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Abstract

This thesis investigates the application of hot stampekiigiistrength steel (greater than 1000 MPa
tensile strength) taiterelded blanks in vehicle frontal crash energy management structures, as well as their
potential for weight savings through sheet material thicknesgalayimg. The ultfsigh strength steels
examined in this thesis are Ductibor® 188Gnd Usibor® 1508S. The vehicle frontal crash structure of
focus is the side frame member, which is typically comprised of various gauges of 590 MPa advanced high
strength steel, such as JAC590R. The styitabilising hot stamping steels in the side frame member is
assessed by comparing the frontal crash performance of a production side frame member (baseline front end
module) to a side frame member comprised oftalded hot stamped steels (taileldel hot stamped side
frame member).

The crash performance of the driverds side fran
in the USNCAP Full Width Rigid Barrier frontal crash test configuration. A set of design requirements and
constraints fothe baseline front end module and tailelded hot stamped side frame member are developed
from the production side frame member evaluation. The evaluation includes: matching the crush response
(crush modes), deceleration profile, final crush distamsie,forces, resistance to passenger compartment
intrusion and extent of spot weld failure.

A baseline front end module is fabricated from production components and houses the production side
frame member. Its development is based on a set of desfigatpasiestablished from consideration of the
full-vehicle model. A key consideration when developing the baseline front end module is to include the least
amount of bodyn-white components in order to reduce the scope of fabrication and testingc Dsasmi
sled testing at Km/hr is used in conjugation with a calibrated numerical model to characterize the
performance of the production side frame member. An adaptive test matrix is employed during the nine
baseline front end module tests, meaningei$tatonfiguration and boundary conditions are changed between
sequential tests. Due to these test configuration changes, three different crush responses are observed, only one
of which matches the crush response of the side frame member hvéiéduthodel. When a similar crush
response to the fulehicle model is observed in the baseline front end module, it is demonstrated that the
velocity history, crush loads, occupant compartment intrusion resistance and extent of spot weld failure meet
the deign specifications.

The tailorwelded hot stamped side frame member is designed using the boundary conditions developed
from the baseline front end module. The high energy absorbing crush section is comprised of Ductibor® 1000
AS, while the high rigiditgntiintrusion Sail section is made from Usibor® 13 It is clear from the

design process that using higher strength materials (Ductibor®S)0@0the crush section requires



topological changes to be made to the production side frame membehdmsigr to capture the desired

crush response and reduce spot weld failure severity in tiveetdibor hot stamped side frame member, new
enhanced fold initiators, as well as geometric changes to the crush tip spot weld flanges are reqlyred. Ultimate

a twecomponent, 5.kg tailorwelded hot stamped side frame member is developed, which demonstrates a
2.1kg (27.6%) weight reduction compared to th&g7groduction JAC590R side frame member. The
designed tailewelded hot stamped side frame memiagches the baseline front end module crush response,
deceleration profile, crush forces and passenger compartment intrusion resistance, while also exhibiting good
parent metal fracture resistance and relatively low severity spot weld failure. Haseitowyelded hot
stamped side frame member into a model of the col
frame member, further verified the suitability of the proposed side frame member.

Designing and fabricating the tooling for theldalyth tailomwelded hot stamped side frame member
comes with many complexities. To reduce the complexity, only the crush tip section cixtblel¢allbot
stamped side frame member is manufactured. Two crash forming tools are made to hotchaamg the
Omain railé section and a flat oenclosure panel 6
gauge (1.6im and 1.2n1m) Ductibor® 100@AS blanks in a 95C furnace for 6 minutes, transporting them
to the tool for forming and quenchingchilled dies for 10 seconds. The average hardness ohthednd
1.2mm Ductibor® 100AS sections in the main rail part 268.5HV and401.2 HV respectively. In the
enclosure panel part the average hardness of thenlabd 1.2nm Ductibor® 100-AS sections are
412.8HV and 392.81V, respectively. A model of the hot stamping process is used to map the predicted

thinning due to forming onto a crash suitable mesh.

The crash performance of the tail@lded hot stamped crush tip is evaluated ¢ontiee whether it
is a suitable simplification to the-fefigth tailosvelded hot stamped side frame member. A crash model of
the first 49Inm of the fullength tailowelded hot stamped side frame member is constructed to represent
the crush tip sectio The inclusion of thinning predictions from the hot stamping model into thedddied
hot stamped crush tip crash model are shown to have only a small effect on the predicted crash performance
of the crush tip. Evaluating the taillded hot stamgecrush tip against the baseline front end module and
full-length tailomwelded hot stamped side frame member demonstrates that the crush tip provides valuable
information on crush response, parent metal fracture resistance, crush forces and exteealdofaspos.
The tailorwelded hot stamped crush tip is deemed a suitable simplification elihgthudide frame member
when evaluating the suitability of Ductibor® 1880n frontal crash applications.

This research tdate supports the use of @ibor® 1000AS and Usibor® 1508S, in the form of
tailorwelded blanks, as a higher strength alternative for conventidi®a580ength materials in frontal
crash energy management structures. Through sheet material thickrgeasgilogvsignificaweight savings



are shown. The results support the use of Ductibor@A®aDhigh energy absorbing frontal crush structures
requiring sequential folding and Usibor® #80n high rigidity anitntrusion structures. These findings are
tempered by the fathat experimental testing of the crush tips is still pending and that additional load cases
need be considered. In future work, crash tests on thevidded hot stamped crush tip will be conducted

to support the numerical crash simulations of thgisth



Acknowledgements

The work conducted in this thesis would not be possible without the effort and support received from
all of its contributing members. | would like to thank my supervisor, Dr. Michael Wimspiickiding me
the @portunity to work on suchinindustry applicable thesis projedtich haspecializedy engineering
skillset His support and guidanteoughout the project have improved my analysisrakitle, me a better
writer and taught me the importance andpbexity of material characterizatlomould like acknowledge Dr.
Clifford Butcher for his guidance in material modelivanks to Dr. José ImbeBbyd for his support during

crash testing, as well as Ryan George for assistance and guidance mitinigadstbcomponent design.

Support for this project fromdustrysponsors Honda R&D Americas, the Promatek Research Centre
(Cosma International), and ArcelorMittal, as well as from the Natural Sciences and Engineering Research
Council, the Canada Reskagthair Secretariat, the Canadian Foundation for Innovation, the Ontario
Advanced Manufacturing Consortium, the Ontario Research Fund, and the Ontario Centres for Excellence is
acknowledged and greatly appreciatgnlld like to extend special thankSkge Malcolm and Jim Dykeman,
from Honda R&D Americas, for their continual support and feedback with numerical modelling and crash
testing throughout the duration of the project. In addition, | would like to commend Skye Malcolm for his
patience in dealingth the countless data transfers to and from the Honda Sgeaalitanks to the Honda
R&D Americas fabrication tedar making the integration thfe baseline front end module and taitelided
hot stamped crush tip possibleouldalsadlike tothank Cyrus Yau, Kevin Goulding and Mark Bonello from
the Promatek Research Centre for their support in the tooling developriesibaard cuttingf blanks and
formed partsln addition, Justin Hansen and Monty Hansen from Cosma Die Technology peivalsd v
hot forming analysis insight for the crushfpslly, | thank Ron Soldaat, Willie Bernert and Dan Papalazarou,
from ArcelorMittaDofascg for their material support and delivery of the taidded blanks necessary to
complete this projects well as Eric Famchon from ArcelorMittal Global R&dntatairdor fabrication of

the laser welded blanks

In the lahthe support and assistance of Eckhard Budziarek, Tom Gawel, Andgrighibmrg Hirst
allowed me to complete my experiments successfully and more important, safely. Thanks to Cameron Tolton
for being an excellent morning, fmdrning, after lunch and @stonal late afternoon coffee buddy, Sante
DiCecco and Brock Watson for the occasional afternooragintsl| as thanks to Steven Lee, Hossein Pishyar,
Raphael Boulis, Pedram Samadian, Alireza Mohamadizadeh and Dylan Budnik.

Most importantt | would like to thank my parents, John and Dianne, my siblings, Mackenzie, Brittany
and Rebecca, and my girlfriend, Alexandra Smolak for their unconditional support throughout my studies

vi



To my parentshn and Diaforeraising me right

Vii



Table of Contents

AULNOTS DECIATALION ...ttt eeeeec ettt e e e e e ettt e s eeesme et e e s bbe e e e e s e mmeene s nbe e e e e s i...
F 011 = Tox U OO PP PO PPP SRR jit
ACKNOWIEAGEIMENTS ...t eeece e mme e ettt e e e e sk e e mmernee e e e e e s s snbn e e e e e s ennenanessaannnnrrrees? Vi...
[D7=To [0 11 [0 o N PP PO PP PPPPPPPP R Vi
[ A oY o U = PP PPPPPPRPPPPPP Xiii
IS o) B 1= ][ PP PP PPPPP PRI Xxvii
Thoughtful QUOLE.... ..ot eee e e mmmmma e e aa s nnnnnnn e e eaeeeaeaaeas XXiX
(O F=T o] (=T g ol g1 (oo [ ox 1T o PP PP PRSPPI 1.
11 AULOMOLIVE SNEETE STEEL........eeeeiiiii e e e 2.
1.1.1  HOU SEAMPING.....eeiieiiiiieiiiiteeemme et e e e e e mmmeen e e e e e e e s asbbee e e mmenneeeeeeesaannnrneeeeas 3.
1.1.2 Hot Stamping Process Tailoring Methods...........coooiiiceiiiiii e 7.
1.1.3 Hot Samping Materials..............oooo oot 10
1.2 CrasShWOININESS.....coiiiiiie e e ettt eeeem e e et ee e e easemae 12
1.2.1 Axial Collapse MEChANISM........coiiuiiiiiiceerree e ereeeee e eeeeens 14
1.2.2 Bending Collapse MeChaniSIM...........c.uuiiiimemmeeiieee e eereeee e e 16
1.2.3  FOId INITATION....ciiiiiiiiiieii e e eeeemm e e e e e e 18..
1.2.4 Relationship between Forming and Crashworthiness............ccoeeeeeeeiieiinnnnnnl 19..
1.3 Crush Performance of Hot Stamped COmMPONENLS............uuuiiececeeeeeeeeeeeeee e eeeee 20
14 Resistance SPot Welding..........ooe oo e e 24
1.4.1 Performance of Hot Stamped Steel Resistance Spot.\Welds.............cceeeeeeennne 24
15 Numerical Modelling of Hot Stamped Components and Structures...........c..cceeeee... 26
1.5.1 Hot Forming Process Simulation..............cooiiieeeeeee i eeeeeeee e 26..
1.5.2 Hot Stamping Material MOGEIS..........uueiiiiiiieee e 21.
1.5.3 Simulation of the Crash Response of Hot Stamped Components................... 29
1.5.4 Material Modelling of Tailored Hot Stamped Steel...........ccccvveeeeeeeeeenn, 31..
1.5.5 Resistance Spot Weld Modelling..........ccccouuiieereeeeeeeeeeee e 33..

viii



1.6 CUMTENT WOTK ...ttt eee et ereeeee e e et e e e s seeenee e e s s sbbe e e e e e e e s enanaan 34
I G TR R S Toto ] o 1= 0 Ao ] RSO 35..
1.6.2  ThesSiS OrganiZatiOn............uueeiieeiieeeeeee st ee e e e e s s eeeeem e e e e e e s eemmn e eeeeas 37

Chapter & Side Frame Member Crush Response within tReédhudlied Establishing Performance Criteria

..................................................................................................................................................... 38..
2.1 Key Components and ASSEMDBIIES............cooiiiieeeeeee e eeeeeee e 38
2.1.1  Front ENd MOGUIE......ccooiiiiiiii et eemme e me e e 39
2.1.2  Side Frame MEMDEL........ouiiiiiiiiiecee ettt mme e e et e e e et mneneeeeeeeeeaan 40
22 USNCAP Full Width Rigid Barrier SUV Frontal Crash Model..............cccceeeeee 41
2.2.1  Material MOAEIING..........uuuiiiiiiiiiiceeecee e eescsseeeeeeeeeeeeeeeeeeeeee e s e sneeeeesnneeeenees Zh3
2.2.2 SpotWeld Modelling...........coooiiiiii e A
2.3 Predicted Crush RESPONSE.......covviiiiiiii et e e e e ereeeeeeenene A0
2.3.1  FOId INITIALOTS. ... eeeeeieeeeiiiiiie e cmee e ettt e e et mmerrae e e e e e s st e e e e e sneeeee e e s aannnnneeeaeeas 48..
24 VENICIE DECEIEIALION. ......ci it eeeeeee et ereeeee e e e e e e 50..
2.5 CrUSKN FOICES.....ceiiite ettt e eeeee et e e e e e e eeeemm bt e e e e e s e s emmmne 51
2.6 Occupant Compartment INTFUSIQN...........uuuiiiiiiceeeeee e eeee e ecseeeeeee e e ee e e e e eeeeaannes 52
2.7 Extent of SPOt Weld FailUrB..........oooioiiiiii et e eeeenen e B3
2.8 Design RequireMent SUMMALY............ccieiiiieeeeeeiiiiieiiee e mmaa e e e e e e s e eennnen s 55
Chapter 3 Baseline Front ENd MoOdUBBEVEIOPMENL...........iiiiiiiiie i eeeeceiice e mme e e 59..
3.1 Development of a Reduced BodyWhite SIrUCtUIE..........ccuvviiiiiiceereee e 60
3.2 Baseline Front End Module Crash Testing MethQd.............ooieeeeeeciiiiiiieeee 65
3.2.1  EXperimental SEUR......oooo e e G7.
3.2.2  Experimental Program...........cooi oot e meeeeee e 70
3.3 Baseline Front End Module Frontal Crash Madel..............oooommeeeiiiiiii e, 81
.31 Crash SIEd.....oooiiiiiiiii e e e e e e 81
3.3.2  Fixed Barrier Walll.............cooiiiiieeeciic et e 84.
3.3.3 Modelling Connection ok8ondary COMPONENLS. .........ccvvieiriiiceeeeairrreeeeee e d 85..
3.3.4 Sheet Material and Spot Weld Modelling.............ccvieeercmriiieei e 87

iX



3.4 Test Results and Numerical PrediCtiQns.............ooiiceeeeceiiiiiiiiiic e e 87..
341 TESE LI BAL....ooiiiiiiiiiii e e e 88

I I L= A T T PP 91

O T I = R S =T ¢ SRR 94

S I L= S T PP 97

345 Tests5,6and 7: BIdBA3 and BaLO...........covevuiiierniieeeeeeiee e ee e eeeemmeernes 100

B4.6 TSI BED...oeiiiiiii i e e 104

K A =TS R =T 5 PSP 106

3.5 Baseline Front End Module Crash Test SUMMAIY...........ccoveermmeeeeeiiiiiiiiieeee e eeeaes 109
3.6 Evaluation of the Baseline Front End Module................ooocemeeiiiiiiiiiiiiic e 116
3.6.1 Crush Response COMPAriSON............coooi it eeeeeeiiiieeeeeeeee e eemeee e e 117

3.6.2  VehicCle DECEIEIAtION .........ceiiiiiiieseeeemeiei ettt e reee e eeemne e 121

3.6.3  CrUSKN FOICES......eiiiiiiiiiie ettt ee et eee e e e 122

3.6.4 Occupant Compartment INTrUSIAN............vviiiieiereeeee e eeeeee e 124

3.6.5 Extent of SPot Weld Failure...........cooooiiiiieeeeiiiiiec e tmmee e 125

3.6.6  EVAluation SUMIMAIY........uuiiiiiiiiiiaeeeemiiiee e e e et eemmne e e e e e e s mmneeeeeeeees 126
Chapter 4 Development of adilorWelded Hot Stamped Side Frame Membet.................ceeeuee... 128
4.1 Initial DeSIgN DECISIONS.........cci i i ceeeeeee e eeeeeee e e 129
411 TwO COMPONENT DESIGN.. ..ttt eeeeeee e e e e e e e e e e eeeeeee e e e eeeeeeeeeeeeeemmmnnnes 129

4.1.2 TailorWelded Blank Laser Weld Line LOCAtIONS.............ccoeiemmeeeeriiiiiineeeeennnns 130

4.1.3 Sheet Material ThiCKNeSS SeIeCHON........c.coiiiiieeeeiiieee e 131

4.2 NUMEFCAI MOEL.......eeiiiiiiei ettt mmeeree e e e e eeees 132
4.2.1 Hot Stamped Steel Material Model...........cooieeeee e 133

4.2.2 Hot Stamped Steel Spot Weld Madel.............ooooiiiie 135

4.3 SimulatiorBased DeSigN PrOCESS ... ...uuiii i eeeemiitiiiee e et eemmee e e e e aneeeeanee 136
4.3.1 Selection of Sheet Thickness for #iREaDb..............cccooiiiiecce e 136

4.3.2 Fold Initiator DeVEIOPMENL.........c.ooviiii e e e e 137



4.4

4.5

4.6

4.3.3 CrossSection DEeVEIOPMEINL..........uuuiiiiiiiicceeree e e e e e e e e ee s e es s ssereeeseeereeeraeeaeaaaeaannns 143

Evaluation of the TailéNelded Hot Stamped Side Frame Member........................ 148
441 CruSh RESPONSE.....oeiiiiiiiiiit et mee e et eeeeeee e e e e e nnnees 149
4.4.2 Crash Sled DecCeleration...............ooiiiceeeeasriieiiiee e eesmme e mmmnee e 151
4.4.3  CrUSN FOICR....ociiiiiiiiiiie e e e e e e e 152
4.4.4 Occupant Compartment INtrusion RESIStANCE...........uvuirimceecee e ieereeea 154
4.45 Extent of Spot Weld Failure.............uviiiiiiceeeeee e eeeeeee e 154

SUV Crash Model CompariSQn.............ooooi it eeeeeeiiiieeeeee e emmeee e 156
4.5.1 CruSh RESPONSE.....ouiiiiiiiiiiit ettt e et eneenee e e e e e 156
4.5.2 Vehicle DeCEleratiOn............uuviiiiiieeeeeee it e 158
4.5.3  CrUSN FOICES ...ttt et eee st eemme e 159
4.5.4 Occupant Compartment INtrUSIQN.........evvieiiiiie e e e e e e e e e 160
455 Extent of SpoOWeld FailUure............uuuiiiiiiiieeceee e eeeeeee e 161

Crush Performance SUMIMALY...........cuuiieiiieeeeeaeaiirieeee e e e s seeeemm e e e e e s s seemmnees 162

Chapter % TailorWelded Hot Stamped Crush ®ipormability Assessment and Fabrication Strate@y

5.1

52

5.3

54

5.5
5.6

Reduced Crush Tip STTUCKUIE. ...t eeeeeee e eeereee e e 165
Hot Stamping ProCeSEBIQN.......cuuiiiiiiieiiiie s ccee e e e e e e e e e e eeennen s 166
5.2.1 Hot Stamping Material MOEL..............coooiieeer e 168
5.2.2 Blank Design and MeShinNg...........uuuuuiiiiaeaaae e eeeees 169
T2 B o To ] 1] o PP PP OPPPP 170
Mapping Forming to Crash SimulationS.............eevvicccccciiiecicc e e e 171
Description of FOrming TOOING........ccuviiiiiii i eeeeeee e 173
5.4.1 ENCIOSUre PaAnel TOOL......couiiiiiiiiiccmem et eeeeeee e 175
5.4.2 Main Rail TOQL........cuiiiiiiiiii e e e e e e 175
Press and FUIMACE. .........uuiiiiii i eeeeeee et e e s esemm e e e e e e anes 176.
HOt StamPinNg PrOCESS. .....coi oot eerreee e eeeee e et ee e e et e e e s mmmmnnnaannennees 178
5.6.1 Blank Temperature Verification............ccooooiieeeeeee it 178

Xi



5.7 Hot Stamping Results and Numerical PrediClions............oovvccccceeuiiiiinenininniiseeennns 180

5.7.1 Hardness MEaSUIEMENLS............curiiiieeeamrrieeeririie e meseees e e e e s semnee s 183

5.8 Assembly Plan for the Crush Tip Crash Test SPecimens.............coccccerveeeeeennnnnne 185
5.8.1 Part Modifications to Accommodate Vertical Flange Design...............ccceeee... 187

5.8.2 Part Modifications to Accommodate Side Wall Draft Anglgidwdd.................... 190

Chapter & TailorWelded Hot Stamped Crush Bipredicted Crash Performance............cc.cvvvmeee.. 194
6.1 Hot Stamped Crush Tip Numerical Model................oooieeeeee e 194
6.2 Effects of FOrming HiStOLY...........ooo oo s 197
6.3 Crash Performance EValUALtIoN.............oooiiieecceeiiiiiiee e ee e ceee e 200
6.3.1  CruSh RESPONSE....cciiiiiiiiiiiii e ceereee et eeeeeee e e e e e s s eeeeee s eeeens 201

6.3.2  VeloCity HiStOrY......ooo oottt e 202

6.3.3  CrUSKN FOICE....ceiiiiiiie it seeeemm e e b e e e nen 203

6.3.4 Extent of SPOt Weld FailUre...........oooviiiiii et eeas 205

6.3.5 EVvaluation SUMIMAIY.........uuiiiiiiiiiaeeeemiiiie e e e et eemmme e e e e s s s mmneeeeeeeens 207

Chapter ® Discussion, Conclusions & Recommendations...............coceeeeeeveiiiriieeeee s i seeeme e 209
7.1 DT E o 1= o o P 209
7.1.1 Comparison of Baseline Front End Meduol Prior Crush Tip Results................ 209

7.1.2 Comparison of Ductibor® 10065 Crush Tips to Prior Crush Tip Results....... 212

7.2 (7] 011 (1] (0] 0 1 PP PRRPP 214
7.3 RECOMMENAALIONS .....ciiiiiiiiiiii it ee et eee e ree e eeeeeee e e s e e e e 217
(=T (=T 1] o To = S OO PPPP PR 220
APPENIX AD MOAE! INAEX.....iiiiiiiiieiie et eeeeee e eereeee bt e e e e e s eeeemm e e e e e e e s neseemmmnns 230

Xii



List of Figures

Figure 1. Elongation as a function of tensile strength for various groups of steel, from Karbasian and Tekkaya
U 2.
Figure 2. Bodin-white for the 2016 Honda Pilot is mainly comprised of steel, with press hardened UHSS used

for the door ring, from HONAa [7]-........cooo i e e e e e e e 3.
Figure 3. Application of UHSS hot stamped steel illustrated in the 2016 Honda Civic, adapted from Honda
Figure 4. Hot stamping process flow diagrams: (a) direct hot stamping, (b) indirect hot stamping, adapted from
Karbasian and TEeKKaYa [B]-.........oiiurrriiierrree et sereeee et seneee e e e e e anan 5
Figure 5. CCT diagram of 22MnB5 under various quenching rates shows the range microstructures that can be
achieved through the auohing process, adapted from Merldeiml[11].................coooiiiieeeeeeennl 6..
Figure 6. CCT diagram showing the effect ed@i@mation on the phase tramsfation of austenite, adapted
from MerkIein and SVEC [L7]....cooiiiiiieerreee e eeeeee ettt e e e e mmmmmn e 6..
Figure 7. Laser welded blank ofShlcoated hot stamping material wdiffiering sheet thickness, from
F (o= (0] 81/ L1 = L {0 PO PSP P PPPR PP 7..
Figure 8. Comparison of the Vickers hardness level along the lexgihtat channel cressctions taken
from the top, side and flange. Adapted from Peister.J19].............oo e 8.
Figure 9. Schematic of segmentgd|8r tooling, from Georgs al[25].........ccovviiiiiiiiiiceeee e 9...
Figure 10. Tailored lacale Bpillar by Georget al[25] demonstrates the variatianVickers hardness
achieved using the in die heating process with a chilled die section ¥hdia 466€tion.............. 10
Figure 11. Taited IDH process applied to axial crush rail top hat geometries, froret@ifs].......... 10

Figure 12. Mechanical property summary of the hot stamping material® (LEIBAS, Ductibo® 1000
AS and Ductibo® 500AS) after hot stamping thermal treatth and a conventional structural
automotive steel (JAC590R). Data for USIHBOGAS, Ductibo® 1006AS and Ductibo® 50CGAS
from ArcelorMittal [34], [35] and [36]. Data for JAC590R from I€0BEB7]............evveeeeeeeeeeecnncee 12

Figure 13. (a) Double top hat channel demonstrating axial collapse mode, adapted from Peister [19].
(b) Hydroformed Sail tube demonstrating bending mode, adapted from idira.................. 14.

Figure 14. (a) Crassection of a single top hat geometry. (b) Gexgon of double top hat geometry. (c) Four
asymmetric elements forming the single top hat collapse profile. (d) Eight asymmetric elements forming

the double top hat collapse profile. Adapted from \BHaA3]...........oooiiiiiiiiiiirreeee e 16..
Figure 15. Schematic of the bending collapse mode kwaltbohbox crossection, from Du Boist al[38].
.............................................................................................................................................. 17

Xiii



Figure 16. Different types of fold initiators employed on axial crush structures to promote folding, as generated
DY WIEEMAN [SL]...eeeiiiee ittt memeee ettt eer e ree e e e e e e s erneeae e e e e nnr e e e e e e e s meennen s e nnnnees 18

Figure 17. Axial crush rail crgsstions of (a) single top hat channel and (b) double top hat channel.
Dimensions from Peister [19].......ccoiiiiiiiiceeeeee e eeeeeee e 20..

Figure 18. (a) Single hat channel geometry axial crush experiment setup. (b) Single hat channel geometry afte
axial crush experiment, showing impact energy absorption potential of Ductiba8®/Adkpted from

YO TS = X =T A= 11 PSRRI 21
Figure 19. Crush modes observed from the various tailored IDH crush tip configurations, fretaDmer
5. PSR 22

Figure 20. Average energy absorption, and scatter for the various tailored IDH crush tip configurations. The
numbered parenthesis above the bars indicate the number of exlsilbitatl mixed buckling folding
response, from OMEL Al[56]........ccccciiiiiiccerree e ereeeee e e e e e e e e e e e e e smeeeeeaererrrerreeeees 22..

Figure 21. (a) 1.2 mm Ductibor® 308 base metal axial craksplays global buckling mode. (b) 1.2 mm
Ductibor® 500AS to Usibor® 1508S TWB displays progressive folding. Adapted from Peister [19].

.............................................................................................................................................. 23

Figure 22. Significant decrease in hardness shown in the subcritical HAZ region with respect to the base material
(BM), from Baltazar HernanoBmZal[B4].........ccoouiiuuiiiiieceereee et eeeeeee e eeeeen s 24

Figure 23. Quastatic Mode | group spot weld test at the (a) start of test, (b) first weld failure and (c) end of
the test. Adapt.ed. . f.r.om..QdKeef f.e..[.6.5 ). ... 25

Figure 24. (a) Schematic of the Mode 11l group spot weld failure test. (b) Proof of concept test article consisting
of asreceived Usibi® 1500AS. Modified from Toltort al[67]...........ccooeiiiiiiiiiicceeceeeeeeeeeeeeeee, 26..

Figure 25. Couplings between mechanical field, thermal field and microstruatior, eddpted from
BErgMaN [B8].....coiiiiiiiiiie i eeeeeee ettt e e e et e e e e st mmnn e e e e e e e e e e ane 26..

Figure 26. Schematic of the contact surface between tooling and blank at the microscapic leveP?

Figure 27.-&il geometry and the boundary conditions imposed on it, from &ead@s].................... 30.

Figure 28. Comparison of the crumsbchanics predicted for the production JAC590R crush tip and hot
stamped Ductibor® 56AS crush tip, from Peister [19]..........e e e 30

Figure 8. Fracturdocifor Usibor® 1506AS in five different quench conditions show higher fracture strain
for softer material conditions, from ten Kortenaar.[13].............oooiiemmmmeeiiiiiiiiiiieee e eeeeeee e 32

Figure 30. (a) Mesh size dependent strain field of tagialnfracture test, showing the difference of

accumulated plastic strain with mesh size. (b) Calibrated fracture models for different mesh sizes. Adapted

Lo T =1 L=T =] v= U 1T | PP 33
Figure 31. Hexahedral spot weld mesh refinement rangingHieoatdl16Hex configurations, from Malcolm
o L0 LN UL AT < 1 O 34

Xiv



Figure 32. SUV bodg-white structure showing the location of the front bumper (green), front bulkhead (red),

sideframe member (yellow) and side impact structure (RIUE)............ooieeeeeeeiiiiieeeee e 35

Figure 33. Process flow for developing a-ta#tfed hot stamped sidarfre member..............cccoeece 36.

Figure 34. Driverof6s side view of an SUV BIW struc
LT TR 1 [ox (0 ] £ PP PRR PP PP 39.

Figure 35. Driverds side front end modul e highl ic

framemember (yellow), shock tower support (orange), shock tower (peach), stiffener (blue) and the
additional BIW COMPONENES (WHILEY........eeeeieiiiiteeaameiieiee e mmmeer e e s emmeneee e e e e e 40

Figure 36. (a) Terminology used to describe the various zones within the side frame member. (b) JAC590R

sheet steel thicknesses used in each zone of the side frame.member..........ccoceeciiiieeenennn. 41..

Figure 37. Internal wetth components along the length of the side frame member...................... 41

Figure 8. USNCAP Full Width Rigid Barrier frontal crash model of an SUV at 56 kmi/ht.............42.

Figure 39. Crossectional force planes situated@the length of the side frame member................43..

Figure 40. Quastatic stresstrain curve for JAC590R, from Prajogo [60]............ccceriimeeeceariivrnnnnnn. 44.

Figure 41. Demonstration of the forces and moments acting on a spot weld along with the coordinate system
based on Equation 14oMfn Malcolm and Nutwell [83]...........cooooiii oo 45

Figure 42. Eight element hexagonal spot weld between two steel sheets, demonstrating theotoincidence
nodes between the sheet steel mesh and spot weld elements (mesh dependence)............46

Figure 43. SUV front end module crush modearimtus amounts of crush distance. Note that the side front
end module has been isolated from the SUV model to better illustrate the crush.modes.....47.

Figure 44. Complex loading created by the flattening out of the bumper beam during the initial stages of the
crash event. Both the undeformed (top) and deformed (bottom) side frame members are shown for
(ool 0] o =T ¢ Yo o HEU PO PP PRPOPRPPPPRTPOPRPPPR 48..

Figure 45. During the initial deformation of the side frame member it is noted that the folding begins on the
outboard side of thENCIOSUIe PANEL.........uvviieiiiiiii e ereeeeeeeeene A8

Figure 46. Undeformed (left) and deformed (right) geometry of crush tip fold initiator illustrating controlled
10 (o 111X F= U1 T o S UPURSPPPPR”

Figure 47. Undeformed geometry of the side frame
(left).Folds created by the (a) first fold initiator, (b) second fold initiator and (c) third fold initiator during
the sequence Of the Crash EVENL............uueiiiceeeee e e e e e eeeeeeeeeeeeeeeeeee DO

Figure 48. Undeformed geometry (left) of the side frame member illustrating the large buckle initiator.
Deformed geometry (right) demonstrates the buckle created in order to protediltieors
(01T g [0 = To |1 T 0SSR 80Q..

Figure 49. Deceleration profile of the SUV model side frame member plotted as a function of the vehicle crush
(0157 7= 1 o =S OO PPPPRP 51



Figure 50. Crush forces in the SUV side frame member calculated wstctiored force planes along the

length of the side fie MEMDEL............oii e e 52.
Figure 51. Side view of the BIW structure highlighting the occupant seating envelope............... 53
Figure 52. Side view of the driveros side fr ame
the OCCUPANT COMPAITMENL.........uiiiiiiie e eeeeeee e e e sreemm e e e e s s mmmmee e e e e e e e e e nsne e e mme 53

Figure 53. (a) Top flange weld failure parameter shows three welds that undergo failure initiatiwp (b) Close
of the crush tip shows the locatioreath spot weld failure initiations by colour...................... 54

Figure 54. (a) Bottom flange weld failure parameter shows three welds thatilodengitidtion. (b) Close
up of the crush tip shows the location of each spot weld failure initiations by.calour............ 2.

Figure55.s0t wel d forces along the SUV model ds crush t
loading, (b) shear loading and (c) peel moment 10adiNg..............veeerceriiiiie e 55

Figure 56. Key crush modes of the production JAC590R side frame member in the SUV model to be matched
in the design of the baseline front end Madule................oceeee e bi.

Figure 57. Frontal BIW structure isolated from the SUV model............ooceeerciiiiiiie e 60

Figure 58. (a) Passenger side components removed from the frontal BIW structure. (b) Lateral radiator support
components, bumper beam and dashboard supports removed.............eeeeeeeeeeeiiiiiieiiiccienn. 61

Figure 59. Schematic of the front end module showing the untrimmed (left) and trimmed (right) dashboard
panel and floor PANEL....... ... et mmmen b nnn e 62

Figure 60. Boundary conditions used to simulate the front end module with elephant.nase....... 63..

Figure 61. Effect of elephant nose in front end module crash simulation, starting with the (a) undeformed state,

(b) start of side frame member counteckwise rotation and (c) continued rotation and collapse of the

Figure 62. Effect of including the front bulkhead brace and battery base into the simulation illustrates sequential
folding. Notethat the battery base is hidden so that the folding may be examined............... 64

Figure 63. Finalized components necessary to constrawdineipn side frame member as the SUV model
BIW does. The structure is hereafter referred to as the baseline front end.madule.............. 65

Figure 64. (a) The steel mounting plate and (b) the baseline front end module assembly that is MIG welded to
the MOUNLING PIALE..... .ot e e e e mmmmme e ene e rrnn e e e e e e e 66

Figure 65. Finalized test setup for the baseline front end module, designed by Peister.[19]....... 67..

Figure 66. Crash sled experimentapdet baseline front end module...............ccovioccerniinnee 68..

Figure 67. Top view of honeycomb stacks mounted to the honeycomb holders using.duct tape69

Figure 68. Threlead cell pack mounted between the sled impact wall and the impact face.plate.70

Figure 69. Honeycomb stack configurations with their respective specimen identification.......... 72..

Figure 70. Arrangement of high speed cameras and lighting around the specimen for the first baseline front
end module test (BD). Image due to Peister [LQ]..........uuiviiiiiiceeeee e srereeeen e 73.

XVi



Figure 71. Views from the cameras used in the first baseline front end modulg)testl(Badhg: (a) vehicle
outboard sideiew (Photron SA), (b) vehicle outboard isometric view (Photro$)SC) top view
(Photron SA4), (d) vehicle inboard side view (Photrori)5&nd (e) outboard enclosure panel flange

(Telops FASAR 2K). Images due to Peister [19]........uuuiiiiiiiiicccee e erereen e e e 73.
Figure 72. Arrangement of high speed cameras and lighting around the specimen for the second to fourth
baseline front end module tests-$B8d4 andBd-7). Image due to Peister [19]................ccueueees 14

Figure 73. Views from the cameras used in baseline front end moduleésteBtsiBohd Ber including: (a)
vehicle outboard side view (Photrorn33A(b) vehicle outboard isometric view (Photrab)S£) top

view (Photron SA4), (d) vehicle inboard side view (Photroi)sahd (e) outboard enclosure panel flange

(Telops FASTR 2K). Image duetPeister [19].......ccooiiiiiiiiiiieerreee e eeeeeee e 74..
Figure 74. Arrangement of high speed cameras and lighting around the specimen for the fifth to seventh
baseline tmt end module tests (BdBd3 and BeLO)..........oevveiiiiiiiiii e e 75

Figure 75. Views from the cameras used in baseline front end moduletédtiSRdd Bd10 including: (a)
vehicle outboard isometric view (Photror5gAb) vehicle inboard side view (Photrofb5A4c) top
view (Photron S4) and (d) outboard enclosure panel top flange (TelopsiRZK].....................Z5.
Figure 76. Arrangement of high speed cameras and lighting around the specimen for the eighth baseline front
eNd MOAUIE TEST (BBY..........uueiiiiiiiiiit et mme et e e e st mme e e e e e e e e e s nnnneee s 76
Figure 77. Views from the cameras used in baseline front end modul@ tesiuBiohg: (a) vehicle outboard
side view (AXLOO GHardened), (b) vehicle outboard isometric view (Photrat), &) closaip of
crush tip (Photron SE), (d) top view (Photron SA, (e) vehicle inboard side view (Photrob)Shd
(f) outboard enclosure panel flange (Telops FREK).........ccccciiiiiiiiiiccereeeee e eeeeeeeeee 76
Figure 78. Arrangement of high speed cameras and lighting around the specimen for the ninth baseline front
eNd MOAUIE TEST (BBY..........uueeiiiieiiiit ettt mme e e e e e s s mmn e e e e e e e e e e e s b e e e mnnenee s 77
Figure 79. Views from the cameras used in baseline front end modulé tesluBohg: (a) vehicle outboard
side view (Photron S8), (b) velule outboard isometric view (PhotronZA(c) vehicle inboard side
view (Photron SA) and (d) top view (PhOtron -8R ........cooiiiiiiiiiiii e e i1
Figure80. Plywood configuration for baseline front end module te&tsH8l% and B4 shown in the (a)

front view and (b) vehicle outboard side view. Images due to Peister.[19]............ceeeeeerrneee 18
Figure 81. Wood attenuator configuration for baseline front end module-igsiiBdBd3, Bd10, Bd9
and Bd6 shown in the (a) front view and (D) tOP VIEW..........ueeieiiii e 79

Figure 82. End plate configurations used for test {&) (BYi B&2, Bd3, Bd10, Bd6 and (c) B® showing

the front view (top) and upper view (bottom) of the baseline frontahde. (d) The eccentric start of

folding shown on the SUV MOGEL..........oooo e mme e 80.
Figure 83. Bulkhead brace component added to baselinedromideie Beéb.....................co oo eceeeeeeee, 80
Figure 84. Front end module frontal crash model boundary conditions..............ccccceeiviieiveeneennn 81..

XVii



Figure 85. Crash sled modelling Method..............ooo e e 82
Figure 86. Rigid body lomdrsusrash sled displacement curves for each test to simulate the effect of the
NONEYCOMD AITESIONS......ciiiiiii et et eeeeeee s r e e e e e s s eeeeem e 83
Figure 87. Crossectional view of the modelled connection between the baseline front end module shock tower
and fixed Darrier Wall........ ... e 84
Figure 88. Modelled connection between the baseline front end module and fixed harrier.wall.. 85.
Figure 89. Modelled battery base and its connection to the side frame.member..........cccccc........ 86
Figure 90. Modelled front bulkhead brace and its connection to the side frame member, assuse8bin Bd
Figure 91. Hardening curve used to define B®&luminum end plates. Data due to Ambriz and Jaramillo
32 PSSR 87
Figure 92. Connection method for each end plate considered in the experimental curriculum....87.
Figure 93. High speed camera images and synchronized model predictiofis témt BHowing the
deformation modes from the outboard SIde VIEML..........ccoeiiiieeeeeeeiiiiiiiie e 88..
Figure 94. High speed camera images and synchronized model predictiofis temt BHowing the
deformation modes from the outboard ISOMELriC ViEWi..........ccuuvvimmmmriiiiee e ceeeeee e 89
Figure 95. High speed camera images and synchronized model predictiofis tmt BHowing the
deformation modes from the top view. Thigelog base is noted to shear off at approximateis B9
Figure 96. High speed camera images and synchronized model presticBdris test showing the
deformation modes from the inboard iISOMELriC VIS, ........ceeieiiiiceeeeeiiiiiee e e 20
Figure 97. Crash sled deceleration profiRddrtest and its respective numerical model Trial. 110190
Figure 98. (a) Crush force and (b) energy absorption for-feah@ds respective model Trial 1101.91
Figure 99. High speed camera images and synchronized model predictiosts timst BHowinghe
deformation modes from the outboard SIde VIEM............cooiiieeeeeeeiiiiii e 92..
Figure 100. High speed camera images and synchronized model predictichstést Bldgowing the
deformation modes from the outboard iISOMELrIC V€W ... ...vuureeiii e rerreee e 92
Figure 101. High speed camera images and synchronizégnediddons for Bé test showing the
deformation modes from the tOP VIEW..........ooi i e 93
Figure 102. High speed camera imagessyarwhronized model predictions for-Bdest showing the
deformation modes from the inboard iISOMELriC VIBM...........uuuuriierreeeeeeeeeeee e eeeeeee e 23
Figure 103. Crash skdgkceleration profile for Bgltest and its respective numerical model Trial. 12024
Figure 104. (a) Crush force and (b) energypaibs for test Beb and its respective model Trial 120294
Figure 105. High speed camera images and synchronized model prémlicBdd test showing the
deformation modes from the outboard SIde VIEW............ooi i emiii e 95..
Figure 106. High speed camera images and synchropideldpredictions for Bdl test showing the
deformation modes from the outboard ISOMELriC ViEWi..........oouuvvimceeriiiiee e ceeeeee e 95

XViii



Figure 107. High speedmera images and synchronized model predictions-forteBd showing the
deformation modes from the inboard isometric view. Plywood ejected from specimen in both the test and
5] 1 0101 F= LA 0 o PPN 96..
Figure 108. Crash sled deceleration profile fdrtBst and its respective numerical model Trial. 13046
Figure 109. (a) Crush force and (b) energy absorption for-#eah8ds respective model Trial 130197
Figure 110. High speed camera images and synchronized model predicticiistést Blaowing the
deformation modes from the outboard ISOMELIiC ViEWi..........couuivimmmmeriiiiie e ceeeeee e 98
Figure 111. High speed camera images and synchronized model predicticiistést Blaowing the
deformation modes from the inboard iISOMELriC VIEM.........cciiiiiiiceeeeeiiiieee e emmn e 98
Figure 112. Crash sled deceleration profile f@rtBst and its respective numerical model Trial. 14029
Figure 113. Vehicle inboard honeycomb stack buckles upward very early in the efush.of.Bd..... 99.
Figure 114. (a) Crush force and (b) energy absorption for-feah8dts respective model Trial 140200
Figure 115. High speed camera images and synchronized model predictie)sBfdB Bdd BellO tests
showing the deformation modes from the outboard iISOMEetriC VieW.............vvveeeeeeeeeeeeeennennn. 101
Figure 116. High speed camera images and synchronized model predictiesBfdB Bdd BellO tests
showing the deformation modes from the inboard iSOMetriC. VieW. ..........vvvimeccceeeeieiiiiiinne, 102

Figure 117. Crash sled deceleration profile far Bd3 and BellLO tests and their respective numerical model

I = L 0 P PEPR PP 103
Figure 118. (a) Crush force and (b) energy absorption for tast8d8] Bd10 and their respective model
I = L 0 USRI 103

Figure 119. High speed camera images and synchronized model predicticAstést Bldowing the
deformation modes from the outboard SIHRIV..............ccooiiiiiieeeecie e 104
Figure 120. High speed camera images and synchronized model predicticAstést Bldgowing the
deformation modes frothe inboard iISOMetric VIEW..........cooiiiiieeeeeee e 104
Figure 121. Crash sled deceleration profile rtBst and its respective numerical model 6064l 1..105
Figure 122. (a) Crush force and (b) energy absorption for-8eah8dts respective model Trial 160105
Figure 123. High speed camera images and synchronized model predicticBstést Bldgowing the
deformation modes from the outboard Side VIEWL. ..........cooiiieeeeciiiiiiie e 106
Figure 124. High speed camera images and synchronized model predicticBstést Bldowing the
deformation modes from tlo@itboard ISOMELNC VIEM...........eeiiiiiiieie e 107
Figure 125. High speed camera images and synchronized model predicticBstést Bldgowing the
deformation modes from the tOP VIEW............ooo oot eeeeee e s 107
Figure 126. High speed camera images and synchronized model predicticBstést Blaowip the
deformation modes from the inboard iISOMELriC VIEW.........ceiiiiiiieeeeeeiiiieiee e emee e 108
Figure 127. Crash sled deceleration profile f6rtBst and its respga® numerical model Trial 1710.108

XiX



Figure 128. (a) Crush force and (b) energy absorption foréemt @8is respective modekrl'ii710 calculated
from the accelerometer data and PrediCtiQNS...........oivieeercceiriee e mme e 109

Figure 129. Images of the final deformed shape ofspacimen after impact testing to highlight the
differences and similarities in crush modes between the nine test specimens. Shown in the top down view,
centered on the foremost shock tower support. No mode is identified for speebr@ndddhis test
WaB Interrupted PremMatUrEIY...... ..o e e e 111

Figure 130. Images of the final deformed shape of each specimen after impact testing showaardthe outb
side view. No mode is identified for specimeb Bidce this test was interrupted prematurely.112

Figure 131. Final crash stedsh distance measured for each test along with the total energy absorbed by the
honeycomb stacks during the Crash @VEML............ovvii i eeee e 113

Figue 132. Baseline front end module energy absorption plotted as a function of crush mode and crash sled
(o £ U 0 551 ¢= o =T PRI 114

Figure 133Summary of the average measured peak force, average force and energy absorption for each test
specimen as a function crush distance. Data is averaged for all test specimens extept(fat Bd t hi c k
end plate) which is omitted due to outlier peak foxdeBd6 for which there was a load cell data
acquisition failure. Error bars show maximum and minimum forces and. energy.................115

Figure 134. Correlation of numerically modelled predictions to the measured test results for initial peak force,
crash sled crush distance and energy absorption. The bars represent the measured results while the error
bar taib represent the modelled prediction...........cccooiiieeeeeee e 116

Figure 135. Comparison of predicted deformation from the full vehicle model to the dhicimspeeimages
from Bd4 and Beb in the outboard side view. Specimed®did not have an outboard side view, and
is therefore omitted from this figure. Note that the front end module is isolated from the full vehicle
model for ViSUaliZation PUIMPOSES. ......euiiiiiiiiiteeemeiie ettt mmme e et e e e et emneneeeeeeeeeaannes 118

Figure 136. Comparison of predicted deformation from the full vehicle model to the high speed camera images
from Bd4, Bd10 and B-6 in the outboard isometric view. Note that the front end module is isolated
from the full vehicle model for visualization PUIPOSES..........oiuuiieeccmrieiiee e meeeee e 119

Figure 137. Comparison of predicted deformation from the SUV model to the high speed camera images from
Bd-4, Bd10 and Béb in the inboard isometric view. Note that the front end module is isolated from the
SUV model for viSualiZation PUIMPOSES.......uuuiiiiiiiiieeeeeeairreee e e e e st eeesmn e e e e e e s st s emmneeeees 120

Figure 138. Final deformed shape of each crush mode along with the predicted deformed shape from the SUV
model. Specimen Bdhadeen included in Mode 3 to highlight theh@pe buckled structure...121

Figure 139. Predicted velocity history of the SUV modeboeintm the measured velocity histories for
representative tests of the Mode 1-4Buhd Be3), Mode 2 (Bd0) and Mode 3 (B&) deformation

XX



Figure 140. Predicted crasstional forces from the SUV model and representative models for the Mode 1
(Trial 1301), Mode 2 (Trial 1501) and Mode 3 (Trial 1710) deformatian.types....................123

Figure 141. Predicted peak forces calculated from the first thrseaioral force planes (FP) for the SUV
model and representative models of the Mode 1 (Trial 1301), MaodelB@L) and Mode 3 (Trial 1710)
deformation types at the initial, second and third peaks..............cceeeeeeiiiiiiiiiiei s iieeeeee s 124

Figure 142. Failure of two spot webd the upper flange of testBdhown by the (a) infrared red high speed
camera image and (b) optical high speed Camera............uveeeeeeeeiiiiiiiiiicciccreeeeeee e 125

Figure 143. Side frame member crush tip spot weld failure (monitored from the failure parameter) quantity and
locations from the SUV model, as well as the Mode 1 (Trial 1301), Mode 2 (Trial 1501) and Mode 3 (Trial
0 o =) (o] (o] TR 4 01T PPN 126

Figure 144. Side frame member showing the production material and thickness along with the ideal hot
stamping mateti replacement, ShOwWn iN italiCS..............oooiiimiiee s 128

Figure 145. Exploded view of the (a) three component production JAC590R side frame mgnbgo and
component Ductibor® 1008S/Usibor® 1500AS tailorwelded hot stamped side frame memb&0

Figure 146. Location of TWB widiltks and the length of each crush zone in the (a) production side frame
member and (b) tailevelded hot stamped side frame member.............ccooeeeeeeeeiiiii, 131

Figure 147. Thickness and sheet material used in the crush tip and middle section of the (a) production side

frame member and (b) taileelded hot stamped side frame member...........cccvvicennnns 132
Figure 148. Numerical model of the tailelded hot stamped front end module............................ 133
Figure 149. Modelled, strain rate sensitive, constitutive behaviour of Usib&® (f&8i@ Omeet al[56])

and Ductibor® 1060\S (from Abedini and Samadian [91]).............eooo i eeeieeiee e 134
Figure 150. Fractuteciof Usibor® 150AS (from ten Kortenaar [13]) and Ductibor® 1880(from

Samadian and L& [92])-.......uuiiiiiiii i ceeeeee et eeeree e e e e 135

Figure 151. Mesh regularization curves used to scale the equivalent fracture strain of UsN$(@®oh500
ten Kortenaar [13]) and Ductibor® 1098 (developed by Samaditial[93]) with respect to mesh size.

Figure 152. Numerical parametric study of the Usibor@AS@0ail thickness (red) at 1adn (Trial 3801),
1.2mm (Trial 3802)1.4mm (Trial 3800) and Iném (Trial 3803) showing the predicted deformation
(top) and effective plastic strain (bottom) at a crash sled crush distanoewf.350................. 137

Figure 153. Crush response of the two componemweailded hot stamped side frame member (Trial 3800),
highlighting the crush tip flange spot weld failure, crush tip consolidation without buckle in front of the
shok tower support (1) and buckle after the shock tower suppart.(2)............cooceeeeeeeveeeeeen. 138

Figure 154. Outboard side of the tatetded hot stamped sittame member with (a) topology of side frame

member identical to production, (b) addition of fold initiators. The deformed side frame member

XXi



(topology identical to production) is shown on the right to highlight certain aspects of the deformation.

Figure 155. Inboard side of the taileided hot stamped side frame member with (a) topology of side frame
member identical to produwi (Trial 3800), (b) the addition of fold initiators (Trial 3809) and (c) the
predicted deformation of the crush tip section using the baseline topology (Trial.3800).....140

Figure 156. Top view comparison of the taillded hot stamped side frame member crush response (a)
before (Trial 3800) and (b) after the addition of fold initiators (Trial.3809)............c.c.ceeeeeennn.. 141

Figure 157. Outboard isometric comparison of the-taloled hot stamped side frame member crush
response and crush tip spelavfailure (a) before (Trial 3800) and (b) after the addition of fold initiators
QU= UG <0 ) USRS 142

Figure 158. Crush force and agercrush force for the baseline esestion tailowelded hot stamped side
frame member with (Trial 3809) and without (Trial 3800) the addition of fold initiators compared to the
baseline front end module model (Trial 21710).........cccoii it ieeeeee e 143

Figure 159. (a) Current cresgtion and (b) proposed vertical flange -sexgion of the tailewvelded hot
stamped side frame MEMBEL....... ... e e e ee e e e e e e e 144

Figure 160. (a) Original side taietded hot stamped side frame member geometry compared to the (b)
proposed vertical flangglorwelded hot stamped side frame membet..............ccccceeeeeeeeeeen. 145

Figure 161. Top view of the vertical flange taibtded hot stamped side frame tmen(Trial 3900) showing
the crush response Of the SITUCIULE. .........uuuiiiiiicccccee e ereeeee e e mmeeeee s 146

Figure 162. Deformation of the vertical flange geometrywali@d hot stamped side frame member (Trial
3900), highlighting the crush behaviour and spot weld failure (white dashed.circle).......... 146.

Figure 163. Outboard view of the vertical flange-tedlldled hot stamped side frame member (a) without the
addition of fold initiators (Trial 3900) and (b) with the addition of fold initiators (Trial. 3920)147

Figure 164. Inboard view of the vertical flange-tedlmred hot stamped side frame member (a) without the
addition of fold initiators (Trial 3900) and (b) with the additifmtdoihitiators (Trial 3920)......... 148

Figure 165. Schematic of the finalized taidded hot stamped side frame member showiragddipted
alloys and thicknesses, with the corresponding production JAC590R material thicknesses shown in italics.
............................................................................................................................................ 149

Figure 166. Prexled crush response of the (a) baseline front end module model (Trial 1710) and (b) the front
end module model with finalized tail@lded hot stamped side frame member (Trial 3920)..150

Figure 167. Contours of maximum damage parameter for thevdldk hot stamped side frame member
crush tip (Trial 3920), shown from the outboard side view (top) and top view (battam)......151

Figure 168. Predicted velocity history of the-imé@ted hot stamped side frame member (Trial 3920), within
the front end module, compdr& the baseline front end module test result§)Bad numerical
predictions (Trial L71Q).......ccoeiiii i eeeeeee e e e e e e e e e e e e e e e s e e e s eenenes 152



Figure 169. Predicted tdtaice and average total force from the baseline front end module model (Trial 1710)
and the tailowelded hot stamped front end module model (Trial 3920)..............oecceemeneeeen. 153

Figure 170. Predicted occupant compartment intrusion for the (a) baseline front end module (Trial 1710) and
(b) tailorwelded hot stamped front end module (Trial 392Q).............ccoimmmmreeiiiiiiiiiiieeeeeee s 154

Figure 171. Spot weld failure location (based on the predicted failure parameter, or damage initiation) in the (a)
baseline (Trial 1710) and (b) taMetded hot stamped front end moduléa{13920) configuratiodss

Figure 172. Tailawelded hot stamped front end module demonstrating the controlled folding befiaviour
the crush tip region and low severity of spot weld failures.............ccceeeeciiiii e 155

Figure 173. UNCAP Full Width Rigid Barrier SUV frontal crasideh with (a) the production JAC590R
side frame member and (b) the repl ac-wealdecnhot of t h

stamped side frame member (red dashed.DaX).............ooimmmeeiiiiii e 156.

Figure 174. Crush response of the (a) production JAC590R side frame member anddlnethitamt
stamped side frame member in the SUV niemeng al cr .
LT T A = 1 PSSR 157

Figure 175. Maximum damage parameter contoured on the crush section oftkktalbot stamped sid
frame member, within the SUV model, shown from the outboard side view (top) and top view (bottom).

Figure 176. (a) Velocitythiy and (b) deceleration profile predictions for the SUV model with production
JAC590R and tailevelded hot stamped side frame member configurations......................... 159

Figure 177. Crosse ct i onal crush forces predicted along the
and tailoiwelded (TW) hot stamped side frame member configurations, within the SUV.maéél.

Figure 178. -&il displacement into the passenger compartment, measured from the top flange, for the
production JAC590R and taileelded hot stamped sitd@me member configurations.............. 161

Figure 179. Side frame member crush tip spot weld failure (monitored from the failure paratitgtandgua
locations from the SUV model with (a) production JAC590R side frame member and (b) vertical flange
tailorwelded hot stamped side frame member..............ccceeeeeeii e 161

Figure 180. Spot weld failure demonstrates low severity due to sequential folding that occurs-in the tailor
welded hot stamped side frame member, within the SUV model...............cccceeiiiiiiiiiiinnn. 162

Figure 181. (a) Fidingth tailowelded hot stamped side frame member in the front end module showing the
cut line for (b) the tailawelded hot stamped Crush Lip.......cccooooii e 164

Figure 182. Exploded view of the tailetded hot stamped crush tip, showing the main rail and enclosure
panel sections and their respective matedidhigkness Composition.................eeevvccccveeinnnes 166

Figure 183. Hot forming process as modelled in AutoForm. Shown for the main ragetizomel... 166

Figure 184. (a) Hardening response of 22MnB5 hot forming material model. (b) Forming limit curves for
22MnB5 hot formingnaterial model.............ooo oo iiiceeeeee e ———————— 168



Figure 185. (a) Taitarelded blank dimensions. (b) Taiketded blank showing the nesting of both the main
rai and enclosure panel blank. (c) Final blank shape for both the main rail and enclosure. pé@el.

Figure 186. Adaptive mesh refinenstowing the evolution of both the main rail and enclosure panel blank
meshes from the original to final part mesh...........ccvvieeeeee e 170

Figurel87. Crash form tooling for both the main rail (a) and the enclosure panel (b) showing the discretization
of the rigid tooling into triangular fACELS............oiiii e 171

Figure 188. Difference in meshes used between (a) the hot stamping model (AutoForm) and (b) the crash
model (LSDyna), demonstrated with the enclosure panel companent...............cccceeeeeeeeeeen. 172

Figure 189. Forming history thickness mapping for thewaibed hot stamped crush tip (a) main rail and
(D) ENCIOSUIE PANEL........oiiiiiiiii e e e e e e e e e e e e e s e e s s s e e e eaeeeseeeeeeaaaaaaaaeeesnnnnnnernees 173

Figure 190. Common features to both die sets such as flipper gauges (red arrows) and pilot pins (blue arrows).
............................................................................................................................................ 174

Figure 191. The single die shoe shown with the interchangeable die inserts from the (a) main rail and (b)
ENCIOSUNE PANEL......eiiiiiiieii i eeee ettt mme et e e e e s st mmme e e e et e e e e s e s s b ee e e e mnenneeeeeeesane 174

Figure 192. Enclosure panel crash form tooling identification of the four sections of the tool, the flipper gauges
(red arrows) and pilot PiNS (DIUE ArTOMIS).......civiiiiiii e e e e e e e e eenne s 175

Figure 193. Main rail crash form tooling with identification of the four sections of the tool, the flipper gauges
(red arrows) and pilot PiNS (DIUE ArTOWS).........uuuuiiiiiiccereee e e e eeeeee e e e e s s eeseeeeeeeeeeeeeeeeeeeeee e e e mmnnnnes 176

Figure 194. (a) Locations of the offset added to the fold initiators on the main rail part and (b) schematic of
NOW the OffSEt IS BNTEU.........uueiiiiiiiiiiit e eee e e ee e ee e e e e e e e e s mmmmenaaeeeeeaeeeeneeneean 176

Figure 195. The 120 ton hydraulic press with main rail tool setup showing thedt&blotis and-2-3

blocks to miee up the difference in shut height.............ooooi e, 177
Figure 196. 120 ton Macrodyne hydraulic press with Deltech furnace............ceeeeeeiiiiiiineeeenn. 178
Figure 197. Thermocouple locations omix0to 1.2nm Ductibor® 100AS main rail blank............ 179

Figure 198. Temperattuime history measured by the thermocouple equipped main rail blank...180

Figure 199. Hot stamped (a) main rail and (b) enclosure panel.paris............ceeeeeeiiiiiiieieeennnnne 180

Figure200. Main rail part upper flange (a) forming simulation showing 13% and 14% thinning and (b) formed
part demonstrating that no splitting has OCCUILE............oiiieeeeceiiiie e 181

Figure 201. Main rail part lower flange (a) forming simulation showing 13% thinning and (b) formed part
demonstrating that Nno splitting has OCCULLEM. .........oo i 182

Figure 202. Enclosure panel part lower flange (a) forming simulation showing 22% thickening and (b) formed
part demonstrating that no material fold over has occutred.............oovccccceiiiiiiiiii e 183

Figure 203. Hardness sample location and Rockwell C hardness value for the (a) main rail and (b) enclosure

2T TS I = L £ PP 184

XXIV



Figure 204. Hardness sample locations and values for the Vickers Hardness measurements conducted by Yau
[99] on the (a) main rail and (b) enclosure panelparts............c.ceecccereriiiee e 185

Figure 205. Tailewelded hot stamped crush tip assembly, highlighting the production components required
FOr ItS ASSEMIDIY... ...ttt e e e e et e e mmmmme e ——————— s 186

Figure 206. Laser trimmed (a) main rail and (b) enclosure panel parts............ceeeeeiiiciineeeeennne 1%

Figure 207. Production front bracket does not interface with the vertical flange design for the hot stamped
enclosure panel. (a) Highlighting interference and (b) gap between freinahdaekclosure parisl7

Figure 208. Redesigned front bracket that eliminates interference and.gaps..........cccceeeeeieneeee. 188

Figure 209. Steps required for the front bracetméng: (a) starting with a production front bracket, (b) the
top flange is trimmed off, (c) thentheelge f |l at f ace i s pressed to the
face and (d) a fold initiator is formed into the reshaped.face............co e e 189

Figure 210. Reforming of the production front bracket broken down into two stages: Stage 1 (left) the bracket
face is reformed to match the enclosure panels inner face, Stage 2 (right) fold initiator is formed into the
o] 7= 1o = PSPPI 189

Figure 211. (a) Interference between the front bumper beam extension plate and the vertical flange geometry.
(b) Trimmed fronbumper beam extension plate to accommodate new flange geametry.....190

Figure 212. Internal and external components effected byrtge théorming draft angle on the main rail.

Figure 213. Front bulkhead mounting collar (a) template assembly and (b) tesmlalie insvicgrip,
highlighting spot weld flange to beshaped (red)..........cccooiiiiiaecce e 191

Figure 214. Front side frame stiffenefléapges (red) being-shaped in viegrip and (b) then checked for
correct fit Using the temMpPIate.........c.oo oo e 192

Figure 215. Inner collar nmding bracket template in vigep, with the spot weld flange to beshaped

LaTTe] o] 1o 01 C=To I (g=To N 192

Figure 216. (a) Front brackeshaping template assembly and (b) the location of the spot weld flange to be
(=2 g F=T o 1=To I (1= ) IO PP P PP TPPTPPPI 193

Figure 217. Front bulkhead teatplin vicegyrip, with the spot weld flange to bamaped highlighted (red).
............................................................................................................................................ 193

Figure 218. Schematic of the taNefded hot staped crush tip crash test setup............ccooeeeeennen. 195

Figure 219. Numerical model setup for the 4astded hot stamped crush tips, shown th@inboard side

Figure 220. Rigid body load representing the load on the crash sled due to the haneycomb.....197

Figure 221. Predicted crush response, shown from the top view, of thel@ddldhot stamped crush tip (a)
without the inclusion of thinnipgedictions (Trial 4019) and (b) with the inclusion of thinning predictions
QI U5 1 1 ) RPN 198



Figure 222. Predicted crush respdrmm,the outboard isometric view, of the taitetded hot stamped crush
tip (a) without the inclusion of thinning predictions (Trial 4019) and (b) with the inclusion of thinning

Predictions (Trial 4103)........uiiiiieeiiiieeeame e e e et mmme e e e e e e s sab e mmme e e eeeaeeesaannseeeeemnnnes 199
Figure 223. Predicted crush force of the taidded hot stamped crush tip with (Trial 4103) and without
thinning predictions (Trial 4019) aCCOUNTEA. 0N ......uviiiiie i eeeeeee e e 200

Figure 224. Predicted crush response of thevailded hot stamped crush tip (Trial 4103) compared to the
baseline front enchodule (Trial 1710) and taileelded hot stamped side frame member (Trial 3920),
SNOWN IN ThE TOP VIEW......iiiiiiiiiie et eee e e ree e sreeeee e e e e e e eeenenns 201

Figure 225. Maximum dageaparameter contoured on the tailelded hot stamped crush tip (Trial 4103),
shown from the outboard side view (top) and top view (bOom)...............cceeeeeeiviieeeeeeeeeee, 202

Figure 226. Velocity history for the baseline front end module té¥afBtimodel (Trial 1710), tailelded
hot stamped side frame member model (Trial 3920) and theveldled hot stamped crush tip model
Q= LR 5 10 ) SRR 203

Figure 227. Predicted total force and average total force from the baseline front end module model (Trial 1710),
the tailorwelded hot stampeae frame member model (Trial 3920) and the-talded hot stamped
crush tip Model (Trial 4L03)........oiiiiiiie e e e eeernnn e e e eaeaaaaaeaaaeas 204.

Figure 22&8redicted peak forces and associated percent error from the baseline front end module model (Trial
1710), the tailawelded hot stamped side frame member model (Trial 3920) ametdéddrhot stamped
crush tip Model (Trial 4L03).......coiiiiiiiee e e e e e e e e e eaaaaeaaeeas 205.

Figure 229. Predicted spot weld failure location and quantity occurring (monitored with the failure parameter)
in the (a) baseline, (b) taielded hbstamped side frame member and crush tip configurati@os.

Figure 230. Outboard isometric view of the taitdded hot stampedush tip demonstrating the low severity

Of SPOt WEI FAIIUIES. ... e e e e e et e e e 206
Figure 231. (a) Production JAC590R crush tips test by Peistemi&jed to the (b) baseline front end
module, with production JAC590R side frame member............coovieeeeeee e, 210

Figure 232. Crush forces frbaseline front end module tests-{B8d5, Bd4, Bd2, Bd3, Bd10 and Beb)
and their average compared to the héaftd JAC590R crush tip sections, tested by Peister [19], and their
oY [T = T [ PO PPTPTRR PR 211

Figure 233. Deformation of the crush tip sections an@?0f crash sled crush distance from the baseline

front end module tests with one of each end plate configuratiensvsdthe ® t hi ck end pl

excluded), the crush tips tested by Peister [19] and the SUV.madel............cccceeiierniinnnen. 212

Figure 234. Comparison of the lengte, et mat er i al thicknesses and incl
[19] tested JAC590R and modelled Ductibor@=0€rush tips, as well as the (b) modelledwaglded
hot stamped Ductibor® 10@05 Crush tipS.........cooooiiiii it eeeeee e 213

XXVi



Figure 235. Comparison of the (a) crush force and (b) energy absorption for the DuctibAa8RAs00tip
model, JAC590R crush tips tests and their average dwsteio[P@j and the Ductibor® 58& crush
tip model due t0 PeiSter [1Q].......cc.uiiiiiiee e e e 214

XXVil



List of Tables

Table 1. Chemical composition by maximum weight percent of@J$8@BAS, Ductibor® 1068S and
Ductibor® 500AS from ArcelorMittal [33]........ceeeiiiiiiiiieeereeiee e mmme e 11

Table 2. Parameters used to define the single surface contact defindiyman.LS...................cc..... 43

Table 3. Design specifications to evaluate the baseline front end module-amedd@ildrot stamped (FW

Table 4. Order of testing, the associated specimen identification and key features from each of the tests. Note
that oBdo refers t.o..0Bas.el..ne..demaons.t.r.at7r 6.

Table 5. Southern Pine Wood material properties with moisture content of 30 percent, from Qtl83 [87].

Table 6. Predicted displacement of the side frame mermabeseStion at peak impact.................... 124.

Table 7. Evaluation of the proposesdiiae front end module against the design specificatians...127

Table 8. Calculated thickness of the Ductibor®AS0€rush tip and isdle section.............c..ccc..... 132
Table 9. Spot weld axial and shear failure loads fiamlafd 1.8nm Ductibor® 100@\S from Tolton [94]
andUsibor® 150AAS fr om OG6.Ke.ef.fie . f.6.5] e, 136

Table 10. Characteristics of the proposed-tedlded hot stamped side frame member cechpgarthe
baseline production side frame member, including: number of components, total mass and total number
OF SPOLWEIAS.......co o et eeereea e e eaeeeeeeeeeeeseeennneensesasseneeeees 149

Tabk 11. Predicted peak forces and associated percent error from the baseline front end module model (Trial
1710) and the tailavelded hot stamped front end module model (Trial 3920)...................... 153

Table 12. Evaluation of the proposed tavelded hot stamped side frame member, within the front end
module (FW HS Model) and SUV modelIr HS SUV), using the design specifications....... 163

Table 13. Air cooling heat transfer coefficient versus the blank temperatute............ccceeeeeeeee.n. 167

Table 14. Heat transfer coefficient as a function of contact pressure between the tooling.and.dl&rk.

Table 15. Basic properties of 22MnB5 hot stamping steel material.............coeceeeiiiiiiiiiiiiiieees 168

Table 16. Evaluation of the proposed taveided hot stamped crush tip, using the design specifi@éfons.

Table 17. Index of each numerical model used throughout this.thesis.............ceccccviiiiiiieinnnnes 230

XXViii



olron seemetlsimplemetal, in its nature are many mysteries, and men who bend to
them their minds shalh, arriving days, gather therafrgreat profit, not to
themselves alone but to all m

0 attributed to Joseph Glanvill (1G38680)

XXIX



Chapter 19 Introduction

Regulating bodies around the world continue to push automotive manufacturers to reduce the fuel
consumption of their vehicl€siel economy standards such as the Corporate Average Fuel Economy (CAFE)
in the United States pressameomotive manufacturerscanstantlyneetncreasing fuel standards or be faced
with monetary fined.ccording ta report from th&lational Highway Traffic Safety Administration (NHTSA)
the average required fuel economy of passenger vehicles wilfioor&8640.1 miles per gallon (mpg) to
55.356.2mpg (28 percent increaBejm 2017to 2025 Similarlylight trucks (includingport Utility Vehicles
(SUVs)) will see an increase from-29.4 mpg to 39-80.3 mpg (26 percent increase) from 2017 td 025
Increases in fuel economy standards have automotive manufacturers researching and néeweloping
technologies to help reduce fuel consumpitiefuding reducing drag through aerodynamitsmproving
efficiency of powertrains suchhgbridgaselectric vehicles.

Improvements to fuel economy can also be achieved through the reduction ofashiakaich is the
focus of this thesis. A report from MiTLaboratory for Energy and the Environnmojectsa 4.5 to 8
percent reduction ifuel consumption for every 10 percent decrease in vehicle[Rleldie prospecof
reduced fuel consumption has peaked a lot of intereseardhngalternative materials that maintain vehicle
safety standards and performance but are lighteight.Alternative materials considered in vehicle light
weighting include fibre reimfed composites, light metals such as aluminum and magnesium, and advanced
steels such as Advanced High Strength Steel (AHSS) ahligbl8&ength Steel (UHS3)

The focus of this thesspress hardenddHSSsheetwhich hagnhanced specific strength and thus a
great deal of potential for weight savingedyin-white (BIW)components. Press hardened UHSSthise
hot stamping manufacturing process, which involves the heating of atmirsheet in a furnace with
simultaneourmingand quenchingf the parin a chilled die. Ultimately, a part is produced with a primarily
martensitic microstructure, hence the high strength properties. Additionally, hot stamped materials can be
formed into complex geometries without worry of springback, which is a source of much complication in the
cold forming processisdiscussd by Moriet al[4]. Though conventional hot stamped steel2ZMnB5
exhibit high stregth they also tend tasglay relatively low ductilitigus conventional hot stamped steels are
often usedfor occupant compartment intrusion resistanceldsst attractivéor frontal impact energy
absorption.

Traditionally, automotiveanufacturersave made extensive use of UHSS, sudsilas® 1500AS
for antkintrusion applications, bo&ve been hesitant to adepth alloys frontal crash applications due to
its susceptibility to fracture at low strains relatil@mer strenp advanced higstrength steels (AHSS).
Recent developments in the realm of hot stamped stedésibmbégher ductility options becoming available,
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namely Ductib@® 1000AS and Ductibo® 506AS Thesehigher ductility hot stamped materidisplay
promising frontal crash characteristics, suehtenced@npact energy absorption and resistance to fracture,
while maintaining relatively high strength levels, thus nialgtigo® 1000AS and Ductibo® 500AS

attractive materitio consider in vehiclglit weighting.

Recent developments to UHSS tailoring techniques, namelyefaiént blanks (TWBSs) have made it
possible for a singtet stamped part to combittee high strength and rigidity Okibo® 1500ASin one
region,with the higher ductility and impact energy absorption poterilactibo® 1006AS in another
region of the partThis combination of impact energy absorption and passenger compartment intrusion
resistanceuggests thpotential for the use of hot stagtbmaterials in frontal crash energy management
structuresin order todemonstrate the appropriateness of Usihgtamped steels in frontal crush structures

the research presented in this thesis has been conducted.
1.1 Automotive SheetSteel

In regular awmobiles the BIViAnd chassis typically accdont58 percent of the total vehiateass
according to Tisza and Czinfg]eOn averagetexl (of various compositions) makes up 55 p¢stehthe
components used to assemble the BIW and chassis, with the next closest material being aluminum alloys at
only 9 percent he steel sheet used in vehicle structures can vary greatly in both tensile strength and elongation
at failure, as shown Figurel. This figure shows that mild stegith tensile strengths ranging from-250
380MPa have a very high amoaih¢longation before failukghereatot stamped 22MnBieelith tensile
strengthsof 13001600MPa exhibit relatively low amount of elongation at failure.

50
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40 1
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0
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Figure 1 Elongation as a function of tensile strength for various groups dfstehrbasian and Tekkaya

[6].



The BIW of the 2016 Hondrilot (Figure?) illustrates the tensile strength range of steel sheet used in a
large SUVIt is observed from this figure tmain-crash relevarstructural components are made from low
strength (27MPa) mill steel, crash energy absorbing structures such as the front and rear crush rails are made
from 590MPa dual phase steel, and occupant compartment intrusion resistant gsurtiuaeshe-Billar
and door sillire made from steels wiiBOMPa and geder strengths. In the occupant intrusiostaedi zone
one such steaked is hot stamped UHSS with a tensile strength of 1500 MPa. It is quite cleastfeogtthe
levels present in tlEW shown inFigure2 thatcurrent vehicles have already undergone significant weight
optimizationthrough increased material strendtbs/ever opportunity to further reduce vehicle weight still

exists.

Upper View

Magnesium

V' Steel Tensile Strength
Legend

| 270MPa |

Aluminum——»

Lower View

Figure 2. Bodyin-white for the 2016 Hondgilot is mainly comprised of steel, with press hadd&HSS
used for the door ringom Honda[7].

1.1.1 Hot Stamping
The concept of heating steel in a furnace to impoovebility has been around for centubes
Japanese sword makers are attributed with being the first civilization to underdiectd thatadoling rate
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hason the overall chacteristics of a stdalhde. kayers of a clay mixtungakibatsuthvere applied to the
exterior of the bladerior to heating so thapon submerging in water tpgench rates throughout the blade
could be locally controlled and the mechanical properties of the sword optimized (martensite at the edge of the

blade for ede retention and pearlite/ferrite at the ridge opposite the edge for toughness and&uctility)

The modernpractice of quenchirfgrnace heatedoron alloysteel has become a science in which
process parameters can beiquketusly monitored to achieve optimal microstructlioggy, hot stamped
steels are mainly used in the automotive industry for structural chassis tesycnas: Aillar, Bpillar,
roof railsyoof side stiffenerndrear crush rails as shownhie 2016 Honda Civic BIWigure3). According
to Hu et al[9] the usage of hot stamped boron steel in VOLVO vehicles has gradually risen from 7 percent in
the XC90 models tb7 percent in the S60 series, which is expected to reach 45 percent of the total BIW in the

future.

—_

Front Inner Upper Pillar

Front Pillar Upper Stiffener

Front Side Frame Extension

Side Sill Reinforcement
Roof Side Stiffener
Roof Front Rail

Center Pillar Stiffener

O |IN|O|O DO N

Rear Frame

Figure 3. Applicaion of UHSShot stamped ste#lustrated in the 2016 Honda Civic, adapted from Honda
[10}

Hot stamping is differentiated from cold stamping through two distinct processes, namely austenitization
and quenchindiccording to the FEeC diagram, the A¢austenite formation temperature on heating) and
Acs (completed transformation temperature of ferrite to austenite on heating) temperatures of hot stamping
steels aré75°C and 25°C, respectivell1] In order to ensure full austenitizatibaron steel blanks are
heated in a furnace to temperatures betweedb900 (well above the Atemperaturegnd allowed to soak
at this tenperature for-% minutesin a studyonducted by Ztbu et al[12]the austenitization temperature
and soak time were investigated. The results of this study showadtémitizing €00°C provided the
maximum tensile strengthith temperatures below 9@ showindarge reductions in tensile strength and

temperatures above F@Wshowing gradual reductions in tensile strefgtistudy also showed that an oven



soak time of 4 minutes corresponded to the maximum tensile stnétigtiradual reductions in tensile
strength for times above 4 minutdiimately, highesven temperaturégreater than 90C)and longer soak
times(greater than 4 minutggjoducelarger grains antbarser microstructureggsulting in lower tensile
strength and hardng42]

There exist two forms of hot stampingadays processing environment: direct hot stamping and
indirect hot stampin@rigured). In the drect hot stampingrocess boron steel blank is heated in a furnace
until full austenitization has occurr@éter soaking in the hot ovemduntila | | of the steel d
transformed to austenitbe blankstransferred to the presghere the part will be formed. Typically, transfer
of the blank is done using robotic systems for rapid and repeatable results. It is important during this stage that
the blank is transfedeelatively quickly as heat loss from the blank will decrease its formability and may result
in unwanted phase transformation prior to the forming operétieronly difference between direct and
indirect hot stamping up tiois point is that the blardgreformed in a cold forming operation prior to being

austenitizedh the indirect hot stamping process

(a) direct
hotstamping
D ';'>—-— » wr

Blank Austenitization Transter Formingand Part

quenching

(b) indirect

hotstamping
‘ ©

Blank  Cold pre- l(nmm Austenitization Transter  Calibration Part

and quenching

Figure 4. Hot stamping process flow diagrataydirect hot stampingb) indirect hot stampingdapted
from Karbasian and Tekkdga

Once the blank is transferred from the furnace tavdbercooleddie set it is formed to the desired
geometry, as dictated by the design of the die set (in the case of indirect hohlgsmakcalibrations are
made to the initially cold formed pafif)e formed part is then held under the press tonnagetdotO
secondsguenching the hot blank due to contact with the chilleddomdrding to Merkleiet al[11]if a
criticalcooling rate of 27 Kds exceeded during the queractiffusionless martensitic transformation will be
induced.The continuous cooling transformation (CCT) diagtewn inFigure5 illustrates th complete

transformation of austenite to martensite with a cooling rate greater thamf AoWsver, the critical cooling



rate is not achievéleéss tha7 Kst) a bainitic or ferritipearlitic microstructure will be produced depending
on the cooling rate obtaingd [11] [13] [14] [15]and[16]

T,= 950 °C t,= 300 min
Austenitization

Ac, -

Ac, —
Cooling rate < 27 K/s
Cooling rate > 27 K/s

Heating Forming
and
quenching

>
>

Figure 5. CCT diagram of 22MnB5 under various quenching ratestekoarsgemicrostructurethat can

be achieved through the quenching prpadspted &m Merkleiret al[11]

Merklein and Svét7]conducted a study into the effect that deformation temperature, cooling rate, true
strain and strain rate have on the transformation of austenite to martensite. They found that the deformation
temperature and queh rate had the largest influence on #indriess and microstructure formed. They also
found that when plastic deformation occurred in the austenitetpégdese regions shift leftwards on the
CCT diagranfFigure6), thus requiring higher quench rates to produce a fully martensitic microstructure.
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Figure 6. CCT diagram showing the effect of-geformation on the phase transformation of austenite
adaptedrom Merklein and Svt7]



1.1.2 Hot Stamping Process Tailoring Methods

Safety demands wgéhicle bodyn-white structuredave led to developments in the hot stamping
process, such as local adjustment of component mechanical properties. These local adjustments allow for
separate regions with excellent intrusion resistance and regionsrgiglabeoeption within the same
component. Variants of the conventional hot stamping process ashitve local adjustments are the use
of tailored serviinished products, such as tail@ded blankd4 (1.2.) or differential cooling through tailored
in die heatingl(1.2.2 Several otherathods of achieving local adjustments, éxiswill not be covered in
detail in this thesis. These adjustment methods include: partial heating of the blanks, variation of thermal
properties of the tool, di e rssuteiwithfthe todnd anngaling | i mi t
(tempering)he quenched componeas described by Merkletral[11]

1.1.2.1 Hot Stamped Tailor-Welded Blanks

A tailorwelded blank (TWB) is a single -homogeneous blarflabricated byoining materials of
different gauge, composition and/or mechanical properties tpgsthleistrated iRigure?. In a TWBthe
proper choice of joining partner controls how the mechanical properties of the component are locally adjusted
TWBSs allow for higher strengththicker material to be used in places where rigidity and staiotogl
arerequiredandthinner orlower strength material to be placed indegsreNoadedocations for weight
savingsin a frontal crush applicatidawer strength and more ductloysmay be selectdédr an energy
absorbing crush tifgr examplewhich can be welded to higher strength and more rigid material for intrusion
and collapse resistandéneraet al[18]and Peistdd9]numericalland experimentaliiemonstrated the use
of TWBsin automotive partsonsisting of Ductib@® 500GAS and Usibd® 1500ASin axial impact energy
absorption and intrusion resistant zones, respectively.

Remaining thin
intermetallic layer
~ 2mm f—
/ AlSi Coating

1- 1.5mm /

Blank A

~ Imm

Figure 7. Laser welded blank of-8I coated hostamping material with differing sheet thickriess,
ArcelorMittal[20]

The most commonly used joining method is laser welding but mash seam and friction stir welding are

otherpracticedoining optionsA difficulty with welding hot stamping material stems from the fact that the
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sheets are covered with arSAtoating to prevent corrosion. According to Elefired[21]if the coating is
welded without being remoyadFeA intermetallic phase is produced, which strongly reduces the mechanical
propertief the joint If howeverthe coating is fully removete corrosion resistance potential is heavily
diminished. In order to maintain the integrity of the,adéber dation process was developed by Elging
al.[21]to removeexteriorfree AlSi coatingo avoid the creation of intermetallic phases during laser welding.
Howeverthis process does not remove the intermediate layer bévetereltand Ai coating for corrosion
protection during and after heat treatment

The propertiesf thelaser welded joint between Ducti®&0CAS and Usib&® 1500AS was studied
by Kang and Kinfi22] In their study they rasured the hardness across the laser weld line and found that in
the fusion zone thieardness was higher than that of the base metal DRCHIDBAS. Samadiaet al[23]
found through tensile testing perpendicular to the laser wellddirfeacture always occurtiebugh necking
in the weaker Ductib8500AS base metal.

Peiste19]researchethe Vickers hardness level of axial hat chalvigs consisting of Ductib®r
500AS laser welded tdsibo® 1500AS. In his studyhardness was measured along the length of the hat
channel section from the top, side and fléorge.2mm, 1.6mm and 1.2/1.6nm material thicknessésis
observed fronFigure8 that the hardness of the Ducti@®®B00AS section is much less than that of the
Usibo® 1500AS sectionhence Ductibo® 500AS is the lower strength material metTWB. It is also
apparent from this figure that the transition zone (at the laser weld line) between the two materials is very small
and was quantified by Peister to be abmrhn length.

650
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450 ! P
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Figure 8. Comparison of the Vickers hardness level along the length of axial hat chaiseetiorsstaken
from the top, side and flangelapted fronPeiste[19]



1.1.2.2 Tailored In-Die Heating

The rate of heat transfer between two cantptiodies is strongly influenced by their difference in
temperaturg24] In-Die Heating (IDH)(also known as tailored tempermgheated tool tailoripgs the
process of heating the toollngallyto control the cooling t@ of the blank. The process works by increasing
the temperature of the hot stamping die such that the difference in temperature between the austenitized blank
and die are decreased. The decrease in temuifestteecalirectly translates taeducedooling rateand
if severe enougttess than 27 K§ the formation of a bainitic and/or ferritic microstructae shown by
Georgeet al[25]and Omeret al[16] The bainitic and/or ferritic microstructures produced through IDH
exhibit reduced strength and increased ductility when compared with fully marteositiccioies.

The tooling in the IDH process can be segmeaseshown ifrigure9, to have separate heated and
cooled zones. Heating is achieved through embedding cartridge hetitete dlitog that when powereah
heat the tooling up to 70Q. Cooling channelseglaced along the length of the other half of thehomligh
whichchilled water can be rud 3mm air gap separates the tool segments, which limits heat transfer from
the heated tool to the chilled tool.

Upper Tool

25°C — 400°C > 25°C

Ceramic Insulation

3 mm Air Gap

Lower Tool

Figure 9. Schematic of segmentegbiBar toolingfrom Georgeet al[25]

The IDH process can be used as a local adjustment method by only heating segments of the tooling in
whichhigher ductility and reducstiength(lower hardness levedsg desired, often this local adjustment is
called the tailored IDH process. Geargal[25] used the tailored IDH hot stamping process -qill&
geometryo produce parts with two distizonesas shown ifigurelQ these zones included a fully quenched
martensitic zong&hilled die regiorgnd a quenched bainitic/ferritic zqiheated die regiorjust through



varying the tool temperature by 4Q0a diferencen hardnessf as much a800 HV is observed in the B
pillar.

500 H CHILLED «——» HEATED  Vickers Hardness
N = 4 s quench V]
¢ + 10 s quench H1 475 :I
457
g a00cc | M ot
g 0 (shimmed) 25
H o
f- 400°C, 4 s quench ot
2 387]
2 300 2 H1 370~
.A“_J H2 352 —
g H 335
; H3 317 ]
200 | = = = | 400°C, 10 s quench 300 -
H1 H2 Ha H4

Measurement Location

Figure 1Q Tailored lakscale Bpillar by Georget al[25] demonstrates the variation in Vickers hardness
achieved using the in die heating process with a chilled die section aGdiee4@@tion.

The process of tailored IDH was appliedrtaxial crush rail top hat geometry in a study by €raér
[16] In this studydifferent levels diardness and microstructofehe hat channel crush tip were produced
through the tailored IDH hot stamping gess, as shown kiigurell The bol temperaturesonsideredh
the crush tipegion of the tooling wee20°C fully quenchedbaseline), a 40C single soft zone, a 70D
single soft zone and a 7@400°C graded soft zone. The stuttymately showed the tailored IDH process
is an effective method of locally controlling the final part hardness.

Fully Martensitic Single Soft Zone -
400°C Legend:
Grey = 12-15°C
Brown = 400°C
Red — 700°C

Single Soft Zone 700°C

Graded Soft Zone

Figure 11 Tailored IDH process applied to axial crush rail top hat geonfreimie®meret al[16]

1.1.3 Hot Stamping Materials
Hot stamping steels prodwcéully martensitior dual phase (ferrittoartensiticinicrostructure when
a hot formirg die quenching operation isfpaned within avatercooledool. To achieve this fully martemsiti
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microstructure special boroontainingalloys have been develofokon as an alloying element, acts as a
hardening agent durinig duenchingproviding the material with excellent hardness and high strength. During
guenchingheterogeneous precipitation of boron cadrdeboron segregation occurs at the grain boundaries
causing increased hardenability by suppressing the austenite to ferrite transéermatimnstrated by
Barcellona and Pallmg6).

During the austenitization stage of the blank, oxide scale formation occurs when cath@dtotith
furnace air occurs. A counter meaagainssurface oxidation and decarburization is to coat the material with
an aluminum silicon (&) codhg, which is applied in a contirus hotdip galvanizing proce3gpically the
initial (prior to austenitization and quenchingligbating thickness iS38Q nper side, as observed by Fan
and De Coomaf27] Yakubtsov and Sohmshef] found that dring austenitization the-8I coating
forms a FeAl intermetallic which grows in thickness as a function of oven soakiBgigineelower forming
limits of the AISi coating layepmpared to the base mateaatoom temperature, coated material cannot be
used in the indirect hot forming processthey are not suitable for cold fornji@}drhe strength of the Al
Si coating is much lower than thaireks hardened UHSS and is thergfpieallysubtracted from the overall

sheet thickness strength calculations, sucldasng crash modelling

The hot stamping steels considered in this research are®UBHOGAS (nominally22MnB5)
Ductibo® 1006ASandDuctibor® 50QAS all of whictare manufdared by ArcelorMittal' o datelJsibo®
1500AShas been fully characterized by various researchers including: constitutive characterization by Bardelcik
et al[14] [14]and[15]andfracture characterization by t€ortenaaf13] Gollinget al[29]and Ostlundt all.
[30] The literature is very sparse with material characterization data for the relatively nebwntidter®al,
1000ASand as a result only crashworthiness characterization has been conducetdlfgl]deesearch
has ben conducted by Samadaial[32]and[23]on the fracture behaviourDiictibo® 506ASand TWB
laser weld line betweBnctibo® 506ASandUsibo® 1500AS, respectivelyhe chemicalompositiorby
maximum weight pegntof each of thee materials astiown inTablel. The most obviousendbetween
the three materials is the declining carbon cdremtUsibo® 1500ASthrough toDuctibo® 500AS.

Table 1 Chemical composition yaximunmweight percent of Usib®rl500AS Ductibo® 1000AS and
Ductibo® 500AS, from ArcelorMittal33]

Material ‘ C ‘ Mn | P | S | Si Cr+ M0| Al Ti + Nb‘ B ‘ Fe

Usibor® 1500-AS 0.250 1.400 0.030 0.010 0.400 1.000 0.100 0.120 0.005 Rem.

Ductibor® 1000- 0.120 2.000 0.030 0.010 0.800 0.600 0.100 0.120 0.010 Rem.
Ductibor®500-AS8 | 0.100 1.900 0.030 0.030 0.500 - 0.200 0.240 0.001 Rem.
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A summary plot of the yield strength, ultintatesile strengtUTS)and elongation of these hot
stampingsteelsas well asgalvanneal coatsttuctural cold stampesteel(JAC590R)s presented iRigure
12 Through observing this figyrnereis a clear trend that with increasing ultimate tensile strémgth
elongabn of the materialecreased$n considering only the hot stampéteesd, Usibo® 1500AS has the
largest UTS but ¢hsmallest elongatiowheres Ductiboi® 50GAS has the smallest UTS bbetlargest
elongationComparing the hot stampstdelsiow to theconventional steel it is observed that JAC590R has a
very comparable UTS Buctibo® 500ASbut hasalmost doubléhe elongation.

The potential for weight savings in automotive structures, through using hot stamping steels becomes
apparent whecomparing AC590R with material such Bsictibo® 1000AS, which has a UTS almost twice
that of JAC590R The current research investigates the feasibility, in terms of crash performance and
formability of replacing JAC590R with thinner gauge, higher strengstahgied materiaD(ctibo®
1000AS).

1800 ¢ T 30
1600 + '
C T 25
1400 + ]
& 1200 £ 120¥
Z.1000 £ c
g 715737
2 800 ¢ o
o F o
& 600 T T 105
400 +
: T5
200 ¢
0 [ R O T SRR L 0
Yield Strength Ultimate Tensile Elongation
Strenath

Usibor 1500-AS= Ductibor 1000-AS= Ductibor 500-AS3 JAC590R

Figure 12 Mechanical property summary of the hot stamping matdsiaisi® 1500AS Ductibo® 1000

AS andDuctibo® 500A9 after hot stamping thermal treatmantl a conventional structural automotive
steel (JAC590R)ata forUsibo® 1500AS Ductibor® 1000ASandDuctibo® 500-ASfrom ArcelorMittal
[34] [35]and[36] Data for JAC590R from Kohet al[37]

1.2 Crashworthiness

Automotive crash safety structures are being designed lighter through thhighssr strengt

materialsby means of sheet metdbwn gaugingdesignes of theselight weight structuresiust consider
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crashworthiness requirements to maintain or improve the current occupant safety éhictaghontahnd
rearimpact structures should be defable, yet stiff, with strategically located crumple zones to absorb crash
kinetic energy through plastic deformation, while preventing intrusion to the passenger corSpdetment.
structures such as door pillars must be designed to minimize intrusgaidelimpacts. Roof rails must be
strong to prevent collapse in the case of leetaltover. All of these crastrthiness requirements must be

met while also accommodating 1woash related constrairsigch as: styling considerations, range of occupant
sizes and ages, working in harmony with occusrgint systems, and accommodatargpus chassis

designs and powertrain platforms.

There exist two major considerations in the design of automativerseagy management stmestu
1) absorption of the kitie energy of the vehicle and 2) crash resistance or strength to sustain the crush process
and maintain occupant compartment inte@®yThe two basic modes of eneaysorption are axial collapse
and bending, as illustrated-igure13 Pure axial collapse can only be achieved during direct front/rear or
slightly of angle impacts, therefore front and rear end structures are subject to mixed cedal®sation

comprised of axial crush and bending.

Crashworthiness of structural members is measured by the amount of impact energy absorbed and the
peak reaction forcebtained during a crash event. The larger the impact energyiahsthre safer the
structure However, if the associated peak reaction force is tothkiglesign is often rejected due to large
deceleration values induced on the occupants, whictuseayjoey[39] It is thereforehe main objective of
the design process to increase the impact absayptiorpotentialwhile minimizing the peak reaction force
valueof automotive structureAn important metric faromparing the efficiency of different crash structures
is the specific energy absorbed, which is the impact energy divided by the struchiisabfterssiseful to
determine the crush force uniformity or efficiency by dividing the average crysthiopddk reaction load.
An ideal energy absorbing structure would have a crush force efficiency of unity.
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undeformed deformed undeformed deformed

Figure 13 (a) Double top hat channel demonstrating axial collapse mode, adaptdeigt@njl19].
(b) Hydroformed Sail tube demonstrating bending mode, adapted from Oi&ira

1.2.1 Axial CollapseMechanism

Manufacturer interest in reduced production costs and vehicle light weligbtigh using thinner
frame constructionkas caused the plastic behaviour of BIW components to become of great importance
However, before analysing complex frontal or rear impact striictaresstructive to first examine the
behaviour of less coneglcomponentsuch as thin walled axial crush structures. These thin walled axial crush
structures have historically consisted of circular, @kiesestigated by Alexandéd] rectangular tubes
studied by Weirzbicki andramowic42]and spot welded flanged axial crush geometries reported by White
et al[43]

Early analytical work by Ohkuital[44] Johnsort al[45] Wierzbicki and Akerstropi6]and others

investigated modelling the mechanics and kinematics of the folding process to derive relatively simple

relationships involving component geometry and material proppet®&3Werzbicki and Abramowi¢42]

devebpedthe expression,

0 w®@pow (1)
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for defining the meastaticcrushingloadd of thin walled rectangular box columns, wheiis the yield
strength of the materjaiis the sheet thickness awid the width of the rectangular section. This equation was
developed under the assumptions of an initially planar sarfgiceperfectly plastic material and liheal
buckling wave remains constanbaighout the crushvent.

In 1999, Whitet al[43]expanded these relatibips to encompass flanged cismtions, namely the
single top hat and double top hat geometigedepicted iRigurel4 (a) and (b), respectivétiealization of
the actual collapse profiles of these single and double top hat profiles are illUSgated4iic) and (d),
respectivelyThe flanged profiles are much more representative of vehicle comminegttsey can be
picturel as abstracted forms of side daatrintrusion beams, roof railnt/rear crush rails and door pillars.
Expressions were developed for single top hat profiles as,

0 Y& ¢ o0 2
and for double top hat profiles as,
0 pay o0 )

wherel is the perimeter of the single or double top hat specimen. It is to be noted that EBuanid(s

are derived under the assumption of apigjitectly plastic material. If insteasbderial with signiinit strain
hardening effeds used Equationg2) and(3) can be modified by using the ultimate tensile strength
material insteaaf the yield strength, which for single top hat profiles is written as,

0 Weods 4

and for double top hat profiles as,

C

pB®T 6008 ®)
In Equations (4b) it is interesting to note that thicknes$erm has an exponent §£8). In a material down
gauging studipr whichall of the other parameters remain the same except for the miléitecstd tensile

strength, , a strength to thioess ratio

0 ©
(0]
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can bedrmulated. Whete ando denotaultimate tensile strengthd material thickness for the first material,
respectively, and andd the same for the second mateBEglation 6 becomes particularly useful to an
automotive crash structure designer when they are considering new materials of differirentghdibe st

crash applications. The equation allows them to quickly obtain an initial analytical starting point for material
thickness under the pretense they wistaiatain the same mean readbaual.
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Figure 14 (a) Crosssecion of a single top hat geometh). Crosssection of double top hat geome(cy.
Four asymmetric elements forming the single top hat collapse(gydfiight asymmetric elements forming
the double top hat collapse profile. Adapted from \&hitg4 3]

1.2.2 Bending Collapse Mechanism
Bending as a collapse mode may be designed into the structure as a way of managing impact energy or
it can be a consequence of a structure being loaded outside of its intefthedpuedominance of the
bending collapse mode is the result of the negndEncy of structures to collapse in a mode that requires the
least expenditure of enerigys important in many practical desigmestimate the factor of safety against a
global collapse mode, which would lead to large deformations and pot¢asbplia consequences.

schematic of the bending collapse mode is shdviguirel5.
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Figure 15 Schematic of the bending collapse modthin-avalled b& crosssection, fronDu Boiset al[38]

The uniaxial bending collapse of4halled rectandar and square section tubes \atestigated both
experimentally and theoretically by Keddi&for thedesigrof weightefficient safety structurésmportant
findings from this work wergastic deformation occurs between two undeformed beam segments with clearly
defned hinge lines anlde folding length and eer anglalong the folding length remain almost constant
during hinge rotation

Wierzbickiand Abramowicl2le x panded on K éatotead éxdensiomalddeférmakion
at the corners of the hinge mechanism and ceettitege parameter model. Later in 2001, Kim and4dRgid
proposed a new analytical, kinematically admissible folding mechanism for bendinghiolapstided
extensional deformation at the corner in the deformatioramsch

Abramowicz and Jongt9]found a relatiogship

: 0

O ™
0 ¢ W oe O

to determine the critical lengthwialth ratio 076  for athin-walledsquare tube crosgctiomal column of

thicknes® with plastic properties and hardening paramétet can predict whether the collapse will either

be a local folding mode or globatkliingmode. With the formation of a global bending mode theme is a

abrupt drop off of the foredisplacement response for the tested part, followed by large and often uncontrolled

deformation.

Oliveira[40]applied bending collapgkeory to hydroformed aluminunrngdl tubes, daonstrating their
suitability for useiaut omoti ve front side rails. It wgs foun
absorption capability of the&@l could be increasttifough decreased®ét distance between the two bends
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of the Srail,increased wall thickness and work hardening of the material at local hinge locations and decreased

bend severity.

1.2.3 Fold Initiation

During a crash incident it is important to achieve maximum energy absorption with the lowest possible
peak forces. Automotiveofital crash structures are designed to promote folding instead of bending to more
effectively absorb impact enef@ye technique employed in frontal crash structorisprove théendency
to folding, rathethanbending is to introduce various typdsigfering dents or fold initiators along the length
of the frontal crash structuiexamples of some of the geometries used for these fold initiators are shown in
Figurel6. According to Ereet al[50]crush initiators are the weakest point in the-semson of a square
column and are deliberately placed on the column to initiate localized folding in order to reduce initial peak

load ando ensure a stable failure mode with significant energy absorption.

S

bead initiator diamond notch spheres plastic fold
smaller thickness circular notch circular holes oval hole

Figure 16 Different types of fold initiators employed on axial crush structures to promote folding, as generated
by Witteman{51]

The effect of triggering on the energy absorption of axially compressed rectangular aluminum tubes was
studied by Leet al[52] Theylooked at trigger spacing along the length of a rectangular aluminum crush tube
and haHldent triggers versus fdint triggers. From this study it was found that dents introduced at the pitch
corresponding to length of the folding wave improved the energy absorption over crush tubes without dents.
It was also found that specimens contaimaifgents had the same number of plastic hinges as those with
full-dent triggershoweverthe force required to form those hinges increased, thereby increasing the energy

absorption.

18



The energy absorption potential and reduction of peak reaction fbircevafled mild steel tubes was
improved and could be controlled by Hosseinipour and Dgb&Fthirough the introduction of annular
groves on the walls of the tubeenet al[50]found thatthrough introducingwo rows of convex rib type
crush initiatorénto square crossectioned columnthe initial peak reaction load could be reduced by 54
percent and thabsorbedmpact energy increased by 26 percent.

1.2.4 Relationship betweenForming and Crashworthiness

Often thecrash performance of sheet metal componemisaracterizeid an ideal statéen which
nominal sheet thicknessé@thout residual forming stresses are; lieaekverthis is not always realistic due
to the effecthatforminghistorycan have on a stamped comporémough the sheet metal forming process
certain areas of a part will eigreze more thinning than othdrsaddition,plastic strainsvork hadening
and residual stresses will accumdibecombination of these forming history effects can significantly alter
the crash performance of a component.

The nonuniform distribution of thickness and effective plastic stifiteira forming simulatiorwere
considered in a study by Heihal[54] on thesimulatedctrash performance offfant side member. In this
study it was found that if thickness and strain historiesneerngorated into the front side member crash
modée, the initial peak for@nd energy absorptimtreased by 124band 17.3%, respectively, when compared
to acrash modethat neglectefbrming effects These predictions demonstratet tthe strain hardening

resultingrom the forming process is domihamreaction force and energy absorption calculations.

Similarly, the effect of forming process variables on crashworthiness was researcheddiyaDliveira
[55]on aluminum alloy hydroformed tubes. Simulation of the tube bendingtprimcessn srailcomponent
was used taccount fodeformation history including strains, thickness changes and residual stresses that could
then be transferred into crash madéige effect of considering the previous forming history in the simulated
crash event resulted in an increase kfpeze of approximately -30%andenergy absorption by 18%

Modelling of the tailored IDH UHSS hot stamping process was conducted lst @lfbéfon axial
crush rail hat channel geometries. In this restradiot stamping material model createlkisystom [57]
(*MAT_UHS_STEELor *MAT_244in LSDyng was used tpredict the astenite phase decomposition and
final hardness of a hot stamped @dré elementairfal hardness levels predicted by the forming model were
then placed into five bins of varying hardness, reagie having their own constitutive model propérties
axal crush modelling thatilizedthe hardness level binning showed very close prediction of folding behaviour

and impact energy absorption to the tested parts.
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1.3 Crush Performance of Hot Stamped Components

A signifi@ant amount of componeldvelresearch has been conducted intoags@ication ofhot
stamped steels in side impact structlinesepoint bend tests on 1ném fully martensitic hot stamped steel
single top hat crosectional geometrjgerformed by Satt al[58] demonstrated a 140l peak load before
bending collapsgller et al[59]used théhot stampedDH process to produck.5mm thick single top hat
crosssectional geometries with tailored progeriivhictsuppored a peak load of 45l during the four
point bendtest before cracking occurred in the martensitic zone of the tailorétigoaftect of thermally
softening the flanges of otherwise fully martensitic single top hat geometries though the IDH process was
studied by Prajod60]in the thregoint bending configuratioReistef19]performed thre@oint bend tests
on single hat chanmatonsisting of both 1r&m and 1.6nm Ductibo® 500AS with a JE590R closure
panel. In the study two different deformation modes were observed, folding and wrappiagpihigewode
absorbed 72%nore impact enerdiyen the folding mode ov&20mm of crash sled travel

The focus of this thesis however idromtal crash structures, whigtebestrepresented usiraxial
crush experiment§he performance of these axial crush experirramtise evaluated through: total energy
absorption, peak reaction load, sustained average reactiord It deformatiofbehaviour. Gmmon
geometiesused to evaluataial crush performance aiagle or doubl®p hat crossections, aflustrated
in Figurel?. The single hat channebgeetry consists of one hat channel with a back plate welded onto the
open face, whereas the double hat channel consists of two has aledaeetto each other.
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Figure 17 Axial crush rail crossections ofa) single top hat @nnel andb) double top hat channel.
Dimensions fronPeistef19]
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Munereet al[18]formed single top hat channel sections frormiSnonolithic TWBs comprised of
Usibo® 1500AS and Ductibd® 500AS to be used in axial crush, as showigurel&. The rails were
tested with two different crush distancespifi@engaged onthe Ductibo® 500ASsectionpand 156nm
(engaged botie Ductibo® 500AS and Usib@ 1500ASsectiony and were impaaiby a mass of 3%
at a speed of I6st. The resulbf the 100mm cush tesshown inFigurel & illustrates the stable deformation
of Ductibo® 500AS and absence of failure in the laser weld line or parenBasdl on average crush
force the 100mm crush test Ductib@50CGAS ranked similarly to DP600 and demonstratéd 6f&nergy
absorption and a peak load of RHOIn the 150nm crué distance teghe Usibo® 1500AS was engaged
as well as the Ductil®I500AS causing the peak load and energy absorption to be higher thamtine 100
crush distance tedtheyexamined the potential for weight reduction of a high strength steeldh&88) v
front rail using a numerical study, in which the HSS material was substit@déiictibo® 50GAS crush
tip and fully mdensitic boron steel elsewhere. The predictions indicated that a reduction in component weight
by 43% was possilidile mathing performance of the HSS reference rail.

Ductibor®500-AS

Usibor®

1500-AS - Ductibor®

Figure 18 (a) Single hat channel geometry axial crush experimenftyedimpgle hat channel geometry after
axial crush experimeshowing impact energy absorption potential aftibu® 500AS. Adapted from
Muneraet al[18]

The axial crush performance of tailored IDH hot stampeai.@nd 1.8nm Usibo® 1500AS double
hat channel crush rails was investigated by @mlgs6] In this studythe strength level of th&ush tipwas
tailored through selectively heating sections of the tool, while the remainder of thd wrashully
martensitic. The crush tip quenching conditions consisted of fully quenched (madeasiitjgurations
with either 400C or 700 °C single heatetbol zones and a gradetivo-zone configuration with tool
temperatures of 70 and400°C to create a gradewft zone A variety of crush modes were observed
(Figurel9 through testing the range of crush tip conditiextensive failure was displayetthé@fully cooled
or martensitic conditiormvhichinterestinglalso had the highest average impact energy absagpsbown
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in Figure20. A mixed buckling/folding mode was dominant in the°@@uench condition and was even

present in the 700 quench condition. The graded soft zone configuration was domingtegregsive
folding

(a) Fully Cooled (b) Single Soft Zone 400°C

1.2 mm

(c) Single Soft Zone 700°C (d) Graded Soft Zone

(a) Fully Cooled (b) Single Soft Zone 400°C

1.8 mm

(c) Single Soft Zone 700°C (d) Graded Soft Zone

Figure 19 Crush modes observed from the various edil®fH crush tip configurations, fro@meret al.
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Figure 20 Average energy absorption, acatter for the various tailored IDH crush tip configurations. The

numbered parenthesis above the bars indicate the number of rails that exhibited mixedldingkling f
response, fror@meret al[56]
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The crash performance @fish members made from monolithic Duc@8bb0GAS and from TWBs
comprising Ductibé® 500AS welded tdJsibo® 1500AS were studied by Peisteal[19] [61]and[62]
Axial crush experiments in that researcltovaicted on 500im long dould hat channel sections, allowing
for 160mm of free crush (crush distance prior to engégingycomb attenuators). A sled mass ok@a5b
a speed of 38Kin/hr was usé. The experiments conducted by Peister showed that hot stamped TWBs have
performance advantages over monolithic, partdemonstratedfigure21 The nonolithic Ducbor® 5006
AS specimens hadendency to buckle globally due to their low stiffness and long length. However, introducing
a Usibo® 1500AS end section in the TWB stabditee rail sectig@allowingfor progressive axial crush of
the Ductibo® 500AS en&gy absorption sectiohhe stabilizing effect of the higher strength material added
to the end section of the rail is explained by @m&i{56] who theorizes that the increased strength end

section reduces the effectiskimn length of the rail, hence making it less likely to lylodbddly

Figure 21 (a) 1.2 mm Ductibd® 500AS base metal axial crush displays global buckling (fmofi€ mm
Ductibo® 500ASto Usibo® 150GASTWB displays progressive folding. Adapted from F@ijer

Using the double hat channel csestion Lee et al[31] studied the axial crush performance of
Ductibo® 1000AS raildn dynamic impactn this study it was found thails incorporatingnly a single
fold initiator on the top of the rg@5mm from theimpactedend, were susceptible to failure and#ilevas
more likely to buckle globalRailure of the rails was often triggered by spot weld fHilnogvever, fold
initiators were added more strategically along the length of the top obthevedlibalong the length die
flangesthe numbe of spot weld failures could be reducedstalolgorogressive folding of the rail induced.

From the foregoing discussiame availablditeratureprovidesextensiv&nowledge of the axial crush
behaviour osimplified hot stamped componefaisannel s¢éions) However, therare very few studies that
existin which realistic automotifrental crash structureonsisting of hot stamped components have been
tested. Therashbehaviouof suchrealistic hot stamped frontal structiseble focus of theuerentthesis.
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1.4 Resistance Spot Welding

Resistance spot welding (RSW) is a sheet metal joining method commonly used in the automotive
industrydue to its relatively low cost and quick joiningaapdainedy Aknaset al[63] The RSW process
joins two sheets togethevithout the addition of filler metal (masslbgsapplying electrical current and
clamping force at a poifiihe area of sheet metal between the tw@ethelectrodes turnsolten, however
the adjacent matdrisurrounding the electrodesednot reach melting temperatuagsl as a result is only
locally tempered. The regionlatal tempering of the adjacent material is known as the heat affected zone
(HAZ). In martensitisteels it has been shown by Baltdeamandezt al[64]that heating martensite grains
close to the lower critical transfotimatemperature softens them due to the diffusion of carbon. In the same
study it is shown that tteeibcriticaHAZ experiences a significant reduction in hardragge22), with
respect to the base matefiiélke strength of martensitic steel spot welds is limited to the strength of the HAZ

created during the RSW procebgefracture will initiate in this softened area.
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Figure 22 Significant decrease in hardness shown in the subcritical HAZ region with respect to the base

materia(BM), fromBaltazar Hernandez al[64]

1.4.1 Performance ofHot Stamped Steel Resistance Spot Welds

The performance @hilored IDH Usibo® 1500ASr esi st ance spot welfads was
et al[65]and[66] The testing included slagveld specimeislap shear and cross tension, as well as Mode |
(tensile loading) group weld specimens. The single weld tests showed that the highektfailaralforce
was achieved with the fully quendteesk metal condition, however the weld toughnesspragddchthrough
the tailored IDH proces$he fully magnsitic material offers the highest parent metal strengthrough
spot welding a softened HAZ is produced. Strain localizes in this softened HAZ and results in failure at
relatively low displacems, corresponding to low fracture toughness of the welded joint. The lower strength
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tailored IDH parent metal conditions had HAZ strengths similar to the basemvmietabromoted more

plastic work in the parent metal prior to fail@sylting inncreased fracture toughness of the welded joint.

To test weld groups undbtode | (pultout) loadingO 6 K e %] flegelopeda specimen which
consisted of two top hat channels spot welded along the flanges at constant sga@raharimels are then
pulled apart creating a tensile load on the group of spgtagediswn iRigure23 In the Mode | group spot
weld tests theveld toughnessas reflected in thete ofspotweld failurgoropagation. lthefully martensitic
parent metatase which had aelatively low fracture toughnessigh rate of weld failure propagation was
observed. In the tailored ID¢tses, the softparent metadrd higher weld toughnesaisesalower rate of

weld failure propagation.

Figure 23 Quasistatic Mode | group spot weld test at(djestart of test(b) first weld failure angt) end
of the test. AmpBSpted from OdKeef fe

The success of the Mode | (tensile loading) group weld specimens led the way for the development of a
Mode IlI (shear loadingyeld grougest. The Mode IWveld groupest, develagd by Toltoret al[67]uses a
complex arrangement of die quenched flat panels that are spot welded together along the length and made into
a closed channel using a seriesatfa@nel reinforcement&dure24). In the testspot welded specimens are
pulled apart from one end using bosses and pins, creating a shear loading condition o kizetest|ds.

allowsthe performance of hot stamped stpet welds to be evaluated in a group shear |cadiditjon

Work has been done to characterize the weld performance oRUSBOAS in the fully quenched
condition as well as various tailored IDH conditions. It is well understood that the higlrendtib of the
parent metal, the lower the weld fracture toughness will be. The literature is currently void of research in the

weld performance of Ductil®rl000AS resistance spot welds.
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Applied Load
Spot Welds

Figure 24 (a) Schematic of the Mod# group spot weld failure tegb) Proof of concept test article
consisting of akceived Usib® 1500AS. Modified from Toltoet al[67]

1.5 Numerical Modelling of Hot Stamped Components and Structures

The use ohumerical simulation software alléavghe design dadtructural components be iterated
on in a relatively quick and inexpensive fashi@naream whichnumerical simulatios typically applied
include modelling ofthe hot forming andubsequerntrashperformance of hot stamped components and

structures, as reviewed in the following sections

1.5.1 Hot Forming ProcessSimulation

The hot forming process is much more difficuttdolehen compared to conventional cold stamping
becauseduring hot stampintghe mechanical properties of the material vary over time due to the change in
temperatur@and microstructure. Thus order tonumerically model the hot stamping pro@essupled
thermaimechanical solver must be implemented. The thmeahhnical solver flow is outlinefigure25.

1. Thermal boundary conditions depend

1 on deformation and heat generation
Mechanical _— Thermal due to plastic deformation.
Field ‘27 Field 2. Thermal expansion.
3. Thermal material properties depend on
5 3 microstructure evolution and latent heat
6 4 due to phase transformations.
4. Microstructure evolution depends on
temperature.
Mlcrostru_ctural 5. Mechanical properties depend on
Evolution microstructure evolution.
6. Phase transformations depend on

stresses and strains.

Figure 25 Couplings between mechanical field, thermal field and microstructure evolution, adapted from
Bergmarj68]
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The heat transfer between the blank and tooling is critical in determingaditigerate of the blank
as it is formed and quenched. It is therefore necessary to understand thermal mechanisms asithatteraction
occur during the procegs the microscopic leyeéhe surface of botthe blank and tool are not flat, rather
they ae comprised of peaks and valleys of varying degthie26). In areas of direct contaoetween the
blank and toolthe governing dat transfer mode is conductibowever in areas where a gap exists heat
transfer is governed by radiation and conduction through quiesaehnichilare associated with lower heat
transfer rates than direct conductinaoreasing the pressure between the tool and blank causes #weteurfac
deform, flatteninghem outwhich createlsetter contactVhen the forming process is simulated numerically
the interface between the blank and tooling is not modiedletlly;insteada heat transfer coefficient (HTC)
isused to encompass altld heat tnasfer modes that exiEtxtensive researblas been conducted by Chang
et al[69] Bosettiet al[70]and Georget al[25]to determine the interfacial HTC for hot stamped blanks,
which demonstrates the dependency of HTC on the contact pressure.

Spot Contact

Radiation and Air Conduction

Figure 26. Schematic of the contact surface between tooling and blank at the microscopic level.

Another mportant parameter used ritodelling the forming process is the coefficient of friction
between the tooling and blatikhe coefficient of friction in the model is too higlankthinning will be over
predicted, whereas if the coefficient of frictidaddowblankthinning will be under predicted. Azush&na
al. [71]used the strip drawing test onSAlcoated 22MnB5 hot stamping stedloth lubricated and dry
conditions. The coefficient of friction was found to b& @2 and 0.55, in the lubricated and dry conditions

respectively.

1.5.2 Hot Stamping Material Models

The material model required for hot forming simulations is far more complytatiqgeaisive and
complex due to the temperature and microstructure dependeh&Dyng Olsson[72] implemented
*MAT _244 which is based atientific work done by Akerstr§7] The hot stamping steel material model
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includes four phase transformations: ausfenite, austenitgearlite, austenit@inite and austenite
martensiteThe latent heat, transformation induced plasticity and plastic effects are also captured in the UHSS
material modelThe set of equations which model the austenite decomposition into iterddnzgies

developed by Akerstrémh al[73]can be written as,

® 0000 ®
where® is the rate of the normalized phase evo{@tging one of the phases ferrite, pearlite or bainite)
"0 is the effect of austenite grain s@es the effect of chemical compositi@nis a function of temperature

and’O is the effect of the current normalized fraction forrfikd.true wlume fraction of each phase is

denoted byo and written as,

w wp Q ©)
wherew is the volume fraction of retained austenite from previous reactisna, material dependent

constant andY  “Yis the underooling below the starting temperature of the transformation of concern.

The final Vickers hardness of the blardaisulated by a weighted average of each particul& phase

Vickershardnes§0u), as developed by Mayreerl[74] The formula is as follows,
Cw O 0w 0w ®ow o w (10
whered is the volume fraction of the particular phase and the subteiptandd denote bainite, ferrite,

pearlite and martensite, respectively.

Georgeet al[25]used thénot stamping material modelLSDyna *MAT244 to simulate the tailored
IDH hot stamping of a Usib& 1500AS Bpillar. Through using this hot stamping material model they were
able to predict the Vickers hardness and microstructure of the formeth patativiely good accuracy to the
experimentOmer et al[16]altered the hot stamping material model by calibrating the activation energies,
which are used to calculate the rate at which the austenite phase decomposes.tiibeable to use the
model to accurately predict the Vickers hardness of top hat channel, axial collapse specimens for various tailored
IDH conditions. Prajogf®0]expanded on this by applying the hot stamping matediell to top hat channel
flanges for the purpose of thgaint bend testing.

A competingorming software, AutoForm has their own $taimping material mogeihich has its
phase transformation kineti@sed off of the work byerklein and Svét7] In thismodel, aransformation
kinetics modelling approaattountfor deformation temperatumoling rate, true strain and strain fidte.
simulation of a hot stamped T\BBillar was performed by Gradf al[75]using AutoForm as a simulation
tool. In this study they were able to analyse the effect of hot forming process conditions such as press velocity

and blank material thickness.
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1.5.3 Simulation of the CrashResponse of Hot Stamped Components

Crash simulation is a very imporfzart of thevehicledesign cycle because it allows for potential safety
related issue® be recognized prior to expensive full vehicle testing comméritengiost popular
commercial FE package for solving crash probleths is-Dyna explicit solverwhich uses an explicit
dynamic scheme to integrate the equations of mistitime expkit solving scheme the critical time step
(Yo ), or maximum time step that can be taken in order to maintain stability is gieeCdyrant

Friedrichd_evy condition.

Axial crush simulations using the double hat channel geometry have beenoymGitekest al[56]
Prajogcet al[76]and Tummerst al[77]for the tailored IDH material conditiohUsibo® 1500AS. Similar
modelling was done by Pei$i&]for tailor welded blank conditions consisting of iba® 50CAS laser
welded to Usib@® 1500AS. Inall ofthese axial crush simulatien2.5mm mesh of fully integrated shell
elenents with 7 though thickness integration points was used. A fold ininatadekep was located @
from the free end of the crush rail to promote sequential folti@dast 5m of nodes on the mounted
end of the rail were fully constrained, whidefitee end was tied to a rigid boss assembly. The boss assembly
is impacted by a rigid plate with initial velocimi$t and mass 85y.

An Srail geometry was numerically simulated by Reiiatgi8]to represera smplified front side rail
componentas illustrated iigure27. A 5mm fully integrated quadrilateral shell element mesh with 7 through
thickness integration points was used. The raglestisned into two distinct zones: an axial zone comprised
of Ductibo® 500AS and an-&il zone comprised of Usil®A500AS. A fold initiator was located at the
free end of the rail in the axial zone to promote sequential.féldimgial velocity of 10rGs! and sled mass
of 855kg were prescribed to the rearmoshi#bof nodes on thersil section, which caused the raihjoeict
a stationary rigid wal/l. A numeri cal parametric
section, which concluded that with only changing the aspedegtiential folding of the axial zone and
intrusion resistance in thead section could not be achievdgon changing the thickness ratio between the
axial zone and&il section they found that as th®iSsection thickness increased relative to the axial zone

sequential folding and intrusion resistance could be achieved.
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Fold Initiators

Axial Section S-rail Section
710 mm 561.75 mm

¥

Initial

Velocity:

10.6 m/s
-

200 mm

Mass distributed
across nodes on
end of rail

Fixed Rigid Wall: 10mm SPC: z-displacement only
in first 75 mm of s-rail

from end of the rail

Figure 27. Srail geometry and the boundary conditions imposedmamifeisteet al[78]

Peistefl9]performed a numerical study on a production front side frame member crush tip made from
1.4mm JAC590R. The purpose of thalg was to assess whetherdikegehot stamped Ductib@ 50GAS
could be a replacement for JAC590R. The side frame membeipsrusite modelled usingndn fully
integrated shell elements with 5 through thickness integration points. Thesfisivihog nodes across the
part crosssection located 34hm from the impacted end wdully constrained to simulditeing welded
onto a steel plate. The crush tip is then impacted by a rigid plate with irgiiglofefoems? and mass of
855kg. Figure28 shows the comparison between the malu JAC590R crush tip and the replacement
Ductibo® 500AS crush tip. It is quite clear from these images that the crush modes betweelldlys two
are very similar. Furthermore, the crush forces and energy absorptions fmethetddio were almost
identical. From these observatj®eister was able to recommend DucBEIOAS as a suitable replacement

for JAC590R.

t=0.005 sec t=0.018 sec t=0.024 sec t=0.029 sec t=0.036 sec t=0.041 sec

Figure 28 Comparison of the crush mechanics predicted for the production JAC590R crush tip and hot
stampd Ductibo® 50GAS crush tipirom Peistef19]
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1.5.4 Material Modelling of Tailored Hot Stamped Steel

The material modefer tailored hot stamped steatecomplexto develop becag the material is not
homogeneoufiroughout. In the case of tailored IDH hot stampirggphase compositiohferrite, pearlite,
bainite and martensite in each element must ba& ksdahe constitutive response varies with the hardness of
the phase presellthen using TWBs as a tailgrtechnigughe phase composition at each element is not as
important to be known because the materials are being fully quarfohmdtion regarding the phase
composition and Vickers hardness of each element would come from a forming modelrugicigl deiin
codes such as {L¥naor AutoForm.

A model known as the Tailored Crash Model (TCM) was developed by Baed@lg]ko characterize
the strain rateensitive constitutive response of quenched BsiEBCAS. The model approximates the
flow stress curves based on the Voce hardening response and is a function of the true strain, strain rate and the
Vickers hardness levEhis model however only accouiatsphase compositions of martensite and bainite
which led Bardelc#t al[15]to develop of the Tailored Crash Model Il (TCM II) that also accounts for ferrite
in the microstructurdhe TCM Il model is a function of the area fraction of martensite, bainite anaferrite i
the microstructure, instead of Vickers hardness level as in the TCMt &lff6texpanded on the TCM I
with the extended TCM (eTCM), which uses an inverse modelling approach to determireetikéngost
material resp@e. The constitutive response of a particular elemental hardness is interpolated from three flow

stress curves of varying hardhesss

In high strength materials with low ductility it is cruciathade a failure criterion to accurately predict
thecrash response of the material. The Generalized Increment&t&tiessodel (GISSM(B0]is a stress
state dependent failure criterion that uses an incremental approaichlate the damagarametefO)

according tofte following formula,

0 - ap

where- is the failure strain as a function of triaxialjtarid lode parametel),(€ is the material dependent

damage exponent agd is the change in plastic strain. Initially the damage parameter is sednd zero
accunulates according to Equation When the damage parameter equals one, the associated element is

deleted from theEEmodel, signifying fracture.

Fracture mode($racturdogiare used to determine the failure strain at a given triaxiality and normalized

Lode angle paramete},(given by,

FE TR — - (12

31



Numerous fracture models have been presented in the literatameeaadple afnhe such fracture model
developed by Bai and Wierzbj8Hkilis given by,

-H-hF g 0'Q 0Q oo I g 0Q o -foq 13
where the six paramet@s O, 0,0, 0O andO need to be calibrated from atdesix different fracture
calibration tests. CalibratimitheBai and Wierzbicki fracture criterion was dongdtro® 1500ASin five
differentIDH quenchconditionsby ten Kortenagil3] as shown ifigure29 Thetest specimen geometry
used to calibrate the maddnclude: uniaxial tensile, notched uniaxial tensile, hole tensile, hole expansion,
hemispherical domes, plane strain domes, butterfly and mini shear.

—700C
—400C

16 1 =—Bainite
——Intermediate: Bainite-Martensite
1.4 A —Martensite

0.8 -

Equivalent Fracture Strain

0.6

0.4 A

0.2 A

0.1 0 0.1 02 0.3 0.4 0.5 0.6 0.7
Stress Triaxiality

Figure 29 Fracturdocior Usibo® 1500AS in five different quench conditions show higher fracture strain

for softer material conditions, from ten Kortehaaf

Failure curves are often calibrated using fine meshes (less than 1.0 mm), however most industry
gpplications require the use of coarser meshes (greater than Elenanal[59]demonstrated thatgstic
strain does not accumulate as quickly in larger elements as it does in sr{fatiereste3 so it is therefore
requiredthat amesh regularization scheme be implemehtedfracture curves are scaled as a function of
mesh sig(Figure3() to accurately predict failure, especially in necking zones, where highdetras aye

found.

32



Equivalent Mesh size:
plastic strain  L=0.5 mm

t 00000 [Tt U]
0.0556 L
)1 ;o) Y

0.1111
0.1667
0.2222
0.2778
0.3333

o
@©

©o ©o © © ©
w b O O N

Normalized fracture strain [~

o
N

01t ——L=02mm
b ‘ - L =0.5mm

0
0 0.1 02 03 04 05 0.6

Stress triaxiality [~]

Figure 30. (a) Mesh size dependent strain field of theaxiail fracture test, showing the difference of
accumulated plastic strain with mesh @eCalibrated fracture models for different mesh sizes. Adapted
from Elleret al[59]

1.5.5 Resstance Spot Weld Modelling

The most commonly used joining method in automotive sheet metal structures are resistance spot welds.
It is thereforeimportantthat spot weleld joints betweesheet metal structures be modelled accyranely
with relatively nexpensive computationatodels for full-vehicle crash analysis. The simplest and
computationally least expensive method is inserting a rigid link to adjacgecthin shell element stisat
the location of a spot welthweverthis method requirelifferent sheet® be alignedvhich is not feasible
in complex model& more robust method thatsoallows for spot weld failuretes use spot weld beam
elements with the *CONTACT_SPOTWELD contact definition to tie the spot weld elements to tleél thin sh
mesh sheet3his method creates a spot weld definition that is independent of the surrounding sheet metal
mesh and can be represented as solid hexahedral elements using the *CONTROL_SPOTWELD control card.
Another method is mestependent hexahedral elements that share nodes to adjoining shell elements and

according to Leet al[82]capturs both interfacial and button pullout weld separation modes.

Solid hexahedral elements used to represent detoaea consist of 1, 4, 8 orHéx element

configuration, as illustratedrigure31 By modelling a spot weld in shé&alcolm and Nutwe]83]found
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the internal forces of theHex spot weld were within 1 percent of thél&é8 configuration, indicating that
the refinement of eight elements for a spot weld was suffibntoncluded that beam and single hexahedral
element spot weldsiould not be considered if a resultant force failure method is used.

O 8 @

Figure 31 Hexahedral spot weld mesh refinement ranging frlex o 16Hex configurdons, from
Malcolm and Nutwe]83]

1.6 Current Wok

In revievingthe literature on the current state of thé &tevidenthatthe hot stamping process has
been well researched and alrbadgfits froman abundancef knowledge. Automotive manufacturers have
demonstrated an understanding of how to successfudigniemp fully martensitic components into intrusion
resistant crash structyresich as illars for the purpose of reducing vehicle weight and improving
crashworthinesblot stampers have shown their capability of controlling the microstructuralgsopéuit
stamped boron steel through tailoring techniques.

Tailoring strategies such as IBttreate local soft zonasd TWB<onsisting of Ductib@® 50GAS
laser welded to Usil®rl500AS have been the subjeftmany numerical and experimestadlies Using
these tailoring techniques it has been demonstrated thimpijfied singleomponentrash testthat hot
stamped steetsin be madsuitabldor both axial collapse andcupant compartmeinttrusion protection.

Automotive manufagrers have pacular interesin higher strength hot stamped materials that still
exhibit relatively high levels of ductibtych as Ductib@ 1000AS. The high strength of this matesal
attractive because it allows automotive manufacturers the ability {gadgerrthe sheet metalhile
maintaining structurélinctionality. Dowsgauging sheet metal structures is an important eXesatesso
makers musindertaken order to light weight their vehicles. This thesigexdthinghe potentialveight
savingsthrough sheet metal dowgaugingoffered byDuctibo® 1000AS when itis appliedto replace a
590MPa strength material such as JAC590R.

Thereexists a need on the paraatomotive OEMs tanderstand the implications of introdudiog
stamped materidlsto frontal crash energy management structures, espestialygst levels df000 MPa
and greateHot stamped materials have been wadslgptedor use inside impact structures due heit
high strength and resistance to collapse, ultimatéd¢tiprg from intrusion. However, the low ductility

associated with fully martensitic hot stamped materials leaeddeataish engineers from thisie in frontal
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impact structure$he goabf this thesis i assesthe potentiabf hot stamped Ductib® 1000AS as a light
weight material in frontal impact structures.pitential to repladde production (drivérside) JAC590R
side frame member, shownFigure32 with a TWB component consisting of DuctiddtO0GAS laser
welded to Usib@® 1500ASwill be assessed using a nhumerical simulation approach

Front Bumper |Front Bulkhead

Figure 32 SUV bodyin-white structure showing the location of fieat bumper (green), front bulkhead
(red), side frame member (yellow) and side impact structure (blue).

1.6.1 Scope of Work

The work flowof designing a tailavelded hot stamped side frame member is outlifédure33
which also highlights thieesischapters associated with each stage of the design. drbeedsvelopment
starts by understanding the crush behaviour pfaldection side frame member within thikvehicle SUV
mode] allowindor the development of a set of requirements thewaldied hot stamped side frame member
must meetA number of crash tests exist from the governing crash rating agneheiiisgthe Insurance
Institute for Highway Safety (IIHS), US New Car Assessment Progril@AB¥and the Federal Motor
Vehicle Safety Standards (FMVSS); howlesecope of this thesis is limited to only evaluating the side frame
membeiin the USNCAP Full Widh Rigid Barrier frontal crash tehte to available project resources.

Fulkvehicle crash testing is not feasible in this thesis project and tlesefplfiecassembly level
structure must be develop@&tieintention ofthis assembly is &wcurately represdht crash performance
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of the SUV model side frame member (disate) with as little of the bodg-white structure included as

possiblelt is important to simplify this assemblyred crash sled testingessibleand within lhe resources

of the projectTheSUV model side frame member representative assembly will bedtdrraesl e | i ne f r on
mo d u [Throdigh this baseline front end module the production JAC590R side frame member crash
performance will be evaluated and coeaptar the SUV model side frame member.

The tailorwelded hot stamped side frame member is designed based on the boundary conditions
imposed from the baseline front end modtite. performance of the taiaelded hot stamped side frame
member is numericakvaluated against the production JAC590R side frame member, within the developed
baseline front end moduées well as in the SUV modéke objective is to design the tail@ided hot stamped
side frame member with crash response, formability acdtfabrin mind.

A large amount complexityassociated with theoling development and fabrication of thitor
welded hot stamped side frame menther to the size and amount of badyhite components required.
Thereforethe scope of the thesiséslucedo only fabricating portion of the tailewelded hot stamped side
frame member. The section of focus is the-aétited hot stamped crush tip.

SUV Model
- Chapter 2

Tailor-Welded Hot Tailor-Welded Hot

Baseline Front End
Module Stamped Side Frame Stamped Crush Tip
- Chapter 3 Member - Chapter 5 and 6

- Chapter 4

Figure 33 Process flow for developing a tail@ded hot stamped sidarfre member.

36



1.6.2 Thesis Organization
This thesis has been organized into seven chapters to document the developmentefdethiiot
stamped side frame member. The first chapter comprises this literature review, statement of objectives and

scope.

Chapter2 focuses on establishing design requirements for thevédiled hot stamped side frame
member from the crush mechanics, vehicle deceleration, crush forces and spot weld failures observed in the
USNCAP Full Width Rigid Barrier full vehicle frontallcrasdel.

The development of a | ab scale assembly to con:
testing is developed in Chapter 3. The chapter explains how simulation was used to transition from the SUV
frontal crash model to a much less glem structure that could be tested on a component level crash sled
while still capturing the relevant loading and structural response of the side frame member. The baseline
production side frame member test results are then correlated with the &utheeleicpredictions.

In Chapter 4 the tailavelded hot stamped side frame member design is discussed in detail along with
the crash considerations associated with it. Theataitted hot stamped side frame member is numerically
correlated with the bas& front end module test results and predictions. Additional validation is conducted
by inserting the tailavelded hot stamped side frame member into the SUV model, to medkididl
comparisons to the production side frame member.

A plan tosimplify the manufacturing and assembly of thewaglded hot stamped side frame member
is presented in the form of a simplified tailelded hot stamped crush tip. The hot stamping process and
tailorwelded hot stamped crush tip specimen fabricagiaiisaussed in Chapter 5. The numerically simulated
forming process is validated through post hot forming thickness and hardness measurements. The adjustments
made to production components during the fabrication of-walded hot stamped crush tips are
documented.

Chapter 6 contains the final comparisons of the-walded hot stampectush tipcrash model
predictions to the baseline production side frame member. In this section, it is examined whether the hot

stamped replacement side frame membes theedesign requirements established in Chapter 2.

The thesis is concluded in Chapter 7 with a detailed discussion of the main findings, as well as

recommendations made for future work.
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Chapter 20 SideFrame Member Crush Response
within the Full-Vehicle 6 Establishing

Performance Criteria

The starting point for developing a tail@ded hot stamped side frame to replace the production
JAC590R side frame member is to understand the crush mechanicsvahivahe USNCAP Full Width
Rigid Barrier frontal crash model of the SAtVhis stage in the developméris important that key structural
components in the frontal crush structure be examined so their contribution to the overall crash energy
mangement can be assessed. Understanding the underlying mechanics iavbetallagls establishment
of performance requirements and criteria that can be used to bound the design space-ofeidedailor
stamped side frame member development.

The purpose of thighaptets to closely examine the-dhicle SUV crash model so that a clear set of
performance targets can be identified. Note that the actual SUV crash test dasailabledothis effort;
however, the model was validated agaihsal crash tests as parthefvehicle development process. The
performance targets defined at this stage directly and indirectly affect each stage of the development of the
tailorwelded hot stamped side frame member. The design of the deandmastine frontal crash structure
or front end module will be driven by the performance targets. The crash results of the baseline front end
module will be used as a benchmark for the crash performance of fheltgidhot stamped side frame

member, whiclill be evaluated using the front end module used in the baseline study.
2.1 Key Components and Assemblies

Throughout this thesis there are many terminologies used to describe various components and
assemblies of the SUV BIW structure. It is thereforemyt®ir t ant t o t he reader ds ur
components of the BIW be highlighted in this subsection.

Recallingrigure32in sectioril.g the SUV BIW has been coloured to illustrate the various crash energy
management structures. The crash component of focus in this thesis is the front crush rail or side frame
member, depictedh ia side view ifrigure34. It is evident from this image that the side frame member
contributes a significant fraction of the frontal crash energy absorption. lgustalsiear fronfrigure34
that the side frame member is supported by many otharsethres within the BIW. In this thesis, the side
frame member and its supporting-subr uct ur es wi | | be called the ofrol
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Side Frame Member

Figure34 Dr i ver 6 s an $UV/aIWvsiruetuve highlighting the side frame member location within
the large structure.

2.1.1 Front End Module

The front end module is the entire-sssembly which houses the side frame member and provides the
support necessary for the side frame memlmeanage the frontal crash energy. Components relevant to the
side frame member are depicteigure35; the structure shown will be referred to as the front end module
in this thesis. Only the driveros side half of th
front of the side frame member (yellow) through Metal Inert Gas (MIG) welding of an aluminum crush box
onto a bokon aluminum plate. The smaltion of the front bulkhead (red) shown is spot welded to the side
frame member near the front of the crush zone. The shock tower (peach) is spot welded to the side frame
member and given extra support through the two shock tower support membeis,@lamga. A stiffener
(blue) is run through the middle of the rear section of the side frame member for added rigidity. Finally, the
additional BIW structures (white) help to support the side frame member during crash loading. In this figure,
the floor pael and lower dashboard panel are not shown so that internal components can be seen; however,
these two components close off the side frame memdukrgBoviding additional stiffness.

The front end module is almost entirely comprised of JAC590R sékweiitht thicknesses ranging
from 1mm to 2.3nm. Some of the wetth components that serve nsimuctural functions are stamped from
lower strength materials such as JAC270C and JAC440W. The stiffener that runs-eddsgttiersof the
side frame ember is made from higher strength JAC980Y and has a thicknessrofThé relatively high
strength and increased thickness of the stiffener provide additional rigiditydd seeti®n of the side frame

member, which i s wouklresideinthevellictec upant ds feet w
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Shock Tower

X IShock Tower Support

Stiffener
HHener

Side Frame Member

lFront Bulkhead

Additional BIW Components

Front Bumper

Figure35 Dri ver 6s side front end module highlighting
frame member (yellow), shock tower support (orange), shock tower (peach), stiffendrtfiel @e)citional

BIW components (white).

2.1.2 Side Frame Member

The assembly of interest in this high strength materialgdmgimg study is the side frame member,
which is also commonly referred to as the front crush rail. The side frame member from the production SUV
is shown irFigure36, where each distinct zone has been assigned a specific colour scheme and distinct name.
The crush tip (yellow) is formed from 1.4 mm JAC590R sheet steel. The side frame member crush tip is where
saquential folding occurs during frontal crash and consequently is where majority of the crash energy is
absorbed. The middle section (green) is produced froom1IBC590R since it must be stiffer than the crush
tip. The primary crush mode of the midd#ise is bending, which is further discussed in s@H8ofhe
enclosure panel (white) is fabricated froormin4JAC590R and is used to cap off the crush tip aatemi
sections. Finally, ther&@l section is the most rigid of all the sections, since it must protect the passenger
compartment from intrusion of structural members, and is comprisedhai IBC590R. The total mass of
the production JAC590R side framember is 7.6g.
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1.8 mm JAC590R

1.4 mm JAC590R

1.6 mm JAC590R

i - Enclosure Panel

Figure 36 (a) Terminology used to describe the various zones within the side frame (hpGHERIOR

1.4 mm JAC590R

sheet steel thicknesses used in each zone of the side frame member.

The internal weldn components along the length of the side frame member are illusayackin
37. It is observed from this figure that many intricdtdbads and stiffeners are positioned along the length
of the side frame member. The taletded hot stamped side frame member must be designed to interface

with each of these internal components.

‘Middle Section

Crush Tip

Internal Components

Figure 37. Internal welebn canponents along the length of the side frame member.
2.2 USNCAP Full Width Rigid Barrier SUV Frontal Crash Model

A commercial USICAP Full Width Rigid Barrier frontal crash model of an Eldguré38) is used in
this thesis. The provided model contains proprietary modelling intellect, and therefore each detail will not be
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discussed, rather only global boundary conditions applied to the model that are pertinent to the readers

understanding of the modelling effort.

56 km/hr

Road

Figure 38 USNCAP Full Width Rigid Barrier frontal crash model of an SUV at 56 km/hr.

The deformable structural components made of sheet material are modelled with fully integrated, type
16 elements with 5 through thickness integration points. A Fldegtthko viscous form of type 3
hourglass control is applied to the fully integrated shell elements. The average element size in the model is
3 mm. Nonsheet metal components such as thmenbattery plate, etc. are modelled with single integration

point solid elements.

The frontal crash simulation is run to an end time of 0.1 seconds, which allows for all of the kinetic
energy to be transferred into plastic work, as well as someeelagticy to occur. A selective mass scaling
factor of 4.6E is globally applied to the model. The small selective mass scaling factor only adds mass to solid

hexagonal spot weld elements, which are much smaller than the average element in the model.

In the model the vehicle is prescribed an initial velocity of 56 km/hr using the *INITIAL_VELOCITY
boundary condition card. The modelled vehicle travels towards a full width rigid barrier wall given the elastic
properties of steel. Impact between the rigidebavall and the vehicle is possible through the use of the
*CONTACT_AUTOMATIC_SINGLE_SURFACE contact card which is supplied a slave part set consisting
of all the parts in the vehicle as well as the rigid barrier wall. The single surface contadbalkgofithm
contact with differing contacting parts in the slave set as well as self contact within the same part. Important
input parameters used in the contact card are providabla?2. These parameters include: the static
coefficient of friction‘( ), the dynamic coefficient of friction J, the coefficient of viscous frictian Y and
the viscous damping coefficiedit (). The total force of the vehicle impact with the rigid barrier wall is
measured using the *CONTACT_FORCE_TRANSDUCER_PENALTY contact force measurement card,
which provides contact forces for the componentsdha ato direct contact with the wall. The vehicle is
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subjectto gravity (9.8¥s2) and is constrained from falling by

of the vehicle.

Table 2. Parameters used to define the sewglace contact definition in-Dyna.

Q Q Ve Vbc
0.15 0.15 177 20

To determine the crush forces acting on the side frame membeectiosal planes are defined along
the length of the SUV side frame member, as shdviguire39. In total, eight crossectional planes were
positioned along the length of the side frame member. The planes cut through the center of the deformable
shell elements and calculate the resultant force transmitted through the plane, which can be mgesl to deter

the axial crush force in the side frame member at each plane.

Cross-Sectional Force Planes

Side Frame Member

Figure 39 Crosssectional force planes situated along the length of the side frame member.

2.2.1 Material Modelling
The BIW structure is comprised of many materies tgppades and thicknesses; however, the side frame
member is made solely from varying gauges of JAC590R. The constitutive properties of JAC590R are

proprietary to its owner, but the approach to modelling this material are described in this section.

The JAC590R sheet steel is modelled usmelastglastic material modéMAT_PIECEWISE _
LINEAR_PLASTICITY), whichis provided stres®rsistrain curvefor a variety of strairates, to define the
hardening behaviour of the material and its satarsesitivity. Though the flow curves for JAC590R used
in this model cannot be published, Praj6@fpublished a quasiatic flow curve for JAC590R, as shown in
Figure4Q Due to the relatively ductile nature of this material, fracture has not been defined.
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Figure 40. Quasistatic stresstrain curve for JAC590R, from Prajf&fij

2.2.2 Spot Weld Modelling

Spot welds have been modelled using *MAT_SPOTWELD_DAMAGIHJRE spot weld material
card, which is a spot weld model available-Dyh8. The spot weld material is modelled with isotropic
hardening plasticity coupled to a failure madhe failure option selected is OPT = 0, which is a resultant
based failure criterion that fails the weld if the resultants are outside of the failure surface defined by,

I A@ hn 0 0 0 0 0
0 0 0 0 0 0

P 19

The parameters of this equation are best described through observing the depiction of a spot weld and
its coordinate systefigured4l). In Equation 14, parameters denoted vitBpresent forces and those with
0 represent moments about a particuliar &om the coordinate system it is clear that subsdepbtes
the aut of plane or axial loading axis andittatdo denote the in plane shear loading axis. Then&fors,
an axial loady and0 are shear loads, is a torsional moment, and and0 are peeling moments.
In this equation the numerators are the resultants calculated in the local coordinates of the cross section and
the denominators with subscfipare the specified input failure load/moment values. The input failure loads
and momentsre dependent on three variables: the material, sheet thickness and how many connections
between sheets there are (number of sheet layers welded together, typically two or three). The SUV frontal
crash model and front end module model are comprisedyodiiffi@rent combinations of these three variables
and therefore the failure loads and moments will not be quantified for each connection. It should be noted that
the torsional failure of the weld is suppressed by specifying an exaggerated large Imainfaibursowtill
never occur due to torsional loading.
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Figure 41 Demonstration of the forces and moments acting on a spot weld along with the coordinate system
based on Equation 14, from Malcolm and Nui@&j!

Upon the failure criterion being met and the failure flag being activated, damage in the spot weld begins
to accumulate based on the selected damage option (DMGOPT = 11). The constitutive properties for the
damaged material are based onrilarnaged material properties. In this damage model the damage variable

1 is a function of the effective plastic strain in the weld,

1T — 19

when the effective plastic strain equals the rupture-strain (where- is specified as 1.5),

the damage parameter becomes equal to unity and at this point the spot weld elements are deleted. Deletion of
a spot weld elemearnis analogous to the complete failure of the spot weld.

The spot welds are meshed using eight, single integration point (type 1) solid elements arranged into a
hexagonal pattern, as recommended by Malcolm and I[BRyesltishown inFigure42 The spot welds are
modelled with mesh dependence, meaning that the nodes of the sheet steel mesh and the hexagonal spot welc
elements are coincidefihe spot welds are modelled with a true thickness afirhEEwhich means that even
though they are represented as solid elements that fill the gap between the two sheets, they are evaluated base
on the true thickness value. This true thickness is gjagiartant for shear loadings which would create
artificially high bending moments if the modelled element thickness was used.
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Top Sheet

8 Hex Element Spot Weld

Bottom Sheet

Figure 42 Eight element hexagonal spot weld between two steel sheets, demonstecaiimgdinece of

nodes between the sheet steel mesh and spot weld elements (mesh dependence).
2.3 Predicted Crush Response

The crush response of the frontal crash energy absorption structure is made up of a combination of axial
collapse and bending modes. Thetél impact structure in the SUV absorbs energy and provides passenger
compartment intrusion protection by taking advantage of the two crush modes. In the front end module
structure, the bulk of the energy absorption is accomplished through thesmsialroliie that occurs during
the initial stages of the crush. The bending mode is used to protect the passenger compartment from intrusion
of structural members, while absorbing additional energy, and is enabled after the axial collapse mode has

reduced th kinetic energy of the vehicle.

The various crush modes observed in the side frame member usingl@®PURuIl Width Rigid
Barrier frontal crash model of the SUV are showigime43 InFigure43t he dr i ver 6s side fr
of the SUV has been isolated by hiding surrounding components in-fireqesstor to better illustrate the
crush modes of the side frame member. Before the crash instance, the front end module is shown in its
undeforme state at hm of crush distance and has a total kinetic energylaf. 28€er the first 160 mm of
crush distance the kinetic energy of the vehicle is reducelliolti4®bserved that the bumper has flattened
and the foremost crush tip (see armivwhe side frame member is fully consolidated and has rotated inboard
towards the center plane of the vehicle, which places a rotational moment on the side frame member. At
220mm of crush distance the kinetic energy of the vehicle is further rediut@kiJtand a plastic hinge
begins to form in front of the shock tower support (arrow), as the crush tip continues to consolidate. When
the crash is progressed further torB@9of crush distance the entire crush tip has consolidated. At this point
in the cash the axial crush energy absorption mechanisms of the side frame member are largely exhausted and

the kinetic energy of the vehicle has been significantly decreased (from 250 kJ to 72 kJ). At this stage, the plastic
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hinge in front of the shock towerthgr develops, causing the consolidated crush tip to pivot inboard, creating
outward force and bending load on the middle section of the side frame member between the shock tower and
Srail section. The function of this inboard pivot of the crush tip lescoore obvious at 420 mm of crush

distance, where the outwards loading caused by the first plastic hinge before the shock tower support creates a
new plastic hinge after the shock tower support in addition to the one that forms in frontaif seath

(two arrows). The purpose of creating these additional bending modes is to transfer the function of the side
frame member from largely energy absorption to focusing on protecting the passenger compartment from
intrusion of structural members. The redube rate of energy absorption but also prevents theradid S

section from being overloaded by the forces transmitted through the side frame member, ultimately ensuring
it does not collapse and enter the occupantds sea

Crush .
Distance o mm
Kin. Energy 250 kJ

Figure 43 SUV front end module crush modes at various amounts of crush distance. Note that the side front
end module has been isolated from the SUV model to better illustrate the crush modes.

It is important to note that there are some compkedirlg conditions imposed on the side frame
member by the SUV bumper structure prior to any appreciable deformations occurring in the side frame
member. IrFigured4it is shown that as the SUV frontal crash progresses, the bumper beam flattens out (as
noted by the bumper profile in white), which imposes a load on the side frame member, pushing it to the
outboard of the vehicle.

The initial deformation of the side framenher Figure45 shows that folding in the crush tip begins
by buckling the outboard side of the enclosure panel. The irregular start of the folding on the enclosure panel
is attributed to the flattening out of the bumper beam during the initial stages of the SUV frontal crash. The
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flattening out of the bumper beam puts an outboard shearing load on the bumper crush box, which causes the

bumper crush box to initially transtoad to the outboard side of the enclosure panel.

Bumper Profile

Movement of
Crush Tip

|

Deformed

Figure 44 Complex loading credtby the flattening out of the bumper beam during the initial stages of the
crash event. Both the undeformed (top) and deformed (bottom) asite ftembers are shown for

comparison.

Bumper Crush Box

Deformed

Undeformed

Figure 45 During the initial deformation of the side frame member it is noted that the folding begins on the

outboard side of the enclosure panel.

2.3.1 Fold Initiators

The side frame member crusbdes identified are initiated through the use of special mechanisms that
are directly formed into the rail geometry. These mechanisms take the form of fold initiators that are either
oriented to intrude or extrude the cresstion of the rail. The ortation of these fold initiators and the

purpose they serve will be described in the following paragraphs.

On the outboard of the side frame member, a fold initiator, extruded outwards from the rail (during

manufacturing), is located in the first few cemdira of the crush zone, as seen in the undeformed geometry
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of Figure46. The purpose of this early fold initiator, running the width of the side frame member enclosure
panel, is to direct the material into controlled sequential folding for optimal kinetic energy absorption in the
early stages of the crash, which is observed in the deformed geometryFShoredan

Crush Zone Fold Initiator

Undeformed Deformed

Figure 46 Undeformed (left) and deformed (right) geometry of crush tip fold initiator illustrating controlled

fold initiation.

Now moving to the inboard of the side frame member it is noted in the undeformed geometry, shown
in Figure47 that small indentations are made into the corners afleh&aame member main rail section.
Though relatively small, these indentations are fold initiators that serve the important function of controlling
the folding behaviour of the side frame member, inducing preferential sequential folding. In addition, the
of dimple initiators denoted as number Bigure47 are responsible for creating a bending mode that pivots
the side frame member towards the inboard of thdevéded-igure43 420mm). The inboard buckle is the
first reaction of two that are utilized to protect thalSection from being overloaded and intruding into the

occupant compartment.

Dimple Initiators

Undeformed

Figure47.Undefomed geometry of the side frame member 8s mae
(left). Folds created by tfz9 first fold initiator(b) second fold initiator ar{d) third fold initiator during the

sequence of the crash event.
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A large buckle itiator is located on the outboard of the side frame member, just befeawrelthec8on,
under the shock tower housing, as shoviigire48 The buckle initiatarreates a local weak point in the
side frame member cresexction. Once the loads reach a critical value the buckle initiator will be triggered,
creating an additional plastic hinge. The large buckle initiator ensures the occupant compartmenttremains intac
throughout the crash by creating a plastic hinge and preventingiltrer§ being overloaded.

Undeformed ‘ Deformed

Figure 48 Undeformed geometry (left) of the side frame member illustrating the large buckle initiator.
Deformedgeometry (right) demonstrates the buckle created in order to proteaeilthhers overloading.

2.4 Vehicle Deceleration

The purpose of the frontal crash structure and more importantly the side frame members are to reduce
the speed of the vehicle atate safe for the operator and passengers. The materials currently used in the
production side frame member (JAC590R) and the hot stampeddidibal side frame member (Ductibor®
1000 and Usib@r 1500), to be developed in this work, are strain ra#iveenThis means that their
constitutive responses are dependent on the strain rate or speed of deformation in the vehicle at that particular
moment in the crash. Therefore it is important that the velocity history of the SUV be considered when

determimg the requirements for the hot stamped taidtded side frame member.

The plot inFigure49 shows the velocity of the side frame member as a fuoictisrdisplacement.
The velocity of the side frame member was extracted from the SUV frontal crash model by taking an average
of the velocity of five nodes at the furthest rearward section of the side frame member and subtracting the
average of the velocof five nodes on the foremost section of the side frame member. The rearmost section
of the side frame member is not deformed by the crash and is essentially equivalent to the vehicle speed. The
tip of the side frame member has equivalent velocity vehiicle up until it impacts the wall at which point
its velocity becomes zero. Upon subtracting the tip velocity profile of the side frame member from the rear
velocity profile, the speed of the side frame member can be isolated. The crush distamosed thethe

50



same way as the velocity, where the displacement of the tip of the side frame member is subtracted from the
displacement of the rear. This calculated crush distance difference provides the displacement of the side frame

member relative thié vehicle movement.

The plotted velocity illustrates that the speed of the SUV, when the side frame member is first activated,
is 51km/hr. The vehicle decelerates almost linearly from 51 km/hr to 30 km/hr in approximatety &00
crush distance. Aftdre first 300nm of crush, the deceleration increases steadily until the vehicle comes to a
stop. The crash incident is completed am#82f crush distance, which is noted by the rapid drop of the
vehicle speed tokin/hr.

Velocity [knvhr]
w
o

10 A

o+
100 200 300 400 500

Crush Distance [mm]

o

Figure 49 Deceleration profile of the SUV model side frame member plotted as a function of the vehicle

crush distance.
2.5 Crush Forces

The crush force has been plotted against the crush distance for eaelttavoasforce plane along
the length of the sideame member iRigure50 The crush distance is calculated as the difference between
the displacement of the side frame member tip and rearmost points, as explaipezliaus sectio..
In the crossectional force plane plots it is observed that the force transmitted through the rail accumulates
with each consecutive foqglane. It is also pertinent to note that anywhere that the crush force has a peak
corresponds to a time during the crash when the deceleration felt by the occupants would increase. Therefore,
monitoring the load peaks during the design of the hot stailipeddlded side frame member will be critical.
In the first three crossectional force planes the initial, second and third crush force peaks have been
highlighted with an arrow. These three crush force peaks will be used to determine whethepeakeptable

forces are measured in the baseline front end module anddigitm hot stamped side frame member.
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Ultimately, the baseline front end module and hot stampeavidded side frame member must visually
match the global crush force trend, asasalie magnitude and location of the peak forces.
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Figure 50. Crush forces in the SUV side frame member calculated witbectassal force planes along the
length of the side frame member.

2.6 Occupant Compartment Intrusion

One ofthe major functions of the SUV BIW structure is to safely house occupants within a seating
envelope, as illustratedrigure51 It is therefore crucial in crash events to limit the amount of intrusion of
structural members into the occupant zone. In frontal crash, some of the structural members at risk of intruding
on the occupant zone are thepilar, dashboard panel, floor panel arail ®f the side frame member. In
this thesis the-&il will be the only structural member analysed for occupant compartment intrusion, since
only the side frame member is being derexl in the material dowgauge study. Ther&@l of the side frame
member i s | ocated approxi mately adjacent to the
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Figure 51 Side view of the BIW structure hightiigg the occupant seating envelope.

The displacement of ther@l is measured from the top of the sectigufe52 where the largest
displacements will be measuitdd.observed frorfigure52that the current production SUV model predicts
that the Sail will displace 258m along the-koordinate and 3rAim along the-zoordirate. This relatively
small amount of intrusion into the occupant zone has been deemed acceptable; therefore, intrusion of the hot

stamped side frame member should not exceed #rigxgessive amount.

Figure 52 Side viewofth dr i ver 6 s side frame member at peak i

the occupant compartment.
2.7 Extent of Spot Weld Failure

Spot weld failure is not desired in crash engineering because of the level of uncertainty it brings to the
crash responsgé the assembly. Therefore, it is important that the amount of spot weld failure (if any) occurring
in the SUV frontal crash model be assessed to better understand some of the high stress weld locations.
Analyzing the weld failure that occurs in the Sodehalso provides a target for the acceptable amount of

spot weld failure that can occur in the tavielded hot stamped side frame member.

The areas of interest for analyzing spot weld failure in the SUV side frame member are the top and
bottom flangesf the crush tip. These particular locations exert high loadings, tough on the spot welds during
crash, due to the tight folding that occurs in the front rail during axial crush. The spot weld failure parameters
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are plotted against crush distance forthetbop and bottom flanges of the crush tip section of the side frame
member inFigure53 and Figure54, respectively. It is observed in both the top and bottom flanges of the
driverds side crush tip that three spot welds f ai
to fail in the flanges from the SUV model are indicatéidgune53 andFigure54 and are denoted as high

stress weld locations. These-sigéss weld locations will be closely examined during the baseline and tailored
hot stamped side frame member weld failure analysis.

It shouldbe noted that the failure parameter reaching unity does not trigger spot weld element deletion;
rather, damage accumulation begins at this point and when the damage parameter reaches unity the element:
will be deleted. The failure parameter has been asoaanetric of quantifying which welds fail (instead of
the damage parameter) since failure parameter provides a more condensed analysis of which welds are likely tc
rupture in the model than viewing the damage parameter of each individual weld element.
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Figure 53 (a) Top flange weld failure parameter shows three welds that undergo failure fhitiGtose
up of the crush tip shows the location of each spot weld failure initiations by colour.
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Figure 54 (a) Bottom flange weld failure parameter shows three welds that undergo failure (bjtiation.
Closeup of the crush tip shows the location of each spot weld failure initiations by colour.
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During the folding crush mode, spot welds are subjectaatiined loading conditions comprised of
axial and shear loading, as well as a peel moment. The loading on each modelled spot weld assembly along th
top flange of the side frame member crush tip are shdvwgune55for their respective loading condition
(axial, shear and peel moment). The respective failure load forna JAC590R spot weld with two
connections has also been plotted for each to demonstrate wtiigh doadition contributes the most to
spot weld failure. It is quite clear from these graphs that the dominant loading condition is the peel moment
since it comes the closest to its failure load for many different spot welds.
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Figure55Spot wel d forces along the SUV model 8&® crush
axial loadindp) shear loading arfd) peel moment loading.

2.8 Design Requirement Summary

Figure33outlines the steps pursued in this thesis to develop-aé&diled hot stamped side frame member.
This chapter has served to present the numerical model of the full SUV and the predicted side frame member
response within the vehicle. The next step idetelopment path is to design and fabricate a representative
baseline front end module that captures the crush response of the side frame member in full SUV model. A
key requirement in developing the baseline front end module is to establish aesigeseduirements or
specifications that will ensure that the baseline front end module behaves in a manner equivalent to that
predicted by the full SUV mod€he design specificatiohst will beused toassesthe appropriateness of
the baseline fromnd module angresenteéh Table3.
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Table 3. Design specifications to evaluate the baseline front end module awdltgbbhot stamped (FW

HS) side frame member.

Il suv Model
[l Baseline Front End Module
[l T-W HS Front End Module

[l T-W HS SUV Model Numerical (N)  Qualitative
Experimental Quantitative

Upper Lower

Target Bound Bound

Crush Response

Consolidation of crush tip (Fig. 58y E N N Qualitative ~ Match - -
Buckle in front of shock tower support (Fig. p8) E N N Qualitative ~ Match - -
Buckle behind shock tower support (Fig.|96) E N N Qualitative ~ Match - -
Parent material fracture seveyity N N Qualitative  Minimize - -
Vehicle Decleration
Velocity history N E N N Quantitative  Match +10% - 10%
Final crush distanggN E N N Quantitative 422 mm + 30 mm - 30 mm
Deceleration profilg N N Quantitative  Match +15¢g -15¢g

Crush Forces

Sectional force plane (SFP) - global tlevid N N Qualitative ~ Match - -
SFP - peak forces (1st, 2nd, JrN) N N Quantitative ~ Match + 15% - 15%
Total Force (TF) - global trer[d E N Qualitative ~ Match - -
TF - peak forces (1st, 2nd, 3jd) E N Quantitative ~ Match + 15% - 15%
TF - average forck E N Quantitative  Match + 20% - 20%
Occupant Compartment Intrusion
x-coordinate displacemgiii N N N Quantitative 25.9 mm + 30 mm -

z-coordinate displacemgrtl N N N Quantitative 3.0 mm + 40 mm -
Extent of Spot Weld Failure

Weld locationqN N N N Quantitative  Match - -
Quantity [N N N N Quantitative ~ Match - -
Severity| N N Qualitative  Minimize - -
Side Frame Member Characteristics
Mass ReductiopN N Quantitative < 7.6 kg 15% -
Total number of spot weldN N Quantitatve O 245 - -
Total number of componenjs\ N Quantitatve O 3 - -

It is a design requirement that theltnesponsécollapse modesj the baseline and taioelded hot
stamped front end modules be similar to those found in the production side frame member in the SUV model.
To be more precise, the location and deformation trajectory of sequential faokdingruish tip, global
buckling in the middle section and rigidity of thal Section mustorrespond to that observed the side
frame membewithinthe SUV model. The key crush modes to match in the hot stampeuetdior side
frame member designe shown ifrigure56. It is also pertinent that th&tentof the parent metal fracture in
the tailorwelded hot stamped side frame member be minimized in thepoesegs.
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continues

shock tower support JE
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buckles after shock tower
support and before S-rail

Figure 56 Key crush modes of the production JAC590R side frame member in the SUV model to be matched
in the design of the baseline front end module.

The global trend of the crush forces in each-seas®nal force he of the baseline front end module
must match those from the SUV model side frame member. In addition, the first three peak crush forces
(highlighted ifrigures0 should be similar in magnitude and instance in the crash evamaxithum error
of 15%. Theoveralltrends in the forcgime history othe tailorwelded hot stamped front end module must
matchthat ofthe baseline front end modulbe error in average crush force between thew&ilded hot

stamped front end modwdad baseline front end module should not exceed 20%.

Components of the BIW structure are designed to keep the occupants safe in the evenfTbia crash.
side frame member in the SUV model demonstrated a small intrusion into the passenger compartment of
25.9mm in the xcoordinate and 3rm in the zcoordinate.An acceptable level of intrusion is determined
by adding a tolerance to the SUV model predicted occupant compartment intrusion. A tolerancénof 30
the xcoordinate direction and 40 mm inzte®ordinate direction are added (coordinate systems are based on
Figure52). A higher tolerance is assigned in dtieeztion since intrusion in tldgection does not travel
directly towards t h-diredianantiugiennimplyisg irftresert in thesprdiodte isas i n
less severe thardiectionintrusion.

The number o$pot weld failures predicted in the production side frameem8il modedlas quite
limitedand thewveldedlangesn thecrush tip remain intact throughout the entirety of the crash (&exdll
that ofailured6 is defined herein as the initiatio
The exént of spot weld failure in the hot stamped taitdded side frame member nhestnaintained at this
low level Spot weld failure will be quantified througlnitigidual predicted weflailure parametgto identity
rupture hot spots and visual chddkselement deletion will be useddentifycompleteveld failure. Most
importantly the severity of spot weld failamed the impact of any spot weld failures on crash wafdig

57



evaluated based on whether controlled folding behaviour followskpfdilre. Absolutely no spot weld

flange oOoOunzipping6 may occur during the crash eve

One of the main goals of investigatingher strengthhot stamping materials in frontal crush
applications is to determine the potential mass savings that cévbd #ulough sheet steel deyauging.
It is deemed that replacing the production JAC590R side frame member with hot stamped materials is not
worthwhile unless a weigtgductiorof at least 15% is realized. In addition, the total numinejafstamped
components that make up the side frame member should not exceed three and the total number of spot welds
to fabricate the side frame member should not excedth@4tumber in the current assemibtigally, a
reduction in the number of major componants number of spot welds would be desirable.

The development and testing of the baseline front end module is presented in the following chapter of
this thesis. Note that the ultimate goal of this thesis is to develtyprwelded hot stamped side frame
memberand this new side frame memb#ralsobe evaluated using thesign requirements listed able
3
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Chapter 30 BaselineFront End Module
Development

Conducting a USICAP Full Width Rigid Barrier SUV frontal crash test requires many resources that
are outside of the scope of this ihesoject. For this reason, the evaluation of the hot stampea¢tdied
side frame member is conducted at the assembly |e
frame member. The assembly of interest in this thesis is thexdrombaule, whicimcludeghe structural
components that houaad supporthe side frame member. The components of the front end module provide
the side frame member with adequsafeportto absorb the kinetic energy of the vehicle. The crash
performancef the production JAC590R side frame member will be evaluated ustqgiteenentfrom
the front end module developed in this seatibithwill be termed the baseline front end module. The same
front end moduleequirementdeveloped in this chaptdtiwe used to evaluate the hot stamped-tadtted
side frame member, as discussed in cHapter

The development of the experimental method for testing the baseline front end module is a combined
work effort of Peistgil9]in his own thesis and the author of this thesis. The nurstriiabk taletermie
which components from the BIW structure are requimadtchthe performance of the production JAC590R
side frame memhdrom the SUV modedre discussed in this theBisistef19]is credited with designing
the crash sled test fixture for the baseline front end module, as well as performing the first three experiments
on the baseline front end module. An additional six baseline frontdarid experiments are conducted as
part of the work of this thesis.

This chapter details the development of the baseline front end module, including the experimental crash
test results, numerical predictions and their correlation to the prodA@ESOR side frame member from
the SUV model. The chapter opens with discussing the iterative numerical simulation process used to determine
which components of the BIW structure are relevant in reproducing the boundary conditions imposed on the
side framenember by the rest of the BIW. The test methodology and the results from the dynamic sled testing
are then discussed. The test setup is numerically modelled and correlated to the baseline front end module test
results. To conclude this chaptiee baseatie front end module is evaluated against the design requirements
developed in sectidh8to ensure the side frame member is properly consttsirteé additional BIW
supporting membem=ndthat a fair comparison can be made to the hot stampeéntelitizd side frame
member.
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3.1 Devdopment of aReduced BodyIn-White Structure

The starting point for developing the baseline front end module was to determine which components
from the SUV BIWKigure34) structureshould be included to produce an impactrespohset he dri ver 0
frame membaewithin the fullvehicle The goal is to reduce the BIW structure as much as paessibléhat
the remaining structure can be tested on a canjzolevel crash sledthout severely altering the crash
response of the side frame member. In thisactipn all decisions to remove components are validated
through simulating crash of the front end module and checking whether the requiremectsonar8are
met.

The component of i nterest in this thesis is t
components of the BIW structwat the Sail section of the side frame member are removed. The remaining
structure, shown iRigure57, is referred to as the frontal BIW structlihe frontal BIW structure is the first
large reduction of components, however this is still a very complex and large structure to be fabricated and
tested on the crash sled. Further reduction of components are made, since it is observed that there is still

potential to further isolate the driverds side frr

A-pillar Start

Radiator Support

End of S-rail

Bumper Structure

Driver's Side Frame Member
Aluminum Crush Box

‘ Elephant Nose Support

Figure 57. Frontal BIW structure isolated from the SUV model.

The scope of this thesis work i s -weledsidelfrgmee v al u
member. Thisequiremengénables$urther redution of the frontal BIW structure by eliminating the passenger

side components from the frontal BIW ste Figure58). It is noticed from the half frontal BIW structure
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that the front bulkhead members that would support the radiator no longer contributes lateral thegpo

side frame member. Similarly, the half front bumper structure will impose a large moment on the side frame
member upon impact without its other half to balance out the forces. For these reasons, both the front bulkhead
lateral members and the menstructure are removed. Additionally, the dashboard support components do

not directly constrain the side frame member and are therefore eliminated from the front end module structure.
The remaining structur e af taeradiatorisuppon, busnpee strgcteire &d s i d

dashboard supports are removed is showigime58.

Dashboard Supports

Lateral Radiator Support

Elephant Nose Support

Bumper Structure Half

Figure 58 (a) Passenger side components kandrom the frontal BIW structurgh) Lateral radiator
support components, bumper beam and dashboard supports removed.

The untrimmed floor panel and dashboard panel, shdviguire59, are relatively large and do not
provide structural support in locations they are not connected to the side frame ‘reisbeti@. For this
reason, it is beneficial to trim both of these panels such that they conform to thefftaegesnt end
module, as shown in the trimmed versidiigare59 The agrimmed portions of floor and dashboard panels
are retained in the reduced structure sincey wel d t o the driverds side fr

frame connector bracket and serve to close thesexsms of these members.
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Trimmed

Untrimmed

......
- -
~a

Dashboard Panel

Floor Panel

Figure 59 Schematic of the front end module showing the untrimmed (leftjnamed (right) dashboard

panel and floor panel.

The purpose of the elephant nose support shofigumne60is to protect the occupants in the event
of a small overlapblique crash, similar to the test procedaseribed biNHTSA [84] The scope of this
thesis is to only evaluate the side frame member in full frontal impact, therefore the inclusion of the elephant
nose support is not neceggéit does nosignificanthiff f ect t he dri ver ds side fra

full frontal crash.

To determine whether the elephant nose support is relevant to the crash performance of the side frame
member numerical simulation is used. The boucdaditions for the simulation are showFRigure60,
where it is observed that the lasin®@ of nodes at the end of the side frame member are constrained. The
nodesat the top of the shock tower, where the shock strut would be mounted, are also constrained to support
the upwards loads from the side frame member deformation. The fixed front end module is then impacted by
a rigid wall with a mass of 855 kg and a sp&édkan/hr. The remainder of the boundary conditions are the

same as in the SUV model described in s€cfion
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Constrained Nodes

Constrained Nodes

Rigid Impact Wall

Elephant Nose

Figure 60. Boundary conditions used to simulate the front end module with elephant nose.

Upon simulating the front end module structure, it is found that the elephant nose support actually
negatively effects the crash performance ofddrame member when its surrounding structural members
are removed. It is observedrigure61that the inclusion of the elephant nose support in this reducedestructur
creates a countelockwise rotation of the side frame member crush tip causing the crush tip to buckle on the
underside of the rail. The buckle on the underside of the rail forces the later portion of the rail upwards, which
collapses theail sectioras the crash simulation progresses. Due to the simulation results the elephant nose
and its associated front bulkhead components are removed from the reduced front end module structure.

Collapse

Figure 61 Effect of elephant nose in front end module crash simulation, starting éthutheeformed
state(b) start of side frame member coutleckwise rotation ar{d) continued rotation and collapse of the
Srrail.

Secondary components, such as the dlassdinforced battery base and front bulkhead brace, were
then added into the front end module model to observe their effect in crash performance. The battery base
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supports the battery within the vehicle and bolts directly onto the side frame menitm1t Bhkhead

brace provides lateral support to the side frame member through a connection from the side frame member to
the lower radiator support. The radiator support has been removed from the reduced structure and therefore
the front bulkhead brace fonger provides lateral support, however it does provide a locally stiffened region
that alters theequential folding in the crush tip where it is bolted on. It is obsefigd@2that when the

battery base and front bulkhead brace are included into the model, more desirable progressive folding occurs
in the crush tip than when these components are not included. It is to be Rigie2 that the battery

base has been hidden from its respective image to better examine the crush tjpfelaisg. that the

battery base fractures and is shears off the side frame member at approximately 14 ms after impact.

Brace

oW | Battery Base

« .
Without Battery Base
and Brace and Brace

AN S, W

Figure 62 Effect of including the front bulkhead brace and battery base into the simulation illustrates
seqential folding. Note that the battery base is hidden so that the folding may be examined.

The final components utilized in the baseline front end module are shkagungB3 It is evident
from this figure that the baseline front end module is much more manageable from a fabrication and testing
perspective than the frontal BIW structure showiigure57. In the proceeding sections of this chapter the
crash test results and numerical simulation predictions will be examined and compared to the SUV model
predictions to establish whether the baseline front end module suitably £dmstsidle frame member in
frontal crash.

64



Shock Tower

Trimmed Front Bulkhead

Battery Base

Front Mounting Plate

Figure 63 Finalized components necessary to constrain the production side frame member as the SUV model

BIW does. The structure is hereafter referred to as the baseline front end module.
3.2 Baseline Front End ModuleCrashTesting Method

The baseline front end module assemblies are fabricated by the fabrication group at Honda Research
and Development Americas (HRA), using production components and assembly mettagsoatiis
ensureghat the baseline front end modules being produceoiaistento those sent to the production lines
to build into SUV bodies. HRA fabricated and shijgretlr i ver 6 s si de baseline fron
crash sled testing conducagdhe University of Waterloo

The design of the crash tiestiuresfor the baseline front end module was developed as part of a related
thesis by Peist§t9] In that work, a test fixture was designetidant and impadhe baskine front end
module Figure63) within the Seattle Safety D78J crash slg@5]facilityat the University of Waterlda.
order to fasten the baseline front end module to the rigidsteall mounting pla(Eigureb4a)is MIG welded
onto the end of the-&il sectiopwhich was trimned in a plane parallel to the fixed barrier wall, as shown in
Figure64.
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Figure 64 (a) The steel mounting plate gl the baseline front end module assembly that is MIG welded
to the mounting plate.

A CAD generated schematic of the test setup is shdviguire65 The weldedaseline front end
module and mounting plassemblis mounted to the fixed barrier wall with M12 bolts around the perimeter
of the mounting plate. In this configuration the crush tip of the side frame memieeidesdeborward to
meet with the crash sled impact wall during the test. A large beam (shock tower support) is bolted to the fixed
barrier wall and extends outwards toward the shock tower of the baseline front end module, where it is
connected with three & The shock tower support reacts the moment induced by the vertical offset of the
Srail and resulting uplifting force that would cause the side frame member to buckle. It was decided to constrain
the shock tower over thepllar support, which is whabuld be constrained in the vehicle, to simplify the
test fixture design. This simplification is justified, since the displacements of the shock tower in the SUV model
during deformation are insignificant due to the amount of reinforcement surrounding it.

Honeycomb arrestors are used for two purposes in the crash experimeotitthl the deceleration
of the crash sled so that the velocity profile of the side frame member in the SUV model can be matched in the
experiment and (&) dissipate excess éiic energy (not absorbed by the test article) and decelerate the crash
sled to avoid damage to the sled or the fixed barrier wall. The configuration of the honeycomb stack will be
adjusted throughout the testing to fine tune the deceleration profilsledath match the SUV model

response.
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Figure 65 Finalized test setup for the baseline front end mathgdigned by Peisf&8]

3.2.1 Experimental Setup

The baseline front end module structures are impacted using a Seattle S&atyc2880s1d@5]
(Figure66). The sledthas anaximunmvelocity of 91 km/hr and can carry a payload of kgl0Dhe maximum
impact energy the sled chtiveris 165kJ The crash sled travels toward the test article along steel rails using
a wheeled assembly. Wheel assemblies are mountéslioc@lhers of the sled and have wheels above and
below the rail to react the downward and uplifting forces, while wheels along the side of the rail react the lateral
loadsThe sleds propelled wwardshe test specimen by opening a butterfly valiveetbases compressed air

from a reservoir, pushing a piston, which then pulls the rope attached to the sled.

The sled alone weighs ¥g6and must be accompanied by leg2Z3ush can, which is mounted to the
front. Two honeycomb outriggers weighinggi®ach are mounted on either side of the sled. An impact wall
with three load cells and impact face plate aretetbto the sled and weigh a total ofk@R@ herefore, the
total mass of the impact sled is 893l he initial velocity targeted in this crash experiment is 51 km/hr, which
is the speed of the vehicle when the side frame member begins tadefesihedin sectior2.4 The total
energy associated with this test is calculated to keB0.6 we | | under the sl edbs ma
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