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ABSTRACT

Third generation advanced higlrength steels (3@HSS) have received significant
interest from leading auto stemtlustriesandOEMsas candidate materials for reduced mass
Body In White (BIW) components due to their unique combinatiamgif specificstrength
and ductility. Howeverthe continuous hetlip galvanizing of these steels is challenging due
to selective oxidation of the main alloying elements such as Mn, Si, Al and Cr at the steel
surface during the annealing step prior to immersidhe @glvanizing Zn(Al,Fe) bath as
extensive coverage of tisaibstratesurface by these oxides is detrimental to reactive wetting,
good coating adhesion and integrity.

Simulated galvanizingreatments were conducted on two prototlfp®.1G6Mn-2Si
(wt pct) 3G steels; one as the reference steel and the other with 0.05 wt pct Sn added to the
composition. The combined effects of annealing temperature, time, process atmosphere
oxygen partial pressure and 0.05 wt pct Sn addition on thdigelegidation of the steel
substrates were determined. Subsequently, the reactive wetting of the steels with respect to
the preimmersion surface structures of temples annealed @20 s wagxamined
Annealing heat treat e mtnd WORBAEGEHproaessN out a
atmosphere under three dew point$®f0 i@ 0 e C a ncdverind pgoCess atmosphere
oxygen partial pressures within the rangd @03 10%" atm t01.293 10%° atm MnO was
present at the outmost layer of #dernal oxides on all samples after annealing. However,
the morphology, distribution, thickness and surface coverage were significantly affected by
the experimental variables. Annealing the reference steel under the low dew point process
atmospheres, i.€5 0 e Ci3alnedC , resulted in the highest Mn
as maximum surface oxide coverage and thickness. The oxides formed under these process
atmospheres generally comprised coarse, compact and continuous film forming nodules,

whereashe surface morphol ogies and distribution



process atmospherehich was consistent with the internal oxidation medéjbited wider
spacing between finer and thinner MnO noduld® grain boundary internal oxide networks
had a multilayer structure with Si@and MnSiQ at the oxide cores and shells, respectively.
Significant morphological changes were obtained as a resultadd@tion. The continuous
film-like externalMnO nodules were modified to a fine and discretdglar morphology,

with lesssurface coverage by the oxidasd reduceéxternaloxide thicknessBoth the

external and internal oxidations followed parabolic growth kinetics, where the depth of the
internal oxidation zone decreased with Sn additiondmoteasingoxygen partial pressure.

Poor reactive wetting was observed for the reference steel substrates that were
annealed for 120 sunderthe 0 e Ci3a80nedC dew poi nt process at mo
underthe50e C dew poi nt at matneihtegralenetallic coétiagow@sT, s u cC |
formed after the 4 s immersion in the Zn(Al, Fe) b8y contrast, excellent coating quality
was obtained for the Sadded steelswhenthi@ 0 e C and +5eC dew point g
atmospheres were employetien annealingt6 90e C. The remainder of t
conditionsdemonstrated good reactive wetting with intermediate coating quality. For the two
reference st eeulnserthébnlecadidadned@t d 8@ 0p €i nt proces
atmospheregoor reactive wetting was dte full coverage of the surface by 116 amd
121 nm thick and continuous MnO films. In the case obtf80 %15 0 geference steel
with the external layer thickness of only 35,imawever, poor wetting was attributed to
substantial coverage of the sudaby continuoudilm-like oxides. Inboth casesexposure of
the underlying substrate to the bath alboyl an intimate contact betwette substrate Fe
andthebathdissolvedAl could not take placand the formation of the E&lsZny interfacial
layerwas hidered

For the processing conditions that satisfactory reactive wetting was obtained despite

the preimmersion selective oxidation of the surfaces, several reactive wetting mechanisms



weredeterminedFor the samples with a sufficiently thin exteridO layer, good reactive
wetting was attributed to partial reduction of MnO by the bath dissolved Al, as well as
bridging of the Mn sulmxides by the Zn coating or #dsZny interfacialintermetallics.

Partial or full formation of th&eAlsZn, interfacial layer was observed in the successfully
galvanized substrates with A crystalsformed between, underneath and also on top of the
reduced oxides. Furthermore, for cases with widplgcedfine oxide nodules, it was found
that the liquid bathley was able to infiltrate thexternal oxidesubstratenterface resulting

in surface oxide lifioff and enhanced coating adhesion. It was globally concluded that the
thin, discrete and fine globular morphology of external MnO, resultant of anneadistet
substrates with 0.05 wt pct Sn addition unitieprocess atmosphere oxygen partial pressures
consistent with internal oxidatipallowed for an enhancedactive wetting byhe Zn(Al, Fe)
galvanizing bath which was manifested by increased amdusituptake and population of

the FeAlsZn, intermetallics at the coating/steel interface.
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CHAPTER 1 INTRODUCTION

Third generation mediusivin advanced high strength steels {BESS) are receiving
growing interest from leading auto steel industries and OEMs as candidate materials for
automotive lightweighting solutions due to their unique combinatiohigh specific
strength and ductility (Miller 1972, Merwin 2007 and 2088h et al. 20)Avhich fillsthe
existing property gap between the first generation (1G, e.g. DP and TRIP) and second
generation (2G, e.dnigh-Mn TWIP) AHSSs(Figure 1.1) This allows auto manufaaers to
design lighter, thinner and more geometrically complex structural components without
comprising passenger safety while also adhering to the legislated guidelines for greenhouse

gas emission reduction
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Figure1.1The fAbanana di thegtoteheloogatoroampudimatenegsile
strength of the three generations of the AHSSs. The US DOE and AutoSteel partnership
targets are marked by red circl@illur and Altan 2013).

Total Elongation (%)
Better Formability

To maintain the structural integrity of the vehicle, the manufactured components must
be protected against corrosion, with the most widely practiced anéftestivemass
productionindustrialprocesseing the continuous halip galvanizing. However, ¢aining
an adherent, integral zinc coating on AHSS substrates, in particular tA&ISSs, can be

1
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challenging due to selective oxidation of the essential alloying elements such as Mn, Si, Al
and Cr at the steel surface during the annealingpstepto gdvanizing(Mahieu et al. 2001
and 2002, Maki et al. 2008ellhouse and McDermid 2011 and 2012, Sagl et al. 2013 and
2014). Substantial coverage of the steel surface by an external oxide layer prior to immersion
prevents the progression of the desired inwgtteactions, i.e. formation of a well developed
FeAlsZn, interfacial layer, between the steel and the liquid galvanizing bath during
immersion (Mahieu et al. 2001 and 2002, Maki et al. 2@@H8house and McDermid 2011
and 2012, Sagl et al. 2013 and 2PDAs a result, the final product can suffer from poor
coating adhesion or contain unacceptable defects such as bare spots.

Improving the reactive wetting of dual phase (DP) (Khondker. 208i7, Alibeigi et
al. 2011) and lowvalloy transformation induced plasticity (TRIBteels(Gong et al. 2008,
2009 and 201, Bellhouse and McDermid 2011 and 2012, Sagl et al. 2013 and 2014) by the
continuous galvanizing bath has been the subject of nusietodies andn several cases,
formation of the desired F&l interfacial layer at the steel/coating interface has been
observed despite tlexternalselective oxidation of the alloying elements prior to immersion.
The annealing process atmosphere patars¢Gong et al. 2008, 2009 and 20Rellhouse
and McDermid 2011 and 2012, Cho et al. 2014, Jo et al. 2017) and alloy chemistry
(Bellhouse et al. 2007, Bellhouse and McDermid 2008 and 2010, Alibeigi et al. 2011, Cho et
al. 2014 and 2016Dh et al. 201phave been shown &ironglyaffect the surface oxide
chemistry, morphology and thickness whigéreall identified as determining factors time
reactive wetting of the steel substrates. More recently, it has been shown that the addition of
trace amountsfesurface active elements such as Sn (Cho et al. 2014 and 2016), Sb (Cho et
al. 2014) and Bi (Oh et al. 2016) ltaw-alloy TRIP steels can favourably modify the surface

oxide morphology and improve reactive wetting by the Zn(Al, Fe) bath.
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With the pendinggmergence of 3@HSSs for automotive applications and given the
limited number of studies available on the selective oxidation and reactive wetting of
mediumMn steels, this thesis seeks to determine the fundamental relationships that exist
betweertheamealing procesatmosphere parametetise surfacexide structure prior to
immersionand the subsequent reactive wetting during continuoudipa@alvanizing of
prototypeFe-0.1G6Mn-2SixSn(wt pct) 3GAHSSSs. Tailoring the process atmosphere
oxygen partial pressure and improving the alloy design were the two main approaches
undertaken to addreiseissue ofpoor reactiveof the mediurdAVin steelsby the galvanizing
bath The selective oxidain of the0.1G6Mn-2Sisteels during austenitic and intercritical
annealing are discussed separately in Chapters 3, aespéctivelyto establish a
fundamental understanding fbdw factors such as heat treatment tand temperature
process atmospheoxygen partial pressure and steel chemistry, i.e. 0.05 wt pct Sn addition,
affect the morphological development and kineticthekxternaland internabxidationin
the0.1G6Mn-2Si alloy system prior to immersion. The effect of peak annealing temperatur
and process atmosphere oxygen partial pressutiee selective oxidation and reactive
wetting of the reference steel are addressed in Chapter 5, as it has been shown by Bhadhon et
al. (2015) thathemechanical properties af0.2G6Mn-1.5S+0.5AI-0.5Cr (wt pct)
3G-AHSSs are sensitive to the starting microstrucsueh that thgpeak properties were
obtained using a martensistarting microstructure, requiring an austenitization annealing
cycle prior to intercritical annealin@€hapters 6 and 7 @ride the mesg micro- and nane
scale analysis of the steel/coating interfaces for identification of the governing reactive
wetting mechanisms of the steels under the combined effects of process atmosphere oxygen

partial pressure aral0.05 wt pct Sn addon to the reference 0.26Mn-2Si model alloy
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CHAPTER 2 LITERATURE REVIEW

The first half of this chapteromprises brief introduction to the mediuivin
3G-AHSSs along with an overview of the continuous-thipt galvanizing line and the
phenomena associated with its two main components: the annealing furnace and the Zn(Al,
Fe) bath. A concise survey of the selected literature is presented in the second half; however,
due to the current lack of literature o thelective oxidation and reactive wetting of the
mediumMn 3G-AHSSSs, topics such as the effect of process atmosphere parameters and steel
chemistry, more specifically the effects of oxygen partial pressure and surface active
elements, are discussed in tight of the relevant research available on the previous

generations of AHSSSs, i.e. DP, TRIP etc.

2.1 Third generation advanced highstrength steels

The mediumMn high-strength and ultra higktrength steels are amongst the most
recent automotivsteel solutions developed for improved car body light weighting and
passenger safety. Their superior strerdythtility balance, commonly reported as the product
of the ultimate tensile strength (UTS) and the total elongation (TE), is typically within the
range of 24,000 MPa pct to 40,000 MPa [ Moor et al. 2011, Zhang et al. 2013, Lee et
al. 2013,Bhadhon et al. 201%atypov et al. 2016Cho et al. 2016), making the 3&HSS an
ideal material of choice for thinner safatyucturalcomponents such @sand B pillars and
roof rails.

The microstructure of mediwMn steels, highly sensitive to the intercritical
annealing temperature (IAT), is comprised of ferrite, martensite and large volume fractions of
retained austenite stabilized as a result of CNngbartitioning during intercritical annealing

(Leeet al. 2011, Jun et al. 2012e Moor 2011). During deformation, this retained austenite
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gradually transforms to martensite under the transformation induced plasticity (TRIP) effect
which contributes ta significantly high sustained work hardening rate and delayed necking
(Jacques et al. 2001, Merwin 2007, Matlock and Speer, MfDBermid et al. 2011).

To obtain the desired microstructure and mechanical properties, the intercritical
annealing of the medmn-Mn and Quench and Partitioning (Q&P) #&HISSs is typically
carried within a temperature range of 70@o 850 C (Speer et al. 2003, MemvR007 and
2008,De Cooman et al. 201 Bhadhon et aR017,Pallisco et al. 2017 While theUTS
increases with thimtercritical annealing temperature (IAT), the yield strength (YS), a
required metric for safety applications, decreases with IAT (Gbbt 2011, Lee et al.
2011,De Cooman et al. 20).70n the other hand, several authors (Merwin 206¢,et al.
2011, Bhadhon et al. 203%ave shown that the optimized combination of properties for
steels with Mn contents in the range ef Wt pct is obtained by annealing in the range of
650 C to 690 C. However, instances of localized plastic deformation have fegpemted for
the mediuraMn steels that were annealed within the lower IAT rafyE Cooman et al.
2013. While research is being actively undertaken to elucidate the work hardening behaviour
of the mediumMn steels, there is a notable lack of data on tltenpmena and mechanisms
associated with the halip galvanizing of these substrates for corrosion protection. This is
another important topic which may limit the integration of the meeWmsubstrates to the
automotive industry, as the selective oxidatbthe key alloying elements such as Mn, Si
and Al, during annealing can cause problems in obtaining aduglity gahazined coating.
To this end, a fundamental analysis of the selective oxidation and reactive wetingdel
Fe0.1G6Mn-2SixSn 3GAHSSs was undertaken to assist with filling the existing

knowledge gap.
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2.2 The industrial continuous hotdip galvanizing line

As mentioned earlier, to protect the structural integrity of thinner gauge AHSS
autobody parts from aqueous corrosion, continuousdigalvanizing is widely practiced
by the global steel industry. Zmased coatings protect the underlying steel by two main
mechanisms: barrier protection and galvanic protection. The galvanized co#iag ac
physical barrier between the steel and the corrosive environment, and zinc, being the less
noble metal in the F&n galvanic couple, also acts as an anode and corrodes preferentially to
protect the underlying steel substrate.

A schematic of a typal continuous galvanizing line is shown in Figure (EIA.
Silva2010). The steel, after being welded into a continuous strip in the delivery section (not
shown in Figure 2.1), is typically cleaned with an alkelsed solution (usually 80 2%

NaOH withchemical inhibitors to inhibit Fe dissolution) and undergoes several mechanical
and/or electrolytic cleaning steps in order to remove organic and other adhering contaminants
before entering the annealing furnace (Marder 2000). During the annealing stefeelhs

heat treated, within a temperature range of 650 850C in the case of the medidin
substrates, to obtain the required microstructure and mechanical properties. The annealing
atmosphere is usually comprised of a reductiy¢iblgas mixture wth a controlled dew

point, i.e. fixed partial pressure of water vap(uii,O), to reduce any surface iron oxides

and to maximize the amount of metallic iron available on the surface, a crucial objective for
obtaining an adherent galvanized coating. Upating the furnace, the steel strip is cooled to
the zinc bath temperature of approximated@ £ and is then immersed in an-&turated

molten bath witha dissolved aluminium content in the range of 0.15 t& Qi2pct in the case

of galvanized coatingMarder 2000, Giorgi et al. 2001, Dionne 208Dermid et al. 2007).
The Al is added to the bath to form the desireghRZn, interfacial layer at the steel/coating

interface characteristic of the reactive wetting of the steel substrate by tiA¢, Ze) bath.
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After immersion, the strip exits the bath where the coating weight/thickness is controlled

through the action of planar gas jets using air or nitrogen (Marder 2000) and the final

solidification usually takes place using forced air or amhgenting. In the case of

galvannealed coating, which is out of the scope of the present thesis, an additional annealing

step is taken prior to cooling to develop a fully alloyed coating eéfr-stermetallics.
Lastly, the strip will go through several paBpping steps such as temper rollipgssivation

coating coiling and cutting which are not pictured in Figure 2.1.

Annealing Furnace Gas Jet
N,-H, Cooling

Holding
QuenchTank

| Gavanneal |

To C.W.
gauge and

Zn(Al,Fe) Bath Temper Mill
Figure 2.1: Schematic drawing of a continuousdiptgalvanizing line (E.A. Silva 2010).

SealRolls

2.2.1 The annealing furnace and gasetal reactions

As mentioned above, the process atmosphere in the annealing furnace is dew point

controlled, meaning that this parameter is used to adjust the oxygen partial pressure of the

N>-H, gas mixture. The dew point temperaturgs, is the temperature at which thguid

waterwater vapour reaction is at equilibrium:

HZO (l):Hzo(g) at TDP (2.1)
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DGg.l = RTDP In K2.1 K2.1 _I?:HHM zzog) (2'2)
200)

Where DG;, is the standard Gibbs free energy of the reacRas the universal gas

constantK,, is the equilibrium constant aray, o, =1 as liquid water is assumed to be a

pure condensed species.

For a process atmosphere with a fixed hydrogen content at a given tempEr#tare
oxygen partial pressurp0,, is determined by theH,O which is defined by the dew point
temperature, such that the lower the process atmosphere dew point, the lower the oxygen

partial pressure:
1
Hz+502 H,0(9) (2.3)

_pH,0

pH, pQl*

The thermodynamic stability @ metal oxideas a function of process atmosphere

DGy, = RTIn K,, K,, (2.4)

oxygen partial pressure can then be determined using Equgishand (2.6):

X 1 1

—M+=0, =M O

y 2 2 y Xy (25)
My

DGZ, = RTIn K,, K (2.6)

_“m,0, 1
T apa? g pa?
WhereM andM,Oy denote a metal and its oxide, respectively, and the oxide is
assumed to be a pure condensed species with an activity of 1.
Such computations were performed for Fe, Mn and Si using the thermodynamic data
of Fine and Geiger (197@)nd the results are plotted in Figure 2.2 as a function of the

annealing temperature and activity of the solute element. The equilibrium dew point

atmospheres relevant tioe CGL are also shown by dashed lines in this plot. As can clearly
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be seen, the anakng process atmosphere is reductive with respect to Fe, but it is oxidizing
with respect to Mn and Si which are the common alloying elements employed in AHSSs. As
the experimental steels of the present study have negligible Al content, the equilibrium
oxygen partial pressure line foll A not provided in Figure 2.Zvowever it should be noted

that, once computed, the Al/A&; line would fall below Mn and Si, indicating a higher
thermodynamic stability. It is thereby concluded that regardless of the annealing temperature
or oxygen partial pressure employed, the selective oxidation of the less noble alloying
elements in the AHSSis inevitabldor apracticalCGL process windowrThis is also where

the core issue with respect to the continuousdifpgalvanizing and reactive wetting of

AHSSs arises i.e the accessof the steel substrate to the molten zincaatherestricted

due to the presence of the oxides formed at the steel surface prior to immersion.

1E-15
1E-20 F
1E-25
1E-30
1E-35 |
S 1E40 | ~
] Z
& 1E45 + 7 Mn/MnO Fe/FeO (aFe = 1)
N | —Fe/Fe304 (aFe =1)
o 1E-50 —+10eC
1E-55 —-i30eC
i —150eC
1E-60 Si/Sio, ——Mn/MnO (aMn = 0.05)
1E-65 | —Mn/MnO (aMn = 1)
i Si/SiO2 (aSi = 0.005)
1E-70 Si/Si02 (aSi = 1)
1E-75 ‘ : :

250 350 450 550 650 750 850 950
Temper atu
Figure 2.2: Thermodynamic stability of oxides with respect to annealing temperature and
oxygen partial pressure.

2.2.2 The Zn(Al, Fe) bath and reactive wetting
The Znrich corner of the Z#\l-Fe phase diagram at 4&D (McDermid et al. 200y

is shown in Figure 2.3. It can be seen that due to the limited solubilities of Fe and Al in Zn at

9
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460 C, several intermetallic phases can precipitate according to the bath composition, where

the equilibrium configuration of the bath changes froma-FeZnst o LFeZnoand
further to L +h-FeAlsZn, with increasing batAl content.
0.08 : _. — —
L+c+ 655/ i;': : o;. T= 46000
0.06 + Neooo Nf 5 - HE 0t
- £ Lvs, 2 <

0.02 4

a,=0.005 a,=0.01 aA|;=O.D15 aA|::=D.O2
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Figure 2.3: Zrrich corner of the Z#Al-Fe ternary system in Cartesian coordinates; the dotted

T

0.20

0.25

lines indicate the isoactivity lines of Al and Fe in the liquid phase; L is liquglFeZng, U

is FeZngpandh is FeAlsZn, (McDermid et al. 2007).

As was mentionedarlier, a typical galvanizing bath contains approximately 0.15 wt

pctto0.5wt pct dissolved Al ,

wher e

t

he

term

in the liquid phase and is available for theAleZn, interfacial layer formation, and ntte

Al that had participated imtermetallicformation.

When the steel is first immersed in the bath, Fe dissolution from the strip takes place

as the strip is not ithermodynami@quilibrium with the Zn bath (Guttmann 1994). There is

also a higher mestable Fe solubility in the vicinity of the strip, which results in further

dissolution of Fe and creation of a local supersatutration (Nakano 2006). Under such

conditions and due to a larger thermodynamic driving flocérmation Guttmann 199%

Fe-Al intermetallics will precipitate on the steel substrate inste&@@h intermetallics. The

10
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Fe-Al interfacial layer is commonly referred to as the inhibition layer due to the fact that it

acts, temporarily, as a barrier to Fe and Zn diffusionfandn h ithb fortmatian of brittle

Fe-Zn intermetallic compound&uttmann 1994Marder 2000)The morphology of the

interfacial layer has a two layer structure. The lower layer, which is contact with the

substrate, comprises a compact layer of fine aatkpentially oriented RAIlsZn, crystals

and the top layervhich is in contact with the bath allogonsists of coarse, elongated and

randomly oriented RAIsZny,c r yst al s ( Gut t ma ndanck 2999Chendar i | a
al. 2008). A micrograph of th&teel/coating interface of a commercial ulwa/-carbon steel

showing the two sublayers is presenteéigure 2.4.

@ 500 nm ®)

500 nm

Figure 2.4:The two types of F&\l interfacial layer morphologies observed at the interface of
commercial ultrdow-carbonsteel galvanized in a 0.18 \tt Al bath: (a) small equiaxed
crystals and (b) coar se émicol®3¥Prnt ed crystals (

However, the presence of the interfacial layer is transientgareh enough time and
exposure to the liquid bath, tivhibition layer will break down as a result of Zn diffusion
through the layer and into the ste®luftmann 1994Marder 2000). When a critical
concentration of Zn within the steel is reached, typically at fast diffusion sites such as grain
boundariesor r i pl e points ( Gut témmacelb99Di@nAektal B@2J,i | an
g-FeZn s will nucleate and grow outward from the interface (Guttmann 1994, Baril and

L 6 BExsanre 1999Chen et al. 2008). The formation of these outbursts is detrimental to the

11



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

coating quality as they can result in flaking of the coating during forming operations and will

frequently print through on the external coating surface during painting.

2.3 Selective oxidation and reactive wetting of AHSS

As established in the preus sections, the typical CGL annealing atmosphere is not
reducing with respect to the key alloying elements employed in the AHSSs and the selective
oxidation of elements such as Mn, Si and Al inevitably occurs at the external surface
within the interio of the steel strip. This can render the sheet surface incompatible for
reactive wetting by the Zn(Al, Fe) bath as substantial coverage of the surface by a thick and
compact filmforming oxide will prevent the metallic Fe from the substrate megct
adequately with the galvanizing bath to form the essential reactive wetting products, i.e. the
FeAlsZn, interfacial layer This results in poor coating adhesion and unacceptable defects
such as bare spots in the end product (Mahieu et al. 2001 andVefld2&t al. 2003Drillet
et al. 2004).

Numerous authors have studied and reported on the selective oxidation and reactive
wetting of several industrial grades of AHSSs such askbBr{dker et al. 200Alibeigi et
al. 2011 Sagl et al. 204 TRIP (Gonget al. 2008, Cho et al. 2014, Bellhouse and
McDermid 2010, 2011 and 2012, Sagl et al.4Gndhigh-Mn TWIP (Blumenau 2011
Gong and De Cooman 2011, Cho and De Cooman 2012, Kim et a). B(iak been
determined that thehemistry, thickness, morphologyd distribution of the pranmersion
oxides are the dominant factors in determiningat@urrence ofeactive wetting of the steel
by the continuous hatip galvanizing bath.

For instance, it is well established that the fflorming oxides of SiQ MnSiO; and
Mn,SiO, have the most detrimental effect on the reactive wetting of the steel substrates
(Drillet et al. 2004 Mahieu et al. 200&uzukiet al.2009, while it is known that the

12
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presence of MnO is less harmfulReAl sZn, formation. For exampgl, it was shown that it is
possible for the external MnO to be reduced by the in situ aluminothermic reduction
mechanism during the standard immersion times of approximatelfibadker et al. 2007,
Alibeigi et al.2011, Kavitha and McDermid 2013agl ¢ al. 2013). Furthermore, several
authors have reported that the Aereaction products can precipitaia top of the MnO
nodules (Bellhouse and McBeid 2010and 2012Blumenau et al. 2018agl et al. 2013).
Similarly, the effects of external oxidigyer thickness and morphology have been the
subject of several studieBffllet et al. 2004Bellhouse et al. 2008, Blumenau et al. 201
Sagl et al. 2013). It is globally agreed that it is less likely for the thicker and more
closelyspaced and continusexternal oxides to be reduced by thénlah$solved Al during
immersion,a mechanism which was first proposed by Khondker et al. (2007) in the case of
external MnO formed on a DP600 steel, and by which the MnO can be removed from the
steel surface and @mote the wetting reactions. It was later determined by Alibeigi et al.
(2011) that the kinetics of threactive wettings inversely related to the external MnO layer
thicknessLater, Kavitha and McDermid (2012) further validated timechanismand also
added that for reaction times longer than 1.2 s, the aluminothermic reduction of MnO exhibits
linear kinetics as shown in Figure 2.5. It can then be proposed that that the MnO layers less

than 85 nm in thickness can be reducedhiwithe common CGL dippingmeof 4 s.

13
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Figure 2.5: Change in the MnO layer thickness vs reaction time (Kavitha and McDermid
2012).

The effect of oxide morphology on the reactive wetting of&dloy TRIP steels was
discussed in a series studiesby Bellhouse and McDermid @B8, 20102011 and 201)2
Surface oxide lifoff and crackingas well as bridging of the MnO nodules was observed at
the interface of the galvanized steel in locations where the oxide nodules were separated by
the metallic iron from the substrate. Furthere, they advocated that improved reactive
wetting was obtained when the prnemersion external oxide layer comprised more widely
dispersed nodules with thinner inetrnodular oxide films (Bellhouse and McDermigd 2008
2010. Similarly, Sagl et al. (2013) ported on the role of the oxide morphology and
distribution on the reactive wetting BP substrates. Thegetrminedhat the bath dissolved
Al diffused into the grain boundaries of the external oxides and that the oxides were broken
off of the surface aa result of the FAIl formation at the interface. They emphasised that the
oxide morphology had a critical effect in the progression of aluminothermic reduction and the
wetting reactions (Sagl et al. 2013). Significantly enhanced reactive wetting was also
obtained for lowalloy TRIP steels when the fikilke morphology of the surface Mai

oxides was changed to a lestsaped morphology as a result of Sn (Cho et al. 2016) and Bi

14
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additions (Oh et al. 2016). However, the results of these series of studiles didcussed in
further detail in 2.3.2.1.

Given the above argumentesearchers have worked on developing several
approaches and processing routeisnjorove the reactive wetting of the alloy systems that are
prone to selective oxidation prior to imme&m, i.e. DP, TRIP and TWIP stegtshematics of
which are shown in Figure 2.8hese contributionirgely sought to either minimize or
modify the external oxidation prior to dipping in such a way that an increased amount of
metallic iron wouldeventually become available at the strip surface factree wetting
during immersionFlash coating is one of these techniques wherer to annealing, a thin
layer of Fe, Ni or Cu is deposited on the steel surface with the goal of suppressing the
extanal oxide formation (Zhong et al. 2011, Choi e8l12, Tobiyama et al. 201Rlanna
and Dutta 2014). The oxidatieeductionprocesss a twostep procedure that embeds the
oxides in a layer of iron oxides which is later reduced to metallic iron irethection stage
(Gong et al. 2011Blumenau et al. 2011). Annealing under a high dew point process
atmosphere is also another technique that can lead to improved reactive wetting, whereby the
location of oxidation reaction is shifted from the surface ¢osthbsurface (Gong et al. 2008
and 2009, Van De Putte et al. 2008, Bellse and McDermid 2010 and 20Blymenau et
al. 2011). More recently, alloy design concepts have been developed where minor amounts of
surface active elements such as Sn, Bi and &hlkryed with the steels, resulting in
suppression of the oxidation reaction and morphological change of the surface oxides (Cho et
al. 2014 and 201,6h et al. 2016). The last two approaches do not require modifications to
existingcontinuoushot-dip galanizing lines and have been employed in the present case of
the 0.1C6Mn-2Si 3GAHSS system. These topics are discussed in further detail in sections

2.3.1 and 2.3.2 below.
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Flash coating Oxidation/Reduction High dew point Addition of
Pure Fe (1) Fe-oxide with selective Sub-surface with surface active elements
flash coating oxides at the Fe/FeO interface lmcrml.sclccm'c Suppression of
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Figure 2.6: Schematic illustration of the methods proposed to improve theeaaetting of
the AHSSs during the continuous fthp galvanizing (Cho et al. 2014).
2.3.1 The effect oAnnealingparameters

The annealing time and temperature along with the process atmosphere hydrogen
content and oxygen partial pressure aregprameters that significantly affect the oxide
attributes discussed above. This means that these process parameters can be tailored to some
extent to encourage the formation of a less detrimental variety of the external oxides to the
benefit of the reactw wetting.

The effect of annealing temperature on selective oxidation of -allow TRIP steel
in a N»-10 vol pct B atmosphere with a dew pointit80 C was investigated by Gong et al.
(2008). According to the authors, annealing at the ferritic ammgesmperature of 70C
resulted in formation of amorphous MnO.Sidules and thin films of crystalline
MnO.SiG,. At the intercritical annealing temperature of 8Z0a discontinuous layer of
amorphous Si@and MnO nodules were present at the surfat®30 C, which was
consistent with the austenitic annealing temperature of the alloy, aside from an increase in the
oxide layer thickness, the oxides were reported to be somewhat similar to the intercritical
annealing condition. It was concluded that the anne&dimperature had a significant effect
on the surface oxide chemistry and morphology (Gong et al. 2008). However, it should be

16



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

noted that although the process atmosphere dew points were kept the same throughout the
experiments, the oxygen partial presswased several orders of magnitude due to
increasing the annealing temperature and this also had a likely effect on the obtained results;
which was not pointed out by the authors of that study.

The amount of hydrogen in the gas mixture of the annealingsghere can also
affect the selective oxidation of the solute elements such that by introducing larger volumes
of hydrogen, the atmosphere becomes more reducing.gaetalysis was recently carried
out on a mediuaMn steel substrate annealed in the terafure range of 80Q to 1050C
under two annealing gas compositions with a dew poin60fC, i.e. N-10 vol pct B and
N2-50 vol pct B (Jo et al.2017). It was concluded that direct reduction of the external MnO
oxides was possible either by meansrofrecreased annealing temperature, i.e. higher than
950 C, or by annealing in a highly reducing atmosphere with higbodtent in the gas
mixture.

The localization of the oxidation reaction front relative to the free surface depends on
the balance betweehe inward flux of oxygemto the substrate and the outward flux of the
alloying elements towards the surfateo limiting cases can be applied. The first one being

a situation where the permeability, i.e. the solubiiiffusivity product, of oxygemominates
that of the solute alloying element, iB,NS>>D,N2, whereNS is the adsorbed
concentratiorof oxygenatbulk surface,Ng is the initialbulk concentration of solute B and
D, and Dg are the diffusivities of oxygen and solute B in the matrix A. In this case, the

selective oxidation of the alloying elements will occur internally, as schematically

represented in Figure 2.
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Figure 27: Concentration profiles for an internal oxidation situation in tk#& Binary alloy
(Swaminathan and Spiegel 2007).

In the opposite scenarjavhere D,NS<<DgNZ2, the oxidation reaction will take place
at the external surfa@nd solute B will enrich the surfaderming BO, as depicted in

Figure 28. As a result, the oxygen permeability into the bulk alloy decreases axtieanal

oxide layer forms.

A-B binary alloy

Enrichment
of B as BO,

Figure 28: Concentration profiles for external oxidation in thd&/inary alloy
(Swaminathan and Spiegel 2007).

Thus, it is possible to increase the amount of metallic iron at the surface and improve
the reactive wetting by employing high dew point, lnigh oxygen partial pressure,
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annealing atmospheres to promote the internal oxidation mode of the alloyingtslemen
versus external oxidation (Jacques et al. 2001, Mahieu et dl.a2@02004, Drillet et al.
2004,Bellhouse and McDermid 2010). The Wagner model (1959) is the most widely used
criterion to determine the oxygen partial pressuretfetransition betweemternal and

external oxidationwhich is the topic of thdiscussion of the next section

2.3.1.1 The transition between internal and external oxidation

External oxidation can also be treated as a particular case of internal oxidétiem.
the volume fraction of the internal oxides reaches a critical value, the oxide particles act as
diffusion barriers and block further inward diffusion of oxygen; as a result internal oxidation
ceases and the oxidation proceeds at the alloy surfadégiteansition to external oxidation
takes placeThe criterion for the internal to external transition was first proposed by Wagner
(1959) for a binary single crystal alloy comprised of a noble p@vamd a solute B that
oxidizes toBQ, with a zero solubility in the matrix:

_Spg s DV @
( B)crit €2/7 °D.V. U
& 8Veg U

(2.7)

Where,(Ng) X is the critical mole fraction of the solute element B which results in the

oxidation mode transitiong’ is the critical volume fraction of the precipitated oxides
required to block the inward diffusion of oxygens the stoichiometric oxygen ratio for the

precipitated solute oxid8Q;, V is the alloy molar volume/gon the oxide molar volumeNS$

the mole fraction of dissolved oxygen at the surfacelandndDg are, respectively, the bulk
diffusivities for O and the solute B in the alloy. It should be mentioned that further details on

the diffusion data and equations @@iculating NS can be found in Table 3.4 and the

appendix at the end of Chapter 3, respectively.
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It can be seen from this equation tHat a given temperature and process

atmosphere, increasing the solute concentration beyond the critical mole f(atg)gp,

leads tahetransition of the oxidation mode from internal to external. Additionally, for a
given alloy compsition and temperature, increasing the process atmosphere oxygen partial
pressure will shift the oxidation towards the internal oxidation mode.

In addition to the diffusion coefficients of the alloying element and oxygen, the

critical volume fraction oftte oxide precipitatesy’, also determines the transition kinetics.
Generally, a lowg' value implies that the alloy is more prone to external oxidation. The most

commonly used value fay is 0.3, which was determined by Rapp for-¥galloys (1965).

However, recent experimental work by Lashgari et al. (2014) determined this value to be 0.2
for the case of F&In alloys.

Given the simplifying assumptions of the classic Wagner modelradesgansions
to Equation (3.1have been proposed by a number of authdegdigne et al. 1992, Grabke
et al. 1995, Huinteal. 2005, Shastry et al. 200Q@shgari et al. 2014J-or instancethe
accelerated diffusion of oxygen and alloying elements at grain boundaries of a polycrystalline
material was not considered in thieginal Wagner model and this was accounted for
(Mataigne et al. 1992) by halving the activation energy values for lifflision in Equation
(3.1). Moreover, a modified Wagner model was proposed by Mataigne et al. (1992) for
multi-component systems, in which the flux of the oxidizable alloying elements towards the
surfacewas considered to @l ditive and external oxidatiomll occur if the combined flux
of the ignoble elements to the surface, given by the terms in tHealadt side of Equation
(2.8), exceeds the inward flux of O into the substrate given in thehagtd side:

‘?dﬁVNg D }é

é (2.9
& 2 u

a s Ns 87D:Veo,
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It should be mentioned that however, the formation of complex oxides such as
manganese silicates has not been taken into account in this model. A treatment of the
internal/external oxidation transition with respect to the above mentioned expansions of the
Wagner model is provided in 3.4 for the 0-60In-2Si substrates of this study.

Huin et al. (2005) extended the classical Wagner model by introducing the solubility

product of theoxideBQ, . Additionally, the interaction between seaksolutes elements was

taken into account in their extended model by assuming the competitive consumption of the
available dissolved oxygen at the surfaoe the formation of MnO, Siand MnSiO, was
predicted However, this model was restricted to sothermal case (Huin et al. 2005).

Despite the above mentioned efforts, it can be argued that accurate prediction of the
selective oxidation behaviour of the alloying elements still remains a challenge, as several
discrepancies exist between theerimental and computed data. The selective oxidation of a
multi-component and muiphase alloy system is complex under practical conditions due to
the varying solubilities of the oxides, different levels of oxygen affinity and partitioning
behaviour othe alloying elements. The experimental results of selected literature on the
effect of the process atmosphere oxygen partial pressure on the selective oxidation of
low-alloy TRIP steels are presented below.

It was shown by Cho et al. (2014) thatea®slt of oxidation mode transition, the
external oxide layer thickness and the depth of the internal oxidation zone were respectively
decreased and increased with increasing the process atmosphere dew point ranging from
60 C to +5C. The surface oxides wefmund to be rich in Mand weradentified as
crystalline MnO.Si@whereas the internal oxides were comprised of amorphous Mn.SiO
and rich in Si. Figure 9.shows the TEM cross sections of the steels of that study where it
can be observed that the trawos from external to internal oxidation had occurred at the

10 C dew point.
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o
Figure 29: Crosssectional TEM micrographs of CMnSi TRIP steel after intercritical
annealing at 82 in a N-10 vol pct B atmosphere with increasing dew points frafi to
right: 160 C,730 C,110 C, 0 C and +5C (Cho et al. 2014).

Bellhouse and McDermid (2010) reported that annealing a 1.5 wt pct Si TRIP steel at
777 C under the lowest oxygen partial pressures# C resulted in the highest
concentration of Si dhe steel surface with the Si surface concentration decreasing with
increasing oxygen partial pressure. The metallic iron concentration at the surface was also
found to be lowest at this dew point and Si®ides were predominantly present at the
surface m film-type morphology. The amount of metallic iron was increased at higher dew
points due to internal oxidation of alloying elements. The maximum amount of Mn
enrichment was observed at #f80 C dew point. They concluded that both the external
oxide morgology and chemistry were affected by the process atmosphere oxygen partial
pressure (Bellhouse and McDermid 2010). It was also reported that despite the surface
enrichment of alloying elements, good reactive wetting with few bare spots in the galvanized
coating was obtained for most substrates and the poor reactive wetting in the case dEthe +5
process atmosphere was attributed to the closely spaced Hi&dWn,SiO, at the surface
(Bellhouse and McDermid 20}1.0

Similarly, Alibeigi et al. (2011) repoetl that annealing the Meontaining steels

under a low oxygen partial pressure atmosphere produced a thin external oxide. Employing a
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high oxygen partial pressure resulted in internal oxidation of Mn and did not adversely affect
reactive wetting of the ssbrate by the galvanizing bath. Additionally, it was shown that
relatively significant quantities of external MnO could be aluminothermically reduced in the

Zn(Al,Fe) bath.

2.3.2 The effect of steel chemistry

The steel Sito Mn ratio has a strong iefiice on the chemical composition of the
oxide species that form in the MBi-O system. Tie hermodynamic calculations of Suzuki et
al. (2009) suggested that, regardless of the process atmospheres oxygen partial pressure, the
formation of SiQ and poor reactive wetting is inevitable when the Si to Mn ratio of the
CMnSi steels annealed at 8&Dis in excess of 1. However, there were some discrepancies
with the findings of other researchers due to the fact that in practice, several kinetg factor
such as the varying solubilities of the oxides and the relative diffusion rates of Mn and Si are
importantand should be considered in the predictions. Moreover, the thermodynamic
calculations, despite being a good starting point, are not adequatelitd fire critical
factors in reactive wetting such as oxide thickness, morphology and spatial distribution. For
example Drillet et al. (2004) investigated the galvanizability of two 1.5 WMpctRIP steel
substrates with Si contents of 1.28 wt pct ai 2vt pct annealed at 810 using a 35 C
N2-5 vol pct K process atmosphere. While good reactive wetting was obtained for the 1.28
wt pct Si alloy, the poor reactive wetting of 2.06 wt pct steel was attributed to a few
nanometer thick layer of filaAlorming SiG,.

Given the difficulties associated with galvanizing of Rigjhcontaining steels, some
authors have suggested to partially or completely replace the Si with Al to improve the
reactive wetting properties of the TRIP steels (Mahieu et al. 2002 addBE€lhouse et al.

2007). A series of studies by Bellhouse and McDermid (2007, 2008, 2011 and 2012)
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investigated the selective oxidation and reactive wetting of the low alloy TRIP substrates
with varying Si and Al contents. It waeterminedhat both stel grades similarly exhibited
good reactive wetting and some changes to the oxide morphokrgyeported. It should be
mentioned that while Al can prevent carbide precipitation during the isothermal bainitic
transformation, it is not as effective as i5this regard (Girault et al. 200Mertens et al.

2003).

2.3.2.1 The effect of surface active elements

More recently, the known effect of surface active elements on retarding the rate of
surface reactions such as carburization (Ruck et al 199&edexctive oxidation of Si in
electrical steels (Lyudkovsky 1986), was implemented to the area of AHSSs as a new alloy
design concept (Zhang et al. 2009 &0d.3, Cho et al. 2014 and 2018, et al. 2016). It has
beendeterminedhat the segregation of treeglements at the surface can act as a barrier to
the inward diffusion of oxygen by occupying the surface adsorption sites (Grabke 1989 and
1996) and result in a decreased permeability of oxygen at the surface, potentially also
changing the oxide chemistand morphology.

The tendency of these elements to segregate to the grain boundaries and surfaces was
explained by Seah (1980) by introducing the surface enrichment factogs:

Xs b"‘ XB
1- Xg X,

(2.9)

where b;f’ is the surface enrichment factor of solute A in solverX8s the fraction of the

surface covered by atom A aiXd is the mole fraction of solute A in the bulk. The surface

enrichment factor can then be calculated per Equation 2.10:

inbg ={24(T T7) w86 W64 10B(a, a)} RT 12 (2.10)
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where T is the temperature afd and T;" and a, and @ are the melting points and atomic

sizes of A and B, respectively is the enthalpy of mixing of the two elements and M is

equal to eiter1 when the solute elementlfas a lager atomic size than the solvent B; or it
equals0 when the solvent atom is larger than the solute. It can be seen from Equation 2.10
that there are two main contributions to the driving force for surface segregation and reducing
the energy of the systentie difference in the melting temperatynekich is closelyelated

to the surface energiemnd the atomic size differences of A and B or the lattice mismatch,
which is related to the elastic energy of the matrix (Hondores and SealSEah71979). It

was suggested that the elastic energy component of the driving force is smaller for an
undersized solute atom, which is why under such scenario a value of 0 is takenT i e

al. 1977 ,Seah 1980).

On this basis, the degree of surface segregatiorcaraputed for selected alloying
additions by Cho et al. (2014) which is shown in Figul®.2t can be seen that the elements
with a larger atomic size and notably lower melting temperature than Fe, i.e. Bi, Sn, Sb and
S, exhibit the highest surface efmigent factors, while elements such as Ni, Cu, Cr and Ti,

having a similar atomic size to Fe, do not have a high tendency for surface segregation.
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Figure 210: Melting temperature of selected elements as a function of their atomic size (Cho

et al. 2014)
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The effect of minor additions of Sn, Sb and Bi on the selective oxidation and reactive
wetting of IF and lowalloy TRIP steels has been the subject of study by several authors
(Zhang et al. 2009 ar2D13, Cho et al. 2014 and 2018 et al. 201§ It shoud be
mentioned that, aside from a high surface enrichment factor, these elements do not selectively
oxidize in the annealing atmosphere, neither do they form precipitates. Cho et al. (2014 and
2016) reported that Sn additions in the range of 0.05 wt dctiopct resulted in
modification of the surface oxide morphologies from continuous films tedeaped in a
0.1G1.6Mn-1.5Si (wt pct) TRIP steeFurthermore, the oxide chemistry was also altered due
to the reduced oxygen solubility at the surface shahthe Mn to Si ratio of the surface
oxides decreased with increasing Sn contents (Cho et al. Z0f@)ow-up study (Oh et al.
2016) explored the effect of Bi in the same alloying system, where similar to Sn, desirable
morphological changes of the ewtal oxides were observed by means of 0.05 wt pct, 0.1 wt
pct and 0.2 wt pct Bi additions. These observations were contributed to the possible change
of the oxide/metal interfacial energies, resultant of the enrichment layers of Sn and Bi
beneath the suate oxidesHlondores and Seah 19 eah 1979 It was explained that the
interfacial energy between the-8nriched steel surface and the Siln was increased
compared to that of the reference steel and,3@ading to devetting and morphological
alterations of the oxides of the steels that were alloyed with Sn alZhBidt al. 20160h et
al. 2016).Significantimprovement in the reactive wetting of the steels by the galvanizing
bath was obtained in all of these studies, owing to the thinner screid distribution of the
lenstype external oxide morphology.

It should be mentioned that the suppression effect of the surface active elements on
the external and internal oxidation growth kinetics is not fully documented. Furthermore, all
of theprevious studies only concerned the IF and TRIP steels and the effect of the surface

active element additions to the mediuim 3G substrates has not been explored to date. It
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should also be cautioned that despite the promising results with respectaadinerwetting

of the TRIP substratet)e alloying additions in excess of 0.05 wt pct of elements such as S
and Sn are known to be problematic to the grain boundary cohesion and mechanical
properties flondores and Seah 19'Melford 1980).

To concludethis chapter, there is clearly a lack of fundamental data on the
relationships existing between the various selective oxidation parameters and the reactive
wetting of the AHSS substrates by the galvanizing bath, sucthératis no reliable method
of predcting the reactive wetting behaviour of a given alloy undgivanset of processing
parametersThis knowledge gap is more severe in the case of the maédiuBG substrates
which are expected to be significantly more difficult to reactivelyduet tothe substantially
higher levels of Mn and Si compared to the TRIP steels. The objective of the present work
therefore, is to provide a fundamental understanding of the factors that affect the selective
oxidation of Mn and Si in a 0.26Mn-2Si prototype 3GAHSS, such as the annealing time,
temperature, process atmosphere oxygen partial pressure, and 0.05 wt pct Sn addition. It also
aims to enhance the galvanizability of the steels through alloy design and process parameter
control. Detailed analysis of thgarameters critical to the reactive wetting such as the oxide
chemistry, morphology, spatial distribution, thickness and growth kinetics are presented and
interpreted with respect to the resultant reactive wetting by the galvanizing bath. It should be
emplasised that these results are not known to the industry for médiusubstrates which
are increasingly gaining attention for applications of the future vehicles. It is hoped that the
results of this study will assist with the integration of the meelim3G-AHSSs to the
automotive industry, by providing a fundamental means of predicting the selective oxidation

and reactive wetting of these steel substrates.
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CHAPTER 3 SELECTIVE OXIDATION OF A 0.1C -6MN-2S| THIRD
GENERATION ADVANCED HIGH -STRENGTH STEEL DURING

DEW-POINT CONTROLLED ANNEALING

Maedeh Pourmajidian and Joseph R. McDermid

McMaster Steel Research Centre, McMaster University, 1280 Main Street West, Hamilton,
ON L8S 4L7, Canada

MetallurgicalandMaterialsTransactions A, 2018, vol. A9 pp. 17951808.

Abstract

The present study investigates the selective oxidation of aBMIe2Si mediuraMn

advanced higistrength steel during austenization annealing heat treatments as a function of
process atmosphere oxygen partial pressure and annealing tivas.determined that the
surface oxide growth kinetics followed a parabolic rate law with the minimum rate belonging
to the lowest oxygen partial pressure atmosphere at a dew pointi§if830 e C) . T h e
chemistry of the surface and subsurface oxides wdgestusingSTEM + EELS on the

sample crossectionsand it was found that the surface oxides formed under th& 223

(r5 0 e C)-poidt atmvosphere consisted of a layered configuration of, 80Si0;, and

MnO, while in the case of the higher p@rocess atmospherssnly MnO was detected at the
surface. Consistent with the Wagner calculations, it was shown that the transition to internal
oxidation for Mn occurred under the 243iK3(0 e C) a nt8 e € y-fan& w (
atmospheres. However, the predictiohshe external to internal oxidation for Si using the
Wagner model did not correlate well with the experimental findings nor did the predictions of
the Mataigne et al. model for mutlement alloys. Investigations of the internal oxide

network at the @in boundaries revealed a muéyer oxide structure composed of
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amorphous Si@and crystalline MnSig) respectively, at the oxide core and outer shell. A
mechanism for the formation of the oxide morphologies observed, based on kinetic and
thermodynamicdctors, was proposed. It is expected that only the fine and ridduMNO
oxides formed on the surface of the samples annealed under the 278 K (+5°@)rdew p
process atmosphere for 68d 120secondsre sufficiently thin and of the desired dispersed

morphology to promote reactive wetting by the molten galvanizing bath.

3.1 Introduction

In recent years, mediwMn advanced higistrength steels have garnered significant
interest from the automotive industry due to their superior combinatigpeaific strength
and formability as well as their potential ability to absorb energy during crash dysatsf
these alloys may allow manufacturers to design vehicles with significantly increased fuel
efficiency without compromising passenger safetyweieer, due to the relatively short
history of material development in this class of alloys, there are a limited number of studies
on the other essential engineering properties of these steel Gt&desexample, corrosion
protection of the steel is ofime importance for maintaining the structural integrity of
manufactured parts, for which the continuous galvanizing process iseffeasive means of
applying protective metallic coatings to sheet steels. In the continuous galvanizing process, a
contiruous steel sheet passes through an annealing heat treatment in a controlled, reducing
atmosphere prior to dipping in a molten Zn(Al,Fe) bath, where the dual purpose of the
annealing heat treatment is to control the microstructure of the substrate amdetotine
substrate surface suitable for reactive wetting by the molten alloy bath.

However, obtaining a highuality Zn coating on the steel surface can be challenging
in the case of mediwiin substrates due to the substantial levels of alloying elensemts,
as Mn and Si, which are necessary for obtaining the desired mechanical pr&efieis.
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challenge arises from the basic thermodynamics that, under typical continuous galvanizing
annealing heatreatment atmospheres, which are reducing with ré$péee, alloying
elements such as Mn, Si,,@nd Al will be selectively oxidized. Kinetic factors, as described
in a relatively simplistic manner using the Wagner m@#elictate whether or not the
selectively oxidized elements will manifest on theeex&l surface and/or in the internal
subsurface. In the case of the occurrence of external oxidation, it has been shown that these
can prevent reactive wetting and the formation of the desHegAl sZny interfacial layer
during dpping of the steel in the Zn(&le) batH®® As a result, the final product can suffer
from poor coating adhesion or contain unacceptable coating effects such as bare spots.

A number of authors have focused on improving the reactive wetting behaioer-of
alloy, highSi content Transformatieimduced Plasticity (TRIP) and higiin Twinning
Induced Plasticity (TWIP) advanced higtrength steels (AHSS) by the continuous
galvanizing bath, through tailoring the annealing process atmosphere corléifiohss
well as by modifying the alloy desidtf*® These contributions largely sought to determine
factors resulting in the modification of the external oxides, either minimizing them through
selecting process atmospheres which result in internal axigambedding the oxides
beneath a layer of reduced Fe from oxiddtreduction treatments or modifying the external
morphology and/or chemistry to promote reactive wetfitly! Other contributions in this
area have studied oxide fortitm from a thermdynamic stanpoint™® and have advocated
that the Si/Mn ratio be kept at 0.5 or less in order to provide a surface free of detrimental
SiO; films which cannot be reactively wetted. However, several studies have shown that such
factors as oxide morphology, surface oxide distribytom the overall kinetics of the
selective oxidation process are dominant factors in determining the abifity galvanizing

bath to reactively wet lowalloy, higher Si/Mn ratio TRIP steel surface and include such
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factors as the ability of surface films to be reduced by the resiilesulved bath Alia
aluminothermic reductior:”*!

Given the plethora of stlies on the reactive wetting of the laNoy TRIP steels
cited abové which commonly contain approximately 2 pdt Mn and approximately
1.5wt pct (Al + Si), it would be expected that medium Mn stéelgith 6 wtpct Mn and
slightly higher levels of St Al 2% would be significantly more difficult to reactively
wet. However, it has been previously shown by Alibeigi €tathat a 5 wipct Mn steel
could be reactively wetted by a 0.20pet Al (dissolved) bath provided that the intercritical
annealing temperature was low enough to produce external oxides which the authors
advocated could be aluminothermically reduced by the residentissitived Al. The
kinetics of this process for the reduction of MnO were later quantified by Kavithd'ét al.
who showed that significant external films could be reduced in practical continuous
galvanizing dipping times. Furthermore, for the case ofdtlay TRIP steels, it was shown
by Bellhouse et al'® that external oxides comprising more widely diseel nodules with
thinner internodular filmg which the authors theorized could be aluminothermically reduced
T could be successfully reactively wesd by a 0.20 wpct Al (dissolved) bath. In this case,
the desireth-FeAlsZny layer, formed by the batheactively wetting the (then) oxidfece
internodular areasvould also precipitate on top dfd@ remaining nodular oxides. Those
authors also observed significant-lfif of the nodular oxides by facture at the metaide
interface and subsequent penetration of the bath metdi-&eghlsZny formation at this
interface. This general mechanism was later advocated by Sadf&fail.higher Mn
content duaphase (DP) steels reactively wetted by a similar Zn(Al,Fe) bath.

It has previously been shown by Bhadhon ef4lthat mechanical properties
consistent with third generation AHSSs could be obtained for a@MVAE1.5S+0.5A1-0.5Cr

(wt pct) mediumMn alloy intercritically annealed at the relatively low temperature of 948 K

31



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

(675°C). However, it was also shown that significantly better properties could be obtained
from this steel using annealing times consistent with contingalvanizing line processing
schedules using a martensitic starting microstructure, thus requiring a 1073 K (800°C)
austenitization annealing cycle prior to intercritical annealing. This may be of some concern
for later processing in the continuous galzamy line (CGL) as the oxides produced could
inhibit reactive wetting. Taddress this issyée objective of this paper is to determine the
selective oxidation behavidrincluding morphological development, chemistry and kinetics

T for a model 0.166Mn-2Si prototype alloy as a function of process atmosphere oxygen
partial pressure (pfand annealing times ranging from6600secondsThe selective
oxidation and reactive wetting of this alloy at the intercritical temperature will be the subject
of subgquent contributions. However, the results of this work will be linked qualitatively to

the expected reactive wetting of this steel l®y¢bntinuous galvanizing Zn(Ale) bath.

3.2 Experimental

The chemical composition of the experimental medMmmodel alloy is given in
Table 3.1. Steel sheets were received in the asrotédl condition with a thickness of
1.2mm. Samples for selective oxidation heat treatments were cut from the parent material
into 102 50 mm coupons with an abrasive wajet cutter such that the rolling direction was
parallel to the longitudinal axis of the samples. Sample preparation prior to annealing heat
treatments comprised polishing the surface with 4000 grit SiC paper in order to minimize the
effects of surface roughness the selective oxidation studies. All samples were given a final
clean with certified ACS reagent grade acetone (Fisher Scientific) immediately prior to

annealing.
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Table 3.1: Chemical composition of the experimental stesight percent

C Mn Si Al Mo Ti N S

0.106 6.241 2.023 0.040 0.072 0.011 0.003 0.003

All oxidation experiments were performadingthe McMaster Galvanizing
Simulator (IwataniSurtec)for whicha schematic of the corresponding thermal cycle is
shown in Figure 3.1. The annealing cycles used comprised five isatheoids within the
range of 6Gand 600secondsat the peak annealing temperature (PAT) of 1073 K (800°C) in
an N»-5 vol pct B dewpoint controlled atmosphere. The dgwint control unit (Michell
Instruments) was capable of producing process atmosphere dew points ranging froni 173 K (
100°C) to 29K (+20°C) with a+ 2 K accuracy Three process atmospheres with dew points
of 223 K {50°C), 243 K{(30°C) and 278 K (+5°C) were tested to explore the effect of
oxygen partial pressure on the selective oxidation of Mn and Si. A detailed summary of the
corresponding values of oxygen partial pressure)(fd each process atmosphere along
with the pHO/pH; ratios is provided in Table 3.2. It should be noted that the values listed in
Table3.2were derived from the FREED thermodynamic datad&@$én the subsequent text,
referrals to process atmospheres and the corresponding samples vatidéyrthe
atmosphere name per TaBl& Following the PAT isothermal hold, samples were rapidly
cooled to 343 K (70°C) at a rateidfO K/secondusing N gas quenching. The thermaloby
was controlledria a 0.5mm-type K thermocouple welded directlytiwe central selective
oxidation samples. All selective oxidation tests were carried out in triplicate to provide
multiple samples for each of the characterization techniques used and to ensure repeatability
of the experimental results. All samples wereesddan anhydrous HPLC grade isopropanol
after annealing in order to minimize additional oxidation prior to analydigurther details
concerning the configuration and operation of the McMaster Galvanizing Simulator are well

documented and can be fougldewhere!?®!
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Figure 3.1:Annealing heatreatment cycle schematic.

Table 3.2: Experimental process atmospheres specifications aK1@808°C) peak
annealing temperature
Atmosphere Name¢ Dew Point (K) pH,O/pH, pO, (atm) Holding Time (s)

i50DP 223 0.00125 6.873 10%° 60, 120, 180, 360, 60!
i 30DP 243 0.00998 4.393 102 60, 120, 180, 360, 60!
+5DP 278 0.17111 1.293 10%° 60, 120, 180, 360, 60!

In order to observe the distribution and morphology of the surface oxides, annealed
samples were coated with C and then examined using a JEOL 7000F field emission gun
scanning electron microscope (SEM) operated in secondary electron imaging mode at an
acceleration voltage of 5 keV.

X-ray photoelectron spectroscopy (XPS) was performed using a PHI Quantera SXM
XPSequippedvi t h a n-rayrdourdé (1488.7 eV) and a hemispherical detethar.
spot size was 106m and the takeff angle was set at 4teg Elemental depth profiles of the
steel surface were obtained by Ar ion sputtering o 2 2nm area with a pass energy of

140eV and step size of 0.25 eV. All data processing was done using MultiPak 6.0 software.
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The obtained binding energies are acautatwithin £0.1 eV, and all spectra were calibrated
using the metallic iron binding energy of 706.62 eV. Depth measurements are considered to
be accurate within 20 pctof the documented sputtered depth.

Transmission electronioroscopy (TEM) cross seons of the samples oxidized for
600secondsinder all of the experimental process atmospheres were prepared using focused
ion beam (FIB) milling with an NVision 40 by Zeiss. W and C coatings were deposited on
the area of interest in order to protect the surface oxidesg Gaion milling. The
600-secondannealing time samples were used preferentially for high resolution scanning
transmission electron microscopy (FBYEM) and electron energy loss spectroscopy (EELS)
analysis because the oxides formed after the extended holding time offered abuste r
configuration for chemical analysis due to the presence of coarser features yielding
higherintensity analytical signals. HBTEM micrographs were acquired using an FEI Titan
80-300HB transmission electron microscope operated at 300 keV. Electryy érss
analyses were obtained using a Gatan Quantom GIF, where Digital Micrograph 2.3 software
was used to extract elemental maps from the raw EELS data cubes.

In order to study the growth kinetics of the surface oxide &ajecused ion beam
milling was also used to make two &6h-wide trenches perpendicular to the steel surface.
Image J 1.48v software was used to measure the surface oxide thicknessooretted
SEM images. Given the significant local variation in the surface oxide thicknesspaumin
of 100 measurements were made per sample utilizing a grid to ensure random sampling of the
external oxide layers. The average oxide thickness for the samples was reported using a

95 pctconfidence interval.
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3.3 Results

Figure 3.2 shows SENMhicrographs from the surfaces of the samples annealed at the
PAT of 1073 K (800°C) for 120, 36@Gnd 600seconddor all experimental process
atmosphere oxygen partial pressures, as provided in Table 3.2. These micrographs provide a
visual comparison of ghimorphology and distribution of the oxides formed on the surface of
the samples annealed underitb@DP,i 30DP and +5DP atmospheres. After annealing in the
T50DP process atmosphere for E&gondsclosely spaced oxide nodules were visihle
some areas of the bulk surface, as shown in Figure 3.2(a), while other areas appeared to be
covered by a relatively thin oxide layer. Compared to this sample, it can be seen in Figure
3.2(d) that a rather uimrm coverage by external oxide nodules resudtiter the 12&econd
anneal for thé 30DP process atmosphere. By increasing the oxygen partial pressure further
by meanof the +5DP process atmosphere, a significant decrease in external oxidation was
observed (Figure 3.2(g)) such that the underlyieglstubstrate surface was clearly visible in
some areas, likely due the oxides in these areas being very thin.

As can be seen clearly from Figures 3.2(b),day (h), annealing at 1073 K (800°C)
for 360secondgesulted in significant coarsening of theface oxide nodules for all
experimental process atmospheres. Extending the holding time te@&ftdsn the case of
thei 50DP and 30DP samples (Figures 3.2(c) and (f)), resulted in surfaces that were almost
entirely covered by a compact oxide lay@mrcompanied by further coarsening of the nodules,
which was more severe in the case of the samples annealed 30Dié process atmosphere.
As seen from Figure 3.2(i), oxide coarsening was observed in the case of thé 660P
secondsample; however, thsurface oxide nodules did not form a compact oxide layer.
Furthermore, a significant fraction of the underlying substrate was visible between the oxide

nodules, indicating the presence of thin oxide layers in these areas.
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Elemental XPS depth profiles afunction of time at the PAT and process
atmosphere angresentedn Figure 3.3, where it can be seen that the surface enrichment and
Mn-rich layer thickness increased witleincreasing holding time at the PAT under all
process atmospheres. The Mn eémment determined for the surface of t®DP process
atmosphere samples was slightly higher compared to that observed uridDReand
+5DP atmospheres; however, this external oxide layer seemed to be much thinner in
comparisorto those of the other gher oxygen partial pressure atmospheres. It is also worth

noting that significant surface enrichment of Si was only detected fob6018P process

atmosphere samples, as can be seen from the inset in Figure 3.3(a).

K 5 A" e BY ; ﬁ y §s CRGUD L9 X ' 4
| ssorizos YRR pom | | ssopacos JEERY_2em || sopooo: pRie]
Figure 3.2: Secondasiectron images from sample surfaces annealet2@r360and 600 s
under the 50DP (a, b, ¢); 30DP (d, e, f) and +5DP (g, h, i) process atmospheres.
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Further examination of Figure 3ii&dicatesthat the growth of the external oxide layer
was somewhati@wer for thei 50DP process atmosphere samples compared to those of the
130DP and +5DP atmospheres. Additionally, it can be seen that &B@RE#° process
atmosphere Midepth profiles converged to the alloy bulk concentration beyond the surface
Mn-enriched region (Figure 3.3(a)). In contrast to this, Mn concentrations higher than the
bulk content were observed well below the surfecgched region in the case of if#0DP
and +5DP process atmosphere samples (Figures 3.3(b) and (c)), which was most pronounced
in the case of the +5DP600secondsample (Figure 3.3(c)). This subsurface enrichment is
indicative of internal oxidation, as would be expected when employgigwater vapor
partial pressures.€., high pQ, Table 3.2) in the annealing process atmosphere. However,
care must be exercised in interpreting the surface oxide thickness data solely from the full
width halfmaximum (FWHM) of the elemental profilespee the increased internal
oxidation depth was likely to have a contribution to the width of the XPS profiles,
particularly at extended holding times and higher-gemt atmospheres. The binding energy
values forO1ls, Mn2p,,, and Mn2p,peaks after a-bm sputter of the steel surfacee.,
below the contaminated layer resulting from atmospheric exposure after removal from the
MGS were extracted from the raw XPS spectradentify the surface oxide chemistrigfs
the 600secondsamplesAn example of such an analysis is shown in Figure 3.4 fdr the
50DP? 600secondsample. From this, it can be seen that the metallic Fe peaks (binding
energy 706.7 eV) appeared when several tens of nanometers of the surface oxide layers were
sputtered, deito extensive coverage of the surface by the external oxides. The binding
energies measured for tds, Mn2p,,, and Mn2p . peaks at the surface corresponded to
those of MnO, as reported by several autffdrs’ and did not contain significant feides.

A summary of these resultspsesented in Table 3.3.
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Figure 3.3Mn and Si (inset) XPS depth profiles as a function of PAT holding time for
samples annealed under thei(@®)DP (b)i 30DP and (c}5DP process atmospheres.
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Figure 3.4: XPSpectra from depth profiles of Ol1s, Mn2nd Fe2p peaks for tlsample

annealed for 608econdsinder tha 50DP process atmosphere.

Table 3.3: XPS binding energies of oxides present on the sample surfaces annealed for 600
Measured bindtig energies (eV)

Atmosphere Name

Ols Mn2ps/2 Mn2p/2
150DP 530.0 640.9 653.3
130DP 530.3 641.4 654.1
+5DP 530.2 641.1 653.6

As mentioned earlier, direct measurements of the external oxide thicknesses were
made on sample FIB crosections for all procesgmospheres and are reported as an
average of at least 100 measurements over a total lengtteof. Zbllgure 3.5 shows a plot of
external oxide thicknesssthe square root of time, where the error bars represent et 95
confidence interval of the meahhe near perfect linear fit in this plot shows that the external
oxide growth followed parabolic growth kinetics under all process atmospheres, as would be
expected from a solidtate diffusiorcontrolled proces$*>Y Furthermore, comparing the
slopesof the three lines clearly indicates that the overall rate of external oxide growth under
thei 50DP atmosphere was lower than that observed far3®BP and +5DP process

atmospheres. However, it should be noted that, for annealing times of less tisandi®3%
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the external oxides associated with the +5DP process atmosphere were significantly thinner
than those of the50DP and 30DP process atmospheres. For example, after annealing for
60 secondsthe thinnest external oxide layer was formed under the +5DP atmospherg (49
nm), whereas after the 68@condsnneal, the +5DP process atmosphere external oxide
thickness was significantly greater than that ofitb@DP atmosphere.¢., 272+ 22 nmvs

203+ 15 nm).

320
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280 - A730DP
240 | ®+5DP
200 |
160 |
120 |
80 |
40
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0 5 10 15 20 25

Timellz (51/2)
Figure 3.5Time-dependence of external oxide thickness as a function of process atmosphere
dew point.

High-angle annular dark fiel(HAADF) images of the TEM crossections of the
samples annealed for 686condsinder the 50DP,i 30DP and +5DP process atmospheres
aredepictedn Figure 3.6. The white area on top of the images is the W coating followed by
a black layer representative of the C coating, both deposited prior to FIB milling to protect
the external oxide structures fraramage. From Figure 3.6(a), which showsith@eDP
sample, aexternal oxide layer with a naniform thickness can be observed. It is worth
noting that, consistent with the XPS results (Figure 3.3ta)¥ignificant internal oxidation
was detected for thessamples, which was expected due to the relatively loyopthei
50DP atmosphere. The higher magnification image of the synfesetof Figure 3.6(a)

revealed three distinct layers of the external oxides, suggesting varying compgdasitibins
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congituent: first, a thin black layer a few nanometers thick (denoted as layer 3) can be seen at
the steel/oxide interface; oapt of this thin film, a dark gsaoxide layer with varying
thickneseswas observeddyer 2), and finally, light gnaoxide nodule can be seen at the
oxide/atmosphere interface (marked as layer 1). The latter corresponds to the oxide nodules
that were visible in the SEM imagas shownn Figure 3.2(c).

In the case of thE30DP process atmosphere (Figure 3.6(b)), however, exéensiv
internal oxidation was observed in addition to a relatively thick external oxide layer, the latter
of which exhibited a polycrystalline appearance. The internal oxidation zone in this sample
can bedividedinto two different zones with respect to the oxide morphology and
distribution: the first zone comprising fine circular oxide particles within the bulk
microstructure along with the grain boundary oxides to a depth of approximatein0.7
while beneathHis region, oxides were largely present as a grain boundary network,
extending to depths of approximatelyrh from the surface. This second zone of internal
oxides apears to also decorate somegran boundaries. A similar morphology with a
much deepeinternal oxidation zone can be seen for the sample annealed under the +5DP
process atmosphere, as shown in Figure 3.6(c); while in accordance with SEM results, a
discontinuous, nodular external oxide configuration can be observed. It is also worth noting
that, as can be seen in Figures 3.6(b) and (c), the grains close to thessiitiaee30DP
and +5DP samples appear to be much finer than those present in the bulk microstructure. This
can be attributed to the pinning effect of the grain boundary oxréesming growth of the
recrystallized grains in the subsurface. It can be observed that this was not the case for the
T 50DP sample (Figure 3.6(a)) due to the absence of an internal oxide network. This is
consistent with the work of other authors wh&ogpointed out that this effect becomes less
significant towardhe inner depths of sample, due to the additional time available for grain

growth prior to pinning of the grain boundaries by oxides at that déﬁﬂ.
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the (a)i 50DP process atmosphere, with the inset showing the external surface oxide
configuration, (by 30DP process atmosphere and+BIDP process atmosphere.

In order to studyhe link between the morphology and chemistry of the oxides,
selected samples were subjected to STEM+EELS analysis as these methods possess superior
spatial resolution and detection limits (less than paj compared to XPS. Figure 3.7 shows
the EELS emental maps for Fe, O, Mand Si acquired from the external oxides of the
sample annealed under thgODP atmosphere for 6@@condsThe multilayer surface oxide
structure of this sample hypothesized above can be observed more clearly in thesdtimages.
can be seen that the thin black layer adjacent to the steel substrate, marked as layer 3 in
Figure 3.6(a), was an oxide enriched in Si with no significant presence of Mn. Furthermore,
the selected area diffraction (SAD) pattern acquired from this Islgewn as an inset in the
Si map of Figure 3.7, revedlsat this Sirich oxide layer was amorphous. However, for the
oxide layer that was demarcated as layer 2 in Figure 3.6(a), the EELS maps showed an
enrichment of Mn along with some Si, suggesting a3iloxide chemistry. It is worth noting
that this surface Si enrichment was also detected in the Si XPS depth giafilesn Figure
3.3(a). Finally, the oxide nodules at the external surface, designated as layer 1 in Figure

3.6(a), were identified dgn oxide where no significant Si signal was detected in the
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elemental maps. It is worth noting that this finding correlated well with the binding energy
data presented in Table 3.3, which determined that thenop & the oxidized steel surface,

i.e, layerl in Figure 3.6(a), to be MnO.

Spectrum Image!

5.00 1/nm

Figure 3.7: HAADF image and EELS elemental maps of the external axidesample
annealed for 600 s under theODP process atmosphere. The inset in the Si map shows the
SAD pattern acquired from region 3 of Figure 3)6(a

EELS elemental maps were also acquired from the internal oxide network formed as a
result of annealing under tii@0DP and +5DP atmospheres. Figure 3.8 presents the EELS
elemental maps of the surface and subsurface oxides formed after anned@b@skronds
under theé 30DP process atmosphere. It can clearly be observed that the external oxide was
only composed of Mn and O with heyered oxide structure being detected at the interface,
whereas the fine spherical oxides formed within the bulk attteagrain boundaries of
subsurface showed occasional enrichment of Si in areas with no significant Mn being present.
Further examination of the Si map in Figure 3.8 revealed that the Si enrichment corresponds
to the core of the grain boundary oxides.sltibservation was also consistently found for the

subsurface oxides of the +5DP sample, as shown in Figure3.6(c).

i

Figure 3.8HAADF image and EELS elemental maps, showing the surface and subsurface
oxides of the sample annealed for &@@ondsinder thé 30DP process atmosphere.
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In the same manner, EELS elemental maps of a grain boundary oxide formed further
into the subsurface from the sample annealed under the +5DP atmospherestrdsaiare
shown in Figure 3.9. It can be seen that, similar t6 88OP atmosphere samples, this oxide
also had a varying chemical structure, showing Si enrichment at the core of the grain
boundary oxide, while suggesting the presence of a manganese silicate for the outer shell of
the oxide. As discussed above, thigiSh oxide could be identified as SiQvhich has been

shown and is known to be present as an amorphous oxide under such coftiffiisThis

type of coréshell structure was also consistently observed in the grain boundary oxide

networks formed in sasurface of th& 30DP sample.

[ I !

Figure 3.9: HAADF image and EELS elemental maps, showing théstwk structure of a
grain boundary oxide of the sample annealed for 600 s under the +5DP process atmosphere.

In an effort to accurately determine the chemnés of each of the external oxide

layers observed for tHdbODP sampleasper the numbered layers annotated to the STEM
image in Figure 3.6(a), Mn,,@nd Si edges of the EELS spectra of each region were
extracted. The fine structures oflQ Mn-L; 3, and SiK edges of the aforementioned EELS
spectra are shown in Figure 3.10, where the spectra numbers correspond to the numbered
layers in Figure 3.6(a). As can be seen from Figure 3.10, no Mn edge was observed in the
layer 3 spectrum, while both of thelOand SiK edges correlated with those of $i6"8!

In the same manner, the shapéthe coreloss edges of & and MnL, 3, along with their

nearedge fine structures obtained from layer 2 in Figure 3.6(a), correspond with those
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reported for MnSi@in the recent study of Grosvenor eP3IFinally, the external oxide

nodules were identified as MnO from the O and Mn ed§&3 and the fact that no %

edge was detected, in agreement with the XPS data reported in Table 3.3. The same analytical
procedure was carrieauton the external oxides that were formed undeil 83DP and

+5DP atmospheres, further confirming that the external oxides in these cases comprised
MnO, in agreement with the XPS binding energy anabfstmvnin Figure 3.4 and Table3

It was further found that the fine spherical internal oxides formed in the tiulkei 30DP

and +5DP samples (Figure 3.8) correlated with the MnO spectrum in FigurevBilEOthe

fine grain boundary oxides of the subsurface were confirmed to eshibiat the cores.

Similar to Figure 3.10, inspection of the elemental edges of the EELS spectra acquired from
the grain boundary oxide networks in the deeper subsurface id3@b# and +5DP samples
(Figure 3.9) confirmed that the oxide core consisfemhmrphous Sig) with the surrounding

shell being identified as MnSiO
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Figure 3.10: GK, Mn-L, 3, and SiK edges electron energy loss spectra acquired from the

external oxides of the sample annealed for 600 s undéb@igP process atmosphere. The

numbers correspond to different oxide regions of Figure 3.6(a).
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3.4 Discussion

In order to assist witthe understanding of the internal/external transition, the classic
Wagner modéef! for the transition from internal to external oxidation was used to predict the
selective oxidation mode of Mn and Si in the experimental alloy as a function of process
atmosphere oxygen partial pressure{p@quation (3.1) gives the Wagner equationtiier
internal/external transition criterion for a binary single crystal alloy comprising a noble

matrix and ignoble solute B at an absolute temperdture

(N(o)) zé,pg* NG D,V
crit

3.1
B 22” o DBVBq (3.1)

[T DN

where a bulk solute concentration greater than the critical naagdn of the solute element
B, (Néf’))Crit results in the transition from internal to external oxidatignis the critical

volume fraction of the precipitated oxides required to block the inward diffusion of ox3/gen,
is the stoichiometric oxygen ratio for the precipitated solute d&@gV is the alloy molar

volume,Vgon the oxide molar volumeN$ is the mole fraction of dissolved oxygen at the

surfaceasper the analysis of Swisher and Turkdo§&randDo andDg are, respectively, the
bulk diffusivities for O and the solute B in the alloy.

The values of the parameters use&quation (3.1), except those used to compute
N, are tabulated in Table 3.4. It should be noted that the valgiernbst commonly used
in the Wagner model is 0.3, arising from the analysis of Rapp eim Atioys.® However,
recent experimental work by Lashgari et#i.determined this value to be 0.2 for the case of
Mn-containing steel|sand this value was uséar predicting the oxidation mode of Mn in the
current work; in the case of Si, however, 0.3 was employed in the calculations. More

comprehensive details concerning the Wagner calculations and the equations for the terms
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therein, such as those used to catepl$® , are provided in Appendix and the process

atmosphere information required for its computatsyprovided in Table 3.2.

Table 3.4: Diffusion data and values for the parameters in Equation (3.1) used for oxidation
mode predictin

Element or compound ii D, (1033mol) (cm;;;nol) o Ref.
austenite or ferrite (cn¥/s)

Oinr 0.642 159.0 - - 45
Mninr 0.16 261.7 - - 46
Siinr 0.21 242.0 - - 45
Oiny 0.037 964.0 - - 47
Mnin 4 1.49 233.5 - - 47
Siiny 8.0 248.9 - - 47
MnO - - 13.02 1 48

SiO, - - 26.12 2 48

r-Fe - - 7.299 - 49

1-Fe - - 7.0918 - 48

It should be noted, however, that Equation (3.1) does not take into consideration
either grain boundary diffusion in polycrystalline solids or the presence of multiple ignoble
solutes, as is the case for the present alloy. To address these limitatiacsetbeated
diffusion of oxygen and alloying elements was accounted for by halving the activation energy
values for bulk diffusio®®? in Equation (3.1). In addition, the modified Wagner model
proposed by Mataigne et & for multi-component system#) which the flux of the
oxidizable alloying elements towatke surface is additive and external oxidation will occur

if this combined flux of the alloying elements exceeds the inward flux of O into the substrate.

48



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

On this basis, the Wagner model (Equatf8.1)) was modified such that external oxidation

will take place if the inequality in Equation (3.2) is satisfied:

g VNS D, @ (3.2)

wherethe lefthand side of the inequality represents the cumulative flux of ignoble solutes (in
the present case Mn and Si) to the surface and thehagia side represents the inward flux
of oxygen.
Using the treatments embodied in Equations (3.1) and {Be2pxidation mode for
Mn and Si in the binary alloy (Equation (3.1)) and matimponent alloy (Equation (3.2))
were computed for the process atmospheres used in the present study. Computations were

conducted for both bulk and grain boundary selectivéation. The results of the
calcubtions for Equation (3.1).e, the binary alloy(Nl(%O))cm , for both Mn and Si are

compiled in Table 3.5. In the case of grain boundary oxidation, Equation (3.1) predicted
external oxidation under all annealing conditions for both Mn and Si. It should be mentioned
that Table 3.5 includes calculation results fothbaustenite and ferrite microstructures;
however, it should be noted that given the annealing temperature of 1073 K (800°C), which is
significantly above the Ademperaure of the experimental steel [L05%KL0 K
(786°C+ 10°C)], the majority of the miostructurs at the PAT likely consisted primarily of
austenite and, thus, the oxidation mode was likely dominatéu$phase

The Wagner model calculation results for bulk austenite undéb0i@P process
atmosphere (Table 3.5) are in good agreement with the XPS (Figure 3.3(a)) and TEM (Figure
3.6(a)) observations, where it can be seen that the predicted external oxidatidomhdale
and Si under the50DP atmosphere was dominant. Similarly, in the case of the +5DP process
atmosphere, the predicted internal oxidation mode for both Mn and Si was found to be

consistent with the TEM (Figure 3.6(c)) and XPS data (Figure 3.3(c)atthe of which

49



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

showed the concentration profile of Mn above the bulk composition well below the substrate
surface as well as the reduced surface enrichment observed. In the case of the Si XPS profiles
for the +5DP atmosphere, the subsurface peaks (F3g@(€)) provide some support for the
occurrence of internal oxidation as these localized peaks likely resulted from either the bulk

or grain boundary internal oxides.

Table 3.5: Predicted oxidation behavior of Mn and Si for an austenitic or ferritic

microstructure as a function of process atmosphepap@73K (800°C) using the Wagner
eqguation (Equation (3.1))

Bulk Oxidation in Austenite Bulk Oxidation in Ferrite
Atmosphere Name e Si e Si
150DP External External External External
130DP External/internal External External External
+5DP Internal Internal Internal Internal

The oxidation mode of Mn for bulk austenite underitB@DP process atmosphere
was predicted to be borderline internal as this process atmosphere dew point eisseery
to that predicted for the internal ¢xternal oxidation transitiome., less than 1 K (Table 3.5).
It should be recalled that this prediction used the modifjed 0.2 proposed by Lashgari et
al®™™ The internal oxidation prediion for Mn was consistent with the XPS elemental
profiles and TEM structural evidensbownin Figures 3.3(b), 3.6(band 3.8, respectively.
As mentioned above, external grain boundary oxidation of the austenite was predicted to
occur for both Mn and Sinder thé 30DP process atmospheaad this is consistent with the
TEM + EELS evidence presented in Figure 3.8 and can be said to also be consistent with the
fluctuations in the Si XPS profile presented in Figure 3.3(b). It must, however, be pointed out

that use of the classical value gf = 0.3 for Mn in Equation (3.1) will also predict internal

oxidation for Mn, albeit at a lower dew point of approximately 238.534 (6°C) and is also
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consistent with the above observations. Thussam@rete conclusions can be drawn as to the
preferred value fog™ for Mn in Equation (3.1) from the present study.

However, in the case of Si, the predicted oxidation mode for bulk austenite was
predicted to be external under tH2ODP atmosphere and is clearly inconsistent with the
experimental evidence presented in Figures 3.3(b), 3&¢Hd)3.8. Thus, the present form of
the Wagner model or the fundamental data used for the oxidation mode prediction for Si in
bulk austenite islearly inadequate. Examination of Equation (3.1) reveals that this is likely

due to the value of the relative diffusivities of oxygen and silicen the D,/D,_; ratio)

being approximately an order of magnitude loweamt the compakde ratio for Mn,i.e.,

3.4x 10% vs4.0x 10°, respectively. This lower relativB, /Dy ratio for Si {.e., the higher

flux of Si to the surface) was very likely the most significant factor in increasing the value of
the critical mole fraction of Si for the transition to internal oxidation and the resultant
increase in the predicted process atmosphere dewfpoitie transition from external to
internal oxidation to approximately 275 K (2°C). Thus, the overall conclusion is that the
Wagner model can be used to predict the oxidation mode for Mn in the present alloy, but that
the Wagner model cannot be useddouaately predict the oxidation mode transition for Si in
the present F8.1G6Mn-2Si (wt pct) alloy system.

In the case of the modified multbmponent Wagner model of Mataigne ef®al.
(Equation (3.2)), external oxidation of Mn and Si, both within the bulk austenite and along
the austenite grain boundaries, was predicted for all experimental process atmospheres.
Further investigation of the trends predicted by this equation revealezktbatal oxidation
was predicted for all atmospheric dew points between 17380CC) and 373 K (+100°C).
These predictions are clearly inconsistent with the experimental results for the bulk oxidation

mode of both alloying elements for theODP and +5P process atmospheres. Thus, the
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additive solute oxidation effect assumed to be operative in this equation is not valid in the
case of the present 6Mn2Si alloy.

The SEM micrographs in Figures 3.2(a) through (i) show that the oxidation potential
of theannealing atmosphere had a significant effect on the surface oxide morphology and
distribution. It was determined through XPS binding energy data (Table 3.3) and TEM+EELS
analysis (Figures 3,8.8, 3.9, an®.10) that the outermost external oxide layenpased
MnO for all process atmospheres. An increase in the isochronal surface area fraction not
occupied by MnO nodules or films was determined as a result of annealing iné8DiR
atmosphere (Figureés2(g)through(i)), while the highest surface coverage by external MnO
was observed under th80DP process atmosphere, further indicating that the oxidation
potential of the process atmosphere strongly affected the oxide morphology. Furthermore, as
was shown through the XPS pte8 in Figure 3.3 and the external oxide growth rate data
plotted in Figure 3.5, the external oxide layer formed iri B&DP samples was significantly
thinner tharthose formed ithe other two process atmospheres for annealing times greater
than 180secadsdue to its lower growth rate. However, it can also be seen from Figure 3.5
that the external oxide was significantly thinner for annealing times of up tset8ddsn
the case of the +5DP process atmosphere, likely due to the effect of a strargei int
oxidation mode being operative for this process atmosphere, further supporting the above
hypothesis.

The slower rate of oxide growth under if¥DP atmosphere can be partially
explained by the lower oxidation potential of this atmosphere, whithrined to a lower

adsorbed oxygen at the surface.( N, asper Equation (3.5), Appendi) and a lower

oxygen flux into the steel. Furthermore,saen from SEM images (FiguBe2(a)through(c))
and the oxidation kinetics plot in Figure 3.5, a relatively thick oxide layer£130am)

covering the steel surface was present after thee60ndhold for thei 50DP process
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atmosphere, meaning that further progression of the oxidation reactsocomaolled by the
slower outward diffusion of Mn and Si and the inward diffusion of O through the thickening
surface oxide layeF® Additionally, asper the TEM+EELS findings presented in Figures
3.6(a) and 3.7, respectively, the presence of a layedieé configuration on the surface of
the sample annealed under theODP atmosphere further explains the slow growth rate
controlled by diffusion of the oxide forming species through three different oxide layers and
their corresponding interfaces, whilader theg 30DP and +5DP atmospheyése oxidation
reaction progressed through diffusion across only one interface (Figures 3.6(b), (c) and 3.8).
The surface oxides formed aftee 66 and 120second holding timegnder tha 30DP
atmosphere were somewiltamparable to those formed underitb8DP process
atmosphere in terms of thickness and coverage; however, a significant difference between the
thicknesgsof the surface oxides of the two atmospheres was observed for the prolonged
holding times of 360rad 600secondsThe higher oxidation potential of th80DP
atmosphera,e., larger O supply, in combination with the diffusion process through a single
layer surface oxide, as described above, can be responsible for the observed intrease in
oxide gravth kinetics in comparison witthat ofthei SO0DP atmosphere. The presence of
more widely spaced external MnO nodules of the samples annealed under the +5DP process
atmosphere, where the internal oxidation mode was fully operative, is explained by the lowe
flux of solute Mn being able to reach the external oxide nucleation sites.

Thermodynamic calculations clearly show that MnO, SNNSiG;, and MipSiO,
form stable oxides under the annealing atmospheres used in thid*$tittywever, the
morphology and formation moded(, internal or external) of these oxides is also dependent
on kinetic factors such as the relative diffusion rates of Mraréi O. Among the
aforementioned oxides, Si@as the highest thermodynamic stapjlfollowed by the mixed

Mn-Si oxides, with MnO being the least thermodynamically stabt&¥ The presence of
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SiO, as a grain boundary oxide in the subsurface of CMnSi steels has been reported by
several authors at oxygen partial pressures consistéminternal oxidation!#1°323435.54
This can be explained by the higher thermodynamic stability of &@bined with its
relatively low solubility (3.1 x 13 (ppmY),*® and higher Si diffusivity (3.5 x 18 m’s %) in
austenitd® relative b that of MnO i(e., Kyno = 7.2 (ppmj and Dun, - = 2.9 x 10 m?s'?,
respectively) and the slightly lower solubility of M8iO, in austenite (7.& 10°° (ppm)’, in
this case assumed to be approximately the same as Mn'8irhus, the likely formation
sequence for these structures comprised first precipitating the more rapidly diffusing,
thermodynamically stable, lower solubility Si@x the grain boundaries. As Mn was able to
diffuse to the grain boundaries at its lower yétevould then react with the Sy@o form the
observed, low solubility MnSi@grain boundary phase. Further support for this hypothesis is
provided in Figure 3.9, where it can be seen that thedfaining shell is slightly thinner at
the bottom of th&ELS map and the Siontaining core is slightly thicker, as would be
expected given the diffusiedriven basis of the internal oxidation reactions. These
observations are also consistent vifthseof other author§*°®where similar structures
were obsrved for the internal oxidation of low MnSi steels. A similar mechanism would
also explain the observed Si€ore/MnSiQ shell structures observed for the bulk internal
oxides,asper Figure 3.8 and the multiyered external oxides observed in thesaafsthei
50DP process atmosphere (Figure 3.7). Having most of the Si bound to ten8inSiQ
oxides, formation of the MnO nodules at the outmost layer of the surface would be facilitated
under a critically low Si/Mn ratio at the surface and contisugupply of oxygen from the
atmosphere.

It has been reasonably well established that the surface oxide chemistry, morphology,
distribution and thickness can critically affect the reactive wetting of the steel substrate by

the galvanizing zinc bath. A ses of studies by Bellhouse and McDerftf®® reported
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that reactive wetting can occur despite the presence of widely distributed, relatively thin,
nodular external oxides on Ali TRIP-assisted steels when annealed under a low oxygen
partial pressuratmosphere, whereas the more compact, thicker MnO films observed at the
higher pQ were not able to be reactively wetted. Furthermore, Alibeigi &axplored the
reactive wetting of a 5 wict Mn steel by a 0.20 wgict Al (dissolved) bath and adwated

that the surface MnO layer could be aluminothermically reduced by the resident
bath-dissolved Al. However, despite the large thermodynamic driving force for the
aluminothermic reduction, the wetting reaction can be kinetically limited in the case of
excessively thick surface MnO layers. In a later stiidit was shown that surface MnO
layers thinner than 8&m can be reduced through aluminothermic reduction during a
4-secondmmersion in a 0.20 Al (wt pct, dissolved) galvanizing bath.

In thepresent studya variety of surface oxide chemistries and morphologies were
observed under the three experimental process atmospheres. UnidéDReprocess
atmosphere, a filalike multi-layer oxide structure composed of $i®nSiO;, and MnOwas
formedat the surface. It is welinown that SiQand manganese silicates are among the most
detrimental oxides withregatdo pr o mo t i n-geAlksdn@entedaeid layere d
formation. Furthermore, tHe&bODP oxide layer was relatively thick (over 100 nm)dtiof
the experimentadnnealing times, making the atinothermic reduction mechanism
kinetically unfavorablel*® Given this factor and the unfavorable morphology, it would be
expected that the surfaces of if®DP samples would not promote reactiattimg by the
galvanizing bath. Given the similar morphology and thickness of the external MnO layer of
thei 30DP process atmosphere, a similar result would be expected. Overall, it would be
expected that annealing the present steel under eithigs@#or 1 30DP process

atmospheres at 1073 BA0°Q would result in poor reactive wetting by the CGL bath.
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However, the surface MnO morphology and thickivessefound to be significantly
different as a result of increasing the oxygen partial pressure ofdbesg atmosphere from
4.39310% atm (.e., 1 30DP, Table 3.2) t4.298 10%° atm {.e., +5DP). Under the +5DP
atmosphere and for the industrially relevant annealing times ah@&020secondssurface
oxides with average thicknessof 49+ 5nm and 84 10nm were formed, respectively,
which were much thinner than those of other two process atmospheres (Figure 3.5). Based on
the kinetic model proposed by Kavitha et'&l.these MnO layers can be expected to be
reduced in a 0.2 wict Al (dissolved) bath during the common CGL immersion time of
approximately decondsAdditionally, the verythin intemodular oxide layers combined with
the noduldike oxide morphology of the +5DP steels (Figures 3.&{gugh(i)) has been
shown tofavor reactive wetting mechanisms such ag\RZny formation and bridging or
lift -off of the oxides by the molten zinc bath. Thus, it would be expected that the present steel
annealed at 1073 KBQ0°Q under the higher pO-5DP process atmosphere could be

successfully reactively wetted by conventional CGL baths.

3.5 Conclusions

It was demonstrated that process atmosphere oxygen partial pressure has strong
effects on the distribution, chemistrand oxidation mode obsexd during a 1073 K (800°C)
anneal of a model 0.26Mn-2Si mediumMn advanced higistrength steel. The external
oxides formed under the 2&3(i 50°C) and 24X (i 30°C) dewpoint process atmospheres
exhibited a filmlike morphology which covered the entsteel surface, even at short holding
times. For the 27& (+5°C) dewpoint process atmosphere, the external oxides showed a
nodular appearance with scattered distribution such that the internodular regions of the
substrate surfacgerecovered in very thimxide films, even after a 606econdholding time

Oxide thickness measurements revealed that the surface oxide growth kinetics followed a
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parabolic rate law under all experimental process atmosphatk the minimum rate
belonging to the 22K (1 50°C)dew-point process atmosphere.

XPS analysis and cros®ctional studies of the samples annealed forisé006nds
showed that, consistent with the modified Wagner model predictions for Mn, a transition
from external to internal oxidation occurred under thg R4i 30°C) and 278 K (+5°C)
dew-point process atmospheres, while the Wagner model predictions for Si did not correlate
with the experimental results. Moreover, the mottmponent model was incapable of
predicting the oxidation mode of the experimenteébt

HR-STEM + EELS studies revealed that the external oxides formed on the steel
surface under the 223 K§0°C) process atmosphere consisted of a layered structurepf SiO
MnSiO;, and MnOwhile under the higher process atmosphetemly MnO was foad as
the surface oxide. Similarly, it was shown that the internal network of the grain boundary
oxides of the samples annealed under the 243B°C) and 27& (+5°C) dewpoint
process atmospheres were composed of an amorphopsdg@3surrounded by ayuter shell
of MnSiGs. A mechanism for the formation of the observed oxide morphologies, based on the
varying solubilities of the oxides, their relative thermodynamic stabilities and the relative
diffusion rates of Si and Mn, was described.

It is expectedhat the presence of fikiike SiO, and MnSiQ on the surfacef the
223K (i 50°C) process atmosphere samples would result in poor reactivegist the
liquid metal Zn(AlFe) continuous galvanizing bath, and similar results are predicted in the
case othe relatively thick external MnO laygformed on the samples annealed under the
243K (i 30°C) dewpoint process atmosphere. It is expected that only the fine, riideile
and relatively thin MnO oxides of the samples annealed under th¢ @78 C) dewpoint
process atmosphere for 8Ad 120secondwvill promote full reactive wetting by the molten

zinc bath.
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Appendix A

The general equation for the diffusivity of spediesgiven by:

D =D, expgéR—(?I‘_ (3.3)
¢

where D; is the diffusion frequency factor of specig®) is the activatiorenergy for
diffusion, andR is the universal gas constant (8.314 J/#&pl
The mole fraction of dissolved oxygen at the surfagg) , was provided through the

analysis of Swisher and Turkdog&fi for the decomposition of 4 on the steel surfade
form a Henrian solution with the appropriate phase in the subsisqter, Equation (3.4):

H,+[O] =H,0 (3.4)

o< L &MW(F9 8HO &1
° "1008MW(0) & p(H,) &K,

(3.5)

whereMW(Fe)andMW(O)are the molecular vights of Fe and Qespectivelyp(H.O) and
p(H.) are the partial pressures of water vapor and hydrogen in the process atmosphere,
respectively, and} is the equilibrium constant of reaction 3.4 for phiaisethe substrate

(le,austenite (.3FNHesetatter vilees anbtained frgnBquations (3.6) and

(3.7) for austenite and ferrite, respectiviéfl;

log ng%So 10.0€ (3.6)
logKj 2@ -0.7¢ (3.7)
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and thep(H20)/p(H,) ratios required for input to Equation (3.5) for the process atmospheres

of interestare presentenh Table 3.2.
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CHAPTER 4 EFFECT OF PROCESS ATMOSPHERE DEW POINT
AND TIN ADDITION ON OXIDE MORPHOLOGY AND GROWTH
FOR A MEDIUM -MN THIRD GENERATION ADVANCED STEEL

DURING INTERCRITICAL ANNEALING

Maedeh Pourmajidiaigrian Langeliemand Joseph R. McDermid

McMaster Steel Research Centre, McMaster University, 1280 Main Street West, Hamilton,
ON L8S 4L7, Canada

Submitted for publication in Metallurgical dMaterials Transactions A, February 1, 2018.

Abstract

The combined effects of process atmosphere oxygen partial pressure, annealing time and a
0.05 wt pct Sn addition on the selective oxidation of a prototype-OMi&2Si third

generation advanced higkrength steel (3G AHSS) was investigated. External and internal
oxidation of both steels was observed after
holding times of 60 s to 600 s under all process atmosphere dew points explored (i.e. 223 K
(50e@3K(i30eC) anBecypB. KThe external Mn O mor ph
from compact and continuous filiike nodules to a fine and discrete globular morphology,

with thinner external oxides, for the -@dded steel. Crossectional TEM analysis revealed

that the Sraddition also resulted in significant refinement of the internal oxide network.

Kinetic studies showed that both the external and internal oxidation followed a parabolic rate
law, where the Sn addition to the steel chemistry resulted in lonwemek&nd internal

oxidation rates. 3D atom probe tomography of the external oxide/steel interface showed that

Sn was segregated to the interface with enrichment levels ten times the bulk value, which was

concluded to be responsible for the observed mdogital changes. The resultant refined
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external oxide structure is expected to have significant benefits with respect to reactive

wetting by the continuous galvanizing bath.

4.1 Introduction

The increasing demand for lighter, safer and moredtfadient vehicles legislated by
energy and environmental agencies has resulted in third generation advanced high strength
steels (3GAHSS) receiving significant interest from leading auto steel researchers and
OEMs as candidate materials for the manufactuingduced mass structural automotive
components>® In particular, the 36AHSSs are being designed to possess a superior
combination of high strength and ductility versus the first generation AHSSs at a lower cost
and a leaner chemistry compared tolitghly-alloyed second generation AHSS, e.g.
twinning induced plasticity (TWIP) and austenitic stainless stédls.

However, the use of these next generation materials requires innovative solutions for
maintaining the structural integrity of the vehielgainst corrosion, particularly since the
desired weight reduction is generally brought about by the use of thinner material cross
sections and more complex geometries for manufactured parts. Continuaiys hot
galvanizing is a widely practiced, cesifective industrial process for this purpose, where a
zinc alloy coating is applied to sheet products after being heat treated in a dew point
controlled, reducing NH, atmosphere. However, the annealing atmospheres commonly used
in industrial practice are moeducing with respect to the commonly used alloying elements
such as Mn, Si, Cr and Al and, as a result, selective oxidation of these elements can occur at
the surface and subsurface of the steel, possibly rendering the sheet surface incompatible for
reactive wetting by theontinuous galvanizing Zn(Al, F&ath. For example, it has been
shown that the presence of an integral, relatively thick external oxide layer can prevent the
essential reactive wetting reactidfi# from taking place at the steel/zinc interface during
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immersion in the Zn(Al, Fe) bath, resulting in poor coating adhesion and unacceptable final
product quality.

A variety of solutions have been proposed to address this issue, where several authors
have siggested tailoring the process atmosphere conditions such that external selective
oxidation of the alloying elements is either hindered or transferred from the surface to the
subsurface. This can be achieved through different routes, such as increasxygéme
partial pressure of the process atmospHéfé increasing the hydrogen content of the gas
mixture™! or implementing a prexidation treatment prior to anneality:*" More
recently, the known effect of surface segregation of minor aljpgdditions such as Sn and
Sb on retarding the rates of surface reactions such as carburiZhtionl selective oxidation
of Si in electrical steeld®, was leveraged into the area of AHSS to resolve the issue of
alloying element selective oxidation CMnSi TRIP steeld?®?? |n particular, it was shown
that minor additions of selected surface active elements such@$'61sb?” or Bj 1?2
within the ranges of 0.05 wt pct to 1 wt pct, could modify the morphology of thelSi
surface oxidefrom film-like to islandlike such that significant improvements in the quality
of the galvanized coating was obtained. It was reported that segregation of these elements to
the surface occupied the oxygen adsorption sites, thereby decreasing the exyggatbpity
and potentially changing the surface oxide chemistry and morph&®&y1t was also
pointed out that the surface segregation also changed the interfacial energies, which
contributed to the observed morphological change€! However, @spite the beneficial
effects on the selective oxidation of AHSSs alloyed with surface active elements, care must
be taken when employing this approach as alloying additions in excess of 0.05 wt pct of
elements such as S and Sn are known to have detrireéietas on the grain boundary

cohesion and mechanical propert{&s?”)
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With the pending emergence of 3&SSs in automotive structures, it is imperative
that means be developed to allow for the metallic coating of this alloy class. Among the
proposectandidate compositions for 3&HSSs, mediunrMn steels have emerged as

€: 283U However, limited work has

credible candidates to fill the 3®HSS property spac
been performed on the galvanizing of these alloys and, in particular, there is limited
information available on the effect of surface active elements on the selective oxidation of
mediumMn steels and their potential to favorably change external oxide thickness,
morphology and distribution to facili@teactive wetting by the Zn(Afke) continuos
galvanizing bath. Thus, the objective of the present contribution is to determine the combined
effects of varying the oxygen partial pressutarough altering the N 5 vol pct H process
atmosphere dew poiiitand an alloying addition of 0.05 wt @8h on the selective oxidation,
oxide morphology, oxide surface distribution and oxidation kinetics of a moeilEe
6Mn-2Si (wt pct) 3GAHSS. The results of this study will also be interpreted within the
context of previously established knowledge onetfect of these factors on the reactive
wetting of steel surfaces by the Zn(Al, Fe) galvanizing Bf?

The results of this work will contribute to subsequent studies on the subject of

reactive wetting mechanisms of the medilvyin 3G steels, which arexpected to be

significantly more difficult to reactively wet relative to the first generation AHSSSs.

4.2 Experimental
Two grades of 0.16Mn-2Si steel sheets, a reference alloy and-adted grade,
were received in the fulhard coldrolled condition with an approximate thickness of 1.2 mm.
The detailed chemical composition of the experimental steels is given in Thb&amples
for selective oxidation comprising 2050 mnf coupons were cut from the original steel

sheets using an abrasive wgtdrsuch thathe rolling direction was parallel to the
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longitudinal axis of the sampleBhe sample surfaces were polisheohg<2l000 grit SiC
paper prior to annealing in order to minimize the effects of surface roughness on the surface

oxidation studies. All samples were cleaned with acetone immediately prior to annealing.

Table 4.1: Chemical composition of the experimenta|st@vt pct)
Steel Name C Mn Si Al Sn P S Mn/Si

Reference  0.106 6.241 2.023 0.040 0.005 0.006 0.003 3.09

0.05pctSn 0.100 6.165 2.050 0.032 0.049 0.006 0.004 3.01

Selective oxidation heat treatments were carried out in a dew point contreHéd N
vol pct H process atmosphere in the McMaster Galvanizing Simulator (lwStatec),
operational details of which are well documented and can be found else¥h&teee
process atmospheres with dew points of 2283%0{C), 243 K1{30°C) and 278 K (+5°C)
were used to explore the effect of process atmosphere oxygen partial pressure on the selective
oxidation of Mn and SiA detailed summary of the experimental process atmospheres
utilized in this study are presented in Table 4.2, ehiee corresponding values of #iHpH,
and oxygen partial pressure (@t each dew point were derived usthg FREED
thermodynamic databag®®’ Throughout the subsequent text, refereriogzocess
atmospheres and their corresponding samples willderhy the designated atmosphere
name per Tabld.2.

Table 4.2: Experimental specifications of the3\vol pct B process atmospheres at 963 K

(690°C) peak annealing temperature
Atmosphere Name Dew Point (K) pHO/pH, pO; (atm) Holding Time (s)

i 50DP 223 0.00125 1.2¢10% 60, 120, 180, 360, 60
i 30DP 243 0.00998 7.6%10%° 60, 120, 180, 360, 60
+5DP 278 0.17111 2.2610%° 60, 120, 180, 360, 60
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Figure 4.1 shows a schematic of the experimental annealing cycle, where samples
were isothermally held @n intercritical annealing temperature (IAT) of 963 K (@3)0for
holding times within the range of 60 s to 600 s (Table 4.2). Following the isothermal hold,
samples were rapidly cooled to 343 KdZDat a rate of 10 K/svia N, gas quenchinglhe
thermalcycle was controlled using a 0.5 mm type K thermocouple welded directly to one of
the selective oxidation samplédl selective oxidation tests were carried out in triplicate to
ensure repeatability of the experimental results. The heat treated samples were stored in
anhydrous HPLC grade isopropanol in order to minimize additional oxidation prior to

analysis.

963 K (6

5K/s

Z— 773 K (500¢C)

15K/s 10 K/s

Temperature

v

Figure 4.1: Annealing heat treatment cyclt;r!sTheematic.

In order to study the effects of the experimental variables on surface oxide
morphology and distribution, the annealed samples were examined in a JEOL 7000F field
emission gun scanning electron microsc@fie SEM) operated in secondary electron
imaging mode at an acceleration voltage of 5 keV. All oxidized samples were coated with C
prior to SEM analysis to prevent charging.

To investigate the formation and growth of the surface and subsurface oxides, SEM

images were also acquired from the cresstioned surfaces revealed through focused ion
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beam (FIB) milling. A NVision 40 FIBSEM microscope (Zeiss) equipped with afdns

detector was operated at @arceleration voltage of 5 keV for electron imagifigo trench

cuts with a | ength of 10 em were made on di s
and W were deposited on those areas in order to preserve the surface oxides from damage
during Ga ion beam milling. High magnification electron images wepiced along the

length of the cuts where a tilt correction o&3s applied to the crosectional images in

order to compensate for thegstage tilt required for the milling procedure. Measurements of

the external oxide layer thickness as well agigqath of the internal oxidation zone were
performed using Imagell48vsoftware. Oxide growth kinetics as a function of process
atmosphere oxygen partial pressure and Sn addition were determined based on a minimum of
100 measurements per sample takenguaidefined sampling grid to ensure random

sampling of the oxide layer thickne3$e average oxide thicknesses below are reported

using the 95% confidence interval of the sample mean.

X-ray photoelectron spectroscopy (XPS) was carried out to identisutfi@éce oxide
chemistries and to obtain elemental depth profiles. The analysis was performed using a PHI
Quantera SXM wdysonrcefl486&XEV). K8 Xpot size was 100
takeoff angle was set at 45°. Spectra were acquired using @pasgy of 140 eV and step
size of 0.25 eV. Elemental depth profiles were obtained by Ar ion sputtefidgamn?
area after sputtering the outermost 5 nm of the surface in order to remove contaminants from
atmospheric exposure. Depth measurements aigdsyed accurate within £10% of the
documented sputtered depth. All data processing was performed using MultiPak 6.0 software.
The reported chemical analysis binding energies are accurate to within £0.1 eV. All spectra
were calibrated using the metallieZy/, binding energy of 706.62 eV.

Scanning transmission electron microscopy (STEM) was performed orsedsms

of samples that were held for 600 s at the PAT across all process atmospheres explored.
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Similar to the procedure described above, HtBouts were first made from areas of interest
and were thinned by ion milling to meet the requirement for analysis with transmission
electron microscopy. A FEI Titan 8800HB transmission electron microscope operated at
300 keV was used to acquire FBREM micrographs and to obtain electron energy loss
spectra (EELS) using a Gatan Quantum GIF. Digital Micrograph 2.3 software was used to
extract elemental maps from the raw EELS data.

In order to characterize Sn segregation to the surface and oxide/restakies, 3D
atom probe tomography (APT) was performed using a Cameca LEAP 4000X HR atom probe
(Cameca Instruments). Prior to FIB{dut, the sample surfaces were sputteaited with a
~300 nm thick layer of Cr to facilitate specimen preparation. Ftlifs containing the
surface oxide/metal interface and subsurface oxides were sectioned and mounted onto silicon
posts using W deposition, and sharpened into needles by annular milling at 30 keV using
standard methodS”! Final sharpening was done atkeV to remove FIB damage and
position the surface oxide to the tip apex. The tips were analyzed by APT operating in laser
pul sing mode (& = 355 nm, 60 pJ/pulse) with
detection rate was set at 0.005 ions/pulse¥®).svhich was maintained by an applied DC
voltage. The laser pulsing rate was 120 kHz or 200 kHz, as dictated by the applied voltage
and maximum range of the mass spectrum. IVAS v3.6.6 software was used for reconstruction

and analysis of the data.

4.3 Results

A selection of SEM images of the external oxides formed during intercritical
annealing at 963 K (690°C) under tH&ODP,i 30DP and +5DP process atmospheres are
shown in Figures 4.2, 4.3 and 4.4, respectively, where the micrographs in (a), (©) and (
represent the external oxides for the reference steel after 120 s, 360 s and 600 s isothermal
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holds at the IAT and (d), (e) and (f) correspond to the same annealing parameters for the Sn
added grade. It should be recalled that five holding times witieimange of 60 s to 600 s
were explored for the selective oxidation experiments; however, the trends shown in this

selection of SEM images were found to be consistent for all experimental samples.

{150 oy : . %! :
Figure 4.2 Secondary electron images showmg the surface oxide morphology of samples
annealed under thie&sODP process atmospheres for 120 s, 360 s and 600 s; (a), (b) and (c)

reference steel, (d), (e) and (f)-8dded steel.

It can be seen from Figure 4.2 that acréased coverage of the steel surface by the
external oxides was observed with increasing annealing time. Furthermore, the oxide layers
that were formed after the 360 s and 600 s holds (Figures 4.2(b), (c), (e) and (f)) showed a
coarser and more compacipaarance. This coarsening trend with time was consistent for
both of the reference and the-&ided steels. However, a comparison of Figures 4(2)a)
with their equivalent counterparts in Figures 4.Z@xlearly shows that the morphology and
distribuion of the oxides formed at the surface of theaSded grade were modified. For

example, it can be seen that thedsided alloy external oxides comprised finer nodules with
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a globular morphology as opposed to the coarser, more compact afiéddiimdules of the
reference alloy. It can also be observed that thadsied alloy surfaces exhibited a more
discrete distribution with wider spacing between the nodules. Furthermore, it can be surmised
that the surfaces of the @lded steel were significantly teexidized, as exemplified most
clearly in the case of the 120 s and 360 s samples (i.e. Figures 4.2(a) vs (d) and (b) vs (e)), as
after the extended holding time of 600 s, a fully coarsened and compact external oxide scales
were formed on both grades (iFggure 4.2(c) and (f)).

The modifying effect of the 0.05 wt pct Sn addition on the surface oxide morphology
and distribution was also observed in the samples that were annealed uin@éDiReand
+5DP process atmospheres (Figures 4.3 and 4.4), wineter the same processing
conditions, a finer and more globular surface oxide structure can be clearly observed for the
Snadded substrates as opposed to the coarse and maoh&diloxide layers of the reference
steel. Furthermore, in terms of oxide disition, a wider spacing between the oxides as well
as less surface oxide coverage could be identified for tfeel@ad samples.

As mentioned earlier, the effect of the process atmosphere oxygen potewijiasted
using the process atmosphere dew piion the selective oxidation of the alloying elements
was also studied. Comparison of the micrographs in Figures 4.2 to 4.4 show that, as a general
trend, the oxide surface coverage decreased by increasing the process atmosphere dew point
from 223 K (50°C) to 278 K (+8C), such that the maximum surface coverage was obtained
for the samples annealed underitB8DP process atmosphere. Additionally, the oxides
formed under the50DP and 30DP process atmosphere were, overall, more closely spaced,
forming coninuous surface films, compared to those of the +5DP atmospheres which
exhibited a more discrete, noddike morphology (Figures 4.2 and 4.3 vs 4.4). This trend

was consistent for both of the experimental steels.
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‘ ';,‘." » ."\ ‘. " 3! i 3 . _ : ,£ e % . :
Figure 4.3:Secondary electron images showing the surface oxide morphology of samples
annealed under the80DP process atmospheres for 120 s, 360 s and 600 s; (a), (b) and (c)

reference steel, (d), (e) and (f)-8dded steel.

i +5DP 600s

ng the surface oxide morphology of samples
annealed under thebDP process atmospheres for 120 s, 360 s and 600 s; (a), (b) and (c)
reference steel, (d), (e) and (f)-&dded steel.
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XPS depth profiles of Mn and Si (inset) of the experimeste®|s as a function of
process atmosphere are given in Figure 4.5, where the dashed line and open data points
represent the elemental profiles of thedgided steel. It should be mentioned that, for the
sake of avoiding congestion in the plot, only tl2® $ and 600 s data are shown; however,
the results of 360 s hold were intermediate to the X5 binding energy data from the 120
s samples for each process atmosphere examined were used to determine the chemical state
of the surface oxides. Binding egees 0f530.3 eV, 641.4 eV and 654.1 eV were determined
for theO1s, Mn2p,,and Mn2p,, peaks, respectively, which correspond to those reported for
MnO by several author§%*% It should be noted, however, that the Si signals were generally
too noisy to provide reliable interpretation of the binding energy data.

It can be inferred from Figure 4.5(a) that the thickness of the external MnO for both
steels increased with increasingaaling time for th& 50DP samples, where the external
MnO layer was significantly thicker for the reference steel for the annealing time of 600 s.
These observations are qualitatively in agreement with the SEM observations of external
oxide coarsening sknn in Figure 4.2. However, in the case of the 120 s samples, the
thicknesses of the MnO layers were comparable. Furthermore, all plots in Figure 4.5(a)
converged to the bulk Mn content at approximately 200 nm with the exception of the
reference steel anrled for 600 s, which returned to the bulk value at approximately 600 nm.
No significant enrichment of Si was detected, aside from a slight increase observed at the

outmost surface layer of the steels.
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Figure 4.5XPS depth profiles of Mn and Si (inset) of the reference aradsed steels
annealed for 120 s and 600 s under thé%@pPP (b)i 30DP and (c) +5DP process
atmospheres.

The XPS elemental profiles acquired from tB®DP samples in Figure 4.5(b)

showed tle same trend with increasing annealing time as was shown in the SEM observations
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in Figure 4.3 i.e. the thickness of the external oxide layer tended to increase with increasing
annealing time. Furthermore, a decrease in the surface Mn enrichment telétiee

reference alloy was detected in the case of thadsied substrates for a given annealing time,
implying that the external oxide was somewhat thinner. It is also worth noting that, under the
T 30DP process atmosphere, the 60@n profiles of both gades maintained larger values

than the bulk concentration to further depths from the surface relative to the observations for
thei 50DP samples annealed for the same time. Also, similar i&0RP depth profile
observations, only a minimal enrichmentSfwas detected at the surface.

A significant decrease in the external MnO layer thickness was observed in the XPS
plots of the +5DP process atmosphere samples compared to the other process atmospheres, as
can be seen in Figure 4.5(c), in agreement thightrends from the SEM analysis (Figures 4.2
to 4.4). All elemental profiles of the +5DP process atmosphere samples presented evidence of
internal oxidation having taken place as values above 6 at pct were detected further away
from the surface, consistewith the external to internal oxidation transition having taken
place when annealing under higher,p@ocess atmospheres (Table 4.2). However, as can be
seen from the inset in Figure 4.5(c) the slight enrichment of Si was, again, confined only to
the surface of the samples.

Figures 4.6(a) and (b) show the variation in chemical composition of the surface
oxides formed during the 120 s anneal versus the process atmgspherbe elemental
concentrations in these plots were averaged from the top 20 nm of the surface after a5 nm
sputter to remove any surface contamination, where the error bars represam e
standard deviation. It can be seen that, for both steel chemistries, the amount of metallic iron
(Fe2p peak) at the steel surface increased with increasing process atmosphere oxygen partial
pressure and coincided with a decrease in the O and Metrations. It is worth noting

that the Mn to O ratios remained relatively constant at approximately one under all
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experimental conditions, consistent with the binding energy determination that the external
oxides were MnO. The amount of metallic ironsnedso found to be comparable between the

two grades for all process atmospheres.
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Figure 4.6: XPShemical composition from the top 20 #thick external oxide layer of the
(a) reference steel and (b)-8dded steels annealed for 120 s as a funcfipnogess
atmosphere oxygen partial pressure

Using the FIBderived crossectional images of the surface and subsurface, the effect
of process atmosphere pénd the alloy Sn addition on the external and internal oxide
growth kinetics were determinedgthesults of which are plotted in Figure 4.7(a) and (b) for
the surface oxide thickness and depth of the internal oxidation zone versus the square root of
time, respectively. Given the significant local variation in the thickness of the oxide
layers/zoneghe average of a minimum of 100 measurements are reported, where the error
bars represent the 95% confidence interval of the mean. It should be mentioned that the
coefficient of determination (i.e.’Ralue) of all of the regressions lines was above Qva8,
the exception of the50DP and 30DP lines for the internal oxidation of the-&ided steel,
which were 0.91. This near perfect linear fit is indicative of parabolic growth rate kinetics
under all experimental conditions, which would be expectethéocase of solidtate

diffusion controlled oxidatior**! However, the most notable result from these plots is the
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decreased rate of oxide growth for thecemtaining steels compared to the reference alloy. It

can be inferred from the line slopes igiiie 4.7(a) that the growth rate of the external oxides

was highest for the reference steel annealed undéB@i2P atmospheréollowed by that of

the Sncontaining grade. The external oxide thicknesses of the rest of the samples fell below
those of the above two with the rates being compar@hkeeffect of Sn addition on

decreasing the oxidation rate was more pronounced wlzeniexg the internal oxidation

kinetics data shown in Figure 4.7(b), where a clear drop in growth rate can be identified for

the Snadded steel datdhe maximum depth of internal oxidation and the maximum internal
oxidation growth rate was observed foe tieference steel annealed under the +5DP
atmosphere, followed bythe@nd ded st eel s anneal ed under thi
vs 1.5 em for the 600 s holi3DBRand56Fpecti vel y)
atmospheres resulted in a significant daseeof the internal oxidation rates in comparison

with the +5DP process atmosphere, with thec&mtaining steels exhibiting significantly

slower growth kinetics versus those of the reference allog.suppression of external and

internal oxidation kinetis by large metallic atom additions to steels has been previously

observed and reported in the work of Lyudkov8Ry Zhang et af**! and Cho et af?*??,

where the operative mechanism was determined to be segregation of the high atomic number
alloying elements to the surfaten the present case, $roccupying the surface oxygen

adsorption sites, reducing the concentration of dissolved oxygen at the surface and reducing

the inward oxygen flux.
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Figure 4.7:Growth kinetics of (a) externalxide thickness and (b) depth of internal oxidation
zone as a function of process atmosphere dew point and Sn addition.

HR-STEM analysis of the samples annealed for 600 s undéb@igP,i 30DP and

+5DP process atmospheres were performed on the FIBs®o8sens, where the

corresponding images are provided in Figures 4.8(a) to (f). The black area on top of these

images is the C that was deposited prior to FIB milling to protect the external oxides from

damage. It should be noted that samples taken fromesrannealing times displayed the
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same morphological trends documented below, with the 600 s annealing time samples being
chosen here for increased clarity. The refinement effect of the Sn addition on the oxide
morphology and distribution of the exterald internal oxide network is clearly observed in
these images. Consistent with the SEM observations in Figures 4.2(c) and 4.3(c), it can be
seen from Figures 4.8(a) and (b) that the reference alloy external oxides uridéDReand

7 30DP procesatmospheres formed continuous films. In contrast to this, tred8ed

samples annealed under the same experimental process atmospheres (Figures 4.8(d) and (e))
showed a significantly thinner and discontinuous surface oxide morphology. It can also be
obseved that the depth of the internal oxidation zone had slightly decreased in the case of the
Sncontaining substrates, consistent with the observations in Figure 4.7. The external oxide
morphology for both steels when annealed under the +5DP atmosphdoeimciso be

nodulelike as opposed to fildike; however, the external oxide structures for thea8ded

alloy shown in Figure 4.8(f) showed a globular, more widely spaced morphology. Finally, it
should be mentioned that the depth of internal oxidatiorease2d when higher process
atmospher@O, were employed, which was expected due to the increased oxygen flux

shifting the oxidation mode strongly to the internal oxidation mode, as was previously shown

in Figure 4.7.
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A

+5DP 600s [ . 500nm
Figure 48: Dark field STEM images from crossctions of (a), (b) and (c) the reference steel
and (d), (e), (fthe Snadded steednnealed for 600 @nder tha 50DP,i 30DP and+5DP

process atmospheres, respectively.

+5DP 600s

The TEM crosssections were also analyzed biIES to determine the chemistry of
the external and internal oxides observed in the alloys. An example of such an analysis is
shown in Figure 4.9(a) where Fe, O, Mn and Si elemental maps were extracted from the
EELS spectra acquired from the reference steekaled for 600 s under theODP process
atmosphere. In accordance with the XPS findings, it can be seen from these maps that the
surface oxides were largely composed of Mn and O, where no significant Si signal was

detected in the surface nodules. Hoara thin layer of Si enrichment was found at the
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oxide/steel interface, which correlates with the subtle Si enrichments detected in the Si XPS
depth profiles of Figure 4.5(a). Furthermore, the continuous internal oxides showed a varying
composition, whes in some areas they were significantly enriched in Si and O with no Mn
enrichment and in other regions Mn, Si and O were present, suggestingieokide

chemistry. In order to identify the oxide species present at each region of the sample, the
O-K, Mn-L; 3and SiK edges of the acquired EELS spectra were compared with those of the
standards available in the literatufé® The highresolution EELS spectra are shown in

Figure 4.9(b), where the coless peaks and the neadge fine structures thgpeciate the

oxides are marked by vertical arrows. Th&@nd MnL, speaks of the spectra acquired

from the external oxides correlated with those of MH®, consistent with the binding

energy determination from XPS (Figures 4.5 and 4.6). In theofdke internal oxides that

were Mnrich, shown by the blue line in Figure 4.9(b), th&@oreloss and MAL, snear

edge features agreed with those determined for MpiSiGrosvenor et al*®, where the
presence of the Si edge in the highs energwindow confirmed that a manganese silicate
was present in those regions. Finally, the internal oxides that were enriched in Si only were
identified as Si@ *"“® Similar TEM and EELS analyses were carried out for all of the
samples shown in Figure 4a8d showed the same trends as those presentediabevihe
external oxides were consistently identified as MnO while the internal oxide networks
comprised a muliayered structure with MnSig3urrounding a Si©core for both the bulk

internal and gra boundary oxides.
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Figure 4.9: (a) Dark field STEM image and EELS elemental maps of the external and internal
oxides formed in the reference steel annealed for 600 s undé&sb® atmosphere and (b)
the corresponding electron energy loss spectra showing the fine structure®-d,tMn-
L, zand SiK edges.

Given the extremely low bulk concentration of Sn (i.e. 0.05 wt pct or 0.02 at pct) and
as no evidence of Sn segregatimuld be found with either XPS or EELS, a 3D APT
analysis of the steel/external oxide interface was conducted on a sample taken from a Sn
added 30DP x 600 s sample in order to locate and quantify any Sn segregation at the atomic
scale. The results of thasalysis are presented in Figure 4.10, where the Fe, Mn and Si atom
map of the reconstructed volume across the MnO/steel interface shown in Figure 4.10(a). The
color composition map taken from a 5 nm thick slice of the reconstructed tip is shown in
Figure4.10(b). It should be pointed that the Sn signal was too weak to be properly visualized
in this map; however, in accordance with the TEM+EELS observations (Figure 4.9(a)), the
Si-rich layer underneath the surface MnO oxide was observed at the intetéanental
concentration profiles across the steel/oxide interface are shown in Figure 4.10(c), with the
Sn profile magnified in a separate plot underneath. From this, it can be inferred that Sn was

segregated to the steel/oxide interface with an enrichieegitapproximately ten times the
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bulk concentratiofi i.e. 0.02 at pct. It should be mentioned that, aside from the Si and Sn
enrichments at this interfadie profile also shows a layer rich in Fe and O which is at odds
with the previous analysis andaso unexpected given the fact that all process atmospheres
in the present study were fully reducing with respect to Fe. This effect is a known artifact of
APT analysis, in which O is preferentially retained when the analysis direction runs from an
oxideinto a metal, rather than a real feature of the specititeAdditionally, the Mn to O

ratio of the surface oxide was found to be higher than that of MnO which can to some extent

be attributed to oxygen loss during field evaporation.
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Figure 4.10APT analysis of the surface oxide/metal interface of tha@®rfed steel annealed
for 600s under th& 30DP atmosphere (a) 3D atom map of Fe, Mn, Si and 15 at pct Mn
isosurface, (b) 5 nm thick 2D section of the reconstructed needle showing the enridhment o
alloying elements in the surface oxide and (c) proximity histogram (proxigram) revealing the
1D concentration profiles normal to the isosurface marked with an arrow in (a).
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4.4 Discussion

It was consistently determined through several analytiealoscopy techniques that
significant changes to the oxide morphology, distribution and thickness resulted from adding
0.05 wt pct Sn to the steel (Figures-4.8). The external MnO oxides formed on the surface
of the Snacontaining steels exhibited a neowidely-spaced distribution of fine, globular
nodules (Figures 4-2.4 (d) to (f)) versus their ne@n added counterparts , which displayed
a significantly more compact, coarser external oxide morphology (Figurds44(a) to (c)).

This change in exteah oxide morphology was also accompanied by slower external

oxidation kinetics (Figure 4.7(a)) resulting in thinner external MnO layers on the &

alloys compared to those of the reference steels (Figure 4.5(a)). Strong oxide refinement and
slower oxdation kinetics were similarly observed in the case of the internal oxidation, as
pictured in Figures 4.7(b) and 4\8here the internal oxidation rates were uniformly lower

for the Sn grade versus the reference steel for all process atmospheres.

On the ¢her hand, the external oxide chemistry was not found to be affected by the
0.05 wt pct Sn additiorAs can be seen from the plots in Figure 4.6, an approximate 1:1 ratio
of Mn to O for the external oxides was maintained for all experimental conditioitsy, wh
combination with the XPS binding energy data and the EELS analysis (Figure 4.9)
determined the external oxides to be MnO for both steel compositions. SinftiaLl,
analysis (Figure 4.9) showed thiae internal oxides comprised a layered strctwith the
oxide cores and the surrounding shells being identified aseBiDMnSiQ, respectively.

The formation mechanism of the observed oxide species, which all form
thermodynamically stable oxides under the process atmospheres of this study, can be
explained by the kinetic and thermodynamic factors in play, $i& first formed at the
grain boundaries of the subsurface, owing to its higher thermodynamic stabifitynearly

zero solubility producf? compared to that of MnO, and the highefudifvity of Si relative
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to Mn. "3 Due to the slower diffusion of Mn to the reaction sites and its higher
thermodynamic stability and lower solubility versus MAt) MnSiO; was formed at the
surroundings of the grain boundary gi0Oe. the oxide shellgigure 4.9). The presence of

the thin external MnSi@layer (Figure 4.9) can also be described by the same reaction
sequence. At the surface, under a continuous supply of oxygen from the process atmosphere
and the lack of competition among Si and Mntfeg dissolved oxygen consumption, the

higher solubility MnO formed stable oxides as a locally high Mn to Si ratio was also present.
The presence of MnO as the surface oxide species has been reported in several previous
works®%**%¥land more recently ithe case of the mediutin 3G steels, by Pourmajidian

and McDermid®¢>7!

The selective oxidation of Mn and Si was also affected by the process atmosphere
oxygen partial pressure. The external MnO oxides observed on the surface of the reference
steel anealed under the50DP and 30DP process atmospheres (Figures 4.2 and 4.3 (a) to
(c)) comprised a patchy and filitke morphology with large fractions of the substrate surface
being covered by these structures. It should be noted that, in the case catlge8n
substrates, a finer globular morphology with thin films between the nodules was observed in
Figures 4.2 and 4.3 (d) to (f), despite the external oxidation mode being dominant,
particularly under the50DP atmospheré&urthermore, the acceleratedexxial oxidation
kinetics observed under ti80DP process atmospheres (Figure 4.7(a)) can be explained by
the larger oxygen potential of this process atmosphere (Table 4.2) comparetiGoRRe
atmosphere, and by the fact that tBODP process atmosphegr@; is close to the external
internal transition pkD/pH; at the IAT of 963 K per Wagner model calculations. Annealing
under the +5DP atmosphere resulted in a significantly thinner external MnO layer (Figures
4.4, 5(c) and 4.7). However, the higherpiDthis atmosphere (Table 4.2) led to a stronger

internal oxidation mode, as characterized by the increased depth of the internal oxidation
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zone under the +5DP process atmosphere, per the kinetic data in Figure 4.7(b) and the
crosssectional TEM images iRigure 4.8. This shift in the oxidation mode also resulted in
significantly more metallic Fe being available within 20 nm of the surface (Figure 4.6), which
further implies the presence of very thin MnO nodules in these structures. Both of these
factors would very likely have significant benefits in the subsequent reactive wetting process
within the continuous galvanizing bath.

Given the above relatively uniform results on the effect of the Sn addition on the
oxidation kinetics, it can be concluded that thterfacial Sn segregation layeas detected
by 3D APT (Figure 4.10) was responsible for reducing the observed oxidation rates and for
modifying the distribution and morphology of both the external and internal oxides. Previous
authors have statedat) as a result of interfacial segregation of the surface active elements in
TRIP steels, the interfacial energies can change such that formation of surface oxides with
lenstype morphology is encouraged as opposed totfine growth!??? The effect 6
surface active elements such as Sb, Sn and Bi on the retardation of internal oxidation kinetics
has also been previously reported?® The large atomic size mismatch between such
elements and Fe acts as a driving force for segregation of these tsléonie free surfaces
or interfaces in order to reduce the elastic strain energy of the bulk [&&tf&-or example,
Lyudkovsky™® reported that the addition of 0.08 wt pct Sb teASélectrical steels
significantly reduced the rate of intermmadidation in a high p@ N»-H, gas mixture due to
the segregation of Sb to the grain boundaries reducing the inward diffusion of oxygen by
blocking the shortircuit diffusion paths. This effect of Sb on suppressing the depth of
internal oxidation was alseported®>?¥in the case of IF and TRIP steel substrates and was
explained by showing that enrichment of Sb to the surface occupied the surface O adsorption

sites, thereby decreasing the oxygen permeability of the surface.
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More recently, the effectsf Sn additions within the range of 0.05 wt pct to 1 wt pct
2] and Bi additions of 0.05 wt pct to 0.2 wt ¢t on the selective oxidation of
0.1G1.6Mn-1.5Si TRIP substrates were investigated. It was reported that the addition of 0.05
wt pct Sn affectd both the external and internal oxidations such that a decrease in the depth
of internal oxidation and a change in morphology of thachi surface oxides were
observed, while no change in the /aoh oxides was detected. Furthermore, it was found
thatthe chemistry of the surface oxides was also altered due to the reduced oxygen solubility
at the surface such that the Mn to Si ratio of the oxides decreased with increasing Sn
contents!?™!

In the present work however, th€5 wt pct addition of Sn tine mediuraMin 3G
AHSS system did not change the surface oxide chemistry and MnO was found to be the only
oxide species present at the surface of all samples. This is due to the factlitkeathe
abovementioned stud{*, the Sn addition was kept tavéinimum and, furthermore, the
significantly higher Mn to Si ratio in the present alloy promoted MnO formation rather than
Mn-Si oxidesP*>**” |t was also previously reported that only the morphology ofc8i
manganese silicates were affected assalt of Sraddition, with the exception of the case of
excessive Sn addition (1 wt pct), where the granular morphology of the MnO oxides were
changed to a leAype.?! Nevertheless, significant morphological changes of the nodular
surface MnO as wellsasuppression of the oxidation kinetics took place in the present 0.1C
6Mn-2Si steel as a result of the present 0.05 wt pct Sn addition.

It has been shown by several autHd1é3>°8*%hat successful reactive wetting by the
continuous galvanizing ZA{,Fe) bath is attainable despite external selective oxidation if the
oxide morphology exhibits a widegpaced, nodular morphology with relatively thin oxide
films between the nodules or an overall thin external oxide. While it is well known that film

forming Strich surface oxides are detrimental with respect to reactive wetting and integral
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Fe-Al interfacial layer formation, it should also be noted that previous sti##s®have
shown that, even in the case of surfaces covered exclusively with $icCessful reactive
wetting can be obtained only when the surface MnO is thin enough for the aluminothermic
reduction to take place during industrially relevant immersion times in a 0.20 wt pct Al
(dissolved) galvanizing bath, i.e. surface film thickesssnder 85 nnt*"

Significant improvement in the galvanized coating quality 0f1&51.5St1.6 Mn
TRIP steel was obtained as a result of a 0.05 wt ped8lition and the consequent
morphological change of the-8th surface oxide$?*?!! For thealloy system and the
process atmospheres of the present study, it was found that MnO was the dominant external
oxide phase while Si was enriched at the surface oxide/steel interface and, more
predominantly, in the subsurface. A variety of surface oxideohwogies, thicknesses and
distributions were observed under each combination of the different experimental alloy and
process atmosphere pQt was found that the most desirable external oxide morphology with
respect to promoting reactive wetting was fedhnder the combined use of the 0.05 wt pct
Sn addition and high process atmosphere oxygen partial pressures. It is, therefore, expected
that the Srcontaining substrates, particularly those annealed undéB@i2P and +5DP
process atmospheres, to exhggnificantly improved reactive wetting by the continuous
galvanizing bath due to the observed widghaced distribution of significantly thinner and
finer globular surface MnO compared to those of the reference steel, as these type of surface
oxide stuctures can promote Fe dissolution into the Zn(Al,Fe) galvanizing bath and the
formation of the desirable &l sZn, interfacial layer during continuous galvanizing

processing.
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4.5 Conclusions

The selective oxidation of a 0.16Mn-2Si mediuraMn steel as functions of process
atmosphere oxygen partial pressure, annealing time and a 0.05 wt pct Sn addition was
investigated using CGtompatible intercritical annealing heat treatments.

Adding 0.05wt pct Sn to the steel chemistry modified the morphology and
distribution of the external MnO oxides from a continuous-fike layer to a finer and
discrete globular morphology under all experimental process atmospheres. The bulk internal
oxidation regim and grain boundary oxide networks formed in the&mtaining steel were
also significantly refined compared to those observed for the reference alloy. A decrease in
external MnO thickness, accompanied with an increase in the amount of metallic iron
avalable, was found with increasing process atmosphere oxygen partial pressure, where
smaller area fractions of the steel surface were covered by thick MnO oxides.

External and internal oxidation kinetic rate data determined that both external and
internal oxdation were suppressed as a result of the Sn addition by reducing the oxygen
solubility at the surface. The thickest external oxide layer was observed in the reference steels
annealed under the 243 K30°C) dew point atmosphere and the thinnest surtae |
belonged to that of the Sadded grade annealed under 278 K (+5°C) dew point. In contrast,
the maximum depth of internal oxidation was observed for the samples annealed under the
278 K (+5°C) dew point process atmosphere.

Significant segregation of Sat the oxide/metal interface was detected by 3D atom
probe tomography, which was approximately ten times that of the bulk concentration. This
segregation was likely responsible for the observed refinement of the external/internal oxides
and the retardatioeffects on the oxidation reaction kinetics.

The reactive wetting of the present medilvin 3G model alloy by the continuous

galvanizing zinc bath is expected to be significantly improved, given the positive
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morphological changes of the external MnO resulof alloying the steel with a trace

amount of Sn.
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Synopsis

The effects of peak annealing temperature and annealing time on the selective
oxidation and reactive wetting of a prototypediumMn Fe0.1G-6Mn-2Si third generation
advanced high strength steel were investigated. Annealing heat treatments were carried out in
aN-5vol%H,243K{30eC) dew point process atmosphere
(800°C) for 120 s and 600 s. TEbdbservations of the sample cresections revealed internal
oxidation of the subsurface grains and grain boundaries. EELS results showed that the
internal oxide network had a multiyered structure with Siat the oxide core and MnSiO
as the surroundmshell; however, MnO was the only species detected at the surface of all
samples. The effect of annealing temperature on the surface structure development and its
impact on reactive wetting of the substrates annealed for 120 s at both peak annealing
tempeatures by a Z10.20wt% Al (dissolved) galvanizing bath was also determined. In
contrast to the 1073 Kteel, the 963 Isubstrate showed superior reactive wetting, owing to

the much thinner, finer and wider spacing of the MnO nodules on theprersionsurface.
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TEM+EELS analysis of the coated steels showed that infiltration of the bath alloy and partial
reduction of MnO resulted in lHbff of the surface oxides and partial formation ofA&teZny

interfacial layer, indicating that reactive wetting hadwced for thé963 Kx 120 s substrate.

Keywords: 3G AHSS; Selective Oxidation; Dew Point Controlled Annealing; Continuous

Galvanizing.

5.1 Introduction

Medium-Mn advanced high strength steels are amongst the most promising
candidates being investigated for future vehicle Body In White (BIW) applications in the
automotive industry due to their superior combination of high specific strength and ductility
versus the first generation advanced high strength steels (AHS®)option of these
materials has the potential to allow manufacturers to move towards safe, lighter vehicle
designs in line with legislated fuel efficiency guideliiés The corrosion mtection of these
steels is essential for ensuring the laagn structural integrity of the vehicle and to meet
consumer durability expectations, for which the preferred production route is the continuous
hot-dip galvanizing process.

However, selectivexadation of the main alloying elements envisaged for use in these
steels, namely Mn and Si, can cause problems with reactive wetting by the continuous
galvanizing zinc alloy bath®. The presence of these thermodynamically stable oxides can
prevent the gbstrate from being reactively wetted by the molten zinc alloy, thus preventing
the formation of the desired FAdsZny interfacial layer during dipping, known to be essential
for achieving a high quali, adherent zinc alloy coating

It has been reported in several studies that reactive wetting can take place in the

galvanizing bath despite the presence of Mn and Si containing oxides on the steef'Surface
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19 The formation of the desired #¢sZnx interfacial layer and complete reé@e wetting in
these studies has been explained by differences in surface oxide chemistry, thickness and
morphology. Furthermore, it has been established that MnO can decompose during
immersion in the zinc bath throughsitu aluminothermic reductioh™*”. In other cases,
reactive wetting of surfaces comprising widely spaced oxide nodules has been reported
1314.18) |t has also been reported that infiltration anddfftof the oxides by the bath alloy
through cracks at the oxide/substrate interfzareaid in the reactive wetting procéds*'®
Thus, the objective of the present study is to quantify the effects of surface oxide
morphology, distribution and chemistry on the reactive wetting of a prototype

Fe0.1G6Mn-2Si prototype third generatiadvanced high strength steel (2GISS) during

continuous austenitic and intercritical annealing followed bydi@galvanizing.

5.2 Experimental Procedures

The chemical composition of the meditvin steel is given in Table 5.1. All
substrates were received in the cold rolled condition with a thickness of 1.2 mm. All
experiments were carried out in the McMaster Galvanizing Simulator (MGS, Iw&uateic),
full details of which are provided elsewhéfe Two types of samples were cut from the as
received substrates. Selective oxidation samples comprised of 205@mm coupons such
that the rolling direction was parallel to the longitudinal axis of the saimpllee case of the
selective oxidation samples only, the sample surfaces were polished with 4000 grit SiC paper
prior to annealing in order to minimize the effects of surface roughness on the subsequent
surface analyses. Reactive wetting samples compoise2l0 mm? 200 mm panels with the
longitudinal axis perpendicular to the rolling direction. Prior to dipping, these larger panels
were degreased in a 353 K (80°Qyd% NaOH solution, rinsed in an stagnant DI water

bath followed by a second rinsing steph running DI water, cleaned with isopropanol in an
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ultrasonic bath and were finally dried with warm air. All samples were cleaned with acetone

wipes immediately prior to being loaded in the MGS.

Table 5.1: Chemicalomposition of the experimental st¢et%)

C Mn Si Al Mo Ti N S

0.106 6.241 2.023 0.040 0.072 0.011 0.003 0.003

Austenitic and intercritical annealing heat treatments were carried out at 1073 K
(800°C) and 963 K (690°C), respectively, in a 243 BOCC) dew point M5vol%H, process
atmosphere. It should be noted that the 963 K intercritical annealing temperature was chosen
to yield equal fractions of intercritical austenite and ferrite. A summary of the corresponding
values of process atmosphere oxygen partial pressusgdp@ach peak annealing
temperature (PAT) along with the pBipH, ratio are provided in Table 5.2. All of the values
listed in Table 5.2 were derived from the thermodynamic database of Fine and*&eiger

Table 5.2: Experimental process atmosphere dpatidns as a function of peak annealing
temperature (PAT)

PAT Dew Point pH.O/pH, pO; at PAT (atm)
1073 K (800°C) 243 K (30°C) 0.00820 4,60 10%
963 K (690°C) 243 K (1 30°C) 0.00820 8.05 10%°

A schematic of the thermal cycle uded the selective oxidation and reactive wetting
tests is shown in Figure 5.1. The thermal cycle for the selective oxidation tests comprised
heating at 15 K/s to 773 K (500°C), heating at 5 K/s to the PAT, followexh lisothermal
hold at thePAT for 120s and 600 $ollowed by cooling td343 K (70°C)at a rate of 10K/s
usingN> gasquenching The reactive wetting of the steel substrates by the zinc bath was also
explored, where the 120 min200 mmsteel panels heat treated at the PAT for 120 s were
cooled to the zinc bath temperature of 733 K (460°G)LatK/s, held at 733 K for 10 s to
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achieve thermal homogeneity through the substrate thickness, followed by a 4 s immersion in
the galvanizing bath and a final cool to 343 K 8D K/s via N, gasquenchimg. The

simulated galvanizing bath comprised a 50 kg melt containing 0.20wt% dissolved Al and was
Fe saturatetf’. In all cases, the sample thermal cycle was controlled via a 0.5 mm type K
thermocouple welded directly to the samples. All seledridation tests were carried out in
triplicate to ensure repeatability of the experimental results, whereas the reactive wetting
experiments were run in duplicate due to limited availability of the experimental substrates.
Selective oxidation samples west®red in 99.9% purity anhydrous grade isopropanol
immediately after removal from the MGS in order to minimize additional oxidation prior to
analysis. The galvanized panels were wrapped and stored separately such that the zinc surface
was protected from satches. All material for reactive wetting analysis were cut from the
80mm?3 80 mm uniform temperature and coating area centered 50 mm from the bottom edge

of the panel.

PAT,t
o 5K/s
=
g /773 K
o K (
5
= 15 K/s

v

Time

Figure 5.1: Schematic of selective oxidation (dotted line) andlipagalvanizing(solid line)
heat treatments.
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Surface oxide distribution and morphology was studied using a JEOL 7000F field
emission gun scanning electron microscope (F3HEB1) operated in secondary electron
imaging mode with an acceleration voltage of 5 keV. SEM arsalyas also performed on
the galvanized samples to study the interfacial reaction products. The interfacial layer was
exposed by stripping the zinc overlay by two methods: (i) fuming nitric acid gHai@l (ii)
10vol% HSO, in water. The latter techniquefidoth the FeZn and FeAl intermetallics
intact whereas stripping with HN@issolved everything except the,R&Zny layer. The
surfaces of all SEM samples were coated with C to avoid charging of the specimen during
SEM analysis.
X-ray photoelectron spectroscopy (XPS) of the selective oxidation samples prior to
galvanizing was performed using a PHI Quantera SXM (Scanning XPS Microprobe) using an
Al  Krdysdurc€1486.7eV) The spot si z eoffmegkewds@0hes m, t he
pass energy was 140 eV and step size 0.25 eV for all analyses. Elemental depth profiles of
the steel surface were obtained by Ar ion sputteringnan2 2 mm area. All data processing
was performed using MultiPak 6.0 software. The obtained bindingieseng accurate to
+0.1 eVand all spectra were calibrated using the metallic iron binding energy of 706.62 eV.
Depth measurements are considered to be accurate within £10% of the sputtered depth.
Due to the relatively low spatial resolution across tmepte surfaces available from
XPS, directmeasurement of the thickness of any external or internal oxide layers as a
function of annealing time and PAT was perfo
through Focussed lon Beam (FIB) milling useadVision 40 by Zeiss. W and C coatings
were deposited prior to FIB milling in order to protect the surface oxides from daiuage
Gaion milling. It should be noted that the thickness measurements were taken using a grid
system at a minimum of 100 locatonser t he over all 20 em trench

representative sampling and increase confidence in the average values of the oxidation zone
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thicknesses obtained. In the below text, mean oxide thicknesses are reported along with the
95% confidence interval ahe mean.

High resolution scanning transmission electron microscopy$fRM) on
crosssections of the selective oxidation samples as a function of PAT and annealing time
was performed using a FEI Titan-800HB TEM operated at 300 keV, where FIB milling
was used to prepare the TEM cresgstions. W and C coatings were deposited prior to FIB
milling in order to protect the surface oxides from dantdhgeng milling In order to study
any wetting reactions at the steel/coating interface and any morpholciggeejes thereon,

TEM lift-outs were also taken from-asated sample cros®ctions using FIB milling.
Quantitative electron energy loss spectroscopy (EELS) chemical analysis was used during
HR-STEM examination of the selective oxidation and galvanizetpkss using a Gatan
Quantum GIF where Digital Micrograph 2.3 software was used to extract elemental maps

from the EELS data cubes.

5.3 Results

Secondary electron images obtained from sample surfaces annealed for 120 s and 600
s at the 963 K and 1073 K PAT are showikigure 5.2 Coarsening of the surface oxides as
a result of extended annealing can clearly be seen from these micrographguiee5.%a)
vs (b) andrigure 5.Zc) vs (d)). This effect was more pronounced for the samples annealed at
the 1073 K PAT due to the faster diffusion rates of both oxygen and the alloying elements at
the elevated temperaturéigures 5.2c) and (d)). It isvorth noting that, after annealing at
1073 K, the surface of the steel was almost fully covered with a thick, compact external oxide
layer for the shorter 120 s hold. In contrast, samples annealed at 963 K for 120 s displayed
significant area fractions whethin or no apparent surface oxides could be obseRigdré
5.2(a) vs (c)). Furthermore, the oxides present after the 963 K treatments had a dispersed
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nodular morphology in contrast to the compact nodular films formed during the 1073 K
austenitic annéaThe former surface structure is known to be more amenable to reactive
wetting®81%) whereas the latter has been shown previously to be detrimental to the

promotion of reactive wetting".

- " A 8
1073K 600s e’ 8 _2em

~ls? EPS

Figure 5.2: Secondary electron imges from te surfaxl'&acs‘mles annealed under the
243K dew point atmosphere at (a) and (b) 963 K, (c) and (d) 1073 K peak annealing
temperatures.

Mn and SiXPS elemental depth profiles of the oxidized samples are presented in
Figures 5.3(a) and (b), respectively, as a fiemcof PAT and annealing tim€igure 5.3a)
shows a considerable surface enrichment of Mn during the annealing heat treatments prior to
galvanizing, while only a very thin ®nriched layer was detected at the surf&igufe
5.3(b)). As can be seen froffigure 5.3a), the thickness of the 1073 K x 600 s ¥ch
surface oxide was significantly greater than the other three experimental conditions, in
accordance with the SEM observations of Figure 5.2 and the expectaetiperature
trends. The effect of peak annealing temperature on the Mn depth profiles for the 120 s
annealing time samples does not seem to have been significant based on the XPS results.
However, it can be seen that the 600 s annealing time resulted in a thicker Burfaxiee
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for both annealing temperatures. Furthermore, significant Mn enrichment in the subsurface of
the 600 s samples at both PATs can be identified from the depth profiles, characterised by
Mn contents being greater than the bulk concentration (Fig8(a)) to extended depths into

the sample. Binding energies were also measured3rom below the steel surfat@ the

O1s, Mn2p;; and Mn2p,, peaks and these correlated with those reported in the literature for
MnO, with values of 530.3 eV, 641.4 e¥ica654.1 eV, respectivefy?*. It should be

pointed out that the very low sigr@-noise ratio of Si2p peaks did not allow for accurate

measurement of the binding energies.
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Figure 5.3: XPS depth profiles of (a) Mn and (b) Si as a function of PARanealing time.

105



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

Crosssectional secondary electron FIB (6BB) images of the samples annealed for
120 s at 963 K antl073 Kare shown in Figures 5.4(a) and (b), respectively, to detail the
thicknesses and morphology of the oxidation zones preserd aséimnealed samples prior
to immersion in the simulated galvanizing bath. From Figure 5.4, it can be seen that both
external and internal oxidation zones were present, where zone | is the bulk internal oxidation
zone, zone Il is the grain boundary int@roxidation zone and the external oxidation zone is
demarcated using the annotated arrdinis.apparent fronfrigure 5.4that the external oxide
layer formed for the 1073 K 120 ssamplewas significantly thicker than that formed at 963
K. Using the mesurement technique specified above, it was determined that the average
external MnO thickness was 44+2 nm and 121+8 nm for th&K96320 s and.073 Kx 120
s samples, respectively. In the case of the samples annealed for 600 s, it was determined that
theexternal MnO thickness was 105+3 nm for the 963 K PAT and 296+11 nm for the 1073 K
PAT samples. The internal oxide network observed fol @78 Kx 120 s sample penetrated
significantly deeper below the surface in comparison with that of th&36320s sample,
reachingadepthof2 m f or the 1073 K sample versus app
sample. As stated above, the internal oxidation network was demarcated into two zones based
on the morphology of the oxides observed. Zone | comprisedsfaherical oxides formed
immediately in the subsurface both in the bulk grains and on their grain boundaries, while,
beneath this region, zone Il was associated with a continuous grain boundary oxide network.
It should be noted that this difference in ertdroxide thicknesses for the 120 s samples was
not readily apparent from the XPS analysis in Figure 5.3(a), given the much lower surface
spatial resolution of this technique (i.e. 1
FIB) and also the fact th#éhe presence of internal oxides, as confirmed by Figure 5.4,
affected the width of the XPS profiles and, therefore, did not allow for an accurate estimation

of the external oxide layer thickness.
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Zone ll

Figure 5.4: SE-IB images from the crossections othe samples annealed for 120 s at (a)
963 K and (b) 1073 K revealing the surface oxide configuration and the internal oxide
networks.

Electron energy loss spectroscopy (EELS) was used in combination with TEM to
identify the fine scale microstructure acitemistry of the external and internal oxides
present in the aannealed samples. This data is presented in Figure 5.5 through 5.7 and are
representative of all of the annealing conditions studied. Figure 5.5 shows the Fe, O, Mn and
Si EELS elemental ma@equired from an area representative of the external oxide layer
along with the zone | internal oxides from the 963 K x 120 s sample. The elemental maps
revealed that the surface oxide layer was composed largely of Mn and O, where no
significant Si signalas detected. However, the internal oxides showed significant Mn and Si
enrichments. This analysis was true for both of the fine circular oxides and the grain
boundary oxides. It should be pointed out that the nodular morphology of the external oxides

canbe clearly identified from the STEM image in this figure.
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Figure 5.5: DFSTEM image along with EELS elemental maps of Fe, O, Mn and Si, showing
the external and zone | internal oxides from the 963 K for 120 s sample.

Similarly, EELS elemental maps weaequired from the grain boundary oxide
network that was formed in zone Il of the samples, per Figure 5.4. Figure 5.6 shows a grain
boundary oxide combined with a nearby bulk oxide formed in zone Il of a 1073 K x 600 s
sample. The STEM image shows areaswérying contrast within the oxide. From the
elemental maps, it can be seen that both the grain boundary and bulk oxides comprised a
multi-layer configuration, where Si was enriched at the oxide core while both Mn and Si were

present in the outer shellyrsounding the Srich core.

i .

Figure 5.6: DFSTEM image along with EELS elemental maps of Fe, O, Mn and Si, showing
the cored structure of a grain boundary oxide formed in the sample annealed at 1073 K for
600 s.

-
100 nm

To quantitatively determine the chemistrifythe oxide species present in all of the
zones demarcated in Figure 5.4, the O, Si and Mn edges of theeb@htion EELS spectra
were analysed. Figure 5.7 presents thi§, ™n-L, ; and SiK edge EELS spectra acquired
from the external and internal abes observed in the 1073X%600 ssample. A comparison
of the fine structures observed in the EELS spectra with those available from the literature
allowed for an accurate identification of the oxide composifidfid From these spectra, the

external aide was identified as MnO, the outer shell of the grain boundary and bulk internal
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oxides as MnSi@and the oxide cores as $idhese findings were consistent for all
annealing conditions explored. It should be noted that the EELS spectrum for thalextern
oxide layer correlated well with the XPS binding energy results, confirming that MnO was

the external oxide species for all samples.
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Figure 5.7: GK, Mn-L, 3 and SiK edges EELS spectra acquired from the external and

internal oxides from the 1073 K600 s samples.

Figures 5.8(a) and (b) show macroscopic views of the uniform temperature and
coating area of the agalvanized steel surfaces for the samples annealed at 963 K and
1073K, respectively, under the,MoH, (vol%) 243 K dew point process atnpbere.

Significant differences were observed in the degree of reactive wetting as a function of the
PAT. As can be seen in Figure 5.8(a), despite the presence of some minor coating defects, the
963 Kx 120 ssubstrate surface was completely coated witlzithe alloy, while, in contrast

to this, no evidence of reactive wetting was observed for the 167320 ssteel (Figure

5.8(b)). Since no integral Zn coating was obtained for the 10¥3. R0 s samples, the

asdipped surface was observed under SEM deoto determine the firgcale surface

morphology of this sample peshmersion. In the case of {93 Kx 120 s sample,

however, the zinc overlay was stripped using two acid solutions: 10veB,Hin water)

and fuming HNQ. No evidence of F&n intermetallics were observed at the interface after
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removal of the zinc overlay with the sulfuric acid solution. However, removal of the Zn
overlayof the 963K x 120 s sample using fuming nitric acid revedlse presence of

reactive wetting products at the-Ea interfaceas shown irFigure 5.8(c). In contrast, as can
be seen in Figure 5.8(d), a significant amount of oxides were present on the surface of the
1073 Kx 120 ssteel after immersioalong with some isolated sahiéd metallic nodules.
However,it should be noted that this surface oxide layer was significantly different from that
observed prior to immersion, as shown in Figure 5.2(c), indicating that some interaction

between the ertnal oxide and zinc alloy bath had occurred.

2em { | 1073K 120s

Figure 5.8: Photographs from the surface of the panels immersed for 4 s in a 0.20wt%Al
(dissolved) zinc bath at 733 K after annealing undes-8HY4 243 K dew point atmosphere at
() 963K x 120s and (b) 183K x 120s; secondary electron images of thedreinterface

of the (c) 96K x 120s sample stripped with fuming HN@nd (d) aglipped

1073K x 120s sample.

Given the fine scale of the features present at thénHaterface of the post
immersion963K x 120 sand1073 Kx 120 ssamples pictured in Figures 5.8(c) and (d) and
in order to determine the underlying mechanisms responsible for the observed differences in
reactive wetting behavior of thevo substrates, TEM crossections were made across th
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coating/steel interface of the samples by FIB milling. The results of this analysis are shown in
Figures 5.9 and 5.10. Figure 5.9 shows theF8Eimage of the coating/steel interface of the
963K x 120 s steel along with the corresponding TEM+EELS ei¢atenaps. Although no
significant change in thickness of the {omemersion and postmmersion external oxides was
found; the postmmersion surface oxide film exhibited a brokem appearance at some sites.

It is interesting to further note that, asidenfrthe surface and subsurface oxides, the

interface of the galvanized steel exhibited some neltkddeatures, marked by arrows in

Figure 5.9(a), which did not exist at the oxide/metal interface of this sample prior to

immersion (Figures 5.4(a) and 5.8)also appears that these nodules separated the original

external oxide/steel interface such that the surface oxides are at the outer side of them.

oyl

Nodules

Figure 5.9: (a) SEFIB image, (b) DFSTEM image and (c) color overlay EELS map of a
nodulelike reactio siteformed at the coating/steel interface of the 963 K x 120 s galvanized
steel showing different reaction products formed afteimmersion in a 0.20wt%Al

dissolved zinc bath at 733 K.
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Figures 5.9(b) and (c) show a higher magnification image oftarfacial nodule
along with the corresponding elemental EELS overlays; the colours assigned to each element
in the map can be seen in the legend to the right. Quantitative spot analyses were conducted
at several points in this fingcale crossection andre labeled A through E in Figure 5.9(c),
where the results of these analyses are documented in Table 5.3. It was found that the nodules
pictured in Figure 5.9(a), in fact, correspond to reaction sites with a relatively complex
morphology arising from thmfiltration of the zinc alloy through the surface oxides and into
the underlying steel substrate, which explains the delaminated appearance of the original
oxide/steel interface pictured in Figure 5.9(a). It is also noteworthy that while Mn and O were
present in the oxides within both the bulk steel and those embedded in the infiltrated reaction
sites, the surface scale was detected to be an oxygen depleted MnO as the colour overlay map
of these areas appeared yellow rather than orange. This findinthisrfaonfirmed by the
chemical analysis of point A (Figure 5.9(c)) in Table 5.3. It was also observed that in the
vicinity of these areas, a strong Al signal was observed, corresponding teAhetezfacial
layer (point B, Table 5.3)[able 5.3 liststie chemical compositions that were extracted from
the labeled features of Figure 5.9(c), which shows that the oxides in point C were likely
Mn-silicates and that points D and E correspond to an Fe aedrshed Zn alloy. In this
case, the higher Fe and @ontents of this phase likely stem from background signals from
surrounding F&Al intermetallics and the substrate itself.

The results of TEM+EELS analysis of the 1073 K x 120 s sample are presented in
Figure 5.10. The crossectional SE-IB image in Figure 5.10(a) captures an uncoated area
with a solidified zinc droplet on the surface of the sample. The high magnificatiad STE
image and EELS overlay map shown in Figures 5.10(b) and (c) were acquired from the edge
of the droplet in Figure 5.10(a). It can be seen that underneath the zinc droplet, a relatively

thick, continuous external Mn oxide layer remained at this interiatieese oxides appear
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orange rather than yellow, as would be the case for reduceukies. Furthermore,
inspection of the EELS spectra of these oxides determined that they were comprised of MnO.

A detailed discussion of these findings is provided infélewing section.

Table 5.3: Quantitative EELS analysis results corresponding to points A to E in Figure 5.9(c)

(at%)
Point Zn Al Mn O Fe Si Phase Present
A 1.6 12.9 42.9 25.1 17.5 T (Mn,Fe) suboxide
B 10.1 61.2 2.3 0.0 26.4 T FeAlsZn
C 1.8 10.3 17.6 43.7 1.8 24.8 Mn-Si oxide
D 81.6 5.9 1.6 0.0 10.9 T Zn alloy
E 62.3 9.3 5.2 0.0 22.3 0.9 Zn alloy

Figure 5.10: (a) SH.:IB image, (b) DFSTEM image and (c) color overlay EELS map of the
1073 K x 120s steel after 4 immersion in a 0.20wt%Alissolved zinc bath at 733 K
showing a zinc droplet and the pasimersion surface oxides at the interface.
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5.4 Discussion

As shown in the SEM images from theaamealed steel surfaces (Figure 5.2),
significant external oxide coverage was observed for all combinations of annealing
temperature and time, where the oxides coarsened with increasing holding time at both
annealingemperatures. The measured XPS binding energies corresponded with those of
MnO #3?3_ This analysis was in agreement with the EELS spectra (Figure 5.7) of the surface
oxides, allowing for the conclusion that the external oxide species was MnO for aliagne
conditions explored. From the SEM images, it can also be seen that the 600 s annealing time
samples (Figures 5.2(b) and (d)) had almost complete external MnO coverage. However,
further examination of Figure 5.2 will show that the 963 K x 120 s safaigure 5.2(b))
comprised a more widely spaced, nodular morphology with thinner oxides in between versus
its 1073 K x 120 s counterpart. Furthermore, it can also be observed that the 963 K oxides
(Figures 5.2(a) and (b)) were significantly finer thanrth®73 K PAT equivalents.

Crosssectional SE-IB images (Figure 5.4) along with TEM+EELS elemental
analysis (Figures 5.5 and 5.6) provided a more detailed understanding of both the external
and internal oxide chemistries and morphologies. The depth of internal oxidation was
observd t o be significantly higher for the 1073
versusthe 968 x1 20 s sampl e (approximately 0.4 &em).
external MnO layer for the 1073 K x 120 s sample had almost triple the thicknessadf that
963 K x 120 s sample, with an average thickness ohir2{ersus 4ém. This thicker
external oxide layer observed for the samples annealed at 1073 K was expected considering
the exponentially higher diffusivities of both oxygen and the alloying elesvarihe higher
temperature in combination with a process atmosphere oxygen partial pressure that was three
orders of magnitude higher at 1073 K (Table 5.2). The latter also explains the increased depth

of internal oxidation of the 1073 K x 600 s samjishould be mentioned that the average
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thickness of the external MnO layer for the 1073 K x 600 s and 963 K x 600 s samples, were
determined to be 296 nm and 105 nm, respectively, having a similar thickness ratio to the
120s samples.

EELS studies also prided insight into the chemical nature and microstructural
characteristics of the internal oxides. As can be seen from the elemental maps in Figures 5.5
and 5.6 and the EELS analysis in Figure 5.7, the bulk internal and grain boundary oxides
formed in zoes | and Il (Figure 5.4) comprised a cafesll structure, where the outer shell
was identified as MnSigand the inner core as SiQt should be noted that the SiCore
was thicker and the MnSg®@uter shell thinner with increasing depth into the sample
indicating that the MnSigouter shell grew by consuming the Sire, which formed first
and at greater depths into the substrate. These findings were consistent for all annealing
conditions studied.

The variation of oxide chemistries from surfaceubssirface of the steel can be
explained by the oxygen available at each region of the sample, the relative thermodynamic
stability and solubility of the oxides and the relative diffusivities of the species.
Thermodynamic calculations clearly show thatladl abovementioned oxides were stable
under the process atmosplssenployed in this study. However, Si@nd MnSiQ are more
thermodynamically stable than MriQ.e. they have a more negative Gibbs free en&rgy
while also having a significantlytoe r s ol u b i | -Fef%Unger soath conditions,n U
SiO, will form first at the grain boundaries; followed by the formation of MnSiCthe
surrounding shell, driven by the slower diffusion of Mn and the higher thermodynamic
stability and lower saibility product of MnSiQi n-FeUAt the surface, however, since most
of the Si was already bound to the internal oxides and also due to the continuous supply of O
from the process atmosphere, the competition between Mn and Si for O was less than in the

subsurface, enabling the formation of MnO in the lower Si/Mn ratio environfrient
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As discussed above, of particular interest was the exploration of the effect of the
surface oxide microstructural development in relation to its impact on reactive vegttirey
steel by the 0.2Wt% Al (dissolved) continuous galvanizing bath. As was seen in Figures
5.8(a) and (b), the reactive wetting of the steel was significantly affected by the oxide
morphology in the case of the 120 s annealing times. The compdot-diké 121 nm thick
MnO layer observed on the external surface of the 1073 K x 120 s (Figures 5.2(c) and 4(b))
showed no significant reactive wetting compared to the 44 nm thick MnO external oxide
surface observed on the 963 K x 120 s samples (Figten,3.4(a) and 5.5). This result
was not unexpected and correlates well with the observations of several authors on the effects
of surface oxide chemistry, morphology, distribution and thickness on the reactive wetting
mechanisms of TRIP steéfs**%'9. For example, it is generally acknowledged that the
presence of compact or fillorming oxides, in particular amorphous SEndmanganese
silicates, are detrimental to the formation of theAF&Zny interfacial layer. However, in the
case of the external MnO layer observed for all annealing conditions in the present study, it
has been shown that MnO can be reduced by Al in the galvanizing zinc bath through
aluminothermic reductiofP*”. Based on th kinetic model proposed by Kavitha and
McDermid®”, it is expected that MnO layers with a thickness less than 85 nm can be
aluminothermically reduced during a 4 s immersion in a @20 Al (dissolved) galvanizing
bath. Thus, the widely spaced 44 nm axaMnO on the 963 K x 120samplecould be
reduced by the bath whereas the thicker 121 nm compact morphology of the 1073 K x 120s
samplecould not.

This assertion is a partial explanation to the reactive wetting differences observed, and
is further suported by the changes in the interfacial microstructures observed, post dipping,
for both samples, presented in Figure 5.8 to 5.10. The SEM image in Figure 5.8(d) shows

evidence of an altered, yet still present, compact oxide layer on the surface of the
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1073K x 120 s sample and the cressctional TEM+EELS analysis of this interface (Figure
5.10) clearly confirmed that the external MnO, formed prior to immersion, continued to be
present at the Zn/steel interface posmersion. Although the thickness ofglexternal MnO
layer seemed to have been reduced locally and become more faceted versusniéa sl
morphology (Figure 5.4(b)), the morphology of the layer remained continuous. This
continuous, filmlike MnO layer did not allow for an intimate contéetween the underlying
substrate and the galvanizing bath, thereby preventing Fe dissolution from the strip and the
formation of the desired B&IsZny reactive wetting product at the Zn/substrate interface.

In contrast to this poorly wetted sample, tbhatmg/substrate interface of the
963K x 120 s sample (Figure 5.8(c)) exhibited raamtinuous surface oxides and ample
evidence of a variety of reactive wetting products. As can be seen from Figures 5.8(c) and 5.9
and the quantitative chemical analygsults in Table 5.3, FAl interfacial products (point
B, Figure 5.9(c) and Table 5.3) were present at the interface suggesting the occurrence of
reactive wetting and the dissolution of Fe from the sample surface arising from direct contact
between the sudrate and the Zn alloy bath. From Figure 5.9(a), it can be seen that the
Zn-alloy penetrated through the original external MnO layer (Figures 5.4(a) and 5.5) to
reactively wet the underlying substrate and separated the oxides along the external
oxide/subsrate interface. No significant change in the thickness of the surface oxides pre and
postimmersion could be detected; however, the joostersion external oxide layer does
appear brokemp and discontinuous at some locations (Figures 5.4(a) and 5.6ws Fi
5.9(a)). It is likely that penetration of the external MnO layer occurred in such places, where
the original MnO film was very thin and could be reduced (Figure 5.9(c)). Furthermore,
Mn-rich regions, labeled as A, were identified on the outer sitleeafioduldike reaction
site in Figure 5.9(c). Quantitative chemical analysis of point A (Table 5.3) showed that the O

content at these yellow sites was less than what was expected for an MnO compound,
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indicating that these sites had been at least ggnteaduced. In addition, considerable
amounts of Al and Fe were also found in the composition of point A, likely arising from the
nearby FeAlsZny reaction products. It should be noted, however, that th®l &y phase
was only partially formed at the #rface as opposed to full interfacial layer formation,
consistent with SEM analysis of the surface of this sample shown in Figure 5.8(c). It is also
noteworthy that the infiltrated zinc area exhibited fine internal oxides embedded in it; these
are labeleas C and showed significant amounts of O, Mn and Si in their composition
consistent with the TEM+EELS results of the-pramersion internal oxides.

Quantitative results from points D and E, corresponding to the nbkelseaction
sites marked in Figure.9(c), showed that these regions were primarily enriched in Zn, which
supports the infiltration mechanism proposed earlier; however, substantial amounts of Fe
were also found in the composition of these sites. It should be recalled that no evidence of
Fe-Zn intermetallic phases was found through SEM analysis of the steel/coating interface
stripped with sulfuric acid. Additionally, the morphology of these sites (points D and E) does
not correspond to those known for-Ee compounds. It is concluded that treckground Fe
signal from the steel substrate contributed significantly to the quantitative analysis of these
points.

In the present system, it was determined that internal oxidation occurred when
employing the process atmosphere oxygen partial presassesiated with the
243 K (1 30°C) dew point process atmospheres. Shifting the oxidation mode from external to
internal very likely reduced the thickness of the external oxides observed in the present
system and promoted the developmerd diinner, widely spaced external oxide morphology
and likely also shifted the dominant external oxide fromsilicates to MnO%3% This shift
in oxide distribution and morphology was likely key to the promotion of reactive wetting by

the galvanizing kth in the case of the 963 K x 120 s samples, as documented in Figures 5.8
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and 5.9. However, it should be noted that the use of internal oxidation was not able to fully
shift the resultant morphology of the external oxide layer in the case of the 1073(Ksx 1
samples such that they could be reactively wetted and, therefore, it must be concluded that
the use of internal oxidation to promote reactive wetting must be combined with a careful
assessment of the resultant morphology due to kinetic factors.

Giventhe above discussion, it is concluded that several mechanisms were responsible
for the successful reactive wetting obtained in the case of the 862K s substrate. As the
preimmersion surface oxides of this sample comprised a fine and wsdabed nodulike
structure with thinner oxides between them, during immersion in the Zn(Al,Fe) bath, the
liquid alloy could penetrate into the steel substri#fteng up the surface oxides, while
simultaneously the 44 nm thick external MnO layer was fully or partially reduced through
aluminothermic reduction. Both of these mechanisms would expose the underlying substrate
to dissolution*>*”and the observeirmation of the FgAlsZny layer at the interface.

In contrasto the 963 K x 120 s sample, the 1073 K x 120 s sapgdsessed a
thicker, more compact external oxide which could not be aluminothermically reduced in the
bath and which did not allow direcontact between the Zn(Al,Fe) bath and the steel
substrate, an essential step in the formation of th&l E&n and the reactive wetting process.
Thus, it can be globally concluded that the differences in external oxide morphology and
thickness were the pniary factors in determining the reactiwettingi or lack thereof in

the present mediwiin alloy system.

5.5 Conclusions

The morphology, thickness and distribution of the oxides formed on the surface of the
0.1G6Mn-2Si steel under the 243 dew mint process atmosphere were strongly affected by
the peak annealing temperature. Annealing for 120s at 1073 K resulted in formation of a
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thick, compact and filnike oxide layer covering the entire steel surface; while for the 963 K
anneal the surface aes comprised a widely spaced, fine nodular morphology with an
external oxide layer thickness one third of that of the 1073 K anneal.

The external oxides present for all annealing temperatures and times were composed
of MnO, as confirmed by both XPS andMIEEELS analyses. However, a considerable
increase in the surface Mn enrichment was observed with increasing annealing time and
temperature. All samples demonstrated internal oxidation, with the maximum depth of
internal oxidation zone reachingde m hersamiple annealed for 600 s at 1073 K. EELS
resultsshowedhat the internal oxide netwohada multi-layer structure witlsiO, at the
oxide core and MnSi¢as the surrounding shell

Successful reactive wetting of the 96%HK 20 s substrate e Zn-0.20wt% Al
(dissolved)galvanizing bath was attributed to the much finer morphosoglwider spacing
of the 44 nmthick nodules formed at the surface of this sample prior to immenSimmg
immersion, this surface oxide structure facilitated pragoesof the wetting reactions
through several mechanisms such as aluminothermic reduction of the surface MnO and
infiltration of liquid bath into the substrate which resulted indift of the surface oxides. In
contrast, very poor reactive wetting wasetved for the 1073 K 120 s sample due to the
preimmersion surface structure that was fully covered by a relatively coarse, compact and
121 nmthick oxide layer which did not allow for contact between the underlying substrate
andthe bath alloy, therebgreventing Fe dissolution from the substrate and the precipitation

of the desired FAlsZny reactive wetting product.
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Abstract

The effects of process atmosphere oxygen partial preggDyeand Sraddition on the

reactive wetting o prototype medium manganese third generation advanced high strength

steel bya 0.20 wt pct Al (dissolved) zinc bath was investigated through simulated

galvanizing treatments. External Ma&@yerswith thicknesses ranging from 19 nm to 45 nm

were formedafter annealing at 963 K (660punder a variety of experimental process

atmosphegs. Despite the presence of surface oxides prior to immersion, an integral zinc

coating and good coating adherence was obtained on all steel substrates, with the exception

of the reference steel annealed untdleR?23K (i50e C) dew poi nt,whpichocess
exhibited poor reactive wetting. Excellesfictive wettingvas demonstrated by the

Sncontaining steels annealed under the 248K@e C) and 278 Ks.lfwade C) a
determined that thal uptake as well as the population of theAeantermetallics at the

coating/steel interface increased as a result of annealing under tbeg@glatmospheres

and adding Sn to the steel. The signifidamprovemenin reactive wettingf the Sradded

steel was attributed to the decreased surface enmttoh®n and the discrete distribution of

the fineexternaloxide particles formed on the surface of these steel prior to dipping; which
allowed for progression of reactive wetting through mechanisms such as aluminothermic

reduction of MnO and bridging dfie oxides by molten zinc.
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6.1 Introduction

Third generation advanced higkrength steels are receiving growing interest from
automotive manufactures due to their superior combination of specific strength and ductility.
These unique properties make this class of steels ideal candidates for tifectoang of
structural components for vehicles which are compatible with the dual goals of improving the
passenger safety and complying with increasingly stringent emissions reduction legislation.
(41 However, the compatibility of mediuivin steels wittthe continuous galvanizing
process is an evolving issue. This is due to the substantial concentrations of alloying elements
such as Mn, Si and Al in the steels which are essential for the desired microstructural and
mechanical property development andgiernally selectively oxidize during the annealing
step of the continuous galvanizing proc&s8.The presence of these surface structures prior
to immersion prevents the dissolution of Fe from the substrate and impedes its reaction with
the dissolvedl in the zinc bath to form the desir€&AlsZnx interfacial layer associated
with defectfree, integral galvanized coatings with good coating adhesion and formability.

7]

Numerous researchers have focused on investigating the selective oxidation of
different advanced high strength steels such as dual phase (DP) and Transformation Induced
Plasticity (TRIP) steels and sevefal® have reported on successful reactive wetting of the
substrates despite external oxidation of the alloying elementss Iteparted by Khondker et
al.® that a fullydevelopede,AlsZny interfacial layer can form on a DP600 steel during
typical immersion times in a 0.20 wt pct Al (dissolved) galvanizing bath. It was proposed that
the surface MnO layer was reduced by thesalived Al in the bath which allowed for
metallic Fe to participate in formation of the,ABZnx phase. It was later shown by Alibeigi
et al.™! that the reactive wetting of steels with higher Mn contents, up to 5 wt pct, could also

be obtained and th#tte reactive wetting kinetics were inversely proportional to the surface
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MnO layer thickness which was in turn affected by the process atmosphere oxygen partial
pressure. The occurrenceinfsitu aluminothermic reduction of MnO in the galvanizing bath
was verified by Kavitha et ad and it was shown that efficacy of this mechanism was
kinetically limited by the oxide thickness during normal continuous galvanizing dipping
times.

Other researars have explored the interactions between the surface oxide chemistry,
morphology and distribution with conventional galvanizing batfis” As an example, it
was reported by Sagl et 8f! that the bath dissolved Al can diffuse into the grain boriesia
of crystalline oxides and form K& reaction products that break off the oxides from the
surface of a DP steel substrate. In another investigation on a TRIP 700 stifstiiaty also
determined that the external oxide morphology played a mdreatrole than the oxide
chemistry with respect to the efficacy of the oxide aluminothermic reduction and progression
of the wetting reaction. Cho et 87" have also reported on the role of surface oxide
morphology and distribution in a series afdies that investigated the effects of minor
additions of surface active elements to a 0116Mn-1.5Si TRIP steel. Excellent
improvements in the reactive wetting of the TRIP steels was obtained due to the
morphological change of the Msi oxides driven byhe surface segregation of elements
such as SA>*®! Bi ' and Sb™!

However, limited work has been dedicated to the surface development of rddium
3G AHSS alloy systems in relation to reactive wetting mechanisms in the continuous
galvanizing lath. The effect of pranmersion surface oxide structure on the reactive wetting
of a 0.1G6Mn-2Si model alloy during austenitic and intercritical annealing has been recently
reported by Pourmajidian and McDermf! It was found that the 120 nthick, cmmpact
external MnO film produced during austenitic annealing could not be sufficiently reduced by

the bath dissolved Al, resulting in poor reactive wetting due to lack of contact between the
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bath and the substrate for Fe dissolution lakeeAl sZny formation to occur. However, good
reactive wetting was obtained for the intercritically annealed steel that exhibited a 44 nm
thick preimmersion external MnO with wide internodular spacing which subsequently
contributed to oxiddvath reactions such as aluminatimic reduction, ingress of the molten
bath between the oxide and substrate and oxideffift

In the present work, the development of-pnenersion surface structure as functions
of process atmosphere oxygen partial pressure and 0.05 Sn addition wheragtical
annealing of a model mediuMn 0.1G6Mn-2Si steel were examined. Interactions of the as
annealed surfaces with a 46@.20 wt pct Al (dissolved) galvanizing bath during a 4 s
immersion time were determined by means of GDOES and SEM andlysesapating/steel
interface and the observations were interpreted with respect to the morphology, distribution

and thickness of the surface oxides formed prior to dipping.

6.2 Experimental

The chemical compositions of the two experimental substrates are shown in Table 6.1
and comprise one mediuMn reference steel and another with 0.05 wt pct Sn added to the
chemistry. Two sample geometries were cut from the 1.2 mm thicdcas/ed cold roéd
sheet where 18 50 mnf coupons were used for selective oxidation experiments and
1203 200 mnf full-size panels were used for reactive wetting experiments. Prior to any heat
treatments, the selective oxidation specimens were polished to 4000 goacCto
minimize the effect of surface roughness on the subsequent surface analysis of the
preimmersion oxides. In the case of the reactive wetting samples, tiszilbanels were

degreased iB53K (80aC) 2 vol pct NaOH solution, rinsed with DI watdollowed by
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ultrasonic cleaning in an isopropanol bath and finally dried with warm air. A final cleaning

with acetone was performed on all samples immediately prior to the experiments.

Table 6.1: Chemical composition of the experimental steels (wt pct)
Steel Name C Mn Si Al Sn P S Mn/Si

Reference 0.106 6.241 2.023 0.040 0.005 0.006 0.003 3.09

0.05pctSn 0.100 6.165 2.050 0.032 0.049 0.006 0.004 3.01

The McMaster Galvanizing Simulator (Iwate®urtec) was used to carry out all of the
experiments, details of which are fully documented and presented elsefhaseis shown
in Figure 6.1, the thermal cycle for all experiments involved a 120 s isathbahdl at the
intercritical annealing temperature (IAT) @63 K (69@C) in an N-5vol pct H atmosphere
underthree different dew points ranging from 223i60QeC) to 278 K (+8C); full details
concerning the process atmospheres used, including thespratoeosphere pB/pH; ratio
and pQ at the intercritical annealing temperature, are given in Table 6.2. In the case of
selective oxidation studies, intercritical annealing was followed by cooling the spe¢omens
343 K (7@C) ati 10 K/s with N gas quendhng. For the reactive wetting experiments,
however, following the isothermal hold, samples were cool@830K (46@C) ati 10K/s,
held for 10 s to achieve thermal equilibrium through the thickness of the sample and were
then immersed in a 460eC Fe satur &¥ferds.0. 20 w
Samples were then cooledidt 0 K/ s t o G) usiBg NKgas(qde@hing prior to
removal from the simulator at roughly room temperature. Immediately after removal from the
simulator, the selective oxidation samples were storadlrydrous HPLC grade isopropanol
to minimize additional oxidation and surface contamingpioor to analysis. In the case of

the reactive wetting samples, a uniform temperature and coating are& 8080nf was
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situated 10 mm below the zinc dry line of the coated panels and only material from this area

was analyzed for the reactive wettingdies.

963 K (690e I 120 s

5KI/s

773 K (500
K (4<%

Temperature

15K/s

v

Time
Figure 6.1: Schematic of selective oxidation (dotted line) andlipagalvanizing (solid line)
heat treatments.

Table 6.2 Experimental specifications of the-S vol pct B process atmospheres at 963 K
(690eC) peak annewlesdegvedusimgp28]y at ure (poO

Atmosphere Name Dew Point (K) pH.O/pH, pO; (atm)
i 50DP 223 0.00125 1.2¢6 10%
i 30DP 243 0.00998 7.6%10%°
+5DP 278 0.17111 2.2610%

The selective oxidation and reactive wetting samples were analysed across a variety of
length scales by various techniques. Theipmaersion surface oxide structures as well as
any reaction products present at the coating/steel interface of the galvsanzglds were
examined using scanning electron microscopy (SEMJB@L 7000F field emission gun
SEM operated in secondary electron imaging (SEI) mode with an acceleration voltage of

5keV. In the latter case, the zinc overlay was removed by ditheéng HNO; or 10 vol pct
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solution of BSO, in waterto expose the interfacial layérhe latter technique leaves both the
FeZn and FeAl intermetallics intact; whereas stripping with Hil@ssolves both the

metallic Zn and any F&n intermetallics but does not affect theAegZn, layer.Prior to

SEM analysis, a thin coating of C was deposited on the samples to prevent charging of the
oxidized surfaces.

The preimmersion surface oxides veealso analyzed with PHI Quantera SXM
(ScanningXr ay Phot oel ectron Spectrogaysoprge Mi cr opr
(1486.7eV)The spot si ze wadalargle @as setrat 461 Elementakdeptha k e
profiles of the steel surface were ob&irby Ar ion sputtering on23 2 mnt area with a
pass energy of 140 eV and step size of 0.25 eV. All data processing of the XPS spectra was
done using MultiPak 6.0 software. All spectra were calibrated using the metallic iron binding
energy of 706.62 e¥nd depth measurements are accurate to £10% of the documented
sputtered depth.

Glow discharge optical emission spectrometry (GDOES, Jobin Yvon Horiba GD
Profiler) was used to study the chemistry of the coating/steel interface of the galvanized
samples. GDBS compositional depth profiles were acquired using a power of 45 W and a
pressure of 600Pa; the data acquisition rate was 0.1 s/pts and the spectra were calibrated
using certified standards for zinc coated-bbomtaining steels.

To identify the interfacialayer products, Xay diffraction (XRD) was also used on
the galvanized steels after removal of the top coating layer by fumingHN®a was
collected using a Bruker D8 DI SCOVER equi ppe
1.79026 A) and a Vantec 5@@ea detector. Topas Version 4.2 (BrukétS) was used for
data analysis where the collected patterns were matched using the integrated ICCD database.

The coating adherence of the galvanized panels was assessed by means of a

customized thregoint bend tesas no standard for the meditvin steel substrates was
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available. Parameters were chosen based on the steel thickness of 1.2 mm with the punch
radius being 4.76hm and the width of the galvanized strip being 10 mm. The bend test dies
were installed on amstron 5566 universal tensile machine with a 10 kN load capacity where

strains up to 18% and bend angles as low asv28e obtained prior to spring back.

6.3 Results

Figure 6.2 shows SEM images of the surface oxides on taeresaled coupons of the
reference and Sadded (Table 6.1) as a function of experimental process atmosphere (Table
6.2). A comparison between Figures 6.2(a) td (cg. the reference steel surési with
Figures 6.7d) to (f)i i.e. the Sradded steel surfacéshows that the external oxides formed
on the reference steel were coarser compared to those of-tuel&ah steel. Furthermore, for
all the process atmosphere conditions, the surfadi® @radded substrates exhibited less
coverage by the external oxides. It should also be pointed out that, in this case, the surface
oxide nodules were more widely spaced; which can clearly be seen for the case&b0iRe
process atmospheres (Figur2() vs (d)), where the surface of the reference steel comprises
closely spaced and fikforming nodules whereas the surface coverage of the compact oxide
nodules is significantly lower for the Sded substrate, with the oxide particles having a
more digrete appearance. It is, therefore, implied that the Sn addition to the steel chemistry
resulted in modification of the surface oxide morphology, distribution and spacing. It is
further inferred from these micrographs that, for both experimental stesaboxidation
was decreased by increasing the oxygen partial pressure in the process atmosphere. This is
consistent with the predicted external to internal oxidation transition taking place for the
reference alloy from process atmosphere dew pointseat8%C when annealing for 120 s

at 963 K (69€C). #%
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s , —
Figure 6.2: Secondary electron images showing thénmmeersion surface oxide structures
formed on the (a), (b) and (c) reference steel and (d), (e) and-éJdad steel

The steel surfaces before dipping were further analyzed by XPS to determine the
elemental segregation of Mn and Si to the surface and speciate the oxides present. Figure 6.3
shows the Mn and Si concentrations as a function of sputtered depth wheredteankbs
open data points belong to the reference alloy and treel@ed grade, respectively. The
depth profiles clearly indicate significant Mn enrichment of the steel surfaces for all process
atmospheres explored. The maximum surface enrichment, at appteli 52 at pct, was
observed for the reference steels annealed undéeb@izP and 30DP process atmospheres
and the Srcontaining grade annealed underitB@DP atmosphere. This Mn surface
enrichment decreased significantly with increasing process plraasp@ such that, for the
Sn-containing steel annealed under the +5DP atmosphere, Mn levels just below 20 at pct
were observed at the surface. It is further noted that, in line with the SEM observations in
Figure 6.2, the thickness of the surface-8twiched lagr decreased for the higher pO

process atmospheres, where the shoulder in the elemental profiles 80D and-5DP at

132



PhD Thesisp M. Pourmajidiartp McMaster@ Materials Science and Engineeripg2018

depths greater than 50 nm is indicative of internal oxidation having taken place. It should be
pointed out that, in the case of Snlya slight surface enrichment in the first few nanometers
of the surface were detected and it was, therefore, concluded that Mn was the predominant
external oxide forming species for all process atmospheres expBongthr to a recent study

on the seletive oxidation of 0.165Mn-2Si steeld?®, analysis of the XPS binding energies
determined that only MnO was found as the external oxide layer on the present substrates,
with characteristics peaks%80.3 eV, 641.4 eV and 654.1 &f O 1s, Mn 2p, andMn

2P, 24 respectively.

60
Mnhn = 150DP Re
-+ 1 5 0 D P-Added
50 -1 30DP Re
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Figure 6.3: XPS depth profiles of Mn and Si as functions of process atmosphere oxygen
partial pressure and Sxddition.

Figure 6.4 presents the uniform temperature and coating area of the galvanized panels
of the reference steel and the-&ided alloy. No integral zinc coating was obtained on the
reference steel annealed underiti8DP process atmosphere and only isolated droplets

were present on the surface of the panel (Figure 6.4(a)). The other five samples showed
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evidence of reactive wetting having taken place, with thadgted substrates (Figure 6.4(d)

to (f)) demonstrating significantly enhanced coating qualiti1 the two panels annealed

under thé 30DP and +5DP process atmospheres showing excellent reactive wetting. The
coatings of the reference steel panels annealed unde3@b# and +5DP process
atmospheres as well as the@mtaining grade annealed untleei 30DP process

atmosphere (Figure 6.4(b) to (d)), however, suffered from visual coating defects such as bare
spots. To further examine the coating quality of the successfully galvanized panels, three
point bend tests were performed on1000 mnf strips of the galvanized steels to assess the
coating adherence. It can be seen from Figure 6.5 that no evidence of cracking, flaking or
splitting of the zinc layer was found on any of the samples and the coating at the edges
remained intact. Thus, it can bencluded that the coatings produced under these processing

conditions were adherent, also indicative of good reactive wetting by tadarbath.

Figure 6.4Photographs of the uniform coating area of the galvanized steel panels; (a), (b)
and(c) reference steel and (d), (e) and (f}&glded steel.
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Figure 6.5: Images of bend tested galvanized steels; (a) and (b) reference steel and (c), (d)
and (e) Sradded steel.

Figures 6.6 and 6.7 show the GDOES depth profiles of galvanifezdmee steel and
the Shradded grade, respectively. It should be mentioned that acquisition of the elemental
profile from the poorly wetted reference steel (Figure 6.4(a)) was not possible due to the
irregularity of the surface of this panel arising frdme zinc droplets on the surface. All of the
pl ots i n Figur es mévideéregammatithebating/steelhnterfaceawmere8 ¢
different amounts of Al were detected for each alloy and process atmosphere. This Al uptake
is indicative of the presenac# interfacial FeAl intermetallics that are responsible for the
reactive wetting observed for these samples. Additionally, it should be pointed out that the
degree of Mn and Si enrichment at the Zn/Fe interface is much less than-iengrsion
surfaca shown in Figure 6.3. Furthermore, the GDOES O profiles are not consistent with

MnO or other oxides being present at the interface.
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Figure 6.6.GDOES elemental depth profiles across the coating/steel interface of the
galvanized reference steels aaled under the (a30DP and (b}5DP process atmospheres.
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Figure 6.7.GDOES elemental depth profiles across the coating/steel interface of the
galvanized Sradded steels annealed under thé 8DP, (b)i 30DP and (c}5DP process

atmospheres.
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