Investigating the evolution of thealuminum-silicon coating on

22MnB?5 steel during heating

by

Cameron Klassen

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in

Mechanical and Mechatroni&ngineering

Waterloo, Ontario, Canada022

© Cameron Klassen 2022



Au t h dDedamation

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis,

including any required finakvisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

To combat greenhouse gas emissiammd improve fuel economyutmotive manufacturers
havesearched for methods to reduce vehicle weight. As such, hot stamping has become an
increasingly popular sheet metal forming technjgiue to itsahility to produce exceedingly
strong parts that catowngaugedvhile maintainingsufficient strength to protect passengers

in the event of a collision. In this process, steel blanks are heated in a roller hearth furnace to
approximately 930°C to austenitize the grain structure before they are automatically
transferred to a die wheredy are simultaneously quenched and formed into the final part
shape. Rapid cooling converts austenitic grains to marteasheving ultimate tensile

strengthvalues greater than 1500 MPa.

Theblanksare often coated with protective aluminunsilicon (Al-Si) layerto prevent
oxidization and decarbui@ation at elevated temperaturéfowever, the coating melts around
577°C and undergoes a temporary liquid phase beforeigbrntermetallics diffuse from
the base steel and solidify the coating. The maddieminum can pollutend degradéhe
furnace rollers, leading to their failure. The state change also dramatically alters the radiative
properties of the blanks, complicating thermal modelling atterfpteace operators have
attempted to minimize the impact of coating liqoatfon thraugh triatand-error adjustments
to the heatingparametersf the blanks, but without a clear understanding of the

transformation behaviour of the coating, these attefapt attain an optimal solution.

This work documents several measurement techaigomgployed to characterize the

evolution of theAl-Si coating during heatindn-situ laserbased reflectance measurements



revealed that thiquefication of the coating is comprised of multiple reaction steps at
different temperatures. An expansion oftteéchniqueapturel time-resolved roughness
profilesof the blanksand a quantitative assessment of coating transformation was acquired.
Ex-situ spectral reflectance amal-situ spectral emittance measurements were @dstormed

to correlate changes radiative properties tthe developmental stages the coating.
Additionally, inflection points in the radiative spectra were linked to the morphology of an
oxide layer or the diffusion of intermetallic compounds. Finally, the chemical evolution of
the suface was captured through Raman spectroscopy measurements, documenting the
Raman spectra of several intermetallic compounds unpublished in literature. These results
expand the knowledge base on theSAkoating benefittinghot stamping practitioners and

furnace operators alike.
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Chapter 1

Hot Stamping of Al-Si coated22MnB5 Steel

This chapter providesfandamentabackground on the automotive sheet metal forming
technique known asoih stampingThe use oBluminumsilicon (Al-Si) coatings as a
preventative method against oxidation and decarburizafithre steel blanks during heating

is reviewed. Particularly the melting and resolidification of the-8i coating during heating

is discussed in detailvith the resultant issues incurred by industrial practitioners serving as

the motivation for this wdt. The chapter concludes with an outline of the thesis structure

1.1Introduction to Hot Stamping

In recent decades, automotive manufacturers have employed various lightweighting practices
to mitigate emissions and improve the fuel economy of their veljigledot stampingpf

Al-Si coated 22MnB5 steblhs become a popular sheet metal forming technique, as it can
produce lightand crashworthyehicle componentyielding an ultimate tensile strength of

up to 1500 MP§2]. The elemental composition of 22MnB5 steel can be se€abtel-1

[3]. Key alloying elemats such as carbd€), manganese (Mn), and boron (B) increase the
strength and hardness of the sta@ allow a martensitic microstructuceformupon

qguenchind4].

Table 1-1: Composition of alloying elements and impurities of 22MnB5 ste¢8].

Element C Si  Mn P S Al Ti Nb Cu B Cr Fe
Max. wt.% 0.25 04 1.4 0.03 0.01 0.1 0.05 0.01 0.2 0.005 0.35 Bal.




1.1.1PhaseTransformation During Heating

A representation of théirect hot stamping methazhn be seen iRigurel-1 [2]. Steel blanks
are first heated tapproximately 98°C and austenitized in a furnacefore being

transferred to a die where they are simultaneously formeduwermthed, creating the final
part geometry andramatically increasing the strength and toughness of thgSjteRbller
hearth furnaces 380 m long are typically used to heat unformed parts, with rollers to
transmit the kdnks and several temperatimeependent zones to control the heating rate of

the stee[6].

-@‘@ﬁwﬂwv

Forming and

Quenching Part

Blank Austenitization Transfer

Figure 1-1: Schematic of the direct hot stampingprocess adapted from Karbasian and
Tekkaya [2].

In the asreceived statey 2 Mn B5 st eel consists of ferrite
in the FeC phase diagram iRigure1-2 [7]. At elevated temperatures, the initial grain
structure transforms into austenitexgjainsbetweerthe austenitizatioronset and

completion temperature$aci andTacs, respectively.
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Figure 1-2: Fe-C phasediagram, adapted from Freudenberger et al.[7].
The austenitic structure is then converted to a marteijistructure upon quenching in

the forming dig5]. To avoid undesirable transitions to ferrite, pearlite, or bainited(Bng
quenchingthe blanks must beooled at approximately 251€! or faster as seen ifrigure

1-3[8]. Themicrostructure of ageceived and hedteated blanksan be seen iRigurel-4

[9], revealing pearlite, ferrite, and martensite grains.
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Figure 1-3: Critical cooling curve for 22MnB5 stee] adapted from Zhang et al [8].

Figure 1-4: Steel microstructure a) before and b) aftetheat treatment, from Di Ciano et al. [9].
Ferrite, pearlite, and martensite grains can be identified.

1.1.2Use of AlSi Coatings

To protect against oxidation and decarburization of the steel while heating, blanks are coated
with an aluminurrsilicon (Al-Si) layer (typi@lly 90-10 wt.%[10]) applied through a hot
dipping procesgll]. The Al-Si coating in its aseceived state can Iseen inFigurel-5,

4



which shows a scanning electron microscope (SEM) image with specific intermeatallic
oxidecompounds documented with the use of engliggersive xray spectroscop{eEDS)
measurement3hemost common coating weight utilized in production is 150°d/&$150,
~25e m t)hbutevkeightof 80 g/Mm( AS80, ~14 em thick) is also
stamping applications, with the intention of lowering production costs given the reduced
coating materialStructural and mechanistic information for the most common intermetallic
compounds detected in theating during heating is given frable1-2. The additionof

silicon causes a continuous intermetdtiger comprised of maini{ to form between th
coating and the base st¢&?, 13] An extremely thin intermetallic layseparates thé strip
and the base stealhichhas been reported to ddferentcombinatios of intermetallic
phasesd a fild, 14] d and{ [15], ord, d, andU [16, 17). Distinct ternary intermetallic
compoundssa s dandisoraesronldxides can be detectethe surface of the
coating prior to heat treatmeperhaps due to the tendency offAdSi intermetallics to
nucleate on the underside of an oxide layer formed on molt&i[AB]. Smadl Si and Fe

aggregates are alpoesenthroughout the coatingfter the hodipping process.
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Figure 1-5: Top view SEM images for ageceived a) AS80 and b) AS150 coupons; artdoss
sectional SEM images for aseceived c) AS80 and d) AS150 coupons at 750x magnification.

Table 1-2: Structural and mechanistic data for common intermetallic compounds present in the
Al-Si coatingbefore and after heat treatment.

Symbol Composition Space Group Reference

d Al FesSis (AlsFesSio) P1 [19, 20]
4 AlsFeSi - [19]

G Al7FeSi (AlFFeS)  P&/mmc [19, 21]
G Al 4 sFeSi A2/a [19, 22]
d AlsFe (AhsFey) C2/m [23, 24]
d AlsFe Cmcm [23, 25]
6 AlzFe P1 [23, 26]

In typical hot stamping operations, the-3il coating will melt at approximately 577°C, as
seen inFigurel-6 [27]. Someresearcherf28] suggest that the liquiettion of the A-Si
coating can be avoided altogether by heating the steel beddtical rate, which would
allow the coating to transform into intermetallmsiow the A-Si melting point. This is

unlikely to be the case, however, since diffusion of iron from the substrate 22MnB5 steel into
6



the coating igninimal attemperatures below the&i melting temperature. Grauer et al.
carried out differential scanning calorimetry analysis otfsAtoated 22MnBBoupons
heated at rates as low as 0.08 K/s (far lower tiaet would be practical in an industrial
setting) and Isowed that the endothermic phase transformation associated with coating

liquefication always occurf29], thereby disproving this hypothesis.
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Figure 1-6: Al-Si phase diagram, adpted from Murray and McAlister [27].

Figurel-7 shows a sample heatj curve of the coated steel at a furnace setpoint of 950°C,
along withthetemperature derivative calculated by fiestler central finite differences. The
coating meltingemperature corresponds to a sharp drop iméaging ratef the sample due
to the corresponding drop in absa@npte which reduces the rate of heat transfer from the
furnace to the coupon. The austenitization s@d:] and completionTacs) temperatres are
also visible through inflection points in the temperature derivative, consistent with the

findings of Jhajj et d30].
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Figure 1-7: Coupon heating curve for afurnace setpoint of 950°C.

After melting, iron from the steel substraggpidly diffuses into the liquid and creates a
solid layer containingeveral intermetallic aluminwmon-silicon (Al-Fe-Si) and aluminum
iron (Al-Fe) sublayersas seen ifrigurel1-8. It is importantto characterize the final
dispersion of intermetallic phases within the coating, as they affect the overall formability
and crackresistance of the coatinigl, 32]as well as its weldabilitj33, 34] A fully
developedntermetallic AtFe-Si layeris known toprovide longterm corrosion resistance
[35, 36] Iron diffusion through the ABi coating during heating has been studied extensively
in literature, mainly througkxsitu characterization techniques on crgestioned samples.
When heated to approximately 900°C, the primary intermetallic layer that progresses through
the molten coating hdodowedbyirenn i cbdeh ayeemst isfuicdéd
a n d14,837] Solid state iron enrichment continues even after the coating has been

completely solidified as a mixture of intermetallics, leading to discrepancies in the phases



reportel in the final coating obtained after heat treatment. Such discrepancies may also be
attributable to differences in the heating conditions of the hot stamping blanks. Grigorieva et
al.[14]and JenneretdB8]r eport t hat the finaliaadatging
layers while K o likav& et al. identified these compounds as well as AlFe layers for longer

dwell times[16]. On the other hand, Fan and De Cooiddrn and Liang et al[17]

document ed andstayersnating U

| b)900°C — 5 min

10 um
—

Figure 1-8: Evolution of the Al-Si coating when heated at 900°C for a) 2 min and &) min.

The coating evolution is further complicated by surface oxidation during heatidg
comprehensive review regarding the oxidation eSAtoated blanks is largely absent in
literature The coatings have a nati¥>Os layerthat is approximately 10 nm thick in their
asreceived statf89]. Classified as the-Al,03 phasd40], the oxide growslightly at
elevated temperatures and prevents widescale oxidation of4BiecAhting and the base
steel[11, 41] Fan et al. reported two oxidation stages during heatihgwer temperature
reaction in which thaluminumcombines witroxygenin the atmospher@nd a higher

temperature reactian which water vapor decomposes on the surfaderm AlOsz and B



[42]. In addition to aluminum oxide, irerch [43] and siliconrich [44] oxides havelso
been identified at the surface of hot stamping daHkwever, hese findingsre limitedas

theydo notdirectly consider theffect ofcoatingliquefication during oxidation

1.2 Research Motivation

Despite the protectivieenefits of the AfSi coating, its melting caussignificant issues and
inefficiencies in the production of hot stamping blariéslten aluminum capenetratento

and degradéhe ceramic furnace rollef45], an extreme cas® whichis shown inFigure

1-9. The polluted rollers need to be cleaned, leading to furnace downtime and decreased
throughput, or they can break anad:deo be replacejd6]. Molten aluminum at the surface

of the blanks and coating buildup on the rollers can also cause the parts to slide and relocate

atop the rollerscomplicating their automated transfer from the furnace.

Figure 1-9: Failed furnace rollers covered with aluminumcontamination from the Al-Si
coating.
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Industrial practitioners haveoted that the degree of coating transfiten depend on the
parameters used to heat the blanks. Accordingly, furnace operators heuristically adjust the
temperature of the zones within the furnace to minimize the damage incurred by the rollers.
Unfortunately, current literature typically focuses on the diffusion of intermetallic
compoundshatsolidify the coating, and not on the melting of the coagindits behaviour
in the molten state. Whout a clear understanding of the underlying phenontessing
strategies ttemptingto reduce rollecontaminatioramount to a suboptimal traabdf

between avoiding coating lique#tion issues andverall throughput.

It is possible that preventing rolleontaminations linked to the formation of a robust
oxidelayer, which would act as a protective boundary between the molten coating and the
rollers[47]. Conceivably certain heating rates employed by furnace operators gengrate a
oxide layerthat is resilient to the melting of the coatiMdgvertheless, ABi coating

oxidation and its potential to protect the rollers is not extensively documented in literature.

Moreover, he evolving surface state leads to substantial changes in the rapiapegties
of the blanksas seen ifrigure1-10 [30], and consequently, their heating profile in the
furnace[6]. Accurate estimates of the radiative properties are vital to thermal models
predicting the temperature profité the parts, which balance completgstenitization of the
steelandshortcycle times. However, it is difficult to measure the radiative properties of the
blanksin-situ, and the applicability aéxsitu measurements on samples removed from the
furnace and quenched is weakened due to the temperature dependence of the radiative

properties and the possildatechanges undergone by tbeating upon cooling.

11
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Figure 1-10: Total absorptance(U) and emitance (J of Al-Si coated blanks during heating,
adapted from Jhajj et al. [30].

Thereforejn-situ measurement techniques are needed to expand the knowledge base on
the melting and intermetallic developmentloé Al-Si coating its oxidation, and the effect

of these processes on the radiative properties of the hot stamping blanks.

1.3 Overview of Thesis

This work analyzes the evolution of the-8i coating infour additionalsectionsRelevant
theory and background necessary to understand the conserisefquenthaptes will be

provided therein.

Chapter Antroduces a lasdvased reflectance measuremechnique to infer state
changes within the coating during heating. These measurements are compaigtiito
reflectance measurements which show the development of an oxide layer and intermetallic
diffusion through the presence of characteristic pektksse tests are combined with SEM
EDS measurements to assessithermetallicdevelopment of the coatirand the

characteristics of the oxide layer that forms at its surface.

12



Chapter 3xpands upothe laseireflectance measurements in Chaptby Zorrelating the
scattering of the reflected light to the roughness of the suifhegoughness measurement
method and SEMEDS analysis are applied to hot stamping blanks of two different coating
weights to assess differences during the development of the coating caused by its thickness.
In-situ emittance tests were also performed to itigate how the radiative properties

changed at high temperatures and with the evolution of the coating.

Chapter 41ses Raman spectroscopyéfine mechanistic understanding on the structural
evolution ofthe Al-Si coating.In-situ videos of the transforing surface were captured,
providing visual confirmation of the state changes detected in Chapter 2 and Chhpter 3.
situ Raman spectroscogiemonstrated thatate changes were accompanied by different
chemical signatures, and unique and unpublished Rapectra were discovered and linked

to intermetallic compounds through SEHRDS analysis.
Finally, Chapter5 summarizes the results of this research with recommendations for

future work.

1.4 ResearchContribut ors

This section providethelist of researchers who directtyntributed to some of the results

present in this thesis.
Dr. KaihsiangLin is responsible fothe SEM-EDS measuremenis Section 2.3.1

Dr. Maedeh Pourmajidiaconducted th&IB-SEM experimentsn Section 2.3.2

13



Dr. Johannes Emmert aided in the construction of the setup to acquire the speckle patterns

and ceauthored the MATLAB code to process the restiltsSection 3.3.1.
Dr. NinaHeinig performedthe SEM-EDS analysis in Sectio®3.2andSection4.3.3

Finally, Dr. RodneySmithand Ms. YutongLiu madethe U-Fe0s sampleusedin Section

4.3.3.
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Chapter 2

In-situ and Ex-situ ReflectanceMeasurements

To better understanithe evolution of the ABi coatingon 22MnB5 steehnd its impact on
industrial practicedaserbasedn-situ reflectancdest were performedon samples heated

within a muffle furnacen orderto infer the surface state of the coating with respect to time
and temperaturéSEM images coupled with EDS analysis performed on samples extracted at
different heating durations correldtehanges in tha-situ reflectance with intermetallic
developmenand oxide formatior\While these measurements provide a highly resolved
estimate of when the coating liquefies and resolidifies, additional infornaidme
morphologyand chemistrpf the surfacean be attainethroughspectral reflectance
measuremestver a wide wavelength range. Accordingysitu reflectanceneasurements
captured using a Fouritransform infrared spectrometer were compared to-high
magnification SEM images to assess the structure of the oxide layer on samples subjected to
a variay of heat treatmergrotocols andemoved from the furnace and quenchHus

chapter is comprised of content fr@published journal articl48] and a accepted

conferencepaper49].

2.1 Theory

2.1.1Evolution of the Al-Si Coating Surface

The formation and evolution of intermetallic phases after th8iAdyer melts can be
separated into two main processes: the growth of intermetallic compounds from the base

steel and their progression through theSAcoatingas documented in Chapteraihd the

15



transformation of intermetallic compounds at the surface of the coafimich has significant

implications for roller hearth furnace operati@msl will be expanded upon herein
Grigorieva et al[14] attributed thenitial melting of the coating teeaction (1)
577AGSHQYL (1)

based on thal-Si[27] andAl-Fe-Si [50] phase diagrasand electron microscopy
measurements on samples removed from a furnace at intermittent dwell times. However, it
appears that the ligueétion of the coating cannot be defined by this single reaction. For
instance, differential scanning calorimetry expemts by Grauer et al. identified the melting
reaction at 577°C, plus additional reactions between 625°C and §&Z%:Grigorieva et al.
[14lhy pot hesi zslayer $epatating theenitial coating and substrate becomes

enriched with aluminum during austeatont i zati o
(2)

620AGLY d+L ( 2)
which coul d al s gcomdodnésatthe sunfaze of tmatiaglBareai ¢t U
al.[39] used a scanning electron microscope (SEM) equipped with a heating stage to
visualize specific melting reactions occurring at the surface during heating. This approach
revealed that reaction (1) was followed by alternative reaction steps that occurtzelow t

temperature for reaction (2). They proposed the existence of the reaction step described by

reaction(3)
615AGHY U+L ( 3)

16



Barreau et al[39] also noticed dissolution of the surface taking place between 650°C and
690°C, attributing it taeaction(4)

655AGdY L (4)

Finally, both Barreau et aJ39] and Grigorieva et aJ14] proposed thadt higher temperatures,
any remainingscompoundb ecome f urt her enr i samedatcoidingt h i r o
to reaction(5)

855 KE:G+d+L (5)

Barreau et al. also indicated thagactions (4) and (5) occur at higher temperatures when
higher heating rates are utilizg8], indicating that théeatingparametersf the blanks

mustbe considered as well.

These analyseshowthat thetransformatiorof the coating involesa complexnetwork of
several reaction steps and intermediate phésggheir relevance is limited due to the
implementation oéxsitu analysis techniques or dissimilar heating methods compared to
industry practicse. The need for assessing the development of the cdatisity with
industrially relevant heating methods will be addressed by linking phase changes within the

coating to changes in the radiative properspgcificallyreflectance, of the blanks.

2.1.2Radiative Properties

Spectral reflectance s, and spectral absorptants, define the fraction of incident radiation

over a hemisphere and at a giveavelengttithata surfaceeflects and absory respectively.

17



In the context of hot stamping, thgeeperties dictate how efficiently blanks can absorb heat

within the furnace and play a critical role in thermal mo¢&I|S0].

The theoretical reflectan@ normal incidencg,s ,, f a smoothaluminumsurfaceasseen
in Figure2-1 can be calculated using its refractive indg and extinction coefficienk [51]
accordingo equation 6) [52]

_n-12+4K (6)
Yo" v 1 22
A significant dop in the spectral reflectance can be seapptoximately 0.83 pum near an
inflection point in the refractive indicewhichis caused by a transition between pairs of

parallel absorption bandS3], before increasing at longer wavelengths as the surface

become®ptically smooth.
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Figure 2-1: Theoretical reflectance for pure aluminum calculated usingeq. (6) [52] and its

refractive indices[51].
18



However, theadiativeproperties of a surface dependsaveral factors, including
temperature, surfageughnessand degree of oxidatigb2]. Radiative properésalso
depend on directigrassmooth surfaces reflect radiation in a specular manner while radiation

reflected by rough (or diffuse) surfaces is more evenly distributed over a hemigi#tjere

The presence of axide generally leads to roughand less reflectiveurface, but can
also cause significant inflection points in the radiative properties of a surface du¢hio the
film-interference effedb2], as shown irfrigure2-2. Incident radiationla, on an oxidized
surface with thicknes®), will refract through the oxidat an alteredrequencyls. As the
radiation reflects ofthe aluminum substrate and travelsards theoxide surface it will
constructively or destructively interfevgth incident radiation, effectively increasing or
decreasing thmtensity of the reflected radiati@t certain wavelengthk, This effect acurs
when the wavelength is much larger than the oxide film thickf@es400D) [54]. Some
studieg55-57] have exploited this effect atdveinferredthe thickness of the oxide layer
throughthelocation of interference maxima and miniaradthe refractive indices of the

oxide[58].

Figure 2-2: Film-interference schematic.
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Becausg ..depend®on the roughness amldgree of oxidation of the sark, in-situ
measurements of the reflectance of hot stamping samples would indicate sudden state
changes as the coating undergoes the melting reacti@ (i resolidifiesSeveral
researchers have linked changes in radgigiroperties to the evolving surface state of
samples, such adakino et al[59] andYu et al.[60], who inferredthe oxidation of metal
samples using spectral reflectance and emittance measurements, respédotiesyand
Richardsperformed reflectance measuremeamsaluminum coated steel and found that
peaks in the reflectance signal correspondexxidation angphase changes withthe

coating[61].

In the context of hot stamping samples, Shi et al. performsiiu andex-situ spectral
emittance measurements on%ilcoatedsampleseated in a GleeBtehermomechanical
simulator[30, 62] They found that the initial radiative properties resembled a roughened
aluminum surface with increasing spectral reflectaascthewavelengthincreasegdbefore
becoming highly reflective and specular onoe ¢bating melted. The surface then roughened
as it transformed into an intermetallic coating due to iron diffusion and oxidatbsever,
thevalidity of these results iquestioneds the resistive heating method introduced visible
surface artifacts intthe coating between the electrodeisus, in addition to ensuring the
radiative properties are measuressitu, the proposed experiments will use heating

conditions similar to industrial practices.
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2.2 Experimental Methods

2.2.1In-situ ReflectanceMeasurements

To conductin-situ reflectanceexperiments, an apparatus was constructed around a
laboratoryscale muffle furnace, as seerfFigure2-3. Light from a green laser diodeth a
wavelength of 520 nr(iThorlab$ CPS 520Wwas directed using a mirror through the exhaust
port of the furnace onto the samples at meamal incidence. fie reflected light was

directed via a second mirror into a photodiode (PD, ThdtI&h405PD1A) which conveed

the light intensity into a voltage sign&8lecause the second mirror images most of the light
leaving the exhaust port that has been reflectethefsamples, the PD signal is comprised of
light reflected in the specular and nasaecular directiond.o improvethe signaito-noise

ratio of the photodiode measurement, lser light was modulated using an optical chopper
wheel rotating at 110 Hxd fed from the photodiode into a legkamplifier (LIA, Scite®
410). Finally, the LIA output signal was recorded usimgpsional InstrumenfsNI USB-

6009 data acquisition (DAQ) uranhd expressed either in Volts or normalized relative to a

maximum vale.
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Figure 2-3: In-situ reflectance analysis schematic.

Samples consisted 86 mm x 25 mm x 2.0 mmouponscut froma Usibor® 1500AS150
[3, 10] sheetand heated at setpoints between 600°C and 950°C. To ensure the furnace had
reached its steaedstate temperature, it was soaked for at least 5 min before te&imgples
heated at the 600°C, 750°C, and 950°C setpoints were instrumented-typie K
thermocaiples to collect temperature dagalditional samples were also heated to 600°C,
700°C, and 800°@juenched with nitrogen gaand analyze@xsitu. The neanormal
hemispherical reflectandg.. -y of the samples heated to 700°C was measured with a Varian
Cary 600 UWVis-NIR spectrophotometer equipped with an integrating sphere§28om)
andcompared with the photodiode measurements. The samples extracted at@arGDO
800°C setpoints weranal/zed using scanning electron microscopy and eréigpersive X
ray spectroscopy to assess the degree of intermetallic diffusion and oxidation with respect to

the changes in reflectance measured with the photodiode.
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2.2.2Ex-situ ReflectanceMeasurementsand Oxide Characterization

Theexsitu reflectance measurements were collected using a Brirkeznio X FTIR
spectrometer. Integrating spheres constructed out of Speétaaidrinfragol® materials

were used to measure Q4. 1 nd ink2es6 € m s p e adaspediVely. A achegnatis of
theintegrating sphereused in these testan be seen iRigure2-4. Light from the FTIR is
shone through the entrance port of the integrating sphere and directed towards the sample
port. The reflected radiation theeflectsoff the surface of the integratirggphere until it

enters the detector port and is absorbed. Reflective bafieshownn the schematic,

prevent specularlyeflected light from reaching the detector port, yielding a measurement of
the hemispherical spectral reflectance of the sarfpliode and deuterated;adlanine

doped triglycine sulfate (DTGS) detectors were used for thé¢ 0.41 nd int2eb € m

measuremerranges, respectively

Specular
i Exclusion
! Port
Detector
. Port : Entrance
Flip ! Port
Mirror \./ i
> 1
~ ~ \i .
14.85A ™~
: b
Reference
Spot

Figure 2-4: Integrating sphere schematic forex-situ reflectance experiments.
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However the integrating spheres do not perfectly reflect all incident radisdi® seen in
Figure2-5, which could bias the results and create gaps betweeratredength
measuremermnnges. This was accounted for by following the procedure outlined by Blake et
al.[63]. To begin, a sample was first placed in the sample port. Then, the instrument reading
with the flip mirror pointed at the sample port, was divided by the measurement acquired
when the flip mirror was directed at the reference spot showigure2-4, Vs et The sample
was then removed and replaced by a Spectfalomnfragold® standardvith spectral
reflectances given iRigure2-5 (J s). The previous two measurements were repeated with the
standard in place, yielding: andVst et Then, the corrected spectral reflectaneger, can

be acquired according to
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Figure 2-5: Spectral reflectance of Labsphere Spectraldhand Infragold® coatings for the
integrating spheres[64]. Spectral reflectance of the Infragol® coating in the near to mid-
infrared is listed as >0.94.

For these tests, 38 mm x 38 mm x 2.0 mm samples were cut from a®UE#AS150
[3, 10] sheetand heated in a furnace soaked for five minutes at 900°C for &acgised),
45 s, 90 s, 150 s, and 300 s. Additional samples were heated for 300 s at 500°C, 600°C,
640°C, 670°C, and 800°C tletect any canges in behaviour around the melting reactions

(1-5) of the coating

Traditional SEMmeasurementg-igure1-5) do not show an oxide layer at the surface of
the samples, perhaps because it is destroyed mdhating process. Therefordtea theex
situreflectance data for these samples lb@ein acgired, they were subjected to SEM
analysis according to the procedudescribedy Pourmajidian et a[65] to assess the oxide

morphologyof the samples. Surfaces of samples were analyzed using a JEOL 7000F field
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emission gun scanning electron microscope. To acqrosssections, a protective layer of
tungsten was first applied to the sample surface and then focusedaon(FIB, Zeiss

NVision 40 FIB-SEM microscope) trench cuts measuring 10 um x 10 um were performed.
The thickness of the oxide was measured by drawing bounds on the upper and lower extents
of the oxide, and sampling heightasurements every 3 nm using MATLABoftware. An
example of this process is showrFigure2-6. The measured oxide thicknesses given in this
work represent the mean of these height samplings, peeseith the upper and lower

bounds of the 95% confidence interval.

L

Figure 2-6: Example of the oxide thickness measurement process showing the upper and lower
extents of the oxide and théndividual height measurements captured by MATLAB®.

2.3 Results

2.3.1In-situ Reflectance Measurements

Theexsitureflectance measurements performeth the spectrophotometen the subset of
samples heated to the 700°C setpoint can be sdagure2-7a. The asreceived sample lsa
thespectrareflectanceof amoderately rough aluminum surfa&b]. With further heating,

thespectral reflectancarasticallydecreaseswith the sample heated for 250 s having a low
26



reflectance characteristic of a fully transformed, rough intermetallic suFapee2-7b
compares the neawormal hemispherical reflectance at 520 nm ofsthrmples irFigure2-7a

to the voltage measured by the photodiode at room temperakoept for sample 4ood
agreemenand a proportional relationshigerefound between the two measurement
methodsBecause thphotaliode measures specular reflectance in addition to a portion of
the diffuse reflection, ik measurement cannot be converted directly to a specular or
hemispherical reflectancbutthis comparisomonfirms the ability of the experimental setup

to dekct relative changes in reflectance.
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Figure 2-7: Reflectance measurements fasamples heated at 700°C for various dwell times
using a) a spectrophotometer capturing pectral, near-normal hemispherical reflectanceand b)
the photodiode setup, which are compared to thgpectrophotometly measurements at the

wavelength of the laser

The normalized photodiode signal of a sample heated to 750°C can be Begme-8a.

The signal remains constant as the temperature abtiy@n reaches the melting point of the
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coating, ~577°C, where it abruptly increases. Simdd&tigurel1-7, an inflection point in the
heating rate is detected at this point, indicating ttatcoatinchasmelted. With further

heating, the signal drops rapidly before a secondary peak emerges, after which the signal
decreases to its lowest value and does not increase agaiee if this behaviowas

consistent with different heating conaditis, he effect of furnace setpoint on the photodiode
signalwas assessed, whichn be seen iRigure2-8b. The two-peaksignalis consistent for
thesample heated to 950°C, but the sample heated to 600°C only decreases in reflectance
after the melting point of the coating is reacHeak. additionalsamples heated to 550°C, no
change in reflectance behaviour vadservedAdditionally, while thepeak associated to the
onsetof coating liqueication remainecat aconstantemperaturgthe subsequemteak for the
sample heated to 950°Casshifted toa higher temperature compared to the sample heated
to 750°C. This indicates that the fage evolutiordepend®n heating raten addition to the

furnace dwell temperature.
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Figure 2-8: a) Normalized photodiode signal and coupon heating rate at a furnace setpoint of
750°C and b)normalized photodiode signal vs. temperature for furnace setpoints of 600°C,
750°C, and 950°C.

While the first reflectance peak corresponds to coating licgiien, it is unclear why the
sample heated to 600°C does not exhibit this behavd@maording tothe reactions proposed
by Barreau et al.39], it is possible thatcorresponding to reaction (e coating only
undergoes a partial dissolution at 577#bichallows intermetallic diffusion to occubut
reactions (2) and (3id in the creation o smooth, reflectiveurface Additionally, for the
samples heated to 750°C and 950°C, the second peak in the photodiode signal occurs near
the temperature in reaction (4) given by Barreau ¢89], indicating its cause is due to an
additional melting reactiarirurther evidence for these hypotheses wilatiainecthrough

the SEMEDS analysigater in thissection

Additional trials were conducted to further illustrate the eftédtirnace setpoint and
investigateherepeatabilityof the experimentThe average den independent reflectance

measurementsere taken at setpoints between 650°C and 950°C; an example of this process
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at the 800°C setpoint can be seeRigure2-9, showing repeatable resulidhemean curves
for each setpoint are shownFigure2-10. Increasinghe furnace setpoint caused the peaks
in the signal to occur sooner in the heating process, suggesting that the overall liquid window

of the coating could be shortened with higheating rates.

—— Mean
LY — 95% Up. Bound
0.8 W —— 95% Lw. Bound

PD Signal (Norm)

Figure 2-9: Ten normalized photodiode signals for AS150 samples heated at the 800°C setpoint

(gray), with the mean and 95% confidence interval.
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Figure 2-10: Normalized photodiode signals vs. time for furnace setpoia of a) 650°G800°C

and b) 850°G950°C.

To link the changes ireflectanceo intermetallic development within the coating, several

samples were removed from the furnace at intermittent dwell times, quenched, and subjected

to SEMEDS analysisThe heating timesorresponding to approximate regions in the

photodiode signdbr sepoints of 600°C and 800°C can be seeRigure2-11. The average

surface

composition

me a s ufar & gingl@sampieandesekrb 0 & m

in Table2-1. Oxygen content increases with further heating in the furnace at both setpoints,

but oxideformation occurs more rapidly and to a greater degree at 880t@arly, the

percentage of iron at the surface increases for longer timel asntermetallic layers

diffuse through the coating his aligns with the results of Shi et al., who showed increasing

oxygen and iron conteiat the surface of the coatiag the heating duration was increased

[43,67].
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Figure 2-11: Approximate extraction times for ex-situ samples at furnace setpoints of a) 600°C
and b) 800°C.

Table 2-1. Surface chemicalcomposition by furnace setpoint and dwell time.

Furnace  Sample Dwell Chemicalcomposition (at. %)
setpoint (°C) # time (s) Al Fe Si o)

600 150 818 039 144 341
210 86.8 1.03 8.37 3.76
420 86.5 231 246 8.70
800 40 864 057 118 1.21

50 849 101 118 2.28
80 776 070 114 103
100 803 0.75 114 761
180 78.1 138 102 10.3

a b WO NP WDNPEP

Backscattered SEM images of the sample surfaces can be $eguraR-12, with phases
identified through the EDS measurementisthese setpoints, the Ai coating with small Si

aggregates was permeatedlbgr (4 compounds as the soak time increased. Borsetto et all.
32



documented small Sich compounds in the A$i coating that disappeared with further heat
treatmen{68]. Moreover Grigorieva et al[14] and Barreau et d39] reportedsolated(y
compounds before and in the early stages of heat treatBeaneenFigure2-12e and f

there does appear to be a smoothening of the surface state, which corresponds with the onset
of the second peak in the photodiodgnsil. Oxygenrich phases were detectedrigure

2-12h, which aligns with the results of Shi et al., who found aluminum and iron oxides after
heat treahent[43, 67] Higher dwell temperatureshance iron diffusion through the

coating, accelerating phase transformation and overall coating evdRijo combination

of oxidation and itermetallic diffusion significantly roughens the surfam@responding to

the low reflectance at the end of heat treatment measured in the photodiode experiments.
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Figure 2-12 Backscattered SEMimages at 500x magnification showing phase transformations
on the Al-Si coating surface after heating at 600°C for a) 150 s, b) 210 s, and c) 420 s; and at
800°C ford) 40 s,e)50s,f) 80s,g) 100 s, and h) 180 s.

Crosssectional images with EDS lineasts through the coating layer seeffrigure2-13
yield further information on the development of the coating and the changing reflectance
measured witlthe photodiode. Athe 600°C setpoinffgure2-13a), 4, (4, andd sublayers

travelled towards the coating surface, while dglgndd compounds could be detected at the
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800°C setpointKigure2-13c), similar toliterature[14, 37, 68] Akin to the results ifrigure

2-12, iron diffusion occurs more rapidly at the higher furnace setpbira.oxygen

concentration at the surface increases with longer furnace dwell times for both temperature
setpoints but remairiecalized at the surface lay@ndicating that a thick oxide layer forms

with further dwell time

35



a) 600°C —420 s

b) 800°C - 50 s

Composition (at.%)

100 T T T T T

Composition (at.%)

0 5 10 15 20 25 30
Depth (pm)

Figure 2-13: Backscattered SEM crosssection images at 750x magnification and EDS line scans

showing coating evolution after heating at a) 600°C for 420 s; and 800°C for b) 50 s and c¢) 180 s
Crosssections of samples held at the longest dwell times show intermetallic layers
reaching the surfaceorresponding with the final decrease in the phottelsignallt is
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clear that intermetallic diffusion through the coating does not cause the initial drop in
reflectance after the first peak, as evidence#igyre2-13b. However, fromthe data in
Table2-1, oxygen content begins to increase rapidly after the melting point of the coating,
accountingor the change in reflectance of the samples shovagure2-12d and e. Then,
once the temperature of the coupon approaches the temperature specified in reaittisn (4),
likely a secondary melting reaction occurs, causing the second spikieatanedée, before a
combination of oxidation and intermetallic diffusion creates a stable, rough, and non

reflective layer.

While theseresultsprovidedqualitativeinsights into how the coating evolved within the
furnacethey are limited to a single waeglgth, and details regarding the structure of the
surface could be inferred from inflection points in a broader spectral sidrakfore ex
situ spectral reflectance measurements were performed on samplesaueateiihg to

several heat treatment protocols to complimentrtfstu data.

2.3.2Ex-situ ReflectanceMeasurementsand Oxide Characterization

Theexsitureflectance datéor quenched samplesin be seen iRigure2-14. Generally, the

spectral reflectance is larger at longer wavelengths, at which the samples are optically

smooth. The samples subjected to less extreme heating conditions also display strong peaks
frommdt® &8 em, caused by constructive and de
associated with the oxide lay{®5]. In Figure2-14a, the overall reflectance of the samples

increased with increasing furnace setpoint up to 600°C, after which the reflectance dropped

sharply when heated to temperatures up to 900°C. As feeteafce decreased, inflection
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points in the visible and ne@frared regions disappeared, presumably as the oxide layer

thickens,

but

wer e

repl aced

by

a peak

at

app

peak at 10.2 nand attributed it to thstretchingmode of intermetallic compounds

penetrating the surface of the coatjid, 67] For the samples heated at 900°Eigure

2-14b, the reflectance increased at most wavelengths for shorter heating times before

dropping for extended dwell times, in addition to the disappearance of the inflection points

bet ween

0.

6

em and
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e m la0On. d2
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samples heated to 150 s and 300@mpared to tha-situ reflectance analysis,sagnificant

increase in reflectance was not detected near the melting reactions of the coating, likely due

to the state change that occursewhihe samples are removed from the furnace and

guenched, highlighting the usefulness of analyzing the reflectance of the shotplessitu

andexsitu.
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Figure 2-14: a) Effect of heating temperature and b) dwell time at 900°C on thex-situ

reflectance of hot stamping samples.
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Top-view SEM images of samples subjected to the different heating conditiershown
in Figure2-15. Although a distinct difference cannot be seen between trecased sample
(Figure2-15a) and the sample heated to 500°C for 3QEigufe2-15b), the remaining
samples show drastic changes in surface morphology. The surfaces proportionally roughen
with increasing dwell time and furnace temperatiue to oxidation and intermetallic
diffusion, aligning with theSEM resultspresented in Section 2.3.3mall, black oxide
nodules appear at the surfaces of samples heated to the more extreme coRdjtioas (

2-15e, f, hj), which was noted by Barreau et [@9].
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b) 500°C — 300 s

h) 900°C -90 s

Figure 2-15. Top-view secondary electron SEM images for samples heated at a) 25°C for @s
received), b) 500°C for 300 s, c¢) 600°C for 300 s, d) 640°C for 300 s, €) 670°C for 300 s, f) 800°C
for 300 s, g) 900°C for 45 s, h) 900°C for 90 s, i) 900°C for 150 s, and j) 900°C for 300 s.

Crosssectionaimages of the same sampled-igure2-15 can be seen iRigure2-16,
showing the degree okmlation that has occurred at the surface. All the samples except the
one heated at 600°C for 300 secorfedgre2-16c) show an oxide layer. For the sales
heated around the melting reaction temperatufiggi(e2-16d and e) or at 900°C for shorter
dwell times Figure2-16g and h), an extremely thin and discontinuous oxide layer was

detected. A thicker, continuous oxide was detected at the more extreme heating conditions
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(Figure2-16f, i, and j). Moreover, for the sample heated below the melting point of the
coating Figure2-16b), the oxide layer appeared to be slightiynher, but more continuous.
When comparing these measurements to the spectral reflectances of the samples shown in
Figure2-14, the thickness of the ale layer was proven to be inversely proportional to
reflectance. Because the thickness of the oxide layer remains extremely thin when heated to
temperatures slightly above the melting reaction temperatures, the melting reactions have the
effect of repeatdly dissolving the oxide layer, before a new oxide forms at the molten
surface. When the surface is completely solidified by intermetallics, a thick and robust oxide
layer will form at high temperaturgsliminating the filmeffect inflection points in the

reflectance signal as the roughness of the surface dominates the interaction with
electromagnetic waveMoreover,Figure2-14a and b suggest that theide layer can be

modified with heat treatment procedures below the melting point of the coating.
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b) 500°C - 300 s

e) 670°C —300 s

0.5
h) 900°C - 90 s 1) 900°C — 150 s 1) 900°C - 300 s

Figure 2-16. Cross-sectional secondary electron SEM images at for samples heated at a) 25°C
for O s (asreceived), b) 500°C for 300 s, c¢) 600°C for 300 s, d) 640°C for 300 s, €) 670°C for 300
s, f) 800°C for 300 s, g) 900°C for 45 s, h) 900°C for 90 s, i) 900°C for 150 s, and j) 900°C for 300
s. Oxide regions are marked in red.

The thicknesses of the iobe layer on the samples kigure2-16 can be seen ifable2-2,
along with the locations of interference peédss) present in thexsitu reflectance
measurement; andD; represent a constructive destructive interference peak in the-0.6
0.9 um range, whil€; andD> represena constructiveor destructive interference peak in the

1.1-2.8 um rangeAs the oxide layer became thicker and more continuous, the interference
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peaks disappeargdpproximatly at thee~ 10 criterion given by Lin et a[54]. Variation

in wavelength for th€,, C, andD: interference peaks for the samples subjected to different
heat treatment methodgs detected, but a clear pattern linking the location of these peaks to
the thickness of the oxide layer could notitnend. This is likely due to the discontinuous

nature 6 the oxide for the samples heated near the melting point of the coating and for lower
dwell times at 900°C, making it difficult to produce an appropriate average thickness of the
oxide layer. ConverselyhéD1 peak at approximately 0.83 um wstationaryacross all the
samples that showed interference peaidaligned wth the peak present in the theoretical
reflectance curve shown Figure2-1, indicating thatthis peak idikely caused byhe

refractive indices of the oxide layer rather than a film effect.

Table 2-2: Interference peak locations and measured and calculated oxide thickness for the
samples shown irFigure 2-15and Figure 2-16. Dashes indicate that a corresponding
interference peak in the reflectance data or oxide layer thickness could not be tabulateahd an

asterisk indicates that the detected oxide layer was discontinuaus

Furnae Holding anc( € m) . . ,
Temperature (°C) Time (s) Ci D, C D, Oxide thickness (nm
25 0 0.639 0.834 1.493 2418 46.9*+ 1.9
500 300 0.600 0.835 1.389 2.723 32.4*+0.7
600 0.731 0.830 1.458 1.985 -
640 0.763 0.830 1.382 2.038 25.0*+ 0.2
670 - - 1.626 2.022 22.7*+0.9
800 - - - - 53.6 £2.2
900 45 0.651 0.829 1.175 1.997 28.6* £ 0.7
920 - - - - 42.2*+1.9
150 - - - - 87.6+1.9
300 - - - - 121.6 +8.0

43



2.4 Summary

Through a series of reflectance experimemdSEM-EDS characterization, important

findings into the evolution of the Ai coating during heating and its oxidation were
acquiredlIn-situreflectance tests confirmed that the dissolution of the coating consists of
multiple reaction steps. SEEMDS measurements on samples quenched near peaks of high
and low reflectance suggested an initial decrease in reflectance occurs due to rapid oxidation
of the molten surface, before an additional melting reaction at a higher temperature causes a
second spike in reflectance, after which intermetallic diffusion combined with oxidation
created a rough, reflective surface. Modifying the holding temperatdreeating rate of the
sampleslteredthe liquefcation and solidification dynamiasf the coating, indicating that

the changes in radiative properties of the blanks and the damage to the furnace rollers caused
by molten aluminuntontaminatiorcould be dininished with careful control of the heating

rate within the hot stamping furnace.

Ex-situreflectance experiments on samples subjected to a variety of heat treatment
conditionsaligned with then-situ results. More importantly, these measurements stiowe
morphological information about the degree of oxidation and intermetallic development
occurring at the surface of the coating through inflection points in the spectral refleattance
shorter and longer wavelengths, respectivéhese readings were conngd to high
magnification SEM images of the coating surface to determine the structure and thickness of

the oxide layer that had formed on the hot stamping blariesinflection points
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corresponding to the filnaxide effect disappeared as the oxide ldekened and became

more continuoust the more extreme heating conditions.

Although tein-situ reflectanceneasurements provide an informative look into the
development of the coating and its oxidatithrey wereunable to quantify the development
of coating topography becautiee signal was normalized relative to the maximum value in
eachtrial. Among other drawbacks, this approach precludes a quantitative comparison of the
evolving sirface statevhen different heating conditions were uséldreover, peaks in the
exsitu spectral reflectance measurements yielded insight into the morphology of a surface
oxide layer and intermetallic development, butriglevanceof these resulterasdiminished
beause they were acquired at room temperafihias,in-situ quantitative measurements of
thedevelopmenof the coating will be detailed in Chapter 3 amgitu spectroscopic
measurements inferring the chemical composition of the surface during heatibg wil

provided in Chapter 4.
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Chapter 3

In-situ Roughnessand Emittance Measurements

This chapter expands upon the lasased reflectance measurements in the previous chapter
by inferring the surface roughness of the blashkisng heatinghrough the scattering
characteristics of the reflected lightis analysis was applied to blankgh two different

coating thicknesses subjected to different heat treatment procedures, to attain a quantitative
measurement of the development of the coating. SEM images with EDS aoaigpiiment
thein-situ roughness analysis andntrast the intermdtec developmentindoxidationof the
differentcoating weightsin-situ emittancemeasurements were conducted with a heated
stageattached to thETIR spectrometer to assess the changes in radiative properties during
heat treatmengxpanding upon thgpectral reflectance measurememtsChapter 2. Than-
situroughness and SEEDS analysisn this chaptehas been published ajournal article

[69].

3.1 Theory

3.1.1Surface Roughness

In Chapter 2, changes in surface roughness sleyen to have dramatic effects on the
radiative properties of the surfa¢éowever the final surface roughness of the blatéo
influences the heat transfer coefficient and friction between the blanks and theinge
forming[70, 71} as well as the paint adhesigi2] and weldability[73] of the blank after hot

stamping.Therefore, quantifying the roughness of hot stamping blem&gu would yield
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importart benefits to industrial practitionerhetwo-dimensional arithmetic average
roughnessS, is defined by

Lx Ly

S= gxydy d»)

LyLy -

wherez(x,y) is the difference between the sample height apdlelocation and the mean
profile height, and.x andLy define the extents of the sampling area indrendy-

directions.

Characterization of surface roughness is typically limiteektsitu profilometry conducted
at room temperature for samples heated to various dwell times and then qu&hatiies.
employing this techniquéemonstradd that surface roughness increased to a maximum value
shortly after the melting of the coating. While msttdies shoedthat a higher heating
temperature produces rougher surfd@@s 43, 68] someothershaveshown the opposite
result[38, 74] Thissuggestshatthe finalsurface roughness of the blanks is dependent on
heating rate in addition to holding temperativiest studies include roughness
measurements after extended dwell times at elevated temperaguyiesg after the
important melting reactions given equations (45), due to the state change that would occur
when the samples are removed from the furnace and quefthedecessitates the need to

determine the roughness of the blaimksitu.

Using the setup specified by Barreau ef33] and software to generate 3D height maps
from the SEM imagedPodor et al. performdd-situ roughness measurements hot

stamping samples and found a distinct increase in the surface roughness of the blanks at
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approximately 650°C to a memum value around 3.5 um at 700°C, before regressing to a
final surface roughness of 3.1 um with further heating to 9Q@3T While this work
provides the most accurate depiction of the evolution of surface roughness ofrtpphgta
samplesassessing the surface roughness of the blanks wdiilg traditionaheating

methodswvould be moreelevantto the hot stamping industry.

3.1.2Non-Contact Surface CharacterizationTechniques

Severalaserbasedon-contact methods of inferring the structure of a surfesee been
proposed in literaturéVhencollimated light is reflected off of a surface, variagan
surface height cause the reflectad! incidentight to interfere constructively and
destructvely. In certain cases, the scattered light is projected into thefieid,ai s pe c k| e 0
patternis producegas seen ifrigure3-1, with bright and drk regions in the image caused
by constructive and destructive interference, respectiVéhyle seemingly incoherent,
researchers have indirectly related the intensity distribution of the speckle image to the

structure sizes of the surface through aut@tation functiong76, 77]

Figure 3-1: Example of a speckle pattern.
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More empirical techniques have also been applied to analyze speckle aZgei® The
standard deviation of the pixel intensities of speckle images has been demonstrated to be

proportional to the roughness of the surface if

&
4c ods

S< (9)

wherea: andd. represent thevavelengthand incidence angle of the laser, respectiyV&y.
However, given a laser wavelength of 520 nm and ameamnal incidence angle, this
method would only be able to distinguish surfaces with rougbsakess than A.3 um, far

smoother than hot stamping blanks before or after the heating process.

Surface roughness cafsobe related to the speckle pattern by a technique known as the
Abridgmhtk rati o met ho B8082Joimthidinteihadaarthyeshaldhig | vy si s 0
specified, and each pixel within the speckle image is converted to one or zero if that specific
pixel intensity is greater or smaller than the threshold intensity, respectively, creating a
binarized image. The ratio of thetal number of bright) and dark D) pixels can then be

correlated to the roughness of the surface, usually according to

S° 5pz(10)

A previous work showed that a threshold of the mean intensity of the image pixels mitigated

noise and produced monaio resultg83].
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3.1.3Spectral and Total Emittance

While theroughnes®f a surfacean becorrelated to its radiative propertig¢ise spectral

emittanceld, has been measured directly at high temperainiée literaturg84-86).

Spectral emittance is definegtheratio of emitted radiation with respect to wavelength over

a hemisphere by a surfad®, to a blackbody at the same temperatkeg. Spectral

emittancecan be related to spectral reflectance and absorptance thraegh io f fb=s | a w,

U, andif the spectral transmittanada, of the surface is neglected
Q=1-,(11)

The total, hemispherical ettance U can be acquired bigtegrating the spectral emittance

over all wavelengths according to

b e P o
~ 0 LéEab T do ~0 LéEab T do
- D (12)

.o Eop &T do 6T

wherel is the StefaBoltzmann constant.

Ideally, the spectral emittance of a surfadg, can be determined by dividing its emission
measured by a detect&., by the emission of material at the same temperatuger, with

known spectral emittancé), . ; agcording to

Sx(T)
Sor, 1)

Qx T =G eT (13)

Often, a blackbody cavity with high spectral emittance (>0.99) is used as the refarghce,

3., &e ¢ However Xiao et al.[87] states that this equation is only valid when the
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background emission is negligible. Thanppose that thepectral emission measured by a

detector can be characterized b

S T =meQy Tloy T +B, T (14)
whereme.is the spectral responfimctionor thesensitivity of the detectoBa.is the
backgrouncemission, andk. , is the blackbodgpectral intensitg i ven by PBRlanckds
If the emitanceof a referencés independendf temperaturgthe spectral response function
can be calculated by taking measurements at two temperaturesjragto[d7]

Sar, eTl - Scrr, eT2

= = 15
L&r, elfab Tl - Iab T2

Moreover, f the spectral emittance of a surface is known to be tempeifiatiependent, it
can be calculated without knowing the background and speesdnse function by taking

measurements at two temperatures, according to equaBipj87]

o _ Sa»x, Tl 'Sa\x, T2
Lé\x—l-é\r, egcrr,eTl 'Sc>¥,eT2

(@

However, if the background is naregligible and the emittance of teerface changes with
temperature, a full calibration of the measurement setup is reqaoified the contribution of

the backgroundwhich is documented by Xiao et @B87].

51



3.2 Experimental Methods

3.2.1In-situ RoughnesdMleasurementsand Effect of Coating Weight

To acquire the speckle patterns used foinks&tu roughness measurements, a modification

was made to thim-situ reflectanceapparatusn Chapter 2as shownn Figure3-2. Instead of
directing the light reflected from the sample into a photodiode, a portion of the scattered light
was projected onto the imaging chip of a NikR@7200 camera. The camera was

automatically triggered to capture a picture approximately every two seconds using the DAQ,

and the resultant images were croppecditaraa measurin§00 x 500pixels.

Samples were removed from the furnace and quenche@ahediate dwell timeat
setpoints 0600°C and 900°@nd then analyzed with an optical profilometeryRa?
NT1100) tocorroborateghein-situ surface roughness measurements. These experiments used
AS150 Usibo? sampleg3, 10] measuring 38 mm x 38 mm x 2.0 mm and instrumented with

K-type thermocouples, which were heated to setpoints of 600°C, 700°C, 800°C, and 900°C.

Camera
Laser

Diode

Computer

Furnace

Steel
Sample

Figure 3-2: In-situ speckle pattern analysis schematic.
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To illustrate the effect of coating weight, timesitu roughness experiments were also
performed on AS80 coated samples measuBgim x 38 mm 2.0mm. AS80 and AS150
coupons were heated to 6@0and 900C and extraied at various dwell timeand subjected
to SEMEDS analysis to assess the differences in intermetallic diffusion between the two
coating weights. In these tests, the average surface chemical composition was calculated over

an approximately 500 um x 400 pragion.

3.2.2In-situ Emittance Measurements

To acquire thén-situ emittancemeasurementsapphire discs from Edmund Opfla86-

252) andcircularAS150 UsiboP 1500 samplef3, 10] measuring 2.0 mm thick with a
diameter of 12.7 mmwere placed into a Spe&akligh Temperature High Pressure (HTHP)
cell, which can be seen Figure3-3 [88]. High temperatures are achieved by a resistively
heated block surrounding the sample. Emission from the sample is then directed into the
FTIR via a series of mirrors, where it pasgesugh an interferometand various ptical
components before reaching &GS detector, as seen gure3-4. The DTGS detector

can theoretically measuesnission at wavelengths greatean 1.1 um, but due to noise
limitations, a lower and higher limit of 2 ym and 25 um wasBetause the FTIR
measurement will be comprised of emission primarily in the normal direction, spectral and

total emittance measurements will be assigned labh&ls and(, respectively.
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Figure 3-3: Speca® High Temperature High Pressure cel[88].
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Figure 3-4: Schematic for FTIR reflectometer and heated stage fon-situ emittance

measurements.

The emissiorsignalis converted to spectral emittance by using equatid)so¢X16). An
Infrared Systems Development CorporafioR-563/301blackbodysourcewi t h U > 0. 99
[89] was useds the reference. The window facing the FTIR was removed to avoid

accounting for the transmittance of the winddnitial testing on the sapphire samples was
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performed at 380°C, 400°C, and 420%Csssess to accuracy of the measurement process.
The spectral erntanceof sapphire is generally independehtemperaturén the 610 pum

range, where it exhibits a plateau close to unity, and increases slightly with increasing
temperature at higher and stesrwavelengths, with a characteristic peak at approximately 16
pum[90, 91] For the hot stamping sampleKdype thermocouple was welded to the

opposite side of the samplend threaded out through the window opening to monitor
temperatureThese amples were heated from room temperature to approximately 680°C at

0.5°ds, which were the maximum heating conditions allowable by this systéntal of

five individual trials wee performed to assess the repeatability of the experiments.

3.3 Results

3.3.1In-situ Roughness Measurements

To build a dataetlinking B/D measurements to surface roughnasgriety of samples were

first heated to different furnace temperatures and dwell times and extracted from the furnace
and quenched. The samples were then placed in the furnace at room temperature and a
speckle image was captured to gener&favalue. Finally, the surface roughness of the

blanks was measured using a profilometer, and the roughness measurement compared to the
B/D value can be seen gure3-5. A decreasing exponential relationship was attaased

given inequation (%)

S=1. BD??2. BDO~+3.19
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which aligns with equation {0) andthe results of Kayahan et §0]. Somesignificant
outliers were detected, which wereraseived AS150 couponghese outliers were
excluded from the fitting processndthear potential origin will be discussed later in this

section

I T I I
.

ir AS150 .
N As-received

2.5

Sa (“m)

1 ! L | ! !
0.2 0.4 0.6 0.8 1 1.2

B/D

Figure 3-5: B/D valuefor ex-situ samples (blue) with quadratic line of best fitvith 95%

confidence interval(red) and neglected outliers (green) vs. surface roughness.

In-situ B/D signals were generated on samples heated to 600°C, 700°C, 800°C, &d 900
and an example at tl890°C setpoint can be seerFigure3-6a. Similar tothe photodiode
signalmeasurements Figure2-8a, thein-situ B/D signalshowed apikeat the melting
point of the coating and shortly thereafter, but the peaks are less distinqanshethout a
corresponding drop betweé#mem This indicates two distinct decreases in roughness
followed by a sharp increase aftecreased oxidation aridtermetallic compounds diffuse to

the surface. Before tH&'D signals were converted to roughness values, the average of ten
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trials was acquiredAn exampleof this procesat the 800°C setpoitig shown inFigure
3-6b, along with the 95% confidence interviilappears the averaging process has further

obscuredhe two individual peaks
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Figure 3-6: a) B/D vs. dT/dt for an AS150 sample heated at the 800°C setpoint and b) 10 B/D
plots for AS150 samples heated at the 800°C setpoint (gray), witie mean and 95% confidence

interval.
Using the average B/D signals aegudion (17), in-situ roughness profiles were produced,
as seen ifrigure3-7. For the furnace setpoints between 700°C and 900°C, the surface

roughness decreased at the melting point of the coating before increasing as the surface

solidified through oxidation and intermetallic diffusion, while the samples heated to 600°C

only progessivelyroughened when the coating melt&tis mirrors than-situ reflectance
measurements in Section 2.3l general, the surface roughness of the blank at the end of
heat treatment was proportional to heatemmperature, but there was a minimafatiénce

between the setpoints of 700°C and 900°C and a large di¢esbetween 600°C and the
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higher testing temperatures, pointing to temperadeendent reactions occurring between

600°C and 700°C, such as reactions (2), (3), and (4). The roughnesatc@®0°Cmostly

aligns with the findings of Podor et dI75], but shows alightdecrease in roughness at the

initial melting of the coating at 577°C andoaver final roughness 02 . 7 & m

approxi matShiey 81l 4

aims o

compared

show a finwhHhenroughnes

heating samples to 900°C, but samples tested at the same temperature for similar dwell times

by Borsetto et a[68] and Ghiotti et al[74] have final roughnesse$2 . 3

em and 2. 4

respectively. This indicates that there could be significant variabilitye samples

themselves or the heating method incurs differences in the final surface state afikke bla
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Figure 3-7: Mean of tenin-situ roughness profiles at furnace setpoints of 600°C, 700°C, 800°C,

and 900°C vs. a) time and b) temperature.

Theexsituroughness of samples extracted at the 600°C adt98etpoints measured

using a profilometer was compared to ithsitu roughness profikto validate the accuracy

of theroughness measurements predicted byrttsitu B-D ratiomethod, which can be seen
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in Figure3-8. The two measurement methazssely dign at the end of the heating cycle,
when the coating has completely solidified. Howeverjrkstu prediction is notably lower
than the sample heated to 900°C for 50 s and tnecasved couponigray) The former
case could be attributed to the state change that occurs when the seithmemolten
coating are removed from the furnace and quendigpth emphasizing thienportanceof

performing the roughness measuremamnistu.

2.8 | T |
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2
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Figure 3-8: In-situ roughness prediction for samples heated at 600°C and 900°C furnace
setpoints with the mean othree ex-situ roughness measurements at various furnace dwell

times. The gray data point represents aseceived samples.

However, thishypothesigioes not explain why tha-situ roughness prediction would be
significantly lower than then-situ predictionin the asreceived caselo this end, optical
profilograms were captured of thet@seived coupons and three samples heated &C900
50 s, B0 s, and 250 s, as seerFigure3-9. For the ageceived sample iRigure3-9a and b,

locally flat areas separated by large height differences were detected, perhaps as a result of
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Aair kniveso whi ch sSimooatirtglaftethbt dippsgs Whiletkee of t he
profilometry results capture and incorporate this phenomenon into the roughness
measurement, the spechidgerred measurements do not, and underpredict the rougioness

asreceived samples.
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Figure 3-9: 2D height maps for an AS150 coupon heated at 900°C for a) 0 s-(aseived), b) 50
s, €) 150 s, and d) 250 s.

3.3.2Effect of Coating Weight

With the previous section establisy the validity of than-situroughness method, this
technique was applied ®S80 samples witkthethinner coating to investigate the impact of
thickness on the evolution of the-8I coating. Heating curves for setpoints of 600°C,

700°C, 800°C, and 90Q for the two coating weights can be seekigure3-10. From these
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results, it appears that the AS80 samples heat slightirthan the AS150 coated blanks.

As demonstrated iRigure 17, coating liqueifcation causes a drop in the blank heatiatg,

while the roughening of the surface after intermetallic diffusion allows the blanks to absorb
heat more effectively. Therefore, if the coating applied to the AS80 blanks solidifies in less
time due to the decreased diffusion path, the regawstiitizationtime in the furnace may

be reduced. While Billur and Son claim that this is the {22} Yakubtsov and Sohmshetty

show similar heating profiles regardless of coating thick[83js
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Figure 3-10: Heating profiles for furnace setpoints of 600°C, 700°C, 800°C, and 900°C for AS80
and AS150 coating weights.

Thein-situroughness methad Section2.3.2was applied for AS80 samples and
compared to the previoussults inFigure3-8, which can beseen inFigure3-11. From these
results, the intermetallic compounds peat the top of the AS80 coating at lower
temperatures and times compared to the AS150 coupons, due to the decreased diffusion path
length. This was also demonstrated by Windmann et al., who showed that thinner coatings

convertedintal and Al F einlesstmd%|uAdditionally, after heat treatment to
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900°C, the AS80 blanks were slightly rougher than the AS150 blaitkeughthe
implementation of a thinner coatimgay not significantly affect the heating rate of the
coupons, if the overall liquid window of the molten coating is shortened, the less time the

furnace rollers are susceptible to-®ilcontaminationand roller life could be extended.
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Figure 3-11: Mean of tenin-situ roughness profiles for AS80 and AS150 coupons at furnace
setpoints of 600°C, 700°C, 800°C, and 900°C.

Ex-situ SEM-EDS experiments were also performed to assess the oxide and intermetallic
developnent of the different coatings after differdmdat treatmentgimens The average
surface compositions are st in Table3-1. Similar to the results iable2-1, iron and
oxygen contat increased as the samplegavkeated in the furnacerflonger dwell times,
and this effect was intensified at the 900°C setpoint. Again, these results align with the
findings of Shi et al[43, 67] Due to the decreased diffusion pa&hgth AS80 coupons are

expected to contain more surface iron than AS150 blanks at a given heating time.
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Table 3-1: Coupon surface composition by coating weight, furnace setpoint and dwell time.

Coating Furnace Dwell Chemical composition (at. %

weight  setpoint (°C) time (s) Al Fe Si @]
AS80 - 0 83.3 06 134 27
600 240 872 1.0 5.2 6.6
480 84.0 3.2 26 10.2

900 60 80.3 15 104 7.8
120 65.7 127 7.7 13.9

AS150 - 0 779 05 138 7.8
600 240 826 05 127 4.2

480 85.7 2.0 2.6 9.7

900 60 779 05 132 84

120 747 2.1 96 136

The microstructural development at the surface of the coating can be seen through the
SEM imagesaind EDS analysis iRigure3-12. Corresponding with the-situ roughness
measurements iRigure3-11, 3 a n dcorgpounds are more abundant for the AS80
specimens for botheating temperaturegdditionally, while both(§ and($ were detected at
the 600°C setpoint, only was detected for the samples heated to 900°C. Both Shi{43al.
67] and Barreau et g39] documented} compounds but ndi when heating to
temperatures above 600°Theintermetallic compounds also foed insquare and
hexagonal shapes at the higher heating temperature, but tended to propagate in large

amorphous clusters at 600°C.
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Figure 3-12 Backscattered SEM topview images at 750x magnification for AS80 and AS150
coupons heated at 600°C for-#) 240 s and ed) 480 s; and 900°C for ) 60 s and gh) 120 s.

Crosssectional SEM images were also acquiedighlight any differences in
intermetallic layer development between the two coating weights, which can be seen in
Figure3-13, and EDS analysis was used to characterize the various intermetallic sublayers
within the coating. (The top portion of the coatind-igure3-13g was @stroyed during the
mounting process, concealing the intermetallic compounds present near the slinkese.)

i mages r ev e adlaydr\as present iralmost all the imagés and for both coating
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weights, precaged in some cases ki Withfurthe r heating durations,
c appear ed-coatmginterfac as tHé andlidayers travelled towards the

surface These resultgenerallyagree with the SEM images kigure2-13, and provide a

more detailed description of the layers that form at the 900°C setgakibtsov and
Sohmshetty note that the microstructural development of AS80 and AS150 coupons were
essentially identicdB3]. It did not appear that the rate of intermetallic diffusion was higher
for either coating weight, batue to the decreased thickness of the AS80 coating,
intermetallic compounds reach the surfagadier for these samples compared to the AS150
blanksWi nd mann et al . found samples with far
current study and evéaund thin bands df] in both AS80 and AS150 blanks (referred to as
AS140 in their work), but the difference may be attributed to the higher soaking temperature

of 920°C[94].
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Figure 3-13: Cross-sectional SEM images at 750x magnification for AS80 and AS150 coupons
heated at ab) 600°C for 240 s and @) 480 s; and 900°C for &) 60 s and gh) 120 s.

Therefore, it appears as though there is no discernable difference in the heating rate or the
final composition of intermetallic compounds between the AS80 and AS150 coating weights.

Because the intermetallics diffuse to the surface in less time for @ B&nks and could

66



mitigate rollercontaminatiorissues, hot stamping practitioners may opt for thinner coatings,

but this selection may come at the cost of decreased corrosion perfof@tnce

3.3.3In-situ Emittance Measurements

To aid in the development of heat transfer modelsjtu emittance measurements were
performed to build upon tha-situ reflectance and roughness measureméietss on

sapphire discs at a variety of temperatures and temperature combinations acoording t
equations (3) and (B) can be sen inFigure3-14a and b, respectivelividing the

measured emission of the sapphire disc by the measured emission of the blackbody according
to equation (3) at temperatures of 380°C, 400°C, and 42(Figyre3-14a) produced very

similar resultswith a slight increasm the spectral emittance outside6 pmwith

increasing temperaturaligning with the esults of Sova et gl90, 91} When compared

directly to the results of Xiao et 487], general agreement was found when measuring over
the same wavelengthdowever, the emittance exceeded unity in tH®6um range,

indicating that there is an issue in the measurement process, as the emission from a sample
should never be greater than a blackbody. It is possible that contribution from the
background could befluencing the measurement, and spectral emittances were generated
from two temperatures accordingdquation (6), as seen ifrigure3-14b. This caused the
measurement to stray from the results of Xiao §B8d@l.and introduced discrepancies in the
emittancebetween thelifferent temperature combinatiariEmittance values the 610 um
rangeeven greater compad toFigure3-14awere shown, and the emittance increaseove

unity at the peak near 24m.
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Figure 3-14: In-situ spectral emittance measurements of a sapphire samplsing a) equation
(13) and b) equation (B).

The spectral response function was then calculated to determine if the detector is more
sensitive to measurementstifferent temperature combinations, which can be seen in
Figure3-15. However excellent agreement was fouredpecially below 1pm. This
indicates that the issues present in the measuremeritguoé3-14 are due to misalignment
in the optical paths between the HTHP cell anddlaekbody referenceand that the error is
not due to the calibration of the FTIR systékdditionally, because the samples are
perpendicularly aligned to the FTIRwltiple reflections between the sample arel T IR
detector maynduce error in the meagement process. This effect is discussed by Xiao et al.
[87], who suggestearnormal alignment to avoid this issug¢owever,the HTHP cell in this
setup is rigidly fixed and cannot be angled during tesRegpresentatives from the FTIR
manufacturerBruker®, acknowledged issues within the testing setup, and suggested the

measured emission from the HTHP cell be multiplied by a correction f@ic@o®47
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Figure 3-15: Spectral response function of DTGS detector at different temperature

combinations

The spectral emittance obtstanping samples wathenmeasured using equatiorjlas
it gave the most repeatabiesults, and the correction factarggested by Bruk®r These
results can be seenhiigure3-16a. The firstelevated temperatureeasurement at 467°C
shows slightly higher spectral enaitttecompared to the spectral emittance from the as
received sample calculated from the reflectandédnre2-14 usingequation (11)but this is
expected as the emittance of metals increases with temperature according to the Hagen
Rubens relatiofb2]. Additionally, absorption bands for G@nd HO at 2.6 pm, 4.3 pm,
and 6.3 um causing inflection pointsthein-situ emittance signal are present, aligning with
literature result$96-98]. As the temperature increased to the initial melting point of the

coating, the spectral emittance decreased at wavelengths hiejow, before increasing at
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all wavelengtk to a final value when the samples reached their maximum temperature of
approximately 681°CMoreover, similar to the resulis Figure2-14, apeak at 10.2 um
emerges at approximately 6589@dicating intermetallic compounds have penetrated the
surface of the coating. However, despite the use of the correction faetepétirh

emittance betweel-2.4 um for the samples at the highest temperatigasill slightly above
unity, diminishing the credibility of these results. Nevertheldgstdtal emittancbased on
these measurements integrated according to equationgii®eseen inFigure3-16b. Here,

a slight increase in the total emittance is observed until approximately 577°C, until a sharp
decrease is detected at thigi@h melting point of the coating. The total emittance remains at
the decreased value until approximately 660°C, after which it increagssital value of
approximately B7. These results strongly correlate with tihesitu roughness measurements

shown inFigure3-7.
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Figure 3-16: a) spectral emitance for hot stamping sampks heated between starting and
finishing temperaturesof 467°C and 681°C and b) total entiance for five samples with the

mean and the 95% confidence interval.
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Although these results follow the appropriate trends outlined in previous literature results
coveringin-situ radiative property measuremef®, 62] their relevance to industrial
practitioners is dubious. As previly mentioned, the spectral emittance is greater than unity
between 2.4 um Moreover, due to limitations in the sensitivity of the detector,
measurements at wavelengths only greater than 2 um could be made. This is problematic as
wavelengths less than.@n make up a significant contribution to the emission profile in the
studied temperatures, biasing the calculated total emittance to the values at longer
wavelengthsFinally, the heating ratef the HTHP celis much lower than what would
normally be useth hot stamping operationand extrapolating these results to industrially
relevant heating rates would be challengignetheless, these results provide the
framework for future, refinedh-situ emittance measurements, which will be discussed in

Chapte 5.

3.4 Summary

The measurements performed in this section build upon the reflectance measurements in the
previous chapter by providirig-situ quantitative methods of characterizing the development

of the coatingln-situ roughness experiments showed a deseeat the initial melting of the
coating followed by large increases in roughness as intermetallic compounds solidified the
molten coatingEx-situ roughness tests on samples extracted from the furnace at intermittent
dwell times showed general agreemespecially aftethe solidification of the coating.

These tests also showed that higher dwell temperatures solidified the coating in less time and

71



produced a rougher surface, indicating temperagpeeific melting reactions occurring

between 600°C and @0C, agreeing with the results of Chapter 2.

In-situ roughness tests were also performed on thinner AS80 coated blanks and compared
to the thicker AS150 coating. Due to the decreased diffusion path, the coating on the AS80
blanks solidified and roughened in less time and at lower temperatures compaeed to th
AS150 blanksand a slightly rougher surface was detected for the AS80 samples heated
between 700°C and 900°Ex-situ SEM-EDS measurements showed the propagation of
intermetallic compoundthrough the coatingsawell asfaster diffusion rates and incesad
oxidation at higher temperatures. Intermetallic compounds reached the surface of the thinner
ASB80 coating in less time compared to the thicker ASh&fhlighting the potential for their
use to decrease the amount of time the furnace rollers are ti#leceprontaminatiorfrom

the AISi coating.

Finally, in-situ spectralemittance measurements were also performed on hot stamping
blanks in a highemperature cell connected to an FTIR spectromB&spite unreasonable
results at lower wavelengths, thesultsshow appropriate trenddemonstrating distinct

decrease in emittance at the initial melting of the coating and an increase shortly thereafter.

From theexsitu reflectanceneasurements in Chaptea@dthein-situ emittance
measurements ithis chaptey changes in the chemical compositatrthe surface of the
samples could be detected through peaks in spectroscopic measur€&inapist 4 will
expand upothis concept by using Raman spectroscopy measurements to study the evolution
of theAl-Si coating during heating.
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Chapter 4

Raman Sectroscopyand Microscopy Measurements

As mentioned in Chapter 1 a@hapter2, oxidation and intermetallic diffusiomccurringat
the surface of the ABi coating is largely undocumented in literatumet critically influence
the degree amoltenaluminumtransferred tahe furnace rollerdntermetallic compounds
can becharacterizeavith exsitutechniques on quenched samplas, these methodsre
oftenlabourintensive and destructive to the samplereover, @ demonstrated in Chapter
2, quenching ang@repaimg exsitu samplesanalter the oxide layegenerated during
heating Therefore, his chapteremploys in-situ andexsitu Raman spectroscopy assess the
chemicaldevelopmenbccurring at the surface of the-Ai coatingduring heatingVideos of
the evolving surface weff@st captured througm-situ microscopy visualizing thedifferent
melting reactions occurring within the coatimgrsitu Raman spectroscopy showed a spectral
signature that changed over key temperature regions during the heating prbadss/as
linked to the restructuring of an oxide layEmally, the progression ofntermetallic
compounds at the surface of the coating was captured theotgiiu Raman spectroscopy
measurements, providingsanple anceffectivemeans otharacterizing the chemical
structure of the coating with minimsample preparatioffhe contents of thishaptethave

been submitted to AMaterials Char.acterizatio

4.1 Principles of Raman Spectroscopy

Raman spectroscopy has been widely utilized as alastiuctive method of classifying

materials and id#ifying chemical reactionf99]. Figure4-1 shows a schematic of the
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RamanscatteringorocessThis techniqueestimates the vibrational characteristics of a
substance by striking a molecule at some base energyEfavath light froma lasemata
known frequencyd). This exciteghe moleculdo a virtual energy statandthe vibrational
frequencyor energy shift of the resultant scattered photemseasureds the molecule
relaxes to a lower energy stf1®0]. The majority of scattered photons will not have a
frequency shifti(e., 3r = 30) and the final vibrational energy state of the molecule will be
unchanged, which is known as Rayle{glastic)scatteringHowever if the vibrational
frequency of a scattered photon is less than the incident plagtond), the vibrational
energy sta of the molecule wilteturnto a slightly higher levelg:, whereE; - Eo = h(30 -

3s) andh is the Planck constant) compared to its initial state, which is known as Stokes
scatteringConversely, if the molecule was initially in an elevated vibrational energy state
and relaxes toreenergy statéhat is lower than the initial statidhe scatte photon will
have a vibrational frequency higher than the incident phaieix(3o), which isknown as

anti-Stokes scattering.
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Figure 4-1: Raman scattering energy stateschematic.

Molecules of differenthemical composition will preferentially scatter photons in the
Stokesandantt okes regi mes at specific viabhd ati ona
allowing the classification of the materidhe vibrational frequency shifipectraareoften

converted to a Raman shiftr 3 [1f1], where

(18)

W]

_p
R

Raman spectroscopy in the Stokes regime is typically preferred as the likelihood of anti
Stokes scattering is far lowg02], but methods have been devised to increassahsitivity

of antiStokes scatteringpeasurementd.00].

Finally, as the wavelength of the laser decreases, the efficiency of Raman scattering
increaseshut fluorescence scattering is more prevalehich obscuesthe Raman signal
[103]. Fluorescence occurs when an excited molecule more gradually scatters the energy of
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incident photons at various energy levels, giving the appearance of Raman scattering, but in

reality, the final energy state of the maléxis unaffectedtL04].

4.2 Experimental Methods

To perform these experimentsRanishaW inVia Reflex Raman microscope equipped with
WiRe 5.3 software and a 45 W, 532 nm laser wtlzed. A schematic of this microscope
can beseen inFigure4-2. After laser light is scattered by the sample surface, it passes
through anotch filterthatremowesRayleigh scattered light. The remaining scattered light
pasesthrougha diffraction grating and into éhargecoupled device (CCD) detector
generatingo-called Raman spectri-situ measurements were perform@gdheating the
samplesusing a CCR 1000 sampdtage from Linkam Scientifft, with either compressed air
or 99.998% M gas flowing into the sample chamber, whalesitu samples were placed on a
glass slide. Spectral data was averaged from 3 and 10 accumulationsifesitb@ndex

situ measurements, respectively, with an exposure tinma@$econd for each accumulation.
In-situ measurements were acquired at intervals of 15 to @bgons measuring 38 nmn

38 mmx 1.7 mm were cut from AS150 Usitftt500([3, 10] sheets and used for tegsitu
experiments, while 3 mm x 3 mm pieces were residvom these coupons for thesitu

tests.
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900°C in air, and to 640°C, 700°C, and 900°C in a nitrogen environaditional samples

were heated to 650°C, 660°C, and 675°C in air to investigate the behaviour of the Raman

signal at setpoints near the temperature specified in reactidexgifu Raman

measurements were performed on samples heated in a lab@eataynifle furnace at

setpoints of 610°C, 618°C, 630°C, 650°C, and 660°C for 4 min and 7 min. For each test, the

furnace was soaked for at least 5 min to ensure stgathy operation.

Raman spectra of several oxide powders vaégecollected for reference mgarements.

including U-Al20s, (Inframaf, 26R0 8 0 3 U-RI)Os, (Inframaf, 26R0842UPGG), and

SiOz (MSE Supplie, PO3702) UFe0s samples synthesized at 800°C in deyadcording

to [105] were usedis well Finally, to link distinct Raman spectra to intermetallic compounds

in the AFFe-Si systemcrosssections of samples heated at furnace setpoints of 600°C for 16
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min and 900°C for 2 min and 5 min were analyzed using &M and Raman

spectroscopy.

4.3 Results

4.3.1Visual Surface Evolution

Screen captures of thie-situ microscopyideoscan be seeim Figure4-3, with dwell times
selected to illustrate clear changes in surface morpho8agyples heated at 600°C are
distinctly different than those at higher temperatures in that the surface rougtieng wi
showing any intermittent smoothnegsgure4-3b-Figure4-3d), showing that the structure is
capable of evolving without the complete dissolution of the surfélts observation is
consistent witlthein-situ reflectance and roughnes®asurements in Chapters 2 and 3,
respectivelywhere twagpeaks of high reflectance were observed when measuring samples
heated above 600°C but only progressive roughening for samples heated t¢p480@

A melting event on the surface is evident for all the samples heag39°C and above
(Figure4-3e-j), while samples heated between 800°C and 900°C show particularly smooth
surfaces followed by significantly rougherfaces Figure4-3k-p). This behaviour indicates
that multiple melting transitions occur in the 6680°C and 63®60°C ranges, agreeing

with the reactias proposed by Barreau et [@9].
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Figure 4-3: Top-view progression of hot stamping samples while heating at 1004@in* at 20x
magnification. a) Asreceived (0 s); heating to 600°C fob) 345 s,c) 545 s, andl) 905 s; heating

to 630°C for e) 355 s, f) 365 s, and g) 440 s; heating to 660°C for h) 345 s, i) 380 s, and j) 440 s;
heating to 800°C for k) 345 s, I) 405 s, and 525 s; and heating to 900°C for n) 375 s, 0) 435 s,
and p) 705 s.

4.3.2In-situ Raman Spectroscopy

In-situ variable temperature Raman spectroscopy performed in air during a heat ramp and
dwell time at a set temperature enable the surface composition tokezltesca function of
time and tempeature as shown ifrigure4-4. Initially, Raman spectra match that for silicon
[106] at temperatures below 600°C. No defined peaks are observable immediately after
melting, but a broad sign#iat may correspond fluorescence then emerges near 156 cm

(Figure 44d-f). These ranges are labmdii MO and A F 1 dFigure &lach Ehist i vel y
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peak near 150 cidisappears after the dissolution of the coating when heated to 700°C and
900°Cbutreappears dtigher frequencies as time and temperature inci@agere 44e-).

This spectrum is labelleal s  ofiFgAre 44b-c). From these preliminary measuremertts, i
appears the transition between the F1 and F2 spectra occurs between 6000CQ°&nto
investigate this phenomenon more precisely, measurements at additional setpoint
temperatures were performed,seen inFigure 4.5 The final spetra for the sample heated

to 650°Cdid not resemble the F2 spectra, which started to materialize hblding

temperature of 6 7% (Figure 45c). Moreover, the final spectra for a sample heated to®60°
(Figure 45b) appeared to be in transition between the F1 and F2 spectse. Th
measurementshow that the transition in fluorescermhaviour idikely related to reaction

(4) based upon these temperature ranges.
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Figure 4-4: Temperature curves forhot stamping samples heateth air at 100°Chin*to a)
600°C, b) 700°C, and c) 900°Cand d-f) their respectivein-situ Raman signals
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Figure 4-5: Temperature curves forhot stamping samples heated inia at 100°Ciin to a)
650°C, b) 660°C, and ¢)675°C and d-f) their respectivein-situ Raman signals.

In-situ variable temperature Raman spectroscopy was also performed in a nitrogen
environmento illustrate the effect gfrocess environment, as seerrigure4-6. Samples

wer e he at mid!aradtheldlalsétpgbiGid of 640°Eidure4-6a), 700°C Figure

4-6b), and 900°CKigure4-6¢). Samples exhibit the fluorescence characteristics near 150
cm, or F1 spectraafterthey areheaedfor extended dwell times #ie 640°C and 700°C
setpoints Figure4-6d-e), but thesample heated to tf8$0°C setpoint shows signals

resembling the F2 spectriaigure4-6f). This behaviour is similar to that seen when heating
samplego 900°C under aifFigure 44d), but the signals are more intense. The difference in
final spectra between the samples heatetD@5C in the air and nitrogen environments

(Figure 44eandFigure4-6e) demonstrates that the transition between the F1 and F2 spectra

can be pushedathigher temperatures when a reductive atmosphere is utilized. This appears
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to indicate that the change in fluorescence behaviour around 655°C is linked to the formation

or restructuring of an oxide.
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Figure 4-6: Temperature curves forhot stamping samples heated in a nitrogen environment at
100°CAnin* to a) 640°G b) 700°G and c¢) 900°C and f) their respectivein-situ Raman signals.

The observed fluorescence behaviour nmalycate the formation of AD3 on the samples.
Mol ten aluminum rapidly oXxiAbOz:phase willfarmann a i
aluminum melts for lower superheating temperatures-fS0C), progress through other
metastable AOs phases, and the t r a n sAlDjatcigher temnpethtures (30A00°C)

[107, 108] Mortenson et al. investigated-8k using Raman spectroscopy and noted that
small amounts of iron impurities induced strong fluorescence bands up to approximately
2250 cmtin Raman shift or 582 nm in wavelengl99]. The fluorescence peaks observed
here Figure 45 ard Figure4-6) may arise due to leeching of iron from the substrate into
Al20Oz that forms on the surface. Such fluorescence peaks are problematic for Raman

spectroscopy, inhibiting observation of expected vibrational modes. Indeed, the final spectra
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in Figure 44f andFigure4-6fares i mi | ar t o t heARamakO0spectra o
performed by Aminzadeh and Sarikhdaid with a 514.5 nm las¢t10]. Therefore, the

transitional nature of the spectra showifrigure 44 andFigure4-6 could indicate different

phases of AlOs forming at the surface ub further work must be performed to confirm this
hypothesisThe ability to characterize the development of the oxide laysitu using

Raman spectroscopy would have significant industrial value as the formation of a robust

oxide layercoulddecrease tntransfer of liquid AlSi to the furnace rolleys&s mentioned in

Chapter 147].

Becausghermal expansionan prevent observation of clegrectral signaturest high
temperatures by broadening and shifting Raman pealesies okexsitu analyses were

performed

4.3.3Ex-situ Raman Spectroscopy

First, oide standardselevant to the AFe-Si systemincluding UFe0s, -Ald0s, - 9
Al203, and SiQ, were measuredll of which typically yield distinct Raman spectra that can
beused to fingerprint phases. Raman spectra acqairédese oxides can be seerfrigure
47. These results align -Fe®[111], wAJOH11H 11B]l i shed
and SiQ[114], but t he peak -A0:ware notpresnt s publshed f or o

results[110].
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To our knowledge, the Raman spectra of the relevaie/®i and AtFe intermetallic
compounds that can propagate to the surface of hot stamping samples have not been
documented in literature. Samples were therefore @ms$®ned after heating and then
analyzed by SEM and EDS, followed by Raman microscopy to link Raman spectra to
specific intermetallic compounds. The EDS and Raman measurements were not necessarily
performed at the same location across the length of theneti@llic layers, but significant
variation was not detected in this direction. Heating schedules of 600°C for 16 min and
900°C for 2 min and 5 min produced a variety of intermetallic compounds through the depth

of the film, as seen ithe SEM micrographsn Figure4-8.
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a) 600°C — 16 min b) 900°C — 2 min n ’ ¢) 900°C — 5 min

Figure 4-8: Cross-sectional SEM images for samples heated at a) 600°C for 16 min,3§0°C for
2 min, and ¢) 900°C for 5 min. Raman spectroscopy and EDS measurements were conducted on

the various intermetallic layers.

EDS analysisvas used to measure teeemental compositioof the sample atelected
locations Table4-1). Thedistribution of intermetallic sublayegenerallyaligns withthe
results inFigure2-13 and withthoseof Grigorieva et al. for the samples heated to 900°C
[14], but slightly different compositions were documented at locations 4b aiglcg
4-8). Since the composition of the silicoich bands at locations 4a, 4b, and 1c did not align
directly with a common AFe-Si compound, a combaion of intermetallic compounds was
ascribed according to the ternary phase diagram provided by Rivlirf®@]aHowever,
because the EDS interaction volume may be larger than these thin layers, thddfi28
compositionof these areas must be treated with some skepticism. Raman spectra acquired on
the layers provide a distribution of peaks between 108amd 700 cnt (Table4-1 and
Figure4-9). Given that Raman spectra are additive, it is notable that the spectra given in
Figured-9b do not <c¢cl earl y show Figlrel9as The acquigitos t p e a k
of distinct Raman signatures for these layers casts further doubtsributing their
composition to a combination of multiple intermetallic compounds. Nevertheless, the

assignment of Raman spectra for the intermetallic phaségune4-9a provides a useful
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identification tool that can be used to track intermetallic development at the surface of the hot

stamping samples when analyzed at room temperature.

Table 4-1: EDS measurements and Raman spectra for the various intermetallic layers shown in
Figure 4-8.

Heat.ing Location Composition (at.%) Compoupd Raman Shift
Profile Al Fe Si Identification Peak Locations (ci)

la 73.3 13.0 13.7 G 184, 236, 250, 297, 340, 408
600°C 2a 68.5 19.0 125 G 131, 157, 203, 238, 272, 317, 404, 4
16 min 3a 69.1 27.4 35 d 246, 272, 319362

4a 506 26.8 136 U+ ¥ d 134, 308, 392

1b 69.0 19.7 11.3 G 130, 154, 206, 240, 272, 319, 402, 4
900°C 2b 69.4 237 6.9 d 123, 172, 223, 250, 267, 383, 439
2 min 3b 70.0 285 45 qd 248, 282, 321, 366

4h 574 303 123 U+ d + 180, 192, 244, 348, 421
900°C 1c 441 35.9 20.0 a+ d 186, 228, 267, 284, 366
5 min 2c 66.1 29.0 4.9 qd 243, 332, 352
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Figure 4-9: Raman spectroscopy signals for a) the intermetallic compounds confirmed by EDS
and b) possible intermetallic combinations as determined from the ternary phase diagram given
by Rivlin et al. [50].

Using these fingerprints, pratbnexsitu measurements were performed on samples
heated at furnace setpoints near the temperatures specified for reacti@sgllgwing the
unique features of the samples to be probed. The final surface state for two dwell times and
multiple holdirg temperatures can be seeifrigure4-10, with identified intermetallic
compounds labelled on the figure stark difference in surface state can be detected between
the 618°C and 630°C holding temperatures at both dwell times, as well as between the 650°C
and 660°C holding temperaturebenheaedfor 7 min. The change in surface chemistry
betweerthe4 min and 7 min measurements suggests that the samples heated for 4 min
provides a measure of intermetallics formed at the surface, while those heated for 7 min

contain intermetallic compounds ang from diffusion of iron from the base steel to the top
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