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Abstract

Hot-stampediltrahighstrengthsteel(UHSS) components are pivotaldatomotive lightweighting.

Steel blanks, often coated with an aluminsiticon (Al-Si) layer to protect them from oxidation and
decarlurization, are austenitized within a furnace and then simultaneously quenched and formed into
shape. The ABi coating melts within the furnace and reacts with iron from the steel to yield an
intermetallic phase that provides some lbdeign corrosion protéion. During the intermediate liquid
phasesome of the coatirggnay transfer to the furnace components, leading toterance costs and
operational downtimeThis document describes tldevelopmenof a rapid analysis method using

Raman microscopy mapping to investigaterdectionmechanismsf Al-Si coatingand steetluring
heating.A new surface modificatiostrategywasappliedontheAl-Si coating to facilitate

intermetallic phase formatiofThis strategy provides the sisility of expeditingthe solidification

during the heatinghus providinga method to mitigatt ur nace r ol | eausedbycont ami n

melted high-temperature liquids theindustrial hot stamping process.
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Chapter 1

l ntroducti on

1.1 Hot Stamping

Hot stamping is one of the main techniques used to manufacture automotive parts, such as bumpers,
roof rails, tunnels, and other chassisnponents.The use of hot stamped steel sagnificantly

increasehe passengesafetyandthe vehiclecrashworthiness qualitiealso reduce the vehicle

weightand fuel consumptiot? Different types of steel plates, such as, 20MnB5, 22MnB5,

8MnCrB3 and 27MnCrB5, are used in industrial production, of which 22MnB5 is the most
commont?*The steel plates used in the thesis are all 22MnB5. As shoVabie 1.1, the 22MnB5

is an iron (Fe) based alloy with manganese (Mn) as the main alloying element and small amounts of
carbon (C), silicon (Si), aluminum (Al), chromium (Cr), titanium (phpsphorugP), sulfur (S),

copper (Cu), imbium (Nb), and boron (B}:>91°

Table 1.1 Theminimumalloy composition of 22MnB5 steel in weight%

Element C Si Al Mn Cr Ti P S Cu Nb B Fe

wt% 025 04 01 14 035 0.05 003 0.01 0.2 0.01 0.005 Bal.

Bal. = balance compositions of alloy.

Figure 1.1illustratesa full hot stamping proces§he steel blanks afest passed througa
furnace on ceramic rollers. The furnace has different temperature zones to gradually ramp the
temperature tapproximately950°C. This high temperature is critical so that the steel plates can
finish the austenitization procedellowedby thetransferring ofaustetized steel plates to a press for
shapingwhile quenchingo drive amarensitizationprocess?® As shown inFigure 1.2, the crystal
structure of steel undergoes a transformation from a-bedtered cubic (BCC) arrangement, as
observed in theriginal ferritic steel state, to a faa@@ntered cubic (FCC) structure known as
austenite following the austenitization process. Subsequently, during the martensitization process, the
austenite structure transforms into a badwntered tetragonal (BCT) configumat, resulting in the
formation of hotstamped martensité.is worth noting that a cooling rate &7 °C-s? is the slowest

rate at which 22MnB5 steel can achieve a complete martensite microsttfcture.



First Zone oo e ; Last Zone

Steel Blanks Heating

Figure 1.1 Schematic illustration of a typical hetamping line

As delivered Austentized Hot stamped

Figure 1.2 Structurechangeof steel during hot stampinB®uring hot stamping, the BCC as delivered
ferritic steel will first transform to FCC austentized steel, then transform to BCT hot stamped

martensitic steel. Figure adapted with permission from Elsévier.

Since the stedilanks are heated a high temperature during hot stampimgcessn the
atmosphere containing oxygdrare steelvould oxidize and decarburizé'?3This wouldaffectboth
theappearance of steel surface and the mechanical propertieal gfroducts*® Hence coated steels

are widely used to protetiie steel during hot stamping process.

1.2 Al-Si Coating

Al-Si coating have become the most widely used coating to prevent oxidation and decarburafation
steel during hestamping process due to their high oxidation resistance perforrhatt¢é® The Al -

Si coatngs alsgorovidegoodcorrosionresistancgpaintability, and weldbility.?1316.17

1.2.1 Component of Al-Si Coating

In the industrial process, the-8i coatings areepositedo the bare stedly hot dipping?8182° The
bare steel is immersed moltenneareutecticAl-Si alloywith a composition of approximate88
wt% Al, 9wt% Si, and 3 wt% Fat about 673C.2°>813Thehot-dipped aluminizedoatingtypically
consists opproximately90 wt% Al and 10 wt% Siwith athickness ranging frorh0to 33 um and
aweightfrom 60to 200g/n?.2242% During the hot dipping processtermetallic layersaregenerated

2



in the interfacéetweerthe coating andhebare steehs showrin Figure 1.3.2891224Theformation
of ats (Al7FeSi) inhibition layeris ableto prevent the rapid formation bf(AlsFe) layerduringthe
hot dipping proces$?:

20 ym

Figure 1.3 The crosssectioral view of phase distribution in the /i coating after hot dippind-his
is thescanningelectronmicroscope (SEM) imagef hot dippedAl -Si coating microstructure,
containing AlFe-Si ternary phases and-Rk binary phases in the interface steel/coattigure
reprinedwith permission fromdohn Wiley and Sorfs

The ALSi coating is known to have two layéré.The thinner layer of coating is the intermetallic
layer, which is near the steel and contains the@mniched phases like, q (AlsFeor Al1sFey), and
t5.2525The thicker layer is composed of puk Si, andfloating Fe-Al-Si ternary phases, like and
ts (Al4sFeSi)>1225During the hot stamping process, the coating reacts with the substrate steel and
absorls Fe togeneratéAl-Febinaryphases, F&i binary phases, and AMe-Si ternary phase3hese
reactions are affected by theating time and temperatuiihe coatinghickness growwith heating

time and temperature

1.2.2 The Build-up of Melted Al-Si Coating during Hot-Stamping

TheAl-Si coathgs areviable to protect the bare steel during and after hot stamping process.
However the Al-Si coating mekataround 577C (Figure 1.4), whichis far below the temperature
used in the hot stamping procés$.The melted coatirgcausdssuesduringindustrial production of

automotive partsThe molten AISi coatingtransfesto the furnace rollers, leading to the

3



contaminationgdegradation, or even failure of the rollé2°Thebuild-up of melted AlSi coating

on furnace rollersauss blanks toshift, complicatingthe automated transfprocessafterheat

treatment® Figure 1.5illustrates the contaminated rolleabtainedrom industrialproduction line

showing the medidliquid generatd coating layei(Figure 1.5A) or particulategFigure 1.5B) on the

surface ofollersand penetratéthe rollers Figure 1.588). The compani es6 profits d

low transferring efficiencyreplacement of degraded rolleasidthe downtime of replacing rollers

Atomic Percent Silicon

0 10 20 30 40 50 60 70 80 90 100
1500 t v T Th T T+ * .
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Figure 1.4 Al-Si binary phaséiagram.Reprinted \ith permission fronElsevier®’

Figure 1.5 Images ottontaminatedurnace rollers(A) and(B) are different contaminated rollers.



1.3 Intermetallic Compounds

As mentioned previouslyhe transfer of Fe from the steel to theQilcoating generates a series of
Al-FeSi or Al-Fe intermetallic compounds during the hot stamping prote3sble 1.2 we list all
thereportedntermetalliccompoundsn the Al-Fe, AFSi, FeSi, and AlFe-Si systemns.>3044 As
shown for each compounghany compounds are natoichiometric and argtable with
compositionalariations, with the unit cetlefining the structure type

Table 1.2 The listof binary and ternary phasia the AFFe, AFSi, FeSi, and AtFe Si systenp20:3t

Intermetallic Compounds Structure Type Crystal System Space Group

AlFe (a2) CsCl/B2 Cubic Pmom
AlFes (a1) BiF3/D0; Cubic Fmom
AlzFe(x) AlFe Triclinic Pp
AlsFe Q) AlsFe Monoclinic C2/m
AlsFe (h) AlsFe Orthorhombic Cmcm
Al1sFes () Al 13Fey Monoclinic C2/m
AlgFes (€) CusZng/D8, Cubic IT3m
HT-FeSk (FeSis) FeSh Tetragonal P4/mmm
LT-FeSp FeSp Orthorhombic Cmca
FesSi FesSi Hexagonal P6s/mmc
FeSis MnsSiz Hexagonal P6s/mcm
FeSi(r) FeSi Cubic P2:3
FeSh (w) FeSk Orthorhombic Cmca
AlFesSis (t1)

Al FesSis Triclinic Pp
Al 21 545F €36 537.55I8 5415
AlsFeSi €2) AlsFeSi Monoclinic -




Al53.965 F€19.520.55115.225.6
Al FeSi €3)

Al s356F€3524.55120522.5
AlsFeSh (t4)

Al 45 554F €15 516 55130.538
Al7FeSAlFeSi (ts)
Algs72F€1819.5511012.5
Al4sFeSi €e)
Alga.567.9€15516.551 719
AlsFesSis (t7)

Al 39 248 F€23.524.5SI27.836.3
AloFesSis (tg)

Al 24128 d-€31.932.Sl39 543

t 10 (Al 57.50F€4.255117.18)
AlFe.sSi (t1)

Al 6466 F€425Si9 511

Al FeSi

GaPd

Al 7_4FezSi

Al 9FezSi2

Al 3Fe28i3

Al 2FQ;Si4

CoAls

Orthorhombic

Tetragonal

Hexagonal

Monoclinic

Monoclinic

Orthorhombic

Hexagonal

Hexagonal

Cmma

[4/mcm

P6s/mmc

C2/m

P21/ n

Cmcm

P6s/mmc

The materials of interest heaee viewed as intermetallic compounds, which are disftiaat

metallic alloysBothintermetallic compounds and allegre compeedof two or moremetallic

elementsbuttheydiffer in their structures? The intermetallic compoundshibitwithin a crystalline

predetermined atomic positions for each tibunsnt elementAlloys arearandom mixture ofmetals,

withone ofthec o n st i t u e crystalstructeresdoptedirdthis projectsome samplesuggest

the possibility of Si disolution in the intermetallic compounds, which makes us uncertain about the

terminologyfor such phases. To avoid ambiguity, weend to call them intermetallic phases instead

of intermetallic compounds or alloys.



1.4 Phase Transformation Mechanisms

1.4.1 Al-Fe-Si Ternary System

Understanding the AFe-Si ternary system forms the foundation for comprehending the phase
transformation mechanisms that occur during the hot stamping p{&igse 1.6).64’In the phase
diagram each area represents one phase and is shown as different sgsidefinedn Table 1.2
Each univariant line represents the equilibrium between liquid and two crystalline phases.
invariant reactions inferred from tiphase diagrararelisted inTable 1.34648

30— /\ 70

4 /\
( (sn m
4‘3' l" ¢
5 ::; .\/vzrﬁﬂ“ ° 5‘3‘%
& . , ' \ \{
60, A‘\' | @/’ /< B
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AL NN
VARG RNy
y: — T40pe X fgoo‘{\‘\. { 4 ; " v \ ‘\k\\: %Um
A@*\f M %\/ 5’ N

Fe

Figure 1.6 The liquid projection of the AFe-Si ternary systerrReprinedwith permission from
Taylor & Francis®®



Table 1.3 Selectednvariant reactions in ternary Ae-Si systent®48

Symbol Temperature®C) Invariant reaction Equation
Ea 577 Lz te+ (Al) + (Si) 1.1
U 600 L+tsz te+ (Si) 1.2
Uio 615 L+tsz (Al) +te 1.3
Uo 620 L+qgz (Al)+ts 1.4
Us 790 L+trz tat+ts 15
U 835 L+tzz to+ts 1.6
Ps 855 L+q+tz ts 1.7
Us 1000 L+rz w+t, 1.8
Us 1020 L+hz g+t; 19

1.4.2 Phase Transformation Mechanisms

TheAl-Si coatingundergoes a series of complex liquificatwlidificationreactions duringhe hot
stamping process2*°As Grigarievaet al indicated based on the AFe-Si phase diagrarand AlSi
phase diagrahe initid mechanism is the melting of Ai coatingand intermetallic phasa
equation(1.1)from Table 1.3 Graueret al also found th@roof of melting at 53°C usinga
differential scanning calorimetry experiméhwith increasingemperatureRivlin et al described
the phase transformatiarits to ts in equation(1.3) from Table 1.3 Barreauwet al usedSEM with a
heating stage to monitor tlspecific reactions occurring at the surface during heatindtheyfound
the proof of equation (1.3) happenin@/ith the support oélectron microscopyneasurements and
theAl-Fe-Si phase diagram, Grigorieed al indicated thephasechangeof ts to qin equation(1.4).

Barreauet al.alsoobserved a melting processhiatween 65@nd 690C,° with support othe Al-Fe

binaryphase diagrar#**shown inequation(1.10):

At higher temperatus Barrealet al andGrigorievaet al observedhe transformation dfs tot»

@uud ¥ [0, (Equationl.10)

andg,>*2which indicatecequation (1.7) occurring hese five reactions give ugjaneral

8



understanding of the mechanism that hapenAl-Si coating and steel interface durithg heating

process.

1.5 Characterization Methods

There are variousharacterizatiomethods applied to identify intermetallic compougdserated in
Al-Si coating during the heating proceSke most frequently used characterization technique for
intermetallic compound identification is SEM, combined with energy dispersies Xpectroscopy
(EDS)?&12:21.255055 SEM-EDS suffers from slow measurement, low quantitative accuracythanigk
of misleading results due tbemeasuregignaloriginatingfrom a volume thaencompasses
approximately3 nm of samplebelow the surfacé® Electron backscatter diffractiqieBSD)has been
applied to confirm the identity of intermetallics by their crystal structtté%>2.52.53552 A well-
prepared sample is heeded for EBSD due to its sensitivity to sample orientation and surface
condition®® Another common technique applied to detect the identity of compoundsais X
diffraction (XRD), which can detect the types of compounds in the given sample without specifying
their exact locatio®243031.5564.6 new techniqueRaman microscopys appliedo characterize
intermetallic phases iAl-Si coated steels under in situ higgmperature conditiorf§ This work
indicatesthe effectiveness dRamammicroscopyasa powerful techniquéor confirming the identity

of intermetallic phases

1.6 Research Motivation

The understandingf reaction mechanisms occurring in-81 coatingduring the hot stamping
processvasbased on the invariant reactianferred from AlFe-Si ternary phase diagram andRé
binary phase diagraft25°By only considering thenvariant reactions from AFe-Si phase diagram,
thelowest temperaturat whichh initially appeasis 1020°C based orJ, from Table 1.3 However,
previousresearchhas shown that canappeaion samplesitlower temperaturesuch asg00, 700,

882, 900, 905, and 90T.132>%This discrepancy suggested tlwansidering only the invariant
reactions cannot fully explain timeechanismshathappened oAl-Si coating and steel interface

during the heating proce<3ther reactions must occur during the process in addition to the invariant
reactionsAdditionally, a more rapid, chemically specific, simple, and locasipacific

characterization technigue needed tadentify intermetallic compounddue to thdimitations of



previous characterization method#us, his thesis introduces Raman spectroscopy for phase
evolution mechanismstudyon Al-Si coating and steel interface during heating process.

Thisthesisprimarily focuses on the contamination of the furnace rollers by the mek8d Al
coating.A novelsurface modification strateggoating Fecontaining source on the surface of &l
coakd steelis applied to facilitate the growth of intermetallic layers, thereby mitigating furnace
roller contaminatiorduring the hot stamping proce3tie developed Raman microscopic method is
employedo study reactionmmechanismslt cantest the impaabf surface modification on mechanism
to assess the effectiveness of Beecontaining sourcadditionmethod in alleviating furnace roller

pollution.

1.7 Thesis Overview

This workfocuses on thephaseevolutionatthe interface of AlSi coating and the2MnB5 steel
duringtheheating process, which is the basic knowledgalleriating thecontaminatiorproblems

of Al-Si coated 22MnB5 steduringthe hot-stamping process.

Chapter 2 describes the experimental methods used in this project, including sample preparation

and characterization techniques.

Chapter 3 introducesRaman mapping microscopy asseful toolto infer thereaction
mechanismsaking place athe interface of AlSi coating and steel with increasing heating
temperatureSamples werenade by heating2 Al-Si coated specimens at different temperatures for
10 minutesunder air The crosssection otheatedsamplesand one aseceived samplwere

characterized and analyzedinder thereactions thahappenedavith elevated temperatures

Chapter 4 expands thecope of thé&kaman mappingiicroscopyapproacto provide more
detailedinsight intophasedransitionmechanism&y combiningheatingtemperature anduration.A
total of 72 samples were made by heatinggaiabletemperatures and timés reveal the nature of
reactiors atthe interface of AfSi coating and steel duririge heating proces§-hemap distribution
results otheated sampleadicate that the diffusion dfeis the primarydrivenfor intermetalic phase

reactions and growth.

Chapter 5 provides a surface modificatiomethod to alleviathe contaminations thdtappened
duringthe hot stamping proces3heiron containing sourceverecoated on the top &l-Si coated
stee| andthenthe Raman microscopic mappingas usedo infer theinfluence on reaction

10



mechanismsluringthe heating procesd heviability of this Fe coating was assessed by comparing
the Fecoated sample mechanisms awud-e-coated samplmechanismsTheresults indicate that the
samples with the addition of Fe elements on the surface unihergbase transition at lower
temperatures within the same heating duragiot shorter heating time within the same heating
temperatureThisrapid phaséransition effectively reduces the time during which the liquid phase

exists, leading to a decismin the generation pbllution.

Chapter 6 summarizesheresults of thigroject andsuggestsuture worls.
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Chapter 2
Met hodol ogy

2.1 Sample Preparations

2.1.1 Synthesis of Intermetallic Standards

A series of binary AFe and ternary AFe-Si phases were synthesized for use as characterization
standards by combining appropriate molar ratios of pure Al granules (Puratronic, 99.999%), Fe
powder (Alfa Aesar, 98%), and Si powder (Alfa Aesar, 99.9%)naelting them together using an

electric arc under an Argon atmosph®r&he ingot obtained upon cooling was crushed using an iron
mortar and pestle, then subsequently ground to a powder using an agate mortar and pestle. Targeted

samples include, t3, ta, ts, te, h andg.

2.1.2 Synthesis of Cross-sectional Al-Si Coated Steel Samples

Furnaceheated specimens were prepared usingifdoated 22MnB5 steel from a commercial

supplier (AS150 Usibor 1500, ArcelorMittdf The Al-Si coating has a nominal composition of 10%

(wt.) Si and a weight of 1.28 g/éntorresponding to an @sceived thickness of approximately 25

nmm. The specimens were cut into 38 mm x 19 mm pieces and degreased and cleaned with ethanol and
then deionized wate€leaned samples weheated under different heating conditiamsl then

removed from the furnace and allowed to passively cool to room tempédretieeair Cross

sections of eackamplewere mounted and polished for further characterization.

2.1.3 Surface Modification

Coupons measuring around 20 rsB0 mmx 1.7mmwere cut from AISi coated 22MnB5 steel

blanks and used as the substfatde-rich coatingelectrodepositiomsing chronpotentiometry
technique The specimens were cleaned using-Qilivater (18.2 M), soapy water, and ethan®he
Feelectraleposition method followeprevious studie®®®The electrolytesolutionwas prepared

with a concentration of 0.143 M iron(ll) sulfate heptahydrate (Re&QO, Fisher Chemical),

6.2x10° M citric acid (GHsO-, Fisher Chemical), and mi) water. A Biclogic SR300 potentiostat

was used for Fe electrodeposition. An around 150 mL electrolyte was heated and képtwaitb0
mechanical stirring. The electrodeposition was carried out at a constant current density of 0203 A/cm

for 10 minutesA platinum (Ptymeshwas used as counter electr@i® a cleargsteel plate as
12



working electrodeThe reduction of & occurredat working electroderesulting in the deposition of
a Ferich coating on the steel platEheelectrodepositedamples are stored under, déading to the
oxidationof Ferich coating.

2.2 Characterization Methods

2.2.1 Raman Microscopy Measurements

Raman microscopy measurements were performed using a Renishaw inVia Reflex system equipped
with a sample stage capable of 100 nm positioning in three dimensions. A 532 nm (Renishaw DPSSL
laser, 50 mW) laser filtered to 10% intensity was focused on thelesaoging a 59 objective, with

a 2400 lines/mm grating used to analyze Raman scattered light. This provided a Raman shift spacing
of 1.2 cm* between individual data points and a maximum spatial resolution of approximately 650

nm. Spectra on characterimat standards were acquired between 111 and 137Gittn a total

acquisition time of 20 seconds. The surface area of powders was sampled to ensure representative
spectra were obtained. Spectra on heat treated steel plates were acquired acrossasing a
dimensional Z-D) grid with 1mm spacing between spectra acquired in the x and y dimensions with

the same acquisition settings used on measurement standards. Grid size is variable per sample, but
typically on the order of Bm by 30nm. All spectra were acquired and analyzed using the Renishaw
5.5 software package. Spectra were prepared for analysis by simple normalization of the data between
111to 500 cm' for intermetallicphass anddata betweeti11to 800cm for iron oxidesto span zero

to unity.

2.2.2 Powder X-ray Diffraction

Powder Xray diffraction(P-XRD) was performed on th&ynthesizedtandard using either an INEL
X-ray diffractomete(t,, ts, ts, ts, andq) or a PANalytical Empyrean-Xay diffractomete(t s andh)
at room temperaturd®iffraction patterngor each intermetallic standardere compared with
previously published structures found in therganic Crystal Structure Databd$€SD).?° Rietveld

refinements were performed using the GSASoftware packagé
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Chapter 3
RamaMappiSpgctr osAmapiycsi e oReacti ons
AISi Coating and Steel

3.1 Introduction

The transfer of Fe from the steel substrate to thSiAlbating induces a sequenceomplex
liguefactionsolidification reactions within the coatifg'“°Efforts to identify the chemical reaction
steps associated with the overall reaction have largely focused on ex situ electron microscopic
analysis of specimens heated within furnaces at different tempergtth#0.5159.71.7h asreceived
samples, there is typically an-8i matrix present on top of a thin intermetallic layer at the-steel
coating interfaceThis intermetallic interface is formed during the-digmating process, and
components such asandts are commonly observed in this contéxt?4®3SEM-EDSandEBSD
have been used to identify a range of intermetallic compounds that emerge during the coating
transformation process, including the ternary=&iSi compounds commonly denotedhroughte,

and the binary phasés g, a», andz.>1221515°The Al -rich corner of the ternary Afe-Si phase
diagram is complex, with numerous invariant reactions linking together three or moret&Ses.
The gradual conversion of the-8I coating to a complete Ale-Si intermetallic coating requires an
increase in the Feontent of the coating, which means that the coating composition must change with
time and temperatur@he alteration in coating composition gives rise to the potential for partial
solidification and localized reactions specific to the interface. Consequently, questions arise
concerning the mechanistic and kinetic significance of the individual phasésrthatithin the
coating as itstructure undergoes evolutidn:situ light reflection measurements made by shining a
laser onto the surface of a heated specimen indicate a multistep liquefastibdification process
occurs betweena.570 and 700C,”® with coating thickness affecting times required for complete

conversion of the coating.

Raman microscopy is frequently used to characterize-staié materials, but it has seen little
application in the analysis of Ai coatings and ASi-Fe intermetallicsPerforming Raman
microscopy on solids can be a challenging task due to weak signals and potential fluorescence
interference. However, the measurement of vibrational frequencies within the lattice offers a chemical

fingerprint that allows for species idditation with higher confidence compared to techniques such

14

Bet



as EDS“ 78 Klasseret al.recently pioneered the application of Raman microscopy48i Abated

steels under situ high temperature conditioffsThe analysis identified several distinct spectra that
appeared at specific temperature thresholds. These spectra were assigned basitd anadysis of
cooled specimens using EDS and by comparing them with previously published reaction mechanisms.
This study demonstrated the effectiveness of Raman microscopy in detecting intermpletaiéc

formed in the AlFe-Si system. However, the sampling approach employed limited the extraction of
detailed mechanistic information, and the lack of crystallinedstats for comparison resulted in
tentative assignments of Raman spectra. A more comprehensive understanding of the spatial
distribution of phases throughout the coating can be achieved through a systematic spectroscopic
analysis of crossections of the ih coatings. By expanding this systematic approach to cover a
range of temperatures has the potential to provide broader insights into the mechanisms underlying

the evolution of the coating structure.

Herein,we present a new approach using cismsgional Raman microscopic mapping to
investigate the mechanism of the conversion eAtoatings to intermetallic coatings on steel
substrates. We synthesized and characterized intermetallic phases using Ratr@stspg@nd
XRD measurements to establish their Raman vibrational fingerprints. By comparing the Raman
spectra obtained from a series ofZilcoated steel sheets heated at temperatures ranging from 570 to
900°C with these fingerprints, we weréla to identify the temperatudependent composition of
the AISi coating. The spatial information obtained through this spectroscopic mapping technique
revealed that the coating structure undergoes a series of intepiaciéic chemical reactiongijth ts,

h andt; playing crucial roles in the overall transformation.
3.2 Results

3.2.1 Characterization of Intermetallic Standards

A series of intermetallic standar(s, ts, t4, ts, te, g, andh) weresynthesized bmrc melting method
andcharacterized to identify the Raman spectra for structures of interest. Powaediffraction
patterngP-XRD) indicate that single phase is present for the binary compositiardh, but
contaminants in all ternary phasés-(ts; Figure 3.1A). Such impurities in the ternary phases are to
be expected given the complex interaction between many phabesaluminuraich corner of the

ternary phase diagram for Ade-Si.**4¢48

15



n
| (N | (Al Fe,)

(130)

+ (221)

P “jl‘k /3 W‘J{V MW‘ q"\%m:@mw Py Lo

rolV o V W Sty T
(I TR ] (.

Normalized Intensity

I | | (| T4

104

T3 o
| [ i
3 0

MMW“M‘MW 1, 2104

(| | 11 [ Il T T [ |
20 30 40 50 60 20 30 40 5 60
26 (degrees) 26 (degrees)

Figure 3.1 Powder Xray diffraction patterns for synthesized intermetallic phgggsExperimental
patterns (solid lines) compared to Bragg peaks predicted by ICSD structures cited in the text (vertical
dashes)(B) Sample Rietveld refinement performed on synthedizéRemaining samples are

provided inFigures A.1-A.6.

Each diffraction patterns were compared with previously published structu@Shf° Rietveld
refinements were applied on each synthesizetmetallic phase(Figures A.1-A.6), and refinement
for h is shown inFigure 3.1B. Rietveld refinements on each XRD pattern nonetheless confirm that
the majority component of each characterization standard is the desiredoptesée refined to the
C2/mspace group (ICSD 5779%)h to Cmcm(ICSD 57796f°t, to R-3 (ICSD 99169¥'t3to
Cmma(ICSD 403177 t4to 14/mcm(ICSD 199347§2? andt s to P63/mmc(ICSD 4222243
Refinements on attempted synthesesseghowed a small amount of the expect@th (ICSD
#54050) phase~{gure A.5),84 but always as a minor componeketallic Al was found irto, ts, ts
andte, seen as Bragg peaks that match those expected femtBm space group (ICSD 1883%).
According torefinementsminor side productsxcept for the mentioned Ahn be inferred foeach

synthesized samplesynthesized hasts; as a minor side prodydt hast ,, t4 hast s, andts hasq
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andt,. These characterizatiamtandards provide sufficient purity for the purposes of Raman

microscopic characterization.
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Figure 3.2 Raman spectra faynthesized intermetallic standar@®) Raman spectra assigned to
each phasasing characterization standar¢) All unigue Raman spectra observed within sample
following attempted synthesis tf. The bottom three matdh, t4 andqg. The identity of top spectrum

remains unassigned and the second from top is assighgd to

Spectroscopic analysis of the characterization standards with a Raman microscope identified the
major components and impurities. A series of at least 15 Raman spectra were acquired across the
surface of each characterization standard. Spectra that warelijmabnsistent for each
characterization standard were averaged together to enhance thécsimajke ratio. These spectra
show distinctive vibrational fingerprints in the region between 100 and 580tbenRaman spectrum
for the ALSi mixture was cosistent with that of elemental silicon, with a single strong pee&.at
520 cm. The assignment @fach individual spectrum to a given intermetallic ph&agufe 3.2A)
was performed by considering the prevalence of each type of Raman spectrum for a given standard,
then crosscomparing with spectra acquired on the other standards. This approach confirmed pure
phases ofj andh, albeit withh showing variations in intensity of peaks that may indicate strain or

lattice defects. Ternary samples identified the phase of interest plus contaminanttpltasgained
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contributions fronts, t3 contained », t4 contained s, andts contained > andq. The purity ofte is

lowest for all synthesized samples, as seen with XRD, yielding five unique Raman spectra within the
samplesFigure 3.2B). Three of these spectra can be assigned asandg. One of the remaining

two spectra is tentatively assignast ¢ based on emergence of this spectrum in the coating at
temperatures expected fiag and on previous assignméhBpectrum assignments foy; te, h andq

agree with past assignmeftd.o the best of our knowledge, the remaining spectra have not been

previously reported.

3.2.2 Structural Evolution of Coatings

The time required for ABi coated 22MnB5 steel coupons to attain a stable temperature was
determined by measuring temperature as a function of time. Significant structural evolution ef the Al

Si coatings is known occur between 570 and €782 73A furnace was préieated to each selected
setpoint temperature before placing a steel sample with an attached thermocouple within the center
of the furnace. Temporal temperature measurements indicate that the steel samples reach the furnace
set point terperature between minutes, depending on the-petint temperaturé=igure 3.3).

While both time and temperature variables are important to completely describe evolution of the
coating structure, a single heating period of 10 minutes was used for plesamorder to establish

the viability of crosssectional spectroscopic analysis.
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Figure 3.3 Temperature profiles acquired on aluminum silicon coated 22MnB5 steel coupons placed
in a tube furnace. Sgint temperatures are in 2Q steps from 570 to 67CC (without590°C), plus
800 and 900C.
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Figure 3.4 Crosssectional Raman microscopic mapping of a ftested aluminum silicon coated
22MnBS5 steel coupongA) A white light microscope image of the mapped area, with a box around
the mapped area. Sample shown corresponds to heat treatment@f&000 minutes(B) Raman
spectra acquired at the positions in the white light image indiqg@gdll unique spectra identified
across all 4098 spectra in 13 cross sectional Raman microscopic maps on temperature treated
samples.

A total of 12 cleaned specimens were heated for 18 imia muffle furnace at a set point
temperature and then removed from the furnace and allowed to passively cool to room temperature.
Setpoints of 570, 580, 600, 610, 620, 630, 640, 650, 660, 670, 800, ari@ 9@e selected to
capture temperature ranges where significant structural evolution has been previousiy/h6ted.
Cross sectional Raman microscopic mapping was used to identify intermetallic phases present in Al
Si coated 22MnB5 after heating at temperature set points. Cooled specimens were mounted within
carbon pucks and polished to a mirror finish to expose a seati®n of the steel coupon and the
coating. Raman microscopic mapping was performed by acquiring discrete spectm 8ieps to
generate @D map. Map sizes vary slightly due to variations in thickness of tHgi Abatings, but
each map was at least @61 by 6 nm. These maps extend from the top of theéSAtoating to the

steel interface. A sapfe of the mapping procedure shows the area mapped for the sample heated at
19



800°C (Figure 3.4A) and the three unique spectra observed within this saifigigré 3.4B). This
treatment at 800C yields a layered structure, where a continuous laybrsis atop the steel
substrate and is followed ajternatingayers ofg andt .. Inspection of all 4098 spectra obtained
across the 13 Raman microscopic maps identé#itatal of 6 unique spectra that are presented as an
average spectrum on a garase and pesample basidHgure A.7) and as the overall average across
all samples on a pgrhase basid{gure 3.4C). In addition, spectra for the /i mixture and

elemental silicon were observed as a single, strongateak520 cm!. Comparison of these unique
spectra to the characterization standards shows that the dominant eatspurthese hedteated

samples aré,, ts, te, g, h.

Crosssectional Raman microscopic mapping enables identification of the temperature thresholds
and location at which major chemical reactions take place during structural evolution 0fShe Al
coatings. Agreceived samples have a single layersafn top of the steel substrate, beneath a layer of
Al-Si containingelemental Si particles={gure 3.5A4).7% It is well established that the Ai mixture
melts at 577C, and has been demonstrated forSAkcoated 22MnB5 steef>*°"*Raman maps
indicate that the structure and composition of the coating remains stable up’ € (58fures 3.5B-
3.5C), despite the melting of the Ai overlayer. A chemical reaction then begins at approximately
600°C, with a thin layer ofj forming at the interface betweégnand the steel substratéidure
3.5D). At 610°C theq layer remains approximately static while the intermetallic layer on top of it
grows and transforms froig into t¢ (Figure 3.5€). Heating to 620C converts thej layer toh
(Figure 3.97), leading to subsequent formationteft the interface betwednandts (Figure 3.5G).

The thickness of thig; andh layers begin to increase at 640 (Figure 3.5H). Full conversion ofe
into ts is achieved at 6580C, with concomitant growth of thig layer (Figure 3.9). The Raman
spectra foih transform to that designatedlasat 660°C, with the layer significantly increasing in
thickness. Thifi* layer then persists above 670 (Figures 3.5J-3.5K). The greater intensity and
betterdefined peak shapes in the Raman speEigufe 3.2A) suggest that this transformation
results in a higher degree of crystallinity. Growtlgait the interface betwedrt andtsis then
observed at 80€C, along with formation of atop theq layer Figure 3.9_). Transformation of to

t2 at 900°C (Figure 3.9M) suggests thatta to g transformation precedegjao t».
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Figure 3.5 Chemical maps derived from Raman microscopic mapping-&iA&batings on steel

substrateqA) An ascoated sample is labeled with carbon matrix, SiSAdoating ts, and steel to
show the layout of the maps. Additional maps for samples heated for 10 min{i@g5#d, (C) 580,
(D) 600,(E) 610,(F) 620,(G) 630,(H) 640,(l) 650,(J) 660,(K) 670,(L) 800, andM) 900°C have

the similar layout with the a®ceived sample. The scale bar in each panel correspondsto 5

3.3 Discussion

Raman microscopic mapping shows the emergenicgasmetallic phaseat temperatures that are
consistent with observations in previous studies. In the case oftheeiged steel, for example, the
dip coating process is known to produce a layek af the steel interface ?18526This layer acts as

a barrier between the Ai coating and the Fe in the substrate steel, thereby inhibiting further
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transformation of the ASi coating up to 580C.252Other compounds that have been identified as
minority components after the hdipping process includg, ts, h andg.??21222%Previous studies

have reported thatandh form atca.650°C,*°t, at 830°C,*? AlFe at 882°C,>° andt; at 900°C.13*°

AlFe and AbFe:Si emerge at higher temperatures, around°@08°°Some EDS and electron back
scattering diffraction measurements suggest th&iAbated steel heated to 9@contain mixtures

of t4, t2, andw,*® while others show, ts, AlFe, ALFe,q, andh.132225495%/griations in the

composition of the ASi-Fe layer may arise due to variations in heating time. The temperatures at
which Raman spectra identify new phases here are consistent with these observations, attesting to the
accuracy of the Ramaspectroscopyasedassignment.

Spectra within the Raman maps show no contributions from common oxide compo&ndy air
Fe Electron microscopy has shown that suctSAtoatings form @&a. 10 nm thick coating of ADs
on the outer interface that limits oxidation into the bulk of the coatikigminum oxide is most
common in the corunduia-AlOs) structure, which yields 8 strong peaks in Raman sp&dtien
oxides tend to form hematite at temperatures abovéG0@hich also adopts the corundum structure
and exhibits 7 strong Raman pe&ka total of six well defined peaks are expected for, S0 he
fingerprintsfor these oxides are not observed in any of the spectra obtained. Any oxide coatings

present are therefore believed to be restricted to surface coatings on the scale of tens of nanometers.

Past analyses of Afe-Si ternary compositions have identified at least 11 invariant reactions
involving intermetallic phasin the 573 to 900C temperature rang&:*8 A sample of the low
temperature reactions include: equilibria betwagand an AISi mixture at 573C; betweert4 and
ts at 600°C; betweerts andts at 620°C; and betweehs, ts andts at 700°C.*548 The complete
conversion of the ABi coating to an intermetallic coatingigure 3.5, however, necessitates that Fe
content within the coating increases with time and temperature. The chain of reaction steps needed to
achieve this overall conversion is therefore tied to a line traversing the Atig&ilbinary
composition in the Atich corner of the ternary phase diagram to thei¢tecorner. The observed
evolution of AlSi coatings in a layered fashion creates local reaction environments and local

diffusion conditions that may result in divergence from these invariant reactions.

Five major chemical reactions appear sufficient to describe the overall macroscopic coating
transformation process observed here, which align with mechanisms proposed in terdiess’?

We note that the intermetallic phases appear stable to small degreesstiobiometry, as
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evidenced by variability in the stoichiometry for multiple crystal structures publfshé&The five
reactions includesquation(3.1) precipitation ots upon Fe contacting with the liquid Ai mixture;
equation(1.4) removal of Si front s to yield g; equation(1.3) interconversion betwedn andt s by
changes in Fe:Si contemigjuation(3.2) adjusting the Feontent to convert between relatively-Fe

deficientq and Ferich h; andequation(3.3) accumulation of Si to convetto t 2

X0 8 YQ ¢O®@ ¢b dOQY'Q oD
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The consistent thickness of thelayer up to 600C confirms thaequation(3.1) is self limiting
within the liquid AFSi medium, implying that leeching of Fe irtigis extremely slow. Formation of
g at the internats|steel interface requires depletion of Al and Si, as representguiagion {.4). It
is notable that this region is spatially isolated from the ligpkidse AISi mixture and the 60TC
temperature is below any reported invariant reactions invohhé?*¢4€The excess Al and Si must
therefore be transferred into theoverlayeri this is visible with the conversion btf to t¢ through
equation {.3) at 610°C. The 620°C conversion ofj to the more Feich h phase at the steel interface
is attributed teequation 8.2), driven by a localized increase in rate of Fe leeching. Previous studies
have demonstrated that the appearandeigtritical for growth in the thickness of the intermetallic
layer® which suggests thét facilitates both dissolution of Fe from the steel substrate and diffusion
into the depth of the coating. Evidence ffidiacilitating Fe leeching and diffusion is seen here as a
reappearance ¢f at 630°C at the internal¢|h interface and its subsequent growth until 660This
reaction proceeds via Fe enrichmentgio t s throughequation {.3). Growth in the thickness &f
with further temperature increase likely proceeds through a sequence of redcfipasd @.2),
which would involve diffusion of Si towards the exterior of the coating and diffusion of Fe from the
steel substrate to the resultaid interface with paired Al diffusion towards the steel. Evidence for
such a twestep process is seen in the data at“8)Qvhere a layer af sits atoph, and the data at
900°C, whereq is converted to the Sich t, phase througkquation 8.3). This analysis suggests
that three of the phases are critical for structural evolution of the coafimgpears to be the

preferred product until Feontent becomes too high;is critical for facilitating the leeching of Fe

23



from the steel substrate; ahdbecomes the phase where all Si from the initiaBAmixture is

accumulated.

The Raman microscopic mapping protocol developed here provides a rapid analysis that is
complimentary to traditional analyses previously employed to study the evolutiorSafcAhltings.
The structural evolution of these coatings has been most freqatrdigd using cross sectional
SEM-EDS analysis, where morphology and elemental composition enable distinction of different
phases?® This approach has high spatial resolution but phase identification relies upon an approach
that lacks chemical specificity. Specifically, SEM provides visualization of a surface while EDS
probes elemental composition within a volume that typically spareral micrometers in three
dimensions. Consequently, it is necessary to assume that the sample is homogeneous across its depth,
and that the volume being probed does not extend to neighboring compounds. Raman microscopic
mapping sacrifices some spatiatotition, but vibrational fingerprints provide chemical specificity
that boosts confidence in identification of chemicals of interest. The dispersionmwicuneter
particles of secondary phases throughout the coating cannot be excluded, but buitaphitions
such as those observed here can be tracked with high confidence. The Raman microscopic mapping
process developed here not only provides insight into the mechanism by which aluminum silicon
converts tantermetallic phasg but also an accessltbol that facilitates confident phase
identification. This will enable the development of strategies capable of rapidly analyzing structural
evolution in such coatings, such as through combination of image segmentation and machine learning
protocols to tudy semiautomate structure analysis. This will, for example, expedite analysis of how
structural evolution mechanisms change with changing heating duration, temperature, coating

formulation, or heating rate. These results provide the possibility faniapiig industrial production.

3.4 Conclusions

The structural evolution of ABi coatings on a 22MnB5 steel alloy during heating was analyzed using
crosssectional Raman microscopic mapping. The Raman spectroscopic fingerprints for individual
intermetallic phasewere identified by synthesizing and characterizing the compounds of interest.
This information was used to identify the components present in 13 specimens that were heated to
different sefpoint temperatures. Spectroscopic mapping demonstrated thagtiegcstructure

evolvedin a layered fasion, consistent with past observations. The bulk structural evolution under

our heating conditions consists of a sequence of reaction mechanism steps that occur at discrete
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interfaces. Analysis of the nature of these transitions leads us to propose that structural evolution is
dominated by five critical reaction steps, with each step driven by gradual diffusion of Fe and Si
towards the exterior interface, and aluminum tow#ndsnner interface. Important roles are observed

for h, which facilitates transfer of Fe from the steel substrate to the coating and subsequent diffusion
outwards, andy, which is the ultimate destination of Si from the originalSAimixture. These

insights build on past studies, which have also shown that both the rate of heating and the temperature
dwell time can affect observed structures. The low cost and rapidsanafythin coatings

demonstrated here can be applied to build a comprehensive understanding of the interfacial reaction
mechanisms; the technique can also be applied to quantitatively test strategies to manipulate how the
structure of such ABi coatingsevolve. It is expected that this will facilitate the development of
strategies to speed up the solidification ofSAlcoatings, which would significantly decrease furnace
maintenance fees in the global automotivedtatmping industry.
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Chapter 4
| nveshagtghaet iReacti onsoMeIShafCoamién ¢ e |

through VWamieattiicnrg Ti me and Temper ¢

4.1 Introduction

Researchersaveconducted various studies on the reactions that occur betwesircdating and
steel during the heating procégg?22548159.73.9%92 |n addition to studying the temperatures at which
reactions occut!2214%5¢esearcheralso investigated the influence of heating time or heating rate on
the reaction§?12:255051.59.73802 Qne approach is to control specific heating profiles and study the
phase transformations of the coating at a particular state within the heating®féfifé->2Jenneet

al. used this method to describe #&ieSi coatingevolution during the heating procesih a 10°C/s

or 5°C/s heating raté' Barreauet al. used an irsitu characterization method to investigate the
influence of different ratesnthe surface morpholodyr Al-Si coating heating to 90C.> Another
research method involves placing the samijple@ furnace set at a predetermined temperature and
heatingthemfor different durations, followed by studying the phase transformatittg>°.73.%0
Grigorievaet al placedAl-Si coated steedamplein a furnace at 908C and extractethemat
different heating times, obtaining samples heated at 615, 830, afn@ ab@rebyinferringthe
occurrence oéquation {.1), equation {.4), andequation {.7).2>? Windmannet al heaedsteel
samples at 92€C for different heating time to investigate the phase evolufidMithin first 2

minutes, the phase evolution candasscribed by:

00 000QYQO0 a™0Q O 0 d0Q 0 4d0aAYQ L&)
where represenanunidentifiedphaseAfter 2 mins dwell timeall theintermetallics have the trend
to transform to AlFawith theextent of transformation vging with different heating timeg\nother
study focused on thiafluence of heating timat 600 and 800C, which indicates tht Fe diffusion
occurs more rapidlfor samples heated under 8802 The previous studies provide a general and
preliminary understanding of the influence of heating time and temperature on phase transition
mechanismsA more comprehensivanalysis of time and temperature on reaction is enabléueby

Ramammicroscopianapping approach. This witlrovide finer details than have already been

established.
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This chapteexpandghe application of Raman microscopi@pping techniquand studieshe
influence of heating time and temperature on the reanteEshanisms of ABi coating with steel.
Samples were heated between 570 and°@for 1, 2, 4, 6, 8, and lfhinutes, and the resulting
phase distributions were studied and comparkd.results indicate that a series of reactions occurred
between the ABi coating and the steel under heating, and these reactions are influenced by both the
heating time and temperatuf@ne AlSi coated sampl@as subjected to heating at 5for 3 days
andthe results showedempresence af andh on theheated sample. According to the invariant
reactions Table 1.3, the formation temperatuséor g andh are 620 and 102UC, respectively
which arebothhigherthan590°C. Thissuggests thatyith sufficient heating timea phase transition
can occur eveatalow heating temperaturdhese systematic observatiatemonstrate that the
reactions occurring are mocemplex than simply thimvariant reactiongrovide insights into the
nature of the reaction mechanisms involved and

contamination.

4.2 Results

A total of 72 cleaned ABi coated 22MnB5 steel specimens were heated at setpoints of 570, 580, 600,
620, 620, 630, 640, 650, 660, 670, 800, or DM a tube furnace for 1, 2, 4, 6, 8, orrhihutes and
then removed from furnace and cool down to room temperature in air. As the phase distribution of
Al-Si coating is related to heating time, various heating durations were selected to capture the
structural evolution changes with increasing heating tfithe cross section of each heated sample
was then mounted and polished Raman microscopic mappimtparacterizationSimilarto Chapter

3,a 2D grid was chosen on the top of the steel to capture the phase distribution irSiheoAting

after theheating proces®ur previous studyn Chapter 3evealed the standard Raman spectra for a
series ofntermetallic phaseinthe AlFe-Si systemBy comparing the Raman spectra in all 72 cross
sectionmayps (16106 spectra) and the standards, the domimznietallic phase of these heated
samples aréy, ts, ts, g, andh (Figure 4.1).
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Figure 4.1 The averaged Raman spedtaheatedAl -Si coated 22MnB5 steel samplédl. unique
spectravereidentified across all6106spectra ir72 cross sectional Raman microscopic maps

heattreated samples.

The Raman microscapmappingprovided the technique to identify the location and the identity of
intermetallic phase distributions. Among all 72 samples, 12 samples hea?adifartes were
selected to shothe nature ofhedatain Figure 4.2 ts wasthe commorintermetallic phas¢hat
exissin all maps, ands wasthe onlyintermetallicwhenheatingat temperatureof 570, 610, 620,
650, 670, and 808C for 2 minuteqFigures4.2A, 4.2D-4.2E, 4. 2H, 4.2)-4.2K). As heating
temperature increadérom 570to 580°C, an h layerformedbetweert s and stee(Figure 4.2B), and
aqg layeremergé between thér andts layer Figure 4.2C). As the temperature contindieo rise,h
andq layerscontinuously appeadand disappeadwith the continuous presence of thdayeruntil
900°C, where he majority of thecoatingwash with a small amount df, (Figures4.2D-4.2L). In a
particular casat660°C, ats intermetallic phaséormedat the top ot s layer, near the AlSi coating
side Figure 4.21). Thethickness of intermetallic layesdightly grewfrom 570 to 800C, andthere
was no remainind\l-Si coatingwhen the heating temperature increb®e900°C (Figure 4.2).
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Figure 4.2 Cross sectional mas 22MnB5 samples heated varied temperaturdsr 2 minutes. (A)
The crosssectional view of 570C heated 22MnB5 steel sample is labeled to illustrate the layout of
the map. Additional maps are from samples heated finutes at(B) 580,(C) 600, (D) 610, (E)

620, (F) 630,(G) 640,(H) 650,(l) 660,(J) 670,(K) 800, andL) 900°C. All havea similar layout

with 570°C sample. A 5mm scale bar is labeled on each map to show the size of the maps.

The phase transitidoehaviorchange when the heating time increased tmiutes (Figure 4.3).
As thets wasthe primary phasdn asreceived state samplesnewh layerappeaed betweert s and
the steel wherthe heating temperature increade 570-580°C (Figures 4.3A-4.3B). A newtglayer
formedontop ofthets layerasthe heating temperature incredse 606610°C (Figures 4.3C-
4.3D). With the heating temperature incredso 620640°C, thet¢ layerdisappeagd, allowingthe
growth ofh andts layers Figures 4.3e-3.4F). A g layer occuredbetweerh andts layers when the
heating temperatuiiecreasedo 650670°C (Figures4.3H-4.37). Thet, phase ifst appeagdat 800
°C for samples heatddr 6 minutes (Figure 4.3K), whichwasat a lowertemperatureompared to

samples heated forrinutes (Figure 4.2L). Thetypesof intermetallic phaseremained consientas
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the heating temperatuséncreased from 800to 900 °C, butthedistributionof thesephaseshifted
(Figures4.3K-4.3L).

& 570°C G
Steell Intermetallic I Al-Si coating Carbon
layers matrix H
B 580°C
C
D
E
F

Figure 4.3 Crosssectionaimapof chemical speciegistributionsof 22MnB5 samples thatere

heatedat varied temperatures féminutes. (A) The crosssectional view of 570C heated 22MnB5

steel sample is labeled to illustrate the layout of the map. Additional maps are from samples heated
for 6 minutes at(B) 580, (C) 600, (D) 610,(E) 620, (F) 630,(G) 640,(H) 650,(l) 660,(J) 670,(K)

800, andL) 900°C. All haveasimilar layout with 570C sample. A 5mm scale bar itabeled on

each map to show the size of the maps.
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When the heating time was extended @ominutes, theintermetallic layergrew deeper into the
Al-Si coating relative tshorter heating time3he mapsevealecho significantchangsin interface
composition for samples heated from 570 to 880as they consisteaf layers ofh, g, andts
(Figures 4.4A-4.4B). As temperature increagd¢o 600 and 610C, ate layer generatiat the top of
theintermetallic layersKigures 4.4C-4.4D). Thets layer transforredinto ts with the temperature
increase to 620C (Figure 4.4E). Thecompositionof intermetallic layersemainedstable between
620 to 67C°C, with only a slight change ithe ratio of each intermetallic pha$égures 4.4E-4.4J).
When the temperature read®00°C, ts transfornedto t,, g andh remairedasintermetallic layers
(Figure 4.4K). Only h wasleft in the intermetallic layer whethetemperature increadéo 900°C
(Figure 4.4L). Fromprevious studied) is known as the dominant component during interface
growth?>*3Thisis similarto our resultghatall the mapsontairedah layer in the interfaceRigures
4.3-4.4). For other samples heated for 1aAd8 minutes, themap distributios areshownin Figures
B.1-B.3.

With the observations from all the 72 samptesyas the mairntermetallic phase the phase
transition reactionsThe ransformatiorfrom ts to te occurred butthe presence dg was not
persistentThis phasdransfornmedback tot s with increasing heating temperature or prolonged
heating time. The diffusion of Fmntributed tgphase growth, typically forming thephase. Theg
phase appeared betweeandts, with mutual transformations observed ambng, andts. The
presencef t, dependd on the heating conditions, asasonly observedat temperatures of 8CC
andhigher, with a heating time of ginutes or longer. If continuous heating reapplied, the »
phase would disappear. Given sufficient heating time, all phases would transform izhéee,

resulting inthe complete transformation of all-8li coatings into intermetallic layers.
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Figure 4.4 The crosssectional viewof the samples heated fb® minutes with intermetallic phase
distributions.(A) The crosssectional view of 570C heated 22MnB5 steel sample is labeled with
steel, intermetallic layers, Abi coating and carbon matrix to illustrate the layout of the map.
Additional maps are from samples heated foniQutes at 8) 580, C) 600, D) 610, E) 620, )
630, G) 640, H) 650, () 660, §) 670, K) 800, andl() 900°C. All havea similar layout withthe

570°C sample. A 5ym scale bar is labeled on each map to show the size of the maps.
4.3 Discussion

4.3.1 Intermetallic Phase Distributions

From the Raman microscopic mappin@rid, we carcalculate the ratio of each intermetallic
phaseor elementn relationto thedistanceThe thickness ate coating layer, includinghe
intermetallic layeandthe Al-Si coating variedamong all the samples due to the growtthef
intermetallic layeduringthe heating procesg.o study the growth behaviour thfeintermetallic
phasesthenormalized distance was calculated based on the distance tdstebbwn irFigure
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4.5, a normalized distance of O represented the steel spaiade normalized distance of 1
represented the top tife Al-Si coatingIn Figure 4.5 eachintersection point hagcorresponding
spectrumgnabling ugo infer the identity of each pointhe ratio of each intermetallic phasiea
certain normalized distancan be calculated Wjividing the number opoints foreach intermetallic
phaseatthis distancdvy the total number of pointd this distancelThe calculation oéach element
ratio at a certain distance candmterminedy multiplying theratio of calculated intermetallic phases
at this distance by the proportioneadch element within the intermetallic phad®scomparing the
relationship betwaethe ratio andlistancechange among different sampleg are able twisually
understand the positional information of the growth of éatghrmetallic phaser element as the

heating condition changdFigures 4.6-4.7).

(@)
L
— o
(0]
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>:<.
Normalized distance = 0 Normalized distance = 1

Figure 4.5 A 2-D grid illustration forratio calculation and distance normalizati®heRaman

microscopic mapping-B grid is from a sample that heated und@30 Cfor 10 minutes.

Figure 4.6 showsthe ratio changefor each species in a sample that was hezit@d0 °C. With
increasing heatinduration,ts gradually grewfrom steelandincreasedts ratio and thicknes@-igure
4.6A). The growthbehaviorof q andts was not obviousand they only occupy a small portion of the
coating(Figures 4.6B-4.6C). g is alwaysobservedn betweerts andh, andte is always olserved in
betweert s andthe Al-Si coatingh had asignificant growthwith increasincheating duratiopsimilar
to ts, which hadanobvious increase iproportionandthickness Figure 4.6D). During growth, h
remained close to the side adjacent to the $té&The Al-Si coatingsat on top of intermetallic
phases andgraduallymoved further away from the steel substratil it eventually disappeared
completelywith increasing heating duratigRigure 4.6E). In Figure 4.6G, it is evident that as
heating time increase Fe diffusion from steel to the Ai coating resuétdin a rising concentration
of Fe elements in the coatinthe decreasing trend tife Fe ratio from steel to the top was

noticeable, which was consistent with previous stuti&s2:5°.73.9094%)ther series of heating
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temperatures fantermetallic phaseand elements ratios change with distance are shokigures
B.4-B.14.
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Figure 4.6 Contour plots of the proportion of individuatermetallic phasefor samples heated

under 660°C as a function of normalized location within the coating and heating time. The location
within the coatings based on the normalized distance to the steel, where a normalized distance of 0
represents the steel surface and a 1 represents the top ofSheodting. The contour plot ¢A) ts

ratio, (B) g ratio, (C) te ratio, (D) h ratios,(E) Al-Si coatingratio, and(F) Fe element ratio, as a

function of heating time and distance from steeltN@tio change is shown here since there is;no

emerging under 66%C heating temperature.

From the heating profilé<gure 3.3, it is evident that the temperatures of samples with heating
times of 1, 2, and 4 minutes may be lower than the furnace tempefahle 4.2summarizes the
estimated sample temperatures at different heating times through the measured heating curves in
Figure 3.3 This table allows us tanalyzethe effects obampletemperature variation on the phase

distribution atafixed heating time.
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Table 4.1 Estimated sample temperatures frbeating profileunder various heating conditions.

Estimated sample Furnace set temperatufey

temperature®C) | 570 580 600 610 620 630 640 650 660 670 800 900

1 | 300 310 370 330 350 470 350 500 470 520 560 775

2 | 445 460 515 500 515 600 520 620 545 640 710 890

Healing  , | 550 560 590 590 605 630 620 650 640 670 780 900
time

. 570 580 600 610 620 630 640 650 660 670 800 900
(minutes)

8 | 570 580 600 610 620 630 640 650 660 670 800 900

10 | 570 580 600 610 620 630 640 650 660 670 800 900

The changes in ratias a function of location in the film asdmpletemperature for the samples
heated fod minutes are shown iRigure 4.7. With increasingsampletemperature, the growth of
in boththickness and ratibe@memoreapparentbutts wasno longer observefibr samples heated
at 900 °C (Figure 4.7A). There were nagignificant changem thedistribution ofg andte with
increasingsampletemperaturgas theyconsistentlyoccupieda small portion of the coatin@Figures
4.7B-4.7C). h remairedthe phase closest to the steel throughout the temperature’tatiee h
exhibitedthe widest distribution angraduallybeamedominantin the coatingas the temperature
increasd (Figure 4.7C). The appearance bf wasobservedn the topmost region of the
intermetallic layer when heated to 900 (Figure 4.7E). Themain distributionof Al-Si coating was
concentrated at lowesampletemperatureand away fronthe steel regionFigure 4.7F). The
changes in elemental distribution with respect to distanceangletemperatureverealso included.
Al element is distributed throughout the whole coating layer, with a denser concentration observed
away from the steel and at lower sample temperatkigare 4.7G). Feexhibiteda diffusional
pattern, with alear decreasfrom the steeto the topof the coatingvith increasingsample
temperaturéFigure 4.7H). Si showedthe lowest concentration near the steel interface and indrease
as the distancawayfrom the stee{Figure 4.71). Forthesample heated for 10 minutes at 900 t@, t
final film contains onlyh, which has no forward Si conteffitigure 4.4L). The Si musstill be within

the system whicmeandt must be dissolved in tHecrystal structure. Such an occurrenckriswn
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to occur®®@%8 The specificSi concentrationsauld notbe calculated in this studyy Raman

microscopic mappingOtherseries oheating imesfor intermetallic phaseand elements ratios

change with distance resut®reshown inFigures B.15B.19.
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Figure 4.7 Contour plotof ratio changes for samples heated4aninutes as a function simple
temperature and distance from steel. The ratio chand@g of, (B) g, (C) te, (D) h, (E) t2, (F) Al-Si
coating,(G) Al element,(H) Fe element, anfl) Si elementwere listed as a function of heating

temperature and normalized distance.

In addition to thadistancerelated phase distribution, the overall phisthe coating distribution

can also be studie@heratio of each intermetallic phase can be calculatediagling thenumber of
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data points irthe 2-D grid representing the intermetalpbiaseby the total number of data points in
the2-D grid (Figure 4.5). The ratio otheintermetalliclayer can bealculated bysumming up the
ratios of each individual intermetallic pha3éese ratios effectively illustratel thedistributionof

each intermetalliphaseor the entire intermetallic lay&vith increasing heating tins&nd sample
tempeatureg(Figure 4.8). In Figure 4.8A, intermetallic phases are shown in different colors: grey
represents,, red represents, blue represents, green representg and purple represertis Using
sample temperature as thayis resulted in twabsences of data for plotting the contour plot: the
white area on the bottom right corner and the top left corperthe most common phasering the
heating procesprimarily concentrated at losampletemperatures and shorter tieg times, while h
is predominantly found dtighersampletemperatures arldnger heating timese is mainly
distributed around sample temperature of approximately 800with its concentration increasing as
heating time extends}.is primarily distributed at lower sampiemperaturewith longer heating
times, as well as at highsampletemperatures ith shorter heating times. only appearsiear a
sample temperature of 80Q and disappears at 90C. Theinvariantreactionscan be linked to
sample temperature Figure 4.8A. As we proposed i€hapter 3} s continuouslygrows with the
melting of the AISi coatingat 577°C (equation3.1), consistent with the growth of along the
577°Cisothermal line irFigure 4.8A TheinvariantreactionUo (equationl.3) suggests thdt will
transform ta s at 615°C, which is very close to the temperature observed. Agreinvariantreaction
Uy (equationl 4) indicates that will begeneratd from tsat 620°C, but theformationof g occus at
muchsampletemperatures in the ploAnother invariant reactigrids (equationl.5), reveals thathe
generation of > occurs at 790C, similar to the distribution df; observed irFigure 4.8A Due to the
absence ofamples heatdaetweer670and800°C, we cannot determine the specific minimum
temperature of, generationAmong all our samples; only appearect sample temperatures of 800
°C andabove According toinvariant reaction klequationl.9), the minimum temperature farto
occur is 1020C, whileh appeared at even 62C in Figure 4.8A These results agartially
described by the invariant reactidnghe AlFe-Si phase diagram, but tteeare clearlynore
reactions that negd be consideredn Figure 4.8B, it is seernthat the growth of intermetallic layers
became more pronounced with increasing sample temperature or heating dwéll tinesame
sample temperaturalongerheatingtime allows the sampleto absorbmoreFe fromthe steelinto the

coating.By increasing the localizecbncentration of Fatthe interfaceinterfacial reactionpresent a
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microenviraiment that is different than a bulk phalsat is thermodynamically edibrated. Such
environments appear fwomote interfaial reactions that regulatle growth of intermetallic layers.
At the same heatintime, thegrowth of intermetallic layersecomesnore obviousathigher sample
temperaturewvith all the invariant reactions happening.
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Figure 4.8 Thecontour maps of intermetallic phases as a functidmeatingtimes andsample
temperaturg (A) Five different types of intermetallic phasksg, te, ts, andt», are listed in different

colors.(B) The contour map of the ratio of intermetallic layer grawth

4.3.2 Inferred Mechanisms

Five major clemical reagons appear sufficient to describe the overall coating transformation process
observedn all 72 samplesTwo of thesdfive reactionsare the samasthe reactions}(3 and1.4) in
theprevious study:'>4¢Thefive reactions include(equationl.3) the interconversion betwe¢nand

ts; (equationl.4) thetransformation betweers andq; (equation3.1) thegeneration ofs upon Fe

reacting with melted ABi coating (equation3.2) the interconversion betweénandq; and(equation

3.3 thetransformatiorbetweeng andt ..

Theequation 8.1) reveak theinitial reactionswith the Al-Si coating melhg at 577 °C, which

generatets. With an increase iheating timeFe diffusesfrom steelinto tsto makeq (equation 14).
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Further diffusion convertg into h (equation 3.2)From the mapshe appearance of requires
sufficient heating timéor the sampletemperature to reacdround 600C. As shown inequation

(1.3), ts andte can transform to each othevhichaligns with mechanisms proposed by other
researchers befafeé® The local microenvonments are important in determining the diien of
reaction, as b tstots andts tots are observedVhen the heating temperatusachest least

80C°C and the heating timis at least 2ninutes, g will transform tot ., which alignswith theequation
(3.3). Theh to g conversion occurs throughaiie 570-900 °C range(equation3.2). According to our
data h becomes théinal and onlyintermetallicphasenvhen asufficienty long heating time or
sufficienty high heating temperatuiie applied.This corrasts with the ternary phase diagram, where

h first appears at 102@C.

4.3.3 Nature of Reactions

According tothe chemicaspeciation mapshere areseverakpecific phase distribution combinations
thatcontinuallyemerge which are stedi|qg|ts|Al-Si coating steel|q]t s|t s/Al-Si coating and

steelh|g|t s|Al-Si coating To understanthe reason behinthesephase distribution combinations, we
calculated the Fe composition ratio for each intermetallic pfidsechemical formul#or h is

AlsFe, which contais around29%% Fe.Using the same method, we calculateat thcontains 2%
Fe;tscontains 290 Fe;ts containsl5% Fe; and » contains20% Feln eachcombinations, e
increasing trend of Fe from steel to-8i coatingclearlyindicateshatthe growth ofintermetallic

phase igoverned by Fe diffusiof®1322:62.9

In Figure 4.9, the Raman microscopic ps ofsamples heated under different conditions are
presentedThe thicknas oftheintermetallic layer increaseas the Fe diffuses from steeltte Al -Si
coating By comparing the phagidistributions of samples heatéat the sameduration such asl
minute 4 minutes, or 8minutes, the growth of intermetallic layers becan®ore obviouswith
increasingsampletemperaturegFigure 4.9). Similarly, when wecomparesamplesatthesame
temperaturethe growth of intermetallic layers becosmaorepronouncedwith increasingsample
time (Figure 4.9). Thus, thedegree of-e diffusion isnfluencedby the heating timeandsample
temperaturg Fe diffuses to the interface agdnerateh, which accelerates the diffusion of Fe
within h until it is blocked by the inhibition layer ¢§.2 As seen irFigure 4.9, theh phasds often

observedt thesteelinterfaceandclearly promotes Fe diffuson.

39



1mins 4mins 8mins

Figure 4.9 Comparisorof crosssectional map phase transitions between different samples. The maps
distribution of samples heated for 1 minuté/gt570,(B) 600,(C) 640,(D) 670,(E) 800, andF)

900°C. The temperatures inside the brackets represent the estimated sample temperatures, while
those maps with only one temperature present mean the estimated sample temperature is the same as
the furnace set temperatures. Csssstional views with maps didtrition for samples heated for 4

minutes a(G) 570,(H) 600,(I) 640,(J) 670,(K) 800, andL) 900°C. And the maps distribution for
samples heated for 8 minutegélt) 570,(N) 600,(0) 640, (P) 670,(Q) 800, andR) 900°C are also

shown here. A Bm scale bar is attached near each map.

To test the role of Fe diffusiaon the overall procesmd investigate the phase transition during
low temperaturg anAl-Si coated 22MnB5 steel sample was heaté&®0°C for 3 daysin a tube
furnace andhencooleddown to room temperature &ir (Figure 4.10). Then the cross section thfe
heated sample was mounted and polished for Ranieoscopianapping characterizatioAfter 3
daysof heating, thegrowth of intermetallic layesreached 100%nd consistedf h andq (Figure
4.10A), where the Raman spectra of them are showigiare 4.10B. Similarto what wasnentioned

earlier,g andh areexpected tanitially generateat620 and 1020C, respectively, which are higher
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than the heatintemperaturesThis demonstrates thtite Fe was gradually diffused to the coating and
promotel interfacial reactiog which means that reactions outside of the invariant reactions within
the ternary phase diagram must occur
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Figure 4.10 Crosssectional Raman microscopic mapping of arBAtoated 22MnB5 steel specimen
heating under 598C for 3 days(A) The cross section of heated-8i coated 22MnB?5 steel, with the
distribution ofintermetallic phaselabeled. The scale bar correspondstm5(B) Raman spectra for

g andh were obtained by averaging the spectra from the region indicated in the above image.

The emergence difie binaryh andq phases at temperatures below those expected in the ternary
phase diagram is attributed to the formation of local reaction environmehitgh concentration of
Fecan be readily establishedithe interface of steel aid-Si coating creating a microenvironment
rich in bothFe and Al.Under such conditions, reactions found in iveary Al-Fe phase diagramay
become dominanfhe binary reactionf Al and Fecan readilyyield g andh at low temperatures
(Figure 4.17). During heating, the Fe diffien from the steethereforegenerateshe lower Fe
contentg phase As time progresses, greater Fe diffusion enajpteggrow further to solution while
greater diffusion from the steel converts ldngers closer to the surface into the moreiEb h phase
According to the AlFe binary phase diagram, these phase formations can be achieved at temperatures

as low as 400 °C, much lowtran indicated in the AFe-Si ternary phase diagram.
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Figure 4.11 The AlFe binary phase diagrameprinted with permission froflsevier®

4.4 Conclusions

CrosssectionaRaman microscopic mappingasappliedto conduct aletailedand systematic
analysis of theeaction mechanissifor Al-Si coatingon 22MnB5 stealduring heatingA total of 72
specimens of steel samples were heated urtidifferent heatinggmperatures for 6 different
heatingdurationso compare théehaviorof phase evolutiomandthe degree ahtermetallic phase
growth. The comparisonevealedhat thephase transiti‘dbecomemore pronouncewith increasd
sampletemperatureand heatingluratiors. Five reaction mechanisms were proposedescribe the
interfacereactiors of Al-Si coating and ste¢hathappened durinthe heating processyith most
reactiors beinggoverned by Fe diffusion from steel to-8I coating.The majority of theeactions
can occur without apecific heating temperaturequirement, except fag, whichis observedt
temperatures abog90 °C and with a minimum heating time &fminutes.Furthermore,he results
obtained fromheating asampleat 590°C for 3 daysdemamstratedhatreactions outside the invariant
reactionan ternaryphase diagrams must occhwue to the high concentration of Bethe interface of
steel andheintermetallic layerwe are dealing with a Fgch and Atrich systemwhere theAl-Fe
binaryphasewas introduced texplain the formation ofdth g andh at lower temperatures

Therefore, lte local microenvironments at the interfaces can drive the coating formation under

42



conditions less demanding thdmoserequired in the ternary situatiowith our understanding of
phase transformations, we gamovideguidance forfuture research-or examplemodificationscan
be madedo the heating process thesample itselfo optimize industrial productiorhereby

achieving improved performaneadmitigating issues related toller contamination
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Chapter 5

Facilitating I ntermefatiacelLBMygainf Gc atw

AlSiCoati ng

5.1 Introduction

It is well known thathe primaryreasorfor pollution in the furnaceollersis the melting and transfer
of the coating during the heating procé&s**To alleviate pollutioronthe furnaceollers it is
essential to minimizthe quantity anéxisting timeof high-temperature molten liquid¥he majority
of these molten higkemperature liquids originate from the melting of &1€Si coating, with a
smaller portion resulting frorthe reactios of intermetallic phase&:?"?°Therefore, it icrucialto
expedite the conversion of ti¢-Si coating into normolten intermetallic phaseBased orour
previousresearchin Chapters 3 and, ¢he diffusion of Fas the main drivefor Al-Si coating
transfornationto intermetallic phase This process can be visually explained using\kFe-Si

ternaryphase diagranin Figure 5.146

90% Al
10% Si line

point

Figure 5.1 Partial Al-Fe-Si phase diagrafiocusing on the AFe-rich regionwith illustrations

showing the theoretical reaction paReprinted with permission from Taylor & Franéfs.

The blue point on the righthe 90% Al10% Si pointyrepresents the approximate position of the
initial Al-Si coating on the phase diagraburing the heating process, Fe leextiem the
steel?92262which canberepreseradby linking the initial point with100%Fe (Figure 5.1; red line)
Thisline tracks where the fdtive Al-Si coating is 9610, providingthe approximateeaction trend

As the composition of the coatirgdifts fromright to left along the red linejgnifying the growth of
44



the intermetallic layerthe nolten liquid graduallysolidifies anddecreaseslhus, n order toalleviate
the pollutionresultingfrom molten liquids, it is necessary to expedite ghewth oftheintermetallic
layer. This can becconplishedby accelerahg the rate at whiclthe Fecontent of the coating

increases

To facilitate the phase evolution of intermetallic phases, it is hecessary to consider the principles
underlying the phaségansformationPrevious studies have indicated that the increaBe dontent
in the AFSi coaing stems from the diffusionf Fe fromsteel This diffusion procesis affected by
heating time and temperatyi€igure 5.2A). To achieve the phasensformatiorin a lower heating
temperature oin ashorter heating time, additionalFe-containing source could be provided to the
top of the AlSi coated samp)e@romotingFe diffusion from both side3 his would accelerate
intermetallic layer growtliFigure 5.2B). Furthermorea meltng event would result in the Fe source
suddenly dispersing in the molten liguighich couldoe expected to rapidly induce intermetallic
formation.Thus,if the addition of a secondafye source is effective, the tinfiar the Fe addition
sample to achieve00%intermetallic layeigrowth(tz) should be much shorter than the timetfer

uncoated sampigy).

A
Heating " Heating Intermetallic layer
Intermetallic layer Intermetallic layer .
’
Steel Steel Steel
B Fe-containing coating Fe-containing coating

Intermetallic layer
- Heating ; Heating
Intermetallic layer Intermetallic layer t,
Steel Steel Steel

Intermetallic layer

Figure 5.2 The illustratiors of phase transition mechanisms during the heating préocebsththe
original sampleandthe Fe-containingsource coated sampl@) The illustration othe original phase
transition mechanismuring heatingin whichthe intermetallic layer will grow from the stesid

will take t; time for all Al-Si coating to undergo transformation into intermetallic phd83she
illustration ofthe Fe-containing sourceocateds a mp | eds p has e wWurirgmeatingini o n
which the intermetallic layemsill grow from both the Feoated side and the steel satel takes,

timefor all Al-Si coating to transform into intermetallic phases.
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This chaptedemonstratethefacilitatedgrowth oftheintermetallic layes during the heating
processy modifying the surface ofhe Al-Si caating on 22MnBS5 steel. Aelayerwas coated on top
of the Al-Si coating usingheelectrodeposition methoébllowed by thecoated layer being oxickd
by air to form a F¢D. layer. Then he coated samples weteatedor 2 minutes at various
temperatures from 570 to 90Q to investigate the phasvolution during the hot stampirpating
temperaturesBy comparing thenap distributiorresultsof Fe source coated sampigish those ofno
Fe source coated sampleg are able tassess the effectiveness of our surface modificatietmod.
Theresultsindicatethatthe Fecontaining sourcsignificantly acceleras theformation of

intermetalliclayers andloes so dbwer heating temperatwse

5.2 Results

Ramarmicroscopianappingwasused to confirm thaentity of compoundsn crosssectionalmaps
of eachsurfaceFe-coated22MnB5 sample The surface of AlSi coated coupons was modifibd
cathodic electrodeposition fromF&SQ-7H.0 solutionwith a constant current density of 0.03 Afcm

for 10 minute$”:%8 An electrodeposited steel sample is showRigure 5.3

Figure 5.3 Theimage of & Fe-containing sourceoatedsteel samplafter electrodeposition

The Fesourcecoated steel specimens were then heated at setpoints of 570, 580, 600, 620, 620, 630,
640, 650, 660, 670, 800, or 900 in a tube furnace for 2 minutebencooled naturally inambient
air. Heated samples and one without heat treatment were mountedcatbormatrix and polished
for crosssectionaRamanmmeasurementSimilarto Chapters 3 and 4 2D grid was selectetb
capture the phase distribut®im the AFSi coatingand Fesourcecoating Previousstudesin Chapter
3 demonstrated the Ramaresfra ofintermetallic phaseof Al-Fe-Siand the oxideof Feas

reference$§”111% By comparing the Raman specfram al 13Fe coated sampl€8477spectrajpnd
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referenceRamanspectran previous stuees we found the dominamhase®f these samples ate

ts, ts, Q, h, Fes0O4 (Magnetitg, anda-Fe0O; (hematite) All Raman spectra afdividual phase were
averaged to obtain higher quality spectiad the Raman spectrum ratigetheintermetallic phase
wasfocused orL11 to500 cm?, while theiron oxidewasfocused ori11 to800 cm' to obtain the
desired peaks of interggtigure 5.4). The Raman spectrd a-FeOs; contairedthe expected
vibrations ata. 227, 247, 297, 412, 500, 614, and 663'#t%31% andRaman spectraf ¢-e;04
contairedthe expectedibrationsat ca. 306, 544, and 668 ch(Figure 54B).1°71%4 The expected
Ramanpeals for g-Fe0s (maghemitg are atca. 348, 498, 707 crh®¥ 1% which werenot observed in

any sample herds Fe is Raman inactive, theageno expected peals theFe Raman spectrum.

The crosssectional Raman microscopic mapping identifiedldimation of each phase's distribution
(Figure 55). The Fe coated sample without heat treatment contained a single layat tife
interface of the AlSi coating and the steel and a layeFefand~e;04 on top ofthe Al-Si coating
(Figure 5.5A). The samples heated at 570 and 88@howed no obvious changes in thermetallic
phass orFe coatethyer on top of the ABi coating Figures 5.5B-5.5C). Layes of ts emerged on
the top and bottom of the ABi coating when heated to 600, confirming that the intermetallic layer
can simultaneously grow from the-Eentaining coating and the steElqure 5.59D). Similar to the
sample heated at 60C, the samples heated from 610 to 82also indicated intermetallic layer
growth from the~e source coateldyer (Figures 5.56-5.57). The phase distribution of intermetallic
layers changed for samples heated at®€2@vhere thd s andts layers exchanged positions near the
steel interface and the && converted t@a-Fe0s. At 630°C, there was no ABi coating remaining,
as the entirety of the A$i coating transformed ta (Figure 5.5G). TheFe sourcdayer showed
some residual E®, beneatha-FeOs for samples heated at 630 and 8@ Figures 5.5G-5.5H).
Some residudls was observed fdhe sample heated at 64C, and the transformation of the-Si
coating to intermetallic phases was also close to 1608tie 5.5H). Thets layer transformed tos,
and FeO, transformed when the heating temperature increased tt5®tgure 5.9). A new layer
of intermetallic phasd), emerged betwedhesteel ands layer during 660 to 67€C (Figures 5.5-
5.5K). The growth ofj at the interface betwednandts was observed at 8CC (Figure 5.9.). A
significant degree df growth was observed at 90G, along with the transformation gfandtstot.
(Figure 5.5M). There were no obvious changes in the iron oxide layer from 650 ttC9@0th only
a-Fe0s persisting Figures 5.9 -5.5M).
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Figure 5.4 The averaged Raman spectra for Fe coated samples. All unique spectra identified across
all 3477spectra in 13 cross sectional Raman microscopic maps on heating treated ganples.

Raman spectra for intermetallic layef8) Raman spectra foron oxides.
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Figure 5.5 Thechemical distribution mapsharacterized by Raman microscopic mappordg-e
coated22MnB5 samplegA) A Fe coated sample without heating treatnigtabeled with steel,
intermetallic layer, AlSi coatingjron source and carbon matrix to illustrate the layout of the maps.
Additional maps for samples heated for 2 minutg8p670,(C) 580, (D) 600,(E) 610, (F) 620,(G)
630, (H) 640,(l) 650,(J) 660,(K) 670,(L) 800, andM) 900°C have a similar layout with no

heating treated sample. Ann scale bar is attached in each panel.

5.3 Discussion

5.3.1 Inferred Reaction Mechanisms

Severreaction mechanisntan be used to sumniee the phase transformation during the heating

process of Feortaining source coated samplegere some of them ao®nsistent with previous
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