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Abstract

This thesis investigates the friction and formability characteristics-&i Abated press hardened
steels (PHS) during direct hot stamping. The PHS grades examemeBHS1800 and PHS1500,
with nominalultimate tensile strengths after hot stamping d@Q&nd 1500 MPa, respectively.
Both grades were received with a coating weight of 15¢,glesignated PHS18085150 and

PHS1500AS150, while a coating weight of 80 ¢fmias alsdestedfor the PHS1500, designated

PHS1500AS80. Testing was done under cdrahs representative of hot stamping.

Friction characterization using the twist compression test (TCT) was performed considering
sliding speeds in the range 10 to 38 mm/s and contact pressures of 5 to 30 MPa. Sliding speed did
not have a significant impaon the coefficient of friction (CoF)'he average CoF of PHS1800
increased from 0.3 to 0.4 over the range of contact pressure considered. At a constant sliding speed
of 20 mm/s and a contact pressure of 30 MPa, the PHS variants ranked in increasind order
average CoF were PHS1800 at 0.41, PHSA58050 at 0.46, and PHS15@(B80 at 0.48. The

effect of tooling wear was examined by repeating ten friction tests using the same friction cup with
new PHS specimens. No significant change in the tooling sudagaémess and CoF was recorded

for the limited number of repeat tests considered.

Formability characterization was performesing ahemispherical Nakazima punds well aglat
Marciniak and Hybrid punchesvhich both employeda carrier blank The Nakazima punch

resulted in faster cooling at the center of the blgnidstive to the periphenjeading tofailure



near the die entry radius under plane strain conditions for all sample geometries and lubrication
conditions.The Maciniak and Hybrid cup tests aveddirect contact between the blank center

and punch, resulting in central failures with linear strain paths spanning from uniaxial to
equibiaxial strain conditions. Adif the formability tests achieved necking limit stimivith major

strain values above 0.35.

In the Marciniak testthe PHS1500 exhibited higher limit strains than PHS18@th both
PHS1500coatingvariantshaving similar limit strains Among all PHS sample gage widths, the
strain rate at the center incredsvhile the cooling rate remained relativedpnstantand varied

from 21.8 to 24.5°C/s.

LS-DYNA, acommerciafinite elementsolverused to model thkot stamping procespredicted

the deformation behavior of PHS1800 sample geometries in NakazimanMiar@nd Hybrid
formability tests The coupled thermomechanical model featured an isothermal heating phase
followed by a formability phase with deformation and quenching occurring simultaneously to
accurately represent hot stamping conditions. The nuaterasults predicted the necking

locations and strain patligr each formability testincluding the effect of local cooling rate
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1. Backgrounl

Theinternalstructureof an automobile, known as the beuiywhite (BIW), must support loads

on the vehicle and protect its occupadtging a crash evertl]. It can be designed as a
monocoque, in which all mdvers are loathearing components and integrated together, or as a
body-on-frame, in which the frame is the primary lelearingcomponentand the body is
mounted on the frame. In a typical passenger car, the BIW consists of about 27% of the total mass
asshown inFigurel [2]. A key strategy to reduce vehicle fuel consumption emdsions is to
decrease the total mass of the vehicle while maintaining its mechanical proj3rti&isce the

BIW is among the largest fractions of the total mass, along with the powertrain and chassis, a
decrease in BIW mass is one of the most effective ways to improve fuel efficiency and reduce

emissions.

28.0% 27.0%
[ Chassis Group
M Other
4.0% [ Body-in-White
3.0% ° nterior
10.0% M Glass

28.0% B Powertrain Group

Figure 1: Typical mass distribution in a passenger car by Kelkar et al[2]

Among masgproduced vehicke steel and aluminum alloys are the main constituents of the BIW
[4]. Advances in both types of materials have increased their strergtight ratio, which allows

vehicle lightweighting. The selected material for production must also provide sufficient



formability to create complex shapes and be economical to minimize production cost. Although
aluminum alloys offer superior strengfitvweight ratio over steel, they amrrently not as
economically viable as steel for mass production according to Kellar[2] andillustrated in
Figure2. The purchase price for aluminum alloys tenfivetimes more expensive than steel by
weight.Springback is also a challenge in aluminum components due ttotheirelastic modulus

compared to steg?].

Similar to aluminum alloys, cold formed advanced high strength steels (At#838)so feature
high springback during the forming proc¢SE Since an increase in strength generally coincides
with a decrease in formability and increased springback, the applications forF8and higher
strength steels become limitethese formability limitations of aluminum alloys and AHSS create

a need for hot stamping of presardened steel (PHS).
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Figure 2: Cost of material strength for steel and aluminum albys(Granta CES 2021)



1.1. Press Hardened Steel in Hot Stamping

To provide intrusion resistance in automotive applicatioresiensitiqpress hardened steels, such
as 22MnB5 (herein designated PHS1%@G¢h a nominaltensile strength of 1,500 MPajere
deployed extensively to reinforce structural componggjtsPHS1800 is a 37MnB5 ultfaigh-
strength steel (UHSS) that featuresoaninaltensile strength of 1,800 MRdterhot stamping7].

This tensile strengtvasobtained through its fully martensitic microstructure after quenching with
watercooled tooling in the forming press, accordingNaderiet al.[8]. PHS1500 andPHS1800

are used in anintrusion gplications such asumper beams, Billars, and door ringsKigure3)

[9], [10], [11].

Il rHs1800

Figure 3: Typical body-in-white structure of a passenger car with PHS1800 deployed for crashsistant componentq10]

Although bainite and ferrite have better ductility than martensite, their ultimate tensile strengths
are not as high as that of madea[11]i [14]. Since PHS is intended for higlrength deformation
resistant structural components, a fully martensitic microstructugesged. The PHS1800

analyzed in this papevascoated with AISi at a concentration of 150 g/nTo support accurate



simulation of the hot stamping of this material, its friction characteristics must be accurately

determined15].

1.2. Direct Hot Stamping Process

In direct hot stamping, the room temperature blank is austenitized in a fuheacguickly
transferred to the forming pref&s simultaneous formingnd quenching tproduce a martensitic

microstructurgFigure4) [7].

Workpiece Austenitization Transfer Forming stroke Produced part
* Room temp *+ 930°C « ~10sec with quenching * Room temp
* 5 min * ~1lsec

Figure 4: Typical direct hot stamping process in arindustrial setting

As the temperature d?HS increases, its ductility increases due to its decreased flow stress as
determined by Luwet al. [16]. This increased ductility enables the PHS to extensively deform
without fracture and be shaped into complex geometries. When the PHS is in the temperature range
between 650°C and 850°C, its high formability allows the formation of complex geometries in a
single forming strokg17]. A cooling rate above 2T/s for PHS1500from the austenitization
temperature to below 400°C enabtée formation of a martensitic microstructufégure5) to

produce highensile strength and stiffness, according to Merléeiml.[6], [18]. This high cooling



rate preverddformation of softer equilibrium phases in the microstructure, which eslunlthe
formation of martensite according to Hosford and Cadd®ll. Due to the forming at elevated
temperature anthe phase change from austenite to martensiternal stresseare minimized
within the component reducing springback comparedold-formed partg6], [20]i [22]. The
minor springback in hot stamping determined by the blank clamping force, clearance between
the punch and the die, and die radius according to &iag)[23]. The diret hot stamping process

incorporates these advantages to produce UHSS sheet metal parts.
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Figure 5: Typical continuous time temperature transformation (TTT) diagram of PHS by Merklein and Lechler [6].

1.3. Formability of Press Hardened Steel During Hot Stamping

Marciniak testingis employed to characterize formability underplane deformation without

bending and to minimize the effect of friction between the specimen and psimgja carrier



blank with a central holeThis allows necking and fracture to occur at the apex of the blank
according to Noder and Butche?]. For the test to bealid, localization must occur in the blank
within the central hole of the carrier blarBtherwise, the Marciniak test would be invalid. In

addition, edge fracture must not occur at the carrier blank center hole prior to the blank fracture.

While the formabilityof PHS during hot stampings relatively high, it remaiga limiting factor

for parts with high degrees of geometrical complexity. Forming limit curves (Bt€)sed in

sheet metal forming to define the maximum major and minor strains achievable byrialmate
during deformation. Several test methods exist to measure the limit strains of a material during hot
stamping such as the Nakazima and Marciniak t€&gsie6), as prescribed by the 1ISO 126P4
standard25]. Both feature a binder that clasihe sample against a die to prevent drawing and a

punch tkat deforns the sample against the die through a linear motion.
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Figure 6: Cross sections of 1ISO12002 [25] tooling geometry for: a) Nakazima hemispherical punch, b) Marciniak flat
punch. All dimensions are in millimeters.

In these formability tests, narrowsample gage widthproduce a uniaxial stretch (or draw state)
with positive major strains anaegative minor strain valugslated to contraction of the width

Wider gage width produce biaxial stretching wigositivemajor andminor strairs.



Thereare several methods to detect the onset of necking such as theléipemdent strain rate
method ofVolk and Hora[26] that monitors the thinning strain rade well as curvaturbased
methods oDiCeccoet al.[27] andMin et al.[28]. Curvaturebased methods monitor the local
curvature to detect the formation of an acute neck which corresponds to a negative curvature
relative to the punch geometrfhe 1SO12004£ standard uses curvesfiof the major strain

distribution at the imge frame prior to fracture to detect the necking limit strgdbs

1.3.1. Nakazima Testing in Hot Stamping

Formabilitycharacterizatioat elevatedemperaturgis particularly challenging. Let al.[29] used
Nakazimaestson uncoated UHSS using specimen gage widths of 20 mm to 180 mm at an interval
of 20 mm under hot stamping conditions. The surface of each sample was photochemically etched
with circle grids tameasure the strains after formikd.Cs were produced for sample thicknesses

of 1.4, 1.6, and 1.8 mnii{gure7). They weremodelled usingthe LogarHosford yield criterion

and Ohés duct i |[80]. Withadata gathed from thé Blakazima tests, the
formability of simulated Bpillars was shown to decrease as thickness increased, because a thicker
sheet metal had a lower cooling rate than a thinner binet al.[29] showed that hdbrmability
wassignificantly affected by sheet thicknebgcausehicker sheetbada lower cooling rate and

thus higher limit strains
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Figure 7: Forming limit diagrams (FLD) of 22MnB5 at various temperatures and thicknesses (a) 1.8 mm, (b) 1.6 mm, and

(c) 1.4 mm by Li et al.[29]

Dahan et al[31] reported the maximum major strain about 0.4n plane strain for axisymmetric

circular blanks using a Nakazima test with hot stamping conditions. By decreasing the sample gage

width (Figure9), the strain path shé#dfrom plane strain closer to uniaxial tensile strain, as shown

in Figure 8. Each samplegeomety featurel a uniform width througout its lengthunlike

1ISO120042 geometries.



Dahan et al[31] have shown that all their fracture locations were ductile. In Nakazima tests, a
narrower width enabled a higher punch displacement at necking. In addition, the strain paths of a
narrower width produced more negative minor strains and higher stagms at necking/fracture.
However, even the widest sampleereunable to produce equibiaxial deformation due to friction

and relatively low temperature at the sample center. A higher initial temperature of the sample

improvel formability.
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Figure 8: Forming limit diagram (FLD) of Usibor 1500P® using a modified Nakazima test by Dahan et aJ31]



Figure 9: Nakazima test samples with various gage widths that are the same as the remaining sample width by Dahan et al.
[31]

Barianiet al.[32] investigated the formability limits of ABi coated Usibor 1500 using Nakazima

tests The blankwas maintained at an isothermal temperature of 600°G 30 kWinductive

heating system. A Kype thermocouple spot welded at the center of the saropieoled the

sample temperature through a feedback loop. A forming stroke speed of 10 mm/s was adopted to
approach hot stamping speeds. A 0.10 mm thick graphite foil lulfitegesliding motion between

the punch and blank. Usibor 1500 has shown high sensitwitstrain rate at this forming
temperatureThe resultingforming limit diagram (FLD) with necking limit strains determined
using the 1SO12002 method[25] spanned a limited range of minor strains fredrl to 0.25

(Figurel0).
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Figure 10: Forming limit diagram (FLD) of 22MnB5 metastable austenite at an isothermal temperature distribution of
600°C by Bariani €. al. [32]. Necking limit strains are determined using the ISO method25].

Since the apex of the Nakazima dome punsh éontaatdthe center of the blank, the high cooling
rate from thermal conduction from blank to punch cdtise center of the blank to have the lowest
temperature within the blank. Combined with high friction between the punch and blank at the
center, ecking and fractureccured at the exit of the punch radius, where the blank sephrate

from the punch according to Kusuetial.[22] and Daharet al.[31].

To produce a temperature dependent thermatifay limit diagram, Shet al. [33] used 2mm

thick hot stamping UHSS with sample widths varying from 20 mm to 180 mm and a lubricant
composed of graphite and molybdenum disulffeigure 11 shows the experimental FLD of the

UHSS obtained with the Nakazima test at a temperature of 800°C and at a constant punch speed
of 8.33 mm/s As shown inFigure12, the necking and fracture locations ocedraway from the

sample center.
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Figure 11: Experimental forming limit diagram (FLD) of 22MnB5 UHSS produced using the Nakazima test by Shi et al
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Figure 12: Fractured 22MnB5 UHSS 180 x 180 mm sample after Nakazima testing by Shi et {4]

Shiet al.[33] have also shown that a higher initial sample temperature erfagleerplane strain
formability (Figure 13). This was apparent in theplane strainincrease when initial sample

temperature increagdérom room temperature to 800°€Eigure13a).
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1.3.2. Hot Formability Characterization usingruciform

Testing

Zhanget al.[35] proposed a biaxial cruciform test meth&tgure14) to characterize formability
in hot stamping conditions. Theample was austenitizagsing direct resistance heating in a
Gleeble thermamechanical simulator. To maintain temperature acguaithe specimen center,
a user subroutine UAMP in ABAQUS developed by Kardoulekial. [36] controled the
instantaneous specimen center temperahmigh feedback control ats surface current. This
method predi@dthe thermal field of the area of interest throiiglelectrical current input. The

samples had a reducdflicknessin the central region to promote localization where the

temperature ifference was less than 45°C.
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Figure 14: Biaxial cruciform test sample developed by Zhang et. a[35] for hot stamping formability study on 22MnB5
steel

Using the biaxial cruciforntensile system shown Figurel4, Zhang et. al.35] characterized the
formability of zinccoated boron steel 22MnB5 at hot stamping temperatures and strain rates, as
shown inFigure15. The necking and fracture FLDgreobtained at a temperature range from

750°C to 850°C and at a strain rate range from 02 8.5 <.
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Figure 15: Necking and fracture forming limit diagrams (FLD) for zinc -coated boron steel at hot stamping temperatures
obtained with a biaxial cruciform tensile system by Zhang et al[35]: a) Temperature range from 750°C to 850°C at a
constant strain rate of 0.1 8. b) Strain rate range from 0.02 g to 0.5 st at a congant temperature of 800°C
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1.3.3. Application of Hot Forming FLC Data

The use of high temperature FLC data within finite element simulations of hot forming operations
has been limited, largely due to the difficulty in incorporating temperature ardepadent EC

data in existing software, as well as the lack of available data. Kusumi and N@2juraed LS
DYNA to model deformation behaviour of a hot stampegilr using a coupled structural
thermal simulabn. The deformed componenasrepresented with elastastic shell elements,
and the tooling with rigid shell elements. The coefficient of friction (Ge&3 obtained with a
drawing test for heated samples and ranfyem 0.5 to 0.6 in the simulatiorHeat transfer
coefficients (HTC) were obtained through continuous temperature measurement using
thermography. Although the hot stamping simulation by Kusumi and Nd2@jrdid not produce

any FLC, the fracture location of agllar was accurately predicted using their model. Similarly,
Li et. al.[29] used Autoform with the LogaHo s f or d yi el d cri teri on
criterion[30] to predict the formability characteristics of a 22MnB5 stegdilBar in hot stamping.
Dahanet al.[31] used a combination of Forge2®, Forge3®, and Abdigite-element software

to perform thermanechanical simulations of Nakazima testing in hot stamping with the numerical

strain distribution of circular PHS0B samples shown figure16.
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Figure 16: Numerical strain distribution of circular Usibor 1500 samples in Nakazima testing under hot stamping
conditions by Dahan et al[31]. Punch stroke: 20 mm.Punch velocity: 30 mm/s. Blank thickness: 1,5 mm. Blank initial
temperature: 780°C

1.4. Friction Characteristics of Press Hardened Steel

Friction is a key boundary condition between the sheet metal and topéingsularly in hot
stamping since lubrication is difficult at such high temperatures. The effect of friction is critical in
Nakazima formability testainder hot stampingconditions becauseit promotes plane strain
localization away from the punch ape&everalprevious studies haweharacterized thé&iction

operative under hot stamping conditions.

Hardellet al.[3] used an Optimol SRV reciprocating friction and wear test macFigerg 17)

to characterize th€oFfor a high strength boron steel.
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Upper specimen holder

Upper specimen

Lower specimen

Lower specimen holder
and cartridge heater

Figure 17: Schematic diagram of the Optimol SRV reciprocating friction and wear test machine used by Hardell et B]

The two test specimen variamg&reuncoated and coated with-8li. Three tool steels with and
without plasma nitriding were used as the tooling material in the SRV tests. The specimens were
heated to constant test temperatures of 500°C, 600°C, and 800°C. ldtaale]B] determind

that sliding speethada marginal effect on CoF, while an increase in conteetqure édto a
decrease in CoF. Due to the high temperature of the blank in hot stamping, lulvasartt

usually applied prior to forming. Therefore, asperities on the tooling surface andwsamia

direct contact without any lubricant separatiéhlower test temperatures of 500°C and 600°C,

the initial CoFRwashigh and oscillatéthrough the test 800°C the tesproducel more constant

CoF values as shown kigurel18.
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Figure 18 CoF of Al-Si coated boron steel against three plasma nitride tool steels in Optimol SRV friction testing for
specimen temperatures of a) 500°C and b) 800°C. Load: 20 N. Stroke: 2 mm. Foeacy: 50 Hz.

The friction mechanisms involveslere mainly adhesion and ploughirigr Al-Si coated boron
steel according to Hardelket al. [37]. The characteristics of adhesiavere affected by the
interfacial shear strengths of the materials, their real contact area, and their hardness values.

Ploughingwasdetermined by the surface roughness of the blank and its tooling.

Venemaet al.[38] determined that the CoF of Ali coated PHS against uncoated tool steas$
dependent on the blank temperature in strip drawing tests. When the speeistested against

a tooling surfacén new conditionthe CoFwasfound to be temperature dependent during initial
sliding. However, cosecutive tests using new specimens on the same tooling surfacedshow
lower dependencyon temperature. Nonetheless, specimen temperature detérthmevear
mechanism, where adhesive weaas dominant below 600°C while abrasive wear with

compaction galhg beamedominant above 600°C.
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Yanagidaet al.[39] also found that the mean CoF increhgdth increasing temperature in strip
drawing tests for aluminum coated 22MnB5 steel against SKD61 steel tooling material. The main
friction mechanism chandgefrom abrasive wear between 650°C and 750°C to adhesive wear
below 600°C in unlubricated conditiof&8]. This dependendeecane less sensitive when layers

of adhered materiakere built-up on the tooling surfad®8]. When a lubricantvas sprayed on

the dies, the CoF decredssignificantly compared to its unlubricated condition at specimen

temperatures of 600°C, 720°C, and 800°C.

Although initial tooling surface conditions affecktthe CoF, the CoF beameconstant after an
initial runningin for untreated tooling surfad87]. This stabilization of the Cowascaused by
material transfer from the A$i coating to the tooling surface, which main&m consistent
surface profile through we§7]. The tooling surfaceouldalso transfer its constituentstte Al

Si coating and create a layer of oxidized wear debris above the coating according to Retlcastre
al. [40]. This protetive layer reduce material transfer by decreasing tooling surface contact with

the AIlSi coating underneath.

Various tribological test methods have been used to characterize the friction of UHSS in hot
stamping, such as the pom-disk test Figure 19), in which a cylindrical pin made of hot work
tooling materiakontaceda flat rotating disk made of UHJ80]. The advantages of the pom-

disk consistd of easily adjustable test conditions and the prevention of repeated contact area by
moving the pin radiallyon the disk. Although contact conditions in gn-disk testscould be

easily modified, they deviaddrom those in a hot stamping proceBlseconact surfacevassmall
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andcould cause excessive ploughing at the contact point due to materialuipuitdfront of the

pin thatoverestimatethe CoH41].

|

Figure 19: Pin on disk friction characterization method

A tribosimulator apparatus for flat drawing developed by Yanagjfidh [39] (Figure20) has also

been used to replicate friction conditions in B@mping. A pair of flat clamps made of tooling
material contaeda strip of UHSS, whickwvaspulled througha pair ofclamps at a constant speed.

As the continuous UHSS strip eadtthe austenitization furnace, it directly em@the clamps.

The advantags of the flat drawing test congdtof a large contact area similar to hot stamping

and no repeated contact with the same surface area of the blank. However, the representation of

the transfer process from the furnace to the stamping weedsnited bythe drawing speed.

The study by Yanagidat al. [39] showedthat watetbased lubricants sprad on the tooling

surfacecouldsignificantly decrease the CoF under hot stamping conditions. Kusumi and Nomura
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[22] also used atrip drawing test without lubrication for aluminized steel sheet in tawhging

conditions. The resultinGoFwas determined to be between 0.5 and 0.6.

ﬂConstant load
Furnace Lubnicant

0000000000 ﬁ
'l

0000000000

e
Drawing direction

. U,Constant Speed
T- ‘Tension

Figure 20: Flat drawing tribosimulator friction characterization method developed by Yanagida et al[39]

1.5. ProposedNork

Past Nakazima tests havesbg@erformed to determine the formability of 22MnB5 PHS under hot
stamping conditiongdowever, neckingnd fracture locations occurred away fromdbeneapex.
The fracture locations do not appearctumply with the ISO12004 criterion of fracture occurring
within a distanceof 15% of the punch diameter away from the ap2X]. There has been
considerable work omodelling deformation of PHS in hetamping but the characterization of
formability has beemjivenlimited attention.Cruciform testings promising but is prohibitive due

to its complexity and requirement of custom test fixtures and control systemnisla testing
athightemperatur@appears tte overlooked within the literaturdt could befurtherexplored to
characterize formability without the influence of friction and-ofiplane deformatiordue to
bending and tool contactMarciniak and hybrid Nakazimlarciniak formability test$35] have

never been done on PHS with hot stamping conditions.
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Strip drawing and pin on disk friction characterization tests have been perforpredious works
on uncoated and coated PHS at high temperatures. However, the twist compression test (TCT) has
not beerperformedon Al-Si coated PHS ancdanrepresent friction from tooling contact in hot

stamping.

The current work uskthe TCT developediy Schey[42] to determine theCoF for Al-Si coated
PHS1800 and PHS150nder various values of sliding speed, contact pressure, and sliding
distance Since the TCT samples foll@dthe same direct hot stamping procasshe formability
characterization samples, the T€duldassess the frictional behavior of hot stamped components

during the forming/quenching phase.

As the TCT cup rotateon the surface of the sample, theresattss ndependent of t he
matera | ani sotropy due to the axisymmetric geom
ability to continuously rotate against the sample enables an unlimited sliding distance on the same

sample.

The current study examisthe formability of AFSi coated PHS1800 and PHS1500 during a direct
hot stamping process he determined FLCs of these materials enable designers to prevent
structural weak points caused by neckimgot stamped partBy understanding their mechanical
behaviors during the forming stroke, part failure can be prevented with adequate manufacturing
process and tooling geometifhe numerical model developed for the hot stamping process can

predict the strain field and temperature distribution within thesteorhped part throughout the
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forming stroke. As a result, the tooling geometry, motion, and temperature can be adjusted to create
the desired outcome in the hot stamped parts without a need for extensive physical
experimentationThe cycle timeproductioncosts,and part quality can be optimized according to

theformability and frictioncharacteristics d?HS1800 and PHS1500

This thesis is organized as follows. Chapter 2 provides the experimental methods to determine the
formability and friction charactesiics of AlSi coated PHS under unlubricated hot stamping
conditions. Chapter 3 describes the numerical modelling of Nakazima, Marciniak, and hybrid
NakazimaMarciniak formability tests deployed the current work. Chapter 4 shows friction
characterization esults obtained with TCT and surface roughness measurements. Chapter 5
analyzes the experimental formability resuthapter 6 analyzes the numerical simulation results

for each formability test performed in this work.
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2. Experimental Methodology

Friction and formability characterization tests were performed on two hot stamping steel grades,
PHS1800 and PHS1500. To study the impact of hot stamping conditions@oRbe TCTwas

used to replicate friction between the tooling and test sample. Standaedfiity characterization

tests, such as Nakazima and Marciniak, were then modified for hot stamping conditions. This

chapter provides a description of the test equipment and experimental procedures.

2.1.  Al-Si Press Hardened Steel (PHS) Variants

The PHS1500s a boron steel of nominal composition 22MnB5, withoaninalultimate tensile
strength of 1500 MPa after hot stamping. The microstructure will be fully martensitic if the cooling
rate during quenching greater than 27°C/d.5] [43]. The composition of the PHS1500 steel,
reported byArcelorMittal [44], is shown inTablel. The PHS1500 sheetgerecoated with AiSi

on both sides to prevent against oxidation, decarburizatiwh hydrogen embtiement during
austenitization9]. Two nominal AlSi coating thicknesses were considered for the PB&15
AS150 at 150 g/rhand AS80 at 80 g/fnThe AS150 coating thickness has seen greater usage in

industry, while the lighter AS80 coating thickness has been introduced as a lower cogésjtion

The second steel considered is a newer developmPii®df nominal composition 37MnBEI6]
with a nominalultimate tensile strength of 1800 MHA&is designated PHS1800. The PHS1800

sheet is also coated with -8l & 150 g/mi. The results from the chemical analysis of PHS1800
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base metal are shown Trablel1. All PHS sheet used in this thesis have aneasived nominal

thickness of 1.6 mm which includes the thickness of th8iAloating.

Table 1. Chemical composition ofPHS1500 and PHS1800 base metal in weight percent obtained from chemical analysis
using inductively-coupled plasma atomic emission spectroscof¥7] (ASTM D1976-20 [48]), and by combustion and inert
gas fusion techniques ASTM E1019-18 [49]). The Al-Si coating was milled off from the base metal prior to chaical
analysis. PHS1500 composition taken frorfb0].

C(%) | Si(%) [Mn(%) [ P %) [ Al(%) [ Cr(%) | Ti(%) | B (%)

PHS 15000 0.22 | 0.26 117 | 0013 | 0.03L | 017 [ 0034 | 0003

PHS 1800 0.33 | 057 | 0.60 | 0.012 | 0.045 | 0.31 | 0.021 | 0.002
2.2. Friction Characterization Experimental Methodology

This section descrilsethe TCT apparatus used to perform high temperature friction

characterization.

2.2.1. Test Equipment

The TCT apparatusgwvolves a hollow cylindrical friction cup rotating against the surface of a
stationary test specimen, whialassupported by a gimballed holdas shown ifrigure21 [51].

The TCT was developed at the University of Waterloo by S¢62}; and later significantly
modifiedby Georgg53] to perform high temperature friotn test§51]. Figure21 shows the main
components that constitatéhe TCT apparatus. Cartridge heaters and embedded thermocouples
wereused to heat the friction cup and specimen holder and madgaiconstant temperature for
each. The temperature was set to 80°@pwesent the temperature of the hot stamping tooling in

a production environment. To maintain a solid grip on the friction cup while allowing easy
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replacement, a machine screw was inserted into a dedicated groove on the side of the friction cup
that presad it against the heated friction cup holder. This créatéarge contact surface between
the friction cup and its holder, thus allowing the friction cup to heat up rapidly with good thermal

conduction.

Ceramic insulation

Friction cup holder Heating elements

Friction cup

Specimen holder Specimen socket

Ceramic insulation
Heating elements

Sl , Reaction force load cell

Normal force load cell

Figure 21: CAD Schematicof TCT apparatus

The TCT measurkthe CoF with a hollow axisymmetric friction cup that rotdtagainst the
surface of the test specimen. By applying a known normal force between the friction cup and

specimen, the CoEould be calculated through reaction force measurements from the reaction
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torque throughequation(1). As the friction cup rotatg sliding distance increadeand the

corresponding Cowasmeasured.

0. 1)

"Ois friction force; N is applied normal force from the specimen holder; T is reaction torque from
the specimen holder due to friction; is the centerlinecup radius(22.225 mm), which
corresponds to the reaction torque gngthformed by the averagetween the outer radius (25.4
mm) and the inner radius (19.05 mm) of the contact arglaoasn inFigure22b; "Ois the measured
reaction force fronthe torque arm of the specimen holderjs the radius formed between the

torgue arm load cell and the center of rotation.

To apply the nominal normal force N, a doublging hydraulic linear actuatevas vertically
connected to the specimen holdeotigh a load cell. Since the load ogtisconnected in series
to the actuator shaft, it measdtle applied force on the specimen to provide feedbaakMTS

407 servehydraulic controller operating in a closed feedback loop.

Another load cell installedt the torque arm end of the specimen holder predéme holder from
rotating and measuléCoF according to the Coulomb model of friction through equdfiprThis
load cell measurkthe reaction forcéO created by friction resistance from which the reaction

torque can be determined based on the torque arm.
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The friction cup holdewasdriven ty a hydraulic motor, whose rotational motimasmeasured

by a string potentiometer which provatléeeedback tahe controller. As the friction cup rotade
against the specimen, the specimen holddrah80.8 X 50.8 mm square groove thaedas a
socket or the specimen. To maintain a uniform contact pressure against the friction cup, the
specimen holdewasmounted on a gimbal to establish a parallel position with the friction cup

regardless of any geometric imperfections.

The friction cupyvasmade of Udeholm Dievar tool steel hardened to 53 HR&wascommonly
used for hot stamping tooling. Its contact surface fedtp®ncentric cylindrical profile, as shown
in Figure22b. To achieve a smooth surface similaptoductionhot stamping tooling, the surface
of the cup friction surface was lapped prior to testing. Since the friction sliding matgmircular,

the measured Cokasindependent of sheet rolling direction.

Specimen

Figure 22: (a) Rotating friction cup made of Uddeholm Dievar hot work tool steel. The PHS1800 test specimen is located
below on a stationary holder. (b) The concentric contact profile of the friction cup has an outer diameter of 25.4 mm, and
an inner diameter of 19.05 mm. Contact oaas on a square and flat test specimen.
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To compensate for thermal expansion of the specimen after austenitization and to facilitate its
transfer into the TCT apparatus, the specimen geometry must be smaller than the 50.8 X 50.8 mm
square groove but not bypo much to prevent excessive movement at the start of rotation.
According to Cacet al. [54], the thermal expansion coefficignt of PHS was estimated at

p& p mAO. Caoet al. [54] did not specifywhether thig value acounted for the steel

lattice structure transformation from badgntered cubic (BCC) to faagentered cubic (FCC).

Using equatior(2), the initial lengh of each sidéx wascalculated at 50.2 mm when the final
allowable lengthd was50.8 mm with an increase in temperatafé&/from room temperature,

25°C, to austenitization temperature, 930°C. For ease of specimen manufacturing and ease of

transfer pocess, each square specimen widslimited to a maximum length of 50 mm.

T 30 a a . a 2
114 1 114 1 w a w
Y a 3Y a 3Y | Y p

A ZIRCAL-95 ceramic plate was installed between the specimen holder agichtyad for thermal
insulation To provide additional thermal protection, a continuously circulating cold water pipe

wasinstalled below the ceramic plate to remove excess heat.

Due to hardware and software limitations, the minimum applicable pressure foiztilon cup on
the specimemvas5 MPa, whichwassufficient to maintain alignment of the gimballed specimen

holder. To avoid overloading the gimbal and drive mechanisms, the maximum applicable pressure
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waslimited to 30 MPa. Since a hot stamped PHS ispexccouldbe subjected to higher values of
contact pressure, the friction characteristics in that scenario must be extrapolated from existing

measurements.

A total sliding distance of 100 mm was maintained for all tests. According to Jédijgthe CoF
data beametoo noisy for any significant analysis when the sliding speaslbelow 10 mm/s.
Thus, the minimum nominaliding speedwas set to 10 mm/sThe maximum sliding speed

achievablevas38 mm/s.

The Carbolitechamber furnace was used for austenitization of the TCT samples, as shown in
Figure23. After austenitization, the specimearas manually transferred from the furnace to the

TCT apparatus.

Control terminal

Furnace *

Twist compressiontest (TCT) unit

Figure 23: TCT apparatus setup showing furnace located adjacenb apparatus. The control terminal is connected to the
TCT unit for all motion and heating parameters.
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2.2.2. TCT Test Conditions

Prior to testing, all friction cups and PHS1800 specimens were cleaned in soapy water, rinsed with
acetone, and dried with a papeawel to remove surface contaminants. The blanks were
austenized at a nominal temperature of 930°C and a hold time of 5 minutes. The manual transfer
from the furnace to the TCT frame and start of thedestirredover a period of approximately 10
secondsThe applied contact pressure incredsearly to its nominal value over a sliding distance

of 10 mm. The measured CoF data was recorded using a custom script written in LabView

software.

After each test, the blank and friction cwprereplaced with aew set to prevent excessive wear
on the same surface. Each set of test conditions inddilve repeats for statistical significance.
Before inserting a new specimen into the furnace, the interior must be reheated to the nominal

austenitization temperatei of 930°C.

Friction between
cup and

Replace
specimen &/or

Austenitization in Transfer from
furnace furnace to TCT
apparatus

+ 930 °C L
« Sliding distance: 100 mm + 1 test/specimen

specimen

cup

Figure 24: TCT test process

To measure the impact of sliding speed on CoF, four sliding speeds, shdwbla®, were

selected between EHhd38 mm/s with a constant contact pressure of 15 MPa.
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The influence of contact pressure on CoF was evaluated with four contact pressures between the
limits of 5 to 30 MPa, given inTable2. To achieve a significant sliding distance within the 1
second time frame relevant to hot stamping forming stroke, a constant sliding §Réechim/s

was selected.

Table 2: Test matrix with contact pressures from 5 MPa to 30 MPa and sliding speeds from 10 mm/s to 38 mm/s. Each case
has 5 repeat tests.

Sliding speed
10mm /s 20 mm/s 30 mm/s 38 mm/s
Contact pressure

5 MPa

15 MPa

25 MPa

30 MPa

Additional tests were also performed to examine the effect of tool wear on CoF. In thikeseg of
only the specimenvas replaced after each test while the same friction cup was used for ten
consecutive tests. Five sets of tool wear sequences usinglifieeent friction cups were
completed for a total of 50 friction tests. Thésss utilized a relatively high contact pressure of

30 MPa to promote higher levels of wear.

2.2.3. Surface Roughness Measurement

The surface roughness of the cw@smeasured at¥e different locations using a Taylblobson
contact profilometer (showim Figure25) overa distanceof 2 mm. The precision of the contact

profil ometer was 0.02 e&em Ra.
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Figure 25: Taylor-Hobson contact profilometer. The contact pin is located on the underside of the retractable arm.

3D surface profilesfahe test specimens were obtained using a Keyence optical profilometer.

2.2.4. Specimen Temperature History Measurement

Several temperature measurement methods were developed, as described in the following, to

ensure the temperature history wegresentative of hot stamping conditions.

To obtain a reference temperature history at a location away from the area of contact between the

friction cup and sample, a thermocouple was attached to the edge of the specimentfiitingess

Two methods wer considered to measure the specimen temperature history in the contact area.
One method used a modified specimen holder that was designed and fabricated as part of this
research to enable a sprittgded thermocouple. The other method used an embedded

thermocouple inside the specimen to measure temperature beneath the contact area.

33



2.2.4.1.SpringLoaded Thermocouple Approach

For the springoaded thermocouple approach, the thermocouple wire clamp was located in a
cavity below the contact area and vertically supported by a compression spring with a stiffness of
2.2 N/mm. With a relaxed length of 16 mm and a compressed lengjghroim, the spring applie

a clamping force of 8.8 N on the thermocouple against the underside of the specimen contact area.
A tunnel that conneet the side of the specimen holder to the wire clamp cavity afiidive
thermocouple wire to be routed fronettata acquisition system (DAQ) to the wire clamp location
(Figure26). The twoends on the thermocouplerespot welded together to ensure that buittes
couldreliably contact the specimen. In addition, the apelded thermocouple endasground to

a smooth finish to maximize its contact surface area with the specimen. This meximize
conduction heat transfer between specimen and thermocoupleo lediscd the temperature
measurement delay and discrepancy caused by the temperature difference between specimen and

thermocouple end.

B

8

Figure 26: Model of the modified specimen holder to enable the use of a spribgaded thermomuple to measure
temperature history of the specimen contact area.
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Several features of the original specimen holder, such as trunnions for an external specimen clamp,
wereremoved on this modified specimen holder to free up workspace for a more effiuent a
rapid specimen transfer process. The specimen socket depth was increased from 0.920 mm to 6.35
mm (Figure27) for easiempositioning of thesample during the transfer proceBgy(ire28). This

improved test reliability by preventing the specimen from falling out of its socket duringids rap

manualpositioning into the specimen holder.

Socket depth: 6.35mm  TC wire

Sat screw Friction cup

N\ Blank

Ceramic wire

C clamp

Figure 28: a) Modified specimenholder installed in the TCT apparatus with the springloaded thermocouple located belo
the friction cup contact area. b) TCT specimen placed on the modified specimen holder prior to contact with the fricti
cup.

35



Using the springoaded thermocouple to measure the contact area temperature, recordahg
only start once the sampbeas placed in the holderA referencethermocouple provide
temperature data during austenitization and transfer from the furnace sprimgloaded
thermocouplecould only provide reliable datancethe normal force has been applied to ensure

proper contact.

2.2.4.2.Embedded Thermocouple Approach

The second method to measure the specimen thermal history in the contact area was to attach the
thermocouple directly within the specimen interior, as shoviAigare29. Since the thermocouple
wireshada large diameter to sustain austenitizatemperatures, inserting them into the thickness

side of the specimen requirprecision machining of blind holes. The thermocouple wires needed

to be presdit into the blind holes to form a sturdy connection with the specimen.

Figure 29: Thermocouple wires embedded beneath the contact area of a T&pecimen.

The test procedure remains identical to the standard TCT process described in2S2&ibue

to the large diameter of the thermocouple thateconnected to the external DAQ, the furnace
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doordid not achieve a complete seal for the heating chamber. During the transfer process, the high
stiffness of the thermocouple prevedthe specimen from staying in the specimen socket despite
the improved socket geometry in the modified specimen holder. Traaimathe specimen in its
socket during the test, the operator must use pliers to hold the specimen in its intended position.
The pressing action of the pliers on the specimen surf@ssaassumed to produce negligible

impact on the specimen temperature tluthe small area of contact thermalconduction.

2.3. Formability Characterization Experimental

Methodology

To represent industrial forming attributes such as the use of a binder, die, and punch on sheet metal,
Nakazima and Marciniak formability tests fnolSO120042 [55], as well as a hybrid punch

geometry due to Deng and McGujE&], weremodified to represent a direct hot stamping process.

2.3.1. Formability Test Equipment

The Nakazima dome test featdr@ 100 mm diameter hemispherical punch, as shoviguare
30. The punchwas made of hardened Uddeholm Dievar tool steel a@d attached to the
stationary base of the forming press. The die and biralda l106.68 mm diameter center hole
thatwasconcentric to the pungherimeter The die and binder entrgdii were8 mm (not shown

for brevity).
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Figure 30: Nakazima dome punch geometry used in hot stamping tests. It is made of Uddeholm Dievar tool steel. All
dimensions are in millimeters.

The second formability test, tHdarciniak test, utilizd a flat cylindrical punchwith rounded
shouldersshown inFigure 31, which eliminatedbendingin the samplegage arealn addtion, a
mild steel carrier blankvasplaced between the sample and binder/punch to decrease friction on
the sampleyage areaas showrnn Figure32. It supporédthe shoulder of theampleand avoied
fracture in that region. Like the Nakazima test, the outer diameter of the was@®0 mm. The
die center openinpgada diameter of 110.6 mm and an entry radius of 12.7 mm (not shown for

brevity).
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Figure 31: Marciniak punch geometry. The shoulder is tangent on both sides and has a nominal radius of 12.7 mm. All
dimensions are in millimeters.

Die

Binder Carrier Blank

Marciniak Punch

Figure 32 Marciniak test components schematic. Positiomf components is taken during clamping prior to the forming
stroke.

The carrier blankvasmade of 2 mm thick mild steel, as showrrigure33. The carier blankhad

a 32 mm diametecentral hole such that theweasno friction where the neck devg@edin the

sample Mild steel was chosen for the carrier blank due to its high formability and excellent hole
expansion ratio (HER). The carrier blank formability must exceed that eathple To decrease

friction between the carrier blank and the punch, three Teflogtisketh a nominal thickness of

0.127 mm per sheet were placed between the die/punch and carrier blank. The carrier blank and

Teflon sheets were plagen the binder prior to each test.
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Figure 33: Carrier blank used in Marciniak and hybrid tests. The 32 mm diameter center hole edges are deburrathd
ground with 800 grit sandpaper.

A hybrid MarciniakNakazima test was considered based upon the geometry proposed by Deng
and McGuirg56]. As shown inFigure34, thehybrid punch profile staedwith a flat top section

at the center and a large 25 mm shoulder. This shoulder nadsistermediate to that of the
Marciniak punch (12.7 mm) but smaller than the hemispherical radius of the Nakazima punch (50
mm). The hybrid punch also ub¢he same arrier blank as the Marciniak punch. A recessed
circular hole at the center of the hybrid punch further predutitect contact with the center of

the sample gage section.
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Figure 34: Hybrid Marciniak -Nakazima punch geometry irspired by work from Deng and McGuire[56]. The center of the
punch begins with a flat section then transitions to larger shoulder radii toward the outer perimeter. All dimensions are in
millimeters.

The die and bindewerethe same for althree punch configurations. The binder and wlexe
watercooled. The punch base was also modified to allow rapid coolimgpudd be heated to

decrease the cooling rate in the region of the sample in contact with the punch.

The formability test equipmentonsised of a stationary punch mounted on the base of a
Macrodyne hydraulic forming press, as showrrigure 35. A binder surrouned the punch and
wasmounted on a hydraulic cushion to provide up to 355 kN of clamping force on the sample
against the die. The binder featdispringloaded fittings that enatiéhe transferred sample from

the furnace to be accurately positioned and to prevent initial contact with the binder. This
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minimized quenching prior to the forming stroke. The diasinstalled on a fasapproach 600 kN
(60ton) actuator that createhe forming downstrokeat 60 mm/s to complete the forming stroke
before the formation of martensite in the sample. Vertical linear guidevexiésnstalled on both

sides of the die fixture.

DIC high speed cameras (above
the die cavity)

Furnace Die (water cooled)

—— ,— . 100 mm diameter hemispherical punch
\ (room temp)

Binder (water cooled)

Figure 35: Nakazima dome test equipment sefp in the forming press

The hot formability tests were performed using an automated systemintttatded an
austenitization furnace and a six degoédreedom (DOF) motion transfeobot integratednto
theforming press, as shown Kigure 36. The transfer robot usigpneumatic suction grippers to

place the room temperature sample into the furnace. After austenitization, the other end of the
transfer robot manipulator u$eteel retractable grippers to place the heated sample on the binder

of the forming press.
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Figure 36: Automated austenitization furnace and transfer robot.

2.3.2. Formability Samples

Each PHS1800 Nakazima sample geometry fadidwhe 1SO12004 standard[55] with a
constant shaft length of 25.4 mm, as showikigure 37. Each gage width aied to produce a

different ratio between major and minor strain.

The samplegeometries ofigure 37 were laser cut and then manually deburred to reduce the

chance of premature edge fracture dutegjing
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(gage Wicﬁh) (shaft length)

BREAK ALL SHARP CORNERS
DIMENSIONS ARE IN INCHES
TOLERANCES:

ONE PLACE DECIMAL 0.1
TWO PLACE DECIMAL  #0.01
THREE PLACE DECIMAL *0.001

INTERPRET GEOMETRIC
TOLERANCING PER: ASME Y14.5

Figure 37: PHS1800 sample geometry used in Nakazima tests according to ISO12@04Ill geometries have a shaft length
of 25.4 mm. Gage width: (a) 25.4 mm (b) 76.2 mm (c) 101.6 mm (d) 127.0 mm (e) Equibiaxial with 228.6 mm diameitefe.

To provide good adhesion of the painted speckle pattern on {Be gdlated samples for digital
image correlation (DIC) strain measurement, each sample was subjedtes ctmating pre
alloying treatment of Let al.[16]. Thepre-alloying treatmentonsisedof holdingthe sample in

a chamber furnace at a temperature of 700°C for 10 miridtesamplevasmanually transferred

to a pair of waterooled flat steel plates in a hydraulic presgl quenchedThis thermal cycle
createl a dark gray background which provitigood contrast against white paint speckles to track
the deformation strain during the forming stroke as showigire38. It also creatéintermetallic
microstructureghat would not melt during austenitization. Without pa#loy, the molten AISi

layer would dissolve the white paint speckles and cause a blurry speckle pattern. Furthermore, the
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conventional speckling method for room temperature tests, which imvalvielack painte

background with white speckles or vice versa, resliit cracking of the background paint during

high-temperature deformation.

Figure 38: PHS1800 Nakazima dome test sample through its surfapeeparation process for DIC strain measurements. (a)
After laser cutting to its 25.4 mm gage width geometry. (b) After the pralloying procedure. (c) After application of white
paint speckles

Lu et al.[16] showed that the pralloying process did not have a significant impact on the tensile
properties of PHS1800. Using a Gleeble thermathantal test system, they reported that the
tensile flow curves of specimens gakoyed at 700°C for 10 minutes followed by quenching were
similar to those that were not padloyed. These tests were performed at temperatures of 700°C

and 800°C with strain tas of 0.5 3 and 1 & [16].
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2.3.3. Formability Test Procedures

The industrial direct hot stamping processsreplicated by austenitization of the sample followed
by rapid transfer from the furnace to forming press for the forming stroke. The entire test process

wasautomated with sequential block diagrams in the LabVIEW control system.

Each prealloyed and spéded sample was first austenitized in the furnace at a temperature of
930°C for 5 minutes, as shownkigure39. The sample was then transferred frtira furnace to
the forming press. This process took about 14 seconds from the sample exiting the furnace to the

start of the press cycle at a nominal speed of 60 mm/s, as sh&wguia4O.

Cool to RT then
paint for DIC

Transfer from
fumace to press

Austenitization Forming stroke

Pre-alloying

+930°C * 60 mm/s

nominal punch

= ~14 sec from
sample exiting

» White speckles
on dark

+ 5 minutes
furnace to start

of press cycle

background speed

+ 700 °C
« 10 minutes
Figure 39: Formability testing process for each sample

0.5555s, Robot | | 1.181 s, Robot -
Enter Press Exit Press 1.832s, Die

Contact with B
4.503 s, Furnace Door Open 2.269's, Robot Pick Blank 5.982 s, Press Opening

300.022 s, Heating Finished 6.711s, Furnace Table Out 1.716 5, Robot 1.5225s, 0.303s, 0.757 s, Bottom 3.916s, Press Open - Cycle Complete
Outside Press || BlankIn | PressCycle || of press Stroke
Die Start
299 304 309 314 319 324 329 334
Timeline (s)

Figure 40: Events timing after 300 seconds of austenitization in the furnace. The transfer tinrequired from the sample
exiting the furnace to the start of the press cycle lasts about 14 seconds.
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Figure41 shows the measured forming stroke sp&bith attaireda maximum of ~100 mm/s at

the end of the forming stroke. An oscillatory response was seen in theglosty, butgiven the

monotonic nature of the press displacement and need for rapid forming, this press motion was

deemed acceptable.
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Figure 41: Velocity and displacement of the punch at the start of the forming stroke.

0.7 0.8

Velocity

In the Marciniak and Hybrid punch tests, the center hole of the carrier blank pce@miact and

guenching of the PHS sample. As the PHS samvpkplaced on the carrier blank and deformed

in the forming stroke, Mvasexpected to contact the entire surface area of the carrier blank except

at the center of the samples. To further induceeamp er at ur e

di fference

bet

apex and its peripheral area in Marciniak and hybrid tests, a clamping time of 3 seconds was used

prior to initiating die motiorto quench the sample and carrier blank between binder and die. In the

Nakazimatests, the punch temperature was increased to reduce the rate of temperature drop at the

apex of the sample.
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2.3.4. Temperature Measurement

A pyrometer was positioned above the die cavity and aimed at the specimen to monitor the blank
temperature during formingdl'he pyrometer was calibrated against measurements from a reference
thermocouple embedded in a number of setup samples. This calibration was performed using a flat
PHS1800 sheet calibration sample thas elamped between flat steel plates for quenchungng

the forming stroke. According téigure42, the difference between thermocouple and pyrometer

measurementsasabout 10°C, whichvas deemed suitiently accurate for this research.

When the calibration sampheasremoved from the furnace during transfer, its temperaturedgtart

to decrease from its austenitization temperature of 930°C, as shéwguie42. The temperature

drop rate decreadebecause the radiative and convective heat transfer rate between the sample
and room temperature air decrehss the sample temperatutecreasg After the calibration
sample contaedthe binder and the press motiwasstarted, the rate temperature drop was similar

to that for to the transfer phase. Since the center of the calibration saagdaspended above

the die cavity, it @l not contact any tooling anglasnot subjected to conductive heat transfer. As

the pyrometewasaimed at the center of the sample, the die press matdamthave a significant

impact on the measured temperature drop rate.
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Figure 42: Calibration sample temperature evolution over time for pyrometer calibration. Measurements by the pyrometer
(IR) are calibrated against reference thermocouples that are embedded in the sample.

2.3.5. Strain Measurement

Two Photron AXLO0 highspeed cameras were mounted above the die cavity to enable
stereoscopic DIC strain measurement. The cametsarhianage resolution of 10241024 pixels

and were set to an imaging rate of 500 frames per second to record the forming strokesthich la
about 1 second. Nikon CE2 62 mm polarizing lenses were attached to each camera to decrease
reflection noise coming from the sample surface. To prevent the cameras from overheating, a 120
mm diameter fan was installed next to the came®everal DICspeckling methods were
considered and are described in Appendix. The speckling methods for each type of formability test

are summarized imable 3.
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Table 3: DIC analysis parameters for Nakazima, Marciniak, and hybrid formability tests

Formability test | Speckling method | Subset size| Step size| Filter size | Image scale
Nakazima 45° direct fire 29 7 7 0.116
Marciniak Tactical speckling 37 9 11 mm/pixel

Hybrid Tactical speckling 37 9 11

Using the DIC processing softwavkc 3D, the deformation at the gage sectwastracked to
obtain the major and minor strains at each time frame. The first pair of inwag#ise reference
for all subsequent frames. The virtual strain gage (VSG) was 71 pixels which corexizod@

mm using equatiofy).

Y QOQEQQEITVER | 0 QAL O @H Q €)

@ "Y'0d QEAQOG Y'OQAE G IQR M a Q 4)

2.4. Marciniak Punch Heights at Necking Limit and Fracture

Since the Marciniak test tooling geometry renegitne same for all PHS variants, the punch height

attained at the necking limit constitdtea met ri c f or t he Figueet4d2 r i al 0 s
demonstrate the data analysis process used to obtain the corresponding punch height for each
sampé geometry of each PHS variant. This procesd tileesame DIC parameters employed for

the determination of necking limit strains. All major and minor stra®extracted at the center

of each sample where necking ogedr Since each DIC fram@asassaiated with a time stamp,
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the frame corresponding to the necking limit indiddabes time stamp when the punch reattie

height that produakthe onset of necking.

Set Target eqrr

Extract Data at
Sample Apex

Determine Punch
Height at Necking
Limit

e1[1] -Hencky

0.47
I0.444625
0.41925

I 0.393875
I 0.3685
[ 0.343125
H 0.31775
0.292375
0.267

1 0.241625

0.21625

0.190875

0.1655

0.140125

0.11475

0.089375

0.064

Von Mises effective strain

0.6

0.5

1
'S

o
w

o
N

0.1

Total Von Mises Effective Strain Progression

100

200

500
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* Determine major strain €; and minor strain e; at necking limit for each gage width.

. . . 2
* Compute total Von Mises effective strain: .55 = 3 (e +e +e2)

* Assume a homogeneous strain state through thickness*: e = —(e; + e3)

* Assume linear strain paths for Marciniak punch geometry: €affoctive ™ €equivalent

* Since the apex of each sample does not contact the punch, and bending is negligible at the apex, the
strain distribution through all layers of the material is near homogeneous

* Obtain strain path at the necking location (apex) through DIC data. The DIC processing parameters
are identical to those used to calculate the necking limit strains.

* Apply a moving average filter around 20 data points to the extracted eoff

* Locate the DIC image # that features the closest e, to the target necking limit e, for the

corresponding gage width

* Use the press position during the 3 seconds clamping prior to forming as the default 0 mm punch

position

* Determine the punch height at necking by finding the punch position of the DIC image # at necking

limit Eaff

Figure 43: Process to determine punch height at the necking limitrain.
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Visible fracture in the DIC images was used to identify the end of theassdtownin 44. The

same procedure to obtain the height at necking was applied to calculate the height at fracture.

TR S~ -

Surface near onset of necking Surface at 1%t sign of fracture

Figure 44: Detection ofinitial fracture.
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3. Numerical Modelling of Formability Testing

The direct hot stamping process in this watksmodelled with the LDyna R11.0 commercial
simulation software, whichwas commonly used by industry for metal forming and
crashworthiness analysis. In the Nakazima, Marciniak, and hybrid formability testsaling

and sample geometriegere modelled with shell and solid elements. Since extensive material
deformation and heat transfer oaaa simultaneously, an explicit dynamic time integration
scheme for mechanical deformatiwascoupled with an impli¢itime integration scheme for heat

transfer.Hypermesh software was used to mesh the geometry of the toolisgrapte

The simulated austenitization process incrédabe PHS sample temperature and gendrate
thermal expansion. To represent the tranpfecess, the samplgas first cooled to its initial
forming temperature. The austenitized PHS samplethen deformed during the forming stage
with the same parameters usedekperimentattests The objective of the simulationgas to
investigate the cae of undesirable necking locations and to evaluate different process conditions

to resolve it.

3.1. Model Geometry

The hot stamping Nakazima, Marciniak, and hybrid Naka#itagaciniak tests of PHS1800ere
numerically represented with geometries meshed ulsiyjgermeshand simulated using.S-

DYNA.
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3.1.1. Nakazima Punch Simulation

The Nakazima model contadthe austenitized PHS sample, punch, binder, and die as shown in
Figure45. To reduce computational cost, the tooling and PHS samgrkmodelled using quarter
symmetry along the vertical axes of symmetry. Each tooling component, shévwguia45, was
represented by two numerical entities: a 2D rigid shell mesh to discretize the contact surface and

a 3D solid mesh for its internal volume used to model heat transfer.

Die (solid)

Die (shell)

Binder (solid)

Binder (shell)

1" gage PHS blank (shell)

Figure 45: Finite element mesh used to model the Nakazimaothetest.

The deformable PHS samplesmeshed using fully integrated shell elements with seven through
thickness integration points. A higher mesh densigused toward the center of the sample, as
shown inFigure 46. The shell thickness/asset to 1.6 mm, corresponding to the sheet metal
thickness. Since deformatiomas expected to localize at the apex of the punch, a higher mesh

density at the apeprovided higher resolution. The lower mesh density toward the periphery of
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the sample caudeminimal compromise in model resolution, because the peripheramaga

clamped between binder and die avaksubject to minimal deformation.

Figure 46. 2D quad shell mesh for PHS sample with gage widths of (a) 50.8 mm (b) 101.6 mm (c) 114.3 mm (d) 228.6 mm
diameter.

3.1.2. Marciniak Puncisimulation

The model of the Marciniak test usthe same tooling components as the Nakazima test, except
for the punch geometgnd mildsteel carrier blank as shownkigure47. The carrier blankvas

alsomeshed using fully integrated shell elements with seven through thickness integration points.

Die
(shell/solid)
PHS sample
Carrier
Binder
(shell/solid) Punch
(shell/solid)

Figure 47: Mesh pattern to model the Marciniak test.
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3.1.3. Hybrid NakazimaMarciniak Punch Simulation

The hybrid MarciniakNakazima test simulatiowasidentical to the Marciniak test simulation
except for the punch geometry, as showFRigure48. Like the Marciniak test setup, the flat top
section of the hybrid punclasinitially positioned 6 mm away from the carrier blank surface to

prevent premature contact.

Die
(shell/solid)
PHS sample
Carrier
Binder
(shell/solid) Punch
(shell/solid)

Figure 48: Mesh pattern to model the hybrid Marciniak-Nakazimatest.

3.2. Material Models

Each component in a formability tesasassigned with its corresponding material properties to

simulate realistic deformation behaviors.
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3.2.1. Rigid Tooling Material Modke

The tooling components, whieterethe punch, die, and bindevererigid with thermal properties
corresponding to steel. All rigid body tooling componentye made of steel with an elastic

modulus of 207 GPa

3.2.2. Press Hardened Steel Material Model

The PHSsamplewasmodelled using a temperature and strain rate dependent constitutive model
available in LSDYNA (*MAT_106_ELASTIC_VISCOPLASTIC_THERMAL).The adopted

true stresgplastic strain curves correspatto the modified NortorHoff equationg5) to (7) with
coefiicients for PHS1800 developed by eual.[16] and listedn Table4. The fitswerebased on
experimental flow curves, shown kigure49, obtained by Liet al.[16]. Theycover a temperature
range from 600°C to 900°C dstrain rates frond.01 s' to 2 s!. LS-DYNA interpolatel between

these input curves to determine the instantaneous flow strédse elastic modulus was also

modelled as a function of temperature, as described ley &L[16].

o(ep, &, T) =A-eP/T-(b+g,)"-e™m (5)
n(T)=ny-T>?+n,-T+ny (6)
m(T)=my-T?>+my T +my (7)

[ is plastic true straif. is strain rate’Yis materialtemperature.
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Table 4: Coefficients for modified Norton-Hoff equations for PHS1800 hardening curves by Lu et a[16]

A (MPas™) [ B(K) b KD [ &Y [ s [ mKD) [ m@E) [ ms
27.60 2677.42 | 0.0022 | 2.36e-6 | -4.82e-3 | 2.64 | 2.05¢-7 | -2.03e-4 | 8.16e-2
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Figure 49: True stress-plastic strain flow curves of PHS1800 under various temperatures and strain rates by Let al. [16]

3.2.3. Carrier Blank Material Model

The carrier blank was also modelled with the LS-DYNA material card
*MAT_106_ELASTIC_VISCOPLASTICTHERMAL. The 2 mm thick mild steel sheetas

assumed to have a peaditgrite microstructure. Thus, its material moaeds based on the
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constitutive model dealoped by Li et al[57]. Theflow curves from equatiofB) are shown in

Figure50.

JohnsorCook model for flow stress of ferrite - pearlite microstructure by Li et §67] with its

materialcoefficientsprovided inTable5:

., QTRY QYT § (8)
B S i o YT ©)
"0y O (10
pQ
(11

[ is true strain] is strain rate."Yis materialtemperature.’Y is the lowest quasstatic tes
temperature at 293 K. is quasistatic test strain rate at 0.001%s is 0.002 true strain.

Table 5: Coefficients for JohnsorCook model equations for flow stress of ferritepearlite microstructure by Li et al. [57]

RE A B C D E F G H | J K
0.001] 293 | 449.8064 (48.597120.435516.0959 2.2521| 4.2453|876.780] 3.6692| 2.8341| 0.8839( 0.1214
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Figure 50: Flow curves for pearlite-ferrite microstructure of mild steel at strain rates of 0.01, 0.1, 1.0, and 1€*. These are
defined attemperatures: (a) 20°C, (b) 300°C, (c) 450°C, (d) 600°C, (e) 7@0°
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3.3. Boundary Conditions and Contact Treatment

Thebinder forceapplied in the simulations w&8,750 N, which correspordto a quarter of the
total clamping force of 355,000 N. An averggeF of 0.294 from Sectiod.3 wasapplied to all

tooling-PHS1800 contact surfacard prevergd material drawing into the die cavity.

A penalty functiorbased contact treatmewasenforced between contacting bodies. Typically
the sheet metakasd esi gnated a fisl ave wasdefageatedhthe

s u r f. Buirg @ontact, any slave node that penettatemaster elememas repelled by an

interface forcé®in a direction normabto the master element according to equatid).

"® ZQ o (12

In equation(12), arepresergdthe magnitude of the penetration of the slave node’Gmasthe
penalty stiffness. To prevent motion instabilities caused by a large penalty stiffness, a scale factor
of 0.1wasapplied to the penalty stiffned® [58]. The interface forcevasalso used to calculate

the frictional force which resistitangential sliding along the contact interface.
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3.4. Thermal Properties

The heat transfer model accounted for natural convection and radiation for cooling of the blank in
air along with conduction beten the blank and toolinlhe conduction heat transfer coefficients

weredefined as a function of contact pressur&aile6 according to Georgid9].

Table 6: Conduction heattransfer coefficients[59]

Contact Pressure [MPa] Conduction Heat Transfer Coefficient [W/n?K]
0 400
3 650
5 900
10 1000
20 2200
40 3000

Prior to contact, the PHS sample transdheat to the tooling components and ambient room
temperature air through convection and radiation. These effectzombined to create effective
HTC, shown inTable 7, that were dependent on temperature and independent from interface

conduction.

Table 7: Effective HTC for convection and radiation [60]

Temperature (°C) Effective Heat Transfer Coefficient [W/nPK]

50 11.0

500 41.5

600 53.5

700 67.8

800 85.1

900 106.0

1000 129.0
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3.5.  Tooling Motion

In each formability test, the punetasfixed in place while the die motiomascontrolled by the

press. The binder aad under force control and mogevith the die while clamping the blank to

the die. The model initializecontact by first applying the binder force which cladphe PHS

sample against the die. For the Marciniak and hybrid punch models, a clamping time of 3 seconds
wasenforced prior tahe start of the forming stroke. A clamping period was not considered in the
Nakazima model€rescribed velocity of the die follosd a cosine acceleration up to a speed of

1.4 mm/sec, as shown IRigure 51, followed by deceleration to a stationary positidine

Marciniak and hybrigpuncteswerei ni t i al ly of fset by 6 mm from

prevent premature conta®o offset was used iime Nakazima tests.

3.5.1. Die Motion

To minimize vibrational instability associated with sudden motion of theadieh could result

in rebound or Abounceo of t he bi nedarcgsinet he pr
acceleration up to a speed of 1.4 mm/sec, as showgure 51. It was thenfollowed by
deceleration to a stationary position. This approach addidving the die impacting the PHS

sample at high speed and pronitgéable clamping of the PHS sample.
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Figure 51: Speed and distane travelled by the die at the start of the simulation to clamp the PHS sample between the die
and binder. The speed profile follows a cosine curve with a peak of 1.4 mm/sec.

3.5.2. Punch Motion

Since the clamping impact of the binder inddiegbration in the PHSample, the puncivas

initially offset by 6 mm from the carrier bl a

In the Nakazima tests, the punch immediately coatbantd defornedthe PHS sample upon die

closure. This process is shownHigure52.
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Figure 52: Deformation of the 25.4 mm gage width PHS sample in Nakazima testing during the forming stroke at a punch
displacement of 33 mm.

After 3 seconds of clamping in the Marciniak and hybrid tests, the punclddtamnove into
striking position by following a cosine speed profile with a maximum of 10 mpeseshown in
Figure53. However, the Nakazima testgldhot involve any clamping delay prior to the forming

stroke.
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]
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Time [msec]
—— Speed [mm/msec] —— Distance [mm)]
Figure 53: Speed and distance travelled by the punch after a clapng time of 2 seconds. The top surface of the punch,
initially 5.8 mm below the surface of the binder, advances by 5 mm until the start of the forming stroke after a clamping

time of 3 seconds. Then, it accelerates to a maximum speed of 100 mm/s (0.1 nseahfollowing a cosine curve toward the
end of the forming stroke.
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During the forming stroke after a clamping time of 3 seconds, the punch eefii@rcarrier blank
and PHS sample as shownRigure 54 for the Marciniak testsand inFigure 55 for the hybrid

tests. The model predictions are described in greater detail in Chapter 6 of this thesis.

25.4 mm gage 50.8 mm gage 101.6 mm gage Full circle

Figure 54: Deformation of the PHS sample and carrier blankin Marciniak testing during the forming stroke at a punch
displacement of 16 mm.

25.4 mm gage 50.8 mm gage 101.6 mm gage 228.6 mm diameter

Figure 55: Deformation of the PHS sample and carrier blank in hybrid Marciniak-Nakazima testing during the forming
stroke at a punch displacement 023 mm.
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3.6. Initialization of Blank Thermal Expansion

The PHS sample experient@ temperature increase in the furnadé&en, it experienced
contractiondue tocooling during transfer to the press. In the current model, the austentization
process was not moded. Instead, lhe blank was initialized by simulating a temperature increase
from 300 K (27°C) at room temperature to a temperature of 1150 K (877°C) immediately prior to
the start of the forming operation using a coupled structural thermal analysiqré&fosming
temperature of 877°C correspautkto the measured temperature of the PHS sample after the
transfer process from the furnace to the forming press. The PHS material mdauati cbnsider

any phase changes and assoditite strain rate dependdidw curves to each temperature value
(Section3.2). Since only thermal expansion ocad during heating, the prieeating simulation
iteratad using an implicit time integration scheme with a time step of 0.05 seconds for a total
duration ofl second. As shown Figure56, the austenitization stagatputedthe initial uniform
temperature distribution and thermally expanded geometry eofPtHS sample, whiclvere

necessary inputs to accurately simulate the forming stroke.

Heatlng'Fo pre- -T_em_pera_tu re e A -Sfcra in
forming distribution i distribution
temperature of *Thermal 20 75 il oT t
P o - punch speed emperature
877 °C expansion distribution

Figure 56: Simulation process to initialize thermal expansion prior to forming stroke
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4. Friction Characterization: Results and Discussion

This chapter presents the results from the TCT friction characterization of PHS1800, PHS1500
(AS150), and PHS1500 (AS80) under hot stamping conditions. This data includes
specimen/friction cup surface roughness, temperature history of a specimen detiorg &ffects

of sliding speed/contact pressure on the coefficient of friction, and effects of tool wear on test data.

4.1. Surface Roughness of PHS Specimens

Before austenitization, the A3i coated PHS1800 specimemad a reflective metallic surface
finish (Figure57a). After austenitization and die quemngh heat treatments, the surface dree
dark and matteRigure 57b). Wear markswhere the AISi coating was removedrigure 57c),

werepresent on each specimitiowing friction testing

Figure 57: Al-Si coated PHS1800 specimen used in TCT friction testingn) Initial condition. (b) After heat treatment. (c)
After friction testing
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The average surface roughness was obtained from five measurements taken across a specimen
(Figure58b&c) using a contact profilometer. TR&a values correspoadto the arithmetic average
distance from the surface peaks or valleys to the mean surface (Fajilee58a). The average
surface roughness increddfer om 1. 26 -reent eiinvetdhecoansdi ti on to 2.

treatment, as shown imable8.

(@)

*  Avg. height

(b)

Figure 58: (a) Definition of Ra used to quantifysurface roughness. The Ra value corresponds to the distance between the
average height of all peaks or valleys and the average peak position. (b) Surface of arBAtoated PHS1800 specimen prior
to austenitization. The average Ra value is obtained amongrbeasurement locations. (c) Surface after austenitization
showing measurement locations.

Table 8: Surface roughness of AlSi coated PHS1800 before and aftexustenitization.

Before Austenitization (Ra)| After Austenitization (Ra)
Average 1.26 &m 2. 76 tm
Sample Standard Deviation 0.08 &m 0.34 &m
Difference 1.50 &m
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Figure 59: Surface height of AlSi coated PHS1800 before and after austenitization. Gaps in the-8i coating arepresent
before and after austenitization. They extend to the base metal, which is measured to be a common surface profile height.

4.2.  Specimen Temperature History during TCT

This section presents temperature measurements used to validate the thermalfhitstoRNCa
samples in hot stamping. Two measurement techniques were considered, as presented in the
following: contact between the thermocouple and the specimen contasteai@zhieved through

a springloaded clamp and by embedding the thermocouple itlsathickness of a specimen.

4.2.1. Thermal History Measured Using the Spribgaded

Thermocouple

This section presents the recorded thermal histories using the-kadeyl thermocouple (Section
2.2.4.9 at a sliding speed of 20 mm/s amcbntact pressure of 30 MPa, along with measurements

using the thermocouple welded to the specimen edge.
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The measured temperature histories from the two locatiotieeample are shovim Figure60.

The reference thermocouple at the specimen edge indicated that the austenitization temperature
was reachedithin 130 £condsafter insertion into the furnacBuring the test, the spriAgaded
thermocouple heatlup to a maximum of 517°C below the friction area. In contrast, the reference
thermocouple near the edge mead@®3°C away from the contact areaedpite the contact of

the springloaded thermocouple against the specimen surface, the response timadegsate,

and this measurement approach was not pursued further.
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Figure 60: a) PHS1800 TCT specimeniemperature profile using clamped thermocouples below the contact surface and
another thermocouple welded on the side of the specimen. b) Clage capturing the transfer and friction stages of the TCT
test. Sliding speed: 20 mm/s. Contact pressure: 30 MPa
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4.2.2. Temperature History Measured Using the Embedded

Thermocouple

The measured temperature time histories from the edge thermocouple and the thermocouple
embedded in the sample under the friction cup contact area (S2&idr are shown irFigure

6la. Since the thermocouple wireere embedded in the specimen, the recorded temperature
profile during austenitizatiomas similar to that obtained using the reference thermocouple in
Figure 60a andFigure 61a. When the specimenas trangerred from the furnace to the TCT
apparatus, the measured temperature below the friction area dd¢rease900°C to ~750°C at

the start of contact with the friction cup. Using a constant sliding speed of 20 mm/s, the friction
rotation lastd approximagly 5 secondsard during which the specimen temperature decietase
from ~750°C to ~275°CHigure61b). The temperature profile of the contact amee similar to

that obtained using the reference thermocouple during the transfer and friction stages. A faster
cooling ratewasobserved beneath the contact area, likely due to the immediate proximity of the

contact area thermocouple to the friction cup whichepliieat ouf the sample.
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Figure 61: a) Alternative method for PHS1800 TCT specimen temperature profile using embedded thermocouples beneath
the contact area. b) Closaip showing temperature history during the transfer andfriction stages of the TCT test. Sliding
speed: 20 mm/s. Contact pressure: 30 MPa. Sliding distance: 100 mm.

The cooling rate remained approximately constant at 12.5°C/s during the manual transfer from the
furnace to the specimen holder. The cooling thé&n increased to about 71.5°C/s upon contact

with the cup, whiclwassufficient to produce a martensitic microstructure.
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4.3, Friction Measurements

This section presents the measured CoF data and the dependency of friction response on

parameters such as shdi distance, contact pressure, sliding speed, and tool wear.

4.3.1. Effect of Sliding Speed on Coefficient of Friction

Figure62 shows a representative pldt@oF versus sliding distance obtained from a TCT test on
a PHS1800 sample at a contact pressure of 30 MPa and sliding speed of 20 mm/s. Wahs CoF
initially high due to static friction and then rapidly decrebas the interface transitiedto a
dynamicfriction condition. After this initial drop, the CoF gradually increshas the cup rotation
continuel. The CoF @ not reach a steady statbecause the specimen temperatwas
continuously decreasing due to heat conduction from the hot blank to timg tand specimen
holder. In addition, convection to ambient air and radiation also contlibwuténe cooling rate
[38]. The contact pressure stabiliz® its nominal value of 30 MPa after a sliding distance of 10

mm.
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Figure 62: Representative CoF versus sliding distance history obtained from TCT testing of ABi coated PHS1800. Nominal
sliding speed: 20 mm/s. Nominal contactnpessure: 30 MPa.

The impact of sliding speed on Cefasanalyzed from 10 mm/s to 38 mm/s using a constant
contact pressure of 15 MPRigure 63a showsthe CoF versus sliding distance for each sliding
speed at a sampling interval of 10 mm sliding distance. Each CoF datavpeiittained as an
average over a sliding distance of 10 tameduce noise. The CoF dataFigure63a varial with

sliding distance with similar behavior for all sliding speeds considered. An average CoF for each
test was calculated as the average value over a sliding distance rang&00f rb@n; this range
wasselected to avoid the initial static CoF below 10 siding distance. The average CoF was
plotted as a function of sliding speedHigure63b. In general, therevas littledependence of the
sliding vdocity on the CoF for a contact pressure of 15 MPa as demonstrated by the overlap of the

95% confidence intervals irigure63p.
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Figure 63: (a) CoF of PHS1800 at sliding speeds from 10 mm/s to 38 mm/s. Contact pressure is constant at 15 MPa. Each
data point is an average CoF over a sliding distance of 10 mm. (b) Average CoF-@ mm sliding distance) at ach sliding
speed with a constant contact pressure of 15 MPa. Error bars correspond to 95% confidence intervals.

4.3.2. Impact of Contact Pressure on Coefficient of Friction

The influence of contact pressure on CoF was investigated using contact pressuresgetbe

30 MPa at a constant sliding speed of 20 mm/s. Similkrgiore63a, Figure64a shows the CoF

versus sliding distance response for each contact pressure at a sampling interval of 10 mm sliding
distance along with the average CoF frontd@00 mm Figure64b). The CoFhada significant
dependency on contact pressure, as showigure64a andrFigure64b. The increase in average

CoF with contact pressurigure64b) wasapproximately linear over a range of contact pressure
from 5 MPa to 25 MPa. It is believed that the contact pressure dependestaised by asperity

flattening within the contact interfacehich increase the real contact area and the (8B].
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Interestingly, Hardelet al.[3] reporeda decrease in CoF with contact pressure for hot stamped
Al-Si coated high strength boron steel hardened by tempering and quenching in water, which
differedsomewhat from the current work. However, those tests consideredegell boron steel,
whichwasessentially sliding on itself, tested at room temperature. Above this pressure range, the
CoF dd not change relative to that at 25 MPa. The strongest depey on contact pressusas

seen over a sliding distance of 10 mm to 60 rRigyre64a). Beyond this range, the CoF curves

converge.
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Figure 64: (a) CoF of PHS1800 at contact pressures from 5 MPa to 30 MPa. Sliding speed is constant at 20 mm/s. Each data
point is the average CoF taken at 10 mm sliding distance intervals. (b) Average CoF {100 mmsliding distance) at each
contact pressure at a sliding speed of 20 mm/s. Error bars correspond to 95% confidence interval for each sliding speed.
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4.3.3. Impact of Tool Wear on Coefficient of Friction

To examine the effect of repeated frictional sliding on #reestooling surfacdsigure65a shows

the results from repeated tests performed using new sheet samples on the same friction cup. The
results demonsited that repeated use of the same friction cup for up to 10 TCT testsod
significantly affect the average CoF beyond the initial transients prior to 10 mm sliding distance.
Each test corresporadto a sliding distance of 100 mm, thus totalling aistiddistance of 1 m

after 10 TCT tests using the same friction cEmure 650 does not show any statistically
significant trend in Cofbecausehe mgority of the 95% confidence intervals overlap among the

data points. As a result, tool wear in the early stages of hot stamping production runs should not
result in significant impact on its friction characteristics. Wear over the duration of longer

prodiction runs requires further investigation.
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Figure 65: (a) CoF of PHS1800 at a constant contact pressure of 30 MPa and a constant sliding speed of 20 mm/s. A tc
10 TCT tests are performed on eaclfriction cup with a sliding distance of 100 mm/run. Each curve (RIR10) correspond
to successive repeat tests on the same friction cup. (b) Average Co~{00® mm sliding distance) for each TCT repeat tes
Error bars correspond to 95% confidence intervalfor each repeat test.
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4.4.  Comparison of Coefficients of Friction between PHS Variants

The majority of the TCTwere performed on the PHS1800 with select comparisons using
PHS1500. These tests considered tw®Atoating density variants: AS150 (150 gyiand AS80

(80 g/n?). The average CoF values for PHS1800, PHS1500 (AS150), and PHS1500 6/580)
compared inFigure 66 using a constant sliding speed2f mm/s and a contact pressure of 30
MPa. The initial (static) CoF measured at a sliding distance of vasunstable with a high level

of noise across each variant and dot provide accurate values of static CoF. Beyond a sliding
distance of 10 mm, thaverage dynamic CoF of the PHS variants falde similar trend with a
positive slope as sliding distance increhgp to 100 mm. Although the differences in Ceére
relatively small, the average dynamic CoF magnitudes ranked in ascendingereléHS1800,
PHS1500 (AS150), and PHS1500 (AS80). These rankimg® maintained throughout the
dynamic friction range from 10 mm to 100 mm. Since PHS1800 and PHS1500 (A&thbg

same AISi coating density of 150 ghnthe lower average dynamic CoF of PH8A8aslikely

caused by the difference in the base metal strengths and microstructure. On the other hand, the
higher average dynamic CoF of PHS1500 for the thinner AS80 coating compared to thicker AS150
coatingwasl i kel y caused b ySidodtirg dénsity angd g/htecaliséhevbmse A |
metal constituentsvere identical. The thicker ABi coating of the AS150 variant cadsthe

friction cup to grind through more coating material than the AS80 variant before reaching the base
metal. Since the IASi coating hd different mechanical properties than the PHS1500 base metal,

the friction behavior of the tooling with the Ali coatingwasdifferent than with the PHS base
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metal. An earlier depletion of the coating through adhesion would increaseRtes @we tooling

slid directly against the PHS base metal.
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Figure 66. Average coefficients of friction comparison between PHS1800, PHS1500 (AS150), and PHS1500 (AS80). Error
bars represent 95% confidence intervals. Slidingpeed: 20 mm/s. Contact pressure: 30 MPa.

4.5. PostTest Observations of TCT Specimens

During the tool wear test, the friction cup and TCT specinmeggre examined after each repeat
test. To evaluate the consistency of CoF during tool wear, the surface roughtiesdriction
cups was measured. The specimen and friction cup mass changes were also monitored for any

significant transfer of material.
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4.5.1. Surface Roughness of Friction Cups and Worn

Specimens

The wear marks on the specimen surface sldavdecrease invarage surface roughness in the
direction perpendicular to the sliding direction as sliding sgEeglire 67a) or contact pressure
(Figure 67b) increasd. The average surface roughness in the direction parallel to the sliding
direction decreasefrom 10 mm/s to 20 mm/s then remaghconsistent at higer speeds. The
surface roughness in the direction parallel to the sliding direction dedr@apeessure increase
from 5 MPa to 15 MPa. Nonetheless, it renegiiconsistent at higher contact pressures. The
decrease in surface roughnessslikely caused by an increasing amount of rougkSAtoating
ground away by the friction cup. However, the statistical significance of the observedweends

low due to overlaping 95% confidence intervals.
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Figure 67: Average surface roughness of wear marks on single PHS1800 TCT test specimens using new friction cups
(a) sliding speeds from 10 mm/s to 38 mm/s at 15 MPa. (b) Contact pressures from 5 to 30 MPa at 20 mm/s. Initial ave
surface roughness afterauseni t i zati on i s Taéleg6 em, as shown in
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Before the first tool wear test, the friction cups were lapped to a surface finish withvatuRaf

about 0.2 &m. After the first test, the surf
measurements taken in directions parallel and perpendicular to the sliding dirEajime §8).

After the first test, the surface roughness remained constant for all subsequent TCT tests on the
same friction cup. This observatiomas consistent with the results in Sectidn3.3 which
demonstraté thattool wear dd not have a statistically significant impact on the CoF, at least for

the limited number of repeat tegterformed heréaterial transfer of AlSi coating from the test
specimens to the friction cyip7] andof tooling material from the friction cup to the test specimen

[40] likely occurred during each friction test. The occurrence of this material transfer in TCT was

not validated in this study.
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Figure 68. Average surface roughness ofriction cup (tooling) in lapped condition and after each TCT repeat tes
Measurements are taken in directions parallel and perpendicular to the sliding direction against the specimen. Error bi
correspond to 95% confidence interval for each TCT run. Stling speed: 20 mm/s. Pressure: 30 MPa.
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5. Formability Characterization Results and Discussion

This chapter presents the results of the formability characterization of the PHS1808S3itsD0
sheets using the Nakazima and Marciraakl hybrid NakazimaMarciniak punch developed by

Dengand McGuird56] is considered.

5.1. Nakazima Dome Tests on PHS1800

The Nakazima tests represented the first attempt at characterizing tlabifdynof PHS under

hot stamping conditions and provided a baseline for all subsequent formability tests. Since the
Nakazima testid not utilize a carrier blank, it represedithe simplest formability test setup.
Initial tess were performed in which ¢hdie desceradlin a single stroke without pausing (zero
clamping time). Additionatess considered a pause in the stroke in which the die destfnd
enough to clamp the blank against the binder and held for a period of time (clamping time) prior
to cantacting the punch. The clamping period served to quench the outer periphery of the blank

while maintaining a higher temperature at the apex of the sample.

Using stereoscopic DIC imaging of t he sampl e
principal stains and fracture onsetould b e used t o assess t he ma
characteristics. Necking and fracture ocedra significant distance away from the apex of the
Nakazima punch, as shown kigure 69 for all sample widths considered. One reason for this

deviation from the apewasfriction between the unlubricated punch and hot sample. In addition,
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the material in contact with the puncpex and die/binder quendahenore quickly than the

unsupported region of the sample where the localization @ztur

el [1] - Hencky

0.55
I 0.515625
0.48125

1 0.446875
1 0.4125
=1 0.378125

= 0.34375

=1 0.309375

101.6 mm width (39.5 mm pu¥nch disp)
=1 0.275

-1 0.240625

10.20625
= 0.171875
0.1375

0.103125

0.06875

0.034375

\

127.0 mm width (38.9 mm punch disp) 228.6 mm width (37.4 mm punch disp)

0

Figure 69: Major strain distribution of unlubricated Nakazima dome samples at the onset of fracture. Nominal puoh
speed: 60 mm/s. Clamping time: 0 second. Lubrication: None

As the sheet temperature at the punch apex dedretsdlow stress increadenhich causd
additional resistance to deformation. As a result, the strain paths at the necking locatioredremain
close to plane strain, regardless of sample width, as evidenced by the rather low minor strains seen
in Figure70. Despitethis off-apex failure locton, the strains to fracture in these specimeae

well in excess of 0.4, indicating the very high formability of the PHS1800 grade under hot

stamping conditions.
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Figure 70: Strain paths for sample widths from 25.4 to 228.6 mmwith the LBF and curvature-based limit strains. Nominal
punch speed: 60 mm/s. Clamping time: O second. Lubrication: None

The necking limit strain for each strain patascalculated using the tirgependent linear best
fit (LBF) method developed by Volkna Hora Figure71) [26] and implemented by DiCeced
al. [27] within a MATLAB program. This method determuhéhe beginning of instability based
on a representative thinning rate from the DIC straiasueements. The thinning rate cuwas
separated into stable and unstable zones. Eachzas¢hen fit with a least squares linear
regression line. The intersection of the regression lines from eachvasteken as the threshold
of strain rate instabtly and onset of necking. These necking linaiteplotted inFigure 70 from

which the calculated necking limit straingerewell aligned with their coesponding strain paths
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and formedan FLC over the limited range of minor strain-0f04 to 0.05. The 101.6 mm width
geometry produaka strain path thavasclosest tgplane strain to identify thELCO. This rather
limited range of minor straimasdueto necking occurring away from the punch apex, shown in

Figure69, which imposd a constraint on the minor strain development.
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Figure 71: Example demonstrating the timedependent linear best fit (LBF) necking detection method developed by Volk
and Hora [26]

As an alternativeéo using the LBF method, the necking limit strain of each strain\pagtalso
determined using the enhanced curvature method of DiG@d61] with a threshold of 0.005
mnrL. The limit strains with the curvature method, also plotte€igare70, werevery close to the

LBF values.

Attempts to solve the problem laicalizationoccurring away from thpunchapex, which resudid

in nearplane strain conditions for every sample geometry, indwggplying lubrication on the
contacting surface of the punch and increasing the clamping time prior to the forming stroke. Since
a high CoF between the punch and sample irgdliite movement of the sample material at the

apex, a graphereased lubricantvasapplied on the contact suck of the punch using a brush.
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As the solvent drig a layer of solid graphene patrticles renedion the surface thatereresistant

to the transient temperatures experienced at the mimedt metal interface. These graphene
particles servé as a soliestate lubricant that redugdriction between the contact surfaces.
Unfortunately, the graphene lubricahd not produce any significant improvement in shifting the
necking location toward the apex, as demonstrat&tgure72. In the unlubricated condition, the
necking area of the 25.4 mm gage width PHS saispkpresented by the red zoneFigure 72
andwaslocated at the gage transition zone in the unsupported region of the sheet between the
punch and the die, away from the center of the PHS sample. Likewise, the 228.6 mm diameter
equibiaxial gemetryalsohad localization away from the apa¥hen the graphene lubricamts
applied, the observed necking locations of the 25.4 mm gage width and the 228.6 mm diameter
sample geometrieseresimilar to those from the reference unlubricated conditionth@ other

hand, the necking limit strain of the lubricated sampleselower than that of the reference due

to lower sample temperature. This may be caused by the higher thermal conductivity from the
lubricant which creatk a high cooling rate for theample. When the sample temperature

decrease sodid the limit strain
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Figure 72: Major strain distribution of lubricated Nakazima dome samples with gage widths of 25.4 mm and 228.6 mm at
the onset of fracture without prolonged clamping time. Graphene lubrication is applied on the punch. Major strain
distributions of unlubricated samples are shown for reference. Nominal punch speed: 60 mm/s. Clamping time: O second.
Lubrication: graphene solution

As the PHSsampletempeature decreaskits flow stress increadeas demonstrated by et al.

[16]. Therefore, decreasing the temperature of the peripheral aredtHrikelose to the clamped
region while maintaining a high temperature at the apex should induce a higher amount of
deformation at the apex. To promote such a temperature distribution, prior to the forming stroke,
the samplaevasclamped between the bindend die for up to 10 seconds to quench the peripheral
area of the sample. During this clamping period, the sama$held above the punch to limit
cooling at the apex. Again, however, the resulting necking locatawstill located away from

the apex fothe 25.4 mm gage width and the 228.6 mm diameter geometries, as Bggmeaii3,
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without a significant difference in the induced level of minoaisttompared to the reference
method inFigure 69. The necking location major strain values of both sample geometries
decrease as the clamping time aneasd. Since the PHS sample temperature decdedseng
clamping, thdimit strains decreaseth addition, strain concentratéowards the edges of the gage

section radius due to the stress concentration associated wituttied notch
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Figure 73: Major strain distribution of unlubricated Nakazima dome samples with gage widths of 25.4 mm and 228.6 mm
at the onset of fracture with prolonged clamping times. Major strain distributions of unlubricated samples withouta
prolonged clamping time are shown for reference. Nominal punch speed: 60 mm/s. Clamping time: 0, 3 or 10 seconds.
Lubrication: none
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Finally, to further increase the temperature difference between the apex and its peripheral area,
tess wereperformedwith the punch heatedo 300°Cto reduce cooling of the apex region to
promote localization. Unfortunately, it was not successfhls approach aied to reduce the

cooling rate at the apex due to the lower temperature difference between the austenitiled samp
and punch surface. Nonetheless, the heated punch did not promote a change in necking location
toward the apex, as seenHigure74.
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Figure 74: Major strain distribution of 25.4 mm gage width PHS1800 samples at necking limit strains with a room
temperature punch (reference) and a punch heated to 300°C. Nominal punch speed: 60 mm/s. Clamping time: 0 second.
Lubrication: none
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5.2. Marciniak Tests on PHS1800

Since Nakazima tests were not successfeharacterizatiomormability across a broad range of
strain states, Marciniak tests were considered with the carrier blank serving to quench the outer

region of the blank while the ceal regionstayedat a high temperature atatalized

The Marciniaktess weresuccessfuto promote localization within the central hole of the carrier
blank for different gage widthshown inFigure 75. The carrier blankid not appear tdracture

prior to the onset of necking.

Figure 75: PHS1800 samples before and after Marciniak testing: (a) 25.4 mm gage (b)413 mm gage. (c) Major strain
profile of a PHS1800 sample with 114.3 mm gage at the onset of necking. Nominal punch speed: 60 mm/s. Clamping time:
3 seconds. Lubrication: none
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