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Abstract

This thesis investigates the crashworthiness characteristics of the AAG08BIMinum
extrusions with two different multellular crosssections. The profiles under studgre referred
to as theOmega crossection which is used in a commercially produeedomobileand the
UWR4 crosssection developedy Kohar et al. (Kohar C. Internationla Journal of Impact
Engineering, vol 95, 20)60 improve theenergy absorption properties of the axial railhe
aluminum profiles were crushed in the axial direction in dynamic and-qte& crush modes.
Peak loads, average crush loads, enabgorptionand specific energy absorption of the
different cross actions are then comparedBased on these comparispithe UWR4 cross
sectionwas found todisplay superiorenergy absorption properties compared to the Omega
profile. Overall, the UWR4 profile developed by Kohar et al. improved the specific energy
absoption of the rails (compared to the Omega cisssion) by 35.8% and 43.2% in dynamic
and quasstatic axial crush experiments, respectively.

The aluminum alloy used in this work was studied for strain rate sensitivity through
uniaxial tensile experimentin different strainrate regimes (10° s* i 10° s%). These
experiments are performed using miniature dog bone tesesigplesdeveloped to study strain
rate sensitivity on various tensile frames. Simple shear experimentsaigengerformed to
better understand the hardening behaviour of the aluminum alloy. The results of these
experimentsverethen used to model the constitutive behaviour of the aifiyga generalized
Voce constitutivemodel.

The anisotropy of the aluminum alloy was charactertheough tensile tests performed in
the extrusion, diagonal and transvedieections. Tlse experiments revealdte presence of a
strong directional dependence of the mechanical properties of the allbg. geometrical
constraints of the railsnade it mpractical to utilizebiaxial tension test instead, through
thickness compression tests were used to characterize the biaxial tension region of the yield
surface. These results were then used to calibrate the YLEZD@disotropic yield surface.

Theresults of the yield surface 8howeda good agreement with the experimental values.

The results of the yield surface calibration along with the constitutive equation were used

to model the dynamic and quasatic axal crush experiments of the regpige aluminum rails.



The results of the numerical models predicted daherage loadsf the aluminum railswithin
10% of the experimental valueSome improvement in the predictions should be possible

through the use of brick elements rather than theentishell elements.
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1 Introduction

The current trend in the automotive industry to redueleicle emissiors hasresulted in
significantinterest in the use of lightweight materials f@hicle structuralcomponents Such
lightweight materials include advarmtdighstrength steels, aluminum and magnesium alloys
and composite materialsOf these, iminum alloys offer high strengfo-density ratio and
good corrosion resistance. Another advantage of using aluminum alldlgs liew energy
requirenents to recyle the material, which offers good sustainahilifyhe current thesis
addresses the use ektrudedaluminum alloys in crush regions of automotive structures, in

particular focussing on frontal crush boxes which are required to absorb crash energy.

Due tothe crystallographic texture resulting from the extrusion process, aluminum alloys
show strong anisotropy in their mechanical propertles examplethe yield strength and
Lankford coefficient (-value) display significant variations whemeasured alonglifferent
orientationswith respect to the extrusion directiftj. The mode of the deformation during the

extrusionprocesgenerally results iorthotropic symmetry.

During the dynamic axial crush, the strain rate at the folds can reach up t¢Z0018s it
is important to understand the effect of strain rate on s$tem® response In addition,
aluminum alloys a susceptible to fracture at large strains which can greatly reldei@nergy
absorbing properties oliecrush rail As a consequencenergyabsorbing structures have to be

testedto assess the fracture caused by the geometrical constgints

The crush mechanics of lightweight structures has been studied extensively in the last
several decades. Understanding crush mechanics has allos@psmization software along
with artificial intelligence algorithms to improve the crashworthiness of energy absorbing
structureg4]. Koharet al.[4] developed a framework for optimizing the sizing of ma#iular
aluminum alloy extrusions for automotive crashworthiness applications. The axial rails were
extruded from AA6063 and AA7xxx aluminum alloys in T6 temper conditions. The aim of this
thesisis to assess the crashworthiness of these profiles anactdrize the strain rate sensitivity
and anisotropyf the materialThe balance of this chapter reviews relevant literature concerning
axial crush elements in crashworthiness applications, as well as material modelling for crash

safety prediction.



1.1 Crashworthiness

The design of new automotive structural components has to be balanced with
crashworthiness assessment to ensure passenger safety in the event of Eher&sht rails of
a vehicle structure play an important role in energy absorption manapdorerg a heaan
collision. While these components have tost®ngenough to minimize therushdistance,
they have to plastically deform in a controlled manner to reduce the force transferred to the

passeng€b].

a)

Figure 1 Folded axial rails a) model prediction b) experimentally folded rail[6]

Early work aimed to understand the crush meidsam thin walled structuresasdone by
Alexander in 196Q7] for cylindrical shells. In this work, Alexander proposed an approximate
equation for calculating the mean force required to form a symmetric fold, which resulted in
good predictions compared to the experiments. Wierzbicki and Abramowicz in [8P83
experimented with rectangular shells and developed a theory for fold formation during a
progressie collapse. In this work, Wierzbickind Abramowiczhavedivided the rectangular
crosssection into four identical twflange corners. The main assumptions in this work were
that the folds develop progressively; the wavelength within each fold stagtaocbn Further
simplifications to the problem involved assumiagigid-perfectly plastic isotropic material
model. The energy dissipated during the fold formation was related to the localized
inextensional and extensional deformation at each cornee dé&hnitions of extensional and

inextensional modes of deformation are given in work by Hayduk and Wierzbicki ((B983)
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(a) Inextensional deformation path.
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(c) Extensional deformation path.

Figure 2 lllustration of inextensional and extensbnal deformation paths[9]

In Figure?2a, a flat element is folded alotige AB (which is considered to beextensibl¢
to a final state. The same state can be achieveddigdalong AB initially and along lines AB
and AC simultaneously as illustratedrigure2b. These deformations are inextensional as well.
An extensional deformation mode is showrFigure2c, wherethe initial flat element is folded
inextensibly as in previous cases, followed by two halves rotating extensibly to come to the final
shape.

The relevance of extensional and inextensional modes of deforntatiobe seeon an
example of a basic foldinglement shown irFigure 3. The folding element consists of four
different sectiong9]. Section Iconsists ofa trapezoidal element that mevas a rigid body.
Section Il caosists of a cylindrical surface which bends inextension&lgction Il consists of a
conical surface thdiends and Hpends as the fold progresses. Section IV is made of a toroidal

surface that produces extension in a circumferential direction.
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Figure 3 Basic folding mode with continuous and smooth displacement fie[@]

Hinge lines

It was concluded that the extensional deformations contribute tethodeand the
inextensional defonations contribute to as much as ttiiirds of the total dissipated energy.
Later, in 1989, Abramowicet al. extended this work, and proposed a folding mechanism for
multi-corner tubes with arbitrary angl¢$0]. In this work, mean crixssforce equations for
square, hexagonal, and rhomboidal columns were presented. The main conclusion from this
work was that the plastic resistance, as well as the collapse mode, was strongly dependent on the
angle between intersecting plates (i.e. coarggle). For acute angles, the deformation mode is
guastinextensional, whereas, for the obtuse angles, the deformation mode is extensional. The
importance of the deformation mode is given by the calculation showinghthaktensional
mechanism of defonation provides 30% less energy absorption compared to the- quasi
inextensional deformatiofii0]. Later works by Chen and Wierzbifkl] have compared the
response of single and multiple cell crush boxes with and without foam filler. The findings
reveal that the foam filled crush boxes are more effidier@bsorbing energy compared to the
ones without. The specific energy absorption of vartgpses of crush boxes is shownkigure
4. An interesting observation from this study is the absence of improvement in specific energy

absorption between double and triple cell crush columns.
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Figure 4 Specific energy absorptions of various types of columr$1]

Kim[12] studied various extruded muttell aluminum profiles for maximum energisorption.

The multi-cell cross section rail had 1.9 times tipedfic energy absorbed tie simple square
crush column. The profile geometries and performance of the profiles in terms of force
displacement curves are showrFigure5.

90 — T T T
80 A —— Optimized New Multicell ~ |........... 2
-------- Square Single cell
70 * Two models have same weight
Z 60
<
8 soff
2 ¥
LE H
= 40
£ ;
S 30t
2 |
O i
10
0 I 1 " 1 " 1 " 1
0 50 100 150 200 250 300
Optimized new multi-cell Square box column Displacement (mm)

Figure 5 Crush box profiles (left); Force-displacement curves for profiles under study12]



More recently, Najafet al. have improved analytical predictions of axial crush predictions
for multi-cell, multi-corner tubeg5]. Most of the analytical solutions weconsidered only for
static loading and did not take into account the inertial effects. Langseth and Hop[&ktad
performed extensive experiments on aluminum extrusions with rectangulaseobss made of
AA6060 alloy. The main variables of these experiments werehdla¢ treatmenand axial
impact mode. They concluded that the impact mode (statszisdynamic) affects the crushing
mode (symmetriversusnonsymmetric) as well as the mean crushing forcée @lloy chosen
for the experiments was essentially strain rate insensitive, which led to a conclusion of a strong
presence of inertial effects during dynamic axial crushsulmssequenvork, Langsethet al.[14]
experimented with varying impactor mass and impact velocity. It was concluded that varying
the mass while keeping the impact velocity constant, does not have a significant impact on the
resultant peak and average loads. On the other hand, with increalsioity, while keeping the
mass of the impactor constant, the peak, and average loads tend to increase as well. In the same
work, theLS-DYNA explicit dynamic finite element codeas used to simulate the axial crush of
the square tubesThe aithors usedinisotropic material behavior obeyirige Von-Mises yield
criterion, along with isotropic hardening. Their rumerical simulation results had a fair

agreement with experimental results, with peak, and average loads predicted withii#]L0%
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Figure 6 Effect of mass and impact velocity on average dynamic load: constant velocity and varying mass (left);
constant mass and varying impact velocity (right]14]

The crash performance of energy absorbing structures made of various steels and

aluminum alloys heibeen studied extensively in the last three decades. Hsu and[1B6hes
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studied quasstaic and dynamic axial crush response of twialed circular tubes made of
stainless steel, mild steel, and AA60B8 aluminum alloy. The experimerdl program
involved parametric studies around the effects of tube length on the stability of the energy
absorber during deformation. This study revealed that although tubes made of aluminum alloys
absorbed the least amounttofal energy, they are more efficient compared to steels in absorbing
more energy per unit mass. The specimen lengths where thenddgfon mode changes from

progressive folding to a global bucklimgsidentical for all three materia[45].

Omeret al.[16] haveinvestigated the effect of tailoring the properties of hot stamped axial
crush rails ontheir energy absorption propertiesin this work, Omeret al. compared non
tailored axial ras to rails with three different tailoring conditions where one half efrtils was
guenched and the other half was formed at temperatures betweefi @@ 0 €. The three
tailoring conditions were forming at 400°C700 C, and a graded soft zone where the
temperature ranged from 400 @ 700 C (graded soft zone) The axial crush experiments
showed thatailoring the rails had positive impact on energy absorbed by the rail as well as the
extent of fracture. The netailored rails absorbed the most energy; howelad the largest
extent of fracture compared to theldaéd rails. The greater extent of fracture in the rails
resulted in a poor repeatability between the experiments. Among the tailored radsiethe
containing agraded soft zone showed high energy absorption as well as the least amount of

fractureandglobal buckling[16].

Williams et al.assessed the crashworthiness characteristics of straight section hydroformed
aluminum tubes made of EAW 5018 aluminum alloy17]. The results of this study revealed
the importance of carrying forwéthe forming history variables such as residual stresses, tubes
thickness, and work hardening. The numerical model usingMieas yield criterion resulted in
consistently ovepredicted mean loads compared to those measured experimentally. Walliams
al. recommended to focus on material anisotropy and fracture characterization to improve the
accuracy of numerical predictiofi$7]. Similar conclusions were achieved by Grangalal.

[18] in his paper on numerical modeling of dual crush mode welded aluminum crash structure.



1.2 Strain Rate Sensitivity

As was mentioned earlier, the strain rate in the foldoregiof the axial rails can reach
500/s[2]. Generally, aluminum alloys do not exhibit strong strain rate effects in the range of 10
4.10° s [19]. Previous studies on aluminum alloys show that the strain rate sensitivity of the
alloys depends on the alloying elements and in some cases on the heat treatmenet Mukai
[20] studied the strain rate sensitivity of a high purityMd alloy with varying magnesium
weight percentage. The tensile tests withistrates ranging froh0* s* to 10" s* showed that
the maximum flow stress decreases forMg alloys for strain rates below 16?, but increases
again above this raf@0]. Rahmaan et gR1] found a similar transition between negative rates
sensitivity for rates below s*, and positive rate sensitivity for higher rates. They demonstrated
that the rate sensitivity at lowernea is due to dynamic strain gaining and PLC band propagation
which is suppressed at higher rates. Snegral. [19] also reported low rate sensitivity for 5000
series aluminum alloys. The strain rate sensitivity (increase in flow stress) of AA6060 in the

strain rate regime ranging frob®* s to 16° s is esimated to be 8.0%[13].

Over the years, many constitutive equatibage been developed descrile the strain rate
sensitivity of metals such as the models due to Joh@sok [22], and ZerilllArmstrong[23],
as well as modified rate sensitive versions of the Voce nj@dgl These constitutive equations
typically express flow stress as a function of strain, strain rate, and temper&tud983,
Johnson and CooR2] presented a constitutive model derived based on experimental results

from 12 different materials. Their equation is given in the form:

, 0 6- p o6a¢e p Y (1
where,, is the true stress, is the equivalent plastic strain, -7- is a rormalized strain
rate in which the reference strain rate isand the last term in the equation captures the thermal
softening of the materialdhd e handd are material constants) is the yield stress of the
material,6 and¢ represat the hardening behavids, represents the strain rate sensitivity, and
describes the material softening. In some cases, the Je@osérmodel fails to describe strain
rates of complex materials due to the simplified multiplicative coupling of herglerate,

thermal softening response, and strain rate tg26]s



In the ZerillFArmstrong material model the effects of the strain hardening, strain rate,
and thermal softening are incorporated into a constitutive relatisedban thermal activation

analysig23]. The general form of the equatiis given as:

. Y, Y, ™ 7 )
where, is the VonMises stressy, constitutes the athermal components of the stress, term
‘G T takes into account the grain size of the matedad Y, takes into account
temperature and strain rate effects on the flow str@sge ZerillFArmstrong model is expected
to be applied to materials under high strain rates and relatively low tempefa@iresn this
work, Zerilli and Armstrong proposed different equation forims the ,, component
dependhg on the materiatrystallographicstructure, BCC or FCC. For FCC materials, such as

aluminumalloys, the form of equation is given as:

, 6-TADDS Y 6 Yot (3)

v e

component, andlis the absolute temperature.

The Voce material mod¢24] was proposed in 1948 to predict the hardening behavior of
materials. Voce disagreed with the idea of the indefimcrease of strain hardening adopted in
many material models, sin@xperiments typically show leveling off of flow stress at some
stress valug26], as supportetly Bissotet al.[26]. The equation for this model is given by:

b ; wooow Q 4

where, is the saturation stress, is the yield stress, and- are effective plastic strain and

relaxation strain rgeectively. The original Voce model was modified by Bardekikal. to
capture strain rate sensitivity of the materj2lg] and given as:

y - , N O) p - )



where O is the strain rate parameter. Other strain rate sensitivity models can be used in a
multiplicative way along with Voce modf5]. Constitutive models with fewgrarameters are

preferable to improve the computational time for the numerical analysis.

1.3 Anisotropy in Aluminum Alloys

Due to the extreme deformation during extrusion, aluminum profiles develop a preferred
crystallographic orientation in which certain datographic planes tend to orient themselves in
a preferred manng28]. Fjeldlyet al.compared capability of the Hill48, Barlat91, and Barlat94
yield functions in predicting yield behavior of an extruded AA7108 aluminum 4R&Y.
Tensile tests in tha ho vit v vhandw Tt orientation with respect totte extrusion direction,
showed the presence of a strong anisotropy in flow stress. In a subsequent paper, Fjeldly and
Roven [29] performed phenomenologieehsed modeling of the deformation behaviour of
extruded AA7108 and AA7030 aluminum alloys. As in the previous study, tensile and shear
experiments revealed the presence of strong directional anisotropy in é®s ahd-values for

both aluminum alloys.

Kim [12] studied extruded muitell aluminum profiles made of AA606B6 and modeled
the material as isotropicComparison othe numerical results tthe experiments highlighted
the mportance of considering the microstructure of the material in the crush simulations.
Achaniet al.[30] studied the behavior of extruded AA7003 and AA6063 aluminum alloys, in T6
temper condition, under proportional and fpoportonal strain paths. Both of the aluminum
extrusions showed strong anisotropytlie flow stress and Lankford parameters. Tensile test
and througkthickness compression test results were used to calibrate the Yiga0a0d
Y1d2004-18p vyield criteria develped by Barlaet al. [31][32]. The result of the comparison
between the two yield criteria showed that the YId208g function provides superior
prediction of the yield surface compared to the Yld2@@Gunction; however, the YId20648p
yield function requires 18 parameters compared to 8 parameters for Y{8dQ0@0]. In
addition, the YId2000 yield fution did provide a very close match to the experimental results.
The results of the constitutive fitting to the YId2000 and Y1d2004 are shoWwigime 7, where

strain ratios are weighted Ioy.
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Figure 7 Comparison of experimental and predicted flow stress ratios (left) and-values (right) to the with respect
to the tensile test directions for AA6063T6 [30]

1.4 Yield Functions

The plasticity and yielding behavior of polycrystallinaterials can be described using
crystal plasticity based or phenomenological contimboa®ed modelsCrystal plasticity based
models use crystallographic texture as the main input and have been successfully implemented
into finite element(FE) codes[33][34][35][36]. Although these models were successful in
predicting the evolution of anisotropeir rather high computational cdshits ther indudrial
application. On the other hand, phenomenological models offer much shorter computational
time and are easier to implement in FE codes compared to crystal plasticity models. Gieen the

advantagegheuse of phenomenological models is more commandustrial application.

There has been a good progress in yield function development for isotropic materials since
the introduction othe first yield function by Tresca in 1864. The Tresca criterion is given by

the equation belo37].
11



e | (6)

The Von-Mises quadratic yield criterion was introduced in 1913 and is one of the most

widely used yield functions for isotropic materials today.

C " (7)

where, R, h, are the principal stresses andis the yield stress in uniaxial tensif87].

In 1954, Hersheyproposed nomuadratic yield criterion that had a better accuracy
compared to that of VeMises yield criterion. Hosford37] proposed a generalized ron
guadratic isotropic yield criterion and showed that most of theorahdoriented bcc and fcc
metals lie between Tsea and VorMises yield loci It was established thahis yield function
offered better accuracy comparedthe classicalyield functionsproposed by Tresca and \fon

Mises and is defined by:

y y w (o 8)

wherem is a material parameter apds the effective stresgxpressed as a function of effective
plastic strain fronthe uniaxial flow stressFigure8 illustrates isotropic yield loci obtained from
eqguation8 including calculated points fax range ofFCC and BCC structure materialsThe

yield loci were evaluated for n kees between 1 and 2.767. For n values greater than 2.676, the
yield loci start repeating the shapes of the yield loci at lower n viBugs

12
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Figure 8 Isotropic yield loci corresponding to eaiation (8) for n values between 1 and 2.7687]

This yield function was modified and presented in generalized form by Barlat and Richmond
[38] in 1987 to simulate forming of rolled sheets usmplane stress assumpti@amd showed

goad accuracy fofacecentred cubicf€c) crystatstructured materials. Bai and Weirzbi¢&9]
proposed an isotropic yield function with Lode parameter dependence dragbd results of

experiments and simulations on flat and notched tesigdeimens

The effects of the material anisotropy on yibkehaviourhavebeenstudied extensively.
The frst anisotropic yield criterion was presented by \dises in 1928. Thigield function

was modified and presented by HA0] and is referred to commonisthe Hill48 model given

as

0, . 0, . 0, Ot 0 0O cOt " 9

where H, F, G, N, L, and M are material parameters identified by using yield and shear stresses
in three orthogonal axes of anisotropy. Prediciofplastic flow usinghe Hill48yield function

showed good results for the traditional stdmit were somewhat inaccurate for more advanced

13



alloys and no+ferrous materials. This yield criterion is splbpular in the industry for material

modeling due to the simplicity of the calibration process.

A large framework of yield functions for anisotropic materials is developed by Radat
[38][41][42][43][31][32]. Barlat and Liarj41] proposed an anisotropic yield criterion based on
alinear transformation of the stress tengwen in equation1(0):

C, W Uvs @ Us axbs

(10

where a, ¢, hand p are mateal constants obtained from experimental tests in different
orientations. The linear transformations in this criterion allow users to put different weights on
the components of the stress deviator to closely predict the anisotropyTénglield criterion

is able to capture the variation of the Lankford paraméteralues) oithe yield stress variation

but does not offer enough flexibility to capture both anisotropy characteritid91 and YId96

were developed to improve the shortcomings oftteeious yield function§42][43].

Barlatet al. (2003) proposedhe Y1d2000-2d [31] yield function for modeling 2D plane
stress anisotropic behavior in sheet metai) applications focussing cduminum alloy sheet.
Later, this yiedl criterion wasextended to fully thredimensional stress stataed proposethe
as YId2004 yield criterion32]. The mprovemets offered by the fully thredimension
formulation comeat an expense of a more complicated calibration process, as well as longer

computational time.

The YId20002d [31] is based on linearansformatios of the stress deviator. The plane

stress yidl criterion is given as

%o %o %o G, 11
where exponenéd was shown to be connected to the crystal structurenanmally taken as
equal to 8 forbody-centred cubiclico materiak and 6 for fcc materigland%. and %. are
linearly transformed isotropic functions such that
14
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where @ and & are principal stresses of linearly transfed Cauchy stress,. The

transformation is given as
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where the coefficients (‘rom 1 to 8) are determined by fitting eight parameters obtained from
the tensile experiments. These parametersanmally calibratedvith the three yield siesses
and three Lankford parametegstracted from tensile experiments orientedtdit v andw Tt

with respect to the extrusion direction. The |lagh tonstitutive data pointarenormally taken

as theyield stress and Lankford coefficienibtained froma balanced biaxial tension experiment.
The principal values ofd andd® are defined as (with corresponding prime and double prime

indices)
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1.5 Fracture Modeling

Qiao et al. [3] studied the crashwortiess of square aluminum extrusions considering
damage evolution. The AA606®% aluminumalloy was modeled using a Vévlises yield
criterion for isotropic materialsThe predicted loadisplacement curves were higher than that of
the experiments. It imorth noting that including damage criteria in the simulation resulted in
better predicting thus it is important to account fracture in assessing the crashworthiness of
energy absorbing structures. This section will outline some of the approdatresntanodeling

fracture.

Fracture prediction models are usually categorised into micromechanical, continuum
damage mechanics and phenomenological modelsnicromechanical and continuum damage
based models, where the constitutive plasticity and fractmmodels are coupled.
Phenomenological approach, on the other hand, offers uncoupled modeling approach, where
fracture is can be treated as a sudden event when the damage criteria reach prescribed levels.

This approach allows utilizing standard metalgpicity models.

In micromechanical damage models the facture is induced by the nucleation, growth and

coalescence of voidsThe process of void growth and coalescence can be sEaune9.

Initial Void
]
(@) / (b)

‘\o T O -
l/ ~ T 7 T
Matrix Particles Particle Particle

Breaking Debonding
(c) (d)
O -
Void Growth Void Coalescence

Figure 9 Damage evolution: (a) initial void, (b) void nucleation, (c) void growth, (d) void coalescenp#]
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The initial second plse particles as well as inclusions in the material create sites for initial
voids as shown ifrigure9 a. Once the material starts to deform, nucleation of new voids occur
in addition to growth of existing void$igure9 b and c). At certain level of deformation, the
voids will coalescence to cause ductile fracture in the mafédal

Lemaitre introduced a continuum damage model in 18285 where the details of void
nucleation, growth and coalescence are ignored. Instead, he proposed to use damage parameter
D. In this approacH) is an inner state variable defined as:

vy

0 = 17

where“Yand"Y are total area and total area of cavities as showigure10.

Fig.1 Damaged element

Figure 10 Damage elemen{45]

For an undamaged stdteis 0, and 1 for element rupture into two paFom an industry
point of view, fracture prediction models should be easily calibrated experimentally and
efficiently implemented into FE codes. The micromechanical and continuum damage models
still struggle in that senspl6]. Earlier phenomenological fracture models accounted only for the
stress triaxiality47][48].

A common appr oac h lizedsincrenental stress dtate elepéndeat anage
model 0 ( [39][SOFIE]O Jhis model was developed by Daimler and DYNAmore for
modeling ductile failure of mat®ls [51]. The main objective in using the B®O model is to
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improve numerical simulations involving fracture that involve strain path dependent deformation
[52].

The damage parameter in the GISSMO model is defined as

o — (19

where- and- are equivalent plastic strain and equivalent plastic strain atdaiéspectively

and¢ is an exponent used to introduce dAmearity. The equivalent plastic strain at failure
depends on the loading condition, and the above expression is assumed to hold true for
proportional loading (the ratio of stress componeetsain constant). However, real structural
components undergo ngmoportional loading during progressive buckling. Hence, an

incremental damage approach is utilized in order to account fepnoportional loading:

¢
Q0 n (OO (19
whereQ Q0O, —,, andQ represent incremental damage, accumulated damage, stress triaxiality,
Lode parameter, and incremental plastic straespectively. Failure occurs once the

accumulated damage oFees unity[51].

The main input to the GISSMO adel is the measured fracture strain as a function of
stress triaxiality obtained experimentally. Recent studies by Bai and Wierzbicki have identified
the role of the Lode parameter in addition to stress triaxiality in predicting frg8&jreln their
work, they showed that correcting for both, hydrostatic pressure as well as Lode angle results in

better loaedisplacement predictions for AL202M351 aluminum alloy, ashown inFigurell.
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Figure 11 A comparison of forcedisplacement curves between experimental results and simulation resu[&9]

Recently, Bai and WierzbicKi39] have developed a Modified Moi@oulomb (MMC)
failure criterion by transforming the Mol@oulomb model into stress triakig, equivalent
strain and Lode parameter space. This criterion is simplified to a 2D curve for applications
where a plane stress assumption can be employed. The calibration of the MMC failure criterion
involves testing material behaviour under a widegeaof stress states. These stress states are
obtained by testing material in simple shear, hole tension, regular notch and plain strain notch
experiments. This approach was adopted for the current thesis using calibration of the MMC
fracture model for @sh prediction, as described in detail by Nemekal.[52]. The GISSMD
model is calibrated using coupon level test, which involves using finer mesh sizes compared to
those of the impact models. As a result, the MMC fracture criterion should be scaled as a

function of mesh size.

1.6 Axial Crush Modeling

Modeling of crash expaments usually involves using rigid, naleformable properties for
the impactorf16][53][18]. A common approach is to use 4 node shell elements in modeling
crushrails [11][53][50]. The impactor is usually given a constant velocity or initial velocity as
well as mass (inertigp0]. The contact is defined between the parts that are contacting during
the axial crush experiment. The reaction forces afixbd end of the rails are used in obtaining

the forcedisplacement curvg$0]. Therearea wide variety of materiaimodelsavailable inthe
19



standard LSDyna library. The constitutive behaviour of the material is modeled using the

equations described in earlier sections.

1.7 Summary of previous work and scope of the current work

As is evident from the foregoing literature review, considerable past work has addressed
the development of models of the anisotropic constitutive and fracture behaviour of a wide range
of automotie alloys. There have also been a number of studies of the impact response of
aluminum alloy axial crush members, the focus of the current thesis. However, there remains a
need to better assess the predictive capability of current constitutive and fracidets in
simulating crush structures and energy absorbing components, particularly for aluminum

extrusions.

The objective of the current workare twofold: (i)to comparethe crashworthinesf
various multicellular aluminum extrusions arassess theelative improvements gained from
changes inprofile geometry and, (ii) assesghe anisotropic constitutive and fracture models
adoptedo predict the crush response of the rails under investigation.

In the current work, the crashworthiness of aluminunts raiith two different cross
sections, extruded from aluminum alloy AA6G%8 is examined. Two profiles are considered,
a current commerciallgmployed crossection denotedst he A Omegao profil e al
result of a recent optimization study dtee Koharet al. [4] denotedast he A UWR40 pr of
Although this alloy has been studied by previous aedeers, the compositional range for
AA6063 is wide which can result in significant performance variation. For this reason, all of the
material characterization experiments (described in detail in Seztlprare performed othe
asextruded Omega profile (the UWR4 profile was extruded under similar conditions and

compositional specifications).

In this work, the anisotropy, strain rate sensitivity and wuakdening behaviour of the
baseline alloy are characterized througtstie, througkthickness compression and simple shear
experiments. The strain rate sensitivity of the material is studied by performing tensile
experiments at strain rates ranging fron &3 to 10° s*. The hardening behaviour and strain
rate sensitiity of the AA6063T6 alloy are fit to a generalized Voce model incorporating an

exponential logarithmic strain rate term. The anisotropy of the alloy is captured using the
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Y1d2000-2d [31] yield locus. The fracture behaviour of this alloy was not charaed in the
current work, however, characterization experiments on the same extrusion and model fits
performed by Nemcket al. [52] have been applied in the current models. The crashworthiness
of the extrusions is characterized by performing axial crush experiments under dynamic (7.8 m/s)
and quasstatic (0.508 mm/s) conibns. Numerical models of the crush experiments are
developed, incorporating the material characterization. Comparison of the predicted and

measured crush response is used to evaluate the models.

The balance of this thesis is organized as follows. @naptpresents the experimental
methodology comprising constitutive characterization and axial crush testing of the extrusions.
Chapter 3 presents the experimental results. The numerical models are described in Chapter 4
which includes fits of the constiiue models to the measured material data due to Bufsgr
Chapter 5 presents the numerical predictions of the axial crush behaviour of the extrusions
including comparison with experiment. Chapter 6 offers conclusions and areas for future work

stemming from thisesearch.
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2 Experiment al Setup

This chapter presents the experimental methods used for the material characterization
effort and the axial crush experimentsThe thesis focused on a number of AAGOB3
extrusions that were delivered in several sgections(Section 2.1)and were tested under
quaststatic and dynamic axial wsh conditions as described in Section 2.8s part of this
research,material characterization experiments were also performed on specimens extracted

from one of the extrusioprofiles, as detailed in Section 2.2.

2.1 Aluminum Extrusions

This research focused on two AA6BB36 e xt rusi on profil es, ref
crosssecti ono and -sechoa. TheéWWR 4ail geoneeiess are showrfigure 12,
The Omegacrosse cti on was adopted as a fAbaselineo pr
commercial front end structure. The UWR4 cresstion was developed by Kohet al. [4]
utilizing optimization software along with an artificial intelligence algorithmde&velop a
geometry with improved energy absorption properties. Both sections wergdezktusing
AA6063-T6, a moderate strength aluminum allthye chemical compositioof which isgiven in
Table 1.

Crush experiments were also perfornoeda higher strengtAA7003-T6 aluminum alloy
extruded into the Omega cresaction. The performance tis alloy was used tassess the
relative improvement of the neWWR4 crosssection. The main aim of developitiige new
extrusion profilg4] is to be able to ustherelatively less expensivRA6063 material compared
to a more expensivé000series alloysvhile maintainingenergy absorptioperformance
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Figure 12 Extruded aluminum profiles (left-Omega, right UWR4)

The anega rail was extruded using both alloys, #&melUWRA4 rail was extruded using

AA6063 alloy only. The composition of the aluminum alloy is given inTthelel.

Table 1 Chemical Composition of AA6063 Aluminum Alloy (wt%)

Mg Mn Fe Si Cu Ti Al
0.490 | 0.029| 0.160 | 0.400| 0.010 | 0.010/| Bal

The masses of the aluminum extrusions have slight differences due to the geometric
differences of the profiles and density of tys. These differences are accounted during the
crashworthiness assessment of the railable2 summarizes the normalized masses of different

profile and alloy combinations.

Table 2 Normalized masse®f aluminum extrusions

Mass
_ _ _ Normalized mass _
Extrusion profile Extrusion alloy (220 mm rail crush)
[g/mm]
[0]
AAG063-T6 2.794 335.2
Omega
AA7003-T6 3.217 386.0
UWR4 AA6063-T6 2.657 318.8

Muhammadet al.[55] performed EBSD (Electron Backscatter Diffraction) measurements

of the as extruded AA6063 alloy as shownHRigure 13. Extrusion and through thickness

23



directions are denoted as ED and ND in the ima§e shown in the EBSD image, the through
thickness texture of the aluminum extrusion is different in the center compared to the outer
surface. The average grain size of the alloy is aroundu68 Pole figures suggest that the

texture of the material Sube followed by weaker Goss text(is&].

Figure 13 Through thickness texture of as received AA6063 aluminum extrusiofb5]

2.2 Material Characterization Experiments

Uniaxial tensile tests were performed on samples taken from the AABD@&Xtruded
Omega crossection to characterize the hardening response and anisotropy indkeuded
condition. This data was used to develop a constitutive model of the crush response. A downside
to uniaxial tensile tests is the early onset of necking instability which limits the useful range of
strain achievable; this shortcoming of the tensiléstess remedied through performing shear

experiments which are capable of reaching much higher plastic strains.

2.2.1 Tensile Geometry
All of the tensile samples were machined fridme baseline extrusions made of AA6063
T6 alloy. Tensile experiments machiniedm 11 different walls of the baseline profile showed

little variation in mechanical properties, except for the internal yWgbsTo reduce the variation
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in mechanical response of the material, all of the specimens used in experiments were machined

from the same wall as shownhingurel4.

Figure 14 Samges for experiments from top wall- baseline extrusion AA6063T6

The mechanicalpropertiesof AA6063-T6 were obtained usinghe Japanese Industrial
Standard tensile geometry (JIShown inFigure 15a. Due to geometrical constresnof the
aluminum extrusionghe JIS samples were machined only in the extrusion direction, and scaled
down to 50% of the original sample dimensions (midiS or MJIS) to obtain the parameters in
other directions. The dimensions of the MJIS samplslawe/n inFigure15b. The engineering
stressstrain curves of the MJIS tensile experiments were validated against those of the JIS
samplesin the extrusion directian The yield stress ratios and Lankford parameterthén

nt it vhandw Tt orientationswere obtained from MJIS samples at the strain rate of 0:001 s

The strain rate sensitivity analysis of the aluminum alloy in the 0.8G11900 §&" strain
rateregimewasperformed using miniature ddgpne (MintDB) specimen. The miniature dog
bone specimen geometry shown inFigure 15c and was developed by Smerdt al [19] for
aluminum sheet metal.lt was established19] that the stress versus strain curves of the
miniature dogbone specimen matched those of the conventional ASTM: E8M specimen for

aluminum alloys.
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Figure 15 Tensile specimen geometries (a) JIS; (b) MJIS; (c) MiFDB
The stresstrain responses of the different tensile geometries show good agreement up to
uniform tensile strength ahown inFigurel6.
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Figure 16 Tensile sample geometry comparison

2.2.2 Low Strain rates z MTS apparatus
Tensile experiments ithe strain rate regime @.001 §-0.1 s' were conducted othe
MTS criterion Model 45 testing frame with 100 kN force capacity. A 10 kN load eslsed
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in order to capture the load data from the experiment. The setup of the tensile experiments

performed orthe MTS tensile frame is shown Figurel7.

MTS Tensile
Frame

: A i 1 MTS Grip g
Piezoelectric > b - 7 eorivtcs |
Load Cell () | 1 <, -

Specimen

v b

Figure 17 Tensile experiment setup on MTSensile frame

2.2.3 Intermediate Strain Rates - Hydraulic Intermediate Strain
Rate Apparatus

The intermediate strain rate tensile experiments were performed tranigydraulic
intermediate strain rate (HISR) machine developed at the University of WafgiMpo The
schematic of the HISR apparatus is showirigure18. The HISR apparatus deploys a servo
valve to achieve a maximum of 1500 mm/s c#osad velocity and total displacementldfl.6
mm. The specimen is mounted betwéla upper and lower grips. The load exerted to the
tensile specimen during experiment is measured ugaifJSTLER piezoelectric load cell
attached directly to the upper grip. The engagement sleeve accele@msistant velocity and
drives the engagement piston to apply uniaxial tension to the mounted specimen. A damper is
used to reduce the ringing upon metal to metal contact between the sleeve and piston. Use of
rubber Qring imposes an additional ramp time before the piston achieves a constant velocity,
but the constant velocity is achievedaaklatively low strain level andbservedo have small
effects on the material responf@¥]. Crosshead velodies of 12.5 mm/s, 125 mm/s and 1250

mm/s were used to achiesgain rates ot s*, 10 §* and 100 § respectively.
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Figure 18 HISR apparatus schematid27]

The load data from thpiezoelectric load cell is acquired by the National Instrument data
acquisition module connected to a personal computer. As in the low strain rate expeaments,

DIC system was used to measure the strain distribotidhe samplesurface

2.2.4 High strain rate tensile testing
The highest #rain ratetesting (18 s*) of the AA6063T6 aluminum alloy wagperformed
usingatensile split Hopkinson bar apparatus (TSHB) by Taamjeed Rahmaan, a PhD candidate at
the University of Waterloo. The experimental setoptiie TSHB apparatugs explained inthe
work by Rahmaaet al.[56][21].

2.3 Shear experiments

Shear experiments are fundamental for understgnitie plastic behaviourof metals.
Contrary to uniaxial tensile and compression tests, shear experiments can take material
deformation to large strasrwithout plastic instabilitie§57]. Peirset al. have developethe so
cal |l edshifermirmi speci men t hat accanmentibnal tehskestastengl by

machine. The mirshear specimen geometry is shownFigure 19. Abedini et al. [58],
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Abedini et al.[59] and Abediniet al.[60] used minishear specimexto characterizéhe fracture
strainsundershear loadingonditionsfor magnesium ZEK100, steel DP600 and DP780 alloys
and have demonstrated the advantages of the specimeretggdor constitutive plastic and

fracture characterization tfiesevarious materials

Figure 19 Mini -Shear Specimen Geometry (All dimensions are in millimetergp7][58]

The minishear tests were performed usthg MTS criterion 45 tensile testing apparatus
described above. The setup for the rsinéar tests as similar tothat of the uniaxial tensile
experiments. The strain field was measured using DIC techniques. The shear experiments were
performedwith the loading axis aligneth the extrusion and diagonal directions. Due to
orthotropic symmetry in extded aluminum alloy$1], the shear experiments ihe transverse
direction were deemed redundant. The resflthe shear experiments were used to calibrate
the hardening behaviour of the alloy at large straffgure 20 illustrates the shear experiment
mounted orthe MTS tensile frame.
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Figure 20 Shear experment setup on MTS apparatus

2.4 Through -Thickness Compression Experiment

The dimensional constraints of the extrusions limit the possibility of using conventional
equalbiaxial tension test®r yield function calibration For this reason, the eqtlabxial
tension test was replaced with throtthickness compression te§T TCT). The use of
compression tests is justified by Bamdtal.[31][61]. Throughthickness compression tests
were performed using an Instron model 1331 séryaraulic testing mache. The setup for this
experiment is showim Figure21. The specimen preparation and experimental setup were
similar to those described by Steglehal.[62] andKurukuri et al.[63][64].

Specimen Instron

7= . A

e b

~

)
v -
- A S

cr.

G — - :
f/ li :’ Con‘!pressmn

as - : Fixture

' ! 3D DI
I BB Camer

Figure 21 Through-thickness compression test setup
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Cubic specimens for the compression tests were prepared by gluing five layers of
aluminum extrusions usin3}B Weld® adhesive[62]. Each layer was machined alotie
extrusion and transverse directions. The surfaces of each single layer were roughened using sand
paper to improve the performance of the adhesive. thicgness of overall cube specimen
consisted of five aluminum layers and adhesive between each layer, which resatteidkness
slightly above 9.3 mm, with each layer of aluminum being 1.85 mm. All the surfaces of the
cubic specimen were polishafter theadhesivenadfully cured. Toreduce frictiorbetween the
specimen and the compressing platens, the platen surfaces were mirror polished and lubricated

using Teflon spray.

The specimenfor the compression tests were prepared by stacking squaneai cut
outs attached to each other using adhesive. All the aluminuoutaitvere aligned to have same
orientation within the sample (i.the extrusion directiorwas oriented in the same direction for
eachlayer). Once the adhesive bonding the layelly cured, imperfections and extra adhesive

were removed by polishing.

2.5 Digital Image Correlation

A digital image correlation (DIC) system was used to measure strain fields in the samples
during the uniaxial tension, simple shear, and threbgtknesscompression experiments. The
DIC system offers the ability to measure whbédd true strains compared to conventional
extensometerfs5] which are Imited to specific gauge lengths and orientations. The principles

for 2D andstereographi®IC strain measurements are explained in detdd i

In the DIC method, the samples are painted using white pamtaskground, anblack
foreground paint to create aandom speckle pattern on the sample surface. During the
experiment, the motion of the speckles is tracked using either two stereo cameras in case of
stereographi®©IC or one camera in the case of 2DCDIThe image is divided into small areas,
so-called subsets, arttieintensityof the pixelsin each subset is calculated. The deformation in

the specimen is calculated by comparing the consecutive images from {@éJtest

The accuracy of the DI€alculationsdependon the quality of thespeckle patterapplied

to the specimenA typical speckle pattern is shownkigure22.
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Figure 22 Typical Speckle Patterrs (not to sale)

In this work, the strain fields in the tensile experiments performed at strain raté$sf 10° s

! and 10' s*, the througkthickness compression tests and the simple shear experiments were
measured usingstereographi®IC configuration. e longitudinal tensile experiments at™, s
10 s', and 100 $ were performed using 2D DIC measurements. The experimental mseidx

for material characterization is listed in
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Table 3. The images acquired during the expens were processed using the Correlated
Solutions Vic3D and Vic2D software famages obtained from stereographic Cdad 2DDIC
respectively.

The DICcalculations areglependenon the subset size, step size, and filter size usetien
analysis of thecquired imagesThe dependence of g parametersn the Virtual Strain Gage
Length (VSGL) is described in detalil in the work done by Rahretdah[67].

The VSGL values reported in this work are calculated assihmoequatior20 :

GOYOUYQI ¢ & 6 BMEE RADE 6 Q1 W HQE'QQE Y QR Q  (20)
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Table 3 Material characterization testsparameters

Direction
[deg] Strain Number of | Frame VSGL
Experiment (With -1 Resolution
Rate [s7] Repeats | Rate [fps] [mm]
respect to
extrusion)
0.001 3 4 2445x2045
0.01 3 25 2047x2047
0° 0.1 3 150 2047x2047
1 4 1500 256x840
10 4 15000 256x840
1000 8 N/A N/A
0.001 3 4 2445x2045
Tension 0.01 3 25 2047x2047 ~0.9
45° 0.1 3 150 2047x2047
1 4 1500 256x840
10 4 15000 256x840
0.001 3 4 2445x2045
0.01 3 25 2047x2047
o 0.1 3 150 2047x2047
1 4 1500 256x840
10 4 15000 256x840
Through- Normal to 2047x2047
Thickness 0.003 4 4 ~0.55
. the plane
Compression
11° 0.03 3 7 2447x2047
Shear 56° 0.03 3 7 2447x2047] 086

2.6 Crush Experiments

2.6.1 Dynamic Crush Setup
The dynamic axial crush experiments were performed using an instrumented 169 kJ impact
crashsled. The sled is equipped with two accelerometenyeasure the deceleration during the
impactwhich is integrated to determine transient velocity and displacement versusHigoee
23 is a schematic of the dynamic axial druexperiment, whileFigure 24 is a photograph

showing the test specimen and key elements of the experimental setup.
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Figure 24 Specimen mounted on wall

Aluminum extrusions (rails) were cut to the test length of 466 mm and fixed horizontally

between the rail mounts as shownFigure 24.

12.

5
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(i 0o

t hick)

V e ne

placed at thempact face of the sled in order to reduce the ringing in the load cells that would

result from metato-metal contact.
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The combined mass of the sled and stezlinted vertical reaction wall was 855 kg and an
additional 286 kg was added in the form olldst weight and hardware fixing the ballast; hence,
the total impact mass was 1141 kg. The impact velocity of the sled was 28.8 km/s for all of the
dynamic tests.

The rails were mounted 220 mm above the base of the 3lee.mounts were designed
usingclamps fitto the outer profile of the rails as well as internal bosses to prevent the rail walls
from buckling.The plates between the rails and load cells were 50 mm thick and the &bsses
the wall mountsvere 38 mm thick. The plates on the other ehthe rails(the impacted end)
were 12.5 mm thick with boss thicknesses of 19 mmis @alrangementesuls in 409 mm of
unclamped rail length. The clamping screws for the bosses on the wall end of the rails were

located 19 mm from the wall end of thé end 10 mm from thémpactedend of the rails.

The bosses were mounted to the back plate using M12x1.75 screws. The profile of the rail
was clamped by internal and external bosses using M10x1.5 and M6x1.0 screws. The CAD
model ofthewall end clamp ssembly for both crossectionss shownin Figure25. The screw
holes on the rails were drilled to align with the corresponding locations of the mounting holes on

the bosses and clamps. All of the fixtures were machined frarngddbon steel.

Figure 25 Omega (left) and UWR4 (right) bosses forrail mounts
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The kinetic energyof the sled prior to impaatxceeds thenergy that can be absorbed by
the extruded aluminum rails.This excess energy and largkeed mass serves to reduce the
velocity variation during crush of the rail,
excess energy and stop the sled. For these experiments, the &restoposed ofwo Plascore
5056 aluminum honeycomtdocks (shown inFigure 24), with 3.69 Mpa(535 psi) compressive
strength used to arrest thexcessenergy and bring the sled to a full stop in a safe manner. For
safety reasons, the honeycomb cores were sized to be able to absenkirth&inetic energy
generated from the sled. In order to balance the forces applied on the sled, two honeycomb cores
were usedoneon eachside of the rails. The width, length and depth of the honeycomb cores
were 150x200x200 mm respectively. Thesees were prerushedo approximateljto198 mm
in order to reduce the force required to initiate folding. The aluminum honeycomb cores were
mounted on standoffs which left 1220 mm of railfof rcrestd0 bef or e t he sl ed f ¢

honeycomb arrests

Piezoelectric load cells were used to capture the forces ekeriethe specimen by the
sled The load cells used itihe experiments had 120 kN capacityhreeKistler Quartz Force
Link (model #9371B)oad cells were used to meastine crushload for the Omega rails The
UWR4 rails had a higher crush load such that four load cells were Tikede load cells
captured the force exerted dine rail by the sled. The total force applied by the sled was
calculatedby summing the forces from the indual load cells. Load cells were arranged in
triangular and rectangular patterfios the Omega and UWR4 crosectionsrespectively. The
forces exerted by the sled were sampled at the rate of 10,000 data points per sdcohithe
data acquisitiosystems were triggered using a laser trigger mounted on the slad saibwn in
Figure 26, activatedmoments before the sled impacts the specimen. Data from the load cells,

accelerometers and cameras weardedusing the DB Slice DAQsystem

The axial movement of the sled was achieved by running the sled on th€oailpressed
air drives a piston which pulls a tow rope attached to the Slé@ sled has two accelerometers
located under the sled, one on the left andam#he right side. The absencerofational (yaw)
acceleratiorwas checked by comparing the readings from both accelerom@ieesvelocity of
the sled is calculated by the trigger system. The trigger system contains a 303 nishayate
in Figure26), which triggers the laser switcfThe time required fothesled to travel 303 mm is
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measured, and the sled velocity is calculat@tie displacement of the sled was calculated by
integrating the recorded acceleration twice wikpect to time. The data was sampled at the

same rate as the load cells on the wall.

303 mm (13 ip
Gate

e

Figure 26 Trigger system
The dynamic experiments were recorded using two-Bged Photron SA4 and SA5
digital cameras operated at 5000 femtper second. One camera recorded the top view of the
specimen (SA4), whiléhe other (SA5) recorded the side view of the specimen. The side and top

views from the cameras can be seen fragure?27.

Figure 27 Top (left) and side (right) views of the specimerfrom Photron cameras
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2.6.2 Quasi-Static Crush Setup

Figure 28 illustrates the experimental setup for the qusdigtic crush tests. The specimen
was mounted on thigorizontal paten of the test framesing the same mounting fixtures used for
the dynamic crush experiments. The mounts were clamped down fatea usingT-slot
clamps. The hydraulic actuatarith 500 kN load capacitywas operated undeclosedloop
servacontrd, with a constant velocity of 0.508 mm/sec which corresponds to a nominal strain
rate of 0.001S. The duration of ach quasktatic experimentvas5 minutes which resulted in
152 mm of crush. The foragisplacement data was sampled &tz usinga DAQ board within
a PC controlled using a custdmbview program The hydraulicactuator is controlledsing an
MTS Flex Test SE controllerThe quasistatic experiments were recorded usaidikon digital

camera.

Hydraulic
Actuator

Safety
Shield

Crush
Specimen

Rail
Mounts

T-Clamps

Figure 28 Quasi-Static Crush Setup

Table4 summarizes the test matrix for axial crush experiments including the crush mode,

test designation and extrusion alloys.
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Table 4 Axial crush experiment matrix

Crush mode

Test

Material

Dynamic
[7.8 m/s]

Omega_29 4

Omega_ 29 5

Omega_29 6

UWR4_29 4

UWR4 29 5

UWR4_29 6

AAG063-T6

Omega_7003 29 1

Omega_7003_29 2

Omega_7003_29 3

AA7003-T6

QuastStatic
[0.508 mm/s]

Omega_QS_3

Omega_QS 4

Omega_QS 5

UWR4_QS_2

UWR4_QS_3

UWR4_QS_4

AAG063-T6

Omega_7003 QS 1

Omega_7003_QS 2

AA7003-T6
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3 Experimental Results

This chapter presents the results of the material characterization experiments, followed by the

static and dynamic axial crush experiments.

3.1 Uniaxial Tensile experiments

The tensile loadlisplacement data obtained frotime uniaxial tensile experimentgas

converted to true stressrain data using the form@ahown below:

(21)

Where,, h, R and- are true stress, engineering stress, engineering strain and true
strain respectively.Note that equation2(l) is valid strictly for conditions prior to the onset of
necking at the materialltimate tensile strengttUTS). The true strain is further converted to
effectiveplasticstrain as shown below:

- - " 0 (22

Where- andOar e ef fective pl ast i dAswas meatiomediBentdn Young
2.2.1 the mechanical parameters of AAGOBG alloy were obtained using Mini JIBAJIS)
samplegaken from the basele Omega rail It was shown that all three tensile geometries used

in this study have a good agreement up & (seeFigure 16).

Figure29-Figure3lillustrate the tensiléest results for the AA606B6 aluminum alloy in
the ED, DD and TD. The tensile experinamesults revealed aariability of +/-5 MPa between
repeats. A similar level of scatter was reported by Laderabal. [1], Tryland et al. [68] and
Clausenret al. [69] for tests on 6008eries aluminum extrusionsThe scatter in the engineering

stressstrain response ismilar in all directions.
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Figure 30 AA6063-T6 tensile test results usingvl JIS samples(Diagonal Direction)
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Figure 31 AA6063-T6 tensile test results usingV JIS samples(TransverseDirection)

The DIC analysis of the tensile specimshoweda uniform distribution otthe strain field
in thegauge region afhe specimengrior to necking Figure32-Figure 34 illustratecontours of
the Hencky strain within the gage region of théensile specimens at variom®minal strains
duringdeformation Hencky strain, also known as natural or logarithmiarstia an approprite
measure of large deformation under conditwimere the principal direction of strain undergo
rotation [70]. Accounting for rotation of principle strain rotation is important in shear
experimentsduring which thanaterial undergoes large deformateaomd rotation Hencky strain

is expressed as:

Q a €Y (23
where’Qrepresents the Hencky straifYis aright stretch component of the deformation gradient
"0 Deformation gradientan be decomposed to pure rotation and pure stretch tensors through

polar decomposition theorem as:

0 YY (24)

where'Y is rotation tensor.
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Figure 32DIC analysis images of tensile tests performed usirlg JIS samples (ED) Contours are of Hencky
strain.
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Figure 33 DIC analysisimages of tensile tests performed usingl JIS samples DD). Contours are of Hencky
strain.
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Figure 34 DIC analysis images of tensile tests performed usirlg JIS samples TD). Contours are of Hencky
strain.

The strain measurementare obtained from the DIC software by placing three virtual
extensometers with 25mm strain gage length along the specimen image and averaging the strain
values. In addition, he rvalues are measured frothe uniaxial tension experimesntby
calculatingthe ratio of the plastic strain in the width and thickness directions of the specimen.

The Lankford coefficients can be calculated as follows:

J— (25)

Wherel , - and- denotethe Lankford parameteiand plastic strais in the width and
thickness directiongespectivelyfor tensile test©riented at various angles (theta) with respect

to the extrusion direction

The mechanical properties of tensile experiments are summariZadle5.
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Table 5 AA6063-T6 tensile experiment results

Tensile A, «m | Average | Std. Dev Average | Std. Dev
Loading [MPa] (A, o)m (A, o)m r-value (r-value) | (r-value)
Direction <. ‘.
164.4 0.36
159.7 0.36
T 166.4 6.5 0.37 0.01
175.2 0.39
166.2 0.37
181.6 0.44
185.6 0.43
TU 183.3 2.0 0.43 0.005
181.7 0.43
184.4 0.44
177.8 0.83
185.8 0.88
WT 180.1 6.6 0.92 0.07
171.9 0.97
185.1 0.98

3.2 Compression experiments

Throughthickness compression tests were performedaomnstron model 1331 servo
hydraulic testing machen The elastic region of the engineering St®s®n responsas
influenced by the seating of the sampled adhesive bondin§B0]. Consequently, the elastic
slopes observedn thesecompression testaretypically differentfrom thoseobtainedin uniaxial

tension tests. The results of the compression tests are shéwguia35.
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Figure 35 AA6063-T6 through-thickness compressiorest results

As can be seen frorfrigure 35, the elastic regiorexhibits a considerable amount of
variability. The primary causefor this scatteris speculatedto be associated with the
inconsistency in the adhesileyer from sample to sample. Removing the elastic stram® fr
each experimentising the measured modulus resultedgood agreement ithe measured
compressivestressstrain behavior between tests. The compression strain measurements are
obtainedusing DIC techniquesn a similar manner to that ofhe tensile expgments. The
compression sample maintaasectangular shape until around-12% compression strain, after
which, the sliding occurs Figure 36 illustrates the snapshot of the DIC analysis of the
compression specimen. As cam $een from the image, the specimen is compressed uniformly
at theearly stags of the experiment. The datessedfor the yield surface calibrationnder
biaxial tensionis extractedfrom the region othe sample which exhibitgniform compression
throughthickness
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Figure 36 DIC image of thoughthickness compression experimentContours are of Hencky strain.

Thebiaxial r-value is calculated by taking the ratio of plastic strain in the width and length
directions[31]:

J— (26)

Wherel ,- and- representhe equatbiaxial rvalue, and plastic straincomponentsn the
transverse and extrusion directipnsspectively. Table 6 showsthe rvalues obtained from the

throughthickness compressidii TCT) experiments.

Table 6 r-values from through thickness compression experiments

Through thickness Qy
compression [MPa] r-value

6063T6_1 160.8 0.52
6063T6_2 156.4 0.34
6063T6_3 159.5 0.34
6063T6_4 164.5 0.21

Average 3.3 0.36

Std. Dev 160.3 0.13
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The average biaxiatvalue is 0.36. Similar levels @friability from TTCT were reported
by Achaniet al.[30]. In the same work, thbiaxial rvalue of 0.48 was obtained from TTCT

experiments.

3.3 Strain rate sensitivity

Due to mechanical limitationsf the intermediate and high strain rate tensile testing
apparatuseghe strain rate sensitivity of the alloy was studied using Mini DRispns. The
major strain contours are overlaid on the surface of a Mini DB specimen at various levels of
deformation irFigure37. This sample was tested in the extrusion direaiostrain rate of I8s
! The true strain isdistributed uniformly along the gge length of the specimen until

localization when necking of the specimen initiates.
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Figure 37 DIC image of mini DB tensile experimentin extrusion direction (10" s®). Contours are of Hencky $rain.

The strain rate sensitivitis characterized in terms of the flow stress for a given plastic
strain level as a function of strain rate. This data is plottethioextrusion direction ifigure
38wheretheequivalent st&ss is plotted against strain rate2%, 4% and 6% plastic strain§he

horizontal axis is plottedsa logarithmic scale.
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Figure 38 Strain rate sensitivity of the AA6063T6 alloy in the extrusion direction Note that the dat at 1000 sl
was provided by Rahmaar71].

The AA6063T6 alloy exhibitslow strain rate sensitivity in the regime betweef? $8 and
10* s*. The rate sensitivithecomes significarifter a strain rate of 1S with anincreasen
flow stress of25 MPa afa strain rate of 10005 From the same graph, it can be seen that the
alloy hardens by 20 MPa between 2% and 6% strain. Similar tensile tests at different strain rates
were performed in the diagonal and transverse directions as Wwigure 39 and Figure 40

illustrate the AA6063T6 alloy strain rate sensitiviygssociated with these directions
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Figure 39 Strain rate sensitivity of the AA6063T6 alloy in the diagonal direction

50



270.0
260.0
250.0
T 240.0 N A
E L ~
2 2300 ‘—i/././i
o
& 220.0
n
t 15——§'—/"_——’—’_§
S 210.0
© 6% Strain
2 200.0
5 —=-4% Strain
W 190.0 _
——2% Strain
180.0
0.001 0.01 0.1 1 10
Strain rate (1/s)

Figure 40 Strain rate sensitivity of the AA6063T6 alloy in the transversedirection

Note that de to the limited availability of the TSHB apparatiehsile experiments at 1000
s* were performed only in thED. Theflow stressin the ED, DD and TD directions increase
by 10, 14 and 6 MPaespectivelyfor a change in strain rale®m 10° s to 10 §*. This level of
rate sensitivity is generally viewed as moderate.

3.4 Shear experiments

The shear stress from tehearexperimets was calculated by dividing theeasuredorce
by the sheagagearea as shown in the equation be[6Wi:

t 2 o 5
5 5 o (27

wheret, O, 0 ando are the shear stress, the shear force, the length of the shear

region and the thiakess of the sample respectivelyhe shear strains are measured usigg

DIC technique following the approach detailedAlyedini et al [58]. It is important to note that

the orientation of the sample does not align with the loading direction. The orientation has an
offset of 45 due to the nature of theedr mechanics in addition to the’tiffset imposed by the

notch eccentricity in the sample geometry. This means that the sample cuDD tham the

sheet has a principal loading in BB, as described by Abediet al [58].

The $ear experimentwere performed on the samples machined in the ED and DD o

the sheet. Each test condition was performed three times for repeatdhiditye 41-Figure 42
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illustrate the results of the shear experimefiminedfrom the DIC analyses. The details of the
shea experimerdl techniques are discussed in depth by Rahnedaal and Abediniet al
[56][58].
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Figure 41 Shear stress shear strain response of AA60636 alloy in the ED
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Figure 42 Shear stress shear strain response of AA60636 alloy in the DD

As can be seen from the figure above, the results from the shear experaxieibis

excellentrepeatability. The main advantage of the shear experingenhat the material
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undergoesa larger amount of deformation compared to the uniaxial experiment and ajive
better basis for modeling the hardening behaviour of the alligure 43 showsthe average

shear stresstrain in the B and DD plotted in the same graph.
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Figure 43 The average kear stress- shear strain response of AA60636 alloy ED vs.DD

As can be seen frorRigure 43, the sheastressstrainresponse varies depending on the
loading directon. The first obvious difference is the yield stress between the two directions, ED
beinglarger Another difference is the hardening behaviour. The material starts softening in the
ED after around 15% shear strain, whereagh@DD, the materiaconinueshardening until

fracture.

3.5 Crush Experiments

As was mentioned earlier, three profile and extrusion material combinations were crushed axially
in dynamic and quastatic crush modesTable? lists the test parameters usadhe crush
experiments.
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Table 7 Crush experiment test parameters

Profile Material Impact velocity Sled mass
7.8 m/s 1141 kg
Omega AA6063-T6
0.508 mm/s N/A
7.8 m/s 1141 kg
Omega AA7003-T6
0.508 mm/s N/A
7.8 m/s 1141 kg
UWR4 AAB063-T6
0.508 mm/s N/A

3.5.1 Dynamic axial cr ush
The crushing distance for the raiks calculated by double integrating the average sled
deceleration obtained frothe onboard accelerometers. The initial velocity is used to calculate

the velocity pofile:

0 0 ® O 0 (28)
WhereV is the velocity,0 is the time and™Qand "Q p represent current and previous time
respectively(note that the acceleration is negativéljhe crishing distance is then calculated

from the velocity as:

Q Q b o0 o (29
where Q represents the crush distance. The energy absorption curves are calculated by

integrating the forcelisplacement usinthetrapezoid rule as shown belq&0]:

0O ©O g"o "O Q0 Q (30

whereOrepresents the energy absorbed by the rail during the crush ésedtscussed earlier

the uninterapted crush length is different for rails with different cresstionsdue to the
specifics of the dynamic axial crush experimental setup order toenablea oneto-one
comparison, the total energy absorbed and average load are calculated for 120 mm of
uninterrupted progressive folding e&chrail. The average load is calculated as shown below:
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o O
Q. (31)

where'O represents the average force and subsariggresents the crushing distance.

The specific energy is calculated by dividing the total energy absorbed at 120 mm of
crushing distance by the mass of the 120 mm length of crushed rail. It should be noted that the
energy absorbed by the railatertain crush length does not depend on the overall length of the
rail (in the absence of global buckling). Hence, the crushedlamagth is considered for
calculations of the SEA of respective rails in this workhe formula for the specific energy
absorbed is shown in the equation be[dyv

O

0 (32)

WhereO andd representhe specific energy absorbg@EA) and mass of the rail with

lengtharespectively.

The forcedisplacement curves tiireedynamic axial cruskexperimentsare shown irFigure44.

These experiments were carried out on rails composed of the baseline alloy extruded with the
Omega profile.The initial peak in the foreis due to the formation of the initial fold. Toeish
distance represents the uninterrupted crush where only the rail is resisting the force applied by
the sled(prior to the sled contacting the honeycomblror the Omega rail extruded from
AAG6063 alloy, this distance is equal to 124 mm. The honeycomb contact with the sled is seen
distinctively on the forcalisplacement curvand corresponds to the onset of a higher level of
oscillation in the crush force signallhe repeatability betweedhe threetestsis very good. The

peak load for one of thestsis lower compared to the other twgossibly due to differences in
mounting or alignment of the rail in the fixturé-igure 45 shows the energy absorption of the
baseline prafes extruded from baseline alloy. The energy absorption of theesdiibitsvery

good repeatability.
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Figure 44 Dynamic force-displacement curves for Omega AA6063 6 rails
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Figure 45 Dynamic energy dsorption curves for Omega AA6063T6 rails

Table8 summarizes the dynamic crush performance of the Omega AABBGBUMIinuUM
rails. The crushing distance considered in the calculations, peak loads, average loags, energ
absoription and specific eneggabsorbed are summarized for three repeateealynamic axial
crush experiment. The average specific energy absorbtek @mega AAG063T6 rails during
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dynamic axial crush isbservedo be 33.5 kkg. As was expected from thergas above, there

is good repeatability across all the parametegasurediuring theaxial crushexperiment

Table 8 Omega AA6063T6 dynamic axial crush summary

Ener Specific
Crush distance| Peakload | Average load gy energy
Test # absorbed
[mm] [kN] [KN] [kJ] absorbed
[kJ/kg]
Omega_29 4 120.7 382.5 92.8 11.2 33.2
Omega_29 5 120.6 382.6 94.5 114 33.8
Omega_29 ¢ 120.5 345.3 93.5 11.3 33.5
Average 120.6 370.1 93.6 11.3 33.5
Std. Dev. 0.1 21.5 0.85 0.1 0.3

Figure46 shows the forcelisplacement curves for dynamic axial crustheflUWR4 rails.

The uninterrupted crush distance is 128 mm for this setup.
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2
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Figure 46 Dynamic force-displacement curves for UWR4 AA6063T6 rails
Figure47 illustrates the dynamic energy absorption curves for the UWR4 rails. The lower
force-displacement shown by one of ttestsresulted ina distinctively lower energybsorption
for that case. This lower energy absorptiothes result of the comparativetyeater degree of

visible fracture in this specimem that particular railas described in the following
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Figure 47 Dynamic energy absorption curves folJWR4 AA6063-T6 rails
Figure 48 shows top and side views of the axial crush eventtar of the UWR4
aluminum rail. As can be seen from the top and side views of the UWR4 6063 D_3

experiment, severe fracture is present at the front end of the rail in the folded region.

Figure 48 UWR4 dynamic axial crushimages from highspeed camerasThe circles highlight regions in which
cracking was observed.
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The onset of the fracturie reflected inthe energy absorption curve fivre UWR4_6063 D 3
expeiment whichstarts to deviate from the other two repeats after approximately 20 mm of

crush.

Table9 summarizes the three repeats of the axial crush experiments using UWR4 AR&063
aluminum rails. As expected from the energga@ption curves shown Figure47, the average

load for one of the repeats is lower compared to the other two repeats. The higher extent of the
fracture in test three resulted in lower energy absorbed in axial crush. Evgh theypeak load

for the firsttestlistedis the lowest, the lowest specific energy absorbed is sebe ithirdtest.

The average specific energy absorbed for UWR4 AAED&G&Iuminum rails iobservedo be

45.3 kJKg.

Table 9 UWR4 AA6063-T6 dynamic axial crush summary

Crushing Energy Specific
. Peak load | Average load energy
Test # distance absorbed
(mm] [kN] [KN] [kJ] absorbed
[kJ/kg]
UWR4 29 4 120.2 345.0 121.9 14.7 45.9
UWR4 29 5 120.4 358.2 124.8 15.0 47.0
UWR4_29 6 120.2 356.5 116.0 14.0 43.7
Average 120.3 353.2 120.9 14.6 455
Std. Dev. 0.1 7.1 4.5 0.5 1.7

Omega crossection rails extruded from highstrengthAA7003 alloy in T6 condition
were axially crushed in dynamic and qusisitic modes as wellFigure 49 shows the dynamic
force-displacement curves for the three repegberiments on the Omega 7008 rails The
uninterrupted crush distance was equal to 123 mm for these experiments. The Omega rails
extruded fromAA7003 alloy require Igher loads to initiate the first fold. The repeatability

betweerthe experimentsvasrelatively good.
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Figure 49 Dynamic force-displacement curves forOmegaAA7008-T6 rails

Figure 50 illustrates the engy absorption curve for the railsomposed ofAA7003-T6
alloy with the Omega profile One of the three repeats absorbed less energy compared to the
other two experiments. The differences in final energy absorbed are again attributed to different
degreesof the fracture in the rails after the experimenEigure 51 shows images from high
speed video taken of th@mega 7003 aluminum rajlas can be seen from tlmages all three

rails have different degrees of fracture takingcel resulting in different amounts of absorbed
energy
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Figure 50 Dynamic energy absorption curves for Omega AA70036 rails
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Figure 51 AA7003-T6 Omega extrusion dynamic axial crusiimages.The circleshighlight regions in which
cracking was observed.

Table 10 summarizeghe dynamic axial crush experiments ftire Omega AA7003T6

rails.
Table 10 O0megaAA7003-T6 dynamic axial crush summary
) Specific
Crushmg Peak load | Average load Energy energy
Test # distance absorbed
[mm] [KN] [KN] [kJ] absorbed

[kJ/kq]
7003 29 1 120.1 520.5 177.2 21.3 54.9
7003 29 2 120.1 530.8 170.3 204 52.8
7003 29 3 120.0 605.5 159.9 19.2 49.6
Average 120.1 552.3 169.1 20.3 524
Std. Dev. 0.06 46.4 8.7 1.0 2.7

As shown inTable 10 above, the peak loads for the Omega AAZ0®@3rails have higher
variance compared to those of the Omega AA6D6&:ANd UWR4 AAG6063T6 aluminum rails.
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Also, the average loafibr 7003_29 3s lower compared to #tof the other two repeats. As can

be seen from the images acquired by the high speed cameras, altedisdeave different
degrees of fracture. Consequently, there is a greater variance in the crashworthpersiepro

of the Omega AA70036 rails. The average specific energy absorbed is calculated to be 52.4
kJ/g.

3.5.2 Quasi-static axial crush

The three extruded allegrosssection combinations were axially crushed ungeast
static conditions using aervehydraulic pressfollowing the procedure described in Section
2.6.2 The rails are crushed at a constant crosshead veloc@608 nm/s. Similar tothe
dynamic axial crusihesponsgthe forcedisplacement curves ihe quasistatic experiments start
off with a high peak load required to initiate progressive foldifigure52 shows the measured
force-displacement curves fothe quaststatic experiments on theAA6063-T6 rails. The
repeatability is similar to that dhe correspondopdynamic crush experiments. The crosshead
displacement of 122 mm was achieved at the end of theatbgtis corresponds to the free crush
distance in the dynamic experiment§he peak loads are lower for the qestsitic experiment

compared to the dynamcrush experiments.
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Figure 52 Quast-static force-displacement curves for Omega AA6063 6 rails

Figure 53 illustrates the quasstatic energy absorption curves for the same extrusions as

mentioned aboveThe repeatability between three experimentglite good
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Figure 53 Quast-static energy absorption curves for Omega AA60636 rails
Table 11 summarizes the quastatic axial crush experiments ftire Omega AA7003T6
aluminum rails. As irthe dynamic axial crush cases, the Omega AA6TU63aluminum rails
crushedunder quasstatic conditionsshow good repeatability.The average specific energy
absorbed for these experiments is calculated to bekdigbased on three repeats.

Table 11 Omega AA6063-T6 quask-static axial crush summary

Crushing Energy Specific
. Peak load | Average load energy
Test# distance absorbed
(mm] [KN] [kN] [kJ] absorbed
[kJ/kg]
Omega_QS 3 120.1 166.9 784 9.4 28.1
Omega_QS_4 120.1 169.6 75.7 9.1 27.1
Omega_QS * 120.1 155.5 75.6 9.1 27.1
Average 120.1 164.0 76.6 9.2 27.4
Std. Dev. 0 7.5 1.6 0.2 0.6

Figure 54 illustrates the forcelisplacement for quasiatic experiments uygy the UWR4
crosssection and AA60636 alloy rails. The UWR4 rails show very good repeatability in peak

loads at the beginning of the crush event, as well as during progressive folding.

63



250

req uFi‘re:cll( :g?:iiiate UWR4_QS_2
200 & | firstfold UWR4_QS_3
—UWR4_QS_4
= 150 Crush distance = 120mm
= T
g [
2 100
50
0
0 20 40 60 80 100 120

Displacement (mm)

Figure 54 Quas-static force-displacenent curves forUWR4 AA6063-T6 rails

Figure55illustrates the quasstatic energy absorption curves for UWR4 AA6OB3rails.
One of thetestsis showing slightly higher energy absorbed overall compared to the rest of the
repeats The differences are due to fracture taking place during the-spadisi crush. In

general, UWR4 profiles showed more fracture during gsiatic crush compared to the
dynamic crush.
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Figure 55 Quast-static energy absorpion curves for UWR4 AA6063-T6 rails
Table12 summarizes the quastatic crush experiments for UWR4 AA60G68 aluminum
rails. All of the crashworthiness parameters acquired from gtast axial crush show good

agreement betweeall three experiments. This is despite the faata significant amount of
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cracking occurs duringll threetest repeatsasshown inFigure56. The average specific energy

absorbed by the UWRA4 rails is calculated to be B8/ based on three repeats.

Table 12 UWR4 AA6063-T6 quaststatic axial crush summary

Crushing Energy Specific
. Peak load | Average load energy
Test # distance absorbed
- [KN] [kN] [kJ] absorbed
[kJ/kg]
UWR4_QS_2 120.0 197.6 100.3 12.0 37.7
UWR4_QS 3 120.0 198.4 103.2 12.4 38.8
UWR4_QS 4 120.0 194.7 100.8 12.1 37.9
Average 120.0 196.9 101.4 12.2 38.1
Std. Dev. 0 1.9 15 0.2 0.6

Figure 56 Quask-static axial crush of UWR4 AA6063T6 aluminum rails

Figure 57 shows the quasistatic force displacement curves for the baseline profile
extruded from AA7003 alloy inthe T6 temper condition.Only two quasistatic experiments
were performed due to a limitation on the number of availekteusions for this alloy. The

repeatability of these experiments was good.
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Figure 57 Quask-static force-displacement curves forOmegaAA7003-T6 rails

The quasistatic energy absorption curves for the AA7003 rails are showigure58. In
contrast tahe UWRA4 rails extruded from AA6063 alloyhe OmegaAA7003 rails showed less
fracture duringhe quaststatic experiments comparedtte dynamic crushresponse Figure59
shavs images of Omega AA7001% rails crushed axially ithe quaststatic regime.
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Figure 58 Quast-static energy absorption curves folOmegaAA700-T6 rails
Table 13 summarizes the quastatic axial crustresponseof the Omega AA6063T6

aluminum rails. Despite the difference in peak load between two tests, the averagardoads

very close. The average specific energy absorbed for these tests is calculated to be 47.9 kJ/g.
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Table 130mega AA7003-T6 quaskstatic axial crush summary

Crushing Average Energy Specific
. Peak load energy
Test # distance load absorbed
[mm] [KN] [KN] [kJ] absorbed

[kJ/kg]
Omega_AA7003_QS_ 120.0 296.9 155.6 18.7 48.4
Omega_AA7003_QS 120.0 271.5 152.2 18.3 47.3
Average 120.0 284.2 153.9 18.5 47.8
Std. Dev. 0 18.0 2.4 0.3 0.8

Figure 59 Quaststatic axial crush ofOmegaAA7003-T6 aluminum rails

3.6 Comparison of crush response of the Omega and UWRA4 profiles

This sectionserves to coipare the measured crush respoosthe AA6063 Omega rails,
AA6063 UWRA4 rails and AA7003 Omega rails crushedierdynamic and quasstaticloading
Figure61 summarizes thaveragecrushloads obtained fronthe dynamic and quasstaticaxial

crush experimentsvhereas thpeakloads are shown iRigure60.

Figure 60 summarizes the average loads obtained from dynamic andsjatsiaxial crush of
the aluminum railsnvestigate. Comparing the various sections, the AA7003 Omega rails have
the highest average load under both dynamic and -gtets: loading conditiongFigure 60).
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The UWR4 rails exhibit crush loads that are intermediate to those ofAABO63-T6 and
AA7003-T6 Omega rails. Adopting the AA606I® Omega rails as a baseline, the AAGUE3
UWRA4 rails show 82% increase in dynamic crush force, while the AA7003 Omega rails offer a
81% increase in crush load relative to the AA6063 Omega r&éch rail configuration tested
exhibited higher crush loads under dynamic versus €gtasc conditions. The two AA606B6

rails exhibited al0-22% increase in average crush load under dynamic loading, while the
AA7003-T6 rail exhibited al0% increase. fie increase for the AAG06EB6 rails is consistent
with the positive strain rate sensitivity of this alloy showrFigure 38. Similar material rate
sensitivity is expected for AA70086, although this was not evaluated in the entistudy.

Dynamic Average Load [kN] Quasi-Static Average Load [kN]
180 163.1 180
160 160 153.9
140 123.8 140
120 Loy 120 1122
100 5.8 100
80 80 72'5
60 60
40 40
20 20
0 0
Omega UWR4 Omega Omega UWR4 Omega
AA6063 AA6063 AA7003 AA6063 AA6063 AA7003

Figure 60 Dynamic and quaststatic axial crush experiment summaryi averageloads
All of the rails tested showed a dramatic difference between the dynamic andtqtiasi
peak loads. In general, the peak loads w4936 higher under dynamic conditions. This
sharp increase under dynamic loading is thought to be due to inertial effects associated with the

time for the first fold to form (in addition to the moderate strain rate sensitivity of the alloys).
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Figure 61 Dynamic and quastistatic axial crush experiment summaryi peak loads

Figure62 summarizeshe energy absorbddr a section length df20 mmfor the different

rail configurations The AA6063T6 Omega railsabsorbed 11.3 kJ and 9.2 kJthe dynamic
and quasstatic experiments respectivelyThe AA6063T6 UWR4 rails absorbe@9% more

energy compared to thReA6063-T6 Omega rails As expected from theeportedaverage loads,

the energy absorbed liie AA7003 Omega rails are the highest among the .rdilsee energy

absorbed by these railmder dynamic and quasiatic loading conditionsere 20.3 kJ and 18.5

kJ, respectively.
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Figure 62 Dynamic and quaststatic axial crush experimentsummary i absorbed energy

It is also important to compare the specific energy absorption for the three rail
configurations since there were intentional differences between the Omega and UWR4 cross
sections as well as process variations between the tway@®sections (AA60636 versus
AA7003-T6 extrusions). Thus the actual masses per unit length for the aluminum rails are
summarized inTable 2. As expected from the dynamic energies absorbed, the SEA of the
AA7003 Omega rail is # highest compared tilve AA6063 rails. The SEA of the AA6063
UWRA4 is higher than Omega rail of the same alloy. Taking the SEA of the AA6063 Omega rail
as a reference, 36% and 56% relative improvement is observed for UWR4 and AA7003 Omega
rails, respectrely. It is important to note that accounting for the mass per lengttheof
respective rails better highlights the relative improvement of the UWR4 profile over the Omega.

A Similar trend is observed for the quasatic SEA ottherespective rails.
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Figure 63 Dynamic and quasistatic axial crush experiment summaryi specific energy absorbed
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4 Axial Crush Model Development

This section highlights the detadssociated with the model developmefithe dynamic
and quasstaic axial crush evest The crush experimentgere simulatedisingthe commercial
FEA software LSDyna.

4.1 Constitutive material model

4.1.1 YLD2000-2d

As was discussedin the literature review (8ction 1.3), isotropic yield functions are
inappropriate for describg the mechanicalbehaviour of extruded aluminum alloys. The
anisotropy of the AA60636 alloyis evidentfrom the tensile experimental resu|&ection3.1),
where differences in the stresisain responsand rvalues (Lankford parametensjanifest with
respect to different loading angles. The stress ratios and Lankford parameters required for
calibrating the yield surface are obtained from the tensile experiments performed on MJIS
samples. The stress ratios for yield function calibration were takba aame plastic work level
of 10.1 MJ/m?® in each of the experiments. The plastic wdok tensile and compression

experiments arealculated as shown in the equation below:

(33

(b - ” ” - - ('b
Wherew denotes the plastic workThe same approach is used for calculating plastic

work for uniaxial tension and uniaxial throughickness compressionThe stress ratios are
measured as shown below:
Yo — (34)

WhereY ,,, and, represent the stress ratio, the true stress in-ttdrection and the
true stress in the extrusion diten respectivelyFigure64 shows true stress plotted against the

plastic work for the tensile, throughickness compression and shear experiments.
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Figure 64 True stressvs. plastic work for tensile, compression and shear experiments

All the parameters used to calibrate the yield function are summariZedbliel4.

Table 14 Experimental stress ratios and Lankford parametersused for calibrating YLD2000-2d (taken at the

plastic work level of 10.1 MJ/n7)

Experiment P 4 »
[M Pa]
Uniaxial Tension (ED) 220.1 1 0.37
Uniaxial Tension (DD) 225.6 1.0248 0.43
Uniaxial Tension (TD) 227.0 1.0313 0.86
Through-thickness
Compression 219.5 0.9972 0.36
Shear (ED) 159.1 0.7225 N/A
Shear (DD) 140.8 0.6396 N/A
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Barlat et al. [31] useeight parameters for calibrating the yield function, whereas, in the
current studyten material parameters are useShear stress ratios are added to the cldor

process to better capture the shear response of the model.

The yield function was calibrated by ButcH&d]. Figure65 illustrates the result of the
YLD2000 function calibrated for the AA60636 aluminum alloy. The isotropic VeMlises
yield locusis plottedon the same graph for comparisparposes It is important tanotethata
yield exponent ofn=4resulted[54] in a superior fit for the shear stress ratgsopposed to the

recommended m=8 value for FCC mater[3|.

< Experiment
=== von Mises
= YLD2000: m = 4

== S

Normalized Stress in Transverse Direction

AA6063-T6 Extrusion

Normalized Stress in Extrusion Direction

Figure 65 YLD2000 yield surface for AA6063T6 alloy vs.isotropic Von-Mises

The normalized stressatios (stress normalized by stress in extrusion directmal) F
valuesresulting from thepredictionsof the YLD2000 yield locusnd the expgmental results
are plotted as a function of thengle relative to thextrusiondirectionin Figure 66. The
normalized stress valueghibitgood agreememith the measured data, while thealues have
good agreement in theahsverse directiomnvith some discrepamnes along the extrusion and
diagonal directionsThe normalized shean the diagonal directiorand biaxial stresses also
agree well with the measured datadservedin Figure 65. This raher good agreement is
expected sincthemeasured data was used in the yield function fitting process.
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Figure 66 Normalized stress and fvalue fits for YLD2000 plotted against material angle

The yield function exponents fromeHit by Butcher[54] are summarized iffable 15.
This data was input t€.S-Dyna and used in thé MAT_133 (*MAT_BARLAT_YLD2000)

constitutive model implementation

Table 15YLD2000 coefficients

Coefficient ) ) ) ) ) ) ) ) m

Value 0.8548| 0.8128| 0.5054| 0.9260| 1.1158| 1.1459| 0.7711| 1.2297| 4

4.1.2 Hardening and strain rate sensitivity fitting

Oneof the main approachés capturethe hardening of the behaviourmgtalsis to fit the
flow stressstrain responsebtained fromuniaxialtensile experiments tappropriateconstitutive
models. The main challenge irmeasuringhe hardening behaviour of materials is the limited
range ofdata obtained from tensile experimersincesampes startto neck at around -80%
plastic strain(at least for the current AA606B6 alloy). Once plastic deformation localizes
anywhere in the gae region of the sample, the state of the stress is not uniaxial anymore and
converting the engineering stgestrain to true stressstrain becomesather complex. On the
other hand, shear experimgathieve large plastic strain levels without localizatompared to
uniaxial tensiletess (refer toFigure 29 and Figure41). Thus, helargestrain workhardening

behaviour othe AA6063-T6 alloy consideredn this studywas obtained from quasitatic shear
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experiments performed atstrain rate of 18 s*. Despite the fact that the hardening behaviour
was doserved to be different in the ED and DD from the simple shear experi(réqusc43), it
was decided to model the material usiag isotropic hardening model. The main reason for
adoption of anisotropic hardeningassumption wa the fact that at its currenfevel of
implementationn LS-Dyna, the BarlaR000 constitutive modeFMAT _133) does not support
differential hardening behaviour. To capture this phenomenon more preoiselyould need

to implement userdefined constutive subroutine or umatvhichwas judged beyond the scope

of the current study

In order b use themeasuredsheardata to fitthe hardening behaviour of the alloy, the
shear stresand strairhave to be converted to equivalent stressain data As was mentioned in
the shear experiment section, the sample orientation and principal loading orientation vary by 45
in the shear experiments. Hence, the results of the shear experirtftenDD are converted to
equivalent streswys. plastic strain andused for calibrating the hardening behaviour of the
baseline alloy. Shear stresses obtained from simple shear experiments can be converted to
equivalent plastic strain through use of work conjugate equivalent plastic adrdiescribed by
Rahmaaret al [67] As mentioned in Section 2.3, shear stress can be computed as follows:
O
0o
wheret, "Q 0 and 0 are the shear stress, the shear force, the length of the shear region and the

T

thickness of the sample respectivelfhe logarithmic strain tensor can be decomposed into

elastic and plastic components as follows:

A (39
where- and- are elastic and plastic strain tensold.si ng Hookeds | aw,

component can be approximated as (under plain stress assumption, where h, T :

T
¢O
where G is the shear modulus. Finally, the plastic strain component for shear loading can be

(36)

computed as
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T

T o (37)
Then,theplastic workincrementcan be computed using plastic work equivalence:
(9] ¢t '@ . & (38
Now, thework conjugate equivalent plastic strain increment can be fasnd
T Qf
Q — Q@ — 39
< S 39

where— is the stress ratio between the shear stress and tensile stress in the reference direction.

Figure67illustrates the results of the shear stress to true stress conversion compared to the

true stress obtained from the uniaxial tensile experiment.
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Figure 67 True stressplastic strain curves obtained from uniaxial tension and sirple shear experiments
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It is important to note that no yield criterion was assumed in conversion of the sheaststiiass

values into true plastic and equivalent plastic strains.

As can be seen from the figure above, true sfpksstic strain curves obteed fromthe
two different experiments have very good agreemgiso the hardening response derived from
the shear test extends to much higher plastic strain levels which lends confidence to the large
strain hardening model fits The hardening behaviowf the AA6063-T6 alloy was fit to the

generalized Voce constitutive equation given below:

.-Rh R T 1T T - p Q Z p G0
o aE— (40)
- i
WhereT are the coefficients governing the haritenbehavior andihd and o are the

coefficients governing the strain rate sensitivity The coefficients of the generalized Voce
model are listed iMTable16. The fit was obtained using least squares method wislquBre
value of 0.9993.

Table 16 Generalized Voce model coefficients for AA60636 alloy

Coefficient 7 J 7 7 + ¥ it

Value 182.8 44.8 48.6 32.8 0.00224| 1.098 | 0.5066

Figure 68a shows the rtie stresisequivalent plastic strain curve obtained from the
experiments plotted along withe Generalized Voc®lodel (GVM) fit using the coefficientmn
Table 16. The GVM captures the experimental stresgin valuesrather wdl. Figure 68b
further illustrates how the GVMcapturesthe strain rate sensitivity of the AA60G% alloy
compared to the experimental values. The strain samsitivity predicted by the GVM is in

good agreement with the expaental results obtained from uniaxial tensexperiments
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Figure 68 Generalized Voce model a) hardening behaviour b) strain rate sensitivity

4.2 Axial crush simulations

Simulations of the axial crush experiments were performamyusie LSDyna finite element
code. This section outlines the modelling approach, including the material model, boundary

conditions and impact loading by the sled. The model predicti@engiaen in Chapter 5 of this
thesis.

4.2.1 Aluminum rail model
The aluminumn rails are modeled using the BarPf100 constitutive model (*MAT _133) fit
to the measured material response, as described Section 4.1, above. Shell elements with 7
integration points were adopted to describe the deformable extrusion material. Fgligtede
shell elements with 4 quadrature points are employed in the models. A shell element formulation
was adopted to better mimic current industrial CAE crash simulation practice in which shell

elements are often mandated (as opposed to brick elenmntghiputational efficiency.

The aluminum rails were split into different parts to ease the material axis assignment.
Figure 69 illustrates the meshes for the Omega and UWRA4 rails divided into sections. The
extruded rails had vging wall thicknesses as a result of the profile topography optimization.
The wall thicknesses assigned to the sections in the model are givaoled 7.
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Omega rail

UWRA4 rail
Figure 69 Omega & UWRA4 rail mesh broken intosections
Table 17 Profile shell thicknesses in crash modeling
Omega Profile
Section 1 2 3 4 5 6
Shell Thickness
1.87| 20 [ 2.04| 194 | 1.94 | 1.98
[mm]
UWRA4 Profile
Section 1 2 3 4 5 6
Shell Thickness
1.79| 201 |201| 1.81| 1.84 | 183
[mm]

4.2.2 Fracture criterion

A Generalized Incremental StreSgrain Model (GISSMO)was adoptedo model the
fracture behaviour of the AA606B6 aluminum alloy. The experimental work and calibration of

the failure criteria was performed by Nemakioal. and gven in more detail if52]. Figure70

illustrates the results of the fracture characterization wAsgkcan be seen frorigure 70, the

fracture behaviour of the AA606B6 extrusionis strongly dependent on the loading direction

The extrusion direction has the lowest fraetwurveunder compression dominatdéoding

modes. For the equabiaxial loading modgfailure occurs in a manner in which the maximum
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principle strain is applied in the transverse direction. As a result, the transverse direction is the
limiting direction for the biaxial condition. Furthermore, the diagonal direction exhibits the

lowest failure strain in uniaxial tension.
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Figure 70 Experimental GISSMO curve [52]

Four sample geometries covering a wide range of stress states arintestienl to obtain
experimental points faralibration of the facture mode]52]. The amples investigated included

mini shear, hole t&sion, regular notch and plain strain notch geometries shokigume71.
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Figure 71 Sample geometries (a) mini shear, (b) hole tension, (c) regular notch, (d) plane strain nofé2]

As a first cut into fracture characterization, the local equivalent strains at failure were

calculated assumirngMises material.

A VSGL ( Section 2.5pf 0.3 mm was used for all calculations of strain obtained from the
DIC analysis. Hencemeshregularization on the MJIS samplested in the extrusion direction
was employed to account for l@mgmesh sizes utilized in the numerical modeling of axial crush

events. The resulting mesh regularization curve is showRigure72[54].
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Figure 72 Mesh regularization curve[54]

4.2.3 Mounting fixtures
The clamps and bossaised formountingthe rails during axial crush experiments are
modeled using rigid, nedeformable materials with properties of steel. €hasticproperties
are shown inrable18 and are used primarily in the contact algorithirhe tools were modeled

usinga combination of brick and tetrahedron elements with mesh size of 5 mm.

Table 18 Steelelastic constantdor rigid material model

Density 7.93 g/lcm
Youngds Mod 207 GPa
Poi ssonds 0.3
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Figure 730mega and UWR4 fixture mesh

The bosses andlampswere constrained irall displacement degrees of freedom and the
deformable shell elements were rigidly tied to the clamps in regions of contact. This approach

was adopted to medithe clamping boundary condition in the experiments

4.2.4 The crash sled

The sled is modeled using rigid, rdeformableshell elements with the elastic constants
of steel(Table18) assigned for contact treatmerfor simplicity,the sled is meshed as a wall of
shell elementsepresenting the impact facd he sled is assignedwmpedmass of 1141 kg and
initial axial velocity of 7.8 m/s to reflect the experimental conditions. The initial velocity and the
mass properties for thgled are assigned using *PART _INERTIA card. All the degrees of
freedom for the sled are fixed except for the translation in the axial direction of th&igaite
74illustrates the axial crush model setup.
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Figure 74 Axial crush model setup

4.2.5 Boundary conditions z dynamic axial crush

The same boundary conditions are employed for modeling axial crublotbftheOmega
and UWR4 crossections. The lateral movement of the rails is constrained by thef tise
clamps and fixtures. The fixtures usedmnount the rail to thdéixed wall are constrained in all
degrees of freedom. The fixtures at the sled end are allowed to move in the axial dinglgtion
and are constrained to the movement of theed impat face by the use ofthe
*CONSTRAINED_RIGID_BODIES card. Penalty based surfaeeurface contacts are used
between contacting surfaces of the tooling and ealsvell as between theoling and impactor
sled. An automaticsinglesurface contact formation is used to model the selbntact between
the fold regions of the aluminum rails. Tfrection coefficients inthe contactdefinitions are
given in theTable 19. High values of friction were imposed under the assumptianntiramal

sliding would occuf72].
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Table 19 Coefficients of friction employed in the LSDyna models

Static Dynamic
Fixture -ralil 0.61 0.47
Rail-rail 1.05 1.0

4.2.6 Boundary conditions z quasi-static axial crush

The quasstatic axial crush models employ satie boundaryconditions as dynamic
crush models witla fewexceptiors. The quasstatic experiment takes too long to model in real
time using an explicit dynamic formulatiphence, time scaling issedto reduce the simulation
time. A parametric study is performed observe the effect of the time scaling on the predicted
average load of the AA606B6 Omega rails. Time scales of 10,000, 7,500, 5,000, 2,500 and
1000 are chosen for the parametric studifie velocity of the hydraulic ram is set 0.508 mm/sec
to refled the hydraulic ram speed during the experiment. The velocity of the hydraulic ram is
scaled by a factearmentioned aboveThe strain rate sensitivity table is scaledcbyresponding
scale factoren order to compensate the offset created by increasedity.
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5 Modeling results

This sectiorpresentghe results of the modeling approach tat@simulate the axial crush
experiments on the AA606B6 Omega and UWRA4 rails The predictionsare compared with
measuredesults obtained frornthe axial crushexperimens. Two simulation approaches were
taken the first considersxial crush without fracture criterion while the gcond includsthe
GISSMOfracture criteriorpresented in Sectioh2.2

5.1 Omega profile axial crush model results

This section desibes the results of the numerical modeling of the axial crush on the
AA6063 Omega rails. Figure 75 illustratesan image ofan Omega rail under dynamic axial

impact at various crush distances.

d=0mm d=68mm d=100mm d=120mm

Figure 75 Progressive folding of Omega rail (dynamic prediction) at various crush distances
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The crush distance of the numerical predictions is obtained from node displacement on the
impact end of the rail. Thiead exerted by the rail on wall is extracted frtma contact forces

between the rail and wall mount.

Figure76 compares the fracture locations on the Omega rails crushed dynamically to those
of the numerical prediction using the GISSMO fracture criterion. As can be seem;ahens
of the fracture in the numerical prediction closely correlate to the fracture observed

experimentally.

No Fracture Fracture No Fracture Fracture

Omega rail Omega rail Numerical
Dynamic experiment Prediction with GISSMO
criterion

Figure 76 Omega rails crushed dynamically: Experiment vs Numerical prediction

5.1.1 Dynamic axial crush

Figure77 shows theredicted and measuréatce-displacement cunsfor the AA6063-T6
Omegadynamic axial cruslexperiments The notable difference between the experimental and
simulated curves can be seen in the peak loads required to inigdiestHold, with the model
predicted a lower peak load. The average measured crush load for the dynamic axial crush of the
Omega rail is 93.6 kNRigure60) compared to the model predictions of 87.4 kN without failure
and 86.6kN when GISSMO fracture model is included. The relatively modest effect of the
fracture model is consistent with the limited extent of cracking observed in the AA®I63

Omega railsEigure76)
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Figure 77 Predicted load-displacement curves for dynamic axial crush of Omega rails

The energy absorbed vs displacement curves are shofigure 78. The predictedabsorbed
energyis initially close to the measured data, btarts todeviate after approximately 70 mm of
axial crush. Themeasured absorbed eneryl20 mm of crush arkl.3 kJcompared td.0.5 kJ
and 10.4 kdrom themodels without fracture and with fracturespectivelyan error of7-8%.
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Figure 78 Predicted energy-displacement curves for dynamic axial crush of Omega rails

5.1.2 Quasi-static axial crush
As was described in section 4.2.6, as a first step, a parametric study of dependence of the
average crush loads on ttime scaling is perfornte Figure79 shows the error convergeneg
the time scale factor for the quasatic numerical predictionsrom which it is observethat the
errorbecomes small (<1.5% ) a time scale factor of 2,500. Numerical predictipeigormed at

a time scale factor of 2,500 and 1,000 resulted in 1.1% and 1% respectively.
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Figure 79 Time scale factor vs. average crush load error convergence
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Figure80 shows CPU run timgstime scalefactor. The CPUrun time for the numerical
predictions performed at time scale factors of 2,500 and 1,000 were 176.5 and 573.2 hours
respectively. Hence, the rest of the quasatic numerical predictions are performed at the time

scaling factor of 2,500

10000 *
8000
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2000

Time scale factor

0 200 400 600
CPU run time (hours)

Figure 80 CPU run time vs. time scale factor

The quasstatic axial crush of the baseline profile rails resulted in lower peak and average
loads. Figure 81 shows the loadlisplacement curves from thé.D2000-2d model with and
without the GISSMO fracture modealong with the experimental result§he models over
predicted peak load to initiate folding, suggestingt the model is not exhibiting the level of
inertial effect as in the experiment. Thisrgy be due to the @Atime scal
Section 42.6) invoked to shorten the run times using an explicit dynamic formulation to simulate
a static event. After folding initiates, the oscillatory response of the model aligns well with the

experimatal data and fracture has a small effect in reducing the crush load.
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Figure 81 Predicted load-displacement curves for quasstatic axial crush of Omega rails

The absorbed energyor the quasstatic axial crush(Figure 82) shows very good
agreement between the measured and predicted behewimlris less than that of the dynamic

axial crush.

Figure 82 Predicted energy-displacement curves for quasstatic axial crush of Omea rails

Figure83 provides a summary of the average loads obtained from the numerical modeling

and experiments on the axial crush of the Omega profile rails. In general, the predicted average
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