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Abstract

The design of mukmaterial lightweight vehicle (MMD\structures incorporating structural
adhesivgoiningrequires advanced CAE supported by material characterization and
computationalmodel validation at the component level. In this thes&loredhot stamped
(THS)ltra-high strength steefUHSShat fctionswere joinedusing structural epoxy adhesive
andtested under quasstaticand dynamic loading rate$he experiments were modelled
numerically using an existing adhesive model with a cohesive zone method (CZM) formulation
that was previouslyalidated at the coupon level. The objectives of this study wereftiar (i)

to assess the performance of adhesly joints for UHSS structures; and (ii) to validate the
CZM of the adhesive at the structural level.

Three configurations ofdt stampedUsibo® 1500-AShat sectionswith varying strength and
ductility (martensitic, soft flangeandthree zone)were joined to form closed tubular structures
(tubes) using a twapart toughened epoxy adhesiERSA 07333, 3Mpplied to the flangs,

with a bondline thickness 00.178mm(0.007"). A custom fixture was used to secure the hat
sections wHe ovencuring the adhesive (8Cfor 30 minutes)The tubes were loadeith three-
point bend, axial crush, and a novel Mode | opening (Caiman) configuriitionelical models

of the experiments were solved using an explicit dynamic finite element cod@YN& R7.1.2).
For validation of the adhesive model at the structural level, the simulated experiments were
assessed based on global metrics such as overall loegBpgnse, peak load, energy
absorption, dismcement to failure visual deformation mode. Where possible, crack extension
along the adhesive joint was measured and compared to the model response.

In general, all the experiments for various test condisi@xhibited good repeatability in

loading responsanddeformation pattern. One exception walkd threepoint bend

experiments whichdemonstratedan asymmetric deformation modiat considerably
increased displacement to failurévhile the models had difficulty in predicting displacement to
failure, the predicted peak loads were in good agreementléd%. The axial crush models had
good agreement ipredicteddeformation pattern peak load (11.5%and energy absorption
(7.65%) put over predicted energy absorption dffnamic three zonenodel due to excessive
oscillation.The Caimamodelscorrelated wellwith the experiments (within 5%) and provided a
controlled Mode | loading for model validation of predicting cragtension

This work demonstratedhat THS UHJ8ined with structural adhesivacan achieve consistent
loading responsé support of model validatiorand that surface preparation and specimen
manufacture were critical factors in reducing test variability. One linoitatvith this study was

that it proved difficult to assess the performance of the adhesive model when the response was
dominated by the metal components, since the accuracy of the overall response could be
limited by the fidelity of the steel constitutiv@odel. With the exception of a few cases, the

CZM adhesive model was able to predict the structural response of bonded components within
16%, based on kinetics and kinematics measured in the experimental tests.
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Chapter lintroduction

A major driver of innovation in the automotive industry is the mandate to meet ever increasing
standards for fueéfficiency, such as the corporate average fuel economy (CAFE) target of 54.5
mpg by the year 2025, without compromising overall vehicle sdfétg. Department of
Transportation, 2012)or multrmaterial lightweight vehicle (MMLV) structurebese

requirements havded to consideratiorof the use ofadvanced materials such hst stamped
ultra-high strength steel, aluminunmagnesium, and composités.S. Department of Energy,
2015) An example of this is the bodg-white (the assembled sheet metal compentsof the
vehicle structurepf the 2014 Audi A8(Figure 11), in whichdifferent materials are strategically

distributed in the structure to maximize crashworthiness while minimizing weight.

The2014AudiA8

S Aluminum Sheet B Ultra-high strength steel (hot formed)  __Magnesium
s Aluminum Section ‘IConventional Steel
| AluminumCasting EEEEE CarbonFibre Reinforced Plastic (CFRP)

Figure 1.1: The body-in-white of the 2014 Audi A8, demonstrating thestrategic use of
different materials in a lightweight, crash-optimized structure (ArcelorMittal USA, 2014)
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The growing demand for light weight structurémssparkedthe development of advanced

joining techniquedor dissimilar material¢Chastel and Passeard, 2014)One such technique

is the use of structural adhesives, whiclslkd@monstrateda wide array of potential benefits

owing to the continuous nature of adhesive joints, including: a large sheeasng area to

reduce stress concentratiorand improve joint stiffnessa physical barrier to prevent galvanic
corrosionbetween dissimilar materiajsealing the structure for improved weather resistance;
and improved noise, vibration, ardhirshnesgNVH) performance for cabin comfort (He, 2011,
Symietz, 2005)n light of these structural and sealing properties, dthesives have seen
increased use in joiningutomotive structures (Marat al., 2009). Evidence of this growth can

be found in vehicles such as the 2015 Foabb, which used thre times theamount of
adhesivecompared tothe previous mode{Hagerty and Ramsey, 2014he2018Honda

Accord used structural adhesives extensively to increase body torsional and bending rigidity by
32 and 2%%,respectively, improving dynamic performanand ride qualitypverthe previous

model (Honda Canada, 2017h addition adhesive bonding technologies enabted & O Nb 2 y
O2NB ¢ O 2 tgchnigiitzhé 20 PB6BMW 7-series sedarin whichcarbon fiberreinforced
polymer composites werbonded toan ultra-high strengthsteel and aluminum chassis to

create a bodyin-white with highstrength and rigidity, while maintaining light weight and low

center of gravityBenevento, 2016)

While aluminum, magnesium, and composite materials are important dates for use in
achieving lightweight structures, the material cost of steel is considerably lower and ultra high
strength steel (UHSS) components can be achieved through the manufacturing process of hot

stamping (Moriet al,, 2017). In the hot stamping@cess, steel blanks are pheated for



austenization, then hot formed and quenched between cooled dies in a single process, to
produce components with a fully martensitic microstructure, exceeding 1500 MPa in strength
(Livet al,, 2011, Vaissiere, Laurent, and Reinhardt, 2002). In addition, different microstructures
(bainite, ferrite, and pearlite) can be achieved by reducing the cooling rate through the use of
heated tooling. By controlling the cooling rate throughout the tooliogmponents with

tailored properties (a strategic distribution of microstructures) can be achieved by a
combination of heated and cooled regions within the tooling in a process known as tailored hot
stamping (THS) (Merkleeat al, 2016). Therefore, these of hot stamped UHSS will be a critical
component of any MMLV structure. However, one challenge facing the use of hot stamped
UHSS components in MMLVs is the difficulty in joining them with other materials through
traditional methods such as welding oechanical fasteners involving deformation, due to

their high strength (Chastel and Passemard, 2014).

Experimental testingii vehicle development cycles can be time and resource intensive, and
therefore the finite element (FE) methodwsdely used analys&snd design tool for assessing
vehicle structuregHe, 2011; da Silva and Campilho, 20A8)a result, vdespread adoption of
adhesive joining in vehicle structures requires improved predictive capabilitieBsofftware to

aid CAE engineers in desigrdaamalysis of bonded components (Goweataal.,, 2017) with a

primary requirement being the characterization of adhesif@suse in numerical mode(Deb

et al, 2016; Gowdat al., 2017) To accurately predict the behavior of adhesive joints in the FE
envronment, the material model must possess ttegjuiredmechanical propertiese(g.

stiffness and strength) as well as the fracture toughness of the adhesive in Mode | and Mode Il

loading (May et al., 2015 hese properties are often determined by a vayief coupon level



tests @a Silva and Campilho, 201&hd the subsequent model validation at the coupon level
involves simulating the tests used to obtain the model parameters or bylaimg another
coupon testand comparing against an independent seegperimental dataFor validation at
the structural level howeveno existing study in the literature investigated the validation of a
cohesive zone adhesive model derived from material testing, at the component level that
involved a wide variety of stratural tests at both quasstatic and dynamideformationrates

In addition,no studieshaveaddressed the adhesive joining dHSSomponentgo the

 dzi K2NQRa.1yz26f SR3S

1.1Objectives, Approach and Outline

The primary objective of this thesis was to validate an existitgydependentadhesive model
based on the cohesive zone modelling (CZM) formulgifgatsonet al., 2018), previously
developed from material testing and validated at the coupon leatethe structural level by
applying it to a range of modes of loading and varying loading rates. To achieve this opjective
adhesively joinedhat sections otJHSJUsibo® 1500AS)were subjected to threéoading
scenariosthree-point bend, creating shear (Medll) loading along the neutral axis of the
double-hat section tubes, and mimicking the lateral loading gfilBar componentsaxial crush,
creating a complex mixed mode loading often experienced within critical energy absorption
components at the front ba vehicle andan adhesively bonded variant tife Caiman test

0 h QY S S FcteatingModm yopenim at the adhesive jointThreepoint bend and axial crush
experiments werdested underquaststatic and dynamiconditions while the Caimatest

specinens were evaluated undeuaststatic conditions Finite element models of the
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experimentswere created and solverh acommercial finite element coddSDYNAR7.1.2,
LSTEto assess the abilitgf the adhesive modefWatsonet al,, 2018)in describinghe

response and failuref the structures

This thesiss organized by background knowledge of adhesives properties, numerical modelling
of adhesives, structural testj of bonded components, the Tig&cess modelling of THS

process, and structural teisty of THS componentBollowed by experimental testing of bonded
UHSS tubes in Chapter 3, detailing the test conditions, sample preparation, and test setup.
Chapter 4 outlines the numerical modelling methods used in this work, including the material
modek of the UHSS and the adhesive, as well as boundary conditions. Chapters freseh®

the experimental and numerical modelling resultgh discussionrespectively. Chapter 7

wraps up the thesis with conclusions and recommendations for future work.



Chapter 2Background

2.1 Adhesives

Adhesives are substances capable of joining different parts together by means of a chemical
bond between the parts, and are widely used in many industries (LandrocElamekajjad

2008). Althougladhesives have been used throughdwman historyderived in ancient times
primarily from plant or animal sourcéddhesives & Sealants, 2015), modern adhesives were
only developed in the last century with advancements in organic chemistry and polymerization
processes (Landrock altbnesgad, 2008).There currently exist a wide range of adhesives for

a large variety of applications, and while there is no universally recognized classification, some
general categories includdloy,elastomeric, film and tape, henhelt, rubberbased, water

based, thermoplastic, thermosetting and more (Landrock Bhdesajjad2008). Examples of
commorly usedadhesives include cyanoacrylat@olyamides, polyurethanes, silicone, epoes

to name a fewMany different types of adhesives are used in the automotive industry, such as
anaerobic adhesives for thread locking mechanical fasteners (Landrodksmedajjad2008),

and structural adhesives for load bearing applications are often based on epaoid&sa
urethanes, and cyanoacrylates (3M, 2018)general, epoxies can be formulated to have the
best overall properties for metal bonding, with the right combination of strength, toughness,
flexibility, as well as temperature resistance (3M, 2012} el therefore be the focus of this

background section.



2.1.1 Epoxy Adhesise

Epoxy adhesives are classified as thermosefimigmersand are the most commonly used
adhesivedue to their versatility iformulatingto a wide range of specifications meet various
bonding requirement$n automotive, aerospace, construction, and m¢kandrock and
Ebnesajjad2008 Petrie, 200% They are often used as a single part system, requiring high heat
for curing, or a twepart system with resins and hardenersatican cure at room temperature
(Landrock andEbnesajjad2008). In addition, epoxy adhesives form strong bonds between
most materials, and can be engineered to develop specific properties through the use of
hardeners, resins, resins, modifiers, and flenaking them an excellent choice for a wide

range of structural applications (Landrock dflghesajjad2008).Epoxies are inherently brittle
(Yahyaieet al., 2013) and are often toughened by the inclusion of reactive liquid rubbers
(elastomeric additivesn order to introduce rubber particle precipitates as a second phase (Yee

and Pearson, 1986).

2.1.2 Surface Preparation

The formation of a strong adhesive joint may require treatments of the bonding surfaces,
depending on the materials being joined.rfice treatment methods generally involve

increasing the adhesive contact area by roughening the surface and cleaning the adherend to

remove any potential contaminates (Landrock dtftthesajjad2008).

Surface roughening techniques found in the literaturelude mechanical abrasion, chemical
etching, electromechanical treatments, and laser texturing (LandroclEanesajjad2008).

Most have demonstrated that, in general, adhesive joint strength increases with increasing
7



surface roughness for metallic adieads (Lonardo and Bruzzone, 1989; Budhal., 2015).
Although more sophisticated techniques such as laser treatment can enhance the bond
strength relative to mechanical abrasion methods (Zhang, Yue, and Man, t891gtter

includes processes such@dt blasting, which has been demonstrated in certain cases to be
effective in treating metallic surfaces with a corrosion resistant coating while being simple and

economical (Liaet al, 2017; Liet al,, 2017)

Solvents that are often used to clean adéed surfaces include methyl ethyl ketone, acetone,

and methanol (Landrock ariebnesajjad2008).

2.13 Adhesive Joint Failure Modes

Bonded systems can fail either cohesivetywhichcracks gow entirely within the adhesively
layer, oradhesively (commonly referred agerfacialfailure), in whichthe cracks gsw along an
adhesiveto-adherend interface thereby causing debond(ggure2.1) (Landrock and
Ebnesajjad2008) In material testing of adhesives to construct a constitutive elod isoften
desirable to have the bonded samples fail cohesively, as this ensures the full strength of the
adhesive is achieved in the joint, rather than interfacial failareshichthe lower interface
strength dominates the joint strengtfiherefore,a properly treated surface should maximize
the likelihood of achieving cohesive failure to ensure that the maximum strength of the

adhesive is achieved during testing.
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Adhesive Failure Cohesive Failure

Figure 2.1: Failure modes of an adhsive joint (Steiner, 2011)

2.2 Adhesive Material Properties

An adhesive joint can experience several stress states (RRg@)reand while typical loading
conditions often involve a combination of these states, coupon level tests for material
characterizéion aim to produce a singular stress state to measure specific properties (Landrock
andEbnesajjad2008;Watson et al., 2018 Thestress stats, and therefore themeasured

material propertiesof an adhesive are dependent on the mode of loadmgvhichthe joint is
subjected(Figure2.3), described asension (Mode |), irplane shear (Mode Il), aralless

commonly encounteredut-of-plane shear (Mode IlI).

—r (f+— —§— il—r

(c) Shear
(a) Compression b) Tension

1-.,,_‘

(d} Peesl e) Cleavage

Figure 2.2: Stress states of an adhesiyeint (Shields, 1984)
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Maode I Mode 11

Figure 2.3: Modes of loading in an adhesive joint (Chaves et al., 2014)

The properties of an adhesive required for material models often induéeS ., 2 dzy 3Qa Y2 R
the tensile and Bear strengths, and the fracture toughness (more specifitaéyenergy

release rate) in Modednd Mode I(Mayet al., 2015).Acquisitionof this datarequiresan

abundance of tests to be carried out, including bulk adhesive testing, fracture characterization

tests, and coupon level tests for tensile and shear response @vial, 2015).

2.2.1 Mode Mechanical Property Characterization

Traditionally, the Mod | critical energy release rat§g of an adhesive is obtained from
standardized mechanical tests, namely double cantilever beam (DCB) (ISO 25217, 2009) and
tapered double cantilever beam (TDCB) (ASTM D8432014). In both tests, two bonded
beams ardoaded in tension until crack propagation is observed in the joint, and the-Kies
equation (Ripling, Mostovoy, and Patrick, 1964) can be used to calculate the critical energy
release rate. However, to fully define a traction separation response ieMoadditional

testing is required to obtain the peak traction and initial stiffness, which is often done by

10



conducting buttjoint testing. Moreover, to accurately describe the adhesive behavior over a
wide range of loading scenarios, high rate testsgeiquired to develop a strain ratdependent
material model. This poses a challenge for the DCB and TDCBinesthe standardized
specimens have a high mass and can therefore potentially introduce inertial effects when

loaded at a higher velocity (Wadnet al,, 2018).

To address these challenges, Dastjerdi, Tan, and Barthelat (2013) proposed a method to directly
measurethe Mode | tractionseparationresponsewith a single test, using a rigid double

cantilever beam (RDCB) geometry. This techniqueinially applied to measure the tractien
separation response of soft biological adhesives (Dastgrdli, 2012), then later adapted to
structural adhesive@/Natsonet al,, 2018) To satisfy the rigid adherend assumption, the

material was chosen to b&teel, which had significantly higher stiffness than the adhesive, with

a geometry corresponding to a large second moment of area. Moreover, to minimize inertial
effects for future dynamic testing, the geometry of the test samples was specifically designed
minimize mass while maximizing bending stiffness. The analysisicted byDasterdi(Figure

2.4), assumed that the adherends would rotate about the far end of the sample away from the

loading pins, such that the entire joint was in tension.

11
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Figure 2.4: Analysis of RDCB developed by Dastjerdi, showing the dimensions (a), load
applied (b), and free body diagram (c) (Watson et al., 2018)

tensile traction

Early FE analysis by Watsetral. (2018), however, discovered that part of the joint was in
compression. Therefore, the analysis was modified such that the center of rotation was
arbitrarily displaced a distancefrom the far end of the sample away from the loading pin
(Figure 2.5). Givea set of load point opening displacement and experimental force

z

displacement data, an expression was derivedto seh&NJ > Yy R G2 3ISYSNIaGS &

4

Mode | tractionrseparation response of the adhesive.

center of

. . C
compressive tensile

traction  traction

Figure 2.5: EnhancedRDCB analysis(a), sample kinematics(b), and free body diagram (c)
(Watsonet al, 2018)
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2.2.2 Mode IMechanical Property Characterization

TheMode Il critical energy release ratg() is generally obtained by conducting the end notch
flexure (ENF), enbbaded split (ELS) or the fepoint endnotched flexure (AENFR@st (Cricrj

2018). The ELS testreported to have a source of variability due to the need to clamp down an
edge of the pecimen, thereby increasing the complexity of datduetion, while the 4ENF
involvesa complex setup and the results are affected by proper compliance calibration as well
as friction (Schuecker and Davidson, 2000; da Silva and Campilho, 2012). Hekdd; ikeone

of the most commonly used testor obtaining the Mode Il fracture properties and has been
used by Alfredsson, Biel, and Salimi (20AB)eseet al.(2019), and Fernandex al. (2015)

with success. However, the ENF is still susceptible tabtestrack growth if the specimen
dimensions were not accurately selected. Moreover, similar to Mode | characteriztteon,
shearstrength of the adhesive nesdio be obtainedthrough additional tests, usually trengle

or thick-adherend lap shear, makg this process time and resource intensivéile singldap
shear § the most commonly used joint configuration duetssimplicity in design and
manufactue, the rotation of the joint(Figure 2.§ during loading induces peel stress that can
affect theaccuracy of shear strength characterizatigtelly, 2004)The thick-adherend lap
sheartestreduces bending of the adherends, thereby redigcmixed mode loading, and can

therefore produce better shear data (Boqaileh, 2015).

13



x=0

-~ Load path through the joint
Undeformed joint 0

' — —
Deformed joint

Figure 2.6: Undeformed and deformed singldap joint, demonstrating the rotation of the
joint due to the bending of adherends, inducing peel stress in the joi(iKelly, 2004)

To overcome these limitationbpnded shear samplebased on a modified geometry of the
thick-adherend lap sheawvere fabricated and tested to obtain the forckisplacement
response in shear loading for various strain rdié&tsonet al., 2018) In addition, the joint
deformation and crack propagation weoptically tracked so that a full Mode Il traction
separation respose couldbe defined with a single test, bypassing the traditional fracture

characterization test§Watsonet al.,, 2018)

2.3 Numerical Modelling of Adhesive Joints

The FE method is the most widely used numerical method for analysis of bonded adhesive
joints and is built on the concept of discretizing a body into many elements (da Silva and
Campilho, 2012). This technique was first pioneered by Hrennik®ffl)and @urant(1943)
Further advancements were made with the rapid development of computing power and the
extensive use of the technique in the aerospace industry, and now the FE method is a critical

component of many engineering analyses (da Silva and Campilhd).Adhesive joints can be

14



representednumericallyby tiebreak contacs, cohesive elements, and continuum solid

elements (Dogaet al., 2012 Trimino and Cronin, 20)@Figure 2.7.

Figure 2.7: Element types to numerically represent an adhesive joint include tiebreak (left)
cohesive element (center) and solid continuum elements (right) (LSTC, 2012)

Typicallyan adhesive jointanbe most accurately represented by a large number of solid
elements, often requiring multiple layers of elements through the thickness of the joint
(Boqaileh, 201p However, thisapproach can beost prohibitive as itstime and resource
intensive compuationally (Zachariah, 20063lternatively, tiebreak contactsanbe used to
represent an adhesive jointith minimal computational resources (Trimifz012) In simple
terms, a tiebreak contaatanbe conceived as springs joining nodes on one body to siodan
adjacentbody. Tiebreak contacts share the same behavior as other common types of contact
definitions under compressive loads, but could be defined with a failure criterion in tension to
simulate separation ahe joinedsurfaces (Zachariah, 2008)Jthough tiebreak contactare

simple and efficient numerical implementatigrtbeyare knownto have numerical instabilities
commonly referredtd & & dzy' T A LILIA yCHahin 20L6NInAphiFgas a bhérdomenon

in whicha large portion ofhe loadisheld by the first element in a crack frormnd once the
element deleted due to a failure criteripthe loadisimmediatelyreleased angassed onto the

next elementwhich will likely cause it to fail and delete as well, resulting in a rapid non
15



physica crack propagation behavior (Trimif2012) While this issu€anbe addressed wittthe
addition of damage criteai to promote gradual unloading during failyteebreak contacts
generally lack the inclusion of straiate effects, making them unsuitabfer impact
simulations (Trimifio an@ronin 2016).More recently, cohesive zone modelling (CZM) was
developed to address the limitations of the tiebreak contact (da Silva and Campilho, 20d?2)
iscapable of capturing the elastic behavior of the joiniaggl as the damage accumulation
process by means of a tracti@eparation law (Marzt al., 2009) Althoughthe CZMisa more
comprehensive approach comparedttee tiebreakmethod, requiringadditionalmaterial
properties it has been showio be capal# of producing accurate results when compared to
solid element implementations while being more computationally efficient (TrimifioGnahin
2016). As suchhe CZMiswidely used in the analysis of bonded joints (da Silva and Campilho,

2012).

2.3.1 Cobksive Zone Modelling

The CZM technique uses battaterialstrength and energy parameters to simulate the
material responsejdamage accumulatigrand material fracture procegsla Silva and Campilho,
2012) CZM can be applied in the local approach (FiguB8g where cohesive elements
represent a zero volume patih€. a surface) where damage may accumulate, usually between
the adhesive and the adherend, atite constitutive behavior of the adhesive is simulated by
solid elementgda Silva and Campilho, 2Q1Zhis is useful for numerically modelling the
interfacial (adhesive) failure that occurs during the debonding of the adherend from the

adhesive. Alternatively, CZM can be applied in the continuum approach (Ri@ureshereby a
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singlelayerof cohesiveelements models the equivalent response of the entire adhesive joint,
including damage accumulatiqda Silva and Campilho, 201Zhis approach is computationally
efficient due to its inherent simplicity, while being capable of predicting material regpions
Mode | and Mode Il loading, provided that the CZM law parameters are thoroughly and
accurately calibrated (Watsaet al,, 2018). Therefore, this technique has been widely used in
the damage modelling of bonded joints. A study was done by Campilidpdea, and

Domingues (2005) comparing the two CZM approaches in modelling the response of a plastic
wedgeopened doublecantilever beam test. They noted that although the simpler continuum
approach underestimated the bond toughness, for most applicatishgre thin adhesive

layers made of tough or moderately tough epoxies were used, the approach provides

reasonably good results while minimizing computational cost.

(@) Zero thickness layers 4
of cohesive elements |~ m —~ Rows of superimposed nodes

\GET T

1 Cohesive clements
[ Adhesive solid elements
[ Adherend solid elements

(b) Cohesive elements to 1 Cohesive elements
replace the adhesive layer B Adhcrend solid clements

Figure 2.8: (a) Local approach of CZM, with adhesive and adherend solid elements joined
by zero thickness cohesive elements and (b) continuum approach of CZM, where cohesive
elements represent the adhesive itself and its thickness (da Silva and Campilho, 2012)
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CZM simulate the loading of an adhesjoint and the subsequemirogressivaunloading, due
to material damage, through the use of tractiseparation lawgda Silva and Campilho, 2012)
The tractionseparation (stresslisplacement) response (Figu2ed) of adhesive joints are often
trapezoidal or bilinear (triangular shap€jla Silva and Campilho, 2012p properly select the
appropriate response to use, Campilébal. (2013) investigated the effect of cohesive law
shape in predicting the loading response of a sitgjejoint bonded with drittle and a ductile
adhesive. They concluded that cohesive law shapes haigndicanteffect on joints bonded
with ductile adhesives, noting that the trapezoidal response better described the damage
accumulation (plastic flow) process. On the othand, the cohesive law shape hadninimal

effect on predictinghe response obrittle adhesives.

Fi S / Trapezoidal Response

Bilinear Response

Traction [MPa]

v

Separation [mm]

Figure 2.9: Examples of cohesive tractiorseparation law shape (Watson et al., 2018)

Regardless of the celsive law shapehe basic formulation ofhe CZMapproach $ such that
the traction-separation loaccurves(TSLC) (Figug10 in Mode | and lare defined by the

material stiffness prior to onset of damageeak tractiors T and &t the onset of damage

18



accumulation, and critical energy release s&"and G,° (area under tractiorseparation
curve)(Watsonet al,, 2018 LSTC, 20)2Based on these definitionthe maximum separation

(displacement to failure,” a n d, far a CZMs given by:

0 § 0
0 JY 0 Y

where Ars ds the area under a normalized tracti@eparation curveln general, each mode of
loading requirsits own tractionrseparation curve, and while a mix@dode response (Figure
2.11) canbemodeled G KS S EYACHIA (i68Ye2 RES2idndhdentlonitezpécific

constitutive model being used.

1 Mode | Mode I

possible shape of TSLC
/ t T S
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Figure 2.10: An arbitrary normalized traction -separation law and theparameters required
to define it (LSTC, 2012)
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Figure 2.11: Visualization of a full traction-separation law, including mixedmode response
(LSTC, 2012)

The material model used in this work was implemented HDYSIA as MAT_240, which utilized
a tri-linear elastieideally plastic tractiorseparation law(Figure2.12) and accounted for strain
rate effects. h additionto the usualCZMparameters the ratioof plastic deformatia to the

total deformation(area under flat region over the total area underlinear curveneededto

be determined in order to define the precise shape of the cohesivéNMavziet al., 2009

Watsonet al,, 2018.
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Figure 2.12. Parameters defining precise shape of a tlinear traction -separation law
(LSTC, 2012)

2.4 Testing and Numerical Modelling of Adhesively Joined Structures

In addition to experimentally studying the impact response of adhesively joined structures, it is
of critical importance to develop numerical models capable of predicting their impact response.
An extensive study conducted by Lanzerath and Pasligh (204%tigated an adhesive

modelling approaclmcorporatingboth cohesive elements and simplifiedntact definitions

The model was first calibrated a single element simulatip@ssuming only cohesive failure,

then the same model was used to simulate conpests, component tests, substructures and
eventually a full vehicle, after which the predictions were compared to experimental data.
However, he experiments wer@rimarilyfocused on utilizing weld bonding (hybrid joints
comprising adhesives and spoelds) to reduce the total number of spot welds in

representative or actual automotive components, while maintaining or surpassing the
performance of purely spot welded components in energy absorp&amthermore there was

limited information on the adhase characterization process, and the adhesiwngy
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component level validation lacked different test modes before proceeding to larger scale

testing with weld bonding.

A study conducted by Magt al.(2015) investigated the characterization of an adhesive

develop a fully ratedependent model using an extended CZM formulation, then validating the

model at the component level by simulating goint impacttest (Figure 2.18as well as a-T

peel test.
(2) Failure of adhesive bondlline

Front impact

sl

r ot
Side impact S 4 y
(3) Fold formation ;;*,-»

# (5) Final shed failure

/

(1) Plastic deformation of steel

»

Figure 2.13: T-joint impact directions (left), and resulting deformation during frontal
impact (center) and side impact (right) (May et al. 2015)

Normally, constant strain rate is assumed upon damage initiation, and the trasgiparaton
law is fixed throughout the entire damage accumulation process. This assumption may not
always be valid, and therefore the authors extended the traditional CZM formulation to
continuously update the shape of the tractiseparation curves. While botln¢ extended and
traditional CZM formulated models were in good agreement with theifit experiments, the
extended formulation performed noticeably better-(®%) in the Peel test. However, the

authors noted that this was due to relatively high variatia local strain rate in a-peel
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adhesive joint ana@ould not conclude if the extended formulation would universally perform
better in other load cases. In addition, while thgoint had the versatility of testing two modes
of loading in a single geomgt the loading was primarily isolated to the adhesive joint, as
opposed to the combined deformation response (adhesive and adherend) of a bonded

structure representative of an automotive component.

Other studies that focltexd on the systematic developmenind validation of an adhesive model

at the component level includkan investigation by Yareg al. (2012) in which a simplified FE
model was developed for toughened adhesive joints, that was validated at the coupon level
with single lap shear (SLS), dulap shear (DLS), and coach peel (CP) specimens and then at
the structural level with dynamic axial impact on a hexagonal tube. A single pariciead),
crashtoughed epoxy adhesive was cast into bulk dog bone samples that were tested at quasi
staticand dynamic rates to obtain the stresiain response of the adhesive under uniaxial
tension at various strain rates. A modified isotropic elgs@sticity model (*MAT_SPOTWELD)
was used to model the adhesive response in a finite element codBYINA 9I), in which the
stressa NI Ay NBaLRyasS ola aAYLEAFTASR (2 oAt AYSIEN
strength defined as functions of effective strain rattowever, tle adhesivemodel was based

on a von Misegailure criterion such that the shear response was linked to the tensile response,
which was generally applicable to metals but could be inaccurate for many polymeric materials
(Trimifio andCronin 2016).Moreover, the authors omitted a damage law in the adhesive

model, sincghe materialfailure strain was far smaller than the steel adherends used (DP600
and DP780) and it was assumed that the joint softening due to damage would be a negligible in

the overall structural respons@he component level validation ofdmuble-hat hexagonal tube

23



(Figure2.14), with a 0.25 mm bond line thicknessdeled with a single layer of solid elements
axially impacted by a 276 kg rigid wall travelling at 10.15 m/s resulted in good correlation in
terms of forcedisplacement, energgbsorption, and deformation patterrbespite the good
correlation this simplified model had limited versatility sinttee lack of damage law based on
the assumption ofelativelysmall failure strain of the adhesive may not be applicable to a wide

range d adherend materials, particularly UHSS.
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Figure 2.14: Dimensions and numerical setup of bonded tube (top), measured vs. simulated
force and energydisplacement response of axial impact (bottom) (Yang et.&2012)

Another studysimilarto the current work was conducted by Gowehal. (2017), in which
development and validation of an adhesive model was done at the coupon level before
simulating a dynamic axial compression experiment using a drop towerpacihadhesively

bonded doublehat section tubes. A general purpose epdrased adhesive (Araldite AV198,
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Huntsman) with a hardener (HV998) was modeled using MAT_024 (PIECEWISE LINEAR
PLASTICITanda single layer adolid elementswith a von Mises yieldriterion in LSDYNA. An
existing curve describing the pegield stresyersuseffective plastic strain behavior was

digitized and assigned to the material model, and the Covanonds parameters describing

the strain rate effect were obtained from a siari epoxybased adhesive. The resulting

simulation of single lap shear anegpb&el tests demonstrated good correlation with the
experiments. For validation at the structural level, doubd section tubesnade of mild steel

were joined with a bond line tbkness of 0.3mm and axially compressed with a 134 kg impactor
at a velocity of 4.3 m/s. The predicted fordesplacement response (Figure 2)1&as in good
agreement with the experiment, and the predicted peak load, mean load, and energy absorbed
were all within 5% of experimentally measured valug@snilar to the study by Yargg al. (2012),

the limitations of the study by Gowda et al. (201m9luded use of von Mises yieldterion and

lack of damage law in the adhesive model.

Simulation_OA_1500mm
80 Experiment_OA_1500mm

40 45 50 55

() 5 10 15 20 25 30 35
Displacement (mm)

Figure 2.15: Comparison of measured and simulated forcelisplacement response for
bonded tubes under axial impact (lef), and comparison of deformed specimen and
predicted deformation (Gowda et al. 2017)
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In a study by Trimifio an@ronin(2014) dynamic axial impact of stdrale adhesively joined
double-hat section tubesnade of DP800 ste&lere investigated. Thebjective of the study

was to evaluate the application of the nalirect similitude (NDS) technique to bonded
structures, in which scaled up numerical models of the tubes under axial impact were validated
against experimentally tested stdzaled tubesAn inherentlimitation of the study was the
equipment, in which the drop tower used for the dynamic axial impact lacked sufficient amount
of energy to generate multiple folds in the tubEne NDS calculations also did not account for
the adhesive layer, and whilevitas found to be acceptable in this particular specimen

geometry, the authors noted that there may be cases where a second material had a more
significant role in the overaditructural responseA key outcome of the study was the
demonstration that CZM elaentsprovided a good representation of adhesive joints. A follow

on study (Bogaileh, 201%8yew a similar conclusion, whereby adhesive joint represented with
cohesive elements using bulk material and cowmrel test data was able to efficiently predict

structural response and failure of bonded joints.

Although a multitude of studies can be found in the literature regarding impact testing of
adhesively joined structures, most are focused on benchmarking the crashworthiness of
bonded structures relativeat other joining methods (Peroni, Avalle, and Belingardi, 2009; Lee,
Kim, and Oh, 2006, or even hybrid joining methods involving adhesives (Mcgregor, Seeds, and
Nardini, 1990; Debt. al, 2016; Gowdat al., 2018).Fewstudies have been founithat

addresgdthe adhesive bonding of UHSS componeitgere is also a lack of published research
considering thregooint bending (lateral impact) of adhesively joined doubé section tubes.

The one study conducted by Gowetaal. (2018) investigated impact responsédoublehat
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section tubes when they were joined with adhesive, spot weihd weld bonding (Figure 2)16
However, this study was mainly focused on benchmarking the different types of joining
methods, and did not characterize or model the adhesivelydeal structures subjected to

loading. Of the studies that focused on adhesive modelling and component level validation, the
adhesive model properties were often not derived from thorough material testing or lacked
damage mechanics formulations due to siifipations, or that different types of component

level experiments at different strain rates were omitted (Steidler, Bonde, Ljungquist, 2003;

Lanzerath, Nowack, Mestres, 2009).

Figure 2.16: Double-hat secton joined with spot welds only (top), adhesively only (middle),
and weld bonded (bottom) (Gowdaet al, 2018)
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2.5 Tailored Hot Stamping of Boron Steel

The motivation for the development of hot stamping was initially to produce steel sheet
components witha fully martensitic microstructure, allowing ulttagh strength parts of

complex geometry to be formed at elevated temperatures. Performing this operation at room
temperature would be impossible due to the low ductility of martensite. To this end, steel
blanks are heated to austenization temperatures before hot forming with chilled dies, since a
high cooling rate is required to produce a martensitic microstructure. It was later discovered
that by altering the temperature of the forming tooling, differerdating rates could be

achieved resulting in different microstructures in thefasmed part (Liwet al,, 2011), as seen
from the continuous cooling transformation (CCT) diagra Figure 2.1{Bardelciket al., 2010).
While any steellseets with high quenability can be hot stamped, the 22MnB5 boron steel
(commercially referred to as Usil®1500AS) manufactured by ArcelorMittal is a commonly
used steel grade for hot stamping due to their high quenchability (letoai.,, 2017). In the as
received conditionUsibo® 1500AShas an aluminunsilicon (AlSi)intermetalliccoatingto
providecorrosion protectionand to prevenixidation and decarburization during the hot
stamping process (Ellet al,, 2014).While thisAl-Sicoating als@rovidesenhanced weldability

of the hot stamped components (Moet al., 2017), the coatinghayresult in interfacial failure
within adhesive joints and removal was recommengedr to adhesively joining components

(Liao et al., 2017; Liu et al., 2017).
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Figure 2.17: A continuous cooling transformationdiagram for Usibor® 1500-AS (George,
2011)

The process of tailoring a component by controlling the temperature at different regions of the
tooling to obtaindifferent properties for specific functions is known adlie Heating (IDH)
Tailoring. For a given automotive component, a more ductile region can be obtained by heating
that specific portion of the tooling and maintaining the desired temperature. Tligaes a

lower cooling rate, which results in more formation of bainite and ferrite. In areas where
intrusion resistance is critical, the same component can have regions of high strength
martensite, accomplished by a high cooling rate maintained with met@nnels througlhose
regions of the toolingThe primary advantage @HSs the ability to produce components with

variable hardness distribution to optimize for crash performance and passenger safety.

29



2.5.1 Numerical Modelling dfilored HoGStampng ofUsibo® 1500AS

Before these modern hot stamped components can be fully exploited for their potentredsit
critical to develop reliable predictive models to accurately capture their crash responses(Eller
al.,, 2014). To accomplish this, the distribution of material properties throughout the part must
be accurately predicted, therefore complex forming simulati¢frigure 2.18)vere developed

to model the decomposition of austenite into bainite, ferrite, or nersite. One such model

was developed bj\kerstréom Bergman, and Oldenburg (2007) and implemented iDYNA
commercial finite element software, which tideen shown to be able to predict the final

phase composition and micileardness distribution of the foned component to reasonable
degree of accuracyJsinga modified version of thékerstrommodel, Omeret al. (2017)
developeda methodology to numerically model the THS procedsch was divided into four
sequentialstages: transfer, forming, quenchirgnd cooling. Each stage involved an
independent simulation and the output of the previous simulatwasfed into the next. Each

of the four stages utilized a coupléidermo-mechanical solver, in which the mechanical solver
determined the strains, stresseand deformation in each element, while the thermal solver
determined temperature profiles and heat flow in each node and element. The mechanical
solver also received thermal properties from the thermal solver, whiefewhen used to
calculate thermal sesses and strains, as well as to predict mitaodness in the part based on
cooling ratesThe final material properties of the steel were developed based on the predicted

micro-hardness.
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Figure 2.18: Stages of the THS process in the numerical model

To characterize a constitutive material model for the predicted tailored microstructures,
Bardelciket al.(2012) used a phenomenological approach by assuming a Voce hardening model
and that the coefficients are functions of the midnardnesqVickers hardnessThis model

was referred to as the Tailored Crash Model (TGMjile the flow stress responsesedicted

by TCMor different micrehardnesses at different strain rates are in good agreement with the
experiments(Figure 219), this model alone is insufficient in accurately predicting the

deformation of a component. The ability to predict initiation ocks is also important in
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complex loading conditions found in crash events, therefore the fracture behavior must be
characterized and accounted for in the material model as well. The Generalized Incremental
Stress State Dependent Damage Model (GISSMQ@QjgEral., 2010) is a commonly used
phenomenological damage (fracture) model that uses Equation (1) to define damage by a scalar
damage variable D. Equation (1) consists of a user defined damage expotieaplastic

strain at failure {J) as defined by set of fracturdoci, and the equivalent plastic straiﬁ,LI. ten
Kortenarr (2016) characterized a set of fractloei for Usibo® 1500-ASvarious tailor hot

stamped conditions (FigureZ). A regularization scheme could also be specified within

GISSND to scale the fracture curves according to element size, since the rate of plastic strain

accumulation is mesh dependent.
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Figure 2.19: Comparison between predicted (solid line) and measured (dotted line) flow
stress curves for various Vickers hardness and strain rates (Bardelcit al.2012)
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Figure 2.20: Fracture loci corresponding to different quench conditions (ten Kortenarr,
2016)

2.5.2 Testing and Numerical Modelling of Tailored Hot Statdpibd® 1500ASTubes

Using the aforementioned characterization and constitutive modelling methodologies, &mer
al. (2017)modekdthe THS process to produce numerical modelsatfsections witha fully
martensitic microstructure as well as an axially tailored model (called three zone) with graded

distribution of Vickers hardneg&igure 2.2).

Vickers Hardness (HV)
Fully Martensitic Three Zone 5.000e+02
4.680e+02 ]
4.360e+02 _|
4.040e+02 _
3.720e402 _
3.400e+02
3.080e+02 ]
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2.440e+02 __
2.120e+02 ]
1.800e+02

Figure 2.21: Vickers hardness distribution for each condition as predicted by the forming
model developed by Omer (2014)
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The final output of the THS model from the cooling stage was then fed into a remapping
program developed by George (2011). The program read in the properties of each element
from the final model, then outputted a hat section model with the elements somal five

bins based on its Vickers hardness value (Oghat, 2017).The material model of each bin

was determined byts weighted average Vkers hardnessin whichflow stress curve at
variousstrain rateswere generated based on the Voce hardeningdel by Bardelcikt al.

(2012) and applied to all the elements within each Hihe final binnedully martensitic hat
section is shown in Figure 2.22, and the final binned three zone hat section with examples of
flow stress curves is shown in Figure 2@#&eret al. (2017)implemented these flow stress
curves into a piecewise linear plasticity material model HDYSIA (*MAT024) with a von

Mises yield criterionn his investigation of forming, impact testing, and numerical modelling of
tailored axial acush members, which is of particular interest to the current work due to its

relevance.

Bin Vickers Hardness Range
Number (Weighted Average)
 § 456 —462 (459.4)
2 463 — 468 (465.5)
3 469 —474 (471.6)
5 481 —487 (483.7)

Figure 2.22: Fully martensitic hat section model and bin distribution byOmer et al. (2017)
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Bin Vickers Hardness Range
Number (Weighted Average)
2 187 — 248 (209.0)
2 249 —309 (270.1)
3 310-372(331.1)
5 434 —-493 (473.5)
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Figure 2.23: Three zone hat sectioomodel and bin distribution by Omer et al.(2017)
including flow stress curves for various material bins

Using a similar approacRyajogo (2015) investigated the effect of tailoring the flan§a hat
section, spot welded to a full or split backing plate, on its impact response in aploisebend
test. Prajogd2015)demonstrated that by softening the flanges of hat sections through IDH,
the extent of fracture observed in the part could beduced. Using the same forming and
material modelling approach as Onetral. (2017) Prajogg2015)developedimpact

simulations that correlated well with the experiments, usthg tailored flange hat section
model(called soft flange3hown in Figure 24. However, in the context of loading an adhesive
joint in a bonded structure in shear (Modefb) the purpose of the current workhe backing

plate specimengeometry was not ideal since it did not position the joint at the neutral axis.
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Figure 2.24: Soft flange hat section model and bin distribution byPrajogo (2015)
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characterize weld group failure partially spot weldedUsibo® 1500-ASdouble-hat section

tubes(Figure 2.25). The crosshead displacement loads the spot weld joints in tension (Figure

Iy 2 @ 8nid usadditioS

L

2 LISY

2.26), causing a crack to form and propagate progressively due to weld failure. In addition to a

dynamic mixeemodeloading scenario provided by an axial crush test, the Caiman could be an

effective test in providing a controlled and highly repeatable structural testing data for model

validation, particularly for investigation of predicting adhesive joint crack prapaga
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While a wealth of studies has investigated THS experimentally and numerically, the method of
joining and assembling the components was primarily spot welding. With the rapid emergence
of adhesive joining as a promising candidate in achieve /imaterial Ightweight vehicles, it is
important to investigate the effect of tailoring the base metal on the impact response of
adhesively joined structures. Furthermore, it is critical to develop and validate a robust
adhesive model capable of accurately predicting joint behavior and failure in complex

loading scenarios at the structural level.
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Chapter 3Experimental Testing of BondetHSS ubes

3.1 Overview of Experimental Programme

Thefocusof this work was tassesshe adhesive modelpreviouslydevelopedby Watsonet al.
(2018)based ortesting of adhesivenaterial and coupo#eveladhesive jointsat the structual
level In the current study, the structurevelassessment was performdxry measuring the
mechanial response of adhesively joinebuble-hat section tubegnd comparing them
against numerical model prediction&.key objective of this thesis was to quantitatively
evaluate the accuracy of the numerical model in predictingithgactbehavior of adhesively
joined structures, subjectetb different modes of loadingailoring configurations, and loading

rates

To achieve this objective, a combination ofdé different modes of loadin(Figure 3.1)three
tailoring configurationgof the metal adherendl (Figure 3.2)andtwo loadingrates (quasstatic
and dynamicor QS and DMwvere conducted on adhesively joinddt sectiongnade of

Usibo® 1500AS UHSE able3.1).

Direction of Loading | F§ %

p Direction of Loading

Mixed
Mode
Loading

=g <k
N A PR

Neutral Axis in Shear

Figure 3.1: Modes of loading induced by the experiments, nameMode Il in three-point
bend (left), mixedmode in axial crush (centre), and Mode | in Caiman (right)
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Fully Quenched

Three Zone Soft Flange

Figure 3.2: Nominal geometry of hat sections and tailoring configuration (Omer, 2014;
Prajogo, 2015)

The specimen geometry involved two tesctionsadhesively joined together at the flanges
form a tube(Figure 3.2)Althoughthe hat sections were formed according to the procedure
outlined by Omer (2014Prajogo (2015) Y R h QY S Stheb@nksisedtorfgrm the hat
sections in this study were 20 mm wider. This change was made to increase thitatogal
surface area for adhesive bondinghile the majority of specimens were grit blasted (GB) prior
to bonding to maximize joint strength, two testnditions used aformed (AF) (no surface
preparation) specimens to evaluate the effect of surface preparatiothe loading response
Threepoint bend(3P) axial crusi{AX) and CaimaiiCM)tests were conducted to measure the
loading response of the &esively joined specimens in sheltgde Il), mixed loadingModesl

and II), and tensionfode | opening) respectively(Figure 3.2)The tailoring configurations
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were achieved during forming of the hsg¢ctionsthrough tailored hot stampingA detailed
description of the forming tooling can be found in section 3.2, and the forming process of the
hat sectionsis described in section 3.3he nominal cross section dimensions of the formed hat
sectionsand a visualization of all the tailoring dagurations are shown in Figure3.The

tailoring configurationsncluded (i) fully martensitic(non-tailored) (FM)specimenghat were
fabricated usindull quenchingf the hat section; (i3o-O | f 08 fangé (SFspecimensn

which the die sections adjacent the flangesvere heatedto 600°Cand, (iii) secalledcthree
zonet (3Z)specimensn which the tooling surfaces contactitige flanges and the middle of the
Gchannelwere heatedto 400°C andhe end of the Gchannelfirst impacted by the sled were

heatedto 700°C

Table 3.1: Structural component test matrix. Note thath F Mo ( f ul | yreferatod ensi t i
fully quenched, nonTailored condition.

Surface Preparation Test Mode | Tailoring ConfigurationLoading Rate¢ Test DesignationTest Repeat
3 Point Bend Fully Martensitic QS-3P-FM-GH 3
3 PointBend Fully Martensitic DM-3P-FM-GB 3
QS-3P-SF-GE 3
3 Point Ben( DM-3P-FM-GB 3

Axial Crushl  Fully Martensitic QS-AX-FM-GH 3

Axial Crusi  Fully Martensitic DM-AX-FM-GH 3
QS-AX-3Z-GB 3
DM-AX-32-GB| 3
QS-CM-FM-GH 3
QS-CM-SF-GB 3
QS-3P-FM-AH__ 3
QS-AX-3Z-AF 3

The goal of tailoring the hat sections was to better allow the test samples to achieve the
desired mode of loading during each of ttest modes For example, a stable collapgalocal
folding pattern involving mixed mode loading of the adhesive joind desired in axial crush
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experimentsin a similar loading scenario with spot welded tub@sjeret al. (2017)reported

that a three zone tailored tube had significantly more consistent deformation behavior than the
fully martensitic tubes, and were thedst prone to bucklingrhe low ductility of a martensitic
microstructure mayprohibit a stable collapse by encouragiagnore global buckling

deformation mode causing extensive metal fractues well as rapid debonding of the adhesive
joint. On the other handhaving a gradual transition of soft to hard zone could assist in
triggering a folding pattern early on, amhelp to maintainit throughout the experiment

allowing any cracks in the adhesive joint to propagate progressively

After forming, the hatsectionswere prepped for bonding into thdouble-hat sectiontest
specimentube geometry following the procedure described in SectBb. Thetubeswere then
tested using the quastatic setug described in SectioB.6 and the dynamic sefisin Section
3.7.The brce-displacementesponse was recostl from the experiments and used to validate
the numerical modelsalong with the generaleformaion patterns, which will be discussed in

detail inChapters 5 and.6

3.2 Description of Forminfooling

Three different configurations of tooling wetsedto form the fully martensitic, soft flarey

and three zone hasections

The three zone hat sections were formed using the three zone tailordeeiheating tooling
(Figure 33) (Omeret al.2017) The tooling was divided into major sections separated by an air

gap of 3.2 mm: heated sectiscorresponding to the soft zone(s) of the formed passd
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water-cooled sectios corresponding to the hardened martensitic zone in the formed parts. A
steady state temperature of 12C was maintained in the cooled punch and die with chilled
water circulatedthrough the tooling. The heated section was subdivided into two zones
separated by an air gap of 2 mittat allowed the soft zone to be graded due talependently
controlled temperature zones. Heat was provided by 3/4" diameter cartridge heaters supplying
550 W at 600 V, and the temperature in the heated section was held constant using PID

controllers.

Heated Punches Heated Binder

Heated Die Cooled Die Cavity
Cavities

Figure 3.3: Male punch and the correspmding female die used to form the three zone hat
sections, detailing the heated and cooled regions (Omer, 2014)
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To account for differences in expansion of tooling duditterent temperature targes, the

cooled punch and die were designed to allow for easy insertion of shims. As illustrated in Figure
3.4 and 35, the cooled punch and die were attached to the bottom and top plates using four
AO0NBga (GKIFG 6SNB 2y (KS G@ArarofSé aARS gKSy
cutouts were present in the cooled punch block where levers could be inserted teeliftunch,
allowing the insertion of shims. Howevevhile both the heated and cooled punch/die were

leveled with one another at room temperature, two ridges were created between different
heating control zones of the toolingeeler gauges were used teasure the height of the
NARISEATI GKAOK HSNB F2dzyR G2 0S nonwmCioneAy GKS
LY nonHoé AY i MSpurRii i@ thé 30R zoneDneHacadimitation on the

design of mounting and wiring for the 4% nne die and punchthey are very difficult to shim.

This meant that only one ridge between different zones could be removed by either shimming
the cooled die and punch to align with the £@0or 700C, while the other ridge will remain.
Therefore, a decish was made to shim the cooled die and punch to align with thé@aone,

leaving a ridge between the 480 zone and the 70Qzone, as illustrated in FiguB:6.

Male Punch

Cutouts to lift the
punch and insert Cooled punch screwed

shims underneath in from visible side

Figure 3.4: The mounting and cutout location on the male punch used during shim
insertion
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Cooled die screwed in

Female Die from visible side

Figure 3.5: The mounting location of the female die, no cutout required since die is
suspended

700°C 400°C

Figure 3.6: Representation of the side profile of the tooling once it is heated, showing the
misalignment between the heated zones and the cooled punch aligning to the 400 °C zone

Similar to the three zone tooling, the soft flange tool{fkggure 37) consisted of hree major
components, namely the die, bindénd blank holder)and punchinstead of dividing each
major component intalifferent heating zones to obtailengthwise tailored hasections the
heaterswere arrangedsuch thatonly the binder and blank hdér were heated to 60 and

held constant with PID controller€hilled water was pumped through the die cavity and the
punch to maintain a steady state temperature o’€5As seen in the schematic, an air gap of 2

mm was incorporated into the tooling tasulate the chilled region of the die from the heated
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flange regionHeating was supplied with 18 on each sidejOOW cartridge heaters at 600V in
both the blank holder and the binder. The heaters in the blank holder were 76.2 mm long while
the ones m the binder were 101.6 mm long. The heating circuit was setup such that there were
4 control zones in the top and bottom halves of the tooliSgnilar to the three zone die

tooling, 12.7 mm thick panels of ZIREGSL.were used to insulate the heated padakthe soft

flange tooling.

Female Die

Ceramic Blank Holder

Insulation 2 mm Air Gap

Binder
Binder Stop

. . Nitrogen
N1 W

spring
B i Il .

Figure 3.7: Schematic of the tooling used to form soft flange hat sections, where the entire
punch and die are water cooled, while binder and blank holder are heated

3.3 THSProcess Parametefar Forming HaSections

The hatsectionsused in this work were formed from blanks of Usi®dr500 AS measuring 220
mm x 590 mn{Figure3.8). The blanks were water jet cut, and two tabs were incorporated on
either end for alignment durig the forming process. The longab contained an oval slot,
while the other shorter tab contained a triangular slot, both of which fit onto designated pins
incorporated inthe forming tooling. In addition, the tabs act as a gripping point when the

tranger mechanism moves the blaflom the furnace to the toolingwhile also making it much
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easier to remove the formed haectionfrom the femaledie at the completion of the forming

process

50 590

R’5':%_}__ ) ) ) - _. -

=1 = 2x 8.65

65 =

/—2;( RS

4% R10

Figure 3.8: Dimensions and photograph of the blank used for all experiments

The THS process used to create thedwttionswas performed on a hydraulic forming press

manufactured by Macrodyne Technologies.(Figure3.9). The press contained30-ton main

cylindrical actuator, as well as four other small cylinders, called kickers, which were capable of

generating 60dns of force at a higher speed. Only the kickers wegglired to apply the

forming tonnagefor all forming cycles

The THS procesgasdivided intofive stagesaustenizationtransfer, forming, quenching, and

cooling.The blanksvere first autstenized using furnace manufactured by Deltech Inlpcated
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adjacent tothe press To ensure the blanks were evenly heated throughout, the oven contained
three control zones, one at the front, one in the middle, and one at the Hamated in front of

the press was an automated pneumatic transfer mechanismttiaaisferredthe heated blanks
from the furnaceto the forming toolingwhere It was formeadandquenched Grips were

mounted on the transfer rail to clamp the heated blanks.minimize heat loss of the blank to

the grips during the transfer process, an insulator was used on the grip surface and the grips

contacted the blanks at the very edge of ttad.

900 ton Macrodyne press

Hat Section Die

Kickers

Main cylinder
actuator

Furnace

Transfer
mechanism
rail

Figure 3.9: Forming setup, including components of the press, the furnance, and the
transfer mechanism

The transfer mechanisrpositioned the blank over the punch, whettee tab cutouts were
aligned with pins on the bindeafter whichthe forming processvasinitiated. During forming,
the male punch remaied stationary while the female die descesdnto the blank, forming the

hat sectiongeometry. The bindewas positioned initiallyaround the stationary punchndwas
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mounted on twelve nitrogen gas spring cylindérat each exertd a corstant pressure of 6.895
MPa (1000 psi). With a cylinder diameter of 23mm, the resulting total force the binder exerted
againstthe die was 34.4 kNDnce the forming cycle ended and the press was returnateo

home position, the hasectionswere manuallyremovedfrom the pressand placed on racks to

be air cooled.

In summary, the specific stages of the THS process were asdoll

1) The blank was austenized in a furnace at°@3fbr six minutes

2) The blank was then transferred into the die set using the pneumatic transfer
mechanism (taking approxirtely 10.5 s), where the tab cututs were aligned with
the pins on the tooling.

3) Theblank was then formed

4) The formed part wasuenched in the tooling for 4 s at 60 tons of force

5) The formed hasectionwas removed from théemaledie and allowed to air cool

3.4 MicroHardness Measurements on-Rsrmed Parts

Micro-hardness measurementsgere performedon asformed hat sections. The measurements
were performed orsmaller sections along the lengtii the hat section (Figure 3.1@nd were
taken on theflange, side wall, anthe top surfacefor each of the threedailoring configurations
Five sections were taken from each three zbia¢ sectionswhile only three sections were
taken from each of the martensitic and soft flanggt sectionssince the three zonkat

sections hadnore distinct hardness zones along the lendilvo hat sectiors each were
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selectedat random for measurement frorthe martensitic and soft flange conditis, while
threewere selected from the three zorteat sectionsdueto the highercomplexity ofthe
three-zonetailoring configuration All sections werénitially cut to 60 mm in length with an
abrasive sawFigure3.11showsan example of a three zor®at sectionprior to and after

cutting with an adhesive saw.

3 x 60 mm Sections

5 x 60 mm Sections

3 Three Zone Hats 2 Martensitic Hats 2 Soft Flange Hats

Figure 3.10: Outline of the bulk sections cut forhardness testing

Figure 3.11: An example of three zone hat section before cutting, and the sections after
cutting
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A wet saw was then used to cut the bulk sections into small strips measuring 10 mm x 20 mm to
be mounted in epoxyThe final strips were taken from the centre of each section, which meant
that there was a buffer spacing of 30 mm between each side of tfasiwhere hardness
measurements were taken and where the abrasive saw cut was maigspacingensured

that the area heated by the saw bladé& not reach too far into the centre, and that the

measured hardness was representative of thé@sned hat sctions. A coolant was used with

the wet saw to minimize the local temperature increase on the surface where hardness
measurements will be takehree strips, which corresponded to oreggionof a hat section,

were castin a singlanount, which were polised withsilicon carbide%iG paper in the order of

320, 500, 800, 1200, 2400, and 4Qf1.

A WilsonHardness VICKERS 402 M&4Der, was used tonake the hardness measurements. A
load of 1000gvas usedo make pyramid indents to the polished metallic surface, then a
built-in microscope and measurement system was used to measure the diagonals to calculate
the Vickers hardnes3he Vickers hardness measurements served as a metheetify that

the physical formed hat sections théhe correct hardness distribution according to their
tailoring configurations. The hardness data could also be usedrtgpare the hat sections
formed in thswork to the hat sections formeldy Omer(2014)(Figure 3.12jor axial crush
testingandPrajogo(2015 for threepoint bend testingForthe fully martensitic and three zone
KIF G a$00 A@oyadoigindl dath NXtkEe measured Vickers hardness and the predicted
hardnessbased on the forming modglvere obtained and plotted for a more-tepth
comparison. Note that the current samplestfawer data pointssince the hardness

measurements were only taken at key sections along the length of the hat sections, as opposed
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to taken at set intervals along the entire length. Therefore, the aeda presented as a linear
curve fit, such that straight line was plotted between theeasured datgoints. Since

t NI 2 gaLg)@iginal measured Vickers hardness datahafsoft flange hat sections and the
predicted hardness were unavailable, therafard deviation of the current soft flange data was
plotted as the upper and lower bounds to indicate the spread of the measurements. The
measuredvs.predicted Vickers hardness for the soft flange hat sections as presented in

t NJ 2 az)shdly is sbwn in Figure3.13
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Figure 3.12: Vickers hardness measured in the current work for the flange, side wall, and top surface, plotted along the length
of the hat section for all three tailoring configurations
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(a) Direction of hardness measurement

Figure 3.13: Vickers hardness measured by Prajog@2015)for soft flange hat sections

3.5 Preparation and Bondirfgrocedureof Formed Parts

3.5.1 Preparation dfinal HaSectionGeometry Prior to Bonding
After the hatsectionswere formed,samples to be tested in axial crush and Caiman had their
tabs cut off,and additional machining was required to prepare the samples for testing. As

formed threepoint bend samples did not regeirany further preparations téinalize geometry

To control the initiation of folding ithe axial crush specimensfald initiator dimple) was
formed 65 mm(Figure 3.13rom the top end of thehat section(the 700°C end for three zone
hat sectiong at a depth of 4 mm (Omer, 2014he dimple serves as a fold initiator to promote
progressive folding during the axial crush experimeAtpunch measuring 25 mm x 10 mm
with a fillet radius of 5 mm on all its edges was used to form the dimplelgladic hand

press.
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Figure 3.14: The fold initiator (dimple) on an axial crush hat section

To further minimize the likelihood of global buckling in any of the axial crush experiments, all

axial crush hasectionswere cut downto a length of 490 mn¢Omer, 2014)The &st step of

preparation for axial crush haectionsprior to bonding vas todrill 12.7 mm diameter holes at

either end using a carbide drill bit. The holes were used to locate the tube in the axial crush

fixture.

¢KS KIFIG aSOGazya G2 6S GSaGSR Ay | KRS HS BE LIS N

(2018) drawings (Figure 2.25ection 2.5.2).
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3.5.2 Surface Preparation for Bonding

An important goal of this research was to achieve cohesive failure in the adh€kivg.careful
preparationof the adherend surfaceas performedo maximize the joint strength between

the adhesive ad the adherendAn investigatiorby Liacet al. (2016) into surface treatment
methods to maximizéhe strength ofsingle lap shear experiments found that a combination of
grit blastingof the adherend surface to increase roughness, followed by cleanmgutface

with methyl ethyl ketone (MEK) immediately prior to application of adhesive achieved
consistent cohesive failure with the highest joint strength and lowest variadifitgddition to
roughening the metal surface, another function of grit blagtimas that it removed the ABiFe
intermetallic coating that was present on the-geceivedUsibo® 1500-ASmaterial, which has
been shown to increase likelihood of interfacial failure (decrease joint strength and increase
variability) (Liacet al,, 2016) It was also shown ithe investigatiorthat cleaning withacetone
produced similar results to MEK, while being a saferlaasl expensivehemical to work with.
Therefore, all hasectionswere grit blastedwvith 60 grit aluminum oxidandthen cleaned vth
acetone prior to bonding, with the exceptiai the tests that specifically useithe asformed
condition to assess intermetallic coating strengftable 31, Section 3.1dhat were only

cleaned with acetone prior to bonding.

3.5.3 Initial Bondingrocedure with Square Shims
An adhesive bontine thickness of 0.178 mii n ® nwagusgedfor all experimental specimens
following the manufacturers recommendationsnd brass shimsere used to maintain the

bondline thickness while the flanges were claaapdown for curinglnitially, the first fewtubes
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that were bonded for quasstatic threepoint bending were grit lasted, cleaned with MEnd
then strips of brass shirm25 mmwide wereplaced on each end and each side of the flanges
while the adhesivevas being applie@Figure3.15). The adhesive was only applied and spread
on one hatsectionfor eachtube, while the other hasectionwith a bare surface was placed

over the first.

Figure 3.15: Bonding o an early sample, where the rectangular shims are at the ends of the
flange

A preliminary fixture using five-€amps, as determined to be optimal in ensuring uniform

I RKSaA@S O20SNI 3IS oFaSR 2y | gSaGaroAfAdGe &ddzR
the flangegqFigure3.16) while they cured in a convection oven at &0 for thirty minutesThe

steel bars were used to evenly distribute the load applied by Hota@ps, while also closing

the gaps that exist between the fisrmed hat sections due to warpage after kstamping.

Warpage wa®nly noticeablan tailored compaents, in which tle three zone samples form a

gap between the flanges when the hat sections were placed in a ddw#tleonfiguration,

measuring up to 5 mm (Figure 3)1Tnh addition, the side walls of the three zone samples curve

inwards near the heated00 °C end, creating a gap between the flanges when the hat sections
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were placed next to one another, measuring up to 7 riims gap introduced considerable
residual stresses (tension) in the adhesive joint and its effect will be discussed in Chapter 5
While the soft flange samples sit relatively flat against a flat surfaoéoowing in flangehe

side walls curve inwartbwards the center, then curve back out towards the other efdhe

hat section (Figure 3.)8This curvature produced a gap betweée flanges when the hat

sections were placed next to one another, measuring up to 10 mm.

L - 2
A TIPS

A
= = S

Figure 3.17: Gap between three zone flanges in a doublet configuration (left and centre),
and gap between three zone flanges when placed side by side (right)
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Figure 3.18: Gap between flanges of soft flange samples when placed side by side

After the first few quasstatic experiments witliubes that were bonded with the procedure
outlined aboveit was observed in the failure surface that there were areasinimaladhesive
coverage along the flangél'his was indicative of an excessive amount of adhesive being forced
out of the bondline as the flanges were clamped down, and therefore an alternative shimming
method was needed to better distribute the clamping foexross the bondine. Figure3.19

shows examples of early test results for qustsitic threepoint bend and axial crush, where

areas of minimal adhesive coverage were highlighted.
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Figure 3.19: Failure surface of early quasistatic fully martensitic three-point bend (left)
and axial crush (right), showing inconsistent adhesive coverage

3.5.4 Improved Bonding Procedure with Circular Shims

Ly FEOGSNYIFGADBS aKAYYAyYy3I YdlarknR disirbuied Rd@thed S R
length of the flangewith the Gclamps aligned to the shims. This method was first tested in a
numerical model comparing the loading responseassgemblies witlstrips of shims in each
corner againsthose withcircularshims distributed along the length. It was found that the
discontinuity in the adhesive joint did not contribute to noticeable differences in the loading
response. Therefore, the circular shimming method was used for all the remaining specimens,
which shoved a significant improvement in the quality of thehasive jointsThe revised

bonding procedure began with grit blasting of Isatctions followed by adhering the circular
shims to the flanges with a fast acting ethyl cyanoacrylate adhés®d Y S Niftsilnct, NP2 R
2015) and lastly cleaingthe flange surfaces with acetonAnother minor change that was

made to the bonding methodology was to apply adheso/Banges of both hasections
60
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instead of only oneThis change was made to ensure that a thin tayfeadhesive was evenly
distributed throughout the entire bonding surface (on both sets of flanges) prior to assembling,
which added an additional layer of confidence than only relying on the clamps and steel bars to
spread the adhesivédzigure3.20 shows an example of a thrgmint bend specimen being

bonded with the circular shim methodology.

Figure 3.20: Improved shimming technique, where circular shims are used to distribute
clamping forces moreevenly for uniform adhesive coverage

The exact layout of how the circular shims were distributed varied depending antdreled
experimentl configuration(Figure3.21). Note that the specimen length for thregoint bend
and Caimarconfigurationswere 590 mm, but only 490 mm for axial crush, as exgéim
Section3.5. For threepoint bending, the center of thaube lengthwise was where the majority

of deformation was undergoing, and there it was thought to be best to avoid disrupting the
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adhesive joinin this critical regionA region of 110 mm (5 mm wider than the diameter of the
punch on each side) in the center of the adhesive joint was left undisrupted. Altltbagh
optimal number of clamps was determined to be five as previously stated, a desig®omade
to use six to have an even three clamps on either side of the undisrupted region, which were
spaced 80 mm apart. Fdre axial crush specimenasimilarconcept wasppliedin leaving the
critical or more sensitive region undisrupted, whichhrstcase would be the region around the
fold initiator. The first and lasffifth) shims were located at 15 mm and 40 mm from the top
(near the fold initiator end) and bottom respectiveljhispositioningwasadoptedso that the
shims at the ends wwuld be located within the clamped regions of the test specimeas
described SectioB.6. The second shim was placed 105 mm after the icgalling 120 mm

from the end of the tube closest to the fold initiatogiving the fold initiator about 50 mm of
undisrupted adhesive joint on either sidiaen all subsequent shims were spaced 110 mm
apart. Lastly, fothe Caiman specimenshe adhesive joint only spannedbout 33 mm (83.5

mm X 4)on the end of theube that was not clamped into the fixture. Trggometry was
adoptedto mimic the same lever arm lengti roughly 255.8 mniza S R Keefie (2019)

Within the 334 mm joint, three circular shims were used, spaced equally an@a.

62



.. &6 & & & & °® 2@

Three-Point
J, 80 \| 110 80 80 80
Be nd N g Y M€ >

. ﬂ/ M//M///M//ﬂ//ﬂ//
. & @& 9@ |

Axial Crush [9.___205 | 110 \L 110 110 40

_ & & & 2@
. ® 9 & 9@

Caiman L 755.8 EE L 83.5 ’l’ 83.5

Ll [~

. & & © 9@

Figure 3.21: Diagram outlining the circular shim distribution for different types of
experiments, all dimensions in millimeters

3.6 Experimental Setup for Queiatic Tests

3.6.1 Quasstatic ThreePoint Bend Setup

Thequaststatic threepoint bend experimentsvere performed ira 496kN hydraulic load

frame operatingunder closedoop displacement control. A crosshead velocity of 1.016 mm/s
(0.04 in/s) was used fdhe three-point bend experiments;orrespondngto a nominal strain
rate 0of0.01s™ for a tube heéght of 101.6mm (measured from one top section to the other in
double-hat cross sectionA sampling rate of four points per second was usedHterthree-

point bendexperiments.

The setup fothe three-point bend experiment¢Figure 3.22usedan indento of 200 mm

diameter mounted to the hydraulic actuator and two cylindrical supports of 50 mm diameter
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spaced 375 mm apart. Both the indentor and supports were lined with two sheets of Tigfipn
in whichthe first sheet was taped to the metallic surfaeed the second sheet rested freely on
the first sheet with a thin layer gdetroleum jellybasediubricant(Vaselinebetween them.The
Teflonsheet andubricantprevented contact between metallic surfacesd minimized friction
during thetest, which would allow relative motion between the top hat and the indentor so
that the hatsectionscoulddeform freely.This setup was used for all quasatic threepoint

bend experiments.
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Figure 3.22: Quaststatic three point bend experimental setup

3.6.2 Quasstatic Axial Crush Setup

The first quasstatic axial crush experiments (fully martensitic grit blasted condition) were
performedon the same 496 kN hydraulic load frame as all the gateic three-point bend
experiments. The hydraulic load frame was operating under dlmsged displacement control,
with a sampling rate of four points per secorithe crosshead velocifgr the axial crush
experiments was 0.508 mm/s (0.02 in/s), which corresgmhtb a nominal strain rate of 0.001

s* for a tube length of 490 mm
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The setup fothe quasistaticaxial crush experimeni$&igure 33) included top bosses and

clamps measung 25.4 mmthick, while the bottom bosses and clampsre 50.8 mmithick,

which corresponded to an effective tube length4df3.8mm while secured in the fixtur&.he

bottom clamps and bosses were mounted to a base plate that was clamped down and secured
to the table.Shown in detalil in Figur@24, both the top and bottom fifures include a outer

boss and sliding inner clamp for one Isatction and a inner boss and sliding outer clamp for

the other hatsection For safety reasonshé entire setup was enclosed by three plexiglass

panels and a steeldtf pipe.

Figure 3.23: Quaststatic fully martensitic grit -blasted axial crush setup on the 496 kN
hydraulic load frame

& Sliding Outer Clamp

Fixed Inner Boss

Figure 3.24: Clamps and bosses used to secure thpecimens during the axial crush
experiments
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The sliding inner clamp wagcured to the base plate with twerrews, and the fixed inner boss
was secured witliour screws. Both the sliding outer clamp and fixed outer boss werarsd
to the based plate wit sixscrews. The top outer clamp and boss each haweaugh-hole to
allow onescrew to secure the outer pieces with the inner clamp and boss, while the bottom

fixtures have two througtholes on each sid&ll screws used for fixturingere M10in size

It was observed during the first axial crush experiments with grit blasted fully martetosigs

that the hydraulic pistoron the 496 kNload frameexhibiteda considerable degree of lateral
loadingand rotationdue to the deformation of th specimen. Tavoid potentialequipment
damageand to ensure a more repeatable boundary condition at the point of load appligation
the balanceof the axial crush experiments, namely grit blasted three zone and as formed three
zonetubes,were conducted ora 623kN, faur-post hydraulic pres@-igure 3.2h This press
incorporated improvedlateral support via four guidingosts in the corners. Note that the same
mountingfixtures were usedn all of the axial crush experimerits keepthe boundary

conditions asimilaras possible.
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Figure 3.25. Quaststatic axial crush experiment setup on the 623 kN foupost hydraulic
load frame

3.6.3 Quasstatic Caiman Setup

The setup fothe quasistaticCaiman experiments is shown in Fig@r26. The specimens were
tested usingn anMTS Criterion Model 45 tensile framith a 100 kN load cellhe adhesive
Caiman specimens were mounted into the test frame to be pulled apart, inducing a progressive

splitting of thejoint due to Mode | failure of the adhesive. Followihg investigation by
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h Keeffe (2018) Figure3.27showsthe fixtures and boundary conditions in detdihe tooling
consisted of inner and outer bosses that clamped each half of the tuthetwd screws, while
the clevises displaced the inner bosses via the dashed 19.05 mm diamet€eFhprsp
crossheadlevis washreaded irio the load cell while the bottonfixed clevis was clamped by
the knurled grips on the MTS fram&wo cameras, onenceach side, were used to continuously
capture images of the deformation, which were synchronized to the force and displacement

data via VIC SNAP 2009.

Figure 3.26: Quaststatic Caiman setup on the MTSrame (left) and the fixtures (right)
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Figure327.Det ai |l ed cross section of a speci men

and an adhesive Caiman test in progress (right)

An upward displacememate of 50 mm/min was used for all questatic Caiman tests, resulting
in Mode lloading onthe adhesivgoint (Figure3.28). It was observed during the experiments
that there was initially a rapid propagation of adhesive failure along the length ofthaeen,
which slowed significantlgs the failure front propagated towards the end of the bond line. The
experimentsran for approximateh05sfor a total crosshead displacement of 87.5 mm, which

was sufficient to capture most of the bond line failure.
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Figure 3.28: Start of Caiman test (top), onset of crack propagation (middle), crack
propagation slowing and $abilizing (bottom)
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3.7 ExperimentaBetupfor Dynamic Impact Tests

3.7.1 Dynamic Threlont Bend Setup

The dynamic threepoint bend experimentsvere conducted usingn impact sled manufactured

by Seattle Safetyrhe same fixtures used in the quasatic experiments were used for dynamic
experiments as wellThe two supports were mounted vedally on the crash wall and the

indentor was mounted to the load cells attached to thgpactsled(Figure 39). An adaptor

plate was used to mount the indentor #load cellpack comprisingwo 120kN KistlerQuartz

Force Link (model#9371B) load cefi49.05 mmthick wooden plate was added between the
indentor and the adaptor platéo act as a damper, reducing noise in the loading data. The total
mass of the sled was 870 kg (855 kg base sled and 15 kg total from indentor and load cells) and

animpactvelocity of 7.5 m/s (27 km/h) was used for all threeint bend dynamic experiments.

Two Plascore 5052 honeycomhckswith a crush strength of 3.69 MPa (535 psi) measuring
150 mm by 150 mmwith a length of 200 mneach were mountedide by sidéeneath the
three-point bend test specimen to rapidly decelerate and stop the sled after a specified fre
crush length The free crusliFigure3.30), as defined by the distance starting when the indentor
first makes contact with the part to when the sled contacts ttoemeycomb to bequickly

stopped was roughly 55 mm.

Load cells and accelerometers were used to measure force during the dynamic experiments.
Two120kN capacity piezoelectric load cells were mounted on the sled behind the indentor to
measure the force exted onto the specimen, whereby the total force applied was equal to the

sum of forces measured by each individual cell. The load cell data was acquired with a sampling
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rate of 10,000 points per second. Two accelerometers, with a sampling rate of 10,08 po
per second, were mounted on the back of tingpactsled, one on each side. The deceleration
experienced by the sled duringnpactwas measured and displacement was calculated by
doubleintegrating the deceleration data obtained from the accelerometdls software

filtering was applied to the final data.

‘,
AN 7
Figure 3.29: Dynamic three-point bend experimental setup, showing the mounted specimen,
honeycombpacks,and cameras

Figure 3.30: Sled and impactor brought in contact with the specimen to demonstrate
distance of free crush zone
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Two highspeed Photron SA4/5 digital cameras were used to recordntipactexperiments

with a frame rate of 5000 frames psecond One camera was mounted above the specimen
while the other was mounted on the side. The piezoelectric load cells and accelerometer data
acquisition systems were in sync with the hgpeed cameras and were activated by a laser
trigger located on theails of the sledFigure3.31). As the sled traved past the trigger during

a dynamidmpacttest, the cameras and data acquisition systems were turned on for two

seconds, which was sufficient to capture thgpactevent.
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Figure 3.31: Impact sled with impactor mounted on two load cells (left) and laser trigger
along the rail (right)

For the dynamic thregoint bend of fully martensitic tubes, two 12.5 mm wooden inserts were
placed within the tube, aligned with the location of the two support fixtures. The goal of the
inserts was primarily tprevent an asymmetric deformation mode fromecurring. However, it

was observed that one of the fully martensitic tests still exhibited asymmetric deformation, and
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therefore the inserts were not used for any other thrpeint bend tests, quasstatic or
dynamic.While this made it difficult to comgre the loading response of the fully martensitic
specimens to the soft flange ones, the wooden inserts were included in the fully martensitic
dynamic threepoint bend model to accurately represent the boundary conditions so that the

model validation case/as on comparable terms.

3.7.2 Dynamic Axial Crush Setup

The dynamic axial crush experimantere conductedon the sameimpactsledas the dynant
three-point bend (Figure 3.32The same fixtures used in the quasatic axial crush
experiments are usefbr the dynamic experimentas well, whee the 63.5 mmthick base plate
was mounted onto thre&istler Quartz Force Link (model #9371B) kN capacity piezoelectric
load cells that are mounted to the wail a triangular patternTheload cells measuckethe

force, at a sampling rate of 10,000 points per secan@rted by the sled onto the specimen
whereby the total force is the sum of the individdarces measured by eadbad cell. No

software filtering was applied to the final data.

A19.05 mmthick wooden plate is mounted to the top fixture (the end further away from the
wall) to act as a damper when the sled contacts the specimen, reducing noise in the acquired
force and acceleration data. This wooden plate was confined within the cutout of ant® @5

mm thick wooden board that was mounted at the center of the sled when the sled came into

contact with the specimen. This was done to minimize lateral movement of the specimen
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during the dynamiémpactexperiment.The total mass of the sled was 900 8§ kg of base

sled plus 45 kg otandoff plates) and an initial velocity of 10 m/s was used.

Plascore 5052 honeycongackswere used fothe dynamic axial crush experiments,which

two packsof honeycomb were mounted on the wall; one on each side of the speciEeash
stack containedwo blocks of honeycomb, measuring 140 mm x 140 mm and 160 mm x 160
mm with a length of 200 mm, configured in a pyramid pattern where the larger block is near
the wall and the smaller block is stacked againstlite size differencensures thatthe blocks

engagewith (dig in to)one another during impact, as oppostxbuckling against each other.

Figure 3.32 Dynamic axial crush experiment setup, showing the mounted specimen,
honeycomb stack, the wooden plate and standoff steel plates on the sled

One end ofeachhoneycombpackwas mounted against a standoff from the wall while a stack
of two steelspacermlateswasmounted oneach side othe sled to contact the other end of the

honeycombpacks(Figure 3.3B The standoffs and spacers were usedichieve a free crush
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distance of about 145 mm, whiakas the distance starting when the sled first coneatthe

specmen to when the sled contaetlthe honeycomb pcks.

Figure 3.33: The sled brought into contact with the mounted specimen, to demonstrate
distance of free crush zone

The dynamic axial crush experiments used the same camera setup (twegdggt cameras at
5000 frames per second, one on top the other on the side) and the same data acquisition
systems (load cells and accelerometers onboard the sled) as the dynamiepthirddend

experiments.
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Chapter ANumerical Modelling dmpactExperiments

4.1 DoubleHat Section Tube Models

Thehat sectionfinite elementmodels used in this work weextended fromthe hat section
models developed b@meret al.(2017),Prajogo(2015) andh Keeffe (2018) As mentioned in
Section 3.1, the blanks used to form the hat sections in this thnesig similar to previous
studies, but wer€20 mm wider in order to produce parts with wider flangesrtorease the
adhesive bond ared 0 address thishange the flanges of thgrevioushat sectionfinite

element modelavere extended by approximately 10 mm on each side (4 rows of elements).
This extensiosignificantlysimplified the process to make the models readily usable, and was
considered acceptdb since the elements along the lengthse edges of the flanges for all

three hat sectio modelswere in the same material bin.

For all simulations, the tubesere modeled withfully integrated shell elementélype 16 in L-S
DYNADf 2.5 mm element size na seven points of integration through thickness piecewise
linear plasticity material model in LY NAMAT _024)with a von Mises yield criteriowas

used for each bin of Usib®1500-AS with flow stress curveat various strain rates obtained

from Oner et al.(2017) and Prajogo (2015).

For the martensitic axial crush moddigth quasistatic and dynamica Generalized

Incremental StresStrain Model (GISSMO) was applied to prettie considerablemounts of

steel failure d@served during the experinmts. This fracture modellefines damage as a

function of equivalent plastic strain, plastic strain at failure as defined by a fracture locus, and a

user defined exponenilhefracture locus (Figure #) usedin thisthesiswas obtained from
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experimentsconducted by Ten Kortena§2016) and modified with ¥end test data from
Abedini Tummerset al,, 2018).Nofracture model was assigned to any other tube mod#hee

those specimens did not exhibit significant cracking in their experiments.

0.9

Eq. Failure Plastic Strain

0.2

0.1

-0.2 0 0.2 0.4 0.6
Stress Triaxiality

Figure 4.1: Stress triaxiality curve for the fully martensitic microstructure (Ten Kortenaar,
2016; Abedini, 2018)

4.2 Tube Model Creation, Hardness Distribution, @edmetrical Dimensions

As mentioned in Section 33 the physical hat sections exhibited warpage, particularly the
tailored hat sections. The final outputs of the hat section models from the numerical THS
process predicted warpage from spring back of the part while it was air cooled. For the purpose
of this thesis, a separate intermediate simulation had to be run to flatten out the flanges of the

hat section models due to the fact that a flat flange surface was important for defining a
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constant bond line thickness. Once the flanges of the hat sections fl&tened, the final

bonded tube models were assembled in the HyperMesh commercial software (Altair), in which
the outputs of the intermediate simulations were mirrored to create two hat sections. Note

that the residual stresstrain histories of the st were not carried over from the output of

THS model to the intermediate simulation in which the flanges were flattened, nor from the
intermediate simulation to the final tube models. This simplification to neglect the warpage and

the resulting residualteesses induced in the bonded structure was a limitation of this study.

Additionally, for the axial crush simulations, a fold initiator was incorporated by displacing
specific nodes in the tube to represent the physical deformed geometry. A limitatitmisof

method was that the fold initiator did not include the forming history.

The fold initiator was introduced by moving nodes 4 mm deep at 65 mm from the top end of
the hat section model (Figure2}. This approach greatly simplified the model creatioogass,
and although it fails to consider local work hardening and thinning, the dimple still provided the

necessary geometric discontinuity needed to control folding initiation.
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Fold Initiator

Figure 4.2: A three zonetube model showing the fold initiator, introduced by moving nodes

As shown in Figure 3.12 (Section 3.4), there were some noticeable differences between the
physical hardness data of formed hat sections in this thesis and the hardness predicted by
Omeretal. (2017). In particular, the difference at the top surface for the ®0Mheated end
(where the fold initiator was located) was approximately 10%. Note that the Vickers hardness
at the fold initiator (at a position mark of 525 mm shown in Figure 3.12)atdained by

linearly interpolating between hardness data points at 560 mm and 440 mm. This difference
could affect the predicted loading response since the deformation pattern was established
early on during the crush or impact event. By visual inspecticould be identified that the

fold initiator elements and the surrounding elements on the top face were of material bin 2
(weighted average Vickers hardness 270.1; Figure 4.1; Figure 2.23), while the physical hardness
data collected for this thesis ggested that the elements in that area should be closer to

material bin 1 (weighted average Vickers hardness 209.0). Therefore, a modified three zone
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model (Figure &) was created by manually mapping the distribution of bins corresponding to
the physicahardness as close as possible without changing the material properties of the bins.
According to the physical hardness data, elements roughly in the first 150 mm from the heated
end of the hat section should all be in material bin 1 (red). However, tthitolan abrupt

change from a section of bin 1 elements to a section of bin 2 elements, with a considerable
difference in hardness and flow stress properties, which could again interfere with the fold
initiation. Hence, an intermediate material bin 1.5 wasoduced, starting at 125 mm from the
heated end and spanning 50 mm. The flow stress curves in this bin were linearly interpolated
between material bins 1 and 2. The loading response and deformation pattern of the three
zone model by Omaegt al.(2017) aad the modified three zone model based on physical

hardness data will be compared in detail in Chapter 6.

Bin Vickers Hardness Range
Number (Weighted Average)

il 187 — 248 (209.0)

2 249 —309 (270.1)

3 310-372(331.1)

5 434 —493 (473.5)

Figure 4.3: Modified three zone hat section finite element model, in which bins were
mapped accordirg to physical hardness data, and an intermediate material bin was
introduced. Material properties in all other bins remained the same and were obtained
from Omer et al.(2017)
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Another critical factor in obtaining accurate numerical results was in the basic geometry of the
parts.Consideringhe numerical moded of the hat sections with extended flanges were not
derived from the forming simulations (Omer, 2014), as well as unavoidablgenchanges to

the forming condition due to age of tooling, it was possible that there magilmensional

differences between theurrentmodel and the physical hat sectiofhese differences may
contribute to inaccuracies in the predicted response @& bonded tubesFigure 4.4 and 4.5

detail the dimensions measured on the physical hat section and the corresponding values in the
numerical models. Note that the measurements were taken at both ends of the hat section for
all tailoring configurationsandthat the physical top and bottom radii were measured with

radius gauges in 0.5 mm increments
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Martensitic Hat Measurements

146.0 50.0 7.5 8.5 1.20 1.17 1.21

Specimen 1
146.0 50.0 7.5 8.5 1.22 1.19 1.22
. 146.0 50.0 7.5 8.5 1.22 1.20 1.22
Specimen 2
146.0 50.0 7.5 8.5 1.20 1.18 1.21
. 145.0 50.0 7.5 8.5 1.19 1.17 1.20
Specimen 3

146.0 50.0 7.5 8.5 1.21 1.19 1.22
Specimen Avg. 145.8 50.0 7.5 8.5 121 1.18 1.21

Model 147.7 48.9 7.9 8.4 1.19 1.16 1.21
% Difference| -1.3 2.2 -5.1 1.2 1.7 2.5 0.4

600°C Soft Flange Hat Measurements

151.0 49.0 7.5 8.5 1.20 1.15 1.20

Specimen 1
151.0 50.0 7.5 8.5 1.22 1.17 1.22
. 151.0 49.0 7.5 8.5 1.21 1.15 1.21
Specimen 2
152.0 49.0 7.5 8.5 1.22 1.18 1.22
. 151.0 49.0 7.5 8.5 1.21 1.16 1.21
Specimen 3

152.0 50.0 7.5 8.5 1.22 1.19 1.22
Specimen Avg. 151.3 49.3 7.5 8.5 1.21 1.17 1.21

Model 152.9 47.4 7.8 8.4 1.19 1.17 1.22
% Difference| -1.0 4.1 -4.3 1.2 1.6 -0.1 -0.7

Figure 4.4: Detailed dimensions of the fully martensitic and soft flange hat sections
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Three Zone Top (Heated, Softened End) Dimensions

Specimen 1| 142.0 50.0 8.0 8.5 1.19 1.20 1.21
Specimen 2| 142.0 50.0 7.5 8.5 1.18 1.18 1.17
Specimen 3| 142.0 50.0 7.5 8.5 1.17 1.17 1.16
Specimen Avg. 142.0 50.0 1.7 8.5 1.18 1.18 1.18
Model 152.4 48.0 7.9 8.3 1.21 1.15 1.21

% Difference| -6.8 4.2 -3.0 2.4 -2.6 3.3 -2.8

Three Zone Bottom (Cooled, Hardened End) Dimensions

Specimen 1| 146.0 51.0 7.5 8.5 1.19 1.17 1.20
Specimen 2| 146.0 51.0 7.5 8.5 1.22 1.19 1.21
Specimen 3| 147.0 51.0 7.5 8.5 1.22 1.18 1.22
Specimen Avg. 146.3 51.0 7.5 8.5 1.21 1.18 121
Model 145.1 49.0 7.6 8.0 1.19 1.19 1.21

% Difference| 0.8 4.1 -1.3 6.3 1.5 -0.4 -0.3

Figure 4.5: Detailed dimensions of the three zone hat sections

For the fully martensitic hat sections, all seven numerically predicted dimensions (Omer, 2014)

were within 5% deviation from the physical samples. @nyil for the 600C soft flange hat
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sections, the numerically predicted dimensions were in good agreement with the physical
dimensions, with the highest being the top radius at 4.3%. On the other hand, higher deviation
was observed for the three zone hadions, as was expected due to the complexity of the
tooling and the lack of complete contact between the part to the tooling as outlined in Section
3.2. For the heated 70C end, which was also designated as the top end of the hat section, the
largest deviation was the physical width (dimension 1) at 6.8% lower than the numerical value.
This was likely caused by the protrusion of the heated tooling, causing more of the blank to be
drawn in and having a more complete contact, resulting in reduced widtheiphysical

formed part. For the cooled end, designated as the bottom end of the hat section, the largest
deviation was in the bottom radius (dimension 4) &%. Once again, due to the protrusion of
the heated tooling, the cooled end was not in completntact with the tooling, and was likely
tilted upward toward the heated end. This, coupled with the measurement inaccuracies

associated with the radius gauges, were the likely cause of the large deviation.

Preliminaryd A Ydzf I G A 2y a dzad seaionmodesiith thedflanyes exbendid|
dimensions unchanged except the widtlevealedtwo general trends regarding different test
modes:the axial crush simulations often over predicted the stiffness of the initial loading
response as well aseéhpeak force; and thdisplacementto-failure infully martensiticthree-
point bend simulatios were often over predictedVhile the lower measured stiffness of the
axial crush experimentsagmainly a result of test equipment complian(setailed in Section
6.2.1) the higher width of the hat section model provided more cross sectional surface area
and thus leading to higher peak fora& 1.3% difference, amending the width of the fully

martensitic hat section likely would not have cohtited to much improvement, and was
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therefore left unchanged. At 6.8%, it was much more impactful to amend the width of the three
zone hat sectionddowever the dimensional measurements were only taken at the ends of the
hat sectionsand thusthe preci® width profilealong the lengthof the hat section was

unknown making it difficult to amend the width of the three zone hat sections due to its
complex width profileTherefore, to simplify the hat section model creation process, this
dimension was lefunchanged and was a limitation of the current stu@yn the other handthe
height (dimension 2¢f the fully martensitic hat section model was identified to be easy to
amendsince there was less variation in the height profile. An increased side wdit lceigid
potentiallyreduce the predicted diacementto-failure, sincahe increased second moment

of areaadds more overall rigidity to the structure, allowing the adhesive to bear more of the
load. Therefore, theheight offully martensitic tube model&asraised by 1 mm by extending

the side walls in HyperMorph commercial software (Altair).

4.3 CZMModelling ofan Adhesive Joint

The adhesive joint was represented by a single layer of solidsiveelementswith a thickness
of 0.178 mm i & n)ncoreesponding to the physical thickness of Huhesive joint. A gap of
0.6 mm existedetween the adhesive solid cohesive elements and flange shell elert@ents

account for the assigned thickness of the shell eleméfigure4.6).
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Figure 4.6: Bonded tube model, showing the single layer of solid cohesive elements
representing the adhesive layer

Once assembled, the bondéabe model was imported into LBYNA, where the single layeir
solidcohesiveelements was assigned a fepoint cohesive element formulation (ELFORM 19).

A CZMmaterial model (*MAT240) was used to define the properties of the adhegivable

4.1), asmeasuredrom couponrlevelRDCB antdonded shear samplg$Vatsonet al,, 2018)

Since the layer of solid cohesive elements had a thickness corresponding to that of the physical
bond linethere was a gap between tredhesive elements and the flange elements due to shell
thickness and nodes being at the npthne An offsettied contact
(*TIED_SHELL_EDGE_TO_SURFACE_CONSTRAINED_ OFFSET) wi2¥N&ecdefin® the

connection betwea the adhesive and the flangés account for shell thickness
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Table 4.1: Material properties and cohesive zone parameters used in the adhesive model
(Watsonet al, 2018)

Adhesive Model Parameters Value Units
Densityc RO 1.200e-09 ton/mm?
, 2dzy 3Qa c&EMQDdzt dza 1560 MPa
Shear Modulug; GMOD 615.9 MPa
Mode | Critical Energy Releagatec Gc o 3.055 kJ/nf
Mode Il Critical Energy Release R&t&c o 12.00 kJ/nt
Mode | Yield Stresg TO 39.97 MPa
Mode Il Yield Stresg SO 25.57 MPa
Mode | Ratio of Plastic to Total AreaFG1 0.1312
Mode Il Ratio of Plastic to Total AreaFG2 0.9000

4.4 Boundary Conditionsnd Contact QuasistaticTestSimulations

To model the reduced physical length of tiube for axial crush testgpproximatelyl00 mm

of elements were deleted from the model (40 rows of elemenitgxh for the fullymartensitic
and three zonemodels For the three zone axial crush models, the elements were deleted from
the martensitic end of théube, corresponding tdhe material removed from the tube®r the
physicalexperiments.To simulate the fixttes(Figure 4.Yclamping the ends of thaibe, the
tube nodes within the fixtures were constrained to the fixture
(*CONSTRAINED_EXTRA_NODES_SHIYiNAS he constraint may result in a slightly stiffer
response as it eliminates compliance in the figtsirbut should suffice as an accurate
representation of the boundary conditiorssnce the portion of the tube within the fixture
exhibited no deformation during the experimenighe fixtures were modelled according to

their physical dimensions.
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Top Fixture Bottom Fixture

Figure 4.7: Top and bottom fixture used in axial crush models

The bottom fixture was constrained in all degrees of motion, while the top fixture was only
allowed translation in the-axisat a prescribed velocity &@.5 mm/s(Figure 4.8 following the
crosshead velocity used in the experimehihe bosses and clamps used in the axial crush
simulations were modeled using 2.5 mm hexahedral elements and treated as rigid. The top
fixture was only allowed translation in theaxis, while the bottom fixture was fixed in all
degrees of freedonmElastiqoroperties of steel were assigned to the fixtur&@eneral contact
was established between all parts (fixtures and tube mqaeth a coefficient offriction of 0.4

(*AUTOMATIC_SINGLE_SURFACEDNNS
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0.5 mm/s 0.5 mm/s
Prescribed

Constant Velocity =—>
Top Fixture

Fixed
Bottom =———>
Fixture

L.

Figure 4.8: Quaststatic axial crush model setup, with prescribed constant velocity on the
top fixture

Forthe three-point bend models, the rigid supports were fixed in all degrees of freedom and
were placed 375 mm apart centéw-center. The indentor wa only albwed translation in they-
axis at a prescribed velocity of 1 mn{sgure 4.9 following the crosshead speed used in the
experiment (0.04 in/s)The indentor and supports used in the thepeint bend simulations
were modeled as rigid materialsimg 2.5 mm BelytschKkbsay shell elements with seven
integration points through the thickness. The indentor was only allowed translation in-axesy
and the supports, also modeled as rigid, were fixed in all degrees of fregdeneral contact
was defired between all parts using *AUTOMATIC_SINGLE_SURFAOK NA, Svith a

coefficient offriction of 0.4.
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Indentor

y 1 mm/s

<€— Fixed Supports =——>

Figure 4.9: Quaststatic three-point bend model setup, with prescribed velocity on the
indentor

Forthe Caiman models, only the inner boss and pins were modeled and the outer clamp was
omitted (Figure 410). Both the inner boss and pins were modeled as rigid bodies with
properties of steel. To model the boundary condition of the front portion of tHeetbeing

rigidly constrained in the fixture assembly, the nodes of the tube within the confinement of the
fixtures wereconstrainedto the inner bosg*CONSTRAINED EXTRA_NODES_ SHIYINAS

Note that ro holeswere modeled in the tubeand contact was aly defined between the pin

and the boss, antetweenthe boss and the tub& avoid contact interactions between the pin
and the tube In the experiments, the portion of the tube near the hole was secured in the
fixtures, and the geometric discontinuityad little to no impact on the loading response of the

specimen. Therefore, the simplification of omitting the holes in the model should suffice as an
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accurate representation of the boundary conditioBth inner bosses were free in all degrees
of motion, while the bottom pin is constrained in all directions, and the top pin was only
allowed translation in the verticay{axis) direction at a prescribed velocity of 0.833 mm/s.
General contact was defined between all parts using *AUTOMATIC_SINGLE_SURFACE in

DYNA, with @oefficient offriction of 0.4.

Top Pin
0.833 mm/s

Fixed Bottom Pin

Highlighted

Tube Nodes

Constrained
to Inner Boss

Figure 4.10: Quasi-static Caiman model setup, with prescribed velocity on the top pin.

Note that the prescribed velocities for all quasatic simulationgnatched the crosshead
velocity used in the respective experimengsd therefore no velocity (time) scaling was used.
Instead,in order to maintain a reasonable runtimal] quasistatic simulations used selective
mass scaling (DT2MS ir¥BNA) that addethass toelements with small timstepsto achieve
aspecifiedtime step of X10° s. This time step was determined by increasing the minimum
time step by an order of magnitude starting from 1X1€(roughly the time step with no mass

scaling) until thedtal runtime of the simulation was reduced to about 40 hodrsere should
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be little to no inertial effectaffecting the outcome of the simulationsince the prescribed
velocities were very lowl he validity of this assumption was verified by comparingsgstatic

axial crush simulations with and without mass scalingramdmal differences were observed

4.5 Boundary ConditionsDynamidmpact Test Simulations

The dynamic boundary conditions fitre axial crush and threpoint bendmodelswere similar
to the quasistatic modelgFigure 411). However the crash slednasswas modeledy
incorporating aigid impacting platg¢Figire 411) made of shell elementwith atranslational
mass of 900 kgrheinitial velocity ofthe plate wasl0.5 m/s, as per experimental conditions.
Forthe three-point bend modelsthe indentor wasmodeled with shell elements with a
translational mass @70 kg and an initial velocity of 7.5 m/s. It should be noted that the
honeycombcrush arrestorsised to écelerate the sled in the physical experiments were not
modeled in either test simulatior.herefore, only the impact response up to the free crush
displacement (145 mm for axial crush, 55 mm for thpént bend) will be compared against

the experiment.
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Impacting Plate
Mass 900 kg
Initial Velocity 10.5 m/s
Indentor
Mass 870 kg
Initial Velocity 7.5 m/s

Figure 4.11: Dynamic axial crush model setup (left) and dynamic thregoint bend model
setup (right)

As mentioned in the experimental setup of dynamic thpent bend experiments in Section
3.7.1, the fuly martensitic model also included the two 12.5 mm thick wooden inserts to
accurately reflect the physical boundary conditions (Figur@)4The wooden insert was made
of solid elements and assigned an elastic material model with generic propertiesarfsut

plywood as an approximation (Green, Winandy, and Kretschmann, 1999) (Table 4.2).
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Figure 4.12: Fully martensitic dynamic three-point bend model, with half of the top hat
section hidden to show one dhe inserts

Table 4.2: Approximation of mechanical properties of wooden insert (Green, Winandy, and
Kretschmann, 1999)

Wood InsertMaterial Properties Value Units
Densityc RO 4.000e10 ton/mm?
. 2 dzyMbdubsc EMOD 10000 MPa
t 2Aaa2yc®PR wl (A2 0.4000
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Chapter S=xperimental Resuléed Discusion

This chapter presents thesults of the three sets of experiments comprising the thpeant
bend, axial crush and Caiman tests. Both static and dynamic reselmesented for each.

Note that the model predictions and comparison with experiment are presented in Chapter 6.

5.1 ThreePoint BendExperiments

5.1.1 QuasiStatic Thred?oint Bend Experiments

Quasistatic three pointtests wereconductedunderfour test conditions 1.8 mmthick QS3P

FM-GB 1.2 mmthick QS3PFM-GB,1.2 mmthick QS3RFM-AF and 1.2 mnthick QS3P-SFGB
These correspond to fully martensitic (FM) or soft flange (SF) tailored conditions, bonded in an
asformed (AF) or grit blasted (Bondition.Note thatsome tests orl.8 mmthick material

were undertakerat the start of the experimental progradue to material availabilityand that

all subsequent testpecimenshad a thickness of 1.2 mm

The 1.8 mnthick QS3RFM-GBspecimengeached an average peak force of 78.8 &t\an

average displacemerb-failure of 28.2 mn{Figure 5.1)The 1.2 mnthick QS3RFM-GB
specimengeached a average peak force of 34.0 kN, but had a large variability in
displacementto-failure (Figure 5.2)The 1.2nm thick QS3R-FM-GBO01test had a similar
displacementto-failureas all the 1.8 mm tests, and displayed a similar symmetric deformation
mode where the side walls were crushed equally without anyadtglane movementin

contrast, thel.2mmthick QS3P-FM-GB02 and QSP-FM-GB03tests displayed an asymmetric

deformation modejn whichone of the side walls was crushed preferentially over the other,
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and the top hat sction would rotate out of plane (Figure 5.3)his deformation mode
significantly dé&ayedthe failure of the adhesive joint and the separation of the flange, and
thereforeincreasedhe total displacemenat failure Thel.2 mm thick QSP-FM-GB
specimenswere the first tests undertaken and used an early method of joinirittp rectangular
shims at the ends of the tuli® achieve the bond line thickngsahich resulted in inconsistent
adhesive coverage across the bond line as mentioned in Section 2.5. Despite this, the failure

surface was primarily cohesive.

100

90 —1.8mm Thick QS-3P-FM-GB-01

—1.8mm Thick QS-3P-FM-GB-02
80

—1.8mm Thick QS-3P-FM-GB-03

Force (kN)
ul a ~J
o o o

N
o

L~

0 5 10 30 35 40

15 25
Displacement (mm)

Figure 5.1: Force displacement response of 1.8 mm thick Q8P-FM-GB tests, in which all
the tests exhibited symmetric deformation
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Figure 5.2: Force-displacement response of 1.2 mithick QS-3P-FM-GB tests, whereQS-
3P-FM-GB-01 demonstrated symmetric deformation whileQS-3P-FM-GB-02 andQS-3P-
FM-GB-03 demonstrated asymmetric deformation

Symmetric Deformation

Asymmetric Deformation

Figure 5.3: Front and side view of a symmetric deformation inquaststatic three-point
bend (top), and that of an asymmetric deformation (bottom)
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