

™,

N

P -

Figure 5-12 Experimental set up to crush the frontal longitudinal rail

76



5.5Finite Element Model of Frontal longitudinal Rail

The CAD model described in Section 5-3 is imported into HYPERM ESthe
IGES format. The CAD model is meshed with 4-node doubly curved thimak shell,
reduced integration, hourglass control, finite member strain elef8@RS) and 3-node
triangular shell, reduced integration, hourglass control, finite lmeenstrain element
(S3RS), with shell size of 4.5 mm. A total of 21,361 nodes and 20,838 etearent
present in the finite element mesh of the geometric model: Tdianglements are better
able to fit in narrow corners in the model. Figure 5-13 shows thehMeeated in

HYPERMESH for the frontal longitudinal rail.

L
i

Figure 5-13 Mesh on frontal longitudinal rail created using HYPERMESH
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A simple node-to-node rigid connection, rigid Mesh Independent spot weld, a
elastic mesh independent spot weld is created on the sadgedl at an equal distance of
50 mm along the length with the spot weld diameter of 6mm. Figd4 $hows the
experimental setup in ABAQUS V6.8. It has two rigid walls in fiteet and rear of the
longitudinal rail. The mesh element size is bigger in the both &odtrear wall because
both are made rigid. RP-1 is the reference point on the front amall RP-2 is the
reference point on the rear wall. The front and rear walls mgakto their respective
reference point. A displacement boundary condition of 300 mm is applied teathend

wall to crush the frontal longitudinal rail in ABAQUS/EXPLICIT for ae of 200 ms.

Figure 5-14 FEA model of the frontal longitudinal rail created in ABAQUS
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In the experiment done on longitudinal rail by FORD [15], seam welding has been
provided between the rear end of the longitudinal rail and the plateisTta secure the
longitudinal rail between the two rigid walls so that whitesting it will not slip down.

To replicate the same welding effect, the ends of the longitudinare tied to the rigid
plate using Multi-point constraints. Figure 5-16 shows the MPC consagithie front
end of the longitudinal rail. The rigid body option can be used insteMP& but in
ABAQUS the reference point involved in Rigid body cannot be usedef@®nce point
to another rigid body. Therefore, the end nodes of the longitudinalreatieal to the
reference point of the walls by using MPC. For the front-end rgill all the degree of
freedom where set to zero, where as for the rear end ragldam axial displacement of

300 mm is provided in a smooth step over 200ms.
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Figure 5-15 Single node-to-node rigid connection on both side flanges

Figure 5-15 shows the model setup for node-node rigid connection bt w
created between on the both side flanges at a distance of 50ndchitea multipoint
constraint used to create the node-to-node rigid connection. The tedd rsaterial
properties for the both top open section and the bottom plate was prdvwidediscussed
in Chapter 2. The component is crushed to compare the variation imeifyg @bsorption
of the frontal rail with node-to-node rigid connection, mesh independedtspgt weld
and mesh independent elastic spot weld connection. Figure 5-17 gie@wpot welds

evenly spaced at a distance of 50 mm between the top open secticantubettom
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plate. Figure 5-16 shows the spot of 6 mm diameter provided on the both the gjds.flan
A separate reference node for each spot weld is provided on theutiage of the
flanges. Based on the radius of the spot weld a distributed couplingai®d between
the top open section and plate flanges. In the next chapter, difdrapés of frontal
longitudinal rail that will increase energy absorption and increasgh force efficiency
are examined. The frontal longitudinal rail with rigid mesh indepahdpot weld is

considered the base component for all comparisons.

Figure 5-16 Rigid mesh independent spot weld on both side flanges
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A

Figure 5-17 Nodes involved in mesh independent spot weld for a spot weld

Z "

diameter of 6mm on both side flanges

5.6 Comparison of Results for Spot Weld on Real Structure

Comparisons between the internal energy absorbed for the singleorooéet
rigid spot-weld, and rigid and elastic mesh independent spot-weldisnamaé¢he frontal
longitudinal rail impact simulation are shown in Figure 5-18. Tdie mesh independent
spot weld showed a higher energy absorption compared to the singl¢oroodde rigid
spot weld and elastic spot-weld. A possible explanation is thagich spot weld more
nodes between the two plates involved in the spot weld connection. \Gimgared to a

single node-to-node rigid connection, the rigid mesh independent spohagehl cluster
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of nodes connected rigid. Therefore, there was stiffer connection detiie plates,

which leads for higher-energy absorption for the rigid mesh independent spot-weld.
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Figure 5-18 Comparison of internal energy absorption of single node-to-nodegid

and elastic mesh independent spot weld
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Figure 5-19 Comparison of Reaction Force of single node-to-node, rigid ankhstic

mesh independent spot weld

The elastic spot weld showed energy absorption with a simitE#ie of the
single node-to-node rigid spot weld connections. The node-node rigid sfibgave a
2% higher value compared to elastic spot weld at the maximumyendngh occurred
at the end of the impact simulation with 300 mm displacement. Ini@uditt the end of
the simulation event the rigid mesh independent spot weld showed 4% biugtrgy
absorption compared to elastic mesh independent spot weld.

Figure 5-19 shows the reaction force during the impact simonlafhe rigid
mesh independent spot weld showed a 7.5% increase in peak forceexmhapthe rigid
node-to-node and elastic mesh-independent spot-weld models. The omggh f

efficiency defined as the mean force averaged over the irapant, divided by the peak
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force, is lower for the rigid mesh independent spot weld. Highihcforce efficiency for
the component would reduce the acceleration that observed by tingaots during a
collision. Table 5-1 summarizes the specific internal enerdyetke as the internal
energy divided by the component mass, the peak reaction force, aodishang force
efficiency. The rigid mesh independent spot weld has the higpestfic internal energy
absorbed, the highest peak force, and the lowest crushing forcereffi. The elastic

mesh independent spot weld predicted the lowest energy absorption and peak force.

Frontal Rail Specific Internal Peak Crushing Force
Energy Force Efficiency (%)
(Joules/kq) (N)
Single Node-To-Node
Rigid Spot Weld 1407.4 65476 45.0
Rigid Mesh Independent
Spot Weld 1449.3 70692 41.2
Elastic Mesh
Independent Spot Weld 1381.9 64523 439

Table 5-1: Spot weld study result summary
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CHAPTER SIX
SHAPE STUDY ON FRONTAL LONGITUDINAL RAIL

The vehicle body is the frame structure on to which all the componenie
vehicle are mounted. The frontal area of the structure plays @ortant role absorbing
the impact energy especially in a frontal collision. The fidinéane structure is designed
to absorb enough impact energy during the frontal collision sothleatmpact force
transferred to the drive compartment enclosing the passengee caduced. This means
that the front-end structure of a vehicle is the most impoféatdr in the characteristics
of frontal collision. Therefore, we need to consider the charsittsr of energy
absorption and the collapse by plastic deformation on frontal structures [5].

The main goal for this shape study on the longitudinal is to isergathe energy
absorption and crush force efficiency of the existing longitudindlwahout a great
amount of increase in the weight of the component. The shape of the Iphdttenwas
not altered but the existing top open hat section was changed witbnskke semi-
circle, semi-hexagon, curved top, double hat, M-shape, steps on top anddsinwswie
entire length. The CAD model of different longitudinal rail ceghtising the advanced

surface module of the CATIA V5.
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6.1 Base Frontal longitudinal frontal Rail

Side Walls

Top Surface of
Open Section

Figure 6-1 Base shape of the Frontal longitudinal ralil

The model of the frontal longitudinal rail described in ChapteroBsidered as
the base part for the shape study. The CAD model and finite mlemeshes for the
different shapes, created in the same way as for the baseaqu®l described in Sections
5.3 and 5.4. For this study, rigid Mesh Independent spot-welds coratbe both sides
of the flange at an equal distance of 50 mm with the spot-avaideter of 6mm. In order

to manufacture the different shapes considered in a stamping frdhesexisting
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bending and forming punches in the die set would need to be changed.G-iyah®ws
the stress distribution and deformed geometry of the base shapeaddoradirail after
crushing a distance of 300 mm between two rigid walls. The ersdyggrption of the
different shaped frontal longitudinal rail compared with the baseponent. Another
important output monitored is the reaction force at the fixed k. reaction force at
the fixed end wall indicates the force transferred to the dowerpartment during the
frontal impact. So while trying to optimize the energy absorptiotheffrontal rail the
reaction force monitored to obtain a better understanding about dynambing force.
The specific energy absorption used to compare the energy absoffitimey of the
frontal longitudinal rail based on the weight. The specific energy almotiptthe ratio of
total energy absorbed to the weight of the component. Crushing fdiceeney
measures the ratio of the average crushing force over the pehlngrterce. The crush
force efficiency calculated, by simply dividing the mean cmgtiorce to the peak force
experienced during deformation [16, 17]. This measure is importanbdcupant
protection, since the occupants experience all forces present dimengmipact.
Maximizing crush force efficiency leads to greater occupanteption with the least
amount of peak force being transmitted to the passenger compafimenthe goal of
the shape optimization is to increase both the specific energypéibs and crushing

force efficiency compared to the baseline frontal longitudinal rail.

88



8, Mises

SHEG, (fraction = -1.0)

[Avg: T5%)
+6,T248+02
+6.1748+02
+5.6248+02
+5.075e+02
+4,525e+02
+3.975e+02
+3.425e+02
+2.875e+02
+2,325e+02
+1.776e+02
+1.226e+02
+6,7E0e+01
+1.262e+01

Figure 6-2 Contours of Von-Mises Stress for crushing the base frontal rail
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Figure 6-3 Internal energy absorbed by the base frontal longitudinal rail

Figure 6-3 shows the energy absorption vs. displacement curve lzdgbdrontal
longitudinal rail. The base frontal longitudinal has a mass of 5.2 kg. The chapges in
the component should increase the weight of the frontal longitudinalFigiire 6-4
shows the plot between reaction forces vs. displacement at thk rigid wall. We
observe a peak force of 70.69 kN reached during the initial crushiting ddbngitudinal
rail. The specific energy absorption for the base longitudinaisrdi#49.32 J/kg and the
crush force efficiency is 41.23 %. The weights of the differeapss of longitudinal

rail where kept within + 5 % of base longitudinal rail. Be@dsastic increase in the

90



weight of the component leads to increase in the energy trawnisferréhe driver

compartment during the frontal impact.

T T T T T T
7. — Reaction Force For Base Frontal Longitudinal Rail
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Figure 6-4 Reaction force measured at the fixed rigid wall
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6.2 Semi Hexagonal Shape of Frontal Longitudinal Rail

Figure 6-5 Semi hexagonal shape of the Frontal longitudinal rail

Figure 6-5 shows the shape change for longitudinal frontal rah w&mi
hexagonal cross section. The bottom plate shape is unaltered but the shape of the open hat
section of the longitudinal frontal rail is changed. Instead of &m ¢yt section, a semi
hexagonal cross-section lofted along the entire length wittsittewvalls unaltered. A
fillet of radius 5 mm is provided at the sharp edges of the sewni hexagonal frontal
longitudinal rail. The top surface of the open semi hexagonal shapeultingl rail is

similar to the top surface of base longitudinal rail. The onljeddhce is the edges
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connecting the top surface and side surface are given chamfeate a semi hexagonal
shape. The weight of the semi hexagonal shape longitudinal frata fower when
compared to the base component. A rigid mesh independent spot weld aledi@mm
is created on both the sides of the flange at an equal spacingroh500 manufacture
the stamped hemi hexagonal shape frontal longitudinal rail there wouwdlpea few

design changes with one more workstation added to the existing progressive die.
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Figure 6-6 Contours of Von-Mises Stress for crushing the semi hexagonal shape

frontal longitudinal rail
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Figure 6-6 shows the Von-mises stress distribution and the niatkfaymation
for the semi hexagonal shape frontal longitudinal rail. The basthartxagonal shaped
longitudinal rail crushed to a distance of 300 mm for a time of 200uhshe mode of
deformation between two shapes are different. The hexagonal ffonggiudinal rail
showed lesser resistance to the crush load when compared whhsheail, because
when the deformation between the two component are compared the intmusaarea
of semi hexagonal shape longitudinal rail is more when compared to the basedioagit
rail.

[x1.E3]

T T T T T
— Internal Energy Absorption Of Base Frontal longitndinal Rail
70— Internal Energy Absorption Of Semi-Hexagon Shape Frontal longitudinal Rail b
6.0 B
- ,//
3 ,/
] —
?:_‘ S0 - - i
£ o
2 _—
< 40} _— ]
= "
=11] "
™ -
o "
= ~
= 30 —
=0 _— i
= ~
5 —~
E e
20t g .
10} s
0.0 1 1 |

1 1 Il
0. 50. 100. 150. 200. 250. 300.
Displacement - (mm})

Figure 6-7 Comparison internal energy absorbed by the base and semi hexagonal

shaped frontal longitudinal rail
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Figure 6-8 Reaction force for semi hexagonal longitudinal rail at the fixedgid wall

Figure 6-7 shows the comparison for internal energy absorption obhséhand
hexagon frontal longitudinal rail. The base frontal longitudinalresched a peak value
of 7.45 kJ Energy absorption while the hexagonal shape reached ao¥/&83 kJ is
about 21 % lesser energy absorption compared to the base frontal longitaitlinghe
weight of the semi hexagonal shape is 4.9 kg, which is lebser the base frontal
longitudinal rail. Figure 6-8 shows the comparison of reaction foetween the base and
semi hexagonal frontal longitudinal rail. A peak force of 68.0 kike&ched during the
initial crushing of the longitudinal rail. The specific energys@ption for base

longitudinal rail is 1188.1 J/kg and the crush force efficiency is 34.74 %. Everhthoaig
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weight of the component is lesser compared to the base longitudihahe energy

absorption and crush force efficiency is very less.

6.3Semi Circular Shape of Frontal Longitudinal Rail

Figure 6-9 Semi circle shape of the Frontal longitudinal rail

Figure 6-9 shows the shape change for longitudinal frontaioraél semi circular
hat section. The bottom plate shape is unaltered but the shdpe ajen hat section of
the longitudinal frontal rail is changed. Instead of an open hat seatsami circle cross-
section is lofted along the entire length. For this samlecshape sidewall are removed

from the base component. A fillet of radius 5 mm is provided asliaep edges of the
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new semi circular frontal longitudinal rail. A rigid mesh indegent spot weld of
diameter 6mm is created on both the sides of the flange ajuah spacing of 50 mm.
The base and the semi circle shaped longitudinal rail are drtislzedistance of 300 mm
for a time of 200 ms. Figure 6-10 shows the von misses stregbudisn and mode of
deformation of the semi circular shaped frontal longitudinal dailcase of semi-circular
shape even at the rear end showed some low bending mode collapsmllBpise mode

not observed in of a base frontal longitudinal rail.
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Figure 6-10Contours of Von-Mises Stress for crushing the semi circle shapeofntal

longitudinal rail
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Figure 6-11 Comparison internal energy absorbed by the base and semi citau

frontal longitudinal rail

Figure 6-11 shows the comparison for internal energy absorptionfobhaeé and
semi circle frontal longitudinal rail. The base frontal longitudinal raitlhed a maximum
value of 7449.5 Joule Energy absorption while the semi circle skapked a value of
6129.1 Joules is about 17 % lesser energy absorption compared to theobtale f
longitudinal rail. The weight of the semi circle shape is 4.9%Kgch is lesser than the
base frontal longitudinal rail. The weight of the semi circle @edni hexagonal
longitudinal rail is same, but the energy absorption of semedirantal longitudinal rail

is higher when compared to semi hexagon frontal longitudinal rail.
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Figure 6-12 Reaction force for semi circle longitudinal rail at the fted rigid wall

Figure 6-12 shows the dynamic mean crushing force vs. displat@ioéfor the
semi circle frontal longitudinal rail. A peak force of 59714.1 N isched during the
initial crushing of the longitudinal rail. The specific energyapson for semi circle
shaped frontal longitudinal rail is 1245.741 J/Kg and the crush foficeerty is 38.24
%. The weight of the component is lesser compared to the baskudiomag rail.
However, the energy absorption and crushing force efficiency ysless for semi circle
longitudinal frontal rail. To manufacture semi circular shape frontal todigial rail there

will be need to change the forming die. The profile of the die evdad altered
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completely into a semi circular shape. When compared to the sexagonal shape

longitudinal rail this has showed 7% higher energy absorption.

6.4 Curved Top Shape of Frontal Longitudinal Rail

Figure 6-13 Curved shape of the Frontal longitudinal rail

Figure 6-13 shows curved shape change on the longitudinal frontéBatibm
plate shape is unaltered while the open hat section of the longitdchnéhl rail is
changes into curved shape keeping the side surfaces as guieled loisopen hat section,

a curve shape cross-section lofted along the entire length.leA dil radius 5 mm
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provided at the sharp edges of the new curved frontal longitudinalrraiteating the
CAD model of the curved shape longitudinal frontal rail, the topaserbf the open hat
section in Figure 6-1 is constrained has the limiting surfaceréating the top curve of
the curved shape frontal longitudinal rail. A rigid mesh independpnt weld of
diameter 6mm created on both the sides of the flange at an eqciagspa50 mm. The
curve shaped longitudinal rail crushed to a distance of 300 mm tioreaof 200 ms.

Figure 6-14 shows the von misses stress distribution of the curve shape ralil.
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Figure 6-14 Contours of Von-Mises Stress for crushing the curved shagrontal

longitudinal rail
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Figure 6-15 Comparison internal energy absorbed by the base and semi hexagonal

shaped frontal longitudinal rail

The Figure 6-15 shows the comparison for internal energy absorptiatiobase

and curved shape frontal longitudinal rail. The base frontal longitudailateached a

peak value of 7449.5 Joule Energy absorption while the curved shape reaciheel af

6114.49 Joules is about 17 % lesser energy absorption compared to theobizde

longitudinal rail. The weight of the curved shape frontal longitudaidig 5.0 Kg, which

is lesser than the base frontal longitudinal rail. The Figukt6 shows the dynamic mean

crushing force vs. displacement plot for the semi circle frootagitudinal rail. A peak

force of 65664 N reached during the initial crushing of the longitudinal rail. Thdispeci
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energy absorption for curved shape frontal longitudinal rail is 1222&pPaild the crush
force efficiency is 36.97 %. Even though the weight of the componerssisrleompared
to the base longitudinal rail the energy absorption and crush forcemdly is very less

for curved shape longitudinal frontal rail.
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Figure 6-16 Reaction force for curved shape longitudinal rail at the fied rigid wall
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6.5M-Shape of Frontal Longitudinal Rail

Figure 6-17 M-shape of the Frontal longitudinal rail

Figure 6-17 shows the M-shape section for the longitudinal frontal The
bottom plate shape is unaltered, while the open hat section lwinthpieudinal frontal rail
is changes into M-shape keeping the side surfaces as is. A pfoleshape is created
with a circle with large radius and two circles with tangete the middle circle. By
trimming, the circle with the side surface of the base tadgial frontal rail and loft the

M-shape cross section along the length. A fillet of radius 5isnprovided at the sharp
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edges of the new M-shaped frontal longitudinal rail. The weight oMistape is 5.8

kg, which is higher than the base frontal longitudinal rail.
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Figure 6-18 Contours of Von-Mises Stress for crushing the M-shape froait

longitudinal rail
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Figure 6-19 Comparison internal energy absorbed by the base and M-shaped

frontal longitudinal rail

A rigid mesh independent spot weld of diameter 6mm is crestdubth the sides
of the flange at an equal spacing of 50 mm. The M-shaped longitudihatushed to a
distance of 300 mm for a time of 200 ms. Figure 6-18 shows the \feesMstress
distribution and mode of deformation of the M-shape frontal longitudailal From the
deformed configuration, it is clear that more regions of thénaae crumpled during the
impact simulation. Figure 6-19 shows the comparison for internaggradasorption of
the base and M-shape frontal longitudinal rail components. The loaxal flongitudinal

rail reached a maximum value of 7449.5 Joule Energy absorption whilel-8fape
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reached a value of 8785.15 Joules; about 17 % higher energy absorptaresdio the
base frontal longitudinal rail. Figure 6-20 shows the dynamic neeashing force vs.
displacement plot for the M-shaped frontal longitudinal rail. A peak force of 6625%8.4 N
reached during the initial crushing of the longitudinal rail. T&pecific energy
absorption for the base longitudinal rail is 1514.68 J/Kg and the crughdtirdency is
50.3 %. The M-shape longitudinal rail showed an increase of 9 % in crush efficiémcy.
main problem with this shape is manufacturability; there should h# of design in
bending punches to obtain the final stamped M-shape; also, the noogflautface

makes mounting components more difficult.
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Figure 6-20 Reaction force measured measure for M-shaped longitudihrail at the

fixed rigid wall
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6.6 Double Hat Shape of Frontal Longitudinal Rail

Figure 6-21 Double hat shaped of the Frontal longitudinal rail

Figure 6-21 shows Double-Hat shape change on the longitudinal fraitalhe
bottom plate is kept unchanged, while the open hat section of the londitidirial rail
is changes into double hat shape keeping the side surfaces ddlés.ohradius 5 mm is

provided at the sharp edges of the new Double-Hat shape frontdutbngl rail. The
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creation of double hat shape frontal longitudinal rail involved iatorg a cross section
with one step in sides and having the top surface of the base fangélutinal rail has

the limiting line in creating the top surface of double hat csesdion. Once the cross
section is created it is lofted along the length of thgitadinal rail with the side surface
has guide. The weight of the Double hat shape is 5.03 kg, whickser [than the base

frontal longitudinal rail.
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Figure 6-22 Contours of Von-Mises Stress for crushing the double-hat aped

frontal longitudinal rail
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Figure 6-23 Comparison internal energy absorbed by the base and double hat

shaped frontal longitudinal rail

A rigid mesh independent spot weld of diameter 6mm is creatdubth the sides
of the flange at an equal spacing of 50 mm. The double hat shape |amagitcall
crushed to a distance of 300 mm for a time of 200 ms. Figure 6-22 shewon-Mises
stress distribution and mode of deformation of the double hat frontatudigl rail.
Figure 6-23 shows the comparison for internal energy absorption bageand double
hat shape frontal longitudinal rails. The base frontal longitudaiateached a maximum
value of 7449.5 Joule Energy absorption while the double hat shape reacilad af

6636.49 Joules is about 13 % lesser energy absorption compared to tHeobtzde
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longitudinal rail. The interesting observation on the internal enalgpprption curves
between both base and double hat shape frontal longitudinal raihisdiioived a same
path until the displacement reached 150mm, after that the energy absorption ohdbuble
reduced. Figure 6-24 shows the dynamic mean crushing force vs. emplacplot for
the M-shaped frontal longitudinal rail. A peak force of 68910.5 N ishehduring the
initial crushing of the longitudinal rail. The specific enerdys@ption for the base
longitudinal rail is 1327.29 J/Kg and the crush force efficiency is 3%58he double

hat shape frontal longitudinal rail showed a decrease of 6 % in crush efficiency
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Figure 6-24 Reaction force for double hat shaped longitudinal rail at thexed end
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6.7 Top Stepped of Frontal Longitudinal Rail

Figure 6-25 Double hat shape of the Frontal longitudinal rail

Figure 6-25 shows top stepped frontal longitudinal frontal rail. Gdteom plate
is kept unchanged, while the top surface of the open hat section of the longituafite! fr
rail is changes with two steps. These kinds of longitudinal stelppad are also used in
B-pillars of passenger cars. A fillet of radius 5 mm is piedi at the sharp edges of the
new top stepped shape frontal longitudinal rail. The top surfaddeobase frontal

longitudinal rail is used to create the top steps, the top sudauiset to a distance of
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8mm and then the shape of steps are drawn over the offset surfeethe offset
surface is trimmed with the sketch drawn and the edges extrudethertiilp surface. A
rigid mesh independent spot weld of diameter 6mm is created on bosidéseof the
flange at an equal spacing of 50 mm. The double hat shape longittadircalished to a
distance of 300 mm for a time of 200 ms. Figure 6-26 shows the von nsisess

distribution and mode of deformation of the double hat frontal longitudinal rail.
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Figure 6-26 Contours of Von-Mises Stress for crushing the top steppebaped

frontal longitudinal rail
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Figure 6-27 Comparison internal energy absorbed by the base and top stepped

shaped frontal longitudinal rail

Figure 6-27 shows the comparison for internal energy absorptionfobhaeé and
top stepped shape frontal longitudinal rail. The base frontal longéldail reached a
peak value of 7449.5 Joule Energy absorption while the top stepped shapel r@ache

value of 6463.74 Joules is about 13% lesser energy absorption comparedotsehe

frontal longitudinal rail.
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Figure 6-28 Reaction force measured measure for top stepped shapedditudinal
rail at the fixed rigid wall
Figure 6-28 shows the dynamic mean crushing force vs. displacetoefir the
top stepped shape frontal longitudinal rail. A peak force of 7433.21 Ndeeealuring
the initial crushing of the longitudinal rail. The specific gyyeabsorption for the base
longitudinal rail is 1219.57 J/Kg and the crush force efficienc@449 %. The top

stepped shape longitudinal rail showed a decrease of 7 % in crush efficiency.
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6.8 Full Wave Shape of Frontal Longitudinal Rail

Figure 6-29 Full wave shape of the Frontal longitudinal rail

Figure 6-29 shows full wave shaped frontal longitudinal front&l Taie bottom
plate is kept unchanged, while the top surface of the open hairsettihe longitudinal
frontal rail is changed into a wave from with 15 sinusoidal wavi#s length of 50 mm.
A fillet of radius 5 mm provided at the sharp edges of the topvstepped shape frontal
longitudinal rail. There have been recent studies reported indicighere will be

increase in energy absorption with an open I-cross section andniiee web having a
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sinusoidal wave format [17]. Here instead of an open I-sectiomuaosdal wave

been created on the top surface of the base frontal longitudinal rail
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Figure 6-30 Contours of Von-Mises Stress for crushing the full wave shag frontal

longitudinal rail
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Figure 6-31 Comparison internal energy absorbed by the base and full waveasgted

frontal longitudinal rail
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Figure 6-32 Reaction force for full wave shaped longitudinal rail at théixed end

A rigid mesh independent spot weld of diameter 6mm is crestdubth the sides
of the flange at an equal spacing of 50 mm. The full wave sbagéudinal rail crushed
to a distance of 300 mm for a time of 200 ms. Figure 6-30 showgaihdJlises stress
distribution and mode of deformation of the full wave shaped frontajitiadinal rail.
Figure 6-31 shows the comparison for internal energy absorption of bahabdsull
wave shape frontal longitudinal rail. The base frontal longitudmad reached a
maximum value of 7449.5 Joule Energy absorption while the double hat shapeda

value of 5788.13 Joules resulting in about 22 % lesser energy absorption exbtopiue
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base frontal longitudinal rail. An important observation for this stepethe mode of
deformation shown in Figure 6-30; the component crush occurred morelglobal
longitudinal movement compared to local axial crush in the initial bend region of the base
rail. The wave shape also caused the rail to twist as drmdefl. This deformation
behavior did not occur for the other shapes. The wave shape struobwedsa high
resistance to the crushing over the entire length of the compaordkoating a stiff
component which does not absorb much energy and has low crush force efficiency.
Figure 6-32 shows the dynamic mean crushing force vs. displacetoefir the
full wave-shaped frontal longitudinal rail. A peak force of 55287 Me&ched during the
initial crushing of the longitudinal rail. The specific enemgysorption for full wave
longitudinal rail is 1087.994 J/Kg and the crush force efficienc§7i24 %. The full-

length sinusoidal wave longitudinal rail showed a decrease of 7 % in cruséneij.
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6.9 Partial Frontal Wave Shape of Frontal Longitudinal Rail

Figure 6-33 Partial wave shape of the Frontal longitudinal ralil

Figure 6-33 shows partial wave shaped frontal longitudinal ra#. Gottom plate
is kept unchanged, while the top surface of the open hat section of the longitudirzél front
rail is changed into five short waves in the front section of itvetdl longitudinal rail.
Since the full wave model along the entire length of the rail sdoavlarge decrease in
energy absorption and resistance for crushing, the short waves la@nhuin the local

region in front of the initial bend in the rail. It is hoped thast thill help produce
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controllable crush in the front section, without changed the globalvioehaf the
longitudinal rail. A fillet of radius 5 mm provided at the sharp sdgkthe new top

stepped shape frontal longitudinal rail.
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Figure 6-34 Contours of Von-Mises Stress for crushing the partial wavehaped

frontal longitudinal rail
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Figure 6-35 Comparison internal energy absorbed by the base and partial wave

shaped frontal longitudinal rail
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Figure 6-36 Reaction force measured measure for partial wave shaped tptudinal

rail at the fixed rigid wall

A rigid mesh independent spot weld of diameter 6mm is crestdubth the sides
of the flange at an equal spacing of 50 mm. The partial wave $biagieudinal rail
crushed to a distance of 300 mm for a time of 200 ms. Figure 6-34 shewon-Mises
stress distribution and mode of deformation of the partial waapesfrontal longitudinal
rail. Figure 6-35 shows the comparison for internal energy absorpfiboth base and
partial wave shape frontal longitudinal rail. The base frontal lodgial rail reached a
maximum value of 7449.5 Joule Energy absorption while the partial sfeape reached

a value of 8259.78 Joules; about 10 % higher energy absorption compared teethe ba
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frontal longitudinal rail. Figure 6-36 shows the dynamic mean angsiiorce vs.
displacement plot for the partial wave shape frontal longildiail. A peak force of
66848.8 N is reached during the initial crushing of the longitudisial rThe specific
energy absorption for base longitudinal rail is 1582.33 J/Kg and the crush foraeneffici
is 35.56 %. The Partial wave shape frontal longitudinal rail sh@meadcrease of 4 % in
crush efficiency.

Table 2-3 summarizes results for all the different shapetiest Base on the
crushing force efficiency comparison, the M-shape and the pairtiatoidal wave shape
showed a very high increase in energy absorption. A comparison ioft¢heal energy
for the M-shaped and partial sinusoidal shapes with the base catibiguis shown in
Figure 6-37. Figure 6-38 shows the internal energy of the ottegres that had lower

energy absorption compared to the base rail.
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Figure 6-37 Comparison of internal energy absorbed by the base, partial wave and

M-shaped frontal longitudinal rails
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Frontal Weight- Specific Internal Peak Crush Force
Longitudinal Rail (kg) Energy (Joules/kg) | Force Efficiency
Shape (N)
Base 5.14 1449.3 70692 41.2
Semi Hexagon 491 1188.1 68049 34.7
Semi Circle 4.92 1245.7 59714 38.2
Curved Top 5.0 1222.9 65664 37.0
M-Shape 5.80 1514.7 66257 50.3
Double Hat 5.04 1327.3 68910 35.6
Stepped top 5.30 1219.6 74332 34.5
Full Sinusoidal Wavel  5.32 1088.0 55287 37.2
Partial Sinusoidal 5.22 1582.3 66848 45.0
Wave

Table 6-1: Shape study result summary

6.10 Beads Study of Frontal Longitudinal Rail

Figure 6-39 shows shapes of one, two, three and four beads iorthedction of
the longitudinal rail. Results for energy absorption are shownguré 6-40. Table 6-2
summarizes results for specific energy absorption, peak facterash force efficiency.
The most energy absorbed per kg is achieved with 2 step beadsignthcantly
improved crush force efficiency and reduced peak force. Figure Geltssthe shape
with 2 beads and a small rib forming a notch at the corner of therbgiwh. Results for
energy absorption is shown in Figure 6-40 and results for energypéiba and crush
force efficiency are given in Table 6-3. Results indicate &ldaling this small rib helps
initiate controlled crush and further increases energy absorption rusth ¢orce

efficiency.
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Figure 6-39 Beads shape study (1, 2, 3, and 4 beads) of the Frontal longitudinal rail
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Figure 6-40 Comparison of internal energy absorbed by the base with 1, 2, 3, and 4

beads for frontal longitudinal rails

Frontal Weight- Specific Energy Flzer?g_ Crush Force

Longitudinal Rail (kg) Absorbed (Joules/kg) (N) Efficiency (%)
Base 5.14 1449.3 70692 41.2
1-Step 5.18 1584.3 64183 45.3
2-Step 5.22 1623.8 61971 47.3
3-Step 5.24 1499.6 60574 47.4
4-Step 5.28 1514.1 61131 49.0

Table 6-2: Bead study result summary
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Figure 6-41 Studyof the Frontal longitudinal rail with beads and Notch in Benc
Section
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Figure 6-42Study of Middle Rib Crush Initiator for the Frontal longitudinal rail
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Frontal Rail Weight- Specific Energy Peak Crush Force

(kg) Absorbed (Joules/kg) | Force (N) Efficiency (%)
2-Step 5.216 1623.77 61971.3 47.3
2-Step with 5.226 1787.98 59350.9 52.5
Middle Rib

Table 6-3: Middle Rib Crush Initiator study result summary
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CHAPTER SEVEN

CONCLUSION

In this work, different levels of complexity in spot weld modeling are exadrime
terms of sufficient accuracy which can be used efficientlynigract analysis. In order of
increasing complexity, the following spot weld models are considaretl results
compared: (a) simple node-to-node rigid connection, (b) rigid meslpendent spot
welds, (c) elastic mesh independent spot welds, and (d) elaghicfailure mesh
independent spot welds. In order to study the fundamental behavibe afifferent
mesh-independent spot weld models, pull-out and peal tests betweehiriwaudtile
steel plates are performed which isolate different failioeles. Comparisons of reaction
force versus displacement curves and internal energy versus dmplac for the
different types of spot weld models are given. Results indibatethe rigid connected
results in a reaction force which is much larger than elaptit welds. The spot weld
model, which includes failure, follows the same path as the elastid but when
reaching the particular failure force the reaction remeamstant with additional applied
displacement.

To better understand the behavior of the spot-weld models foramabfsis on a
realistic and important automotive component which exhibits compleshicrg modes
with combined axial and bending a frontal longitudinal rail desigmedstrength and
energy absorption was studied with a node-to-node rigid spot weld oesnwah mesh

independent rigid and elastic spot weld connections. In addition to spig, wet effect
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of various shape and size parameter changes best suited for Irefamatic energy for
the rail component is studied.

The case study for the realistic bent longitudinal frontal hag both axial and
bending crush deformation. In this case, the single node-to-node spot-weld model showed
2% higher energy absorption compared to elastic spot weld, and tlde nmigh
independent spot weld showed 4% higher energy absorption compared to the ekstic me
independent spot weld. The variation in energy absorption is about 24%8dmn a
component level for the front longitudinal rail studied. It is hypotleesihat since the
energy absorption predicted by the different types of spot weld Isn@de not that
different, the spot welds are not directly loaded as sevesatytae simple peel and pull-
out tests. However, even a change in a few percentage pointsgy absorption could
have a much larger effect on the acceleration outputs for asdhltle during crash
analysis. The studies on independent peel and pull-out tests show thatkpatodels
which include failure will provide more accurate results when coegptr another spot
weld modeling for crash analysis. However, it is not clearttfetifference in accuracy
is significant for components with combination of loads such as tim¢ foental
longitudinal rail component studied. It is hypothesized that if the coemt is designed
properly such that combined loads applied to spot-welds are minimizediffédrence in
spot weld modeling is not as critical. However, if high loadshenspot-welds cannot be
avoided, especially during severe crushing and distortion wherepleelatan occur, then
the more complex spot-weld models that include elastic properties and fatkeina evill

be important, as demonstrated by the simple peel and pull tests.
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Different shapes like semi hexagonal, semi circular, curved top, M-shaped, double
hat, stepped top, full sinusoidal wave and partial wave frontal longitudiiavhere
studied to improve the energy absorption. The shapes like semi siecte hexagon,
double hat and stepped top showed more than 10 % reduction in energy absorgti
also loss of crush force efficiency and therefore did not improvdesign. Even though
the mass of the M-shape longitudinal rail is 0.8 kg higher thaibdke front rail, there
was about 17 % increase in the energy absorption and significant im@otven crush
force efficiency. Apart from M-shape, the partial sinusoidavevshape showed 10%
higher energy absorption compared to the base frontal longitudihalittaia very small
0.1 kg increase in the mass. The use of beads in the front regnifircaigly increases
the energy absorption and crush force efficiency of the rail. Addisgall rib in the
bend of the rail helps initiate controlled crush and further increassgy absorption and

crush force efficiency.

Future Work
In this Section, suggestions for extending the work in this study are offered:

e The empirical stiffness equation for elastic spot weld modekngin [16] is not
unique. Alternative models which depend on plate thickness could be proposed
and validated. In addition, nonlinear stiffness relations could be developed.

e The study on spot-weld failures like peel, pull, shear and twastiacoupled and
each failure mode was studied individually. To couple these individilate

modes, experiments of spot-weld failure could be conducted. Basebeon t
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experimental values, a more accurate failure model for spadswedn be
developed.

By default in ABAQUS, a damage initiation criterion is spedfiin terms of
forces/moments in the connector. The damage initiation criteriobveapecified
in terms of an equivalent relative plastic motion in the connectue. user can
provide the relative equivalent plastic displacement/rotation atwdamage will
be initiated as a function of the relative equivalent plaste. 1@tiggested future
work is to include damage initiation criterion in the spot weld rsoded
compare results for the spot weld models with elastic failure, but with no damage.
The results on energy absorption for the case study on diffepes 0f spot weld
models on the frontal longitudinal rail did not show a clear differerficenergy
absorption between simple rigid and more complex elastic mesh mtkgespot
welds. In addition, results using spot welds which have accurate cdaplee
models should be investigated to see if a clear difference igyeabsorption can
be seen; especially for spot welds which may fail locallyrduhigh speed and
large crush deformation with rapid energy change.

To quantify how the variation in spot-weld complexity affects tbeekeration
results at key locations such as driver location, the full vehicle model thadescl
the frontal rail component studied in this work could be investigatéids Chn be
compared by simulating full vehicle crash with the simple nodestle rigid spot
weld and the more complex mesh-independent rigid, elastic, and fgilotreveld

models.
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Individual shape change studies were performed with the goal of imgrovi
energy absorption of a realistic front longitudinal rail. Optimaraof the cross-
section shape, beads, as well as the number, spacing, and locationvweélggot-
using commercially available software linked with crash sitraracodes would
provide a more direct path to improved energy absorption, while mairgdight

weight.
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