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Abstract

This thesis investigasethe effect of tailoring the properties afhot stamped axial crush rail
consisting of a top hat cresgctionon its crash respons&he tilored hot stampingTHS)
process is considereih, which theforming tool ispartitioned into zones that are either cooled or
heated.The local die temperature controls the quench rate within the part, such thainkd

part will have zones of differing hardngstrengh) and ductilitylevels.

In the current work,dur configurations off HS rails were formed: a netailored configuration
using conventional room temperature toolargl three tailored configurationswhich onehalf

of the rail was quenched while the ethalf wasformedin tooling that was heated different
temperature (in the range 40000C). Micro-hardness measurements confirmed a6 can

be used to form an axial crush member that contains tailored properties along itsTleegth.
formed pats exhibited a Vickers hardness of ~475 HV in zones formed in cooled tooling, ~280
HV in zones formed in tooling that was heated toe@0@nd ~215 HV in zones that were formed

when the die set was heated to g00

The formed parts were then welded in paalong their flanges and axially crushedder
dynamic and quasstatic conditionsThe nortailored fully hardened components did absorb the
highest energy26.8 kJ), butexhibited extensivetearing and fractureThe forcedisplacement

and energy absatipn curves from the crush experiments showedttiestiailored configuratios
absorbed less energ?1(.625.7 kJ), but were lessusceptible to buckling and had excellent
repeatability in its crash responsEailored regions with higher temperature togliand/or

graded tooling temperature distributions exhibited the least damage and absorbed the highest

energy amongst the tailored configurations.

Numerical models of the THS process and subsequent crash response were desgeigpbe
Akerstrom materiamodel in LSDynato model the forming and the constitutive models of
Bardelcik et al. to simulate the crash behavidre predictednicro-hardnesslistributions in the
components with bainite or martensitefasned phases were very accuratsually within

10%), whereas predictions for ferdt®ntaining components were within 15% of the measured



hardness. Therash models were able to accurately predict the energy absorption of rails that
were formed in cooled and 4§Dtooling They werdessaccurae for dynamic crush of rails that

contained ferrite

Overall, tailoring was found to have a positive effect on the energy absorption of a hot stamped
axial crush member. Future work should focus on improving the hot stamping and crash models
so they carmaccurately account for the effect of ferrite. Furthermore, aaxaal, angled offset

crush should also be performed to more thoroughly investigate the effects of tailoring.
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1. Background

The current trend in thautomotive industry to move towards lightweight materials has resulted

in the developmentof several new fabrication processes. One such prasdsst stamping,

where a blank made of Boron steel is heated to a temperature high enough to austenize it. The
blank is then fed into aooleddie set where it is formed and quenched. The quenching stage of
this process results in a high rate of cooling ie thlank, which in turn yielda phase
transformation[1] from austenite to martensit&€he martensitic microstructuren the formed

blank exhibits tensile strengths as high as 1500 MPa. These high tensile strengths mean that the
overall weight of the vehicle can be reduced because less material is needed to achieve a similar

or higher amount of strength thaanventional mildstees.

The martensitic microstructure in tf@med parts, however, very brittle. This is ndavouratie

for the front andrearrails in an automobile, which are expected to absorb large amounts of
energyand undergo large deformatiamfrontal or rear crash event§herefore, a more ductile
microstructure in the formegart is preferredfor these partsTo achieve a more ductile
microstructurea variant of the hot stamping process, known as tailored hot stamping (THS), was
developed. In this procedseaters are inserted into the die set, allowing for a slower rate of
cooling of the blank, whicim turnleads toa bainitic and/or ferritic microstructure the formed
blank[1]. The bainitic and/or ferritic microstructures do not exhibit as high a tensile strength as
their martensitic counterpaj2], however, they do exhibit better ductilify, 4, 5]and are still

stronger tharonventional mildstee| for example

The THS process can be used to tailor the tensile properties of an axial crush member t
optimize its crash performance. The purposéhefcurrent research ie investigate the effects

of forming an axial crush member using THS, by creatiograponent withdistinct martensitic

and bainiti¢ferritic zone along the length dhe part. Partswere formed at different tooling
temperatures ansubjected to impact testing over a range of impact velock@shermore, the
forming andmpactprocesses wemaodelled using notfinear finite element analysis to ascertain

the predictive capability afurrent simulation techniques



1.1 Tailoring Techniques

There are several available techniques that can be used to tailor the strength distribution within a
hot stamped component. Talaelding of blanks is one such technique in which blanks of
different temsile strength, and possibly different thickness, are welded together prior to being
formed [6, 7, 8, 9] Advantages of this technique are the ability to optimize the weight of a
component by varyingts thickness in different regions in addition to its tensile strength.

Disadvantages include the added welding cost.

Another possible technique for tailoring the properties of a part is post tempering, where a
component is hot stamped to achieve a unifarttly martensitic condition after which selected
regions of the component are heat treated (tempered) to tailor the property distfiQijtidinis
approach simplifies the forming process but adds an additional expense the&irgpst

tempering phase.

Another technique that can be employed to tailor the properties of a part is the THS process, the
focus of the current research. In the THS process, the tensile properties of the part are tailored

during the forming process, raththan before or after it.

1.2The Tailored Hot Stamping (THS) Process

As mentioned previously, THS involves austenizing the blank prior to the forming process. This
is usually done by placing the blank in enduction oven[11]. The austenized blank is then
transferred from the heated environment into the die set which is also heated, either entirely or
only in certain areas. The blank is formed and then quenched in this heated Higusetl

outlines the entire THS process.

The resulting properties in the formed blank are controlled by its rate of cooling. The rate of
cooling will determineinto which phaseshe austené phase decomposga 12, 13]andthe
resulting final hardness properties of the formed pfttt, 15] A Continuous Cooling
Temperature (CCT) diagram tgpically used tocharacterize the relationship between cooling
rate and resulting microstructures. An example of a @@gramfor Boron steetan be seen in

Figure2.
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Figure 1. Schematic oftte THS process, adaptedm [1]
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Figure 2. A CCT diagram of 22MnB5 Boron steel, adapbexn [16]

As is evidentfrom Figure 2, in order to control the final microstructure in the formed blank
during THS, and thereby control its hardness, the cooling rate duringnfpramid quenching

must be adequately controlled. If softer and more ductile properties are required in a certain
region of the formed blank, then a low rate of cooling is required. This is achieved through

heating the corresponding section of the die sed togh temperature. Likewise, if a certain



regionin the blank is required to be harder, then a high rate of cooling is needed. As such, the
corresponding zone in the die set should either be heated to a lower temperature or not heated at
all, depending o the desired properties. In many cases, a coolant is pumped through certain

areas of the tooling to keep them at room temperé§tdie

Various studies have been conducted oratheantagesf THS over standard hot stampinigor
example, it has been shown that forming and quenching blanks in heated tooling can reduce the
springback of the formed pdi8, 19, 20, 21]Also, even though Boron steel generally exhibits
good fomability in standardhot stamping22, 23, 24] the THS yields even better formability

[25]. Stohret al.[13] haveshown that if soft properties adesired across an entire part, only
partial austenization of the blank is required before forming. However, it is very difficult to

produce a martensitic zone using this technique.

Studies have also been conducted on the ability of THS to create a jpaat waitiable hardness
profile. In one instance, a-pillar was tailoredin tooling that was heatedp to ~200°C by
Erhardt andBoke[19] such that it contained a soft zone, a hard zone and a transition zone across
its area as deictedin Figure 3. The hard zone displayed a tensile strength of 1500 M#z0(

HV) and the soft zone displayed a tensile strength of 600 ME@O(HV). Similar studies on a
tailored Bpillar were doneby Banik et al.[26] and Wilsius et al.[27]. In another work by
George et al[28], a labscale Bpillar was tailoredn tooling heatedip to various temperatures
ranging from 100- 400°C. In the most extreme case (40)in, the Vickers hardness in the B

pillar dropped from~460 HV in its hard zone t6240 HV in its soft zone.



Hard zone

Transition
zone

Soft zone

Figure 3. The hard, soft and transition zones in a tailorguilBr, adaptedrom [19]

High strength

<— Soft wall

C-channel

Figure 4. Top hat with hard radii and soft walls aneclBannel, adapteftiom [2]

Mori and Okudd2] haveshown that a top hat shaped part with soft walls arahahnel and
hard radii (shown irFigure4) can be produced by adding insulation at certain points in a heated
die. In a similar geometric configuratioBerglundet al.[29] formeda hat shaped pafivhich is

pictured inFigure5) with a soft zone at its centre

More recently,Eller et al.[30] tailoreda 500 mm longhatshapedcomponentnto two zones

along its length. This was accomplished by partitioning the tooling into two sets, with an air gap
of 1.4 mm in between. One set of the tooling was held & 89 pumping chilled water through

it, while the other set was heated to 83Qusingcartridge heaters as showrin Figure 6. The

30°C zone in the 1.5 mm thick blank achieved a hardness of 465 HV and th@ %80e
achieved 250 HV. The transition zone between the soft and hard zones was approximately 150
mm wide The technique of partitioning the tooling used by Eller et al. was very similar to the
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technique employed in the work described in this thesis and has already been documented by the

author in[31, 32}

Soft zone at centre

Figure 5. Hat shaped section with a soft zone at its centriuasl in[29]

Soft zone

Hard zone (30°C)

(530°C)
Figure 6. Axially tailored top hat, adaptddom [30]

The aforementionedxamples show that THS offers many advantages over the standard form of
hot stamping, such as better ductililfjney also show that it is possible to produce a part with
tailored properties, which can be used to imprexergy absorptiom selected regions dhe

formed blank.



1.3 Crash Performance of Tailored Parts

There are several ways of evaluating crash performance of tailored hot stamped parts: overall

energy absorption, pedk-average load ratio and also the pattern of deformatiomparta

Eller et al.[30] performed a quastatic 4point bending test on the tailored top hat section
(which waspictured inFigure6) which they formed at 3/530C (as explained in sectidn?).

A backing plate was spetelded to the top hat along its flanges vathveld spacing of 50 mm.

The part was supported on two pillars, while two punches (attached to the same block) were used
to impact the part: one punch on the soft zone and the other on the hard zone. The impact speed
for this test was 20 mm/min. The paras able to sustain a load of 46 kN and a displacement of

17 mm before the initiation of a crack along the fillets between the flange and wall and between

the Gchannel and wall. The cracks formed in the hard portion of the part.

A 3-point bend test wasoaducted by Sato et dB3] on several types of steels, including fully
martensitic steels. The tests were done on a top hat section with a backing plateldpdt
along its flanges. A high peak load (140 kN) was achievedhi® fully martensitic samples.

However, the formation of cracks as well as local buckling was observed.

The focus of Sato et dI33] was to compare the crash response of several different types of top
hatshaped steels. Likédse, the focus of Eller at al30] was to model the failure and plastic
deformation of Boron steel. As such, no comparative study was done in either of these works
between the crashworthiness of tailored andtadared partsnor between the crashworthiness

of blanks formed at different temperatures.

Finite element (FE) models have shown that tailored hot stamped components tend to absorb
more energy and have better overall crash characteristics for certain applications than non
tailored and nothot stamped componentsE models by both Bentelg84] and Bardelcik et al.

[35] have shown that a hot stampeeiBar exhibits lower side impact intrusion than gpolBar

made out of aseceived Usibor®150(P [36, 37} A similar conclusion can be drawn by

comparing the results frof36, 37]for the overall intrusion of a side impact beam made from as



received Usibor®1500 with the results fr¢82], which looked at the intrusion of a hot stamped

side impact beam.

FE models by Benteler have shown that tailoring-gilBr in a manner similar to what was
shown inFigure 3, and then impacting it reduces its total side intrusion in comparison to mild
steel and also increases its energy absorpdéh Most of the deformation was concentrated in
the soft zone, which would libe section placed away from the passenger in an automobile. The
hard zone in close proximity to the passenger remained straight and intact, as pickigedein

7. A similar result was obtained by Wilsius et @7]. Bardelcik et al[35] showed through FE
models that impacting tilored B-pillar reduces its energy absorption by approximately 6.7%
when compard with a fully hardened Billar. However the increased ductility in the soft

regions did offer advantages in terms of the shape of deformation.

All the experimental and numericstiudies mentioned in this section up till now have focused on
side impact and intrusion resistance of hot stamped components with tailored properties, such as
side impact beams. A numerical study on axial crush was conducted by Mg38} ahere they
simulated the dynamic crash of a top hat section welded onto a backing plate. A 180 mm long
specimen was used in all cases, and it was modelled using two materials (which they designated
as matA and matB) in varying proportioa®ng its lengthKigure8). The impact velocity used

was 10 m/s and the part that absorbed the maximum amount of energy (9.8 kJ) was tailored
along its length wherenatA spanned 135 mm and matB spanned the remaining 45 mm. The
amount of energy absorbed by this part was a lot higher that thiaifemed part made entirely

of matB (6.2 kJ) and slightly higher than the part made entirely of matA (9.3 kJ). No

experimenthvalidation was provided.



Straight, intact hard zone

Bent and deformed soft zone

Figure 7. Final deformed shape of a tailoreepBlar, adaptedrom [34]

Fixed end

Figure 8. Numerical modesetup in38]

To-date, no combined experimental/numerical study has been published on the axial crush

performance of hot stamped components (other than publications by the author of th[82hesis
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31]). The loads experienced dugian axial crusf39, 40, 41}tend to be significantly higher than
those experienced during side imp§&2]. Given the brittle characteristics of martensite, hot
stamped partwith significant portions of martensite present in them will most likely fracture in
the event of an axial crush due to the large plastic strains occurring in fold regions and the
limited ductility of martensite. This lack of prior research provides jaatibn for the current

research which investigates the viability of a tailored hot stamped axial crush member.

1.4Numerical Modelling of the THS Process

Modelling the hot stamping process involves two aspects. The first aspecsimtitetion of the
THS process itself, which includes the tooling, heat transfer, contact as well as boundary
conditions. The second aspect is the behavior of the blank during the process, which includes

plastic deformation, blank temperature and the resulting properties oftiie bl

For modelling the characteristics of the process itself, a coupled theatioanical approach is
usually employed27, 32, 4249]. A noncoupled approach is possible if computing resources
are a concern, however such an approach does lose acptBady] The hot stamping tooling

is usuallymodelled using rigid, nedeformable shel[45] or brick element§32, 46]

Proper modelling of the heattrsfer between the blank and tooling and between different zones
of the tooling in THS is also very crucial. The rate of heat transfer between the blank and tooling
and between different zones in the tooling depends on the heat transfer coefficientKbiTC).
heat transfer between the tooling and blank, where the two metal surfaces are in contact, the
contact pressure is the governing factor in determining the ATCA48, 49] The HTC can be
inferred from expemental results using inverse analyagswas done by Salomonsson ef%0]
Salomonsson and Oldenbuigl], Svec and Merkleij14], Caron et al[49, 52] or by using
theoretical formulag53, 54] Of these investigators, Caron et [d9, 52] specifically looked at

how the HTC between the tooling and blank is affected by tooling temperatures during THS.

George et al[28] used experimental valudsr the HTC between tooling and blawoktained

from OldenburgandLindkvist [48] to model the hot stamping of a fabale Bpillar. George et
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al. found, however, that their models were overestimating the Vickers hardness ifpiltea B

and so they modified the experimental values fourjd8hto the ones shown ihablel.

For heat transfer between different zones in the tooling, the value of the HTC depehés o
distance between two surfacgs, 55] and the thermal conductivity of the fluid (usually air)
between the zonebleatbetween different zonas transferred through conduction via the fluid

mediumpresenbetween them (such as air)

Table 1. HTC values used in28]

Contact Pressure between Heat Transfer Coefficient
Tooling and Blank (MPa) (W/m?K)

0 400
5 900
10 1000
20 2200

The coefficient of friction is anothemportantparameter when modelling THS, particularly in

the surfacedo-surface contact between the tooling and the blank. Yanagida and Azygiima
conducted a study on evaluating the coefficient of friction for Boron steel. They found that under
dry conditions, the coefficient of friction approach 0.6 when the blank wabgated to a
temperature of 8G&. When the blank was lubricated, the coéint of friction reduced to 0-3

0.4.

For modelling the behavior of the blank during the hot stamping process, a material model was
developed by Akerstr6rfb6]. The material model captures phase transformations, latent heat,
transformation induced plasticity and plastic effects.iAcremental decomposition of tk&ain

increment isadopted aslescribed by:

(1)

whereY- represents the total strain incremeéfit, represents the elastic strain incremaht,

represents the thermal strain incremdht, represents the isotroppghasetransformation strain
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increment,Y- represents the plastic strancrementand Y-  represents the transformation

induced plastic strain increment. Each of these strains is calculated based on formulas developed

by Akerstrém[56].

The Vickers hardness in the blank is calculatedabyeighted average¢hat wasoriginally

proposed by Maynier et §b7]. The weighted average is calculated as

Ow ®O0w OO0w ®Ow & Ow
)
whered represents the volume fraction of a particular ph&saepresents the Vickers hardness
of a particular phase, and the subscrigt§fiQand & denotebainite, pearlite, ferrite and
martensite, respectively. The individual Vickers hardness for paelse is calculated using

formulas, which were derived by other investiga{6& 59, 60]

Olsson[61] implemented a material modelr hot stampingnto the commercial FE package1.S

Dyna, designatecds*MAT 244 It was based primarily on the work of Akerstrom e{62] and
Akerstrom and Oldenburig6], but contained modifications made byaitial.[63] to predict the
microstructural composition in the blank. Since its initial implementation, several revisions have
been made tdMAT 244 such as the ability to scale the activation energies of each phase based
on the amount of plastic strain in an elem@w]. The ability to manually input the Vickers
hardness of the martensite and bainite phases as a function of temperature, instead of using the

formulas proposed by Akerstrom, has aieen addefb4].

1.5Numerical Modelling of the Crash of THS Components

Crash experiments, whether they are axial crash orimigact, are usually modelled with a

rigid, nondeformable impactof26, 3032, 35, 38] The impactors either given a prescribed
velocity or an initial velocity and inertia (i.e., mass). Contact is defined between the impactor
and crash specimen. In axial crash modelling, nodes on one end of the specimen are usually
constrained from movin{B38, 65] The resulting forcalisplacement curves from the model can

be obtained by either the contact force between the impactor and crash specimen, or in an axial

crush, by the reaction forces at the fixed nodes.
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These aforementdned points describe the general approach to modelling crash experiments. One
concern, specifically pertaining to the crash of tailored hot stamped components, is how to
accurately map the flow stress properties onto thrased blank from the THS modeTo
address this concerriBardelcik et al.[66] developeda model that predistthe flow stress
properties of Boron steel as a function of effective plastic strain, strain rate and Vickers hardness.

The model is based on a nifbed version of thé/oce[67] hardeningnodel:

3

Bardelcik et al.[66] defined the parametesdhd and O in (3) as functions ofthe ashot
stamped Vickers hardness:

0 Tmnmu QY T WwTMwW @ WEHW
(4)

0 8 Ww xR T
©)
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(6)

o ey (7)

The above set of equations constitutes the Tailored Crash M®&@all) [66], which was
calibrated using specimensexhibiting a martensitic and/or bainitic microstructure only
Bardelcik et al[68] devised another model called the Tailored Crash Model 1l (TCMvhjch
accouns for the presence of ferrite in the microstructure, whichli@® did not Bardelcik et al.
[68] recommend the TCM Il for Vickers hardness valless than 466 HV. For values greater
than 466 HV, the original TCM is recommended.
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The TCM 1l is based on the same modifidce hardeningformula shown in(3). The
parameter® 5 and'O, however, are functions of the area fraction of bainite, martensite and
ferrite, instead of the Vickers hardness. All four parameters can be determinedfbloiving

polynomialform:

ey 1
(8)

And thevalues to be used for the coefficierits, are givenin Table2. The TCM Il model was
calibrated using specimens containing 20% volume fraction ferrite and exhibiting hardness

values as low as 240 HV.

Table 2. Coefficient values fothe TCM Il model[68]

J 5 5 5 7 7
= 853.0 809.3 30500  -152.9 2016  -2.051x10
I 602.7 631.8 14380  -98.36 980.5  -1.599 x 10
F 0.01875 -0.03875 0.16570 -0.03009  -0.2300 0.24470
r 0.018 - : - : -

The combined TCM and TCM Il models can be used in crash simulations of tailored hot stamped
parts. Thepredictedhardness values and area fractions of bainite, martensite and ferrite at the
end ofa hot stamping simulation can be used to generate flmgstturves to be used in crash
models. Thisapproach cabeappliedfor each element in the blank; howewis would require
considerablecomputing resource$or large models with many elementd more efficient
technique would be to sort the element® ibinsof elements with similar a®rmed hardness or
predicted phasesvith each birbeing assignedne set of flow stress data. This technique was
employed by Bardelcik et aJ]35] to model the 3oint impact of a Bpillar. The Bpillar was

sorted into eight binsA failure criterion to model crack propagation in thepiBar was not

included in that work.
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1.6 Current Work

As mentioned at the end of secti&trB, no study currently exists investigating the effét

tailoring ahot stampedxial crush membegxerts on its crash behaviaWhile there have been

some numerical studies done on tiwgic, which have been discussed, no detailed experimental
work has been carried out. The absence of experimental work means there is no definitive way to
validate the numerical studies and numerical models that already exist. It also means that there is

no quantitative measure on the effect of tailoring an axial crush member.

Therefore, there exists a need to conduct an experimental study on the crash response of tailoring
the properties of a hot stamped axial crush member. There also exists a neeabte tme
validate the numerical models in existence, particularly the TCM | and TCM Il constitutive
models describing the crash response of tailored hot stamped components that were discussed in

sectionl.5. The work described in thikiesisattempts to fill this gap in the literature.

This thesis is part of a broader project sponsored by Honda R&D Americas, Promatek Research
Centre and ArcelorMittal Dofasco. The god this project is to investigate the crash response of
tailored hot stamped components and to more accurately model the THS and crash processes,

focusing primarily on Usibor® 1500P, a hot stamping alloy produced by ArcelorMittal.

There were four taski® this project. Task 1 focused on investigating and modelling the crash
response of a tailored side impact beam. Task 2 focused on investigating and modelling the crash
response of a tailored axial crush member. Task 3 was to characteetiethef hating on the

HTC between the blank and toolirand was conducted by Caron et[4, 52] as explained in
section1.4. Task 4 was to experimentally determine a failure criterion for Usibor® 1500P at

different micrehardness levels, which was to be used in crash models.

The work highlighted in this thesis pertains to Task 2 of the overall hot stamping project.
Specifically, an axial crush member consisting ofl@ubletop hat crossection was analyzed.
Blanks made out of Usibor® 1500P were hot stamped in a die set that allowed for up to three

distinct temperature zones during the forming process. The blanks were forrddterant
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temperatures in the die, and midrardness measurements were conducted in the formed part to

map the Vickers hardness profile along its lateral axis.

The hot stamping process was also modelled using the material model developed by Akerstrém
[56], and by using many of the techniques described in settébnThe predictedVickers
hardnesglistributionswere tten compared against theeasuredesults.The formed parts were

then crashed axiallyat different velocitiesand the crash process was modelled. The force

displacement curves obtained numerically and experimentallyamatgzed andompared.

The remaindeof thisthesisdescribes the experimental and numerarallysisconductedor this

work. Chapter 2 details the experimental approach used in this work and describes the setup for
the THS, micrehardness and crash experiments. Chapter 3 describes theaffdHSrash
numerical model setups. Chapter 4 discusses results obtained from the THS aruhndicess
experiments and compares them with the results from the THS models. Chapter 5 discusses
results obtained from the crash experiments and compares thierthavitesults from the crash

models. Chapter 6 draws conclusions and makes recommendations for future work.
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2. Experiments

2.1 Overview of Experimental Programme

The focus of this work was to investigate the crashworthiness of an axial crush member
incorporating tailored properties along its length and to validate the THS and crash numerical
models. A key objective of this thesis is to determine if tailoring the hardness properties of a part
at different temperatures improved its energy absorpticsh @rerall deformation pattern

compared to a netailored, fully martensitic part.

To achieve this objective, a ntailored, fully martensitic part and three configurations of
tailored parts were investigated, as illustrate&igure9. The parts were tailored such that they
contained a distinct martensitic zone and up to two bainitic/ferritic zones. The shape and
dimensions of the a®rmed hot stampkparts that were investigated in this work are shown in
Figure 10. All formed parts were made out of Boron steel (Usibor® 1500P) and had a top hat
crosssection consisting of flanges on both sides andchadhnel consisting of walls and a top
section. The total length of each formed part was 590 mm, and total width was 125 mm. The

width of the top section of the-€hannel was 60 mm.

The nontailored fully martensiticpart was formed in tooling that was not heated iarrdferred
to herein adully cooled The three tailoredonfigurationswere subdivided into two categories:
those containing only one bainfffierritic zone, calleagsingle sofizonepars and those containing
two bainitidferritic zones, callediraded soft zonparts For thesingle soft zonearts, theentire
tooling was heated to 48D in one case and to 7€ in another case, resulting in two
configurationsof single soft zongarts. For theyraded soft zonea portion of the tooling along
the length of the part was heated to @D@hile the remaining portion was heated to @00A

description of the tooling is given in secti2r.

The THS process was divided into four stages: Transfer, Forming, Quenching and Cooling. In
the transfer stage, the pneated blank was transferred from flaenaceinto the dieset. The
forming stage of th@rocess consisted of the descent of the tooling onto the blank and the die

close to form the geometry. The quenching stage occurred subsequently in which the formed
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blank was held in the tooling for a certain time period at a certain tonnage. Theagslvehich
was the cooling stage, was when the blank was removed from the tooling and allowed to cool in

air until it reached room temperature. Details of the forming process are given in 8&tion

Single Soft Zone
400°C

Fully Cooled

Single Soft Zone 700°C Graded Soft Zone

Figure 9. The types of tailored and ndaailored parts investigated in this work

Top Section of C-channel

600 mm

R7.9mm €

Walls in C-channel
\ 60 mm

<€ >

<€ >
125mm

Flange

Figure 10. Shape and dimensions of the specimens investigated in this work

After the blanks were formed, the-Bemed parts were welded in pairs along their flanges and

prepared for axial crush. The preparation process is described in sbtidwo types of axial
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crush experiments were performed in this work: dynamic and -gtatsi. The dynamic crush
setup is discussed in secti@®b and the quasstatic crush setup is discussed in secon
Forcedisplacement curves were extracted from these crash experiments and analyzed. These

curves also served awvalidation tool to assess the numerical crush models.

2.2 Description of Forming Tooling

The tooling used to form the axial crush membeas designed by Geord@l] as part of the
broader scope of the hot stamping project, which was described in se&idme axial crush

tooling was divided into two sections: a watmoled section corresponding to the hardened
martensitic zone in the formed parts and a heated section corresponding to the soft zone(s) of the
formed parts. The female die and flange and the male punch and binder are skhayuneihl.

The two sections in the tooling were separated by an air gap of 3.2 mm. Water coolant was

pumped through the cooled punch and die and was able to maintain a steady stateuesng
12eC.

The heated section in the tooling was subdivided into two zepratedby an air gap of 2 mm.
The two heated zone=sabled fabrication ahe graded soft zonpart shown inFigure 10. The
temperature in the heated section of the tooling vedd constantisingPID controllers, and the

heat was provided dy 50 W cartri dge heaters at 600V, whi cl

Forty-four heaters were inserted in the tooling: two in each of the heated punches, four in each
side of each heated die and flange, four in each side of the flange in the cooled section of the

tooling and eight in each side of the binder. This is illustratdeéigare 12. The heaters in the

flanges on the cooled section of the tooling
the heatersinthehead di e were 60 in | ength. Al remai ni
flanges on the heated section of the tooling)
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Heated Punches Heated Binder

iale Punch

Heated Die Cooled Die Cavity
Cavities

Figure 11 Tooling used to form the axial crush members.
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\‘:‘{"\ s it

Male Punch Female Die

Figure 12. Locations where cartridge heaters were inserted in the axial crush tooling. The blue line

indicates watecooled regions. The yellow dots indicate heaters in the binder (male) and flange (female).

The red dots indicate heaters in the punch (naaid)dies (female)

The heated sections of t h e -thiclo laykeri oh GIRCAMLO5 e s ur
insulation. The thermal conductivity of this material was 0.31 W/mK ag200.29 W/mK at
400eC and 0. 2 7[69WThmnwhiteactlourédirsglaion can be seerFigure 11

and Figure 12 around the tooling. The layesf insulation prevented heat loss to the outer

surrounding whenthe tooling was heated to 49 a n d It #1sb Prevénted heat loss to the

press.

The heating circuits werset up such that there were twelve control zones, which are illustrated
in Figure 13. The tooling was heated using a ramp function. Each zone hadrotweo

thermocouples placed inside to monitor temperature.

The final aspect of the axial crush tooling was the inclusion of shims to account for thermal
expansion at elevated temperatures. At room temperature, both the cooled and heated punch/die
were levded with each other. However, as shownFigure 14, at elevated temperatures, the
heated punch and die expanded, which created a ridge betwemothections of the tooling.

To rectify this, shims were inserted in the cooled tooling foisthgle soft zonandgraded soft

zonecases. The height of the ridge was measured
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in the die andifodthdd0 @ | ien s b icase. Fa theingld £ofd o2
7 0 0 aase, the height was measuretbeO . 0230 i n the die and 0.0260

Zones 11 & 12 (Heated flanges
Zone 6 (heated on cooled section of tooling)

punch #2) _ Zones 8 & 10

Zone 2 (binder) (heated flanges on
heated section of
tooling)

Zone 1 (binder)

Zone 4
(binder)

Zone 5
(heated
punch #1)  Zone 3
(binder) Zones7 &9
(heated dies)
Male Punch Female Die

Figure 13. The control zones for heating the axial crush tooling

For thegraded soft zonease, two ridges were created: one between the cooled section of the
tooling and the first heated zone (at 400eC),
the fact that the two heated punches were connected to a single laysulafiom and a single

block of steel (as shown iRigure 14) , the heated zone at 400eC
Li kewise, the 400 e &gaiasotmenoutting plate arsl hadl a therrhocoaple
connected through it, making it very difficult to shim. Therefore, only the cooled punch and die
wereshimmed and levelletelative tot h e 7 0 0 e GrigwredlB). €l he (rasndication of the

inability to shim the 400 and 760 zones separately is addressed in sectidril where the

resulting micrehardness measurements are presented.

The cooled punch and die were designed to allow for easy insertion of $lyilnsingattached

to the top and bottom platesugin f our screws. The screws were i
of the tooling as shown iRigure 16 and Figure 17. Furthermore, the cooled punch contained

four cutouts where levers could be inserted to lift the punchllow insertion ofthe shims

(Figurel16).
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JRidge created from
thermal expansionin
} heated tooling

Before Shims Inserted

Shims inserted
underneath cold
tooling to offset
thermal
expansion

After Shims Inserted

Figure 14. Diagram outlining the thermal expansion in tooling and the insertion of shiowunteract

this
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Shims inserted
underneath cold
700°C 400°C tooling to offset
thermal expansion in
700°C tooling

Figure 15. Diagram outlining the shimming of the tooling for tip@aded soft zonease

Male Punch
Cutouts to lift the
punch and insert Cooled punch screwed
shims underneath in from visible side

Figure 16. Mounting of the cooled punch

Cooled die screwed in

Female Die from visible side

Figure 17. Mounting of the cooled die
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2.3THS Process Parameters

The THS process in thisokk was performed on a hydraulic forming press manufactured by
Macrodyne Technologies Inc, which is picturedrigure18. The press was capableeferting

up to 900 tons of force using a main cylindrical actuator. The press also contained four smaller
cylinders, called kickers, which were capable of generating 60 tons of force and higher speeds as

well.

Ideally, the THS process in this work wouldveaemployed the kickers for the initial descent of

the press and switched over to the main cylinder when contact with the wiskade.
However, due to technical difficulties with the press, it took too much time to switch between the
main cylinder and ikkers. The blank would have cooled down too much in this switchover time
and therefore the austenite decomposition would have started before the blank was formed.
Usingonly the main cylindefor the entire press cyclgas also not feasible since it wouldve

taken todong for the press to descend onto the blank. In light of these technical problems, only
the smaller kickers were used for the entire THS process in this A®sduch, a total tonnage of

only 60 tons could be achieved during the formingey

The tooling described in sectidh2 was mountedinside the press ashown inFigure 18. An

ovenin which the blank was praustenized before formingas locatedbehind the press. The

oven was manufactured by Deltech, Inc. and contained three control zones: one at the front, one
at the back and onie the mddle. The three control zones ensltieat the blank was evenly

heated throughout its length.

An automagéd pneumatipoweredtransfer mechanism mosehe heated blank from the oven
into the press where it was formed and gquenchedtrahefermechanism caisted of a rail that
moved along guides from the press to the oven, and a grip thateddhgpheated blank and
pulledit into the press. The transfer mechanism is illustratdeigare 19. To minimize heatlost
from the blank due to contaetith the grips withinthe transfer mechanisnthe gripsclamped
onto the tab at the edge of the preformed hlamladdition, the grip surface in contact with the
blank was an insulator so as to limit heat transfer from the blank. With these precabgons,

temperature in the main portion of the blank was unaffected.
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900 ton Macrodyne press

Axial crush tooling

Kickers

Main cylinder
actuator

Oven

P i aamal?d I Transfer
L G — mechanism
rail

> .

Figure 18. Press and oven setup for the THS process in this work

Transfer mechanism grips Transfer rail

Insulation padding on grips Guide rails

Figure 19. The transfer mechanism used to move the blank from the oven to the press
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Figure 20. Shape and dimensions (in mm) of the-fmemed blank

The dimensions of the pfermed blank were 590mm x 200mm. In addition to this, the blank
incorporatedf two tabs on both of itesnds(Figure20). Onetab contained a triangular slot while

the other contained an obround slot. The slots were used to align the blank in the tooling. Also,
on some occasionshe blank becamevedgedin the female die after the THS process was

completeandthe tabs allowed foan easy removal of the blank from the tooling.

During the THS process, the male punch remained stationary while the female die descended and
formed the blank. The binder surrounding the punch was mounted on a séneb/ehitrogen
cylinders that exerted a constant pressuré.85 MPa (1000 psilhe diameter of the face of

these cylinders was 23 mm, resulting in a total force of 34.4 kN that the binder exerted against

the die.
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The specific stages of the THS processengs follows Figure21):

a) The blank was placed in a 380oven for six minutes, allowing it to austenize

b) The blank was then transferred into theseusing the pneumatic transfer mechanism,
and aligned using two alignment pins located in the todtnagsfer step is
approximately 10.5 s in duration)

c) The blank was then formed, and quenched in the tooling for 4s at a force of 60 tons

d) The formed blankvas removed from the tooling and cooled in air

Transfer mechanism
pulling blank out of
the oven

Oven Blank placed on oven rack

Blank slots are aligned
with the alignment
pins in the tooling

Blank placed on two
steel blocks using its tabs

(d)

Figure 21. Each stage of the THS process: (a) Blank is placed in oven, (b) Blank is moved from the oven
into the press, (c) Blank is formed and quenched and (d) Blank is co@id in
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2.4 Micro -Hardness Measurements on as-Formed Parts

After the blanks were formed, mict@ardness measurements were taken aloaffanges, walls
andtop sections of the formed partsaser cuttinglperformed by Promatek Research Centre)
was used to extca sample blankgrom the asformed parts, shown irFigure 22, from which
hardness and tensile samples could be fabricateel laser cublankswere further cut down to
hardness samplagseasuring20 mm in length using a wet saw. T8 mm hardness samples
were mounted into puckbhat weremade of a mixture of epoxy resin and hardeben ieces
were mounted in each puck). The pucks (showrignire23) were polished using grit Sigaper

in the following order: 2@/320, 500,800,1200 and 2400.

10 pcs
10mm x 60 mm
(Wall)

10 pcs
10mm x 60 mm

10 pcs
\_(Top Section)

7.5mm x 60 mm
(Flange)

Figure 22. Laser cutots from the formed parts
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Figure 23. Image of an epoxy resin puck wiikn 20 mm pieces mounted for micteardness

measurements

Vickers hardnessieasurements were takewery10 mmalong the length of the dermed parts,

except inthe transition zorg), where it was measured every 5 mm. The transition zone in each
formed part was assumed to be 80 mm in length, located at the halfway mark in the axial
direction (pictured inFigure 24). In addition to this, thgraded soft zong@arts had a second
transition zone located 150 mm from the soft end, corresponding to the different heated zones in

thetooling (also pictured ifrigure24).

A LECO MHT Series 2000 hardness tester was used to make pyramid indents into the metal
specimens with a load of 1000g.MicroPublisher 5.0 RTV microscope was used in conjunction
with the ImagePro 5.1 software package to measure the length of the diagonals of the pyramid
indents and taalculate Vickers hardness usitigese lengthsThis software package was also

used to mesure the thickness of the material at the same locations as the Vickers hardness.

The Vickers hardness measurements served as a method to confirm thdbtheedgarts did,
in fact, have the type of axial tailoring that was desired for crash expesimérg hardness
measurements and the material thickness measurements also provided a method of validating the

results of the THS models.
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Transition zone between heated

,\<ne3 (80 mm)

Transition zone between heated and

150 mm cooled zones (80 mm)

Figure 24. The transition zones in the formed part where hardness measurements were taken
every 5 mm

2.5Preparation of Formed Parts for Crash Experiments

To prepare the formed parts for crash testing, two parts were spotwelded every 25 mm along
their flanges (shown irFigure 25). The spotwelding was performed by Promatek Research
Centre. The tabs on both ends (which can be se€igure20) of the parts were cut off using an

abrasive saw.

To control the initiation of folding in the specimens during crash, a dimple was inserted 65 mm
from the soft end of the part (i.e., the end corresponding to the heated section of the tooling).
Figure25 shows the location of the dimple in one crush specimen. The dimple was formed on a
hand press using a punch measuring 25 mm x 10 mm in size and incagparfliiet of radius 5

mm on all its edges. The punch is showirigure26. The loads used to form the dimple in each
part were: 450N for thgraded soft zonandsingle soft zone 7@C parts, 630N for theingle

soft zone 404C parts and 850N for thilly martensiic parts.
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:[65 mm

Dimple acting as S Bainitic zone
fold initiator

Clamping holes

Spotwelds spaced 25mm
along flanges

)\

Clamping holes S Martensitic zone

—

Figure 25. Two formed parts welded together to be crushed

Punch used to
create dimple

Figure 26. Punch used to insert dimple into the crash specimens

These loads were selected based on the measuredhardess in each type of part. A load of
450N was selected for thgraded soft zoneand single soft zone 7@C part and scaled
accordingly to attain the same dimple penetration forsihgle soft zonelOCC. Ideally, a

forming load of 1100N would have been used forfthly cooledparts, however forming loads
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higher than 850N caused cracking in these martensitic parts, which would have affected the
failure response during crash. Therefore, a load 6N8was selected in these parts, resulting in

a dimple that did not penetrate as deeply as it did in the other types ofTpetshallower
dimple in thefully cooledspecimens did affect their loalisplacement behavior during crash.

This will be discussin greater detail in sectidnl.l

For the dynamic tests on the crash sled, the specimens were cut down by a length of 100mm
along their martensitic zones teduce the likelihood of global buckling. The final length of the

dynamic crush specimens, therefore, was 490 mm instead of 590 mm.

2.6 Dynamic Crash Setup

Figure 27 shows the setup for the dynamic tests conducted using the University of Waterloo
crash sled. The crush specimen was mounted 220 mm above the base of the sled. The specimen
was clamped at botbnds using a central boss and four outer clamps. A CAD drawing of these

clamps is shown ifrigure28.

The clamps and boss used to mount the martensitic end of magimen (mounted at the fixed
impact wall) were 50 mm thick while those used to mount the bainitic end were 25 mm thick (the
free end). This meant that the unclamped length of the specimen was 415 mm. All outer clamps
and the bosses were mounted to a plateg two UNC 5/1618 screws. Furthermore, each outer
clamp was bolted onto the internal boss using two UNC-b8L6crews through holes that were
laser cut at the appropriate locations in the crush specimens. The clamping holes in the
specimens are shown Figure25. The clamping holes on the martensitic end were located 25
mm from the end of the specimen, while the clamping holes on the bainitic end were located

125 mm from the end of the specimen.

A 0.750 thick piece of plywood was mounted or
damper between the sled and mounting plate and reduce ringing in the load cells. The total mass
of the sled was 855 kg and aritied velocity of 10.6 m/s (38.2 km/h) was employed for all

dynamic tests.
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160mm x 160mm  140mm x 140mm
Piezoelectric honeycomb block honeycomb block
load cells

Top camera

0.75” thick wood piece Sled rail Crash sled

Figure 27. Setup for the dynamicrushtests

Mounting plate Outer clamps

Central boss Outer clamps

Figure 28. Theclamps and boss that were used to mount the crush specimens
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Plascore 5052 honeycomb with a crush strength of 3.69 MPa (533@sNas mounted on both
sides of the crush specimen to stop the sled after the majority of the crush distence
consumed (shown ifigure 27). The prehoneycomb crush distance for all dynamic tests was
165 mm

Two stacks of honeycomb were mounted 70 mm above the base of the sled; one on each side of
the crush specimen.aéh stack contained two blocks of honeycomb, configured in a pyramid

like pattern. The first block in the stack measured 140 mm x 140 mm, with a length of 200 mm.
The second block measured 160 mm x 160 mm with a length of 200 mm. The pyramid pattern
was enployed to ensure that the two blocks engaged with each other during impact, instead of

buckling against each other.

Three 120 kN capacity piezoelectric load cells, mounted behind the supporting plate of the crush
specimen, measured the force exerted dmospecimen by the sled. The total force applied by

the sled onto the parts was equal to the sum of the forces measured by each individual cell. The
load cells were placed in a triangular pattern, 233 mm away from each other (alsofSgenein

27). The sampling rate used to acquire the load cell data was 10,000 data points per second.

The crash sled contained two accelerometers mounted on it, one on each side. The
accelerometers measured the deceleration experienced by the sled during crash. The sampling
rate for these accelerometers was the same as the piezoelectric load cells, which was 10,000 data
points per second. The displacement of the sled was calculatesdbuiyethtegrating the

deceleration data obtained from the accelerometers.

The crush experiment was recorded using two-sjgged Photron SA4/5 digital cameras, with a
frame rate of 7500 frames per second. The first of these cameras was mounted above the
specimen (shown irFigure27) and the second was mounted on the side. Snapshots taken from
each camera can be seerFigure 29. The two data acquisition systems (the piezoelectric load
cells and the accelerometers) as well as the-$jpgled cameras were activated by a laser trigger

that was located on the rails of the sled (showiigure30). During a dynamic crush test, once

35



the sled crossed the trigger, the data acquisition was turned on for two seconds, which was

sufficient to capture the experimental event.

View from camera #1 (the top) View from camera #2 (the side)

Figure 29. Views from both cameras shown prior to a dynamic crush experiment

Sled rail Laser trigger

Figure 30. The data acquisitibn trigger, located on the rails of the sled

2.7 Quasi-Static Crush Setup

The setup for the quastatic experiments in this work is shown Figure 31. A hydraulic
actuator applied force to the end of the axial crush specimen. The actuator was operated under

closedloop displacement control, imposing a constant velocity of 0.508 mm/s (0.02 in/s) onto
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the end of specimen for atal stroke of 190 mm. The velocity of 0.508 mm/s corresponded to a

nominal strain rate of one thousandth (0.08)L s

The specimen was mounted using the same clamp and boss design as in the dynamic crush
experiments. The plate on the top of the crushispets was bolted directly to an adapter which

was attached to the hydraulic actuator. The plate on the bottom of the crush specimens was
clamped down onto the base of the frame where the hydraulic arm was mounted. The force and
displacement data were obitad from the load cell using a Labview program that had a sampling
rate of 4 points per second. The entire quséaic test took 6 minutes, 14 seconds to complete,

and therefore this sampling rate was sufficient for the experiment. The experiment wdsdeco

using a Nikon D3200 digital camera mounted onto a tripod.

Hydraulic actuator

Load frame

Mounting clamps

Crash specimen
Bainitic ===
zone

Clamps holding
down bottom plate

Martensitic e

zone
Mounting clamps

Figure 31 Setup for the quastatic tests
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3. Numerical Model sz THS and Crash

All numerical modelling in this work was performed using the commerciaDifsa R7.0
software package, which is very commonly adopted by industry to model hot stamping vehicle
crashworthiness. The subsequent sections in this chapter will describe thechpgpken in this
thesis to model the THS and crash (both gatsic and dynamic) experiments. Secti

describes the THS models, while sectdbohdescribes the crash models.

3.1Modelling the THS Process

3.1.1 Overview of THS Modelling Strategy
The THS model was broken into fouseparatestages: TransferForming Quenching and
Cooling all of which are modelled in order to capture the material response. These stages are

outlined insections3.1.4t0 3.1.7.

A coupled thermamechanical solver, in which both a mechanical and thermal solver run in
parallel, was utilized for each of the four stages. The mechanical solver determined strains,
stresses and deformations in each element. The thermal solver detetenipedature profiles

and heat flow in each node and element. The thermal properties determined by the thermal solver
were passed on to the mechanical solver, which used them to generate thermal stresses and

strains, as well as to predict mignardness ithe blank based on cooling rates.

The THS process in this work was modelled usartgplf-symmetryassumption. Dividing the

THS process into stages allowed for different levels of mass scaling in each stage, which in turn
optimized the total rutime of the full THS process simulatioffurther discussion on mass
scaling is provided in sectidhl.5. Furthermore, the subdivision of the THS into stages allowed
somesimulations to run explicit solvers while others ran implicit solvers, which also allowed for
the optimization of the rutime. The resulting strains, stresses, hardness values and micro
structural compositions in each of these stages were input as gstadmnitions for the

subsequentstage,si ng t he fAdynai4dyafil e outputted by L
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The final asformed conditionin the THS model was used #® initial condition for the crash

model, described in the next section.

Descent of die onto blank

Loss of heat
during transfer

& Cooling
2 5
El ¢
2 3 —>
Transfer Up to 500s
Time(s): 0o -5 10 A5, 20 257

- 7 \ N

Quenching at a constant tonnage

Cooling in air

Figure 32. Overview of each stage of the THS model
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3.1.2 Mesh, Element Formulations and Material Models for the Tooling Components

The axial crushdoling was modelledising a rigid, nordeformable mechanical material model
and an isotropic thermal modelith standard pperties of steel shown imable 3 and the
properties of ZIRCAL95 insulation shown ifable4. The tooling used a combination of brick
and tetrahedron elements with a mesh size ohdf) which is shown irFigure33. The element

formulation used for the tooling in the thermal solver was a fully intedrgauadratic scheme.

Table 3. Properties of steel used in this wotkkenfrom [71] and[72]

Property Value
Density 7890 kg/m
Youngo6s Modu 200GPa
Poi ssonés Ra 03
Specific Heat 0.519 kJ/kgK
Thermal Conductivity 37.7 WimK

Table 4. Properties of ZIRCAO5 insulation used in this work, takérom [69]

Property Value
Density 1400 kg/m
Specific Heat 11.72kJ/kgK
Thermal Conductivity 0.6 W/mK
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Cooled Die Cavity

Heated Flange
Insulation

Cooled Punch Heated Die

and Flange

Heated Punch

Insulation

Figure 33. Mesh pattern used for to model the axial crush tooling

3.1.3 Mesh, Element Formulations and Material Models in Blank

Due to the half symmetry employed in the forming models,dilreensions of the blank were
100 mm x 590mm (instead of 200 mm x 590 mmyith a constant mesh size of 2rbn. The
blank was modelled using-f@bint quadrature (iplane) shell elements (also called fully
integrated shell elements). Both the mechanicalthadnal solvers used this formulation with

seven integration points through the shell thickness.

In all stages of the THS model, the blank was modelled usmgsotropic thermal material

model for the thermal aspect of the simulation. The propertiesingbd model were identical

to those of the tooling, which are outlined Trable 3. For the mechanical aspect of the
simulation,the Akerstrommaterial model [62] described in sectioh.4was used. A You
modul us of 100 GPa was specified and st,gePoi sso
depending on the level of mass scaling emploizE=tails on the mass scaling approach will be

given in sectior8.1.5

As mentioned in section.4, the Akerstrom model pred&the phase compositions in each
element, which it then uses to determine Vickers hardness. To be able to determine these phase

conmpositions, LSDyna requires activation energies for each phase. These activation energies are
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used by the model to determine the temperatures at which each phase will begin to form (called
Aistart temperatureso). As | otamperatuse for arespecteweme n t
phase, LSDyna will set the percent volumetric fraction of that phase to zero. It will only include

the calculation for the phase once the temperature in an element has decreased below the start

temperature for that particulphase.

The activation energies for ferrite, pearlite and bainite were set to 94.1 kJ, 143.8 kJ and 125.0 kJ,
respectively as determined by George et @3] to best match Vickers hardnedata on as
guenched Usibor® 1500Riplishedby Bardelcik et al[68]. Using these activation energies,-LS

Dyna calculated the start temperatures for ferrite, pearlite, bainite and martensite t@®e 822

720C, 573C and 404C, respectively.

In addition to startemperatures for each phase, the Akerstrém model is able to theoretically
predict the Vickers hardness for each phase using formulas providéd,i®0, 74] It was
determined in this work, however, that theekérs hardness obtained by these formulas did not
match the measured values of hardness. Therefore, a customized option availabRymal.S
called the ATEMPER optiono was activated. Thi
Vickers hardness in ¢hbainite and martensite phases as a function of temperature, overriding the
formulas provided if59, 60, 74] The final Vickers hardness was then calculated using the same
weighted average shown &g.(2) in sectionl.4
Ow ®O0w OO0w ®Ow O Ow

)
where® represents the volume fraction of atmaular phaseOcrepresents the Vickers hardness
of a particular phase, and the subscrigi§iiQand & denote bainite, pearlite, ferrite and

martensite, respectively.

The hardness vs. temperature curves input to the numerical model are sHagur&84 and
Figure 35 for bainite and martensite, respectively.-D$na dos not have an option to enter a

hardness vs. temperature curve for ferrite. These curves were provided by the Livermore
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Software Technology Corporatigi5]. The critical cooling rate was set to 2.0s and the sampling

rate for emperature rate monitoring was set to 0.5s

300
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Figure 34. Vickers hardness vs. temperature curve for bainite
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Figure 35. Vickers hardness vs. temperature curve for martensite

The final, critical aspect ahe Akerstrém model, as implemented in-D$na, was the ability to
scale the abovementionedttivation energies as a function of effective plastic strahks.
Bardelcik et al.[68] observed, the CCT diagram for Usibor® 1500Po¢ah in Figure 2 in
sectionl.2) i ® h it fdeft propertionally to theamount of plastic strain in the material. In
other words, higher plastic strain means that ferrite, pearlite and bainite form mordisasdy
lower activation energiesYo account for this, the activation energies were scaled as a function

of plastc strain using he scaling factorsletermined by George et dl(3] for the material
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considered in the current researdlable 5 and Table 6 show the activation energy scaling

factors usefor fernte/pearlite ad bainite, respectively.

Table 5. Scaling factors used for the activation energy of ferrite/pearlite

Effective Plastic Strain Scaling Factor
0 1
0.2 0.491
0.5 0.491

Table 6. Scaling factors used for tlaetivation energy of bainite

Effective Plastic Strain ScalingFactor
0 1
0.2 0.958
0.5 0.958

3.1.4 Model Parametersi Transfer Stage

The first stage of the THS mode, thansfer stagemodelled the heat loss experienced by the
blank while being moved fronthe oven into the pres$or a duration of 10sThe goal of this

stage was to obtain the temperature distribution in the blank at the start of the forming process,

and also to determine any changes in phase composition during this time.

3.1.4.1Mechanical Formulat ion

An implicit solving scheme with a maximum allowable time step of 0.5s was used for the
mechanical solver in this stage. No mechanical loads or boundary conditions were imposed,
other than those resulting from the half symmetry assumption. No masgysesak employed

for this stage either (i.e., a density of 7830 kbias specified).

3.1.4.2Thermal Formulation

The thermal formulation adoptedsgmmetric direct solvewith a relative convergence tolerance

of 10%. A CrankNicolson scheme (implicit with respetit time and explicit with respect to
space) was employed by the solver, using a thermal time step of 0.5s. In terms of thermal

boundary conditions,rainitial temperature of 930C wpedfied for all nodes in the blank.
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Heat loss due to convecti@md adiation were modelled'he heat transfer coefficienlTCs)
and radiation factorsisedin the model are shown ifable 7 and Table 8, respectively, as a
function of temperaturélhe HTCsandradiation factoravere obtained fronGeorge[76], who

obtained them through a numerical fit.

Due to the fact thaboth the HTCs and radiation factors were approximations, and not based on
any experimental work, they added a high level of uncertainty in the THS mdduds.
ramifications of this were not vesignificant in the transfer stageé the THS model, since the
primary goal of this stage was to determine the actual temperature in the blank at the start of
forming. As long as the austenite phase in thefprened blank did not begin to decompose
during this stage, the approximations in the thermal boundary condivens assumed to not

profoundly affect the THS model

Table 7. HTC as a function of temperatui@btainedrom [76]

Temperature (K) HTC (W/m?%K)
100 4.93
302 4.93
502 12.23
702 13.38
1102 13.70
1502 13.37

Table 8. Radiation factor as a function of temperajurietainedrom [76]

Temperature (K) Radiation Factor (W/m?K?)
0 0
100 0.5
373 0.5
648 0.65
873 0.7
1200 0.7
1300 0.7
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3.1.5 Model Parameters- Forming Stage

The forming stage modelled the descent of the die onto the punch, forming the blank between the
tooling surfaces (i.e., the main forming process). The duration of the forming stage was 1s. This
stage of the model was critical since this is where mosteoptastic strain in the blank was
induced. The plastic strain is a key parameter in determining the final-h@ocdoess values in

the part (explained in sectidnd).

3.1.5.1Mechanical Formulation

An explicit solver was used for the mechanical portion of the forming simulation. The explicit
solver in LSDyna uses the Courant stability criterion to determine the maximum allowable time
step size in the simulation. The Coutratability criterion states that the maximum allowable

time step must be no greater than the time it takes for a sound wave to travel through the smallest
element in the FEM. This stability criterion results in very small time steps, which are often on

the order of magnitude of £8. The simulation runtime, therefore, tends to be very high.

In order to reduce the total runtime of the simulation, a technique called mass scading
employed. In this technique, the density of the material in the modealisdsup. Since sound
waves travel faster through denser materials, the maximum allowable time step as determine by
the Courant criterion increases substantially when mass scaling is employed. For this reason, the
density of the Usibor® 1500P was scaledimphe forming and subsequent stages of the THS

model.

There is, however, an upper limit to the amount of scaling that can be applied to the density of a
material. If a scaling factor that is too large is applied, inertial effects due to the addedmass ca
become significant in the simulation, and they can significantly alter the results of the model.
This scaling factor can be very high in problems that involve negligible movement, since inertial
effects are almost neexistent in such cases. However, for problems where dynamic effects
must be considered, inertial effects can be very significant.efdrer in such problems, a
scaling factor that speeds simulation runtime without adding undesired physical effect must be

applied.
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Due to the fact that the blank moved at a fairly rapid speed in the forming stage, a high mass
scaling factor could not bepplied to speed up the simulationthe formingstageof the THS
modelssince inertial effects of the blank would become significant. Therefore, a scaling factor of
only 100 (i.e., a material density of 783,000 ki)/mas applied. This resulted in a tirsep 5.4

>s instead of 540 ns.

In terms ofmechanicalboundary conditions, the punch was constrained from moving in all
directions.An upper limit on velocity was imposed for thaderlimit of 110mm/s and the die
motion was prescribed in terms afsinwsoidal variation invelocity with respect to timeasis
plotted inFigure36. The sinusoidal variation was applied to allow for a gradual fuplih the

speed of thélank, and thereby reduce inertial effects.

A penalty functiorbased surfacto-surface contact algorithri64] was defined between the
blank and binder, the blank and punch, and the blank and die. In all cases, a coefficient o

friction of 0.4 was usedased on experiments done by Yanagida and AzugRibja
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Figure 36. Sinusoidal velocity profile imposed onto the punch in the forming stage of the model
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3.1.5.2Thermal Formulation

The thermal solving scheme used in the forming stage was the same as the transfer stage. The

only difference was that a maximum thermal time step of 0.02s was used instead of 0.5s. To
model the temperature distribution in the tooling of the bléaat fuxes were defined in the

areas of the tooling where cartridge heaters were indertbd actual die.

The heat fluxes used in different zones of the tooling to achieve the desired steady state
temperatures are shownTiable9 for all four types of parts. Note that the zone numbers used in
Table 9 correspond to the zone numbéhsit were outlined irFigure 13 in section2.2 These

values weraleterminedoy running a steady state thermal analysis inRly®a. A trial and error
approach was takeunntil the combination of heat fluxes inputted into the model yielihed

desired temperature in the tooling.

To model the flow of chilled water through the cooled section of the toolingmaerature
boundary condition of C was i mposed on the noGQGonwctimher e
and radiation boundary condition®re applied on the outer surface of the tooling components
model heat loss to the outer surroundings of the todlihg.HTC and radiation factors used here

are shown imable7 andTable8.

Table 9. Heat fluxes (W/rf) in the tooling for each type of part

Zone(s) Fully Cooled Single Soft Zone Single Soft Zone Graded Soft
400C 700eC Zone

1&2 0 13.5 28 27

3&4 0 20 28 35

5 0 13.7 25.6 5

6 0 151 25.2 25

7 0 16.2 26 8

8 0 12 24.1 22.5

9 0 9.4 26 8

10 0 11 12 8

11&12 0 11 30 15
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The final aspect of modelling the forming stage of the THS process was the definition of thermal
contact between thblank and tooling, and between different zones of the toolimgrrial
contactwas activated if the gap between the blank and tooling was less tham0 Gonduction

was assumed to be the primary mode of heat transfer. The HTC between the toolingnland bla
was defined as a function of pressure, according to the numbers preserteblein in

sectionl.4, as was done if28].

Between different zones of the toolirgpnductionvia the air gap was assumed to be the primary
mode of heat transfeifhe HTC betweerdifferent sectionsof the toolingwas calculatedy
dividing the thermal conductivity of air by the gap between thezwrees of the toolingSince
thermal conductivity dependsgnificantlyon the temperature of the mediutime temperature of
the air gap between different zones of the tooling was assumed to be the é®enagmture

betweerthe temperatures in theo zones

For example, in thgraded soft zonscenario, the two heated punches had a temperature of
400C and 70€C. The temperature in the air gap between these two zones was assumed to be
550¢C, which is the averag@hethermal conductivity of air was, ¢nefore, assumed to 0059

W/mK in this zone for thegraded soft zonscenario The thermal conductivities of air as a

function of temperature were obtained frprg].

Using this approach, the HTC was calculdtetiveen théwo heated zones of the punch and die
between the heated and cooled sections of the punch and dieetaran the cooled die and
heated flangesThe calculated HTC valugsvhich were used in the THS modedse shown in

Tablel0.
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Table 10. HTC valuequnderlined)etween different zones of the tooling

Zone Air Fully Cooled Single Soft Single Soft Graded Soft
Gap Zone 40@C Zone 70@C Zone

Avg. HTC Avg. HTC Avg. HTC Avg. HTC
Temp (W/nPK) Temp (W/nPK) Temp (W/nPK) Temp (W/nPK)

(€C) C®) (€) C®)
B/w heated 3.5 25 7.44 212 11.23 362 13.88 212 11.23
and cooled mm
punch/die

B/w heated 2 mm 25 13.02 400 25.39 700 33.36 550 29.50
zones of

punch/die

B/w heated 2.5 25 10.42 212 15.72 362 19.43 212 15.72
and cooled mm

flanges

3.1.6 Model Parameters- Quenching Stage

The quenching stage modelled the four second duration in which the blank was held inside the
die set at a certain tonnage. Tihermal parameters in the quenching stage of the model were
identical to the forming stage. Mechanically, both stages were also very similar, with only three

differences.

The first difference was that, since the blank was not subjected to motion, ieHe@s were

not as prevalent here and therefore a mass scaling factof efasCapplied to the blank. This
resulted in a material density of 7.83 X k@/m® in the blank and a time step of 0.525 ms instead

of 525>s. The second difference between the forming and quenching stages of the model was
that instead of the die having a prescribed sinusoidal velocity, a prescribed load was applied onto
the die. A load of 30 tons was applied (which was-loaié of the actual @ tons exerted by the

press, due to hakymmetry employed in the models)

The third and final difference between the forming and quenching stages was that instead of
having a maximum velocity imposed on it, the binder had a load of 17.2kN imposed @n it, t
model the effects of the nitrogen cylinders in the actual tooling. This load was equaihalfone

of the actual load that the nitrogen cylinders applied, due tesjalmetry.
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3.1.7 Model Parameters- Cooling Stage

The final stage of the THS model, the coglstage, modelled the heat loss in the formed blank
as it cooled in air (for a duration of 5003he convective and radiative properties used here
were the same as the Transfer stage (presenteabie 7 and Table8). Furthermoreat the end

of this stage of the modetheresulting Vickers hardnesand finalmicrostructural composition

in the formedblank are predictedAn explicit mechanical solver, with mass scaling of d@s

used in conjunction with the same thermal solver as the previous stages.

A degree of uncertainty was present in thigetaf the THS modelyvhich wascaused by the
approximatedHTC and radiation factordgn particular, the uncertainty around the HTC values
meant that the rate of cooling experienced by the blank may not have been fully accurate. The
inaccurate rate of coolg would have had an effect on the phase composition in the formed part,

and consequentially, the miehardness as well.
3.2Modelling the Crash Experiments

3.2.1 Overview of Crash Models
The process of transferring the forming simulation results into a crastasonuconsisted of

four steps:

1. ARef | e c t-symmetty enodkl dronf the final stage of the THS model to attain
fully symmetry and assign material properties;

2. Introduce the fold initiator;

3. Mesh the spotwelds as beams and assign contact between spameelttee crush
specimen;

4. Impose boundary conditions and initial or prescribed velocities, as required for the

dynamic or quasstatic experiments.

The steps outlined above are detailed in sect®@2 to 3.2.6 All elements in the crash
simulations were modelled using tBelytschkeTsay shell formulation with seven integration
points througkthickness. Unlike the THS models, which used a couphedntemechanical

approach, the crash models only employed an explicit dynamic mechanical solver.
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3.2.2 Step 1: Mapping from THS Models to Crash Models (Binning)

The basic approach in modelling both the dynamic and -gt@sc crash tests was to take the
outputfrom the cooling stage of the THS model and use it as an input for the crash models. Since

the THS models employed hafy mmet ry, the output from the TH
in the yz-planeto attain full symmetry (depicted ifigure 37). Furthermore, since the crash

models required two formed parts that were joined together, the reflected part had to be reflected
once more, in thezplane. This is also shown Figure 37. The final meshed specimens in

shown inFigure38.

Output from THS model Reflected about yz-plane Reflected about xz-plane

Figure 37. Setup of axial crush model from the THS model output

Once full symmetry was attained, the material properties in the crash specimen needed to be
defined. This was done using the binning technique discussed in sk&idrhe stress, strain,
microstructural composition and Vickers hardness predicted for each element in the THS
simulation are outputby :l.®8y na i n a file -mappedgbdbdpnaignam, A
by Georgd35], was usedo read in the elemental properties from the dynain file output after the
cooling stage of the THS model, and to sort each element into a bin based on its hardness value.

Flow stress curves were generated at the weighted average Vickers hardness value.
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Figure 38. Final mesh in the axial crush specimen

For the crash simulations, the three tailored parts were sorted into ten bins, whilly tbeoled

part was sorted into five bins. The range of micamdness for each bin foramatype of part is
shown inTable 11. The weighted average value of Vickers hardness is also shown and the
material properties for the crash simulations were assigageldd on this weighted average for all

elements in each bin.

For the majority of the elements (bins), the TCM | model (sectidn[35] was used to assign

the material stress strain response and strain rate sensitivity based upon the predicted hardness
after forming. For elements within bitisat contained more than 1% ferrite in volume fraction,

the TCM Il model (sectiord.5 was used since it provides superior stsssin predictions for

softer, ferrite containing material, as shown by Bardelcik §68]. Table11 shows which bins

used the TCM Il constitutive moddtigure39 shows three representativeul stress curves that
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were obtained from the TCM | (bin 1 from tHally cooled and single soft zonet00C

configuratiors) and TCM Il (bin 2 from thgraded soft zoneonfiguration) constitutive models.

The element material property assignments or biaslaown for all four test caseskigure40,

with each colour representing its own bin.

Table 11. Hardness range and average hardnegsafientheses) for each bin in the crash
models. Bins using the TCM Il model are bolded

Bin Number Fully Cooled Single Soft Zone Single Soft Zone Graded Soft
400C 700C Zone

1 456-462 (459.4) 252275 (266.8) 192221 (203.7) 182213 (199.5)
2 463468(465.5) 276-299 (288.5) 222250 (243.7) 214244 (227.0)
3 469474 (471.6) 300322 (308.3) 251-279 (258.5) 245275 (250.6)
4 475480 (477.6) 323345 (333.4) 280-309 (290.9) 276306 (285.6)
5 481-487 (483.7) 346368 (355.1) 310-338 (328.1) 307-337 (319.8)
6 369391 (378.9) 339367 (354.1) 338368 (353.2)
7 392415 (402.9) 368396 (383.2) 369399 (386.4)
8 416438 (426.6) 397-425 (413.7) 400430 (415.8)
9 439461 (448.3) 426455 (442.0) 431-461 (448.4)
10 462-485 (477.3) 456484 (477.7) 462-492(477.6)
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1700 - TCM | - Bin 1 of fully cooled 950 | TCM Il - Bin 2 of graded soft zone
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Figure 39. Flow stress curves obtained from the TCM | and TCM Il models for two bins

Fully Single Single Graded
Cooled Soft Zone Soft Zone Soft Zone
400°C 700°C

Figure 40. Final binned crash specimens for each of the four types of parts
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3.2.3 Step 2: Inserting the Fold Initiator

Rather than simulating the forming of the dimpled fold initiators, the fold initiator in each crash
specimen was simply introduced by displacing the nodes in the dimpled region, as shown in
Figure4l A total of twenty six (two rows of thirteen) nodes in total were displaced 4 mm in the
y-direction. The initiator was placed 70 mm from the end of the specimen. This approach is
approximate and fails to considircal work hardening and thinning in the fold initiator, but
simplifies the model creation and does provide the necessary geometric discontinuity needed to

control initiation of folding.

Dimple

]

Figure 41. The modelling of the fold ini&étor

3.2.4 Step 3: Modelling the Spotwelds

Spotwelds were modelled as beam elements using the standard elastic properties of steel listed in
Table3. The spotwelds were coacted to the formed specimens using the tied contact algorithm

in LS-Dyna [64]. Just as with the experimental parts, welds were defined along the flanges at
intervals of every 25mm (every one in ten elements). A failure iomtdor the spotwelds was

not included in this workthe ramifications of which are discussed in secii@dnA visualization

of the spotwelds the crash models is shownRkigure42.
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3.2.5 Step 4: Boundary Conditionsi Dynamic

To model the reduced length of the specimen during the dynamic test, 100 mm oftgleere

deleted from the model (or 40 rows of elements). The fixed end of the crash specimen was
modelled by constraining a total length of 50 mm (twenty rows of elements) in all six degrees of
freedom. No kinematic boundary conditions were defined omédivatic/ferritic end of the part.

Instead, the boss, outer clamps and mounting plate were modelled as rigid parts. This was done
to allow for lateral movements and twisting in the specimen. The tied suoisceface contact
algorithm in LSDyna was dehed between the crash specimen and the boss and clamps. The
defined boundary conditions as well as the boss and clamps around the crash specimen can be

seen inFigure43.

Spotwelds
(pink)

Figure 42. Diagram showing the spotwelds modelled along the flanges of the crash specimen
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10.6 m/s

Initial velocity
Impacting plate

Mounting
plate

Constrained
nodes on
martensitic end

Figure 43. Setup of the dynamic crash model

The crash sled was modelled as a rigid impacting plate made of shell elements (also shown in
Figure43). A mass of 855 kg assigned to the impacting plate along witimitial velocity of

10.6 m/s to match the experimental conditions. The dynamic crash simulation was run for 0.03s.

It should be noted that the honeycomb used in the actual experiments to stop the sled was not

modelled.

3.2.6 Step 4: Boundary Conditionsi Quas-Static

The boundary conditions on the quagitic models were the same as in the dynamic crash
models, with only three differences. The first difference was that 100 mm of elements were not
deleted from the crash specimen. The second difference wathéhanpacting plate had a
constant prescribed velocity of 0.508 mm/s, instead of an initial velocity. The prescribed velocity

more accurately modelled the hydraulic arm in the gsiagic tests.

The third difference between the quatatic and dynamicrush model setups was that the quasi
static models employed time scaling. The prescribed velocity on the impacting plate was scaled
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by a factor of 1000 to attain a value of 508 mm/s. To offset the strain rate effects that would arise
from this, the straimates on the flow stress diagram were also scaled by a factor of TH@$O0.
time scaling on the prescribed velocity was imposed to speed up the tetamheuof the quasi

static models.

3.2.7 Failure Criterion in the Fully Cooledspecimens

A Generalizedncremental StresStrain Model (GISSMO)64] was applied to the models of the
fully cooledspecimens to predict the significant amounts of failure that was observed in them. A
failure criterion was not judged necessary for oltlger three rail configurations which did not
exhibit significant cracking. The GISSMO model utilizes a curve of effective plastic strain at
failure vs. stress triaxiality; this curve is showrFigure43. This failure data was obtained from
experiments conducted @yen Kortenaaf77], as part of task 4 of the broader Honda project that

was outlined in sectioh.6.

The curve shown ifrigure44is a preliminary version of what will be a final failure criterion

the Honda projectSpecifically, the magnitudes of failure strains at the pkren point
(triaxiality = 0.58)are subject to change. Furthermore, the curve needs to be smoothed between
the discrete points plotted Figure44. These changes to the curve will be made in the future

and incorporated into the work outlined in this thesis.

1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0
-0.4 -0.2 0 0.2 0.4 0.6 0.8

Stress Triaxility

Effective Plastic Strain

Figure 44. Failure curve used in tHally cooledcrash model; failure data obtained frdman
Kortenaarf77]
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4. THS and Micro-Hardness Results z Experimental and

Numerical

This chapter presents the results obtained from the shamdness and material thickness
measurementsonducted on the dsrmed parts and results from the THS models as well. To

this effect, the measured hardness and material thickness values are presented and discussed first.
Afterwards, the simulated temperatdm@e and effective plastic stratime histories are

analyzed and compared against the measured {m&coness values. Next, the final, simulated
material thickness in the dgrmed blanks is shown and compared against measured thickness.

Finally, the predicted Vickers hardness is shown and coed@gainst the measured values.

4.1 Micro -Hardness and Material Thickness Measurements on as -Formed

Parts

Figure45 shows the average hardness profiles measured inatingef wall and top section for

each of the four types of parts formed (resulting in twelve plots). Hardness measurements were
conducted on three parts from each of the four categories, at the same loEajiomest5 also

shows the material thickness measured in the part at the same location as the hardness
measurement. In each plot, the solid lines represent Vickers hardness, plotted against the left
axis, while thedashed lines represent material thickness, plotted against the right axis. The thick
lines represent the average value of Vickers hardiflessveen the three measurements
performed) while the thin lines represent tihheaximum and minimum values measuredthe

Vickers hardness at each location.

Section4.1.1discusses overall trends in the mitrardness measurements. Sectioh?2 talks
about the variance in these measurements. Sedtib3 discusses the material thickness

measuements.

4.1.1 Overall trends in Micro-Hardness Measurements
The curves depicting the average Vickers hardness in each of the twelve progsine45
clearly show that théormed parts exhibited tailored properties along their lengths. All three

types of tailored parts were found to have a transition zone spanning approximately 70 mm.
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Overall, these results in mictardness show that the forming technique and tooling mesig
employed in this work were able to produce a formed rail that contained tailored properties
across its length. Likewise, the results also show that the tooling was able to produce a part with

no soft zone if the cartridge heaters in it were not turned on

The micrehardness measurements also establish that a part formed at a higher temperature will
have softer micrdnardness properties. Basedkigure45, the four types of parts can be ranked
from hardest to softest as followslly cooled single soft zone 4@G, graded soft zonand

single soft zone 7@Q.

The hardness profile in the sigl@ll and top section of thilly cooledpart was uniform along
its length. The Vickers hardness in the top section offulg cooledpart remained in the
expected range for martensite throughout its entire length (@arfigim 450 to 510 HV). The
only exception occurred in the transition zone between the heated and cooled sections of the

tooling, where the Vickers hardness dipped to-480 HV.

A similar trend was observed in the sidall of thefully cooledpart, whichalso remained in the
martensitic range, except in the transition zone between the cooled and heated tooling. The
flange in thefully cooledparts, however, exhibited hardness values corresponding to a mixed

martensitic/bainitic microstructure.

In both single soft zongoarts, the cooled region in the top section exhibited rhardness
values in the expected range for martensite, while the heated region of the top section exhibited
values corresponding to the bainitic (around 280 HV ag@pand bainitiderritic (around 210
HV at 70@C) range. Furthermore, the top section indimgle soft zone 7@C part was found to
have softer properties in its heated zone than the heated zone in the top secti@ngfetsoft

zone 40€C part. This was the anticped trend in the @®rmed parts.
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Figure 45. Hardness profiles along the axial direction of each hot stamped part in the flange, wall and top section
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This tailoring trend observed in the top section ofdingle soft zonpartswas also replicated in

the graded soft zongart. However, the measured hardness profile intdpesection of the
graded soft zonpart turned out to be very similar to thattleétop section in theingle soft zone

700C part. Only two zones of hardness were observed, instead of the expected three. This was
most likely caused by the uneven shimming in the tooling fogtaded soft zoneonfiguration,

as explained in sectidh2

Similar to the topsections, the sidealls in thesingle soft zonandgraded soft zonparts also
exhibited tailored properties, though they were not asqumoced as they were in the top section.
The cooled region of the sideall in thesingle soft zone 4@Q parts exhibited a hardness level

of around 350 HV while the heated region exhibited around 260 HV.

The cooled region of the sideall in the single sd zone 708C part exhibited a hardness of
around 400 HV near the centre of the part and around 280 HV near the cooled edge of parts. The
heated section exhibited a Vickers hardness of around 195 HV. Theaider thegraded soft
zonepart contained tlee zones of Vickers hardness (430 HV, 230 HV and 185 HV), a result

which ideally should have been observed in the top section as well.

The flanges in each of the three tailored types of parts exhibited soft properties throughout their
entire length. Thigesult is expected since the flange was formed at an elevated temperature
across its entire length for the three tailored types of parts. Nevertheless, there was a slight dip in
Vickers hardness when comparing the cooled half of the part to the heatefithalpart, which

can be attributed to the slight difference i
of the part. An interesting and more unexpected result was the fact that the flangsingline

soft zoned00LC partsexperiencea large spike in Vickers hardness in and around the transition

zone.

The significance of the tailored properties discussed thus far infloenasd parts will be made

apparent in Chaptér, where the crash response of these parts is investigated.
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4.1.2 Variance in the Micro-Hardness Measurements

In addition to the average Vickers hardndésgure45 also shows the scatter in hardness values

in each of the twelve plot§.e., the maximum and minimum values of Vickers hardness
measured at each point) is evident from these plots that the transition zone in the top sections

of eachof the four types of parts had much more scatter than the cooled and heated regions of
the top section. The top sections were, nevertheless, the most consistent region of each part when
compared against the sidall and flanges. The average percent ddfifee between the average
hardness value and the scatter bands for the heated, cooled and transition regions in the flanges,
walls and top sections of all four types of parts is presentédhtel12.

Table 12. Average percent difference between the average Vickers hardness and its scatter in the

cooled (C), transition (T) and heated (H) zones of the flange, wall and top section regions of each
type of part

Part Type Flange Wall Top Section
c T H [Cc T H |[C T H

Fully Cooled 8.49% 7.65% 8.34%|5.29% 5.17% 5.54%]| 3.01% 6.78% 3.52%
Single SoftZone | ¢ 0> 1496 535 |581 1143 516 |2.31 11.36 5.38
400C

Single Soft Zone | 5 o7 734 657 1046 9.98 825 |517 1054 501
700eC

Sraced Soft 2150 1519 645 |576 1210 7.71 [298 615 2.90

The sidewalls in all four types of parts exhibited a lot of scatter. These large scatter bands in the
can be attributed to uneven contact that the wall experienced during THS. There was no
definitive way to control the contact pressure between the toalmigthe sidevall, nor was

there an accommodation in the tooling that allowed for the proper shimming of the side wall
when the tooling was heated. These two factors combined made it difficult to accurately control
the THS process parameters in the sidd, which most likely resulted in uneven contact
between the sidwall and tooling, leading to a large variance in properties in thevsdle

between each individual part and even axially in an individual part.
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Likewise, the tooling also provided no w# shim the flange section of the tooling separately
from the top section. This likely resulted in uneven contact between the flange and tooling,

thereby causing a large scatter in its properties between different parts.

4.1.3 Trends in the Material ThicknessMeasurements

The dashed lines depicting material thicknedsigure45 show that the material thickness in the
top section of each type of part was always lowethan cooled sections of the parts than the
heated sections of the parts. These trends observed in the thickness dbtheedgarts will be
used to validate the THS numerical model results in sea@ibnin addition to the micro

hardness measurements.

The material thickness in the stdalls of all parts was very variable and inconsistent in the
axial direction, similar to the micrbardness. And just as withelmicrehardness, the high
variability in the material thickness can likely be attributed to the uneven contact pressure
between the sideall in the formed part and the tooling. The material thickness in the flange
displayed a fair level of consistencygtiveen parts and in each individual part, except iriuihe
cooled parts. The variance in the material thickness in fiflly cooled parts is, however,

consistent with the level of variance observed in the Vickers hardness in the same parts.

4.2 Simulated Results - Temperature Profiles in Blank

Figure 46 shows the contour plots of the temperature distribution in the blank during different
stages of the THS simulatioAll four types of parts are shown at t=0s (beginning of transfer),
t=10s (beginning of forming), t=11s (end of forming), t=15s (end of quenching) and t=515s (end

of cooling).

By comparing the contour plots at t=11s and t=15s, one can conclude that peratene
histories of each type of part are very different from each other. This is confirrkéglLine 47,

which plots the temperatutame histories of elements 2789 and 267069 (which are labelled in
Figure47) for thefully cooledandsingle soft zonearts. Since all types of parts have the same
temperature at the start oktforming stage, the temperature history in the transfer stage was not

plotted and t=0 ifrigure47 refers to the start of the forming stage.
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Figure 46. Contour plots showing temperature distribution in the blank during the THS
simulation
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Figure 47. Tempeaturetime history of selected elements in blank

The considerably different temperatuimme histories shown iRigure47 indicate that the rate of
cooling varied considerably between different types of parts. Tdliéfeeing levels of cooling
indicate that the predicted levels of Vickers hardness in each type of part will also vary

significantly, as they did on the actuatfasmed parts. The predicted Vickers hardness results

are discussed in sectidrb.

The temperaturime histories also provide an insight into what likely happened to the Usibor®
1500P blank during the actual THS cycle. The THS model predicted thatédtes hportion of
thefully cooledpart experiences a low rate of cooling during the forming stage, but a very high
rate during the quenching stage. This rapid rate of cooling predicted by the model likely also
occurred in the actudlilly cooledpart duringthe THS process, and resulted in a fully or mostly

martensitic microstructure and high Vickers hardness.
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In the single soft zone 4@Q part the THS model predicted an almost zero cooling rate in the
latter half of the quenching stage and into the fest §econds of the cooling stage. Subsequent

to the first few seconds, the heated portion ofsihgle soft zone 4@C part actually increased in
temperature, before finally decreasing again. The increase in temperature was likely caused by
latent heat re&ase resulting from a phase transformation. The fact thatrthke soft zone 4@C

part experienced a slower rate of cooling thanfuiig cooledpart helps justify the lower values

of Vickers hardness measured in this part.

The heated portion of trengle soft zone 7@C part seemed to experiengegligibleheat loss in

the forming or quenching stagd$is makes sense because during these stages, the part was held
in tooling that was heated to 7 The rate of cooling did increase in the cooling stage, bit it
was still lower than the rate of cooling predicted for filly cooledandsingle soft zone 4@C

parts. This slow rate of cooling in the initial stages of the THS process explains the lew afalu

Vickers hardness measured in these parts.

The cooled portion of all three types of parts experienced a very quick reduction in temperature,
as shown in the first graph Figure47. This indicates the formation of martensite in the cooled
region, which is consistent with what was observed in the Hrhmardness measurements.
Therefore, the temperature trends predicted by the THS model agree with the measumsd Vicke

hardness values shownkigure45.

4.3 Simulated Results z Plastic Strain in Blank

As explained in sectioNumerical Modelling of the Crash of THS Componeimsucing plastic
strainduring formingi N Usi bor E 1500P tends t deftfiedehtof t 6 t |
Figure2 in sectionl.2). In other words, it tends to make the material softer (i.e., a lower Vickers
hardness). Therefore, analyzing thpeedicted plastic strain in the blank is crucial in

understanding its final strength distribution.

Figure48 shows contour plots of effective plastic strain in all four types of blanks. The contour
plots were taken from different points in the forming and quenching stages of the THS model

(t=0.5s, t=1s and t=5s). As is evident fréfigure 48, and expected as well, the flange and top
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section contained little to no plastic strain, while the-swdéd in all four types of parts contained
significant amounts of plastic strain. & kidewall in the heated portion of the part experienced

higher levels of effective plastic strain than in the cooled portion of the part.

Figure 49 shows the time Biory of the effective plastic strain in two elements for filléy
cooledand thesingle soft zongarts. In all three types of parts, the majority of the plastic strain
is induced during the forming stage. However, some strain evolution does occuquriithing

phase as well.

The micrehardness measurements on thdéoasied blanks indicated that there was generally a
drop of approximately 220HV from the top section to the stall in the heated portion of the

same part. While this can be partiallyrisuted to a lower rate of cooling in the sidell, the

effect of effective plastic strain must also be considered, since more plastic strain scales down

the activation energy for a phase (as showrairsie5 andTable6).

An interesting trend that can be observed friBigure 48 and Figure 49 is that the effective

plastic strain in the sidealls was proportional to the temperature at which the pastfaraned.

As such, the parts can be ranked by the amount of plastic strain induced in the wall, from lowest

to highest, as followdully cooled single soft zone 4@Q, graded soft zonandsingle soft zone

700eC. This ranking is the same as the one obta
Asoft est 04.1i Thherefore, cthe ieffentive plastic strains obtdiney the modelare

consistentvith the measured values of Vickers hardnedsgare45.
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N
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5.400e-02 :I
0.000e+00
\\ e

Figure 48. Contour plots of effective plastic stman the blank during the THS simulation
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Figure 49. Effective plastic strain vs. time history of selected elements in blank

4.4 Simulated vs. Experimental Results z Sheet Thickness

The predicted values of sheet thickness do novige any insight into the evolution of the
Vickers hardness in a part during THS. Nevertheless, sheet thickness is useful to look at since it
is one of only two metrics by which the THS models can be validated in this thesis (the other

metric being Vickes hardness).

4.4.1 Simulated Results

Figure50 shows contour plots displaying the sheet thickness at the end of the THS model for all
four types of parts. The general trend in these contour plots was that a higher forming
temperature led to higher sheet thickness in the top section and flange. &hdersced by the

fact that the thinnest flange existed in thiy cooledpart and the thinnesbp sectiorexisted in
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the cooled portion of all four types of parts. The thickest top section existed in the heated portion

of thesingle soft zone 7@C partas well as the 7@C zone of thgraded soft zonpart.

In the sidewall, more thinning was predicted in the heated portion of the part than the cooled
portion. This is consistent with the effective plastic strain contouFsgare 48, which showed

that the sidevall in the heated portion of any part experienced higher levels of plastic strain than
in the cooled portion of the same part. Unlike in the flange andecion, no apparent trend can

be observed when comparing the siaals of different types of parts.

Fu"y Cooled Single Soft Zone 400°C Material Thickness (mm)

1.220e+00

1.208e+00 :I
1.196e+00 _
1.184e+00 _
1.172e+00 _
1.160e+00
1.148e+00 _
1.136e+00 _

1.124e+00

Single Soft Zone 700°C Graded Soft Zone 1.112e+00 :I
1.100e+00

Figure 50. Contour plots showing the predictethterial thicknesfor each of the four types of parts
investigated

4.4.2 Simulated Results vs. Experimental Results

Figure 51 plots the predicted profiles of sheet thickness in the axial direction alongside the
measured values of material thickness. Plots for the flange, wall and top section of all four types

of parts are presented.
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Figure 51. Measured (dark) and predicted (light) profiles of material thickness (dashed) along the axial direction ot each par
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