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ABSTRACT

As more emphasis is being placed on reducing the weight of vehicles while increasing
safety ratings through advanced high strength steels allowing use of thinner metal gauge
corrosion properties become more important. To protect these steels against corrosion, a hot-dip
galvanizing process is used. An additional annealing step may follow to produce galvannealed
(GA) steels. The present thesis characterized microstructure and chemistry of defects in four
industrially produced steels, 3 GA steels and one galvanized (Gl) steel.

Material A was shown to have a streaking type defec@waoating. Light optical
microscopy (LOM) showed macroscopic periodicity of 1.5-2 mm between streaks. Time of flight
secondary ion mass spectrometry (TOF-SIMS) analysis showed the presence of Mn rich oxides
at the steel-coating interface. Two mechanisms were attributed to defect formation, the Zn pot
sink roll micro-grooved surface and Mn rich oxides were shown to affect coating thickness.

Material B was received as having acne type defect&ihcaating. Scanning electron
microscopy (SEM) showed a uniform coating, and the steel-coating interface was planar. TOF-
SIMS showed that the areas associated with the defects were Zn rich, and no evidence of
chemical contribution to coating formation. The defect formation mechanism was unclear,
however it appeared to be a Zn splash and a function of processing parametrknife
operating conditions.

Two ends of an identical coil were received for Material C: one showing a flame pattern
defect, and one end exhibiting a defect free coating. SEM showed the coating surface exhibited a
temper roll surface finish, and that the coating thickness for the end without defects was thinner
than the end with defects. Defect formation may relate to the difference in temper roll response
from the coil and/or Zn solidification growth due to difference in substrate microstructure.

ODWHULDO ' ZzZDV UHFHLYHG DV KDYLQJ D VWULSHG GHIHF
could be observed in the hot rolled, as-pickled, cold rolled, and GA condition. SEM analysis
showed that the coating in areas associated with the stripe was approximately half as thick as
areas without stripes. Chemical analysis showed that high levels of Cr, Mn and Si were found
within area associated with the stripe in the cold rolled condition. Defect formation may relate to

insufficient oxide removal by pickling.
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CHAPTER 1
INTRODUCTION

The automotive industry has created a large demand for new advanced high strength
steels (AHSS) to meet the need for lighter, more fuel-efficient cars with better safety ratings.
Dual-phase (DP) and transformation-induced plasticity (TRIP) aided steels are examples of
commercially available AHSS grades. These steels exhibit high strength and tensile
elongation [1]. As the use of these higher strength grades enables application of thinner parts,
overall body in white (BIW) weight redes but corrosion properties become an important
consideration. To protect these steels from corrosion, a hot-dip galvanizing (HDG),
galvannealing, or electro-plating (EG) process is needed [2]. However, steels alloyed with Mn
and Si can exhibit poor galvanizability due to complex Si-Mn oxide formation on the surface
when they are coatlusing an HDG process [#B]. When Si levels reach 1 wt pct,
galvanizability and Zn wettability may be affected due to complex oxide formation [1]. Along
with Si-Mn oxides, Fe-Si oxides can also impair the galvanizability of steel. Due to the nature of
these complex oxides, they may affect pickling response of the steel, resulting in areas
containing oxides after pickling. There are many surface defects possible on industrially
produced galvannealed (GA) and galvanized (GI) products including: bare spots, streaking,
flame, splashing, and dross (Ea-Al particles) defects [911]. An enhanced understanding of
the formation of complex oxides, as well as texture on the surface is needed to help identify the
root cause for these various defects. The conditions for selective oxidation, as well as different
defects observed in industrial dual-phase steels are not well documented in literature, increasing
the demand for detailed chemical and microstructural characterization. The motivation behind
this project is to complete advanced characterization of industrially provided GA and Gl steel
exhibiting surface defects. This characterization will then be used to elucidate the origin of these
defects in steel production. The techniques used for characterization include thermodynamic
modeling paired with field emission scanning electron microscopy (FESEM) and time of flight

secondary ion mass spectrometry (TOF-SIMS) for chemical analysis.



CHAPTER 2
LITERATURE REVIEW

This section will cover a literature review on the galvanizing and galvannealing process,
as well as different variables that affect high temperature oxidatiesxy.islab reheating in the
hot mill, or in the annealing furnace prior to finishing in the cold mill. The last part of this
section will cover different alloying effects on coatability of common elements found in TRIP-
aided and DP steels, specifically Cr, Mn and Si.

2.1  Galvanizing/Galvannealing and Zn-Fe Intermetallic Formation

When steel is galvanized or galvannealed, the coating will act as a barrier for
corrosion in two ways. It will act as a physical barrier between the steel and the atmosphere and
will corrode away first. The coating will also provide galvanic protection for the steel if the steel
is exposed to a corrosive environment [9]. This is by means of cathodic protection as the Zn
coating will corrode preferentially when in contact with steel. Both processes (GA and Gl) start
with a hot dip galvanizing (HDG) step where the strip contacts molten Zn. Figure 2.1 shows the
galvannealing process. The galvanizing line will not have the galvanneal furnaces (operating)
and the steel will instead be cooled the entire length of the tower. The continuous galvanizing
line (CGL) starts with cleaning the steel surface by degreasing, pickling and fluxing [12]. This
will remove rolling oils, iron fines, removable oxides, and other contamination on the steel
surface following cold rolling. The flux helps protect the surface from further oxidation. The
steel is annealed in a furnace under protected atmosphere and immersed in the molten zinc bath.
Annealing is usually performed in an/N2 atmosphere to reduce iron oxides on the surface. The
molten zinc bath is maintained at a temperature between 440-460 °C with dipping times between
4-8 second§l-2]. Longer immersion times will result in different phases formed as well as a
thicker coating. For galvannealing, the coated steel is then annealed at approximately 500-550 °C
for 5-25 seconds to promote the diffusion of Fe and Zn for further creation of Fe-Zn intermetallic
phases [9]. Depending on the desired intermetallic, the annealing temperature mag-¥ary.
intermetallic phases can observed in theZRghase diagram in Figure 2.2. Possible Fe-Zn

intermetallic phases that can form during galvanizing and galvannealing are included. These



phases are as follows from high Fe to high Zn contants /, , and possibly (Zn).

Galvannead steel exhibits better paintability and weldability but may result in more formability
issues due to the presence of harder and more brittle intermetallic phases [13]. Figure 2.3 shows
a cross section of (a) GA and (b) §eel. Seen in Figure 2.3 (a) is a GA coating with the

presence of the-phases as well asphase which are higher Fe content phases. Seen in Figure
2.3 (b) is a Gl coating with exaggerated dip time to reveal the phases that are formed. It can be
seen at exaggerated times there is the sufficient timedod / phase to form, however for
industrially produced Gl coatingsand (Zn) are the predominant phases as dip time is

shorter [9]. The presence of oxides can influence the wettability and growth of the Fe-Zn
intermetallic layers and can cause defects in the coating [1], [2], [8], [11]. Oxides an for

during reheating, hot rolling and annealing processes. Certain oxides, specifically silicates, are
difficult to remove from the surface of the steel by pickling [11]. Furthermore, if the oxides form
during annealing, there is no removal process for these oxides prior to Zn coating, making them
especially critical to address. During the solidification of zinc in the galvanizing process,
different intermetallic phases form. The phases depend on the bath composition, bath
temperature, immersion time etc. The nucleation of zinc is thought to begin heterogeneously at
the steel/zinc interface at the beginning of solidification [9], [14]. However, there is some debate
about where zinc nucleation begins [15]. Fasoyinu suggests that due to the small amount of
undercooling in the molten zinc layer, solidification will occur in the bulk as (0001)

platelets [15]. The nucleated platelets will dendritically grow parallel to the iron-zinc surface due
to latent heat removal [14], [15]. Depending on the alloying additions to the zinc bath, nucleation
can be suppressed, and the surface tension at the dendrite tip can be lowered. This will lead to a
small amount of nucleation sites, fast dendritic growth, and formation of a spangled (large
grained) surface. Elements that will form a spangled surface are: Pb, Sb, Al, and Sn. These

elements also increase bath fluidity, resulting in better zinc wettability [14].
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Figure 2.2 The Fe-Zn phase diagram at high Zn content showing Fe-Zn intermetallic
that can form during galvanizing and galvannealing in the red box [9].



(@) (b)
Figure 2.3 SEM micrographs of a cross section of (a) a galvanrieak&dsteel showing
OD\HUYV Rinearih® ke surface, addevelopedRQ WRS RI WKt
[16]. (b) a cross section of galvanizé€dVWHHO ZLWK VKRZLQ
VKRZI[9NJ

During hot-dip galvanizing (HDG), zeta phase will nucleate and grow first depending on
the Al content. This is followed by the formation of delta (low amount for Gl), and after a longer
immersion time or a galvannealing process, gamma will form [9]. Characteristics of Zn-Fe
intermetallics are shown in Table 2.1 [17]. There are different reported values i6D Q G /
making a range of compositions possible [171KH QXFOHDWLRQ R ]H Wbt LV LQ
as it is the first phase to nucleate (for low Al containing baths), which could be a function of
substrate texture [18] (SLWD[LDO JURZWK R J-AapBandsBleX a1 BQR FHUWDLC
(313), and (111) [18]. On a (113)lane, only one orientation variant of zeta phase exists,
leading to thin, compact layers of zeta growth with no other Zn-Fe intermetallic forming. On
(001).and (101) facets, zeta nucleates at random orientations with respect to the substrate,
leadingtR UDSLG JURZWK RI / DQG + SKDVH sRALNDWQXG MU WN QUKW

diffusion controlled, but nucleation controlled [18].



Table 2.1#eZn Intermetallic Phases Formed during HDG processes [17].
Iron

Phase Crystal Stoichiometry ~ Content Atoms/Unit Lattice Parameters
Structure Cell (nm)
(wt pct)
=Q HCP Zn(Fe) 0.03 6 a=0.266, c=0.484
Monoclinic FeZns 5-6 28 a:F1.3483, b:0'7663f’
/ Hexagonal FeZno 7-11.5 555 a=1.28, c=5.76
H FCC FesZnay 17-19.5 408 a=1.7963
+ BCC FesZnio 23.5-31.0 52 a=0.9018
)H BCC Fe(Zn) - 2 a=0.286

To understand formability problems, the intermetallic growth of the Fe-Zn system must
be analyzed. The more britfleZn intermetallic phases/ + FDQQRW VXVWDLQ D ODU
deformation due to cracking, powdering and galling [13], [19]. To make the zinc coating less
brittle for GI coatings, additions to the bath can be made which lead to the inhibifrexZof
intermetallic formation. Small amounts of Al (> 0.15 wt A&} will lead to an FgAls inhibition
layer that acts to stop Fe diffusion into the zinc layer. Figure 2.4 shows an EDS elemenamap of
Gl coating from a 0.4 wt pct aluminum containing zinc bath [20]. In Figure 2.4 (a), a secondary
electron image shows coating appearance and thickness of aboBt 19 L J X4J(b) shows the
distribution of Zn, which is only present in the coating. Figure 2.3 (c) shows Al segregation
within the coating. Al segregates to the steel-zinc interface, reacting with iron to formfde Fe
inhibition layer. Al will also segregate to the zinc free surface and oxidizes is@g [2D]. Iron
does not diffuse into the zinc coating due to theARanhibition layer, eliminating Fe-Zn
intermetallics. This can be seen in Figure 2.4 (d). The amount of iron within the zinc coating is
directly related to the formability of the layer. If there is more iron content in the coating, the
coating may experience more formability issues [13]. With a lower amount of iron in the
coating, formability, as determined by measuring powdering during a bend test, will be greater
due to a more ductile coating. Powdering is the exfoliation of the galvannealed or galvanized
coating, resulting in loss of material [13]. Galvannealed steel offers superior weldability, and
paintability, but can lead to more powdering and cracking [13]. This can be harmful to not only
the coating, but also the dies used in the forming process. The lost coating can adhere to the

surface of the die and increase the amount of wear the tool experiences.



When galvannealing steel, the Al content of the Zn pot is targeted to be equal to or lower
than 0.14 wt pct due to the creation of the Fe-Al inhibition layer [18]. Matda suggests that
Al content between 0.10-0.14 wt pct will result/fiphase being in equilibrium with molten Zn.
This Al range can promotéformation during solidification, leading to a microstructure of
predominantly/ after galvannealing. However, any Al content has shown to promghésFe
layer formation, which leads to the inhibition of Fe-Zn intermetallics.

Oxidation of the steel surface has been shown to affect wettability and growth of the
coating, leading to defects. The next section will cover high temperature oxidation of steel

containing Mn and Si.

— s

(b)

(d)
Figure 2.4 EDS element map of a cross section of low carbon galvanized sheet steel
galvanized with a zinc bath containing 0.4 wt pct Al with (a) the BSE microg

(b) the Zn map (c) the Al map and (d) the Fe map. (a)-(d) all have the same
as (a). Adapted from [20].



2.2 High Temperature Selective Oxidation

The selective oxidation of metals has been describedby QHU YV WKHRU\ RI R[LGI
and will be discussed in this section. Different models and modifications will then be presented
and discusseRQ WKH UHOHYDQFH DQG DFFXUDF\ RI :DJQHUYYV WKHI
steels.

The galvanizability of steel depends on many variables, but one of the most important
variables is the surface state of the steel. Prior to the galvanization step, the steel undergoes an
annealing process that is metmset the desired microstructure of the steel, as well as prevent
Fe oxidation from atmospheric control. In the case of TRIP-aided and DP steel, selective
oxidation of Si, Cr and Mn will result in formation of complex oxides due to the reactivity of
these alloying elements which may impact Zn wettability of the strip. To understand atmosphere
effects on oxidation of DP and TRIP-aided steels, the dew point of the annealing atmosphere
must be defined. Dew point is a measure of the water content of a gas. From dew point, a
specific partial pressure of gaseougOHan be calculated shown in Equation 2.1 and 2.2, where
DPC is the dew point in question [21]. Dew point can affect the oxide formed, mechanisms and

extent of oxidation of the surface of the steel.
OR%,ypb—=F LI '3 f& (2.0)

3

Mahieuet al have conducted studies on a number of TRIP-aided steels to determine the oxide
build up after annealing [2]. They created a schematic showing possible oxide formations on
three TRIP-aided steels. Figure 2.5 shows the type of oxide formation that may occur for three
TRIP-aided steels (0.25C-1.69Mn-1.28Si, 0.18C-1.56Mn-1.73Al, 0.19C-1.49Mn-0.14P) at a dew
point of -30 °C. These alloying elements were chosen for this model as each alloying element
(Si, Al and P) has been shown to suppress cementg€)Femation, while C and Mn stabilize
austenite [1], [2], [22]. This allows for the retainment of austenite, allowing for the TRIP effect

to occur. Al has been shown to have similar effects to Si, makengable alloying element for
creating the TRIP effect [1]. MnO will build up as globular particles along grain boundaries on
the surface of CMnAl and CMnP substrates, which has been supported bgtGbri§].



Thorning has also shown experimentally that Mn will travel to the surface along grain
boundaries [5]. Oxidation of a CMnSi steel will form the complex®@s oxide, which isa
common oxide that causes wettability issues for galvanized AHSS [11]. A spinglDinis

suggested to form on the Al containing TRIP steel, which has the possibility to negatively affect

CMnSi MnAl CMnP

coat-ability within these steels.

Mn,SiO,

MnAL,O,

(6] SiO,
E=
@) MnO

Figure 2.5 Schematic of how oxides form on three different CMnX steels after anneal

To mediate the galvanizability issues from oxide formation, De Co@mnalhreviewed
possible strategies to improve zinc coatings, as shown in Figure 2.6 [3]. The Mn/Si ratio can
control the oxide that forms during annealing of CMnSi TRIP-aided steels. Changing the oxide
from Mn2SiOs to MnO and Si@can help reduce surface defects as MnO is easier to remove [3].
A layer of FeO and MeO oxide on the surface of the steel can be reduceaviiiiifl the
furnace to produce Fe. This will lead to a sufficient surface for zinc to wet and adhere to. Flash
coating the steel with Fe/Ni will help keep surface selective oxidation to a minimum allowing
zinc to wet and adhere to the surfaliee effect of dew point within the annealing furnace has a
large effect on the nature of the oxide formation of the steel. Most furnaces ha& a N
reducing atmosphere to reduce iron oxides, but they also have trace amounts of water vapor
within them, shown in Equation 2.1 and 2.2 [8], [21]. Water vapor is assumed to be in
equilibrium with hydrogen, and the effective partial pressure.afad be calculated from the
dew point using work by Huiget al, and Swisher and Turkdogan [21], [23]. By changing the
dew point, it is possible to change the oxidation of the steel from external to internal oxidation.
Internal oxidation is when selective oxidation ocdwgscertain alloying elements will oxidize

rather than Fe atoms, but the diffusivity of the oxidizing element (Mn, Si) is not large enough to



externally oxidize these elemenitising the work of Wagner, Rapp produced equations Hrat ¢

be used to predict the depth of internal oxidation [24]. Batkl. WKHQ PRGLILHG 5DSSYV .
and the Wagner theory of oxidation to predict when internal oxidation will transition to external
oxidation [25].

1. Steel 2. Dew Point 3. Oxidation- 4. Surface-active 5. Selective Oxide 6. Flash
Composition Control Reduction Elements Reduction Coating
Sub-surface with Fe-oxide and Oxidanon Surface ;
p— ; ; : control by 5 Pure Fe/Ni..
Mn/Si ratio>2 internal selective  selective MeO ; selective :
: X surface-active ST flash coating
MeO oxides oxides oxidation
\ l elements
/Bil
MnO-SiO, xMnO.Si0, oS leD a0 :
®0 o ..
® o ©
[ ]
°
Pure Fe surface Reduction MeO
embedded selective oxides selective oxides
ot S ) il pdodednl
i. 0_:_;_3._:.:
No coating
defects

Figure 2.6 Strategies around selective oxidation within AHSS for increased
galvanizability [3].

Liu et al.investigated the amount of surface oxidation while varying the dew point for three
different DP steels: Mn-Si, Cr, and @t containing DP steels [4]. Table 2.2 shows the
chemical compositions of the three DP steels. Figure 2.7 shows the effect of dew point on
surface oxidation of &r-Mo steelby SEM imaging. Figure 2.7 (a) is at a dew point of -30 °C
which corresponds to arp@artial pressure of 2.28x#®atm at 800 °C. Figure 2.7 (b) is at a
dew point of 10 °C which corresponds to an oxygen partial pressure of 2:38at0at 800 °C.
At a -30 °C dew point, the surface is almost fully covered by oxide formations of Mné®sMn
Cr03, SIQy, with small amounts of iron oxides [4]. At a 10 °C dew point, the surface appears
much cleaner, with more of the iron surface exposed and available for the zinc coating. The
oxides formed at 10 °C dew point were #8104, MnSiG;, MnO, and MnOs as well as some

iron oxides [4].
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Table 2.2+Chemical Composition of Three DP steels: Mn-Si, Cr, anMG{4].

wt pct C Mn Si P Cr Mo Al

Mn-Si  0.11 1.75 0.38 0.011 - - 0.055
Cr 0.12 162 0.30 0.012 0.39 - 0.045

Cr-Mo 0.11 1.47 0.32 0.012 0.21 0.15 0.064

(b)

Figure 2.7 SEM images of (a) -30 °C dew point anneal for a Cr-Mo DP steel surface :
10 °C dew point anneal for a Cr-Mo DP steel [4].

Though complex oxides formed at higher dew points, fewer oxides formed on the
surface. The oxidation mechanism may therefore be transitioning to internal oxidation, allowing
for reduced oxide formation on the surface. Reducing the amount of external oxides can increase
wettability and zinc adherence to steel. De Coostaal. have shown wettability of zinc by
changing alloying additions and dew point for medium manganese steels [3]. By changing the
alloying additions, the intercritical annealing temperature changes as well. In general, as the
intercritical annealing temperature increases, the degree of zinc wettability decreases, as shown
in Figure 2.7 [3]. As dew point increases, the degree of wettability also increases. Selective
surface oxidation is difficult at lower temperatures due to slower diffusion of substitutional
atoms, allowing for a higher amount of internal oxidation to odougeneral, as the intercritical
annealing temperature increases, the degree of zinc wettability decreases, as shown in
Figure 2.8 [3]. As dew point increases, the degree of wettability also increases. Selective surface
oxidation is difficult at lower temperatures due to slower diffusion of substitutional atoms,

allowing for a higher amount of internal oxidation to occur. This effect would be the same for
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DP steel, as the alloying elements are the same, however the amounts are lower than for the

medium Mn TRIP steel compositions used in Figure 2.8.
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Figure 2.8 Dew point effect on wettability of zinc on medium manganese steels [3].

Because dew point can have such a drastic effect on oxidation, it will be evaluated during
the thermodynamic modeling section presented in Chapter 4. To show the effect of dew point on
selective oxidationonduabKDVH VWHHOV DV ZHOO DV HIWHQGLQJ :DJQH
complex oxides, the work of Hugt al. will be presented here. Using Equations 2.1 and 2.2,
water content can be estimated for a certain dew point. Fixingztherttent in the atmosphere,
oxygen partial pressure can be estimated using Equation 2.3 [21].
Lee ticE

S -
E \ ) .
ORI L usr F—r Ezg@f 2.3
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Oxide stability analysis can be completed using the work of Wagner, modified by Birks
et al, Liu et al, Huinet al, and Swisheet al, as well as Thermo-Calc® analysis [21], [23],
[25], [26]. Calculations usin® RGLILFDWLRQV RI :DJQH tdhvBiKdethRU\ R R[LG
estimate when oxidation will transition from external to internal, shown in Equation 2.4 [25].
Values used in Equation 2.4 were taken fromatial, Huin et al, and Swisheet al [21], [23],
[26].

EJ.',9
Lo ! H=15-—2"F] (2.4)
%IR|

Ng© is the concentration of solute metal B within the matrix. In this case B will be Mn,
Cr, or Si, and the matrix will be iroiNo® is the surface concentration of oxygen on the metal in
guestion. Using dew point, the amount of water vapor can be estimated. A range of dew points
can be selected to be any range of interest. With water vapor estimates and an assumed hydrogen
value (5 vol pct) within the furnace atmosphere, the equilibrium partial pressure of oxygen can
be calculated, and used to estimate the surface concentration of oxygen[®h[it6h Do is
the diffusivity of oxygen within the iron matrix, considering to be both ferrite and austenite [21].
Dg is the diffusivity of the metal being oxidized within the matrix. Diffusivities for substitutional
elements have been taken from Eiual.for both ferrite and austenite, and are included in
Table 2.3 and 2.4, and will be further discussed in section 4.1 [26].

Table 2.3+tParameters used in the Wagner Oxide Stability Calculation for Ferrite [6], [26]
Temperature Do Dwin Dcr Dsi *

(°C) (cm/sec)  (cmP/sec)  (cmé/sec)  (cmP/sec) g g(Mn)
750 3.84x10 2.61x10 1.50x 10 2.40 x 10" 03 0.2
800 6.57 x 10/’ 8.93 x 102 554 x 102 8.00x 102 '
Table 2.4+tParameters used in the Wagner Oxide Stability Calculation for Austenite [6], [

Temperature Do Dwin Dcr Dsi x ‘(Mn)
(°C) (cf/sec)  (cnPlsec)  (cnflsec)  (cnPlsec) 9 9
850 8.07 x10° 9.38 x 104 9.00 x 10" 1.02 x 102 03 0.2
900 1.74x 10 3.13x 10" 3.00x 10" 3.09 x 102 ™ '

Vm is the molar volume of the metal that is being oxidized, afds\the molar volume
of the oxide being formed. The critical volume fraction of oxide to cause a change from internal
to external oxidation ig” which has been suggested to be 0.2 for Mn and 0.3 for the other

elements [25], [26]. The valency of the metal that is in oxide forngiis. Mn?* for MnO).
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WhenNg© is greater than the estimated concentration on the right, the oxidation mechanism will

be external and correspondingly lowesN values result in internal oxidation. An important
FRQVLGHUDWLRQ WR DFFRXQW IRU LV WKH HUURU DVVRFLDW
When conditions are close to the transition from internal to external oxidation, a mixture of both
should be considered possible. Another consideration is that the analysis is for binary oxide

systems, and there is a possibility for complex oxides (Fe, Mn, Si) to form.

Huinetal KDYH FUHDWHG PRGHOV WKDW H[WXH]QIGesD JQHU TV W
models can apply to complex oxide formation seen during high temperature oxidation of TRIP
and DP steels. The models have been employed to predict oxidation in a 1.235 wt pct Mn, and
0.132 wt pct Si steel. Other alloying elements were not included. The annealing treatment
reached a maximum temperature of 800 °C with a dew point of -40 °C. Figure 2.8 shows
annealing at dew points of -40 °C and 15 °C resulting in oxidation of Mn and Si at high
temperature. The increase in dew point shows a decrease in surface presence of Mn and Si and
an increase of these elements internally [21]. As dew point increases, the amount of surface
oxygen increases, which increases to the amount of oxygen that can diffuse into the steel and tie
up alloying elements. This is seen in Figure 2.10: Mn and Si are being tied up between 0.1 and
0.4 P IURP WK Whentheldew ploint is increased from -40 °C to 15 °C. This relationship
has been seen throughout literature [2], [3], [8], [26]. Using this model, diffusion paths have been
created on a predominance diagram shown in Figure 2.9. This diagram shows which oxides will
form with a specified amount of Mn and Si at 800 °C in abldct H atmosphere and a -40 °C
dew point. This diagram predicts the diffusion path of Mn and Si during annealing based on
initial concentration and yields the composition of the resulting oxide. The dotted lines are the
diffusion paths, and the composition of the resulting oxide can be determined at the end of these
lines. This diagram can be used to predict the evolution of the oxides formed on DP and CMnS
TRIP steels. This model will be used when making predictions on oxidation of the received DP
steels. Another variable that could possibly affect oxidation mechanism is grain size/grain
boundary diffusionDue to differences in solute diffusion through the lattice versus along grain
boundaries, unexpected external oxidation can occur even when full internal oxidation is

predicted according to the Wagner analysis.
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Figure 2.9 Dew point effect during high temperature oxidation shown for (a) Mn and (
at -40 °C and 15 °C [21].
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Figure 2.10  Oxide formation and diffusion paths for a DP steel with varied Mn and Si ¢
The matrix is iron [21].

Along with unexpected external scale, different oxide morphologies may occur due to
grain boundary effects. It has been shown that certain alloying elements, including Mn, Al, and
Cr will segregate to grain boundaries [5]. With a high concentration of these elements already on
grain boundaries, recent research has shown that these elements, specifically Mn, can diffuse to
the surface and form oxide ridges. An illustration of this phenomenon is shown in Figure 2.11.
This figure includes an illustration of grain size effect on diffusion, as well as an oxidized dual

phase steel showing grain boundary ridges. The steel in Figure 2.11 is a 1.8 wt pct Mn/1.5 wt pct
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Al TRIP steel annealed at 670 °C in an atmosphere containifi§jatt of Q. The holding time

was reported to be exaggerated compared to industrial processing of TRIP-aided steels. The
observed ridges are globular nodules of Mn oxides [5]. Depending on grain size, this effect can
be important when trying to prevent surface oxidation. Smaller grain size can decrease the effect
of grain boundary diffusion as the diffusion length in the grains is significantly longer than the
grain size. This will limit the segregation to grain boundaries and will give a more uniform
diffusion in the bulk. If the diffusion length is smaller than the grain size, the phenomenon

shown in Figure 2.11 can occur [27]. The amount of solute segregation to grain boundaries will
increase, increasing the effect of grain boundary diffusion. The grain size effect is illustrated in
Figure 2.12 [27]. The ridges formed on the grain boundaries can cause a variety of defects to
form on an applied zinc coating as adherence can be an issue. Nucleation and growth kinetics of
the zinc coating could be inhibited as well.

2.3 Mn, Cr and Si Alloying Effects on Galvanizing/Galvannealing

As the provided samples contain Mn, Cr and Si additions, alloying effects on
galvanizability for these elements will be reviewed.

In dry H> containing annealing furnaces, Fe oxidation is not thermodynamically
favorable, however oxidation of Mn and Cr are thermodynamically favorable under these
conditions, as shown in Figure 2.13. This figure shows thermodynamic stability of Mn, Fe and
Cr oxidizing from water vapor present in the annealing furnace. For conditionsoff?2
above the respective curve for each element, oxidation of the element is predicted. Conditions
used in industrial furnaces are below stability of FeO formation but are above Mn and Cr

oxidation. Oxidation reactions of Mn and Cr are shown below in Equations 2.5-2.7.

Mn+H:2 : 0Q2 o+ (2.5)
2Cr+382 : &0+ Hp (2.6)
2Cr+MnO +3H2 : 0Q &+ 3H (2.7)
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Figure 2.11  Schematics showing (a) solute segregation to grain boundaries, (b) quick
of solute to the surface to create surface oxide ridges and (c) SEM microgr
in-situ high temperature oxidation at 670 °C for a 1.8 wt pct Mn-1.5 wt pct £
TRIP steel showing oxide ridges [5].

These reactions will move forward for typical annealing furnace conditions (5 vobpct H

and -30 °C D.P.), resulting in oxidation of Mn, and Cr, as shown in Figure 2.14. This is assuming
that HO acts as an oxidizing gas as seen in Equation 2.2-2.4. The reaction foOWisCr

assumed to be possible in the range of temperatures between the stability of MnO and

Cr203 [28].
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Figure 2.12 lllustrations showing solute diffusion for (a) diffusion length significantly lol
than grain size and (b) diffusion length shorter than grain size, resulting in t
formation. Adapted from [27].

Fushiwakiet al. carried out experiments on selective oxidation and wettability of dual phase
steels containing 0.0-0.6 wt pct Cr and 1.7 wt pct Mn [28]. Annealing was performed using an
N2-5 vol pct B atmosphere at 800 °C for 20 seconds with a dew point of -35 °C. The
composition of Zn used was an alloy of 0.14 wt pct Al and Al free Zn. Wettability was measured
by means of sessile drop tests using an Ar purged graphite syringe heated with an electric heating
coil. It was found that the Cr free steel exhibited MnO produced on the surface, and the 0.6 wt
pct Cr steel surface contained MnO with Mg@s. Mn surface oxidation was found to not

change greatly with an increase in Cr content. The morphologies of the oxides formed on a Cr
free and 0.6 wt pct Cr steel are shown in Figure 2.14. SEM images are included in Figure 2.15 to
show where Figure 2.14 was derived. Less granular MnO will form as planap®in€created

[28]. During wettability experiments in an atmosphere of Ar-5 vol pg¢ithivas found that the
wettability angle decreased with increasing Cr content and increasing Al content in the droplet
[29]. This decrease was from 130° to 105° wetting angle and can be observed in Figure 2.16.
This was due to the formation of MnCx spinel; the reactivity of this spinel with Al is high

enough that it allows Zn to contact the Fe substrate. The associated reaction forms
Mn(Cr,Al)204, which is taken into the Zn bath allowing for Ea-Al reactions to take place.

MnO does not react with Al in this way as MnO is a rock salt structure; AlO is a corundum
structure, which would not allow it to form a rock salt structure [28], [29]. Al stimulates
formation of spinel or corundum type crystal structures, making the formation of MnCxAl)
feasible. If there is no Al in the droplet, this reaction will not occur, and the wetting angle will
not decrease [28]. Kawamb al. found that the Al added to the Zn bath prefers to react with the
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Mn-Cr spinel instead of Fe, leading to reduced Fe-Al inhibition layer formation. Without the Fe-

Al inhibition layer, Fe-Zn intermetallic reactions will take place [29].

Fe +H,0=FeO +H, (4)

2Cr +3H,0 = Cr,0, + 3H, (3)
\

log (pH20/pH2)
&

-5 F
_6 L L
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Temperature (‘C)
Figure 2.13  Thermodynamic stability of Mn, Fe, and Cr when oxidized:ByH28].
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Figure 2.14  Morphologies of Mn and Mn-Cr oxides formed ora @) free dual-phase stee
containing 1.7 wt pct Mn and ()0.6 wt pct Cr, 1.7 wt pct Mn containing dua

phase steel both containing 0.02 wt pct C [28].
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Figure 2.15 SEM micrographs showing surface oxidation after annealing with two diffe
magnifications for (a) Cr free dual-phase steel containing 1.7 wt pct Mn anc
0.6 wt pct Cr, 1.7 wt pct Mn containing dual-phase steel both containing 0.(

pct C [28].
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Figure 2.16  Sessile drop testing of annealed Mn-Cr dual phase steel using Al free Zn «
and 0.14 wt pct Al containing Zn droplets [28].
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Higher Si levels within steel have shown to increase the amount of Si based oxides
created on the steel surface during annealing. This could lead to a decrease in galvanizability due
to reduced wettabilty [2]. However, Si additions can also influence Fe diffusion into the Zn
coating. A Si rich layer has been suggested to form just above the steel surface within the Zn
coating during HDG processes. The Si content is believed to result from the aluminothermic
reduction (Equation 2.8) of Si oxides as well as dissolution from the steel substrate due to the
high solubility of Si in liquid Zn [22].

4[Al] + 3SIC; : 2Al203 + 3[Si] (2.8)

Lower Si contents within DP steels (<0.12 wt pct) were found to not cause considerable
changes to intermetallic formation during GA processes. For a DP steel containing 0.44 wt pct
Si, it was found that a Si rich layer formed on the interface of the steel and molten Zn. This
GLVUXSWV SKDVH QXFOHDWLRQ DV ZHOO DV VX&SUHVVHYV )
galvannealing, it was found that the coating contained approximately 2 wt pct Fe, which is below
the typical amount of 10-12 wt pct for a predominantly delta phase microstructure [9], [22]. The
Si content in the coating before galvannealing was found to be 5.28 atomic pct and was found to
have increased to 6.77 atomic pct after galvannealing. This shows that Si will diffuse, or silicates
will reduce into the coating as galvanizing/galvannealing occurs. These two situations can be
observed in Figure 2.17. The HD6; SURFHVYV IRUPV D =Q OD\HUItisQ ZKLFK
shown that for GlI, the increase in Si content outlined previously will increase the amount of Si
oxides present on the steel-coating interface, however it will not affect the wettability of the Zn.
The effect of Si is shown when a GA process takes place. A Si rich layer is postulated to form,
which suppresses the degree of #§ DOOR\LQJ WKDW RFFXUV 7KLV UHVXOW
phasesEXW QRW / SKDVH /RQJHU *$ SURFHVVHWi hLG®@aIUHVY XOW L
DPRXQW RI / Theusual witrésucture of a GA coating is predominahfizase with
some +phase/ RZHU 6L OHYHOV ZLOO UHYV X0 &k flo@atidp adadamealingcG D P R X
time increases. At longer GA times, Fe-rieh | R WRhthe low Si condition. If Si were to
segregate through oxide reduction and from dissolution from the steel, it could affect the

nucleation and growth of Zn-Fe intermetallic phases.
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Figure 2.17 lllustration showing the hypothesized retardation of the GA reactions due
rich layer formed at the steel-Zn interface. Adapted from [22].

However, it should be noted that this Si rich layer has not been seen experimentally in
other literature [2], [3]. It is, however, a plausible representation of how Si can affect the coating
thickness in ways other than wettability. The authors report Si oxide dissolution during the
coating process, however it can be seen in other literature that these oxides are present after

coating, and drastically affect the coating [3].
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CHAPTER 3
EXPERIMENTAL PROCEDURES AND MATERIALS

3.1 Materials

Four materials, with chemical compositions shown in Table 3.1, were received from the
International Zinc Association (IZA). Also listed in Table 3.1 are the conditions in which the
materials were received.

Two sheet steel samples of Material A were proviagalgalvannealed (GA) sheet with
athickness of 1.46 mm and as a bare sheetatitickness of 2.01 mm. The defects associated
with this material were observed to be streaking in nature.

Two sheet steel samples of Material B were provakaghlvanized (Gl) and bare DP580.

The thickness of the GI material is 2.05 mm and 1.51 mm for the bare material. It should be
noted that these samples are not of the same coil or gauge but are of the same composition and
heat. Cr and Mo were provided as a combined alloying addition, individual amounts are
unknown. The defects associated with this material were described to be an acne typehgefect.
material was supplied with the knowledge that prior and later processed sheets do not exhibit this
defect. No defects were observed macroscopically in the un-coated, cold rolled state.

Four sheet samples of Material C were received. Samples of a coil which were defect free
and defect containing GA sheets were received, as well as their countasgattsrolled and
non-coated. The thickness of both GA shee@71 mm. Material C was suggested to be within
DP490 standards. The defects for this material were described to be a flame pattern defect. It was
supplied with two ends of a coil: one end exhibiting the flame pattern defect, and one end with
sufficient and uniform coating. No defects were apparent in the un-coated, cold rolled state.

The conditions that Material D were received in are: hot band, as pickled, cold rolled,
and galvannealed. These conditions are not of the same coil; however, they are the same alloy
exhibiting similar defects. The stripes are visible in each condition received and were referred to
astiger stripe defects. These stripes are visible throughout all processing steps, from hot band to
GA. The hot band shows red scale stripes, as pickled shows stripes possibly due to ineffective
pickling response. The stripes are difficult to observe on the cold rolled surface albeit still

present. The GA state shows presence of tiger stripes, meaning there are stripes of dark grey
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spread among the strip. An important consideration for this mateti@ higher Si levels as
compared to the other materials. C content was not provided for this material, it was assumed for

Thermo-Calc® analysis that the C content was 0.1 wt pct.

Table 3.1+Chemical Composition and State of Provided Materials (wt pct)

wt pct C Mn Si Cr Cr+Mo Al P S Bare Gl GA
Material A 0.07 19 0.2 0.3 - 0.026 <0.02 <0.01] X X
MaterialB 0.07 16 0.2 - 0.8 - - - X X
Material C 0.069 1.23 0.2 0.029 - 0.047 0.014 0.005| X X
MaterialD NA 1.6 0.6 0.35 - - - - X X

3.2  Oxidation Mechanism Predictions and Thermo-Calc® Analysis

Oxidation mechanism predictions were conduckedd LQJ D PRGLILFDWLRQ R :D.
theory of oxidation outlined in the literature review section. Thermo-Calc® analysis was used to
create Fe-O phase diagrams for the provided materials showing the equilibrium phases for the Fe
rich area of the Fe-O phase diagram with the respective alloying additions for each material. This
analysis gives the oxides that are thermodynamically favorable during anresahdgstrially
relevant dew points were evaluated during the analysis. Thermo-Calc® was completed using the
TCEF9 database. On the Fe-O phase diagrams, industrially relevant dew points (-30 to 10 °C)
are enclosed on the figures.
3.3 Microstructural Characterization

Samples were sectioned aPRIR XQWHG LQ (SRPHWE KRW PRXQWLQJ HE
polished up to 0.02m using a neutral alumina slurrg.S R P HAdt @ounting epoxy was used
to increase edge retention. Polishing was performed using an auto-polisher, and a vibromet for
the 0.02 m step. Between each polishing and grinding step, the samples were wiped with a
cotton ball soaked in ethanol, then immersed in ethanol and sonicated to clean after each step. To
better image the steel/coating interface, samples were coated in gold to increase conductivity of
the surface. Samples used for microstructural characterization of the steel substrate were etched
with 1 pct nital for 15-20 seconds.

Light optical microscopy (LOM) was used to image the defects on the provided material.
Low magnification images were taken with an Olympus® SZX12 stereomicroscope and an

Olympus® PMGa3 light optical microscope to characterize the surface of each material. For
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higher magnification images, a JEOL® JSM-7000 field emission scanning electron
microscope (FESEM) was used to characterize the oxide and coating layers, as well as the
surface. Accelerating voltages used for FESEM analysis ranged from 5-20 kV, with probe
currents used within the small and medium ranges (JEOL specific).

Energy dispersive spectroscopy (ED@swsed for phase characterization of the Fe-Zn
intermetallic phaseS UHVHQW LQ HDFK P DwWasidorhietl With OIS WiapRQidg 7 KLV
paired with SEI micrographs. EDS was completed using the EDAX® Genesis and TEAM
software, which can characterize phases based off composition. This was used for Fe-Zn phase
analysis as each intermetallic phase has a specific range of Fe and Zn content. For further
chemical characterization, time of flight secondary ion mass spectrometry (TOF-SIMS) was used
as EDS is not as sensitive to Mn and Si signals.

3.4  Time of Flight Secondary lon Mass Spectrometry

An lonToF Gmbh TOF.SIMS 5 for performing time of flight secondary ion mass
spectrometry was utilized. This machine has the capability of performing static SIMS and 3D
profiling of metals, ceramics and organics. Static SIMS for metals and ceramics is dorege using
30 keV, three-lens BiMn cluster ion gun, which is the primary beam of this instrument. A gas
cluster source (20 kV Ar gas) is used for cleansing of metallic or ceramic materials from
atmospheric contamination, as well as the primary source for static SIMS on organic or
polymeric materials. Secondary ion beams include a thermal ionization cesium source and an
oxygen electron impact gas ion source, which are used for 3D profiling. The lonTof Gmbh
TOF.SIMS 5 also has a focused ion beam (FIB) for cross-sectional analysis. The attached
analyzer for this machine is an extended dynamic range analyzer, which can be used with a
delayed extraction, making nano-SIMS possible. The components of the TOF-SIMS are included
in Figure 3.1. The ion gun fires Bi clusters at the specimen, detaching elements, ion clusters and
molecules (depending on the specimen). It is then passed through the extractor to ensure
accuracy, and accelerated into the detector, where mass to charge ratio is detected and elemental
information is determined. Images of the lonTof TOF.SIMS 5 are included in Figure 3.2. A low
magnitude LOM is included on the TOF-SIMS. This is how the operator can identify areas for
analysis. Before analysis, the TOF-SIMS will take an LOM image of the area in question, and

will take a subsequent image after analysis.
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3.4.1 Surface Analysis using the TOF-SIMS

During static TOF-SIMS analysis, the top monolayers are sputtered off and analyzed for
chemical analysis. This technique uses the BiMn cluster ion gun, however it should be noted that
only Bi clusters are utilized. Static SIMS is strictly a surface characterization technique, meaning
only the first few monolayers are analyzed; however, it can determine isotopes as well as ionic
information. Comparative analysis can also be used in this mode. This means that multiple
samples can be analyzed at once, and the signals for individual elements can be compared to
each other. This can give information on the relative amounts of each element analyzed.
However, since different elements/molecules will accelerate differently, they cannot be
compared directly. For example, a Mn signal cannot be compared to a Si signal due to this
artefact. To do comparative analysis, the beam conditions need to be the same, meaning that the
samples should be analyzed during the same testing cycle. As mentioned previously, nano-SIMS
with a resolution of 80 nm is an available option using delayed extraction, but the common
resolution of this machine is 8n. The largest map that can be created with one scan is

500x500 m? and 500x500 m? maps can be stitched together to form larger micrographs. The
largest area that can be stitched togethercis? Depending on needed lateral resolution and
size of the scan, acquisition time can be from 15 min to 2 hours.

——— lon Mirror
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Figure 3.1 Components of the TOF-SIMS, adapted from ION-TOF GmbH® [30].
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@ (b)
Figure 3.2 Images of the lonTof TOF.SIMS 5 currently employed at the Colorado Sct
Mines. (a) shows the lonTof Gmbh TOF-SIMS overview, and (b) shows the
SIMS analysis chamber.

3.4.2 3D Imaging using Secondary lon Beams

For this technigue, high energy secondary ion beams are used to sputter into the material
to reconstruct 3D micrographs of the test area. The available secondary ion beams include: a gas
cluster (argon) source, thermal ionization cesium source, and an oxygen electron impact gas
source. The cesium and oxygen electron impact gas source are used for 3D profiling within the
material. The advantage of a multi-beam system is that optimization of sputter and analysis beam
can be used. For example, the two secondary beams (Cs and O) can be paired with the primary
ion beam (BiMn) for high resolution micrographs and deep sputtering depths. The cesium source
allows for analysis of oxygen within the material. The secondary beam will sputter into the
material, allowing the primary beam to be used on the fresh suRaceugh surfaces, or
materials with a large number of voids, TOF-SIMS analysis proves near impossible using the
conventional sources included with the machine. These samples can be analyzed by use of a fully
integrated dual beam FIB. The FIB can mill an area much like the secondary ion sources
mentioned previously. The milled area is then analyzed using the primary Bi shstoartfall
of using this analysis is that the software will automatically reconstruct the profile into a cube,
meaning that if a 100x100m? area is analyzed, the data will scale the subsequent depth profile
to look like a 100x100x100m? cube. The sputter depths used in this work were through the
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coating and slightly into the substrate, and therefore the deepest sputter depth was approximately
20-22 m. This make features found in the profile look larger than they are in the sputter

direction.

3.4.3 Data Processing

Because this machine is extremely sensitive to surface roughness, data can show
elemental analysis that may not reflect the compositional makeup of the analyzed area. To
determine if surface roughness is influencing the data, one must compare individual elemental
maps to the total count map. If each micrograph contains the same areas that display loss of
signal (black), then surface roughness can be assumed to be affecting the data. While it may be
difficult to use this data for elemental analysis, it can give someoidida roughness of the
material.

Another way the data can be affected is by beam interaction. This is a phenomenon that
occurs during depth profiling. Rod-like features may appear in the data when a 3-D rendering is
created from depth profiling data. This effect is suggested to be caused from surface roughness
leading to different sputtering depths. This will lead to non-planar sputtering, and rod-like areas.

Signals are displayed using two color spectrums where one color is high, and one is low
intensity. Built in color maps provided by lonTof may also be used. Static TOF-SIMS is
displayed using a thermal map, shown in Figure 3.3 (a). For thermal maps, high signal is
displayed with yellow whereas lower signal goes into red and then blsskown in
Figure 3.3 (a). The data software offers an extensive selection of scales for 3D profiling to fit
different data types. For the 3D profiles used in this work, the scales used were thermal and
rainbow scales to maximize observations, except for the Material A, where the two-color
spectrum was employed to show better contrast in the image. For rainbow maps, red is high
intensity, and blue is low intensity, with a representative scale shown in Figure 3.3 (b). It should

be noted that for 3D profiling, white means there is no signal from that specific element.

low high low high

00 ] HE W _
(@) (b)
Figure 3.3 Representative scales for the (a) thermal scale for static TOF-SIMS and d

profiling and (b) rainbow scales used for depth profiling during data proces:
TOF-SIMS data. Low and high signals are indicated.
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CHAPTER 4:
RESULTS AND DISCUSSDN

4.1  Thermodynamic Analysis

Thermo-Calc® analysis was performed for all provided materials to generate Fe-O phase
diagrams. The composition of the phases described in the Fe-O diagrams are included in Table
4.1. Thermo-Calc® labels phase fields with the phases included in Table 4.1. The fosir oxide
are: spinel, corundum, fayalite and rhodonite. Spinel is an oxide with compositih,Me
however it can be a complex oxide as seen in Table 4.1. Corundum is an oxide with composition
Me20s, and can also be complex depending on availability of solute. Fayalite and rhodonite are
strictly silicate oxides, where fayalite may have some Mn content, however rhodonite will only
have Mn. Only fayalite and rhodonite are silicate containing oxides. Sigma is an intermetallic,
and M6C is a carbide. It should be noted that Fe oxide®{FEeOs) are not stable due to
typical annealing conditions that are used in industrial processes. However, all other alloying
elements may be subjected to oxidation. Low oxygen regimes are targeted to simulatelithe N
reducing atmosphere commonly used during industrial annealing of these steels and temperatures
up to 1000 °C were used to simulate annealing line temperafureand Ag temperatures were
taken from Thermo-Calc®. Because Material D was not provided with a carbon content, 0.1 wt
pct was assumed and used in this analysis.

Table 4.1+Stoichiometry of Phases from Thermo-Calc®

Phase Stoichiometry
M6C (Fep(Mo)2(Fe,Si,Cr,Mo)C
Sigma (Fe,Mn,Cr,Al)o(Cr,Mo)(Fe,Si,Mn,Cr,Al,M0)6
Spinel (FE*, F&*, Mn®*, Mn?*, CrP*, Cr?*, AI3")3(Fe€?*, Mn?*, CP*) 04>
Corundum (FE¥, F&*, Mn®*, Mn?*, CP*, Cr?*, AI¥")(Fe¥, CrH 0%
Fayalite Fe(Mn)SiOy
Rhodonite MnSiOq4

An Fe-O phase diagram in the low mass percent O region is displayed in Figure 4.1 for
Material A using the composition listed in Table 3.1. Industrially relevant dew points ranging
from -30 to 10 °C are outlined in the hatched region. It is observed that corundu®s) Medhe

only thermodynamically favorable oxide within industrially relevant dew point conditions. As
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oxidizing potential increases, spinel and fayalite become favorable below 815 °C; above this
temperature, rhodonite is the favorable oxide. Due to the low Si level within this steel, silicates
are not expectetd form during annealing low dew point conditions. The Ads approximately
675 °C for this material, and the Ais approximately 815 °C as observed from Thermo-Calc®.
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Corumdum+Spinel+y Rhodonite+Fayalite+Spinel+o-t+y
900 _— Corundum-+y
/
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Figure 4.1 FeO phase diagram for a 0.07 C-M#-0.2 Si-0.3 Cr-0.026 Al (wt pci
Material A) from Thermo-Calc®. Phases are described in Table 4.1. Enclos
area represents a dew point range from -30 to 10 °C.

An Fe-O phase diagram in the low mass percent O region is shown in Figure 4.2 for
Material B. It is observed that the only thermodynamically favorable oxide within industrially
relevant dew points is corundum. This phase was predicted to be present at all analysis
temperatures. Higher oxidation potentials show that spinel and fayalite/rhodonite will be
favorable. Since this material was received as having an alloying content of 0.8 Cr/Mo
combined, it is important to consider changing the amounts of each of these elements. Three
different Fe-O diagrams with varied Cr-Mo levels are shown in Figure 4.2-4.4, with Cr content
increasing from 0.3 to 0t 0.7 wt pct and balance Mo to a combined 0.8 wt pct Cr/Mo alloying
level.
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Figure 4.2 FeO phase diagram for a 0.07 C-1.6 Mn-0.2 Si-0.3 Cr-0.5 Mo (wt pct-Mate
B) from Thermo-Calc®. Phases are described in Table 4.1. Enclosed area
represents a dew point range from -30 to 10 °C.
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Figure 4.3 FeO phase diagram for a 0.07 C-1.6 Mn-0.2 Si-0.5 Cr-0.3 Mo (wt pct-Mate

B) from Thermo-Calc®. Phases are described in Table 4.1. Enclosed area
represents a dew point range from -30 to 10 °C.
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Figure 4.4  FeO phase diagram for a 0.07 C-1.6 Mn-0.2 Si-0.7 Cr-0.1 Mo (wt pct-Mate
B) from Thermo-Calc®. Phases are described in Table 4.1. Enclosed area
represents a dew point range from -30 to 10 °C.

It is suggested from these figures that the Cr-Mo levels do not affect the favorable oxide type
present, however it can influence the oxide composition due to the presence of Cr in corundum.
The Aaq for this material is approximately 685 °C and the capproximately 830 °C for a
composition containing 0.5 Cr and 0.3 Mo, and does not change between other Cr-Mo contents.

Due to similar material compositions between Material A-C, the favorable oxide for all
industrially relevant dew points for Material C is also corundum, as shown in Figure 4.5. Spinel
and fayalite are favorable as the oxidizing potential increases. Increasing temperature above the
Ac1 (695 °C) leads to rhodonite becoming a thermodynamically favorable oxide over fayalite at
higher oxidizing potentials. The Afor this material is approximately 855 °C. This material has
the lowest alloying of any received material, making it the least likely to selectively oxidize
during annealing. If this material was to experience higher oxidizing potentaig.ithe slab

reheating furnace of the hot mill, the risk for fayalite and rhodonite formation is still prevalent.
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An Fe-O phase diagram for Material D in the low oxygen mass percent region is shown
in Figure 4.6. This phase diagram shows that fayalite is the stable phase within industrially
relevant dew points below the Aemperature (690 °C). Above the Athe stable oxide phase
is rhodonite. These oxides are known to be deleterious for coating processes, due to their
negative effects on zinc wettabilif§, 12]. Because fayalite and rhodonite are
thermodynamically favorable industrially, it is important to analyze the oxidation mechanism as
a function of annealing conditions. Information about annealing conditions leading towards
internal oxidation would be important to know as literature has shown that internal oxidation

may help reduce or eliminate coating defects related to zinc wettdbilj.
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Figure 4.5 FeO phase diagram f@0.07 C-1.281n-0.2 Si-0.029Cr-0.047 Al
(wt pct-Material C) from Thermo-Calc®. Phases are described in Table 4.1
Enclosed area represents a dew point range from -30 to 10 °C.
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Figure 4.6  FeO phase diagram for a 0.1 C-M#-0.6 Si-0.35Cr (wt pct - Material D) from
Thermo-Calc®. Phases are described in Table 4.1.

Calculations were performed using the Wagner analysis outlined in the literature review
section (section 2.2). The values used for oxide stability analysis on ferrite and austenite are
shown in Table 4.2 and Table 4.3 respectively [4], [23]. All calculations were performed
assuming an N5 vol pct B atmosphere; two temperatures, 700 and 750 °C, #8560 and
900 f & | RWwere chosen for both phases. Diffusion of Cr and Mn are significantly higher in
ferrite than austenite; however, Si diffusion is faster in austenite as shown by the diffusivity
values in Table 4.2 and 4.3. Due to the faster diffusion of Si in austenite, there is a higher
probability of fayalite (Fg5i04) formation at higher inter-critical annealing temperatures. To
better visualize when the transition from external to internal oxidation may occur, Figure 4.8 was
created, which plots dew point (°C) against atomic percent of alloying element derived from the
Wagner analysis. To use these plots, follow the atomic percent of the alloying element of interest
(Mn, Si or Cr) and when the prediction line specific to that element is reached, the corresponding
dew point is the dew point at which oxidation will change from external to internal as the dew

point is farther increased.
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Table 4.2+Parameters used in the Wagner Oxide Stability Calculation for Ferrite [6], [26]

Temperature Do Dwmn Dcr Dsi N *(Mn)
(°C) (cmP/sec) (cmP/sec)  (cmPlsec)  (cnPlsec) 9 9
750 3.84x10 2.61x10“ 1.50x 10 2.40 x 10 03 0.2
800 6.57 x 10/’ 8.93x 10> 554 x 102 8.00 x 102 ' '

Table 4.3tParameters used in the Wagner Oxide Stability Calculation for Austenite [6], [

Temperature Do Dwmn Dcr Ds;i N *(Mn)
(°C) (cP/sec)  (cmP/sec)  (cmPlsec)  (cnPisec) 9 9
850 8.07 x 1 9.38 x 104 9.00 x 104 1.02 x 10 03 0.2
900 1.74 x 100 3.13x 10" 3.00 x 10 3.09 x 10+ ' '
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Figure 4.7 Oxidation stability analysis plots for (a) ferrite at 750 °C (b) ferrite at 800 °
austenite at 850 °C and (d) austenite at 900 °C.
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External oxidation is predicted with high alloying elemental levels and low dew points.
Higher dew points and less alloying will promote internal oxidation. Cr and Si are faster than Mn
and could pose a higher probability for external oxidation. Faster Si diffusion in austenite does
increase the chance of fayalite forming at higher annealing temperatures. For all materials,
austenite offers a greater probability of internal oxidation, and shows minimal change with
respect to temperature. This is because diffusivities of Mn and Cr are lower in austenite than
ferrite, however, Si diffusivity is quite comparable in both phases. This suggests that if external
oxidation is to be avoided, the austenite regime should be targeted.

From Figure 4.7, it is seen that the type of phase of the steel has a large effect on the
transition from external to internal oxidation. During intercritical annealing, both phases will be
present, making analysis of each phase important. Ferrite exhibits greater diffusivities of Mn and
Cr solutes, leading to higher probability of external oxidation over a wider range of dew points.
Austenite exhibits smaller diffusivities of Mn and Cr solutes, but Si diffusivity is slightly greater.
With Si and Cr having greater diffusivities, higher contents of these elements may pose a greater
probability of external oxidation [6]. However, the relative additions of Mn are larger than Si and
Cr in the provided materials, suggesting that Mn may pose a higher probability of external
oxidation. Cr is shown to have the greatest diffusivity in ferrite, leading to a greater probability
of external oxidation; however, Cr has been shown to mix with Mn oxides to form a Mn-Cr
spinel when HO acts as the main oxidizing gas [28]. This spinel has been shown to increase
wettability of Zn due to its reactivity to Al in the Zn bath [28]. The Cr additions for the received
materials are below that amount seen in literature associated with Mn-Cr spinel formation for
intercritical annealing temperatures. The only material that could exhibit this behavior is
Material B, as the Cr levels could be higher than 0.6 wt pct depending on alloying. Zinc bath Al
contents are higher in Gl coating processes as well as the Fe-Al inhibition layer is promoted to
form to inhibit Fe-Zn interdiffusion. This mechanism however would be deleterious for Gl
coatings as the Al would react with the spinel as opposed to Fe, leading to increased Fe-Zn
interdiffusion.

Corundum(Me>0s3) was the only stable oxide for Materials A-C, suggesting that the Si
levels are low enough that silicates should be avoided entirely in those materials during
annealing. This same phenomenon can be observed in oxide stability calculations as Si levels are

low enough for Materials A-C that internal oxidation is predicted throughout the considered dew
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points. The oxidizing potential within the annealing furnace is low enough that fayalite formation
should be avoided entirely. However, it should be noted that silicates/mixed oxides could form if
annealing conditions are not strictly controlled, increasing oxidation potential. They can also
form in prior steps in processing (hot mill), making removal processes important. Mn is
predicted to externally oxidize at low dew points, suggesting that the main oxide that would be
present in these annealing conditions for Material A-C would be Mn oxides.

The Si level for Material D is significantly higher, resulting in silicates being the
thermodynamically favorable oxide. With the atomic percent of Si in Material D being 1.2
atomic percent, silicates have a higher probability to externally oxidize at lower dew points. This
predicts a transition from external to internal oxidation at approximatelyG2&w point for
both Mn and Si for Material D. Annealing conditions for Material D need to be strictly
controlled to avoid Mn and Si external oxidation. Stages prior to annealing may also lead to

silicate oxides forming externally.

4.2 Microstructural and Chemical Characterization

This section will detail the microstructural and chemical characterization for each
material using LOM, FESEM, EDS, and TOF-SIMS analysis.
4.2.1 Material A

Stereomicroscopy and SEM micrographs of the surface of Matefsh Are shown in
Figure 4.8, with rolling (RD), transverse (TD) and normal (ND) direction shown. The rolling
direction is parallel to the observed defects, which is vertical in the micrographs. Arrows in
Figure 4.8 (a) show observed defects, which appear to have macroscopic periodicity of
approximately 2 mm. As magnification is increased, smaller streaks approximatelgn200
width are observed (Figure 4.8 (b)). This may suggest that two distinct mechanisms are affecting
the coating defects [6]. Figure 4.9 shows a higher magnification of a smaller streak, which
exhibits areas with a temper rolled surface texture, and intermediate areas that shovaicdbic
rod-like //[31]. This may suggest that the areas with the temper roll surface finish are areas that
are raised and reflect light more due to the flatness imposed by temper rolling. The intermediate
areas are lower and show crystals (Figurg¢wt8ch show more electron charging and higher
contrast. Grey scale intensity (Figure 4.8 (c)) shows the grey intensity of the SEM micrograph in

Figure 4.8 (b). This shows one of the macroscopic streaks as areas with more grey in the SEM
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micrograph corresponding to the raised areas associated with the streak. This analysis shows the
streak to be approximately 1.5 mm in width.

The microstructures of the substrate of Material A for the longitudinal and transverse
cross-sections are shown in Figure 4.10. A dual-phase microstructure of intercritical ferrite and
martensite can be seen. Bainite is also seen Figure 4.10 (c). Longitudinal SEM micrographs of
the GA coating on Material A are shown in Figure 4.11. A GA coating thickness of 15+ 2
was measured based on Figure 4.11(a), with the black concentric circles being an SEM artefact.
It is observed that there is a large variation (Figure 4.11 (b)) in coating thickness ranging from
30 mto 15 mseenin Figure 4.11 (a). It should also be noted that the coating-steel interface is
wavy. Transverse orientations proved difficult to polish, and employment of the FIB would be of

use for future work.

Relative Intensity (Grey)

i T300 pm

L 1

o : Dista;nce (TD) '
(b) (c)
Figure 4.8 A stereomicroscope image showing the galvannealed surface of Material ,
containing defects (a) with streaks indicated by the arrows, (b) an SEM

micrograph of an area showing the streaks, (c) a grey scale intensity profile
showing the raised area of a surface defect. Adapted from [6].
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Figure 4.9 SEM micrograph showing areas with a temper rolled surface finish, with

intermediate areas that exhibit cubic delta and rod-like zeta Zn-Fe intermet
crystals.

EDS was performed on the area enclosed area on Figure 4.11 (b) to characterize the Fe-
Zn intermetallic phases within the galvannealed coating. The phases expected to be présent are
and +phase; depending on the annealing conditiopbase may also be present. This is due to
the annealing step that allows Fe and Zn interdiffusion. EDS maps for Material A are shown in
Figure 4.12 (b) for Zn, (c) for Fe. Figure 4.12 (d) shows where the software identified the delta
phase, with delta phase being green, and black being no presence of delta phase. The Genesis
software characterizefiphase being the predominant microstructural phase in the coating, with
approximately 10 wt pct Fe. Though EDS mapping did not characterizepthase, it is still
expected to be present at theestoating interface, and some Zn depletion is seen near the
substrate/coating interface. Zn mapping was uniform throughout the coating. There appears to be
areas in the coating with a different phase, shown in the Zn and delta phase signal, however these
areas line up well with cracks in the coating. This feature may relate to the loss of signal due to
the crack in the coating.

TOF-SIMS surface spectra of Material A were collected ersthmaller streaks on the
order of approximately 200m within the larger streaking defects. This was done to determine if

the nature of the streaks is the same. Static SIMS micrographs are shown in Figure 4.13. It
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should be noted that the scale for each element is different due to abundance of the element as
well as how the element accelerates in the TOF-SIMS. The means that the numbers in the scales
cannot be compared to other elements and are only a relative local intensity for that element. For
static SIMS analysis, surface roughness can negatively affect signal, and needs to be considered
when processing the data. To determine if surface roughness is influencing the data, surface
spectra of different elements are compared. If zero signal is analyzed in the same area for each
element, surface roughness is having an effect as signal cannot be collected in this area. This is
not present in this data, suggesting that surface roughness has limited influence.

Figure 4.10 SEM micrographs of (a)-(b) the cross-section of Material A showing a dua
microstructure of intercritical ferrite and martensite with some bainite and (¢
transverse cross-section bainite. The orientation of the micrograph is show
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Figure 4.11  SEM micrograph for a longitudinal cross-section of the GA coating on Mat
GA. (b) shows large variability in coating thickness and the area where ED!
performed. The normal, rolling and transverse direction of the sheet are shi

(@ (b)

() (d)
Figure 4.12 EDS mapping of the GA coating on Material A witha(e$EI image of the
analyzed area (b) Zn map (c) Fe map and/ @)ase map. The substrate is on
bottom of the micrographs. This area was taken from Figure 4.12 (b).
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Figure 4.13  Static TOF-SIMS chemical analysis using the thermal scale (f) including (e
image of analyzed area (b) Zn map (c) Mn map (d) Fe map and (e) Si map
smaller streak on the surface of MateriaG#.
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It is seen in Figure 4.13 that the Fe and Zn spectra match up well, suggesting that the
streaks are Re-Zn intermetallic. Mn and Si signals are shown to be in the areas that are lower in
Zn and Fe. To analyze the chemical influence on the coating and inter-diffusional layer, 3D-
profiling using TOF-SIMS was employed to profile through a defect in the material to analyze
the chemical signal below. This was performed on the same streak seen in Figure 4.13 with the

cross-sectional analysis using 3D profiling shown in Figure 4.14.

Substrate 20 um Substrate 20 um

©)

Substrate Substrate

(€) (d)

Figure 4.14 TOF-SIMS chemical analysis using a two color spectrum scale on Maténe
in an area with a defect (a) Fe map showing Fe diffusion into the coating (b
map showing the absence of bare spots (c) Mn showing high levels at the ¢
coating interface in half spherical arrangement and (d) Si map showing higl
levels at the steel-coating interface in half spherical arrangement.
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The two-color spectrum scale is employed for this figure. For Fe, light blue is higher
signal, where black is lower signal. For Zn, light green is high signal, black is lower signal, and
white is no signal. For Mn, blue is higher signal, black is lower signal, and white is no signal. For
Si, red is higher signal, black is lower signal, and white is no signal. The scale bars included in
Figure 4.14 are only valid in the horizontal direction as discussed in section 3.4.2. From Figure
4.14 (a)-(b), it is observed that Fe and Zn concentrate in the same areas, as well as are deficient
in the same areas. This suggests that the same phase is present in most of the coating. The lower
signal of Fe and Zn might be due to the presence of Mn and Si in the coating. Because Si is
soluble in delta up to 1 wt pct and exhibits no solubility in zeta, it is suggested that the areas with
low Si might be zeta phase, however Fe and Zn signals do not corroborate this [31]. This is
because zeta phase is a high Zn phase, and areas without Si show higher signals of Fe. It is then
suggested that the coating is delta due to the range of solubility of Si. High levels of Mn and Si
signals are observed at the coating-steel interfaceMfk8i rich areas appear to be globular in
nature suggesting that there are Mn rich Si containing oxides present on the surface of the steel.
Though TOF-SIMS does not quantify the relative elemental amounts, it can be suggested that the
oxides would be Mn rich due to the large alloying additions of Mn (1.9 wt pct) and the low Si
content (0.2 wt pct) of the steel. It is seen that there is no signal for Si and Mn in some areas of
the coating as well, observed as white areas. It is possible that the Si and Mn content in the
coating is due to the aluminothermic reduction of Mn-rich Si containing oxides [26]. It is also
possible to have differences in Mn and Si interdiffusion into the coating from the substrate, when
for example an oxide is encountered, and solute diffusion is halted. It should be noted that no
bare spots were observed, suggesting that the Mn rich oxides were wettable. éflahieave
shown that globular Mn rich oxides are more readily wettable and can be incorporated into the
Zn coating [32]7 KH DEVHQFH RI EDUH VSRWYV LQGLFDWHYV WKDW WKI
likely not related to limited wettability. Howevadt,is suggested that these oxides affect the
formation and growth of intermetallic layers (Ee-Al) formed during GA processes. These
oxides can inhibit Fe-Zn interdiffusion, leading to areas with increased thickness due to more
opportunity for Fe-Zn interdiffusion. Referrind R :DJQHUYV WKHRU\eBihtR§LGDWL R
previous chapter, Mn oxidation is possible at low dew point annealing conditions, however Si

oxidation was predicted to be internal [6]. This discrepancy may be due to the nature of the
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oxide, in which it is a complex oxide an®d JQHUfV WKHRU\ RI R[LGDWLRQ RQO\
oxide systems.
In order to determine where in the process the oxides observed in Figure 4.14 are
forming, chemical analysis of the bare material was performed. Static SIMS spectra for bare
Material A is shown in Figure 4.15. Elemental analysis of Mn and Si shows uniformity,
suggesting that the oxides/defects formed on Material A are formed after pickling and cold
rolling. This would suggest that these oxides/defects are formed during the annealing/coating

process.
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(a) (b)
Figure 4.15 TOF-SIMS surface spectra for (&) Mn and (b) Si on the cold rolled bare Mi
A. Elements are shown to be uniformly distributed [6].

Due to the periodicity of the defects shown in Figure 4.8 (a) along with the Mn rich Si
containing oxides found on the steel-coating interface, it can be suggested that two mechanisms
are affecting the GA coating defects that form on Material A [6]. The first mechanism has been
shown to be Mn rich Si containing oxides affectifegZn interdiffusion and intermetallic
formation and the resulting coating thickness [6]. This is due to the effect the oxides have on Fe-
Zn interdiffusion. These oxides, however, do not appear to affect wettability as Zn coverage is
observed above the oxides and bare spots appear absent. The coating thickness variation and
wavy steel/coating interface may relate to the presence of these oxides. As indicated by
Figure 4.11, the streaks may develop resulting from coating thickness variations and response to
temper rolling. Coating thickness variation can also be affected by the availability of Zn to the
substrate during the hot-dip operation. A schematic of an HDG zinc pot is shown in Figure 4.16.
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The zinc pot sink roll guides the steel strip through the zinc pot and has a micro-grooved surface
to provide sufficient friction to inhibit slipping. The zinc pot sink roll micro-grooved surface

shown in Figure 4.16 (b) has a pitch of approximatetyn2[31]. Details of the sink roll and

HDG configuration were not provided by the supplier of Material A, but it is interesting to note
that the periodicity and distance between the streaks on Material A appear of the same magnitude
as the sink roll micro-grooves [31]. It has been suggested that the grooves of the sink roll can
degrade the formed intermetallic layers during galvanizing, leading to areas of the strip that will
experience increaséte-Zn interdiffusion, which results in areas with greater coating

thicknesses [31]. This is due to the sink roll degrading areas of formed intermetallics, as well as
affecting Zn availability to areas of the sheet in contact with the roll. Therefore, it is suggested
that O DWHULDO $1V VXU tHatrare rei§&dlaBd hal aDdniddd Ml surface finish,

along with intermediate areas that are lower, and have cubic delta and rod-like zeta crystals [6].
The areas associated with the temper roll surface finish may be in areas that were not affected by

the micro-grooved surface of the zinc pot sink roll.

(b)
Figure 4.16 (a) a zinc pot schematic showing the location of the sink roll and (b) the m
grooved surface of a zinc pot sink roll. Adapted from [9],[31] .
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4.2.2 Material B

Stereomicroscopy and SEM micrographs of@eurface of Material B are shown in
Figure 4.17. The defect on the surface of Material B is observed to be an acne type defect where
half spherical and other shaped particles are present on the top of the coated surface. Smaller
particles on the surface of the large particle are also obsertégure 4.17. The rolling
direction is vertical in the two micrographs. Microstructural characterization of the substrate of
Material B is included in Figure 4.18. A longitudinal cross-section is shown in Figure 4.18 (a)
and the transverse cross-section is seen in Figure 4.18 (b). A dual-phase microstructure of
intercritical ferrite and martensite is shown. More ferrite in Material B than in Material A is
likely indicative of a lower intercritical annealing temperature or annealing time and/or alloying

effects. There is little to no bainite within the microstructure of Material B. The GI coating can

be observed in FigureX®, with a measured thickness of 8.0 £ 0B.

Figure 4.17 LOM image of (a) a surface defect on Material B(lanah SEM micrograph of
one of the surface defects at a l@gimagnification.

EDS on Material B was performed to determine Zn and Zn-Fe intermetallics formations within
the coating and results are included in Figure 4.20. The expected intermetallic phases are zeta
and possibly eta phase, as this material was galvanized, as well as an Al containing inhibition
layer [9]. The coating is predominantly zeta phase (red), with Al segregation to the steel-coating
interface (orange). This shows the presence of the Al inhibition layer as Al is segregated to the

steel/coating interface. During EDS mapping, some sample drift occurred, resulting in a much
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thicker inhibition layer imaged than present. Khondkeal. performed glow discharge optical
emission spectrometry on samples of DP steel witAlF£n inhibition layers and showed its
thickness to be between 0.3 and 0n5[33]. Due to sample drift it is difficult to determine the
thickness of the observed inhibition layer in Figure 4.20, however an estimation can be made; the

estimated thickness for the inhibition layer is less thaml1

ND
pae Lo
(a) (b)

Figure 4.18 SEM micrographs shown for the (a) longitudinal and (b) transverse cross-
of Material B. The normal, transverse and rolling directions of the sheet are
shown.
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(b)
Figure 4.19 SEM micrographs showing the coating thickness for the (a) and (b) Gl coe
ODWHULDO % 7KH FRDWLQJ ZDV IRXQG WR Et
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Chemical analysis using static TOF-SIMS is included in Figure 4.21 for MateGal B-
and for bare Material B in Figure 4.22. Figure 4.21 (a) and 4.22 (a) are LOM images showing the
area analyzed for both samples. TOF-SIMS analysis for bare Material B appears to show non-
uniformity, however, this is due to a surface roughness effect as all solute maps exhibited these
areas of low signal. The bare condition does not show large fluctuations in solute, suggesting that
the defect forms after cold rolling. High concentrationgmfn the defects shown in Figure 4.21
suggest that the acne defects on the surface of Material B may relate to splashing, as Fe
concentration does not match Zn, suggesting the particle is not dross [9]. Depth profiling has
been performed to evaluate the size of the defettie coating, the chemistry of the defect, as
well as to evaluate possible oxidation, and is shown in Figure 4.23(A)-(B). The profile was
performed through a defect area with a semi-spherical particle as seen in Figure 4.17 (b). The
depth profile shows high Zn concentration on the surface of the coating, then the Zn
concentration lowers deeper in the defect area and becomes uniform, suggesting the particle does

not penetrate to the steel/coating interface.

Figure 4.20 EDS mapping of tid coating on Material B with zeta in red, Al inhibition la
in blue, and the substrate in orange.
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There is no Fe or Cr signal in the defect as observed by Figure 4.21 (a), suggesting that
the defect is due to splashing, as wettability and growth of the coating are not affected. Splashing
is a mechanism in which the air knife conditions affect the coating surface finish. No Fe signal
was detected from the coating, which is expected for a Gl coating. There appears to be no
external oxidation of the steel. However, it appears thatQvirand Si are segregated near the
surface of the steel, suggesting the presence of an internal oxide is possible. Internal oxidation
frequently presents itself as grain boundary decoration, however the resolution of the scan would
not show grain boundary decoration and would instead show a uniform layer. Another
observation from Figure 4.23(A) is the formed inhibition layer. This is observed from the Fe and
Zn signal, as Fe shows a uniform layer just above the substrate, and the Zn signal shows a higher
concentration in the same area. As suggested by Mahauithe inhibition layer can have a
certain concentration of Zn, leading to a stoichiometry eAFlsZny instead of the traditional
FeAls compositiorf32]. This is the suggested mechanism for why the Zn signal increases near
the substrate. Al is added to the bath to increase bath fluidity and to change the chemistry of
dross (Fe-Zn) particles to include Al, making them less dense than molten Zn, allowing for
flotation and subsequent skimming of the Al containing dross [32]. Dross floating on the top of
the Zn potissoF-DOOHG 3WRS GURVV™ ZKHUH GURVYV WKDW VLQNV WI
SERWWRP GURVV-:Calc® Brid WaghkudalRulations presented in the previous chapter,
it is shown that this alloy could experience external oxidation of Mn at low dew point<3-30 °
dew point) with the oxide being corundum. Si and Cr were predicted to internally oxidize. Due to
chemical and microstructural information, the defect formation is not fully concluded, however it
appears that it is a function of processing conditions, like the air knife and line speeds. It was
mentioned by the supplier that the preceding and following coil did not exhibit coating defect. It
is unclear if the coils preceding and following this material were the same as the material in this

work.
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Figure 4.21 TOF-SIMS chemical analysis including (a) LOM image of analyzed area (t
map (c) Cr map and (d) Fe map for Material B-GI. Yellow is high intensity, \
black being low intensity.
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Figure 4.22 TOF-SIMS chemical analysis including (a) LOM image of analyzed area (t
map (c) Mn map and (d) Cr map for bare (uncoated) Material B. Yellow is I
intensity and black is low intensity.
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Figure 4.23(A) TOF-SIMS depth profiling analysis including (a) Fe map (b) Zn map (c) M
map (d) Si map and (e) Cr map and (f) Al map for Material B-Gl.
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(e)
Figure 4.23(B) Scales for each color map are included in (e) where the thermal scale is
sale, and the rainbow scale is the bottom scale.

4.2.3 Material C

Material C was provided from a single coil, with one end exhibiting defects, and one end
exhibiting no visible defects in the coating. The as received ends of the coil are shown in
Figure 4.24. The defect on this material was described as flame pattern on one end of the coil.
The end of the coil with sufficient coating will be referred to as End A, the end of the coil
exhibiting defects will be denoted End B. Stereomicrographs are shown in Figure 4.25 with a
box showing an example of the flame defects. From these, some of the defects can be seen,
however it is difficult to distinguish them in the images. To characterize the defects on the
surface of Material C further, SEM analysis was performed. LOM and SEM micrographs of End
A are shown in Figure 4.26 (a)-(b) respectively, micrographs of End B are included in Figure
4.26 (c)-(d). From Figure 4.26, it can be observed that on both ends, there are areas that exhibit
flat, temper rolled surface finish, with intermediate areas exhibiting depressed areas that contain
Zn-Fe intermetallic crystals. However, it can also be observed that End B cagagater
amount of depressed areas that Hea@n intermetallic crystals. This suggests that there may be
a factor affecting coating growth in some areas. It should be noted further that no bare areas are
apparent, and the defeceaVKHUHIRUH DJDLQ 3FRVPHWLF LQ QDWXUH

Another factor that could be influencing the defects is the degree of cold reduction
response to temper rolling post-coating. If the degree of cold reduction is different, it might
suggest that the temper rolling process is not able to lessen the extent of coating defects for one
end of the coil. To verify if there is a difference in temper rolling response, hardness values were
measured using Vickers hardness testing on cross-section of each end polishadatadl

100 g load with 6 measurements per end of coil. It was found that the hardness for End A was
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197 £ 0.5 HV and End B was 189 + ®H¥. This difference is small but appears statistically
meaningful. The HV difference may show that the temper rolling process is not able to uniformly
roll the coil, leading to defects on one end, and a defect free appearance on the other end. The
thickness of the two coils may also give insight into the temper roll response of the strip. Each
condition for both ends of the coil was measured using a micrometer. It was found that the two
ends of the coils were the same thickness after coating and temper rolling, with thickness being
0.710 = 0.005 mm. The thickness of bare End A was found to be 0.729 = 0.004 mm, and the
thickness of bare End B was found to be 0.725 + 0.004 mm.

(a) (b)
Figure 4.24  Photographs of as-received Material C showing (a) End (scratches and m
from shipping) and (b) End B. The box is an example of the flame pattern d

The steel substrate microstructures of each end were imaged using SEM analysis. End A
microstructure is shown in Figure 4.27 (a)-(b), End B microstructure is shown in
Figure 4.27 (c)-(d). It is observed from Figure 4.28 that the structure of both ends is ferrite with
pearlite colonies. The grain size of each end in the bulk is comparable. The only difference in
grain size is near the coating. It is observed that larger grains with less pearlite colonies are
apparent near the surface of the coating of End B as shown in Figure 4.28. This could be due to
decarburization of the sample and could affect nucleation and growth of the coating due to
texture effects [18]. The coating of End A and End B were imaged using SEM analysis and are
shown in Figure 4.29. Both ends of the coil have a wavy surface, and the coating for End B was
prepared with a slight etch using nital, resulting in the pits in the coating. It was observed that
the coatingforEnd Ais7.5+x1.2° DQG WKH WKLFNQHVV IRU WKH FRDWLQJ
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A having a thinner coating, and End B having a thicker coating. Because of the difference in

coating thickness, it is speculated that the degree of temper rolling for End B is lower and is not
enough to smear the differences in coating growth, as seen in End A. EDS showed that delta

phase was the predominant phase present in the coatings, for both ends as shown in Figure 4.30.

Gamma phase was also characterized to be present.

(a) (b)

(c) (d)
Figure 4.25  Stereomicroscope images of (a) coated Material C showing a defect free «
(b) bare Material C of the end of the coil producing defect free coatings (c)
Material C exhibiting defectasoutlined (d) bare Material C on the end of the
producing surface defects.
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() (b)

(c) (d)
Figure 4.26 LOM and SEM micrographs of (a) and (b) showing coated Material C sho\
defect free coating and (c) and (d) coated Material C exhibiting defects.

Thermo-Calc® analysis suggests that during annealing, only the corundum phase is
stable, meaning deleterious Si oxides were not suggested to form. From Wagner calculations, it
is shown that during annealing, this steel should exhibit internal oxidation of Mn, Si and Cr
above a dew point of -40 °C. Only Mn is predicted to externally oxidize within dew points that
can be achieved during testing/industrial processing, which correlates with Thermo-Calc®
analysis as the corundum phase contains Mn. During chemical characterization, it will be
determined if oxidation matches with Wagner and Thermo-Calc®, as well as if it affects the

coating defect formation.
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(@) (b)

(c) (d)
Figure 4.27 SEM micrographs of (a) and (b) Material C End A microstructure showing
and pearlite and (c) and (d) Material C-End B microstructure showing ferrite
pearlite. All micrographs are for coated material. Etch with 1% nital.
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Figure 4.28 SEM micrograph of End B-Material C showing large grains and less pearli
the substrate interface, possibly due to decarburization. Etched with 1% nit

(@) (b)
Figure 4.29 SEM micrographs showing the coating thickness for the (a) End A of Mate
and (b) End B of Material C. Etched with 1% nital for (b)
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() (b)

Figure 4.30 EDS mapping of both ends of Material C showing predominant delta phas
each coating with (a) EDS for End A where blue is delta phase and red is F

(b) EDS for End B where green is delta phase and black is the Fe substrate

Static SIMS for each end of Material C is shown in Figure 4.31. It is seen that both ends
showcase Fe diffusion into the coating, matching EDS mapping. The nature of the defects can be
seen in this figure and are enclosed by red squares on End B. These images are alike to LOM
images in Figure 4.26 as it shows areas on End B that do not exhibit a temper rolled surface
finish by means of absence of signal in the TOF-SIMS. Mn and Si were found to be on both ends
of the coil, suggesting that there is interdiffusion between Mn and Si with Zn, or there are oxides
that dissolve into the coating [22]. Depth profiles were performed on each end of the coil to
determine if there are oxides present under the coating, and if conclusions could be made on the
chemical contribution on defect formation. The profiles for Fe, Zn, Si and Mn are shown for End
A and End B respectively in Figure 4.32 and 4.33. It is observed from these figures that the
interface is free of oxides for both ends. Si signal did not show the presence of Si containing
oxides, which correlates with thermodynamic and Wagner analysis, and elemental analysis did
not show the presence of internal oxidation. It should be noted that this data has beam
interaction, which are the columnar type artefacts visible, especially in Figure 4.33. This is
thought to be from surface roughness effects during sputtering and is outlined more in section
3.4.
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(@) (b)

(©) (d)
Figure 4.31  Static-SIMS of Material C with (a)-(b) Fe and Zn maps respectively for En

and (c)-(d) Fe and Zn maps respectively for End B. Yellow is high intensity,
is intensity.

It was observed that there appears to be no chemical influence on coating defect
formation, leading towards the conclusion that there is a mechanical influence. With differences
in coating thickness and hardness between the two ends of the coil, it is suggested that there is
non-uniformity in the temper rolling processes. This leads to one end of the coil experiencing a
greater degree of temper rolling, which can smear the difference in coating thickness variations.
Furthermore, large grains and lower pearlite contents were observed near the substrate/coating
interface of End B, which may relate to a potential texture effect on the coating that would

require further study..
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() (b)

(c) (d)

(e)
Figure 4.32 TOF-SIMS depth profiling analysis including (a) Fe map (b) Zn map (c) Mi
(d) Si map for Material C-End A. Yellow is high intensity, black is low intens
The thermal scale is included as (e), white is no signal.
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() (b)

(c) (d)

(e)
Figure 4.33 TOF-SIMS depth profiling analysis including (a) Fe map (b) Zn map (c) Mi
(d) Si map for Material C-End B. Yellow is high intensity, blaslow intensity.
The thermal scale is included as (e), white is no signal.

4.2.4 Material D

This section will cover microstructural and chemical characterization of Material D. As
received photographs are included in Figure 4.34 to show each condition. Material D was
received as having @iger stripe” defect, with areas of slim stripes, thick stripeP QG 3 ILQJHUHG
VWULSHYV  pbotbgvadhd @ken@t CSM of as received material in Figure 4.35. The hot

band condition was described as having red scale. Each condition has area associated with a
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stripe type defect. It was suggested from the 1ZA that these areas are silicate oxides, and are

carried through each process, leading to coating defects.

() (b)

(€)
Figure 4.34  Photographs of as received Material D showing (a) hot rolled state showci
red scale (b) pickled state showing how the scale looks post-pickle (c) cold
and GA state of Material D.

Surface micrographs were taken from an area with and without a tiger stripe on the GA
material to compare. SEM micrographs of each area are included in Figure 4.35, with (a)-(b)
being without a stripe, and (c)-(d) being an area within a stripe. It can be observed that the area
outside of the stripe shows more flat areas, as opposed to the intermediate areas with Fe-Zn
intermetallic crystals. It should be noted that the flat area did not show clear evidence of a temper
roll process. Like previous materials, this suggests a variation in the coating thickness within the
stripe, leading to areas that are flat, and areas that have Fe-Zn intermetallic crystals. Another

observation is that there was not clear evidence of bare spots throughout the whole strip.
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Cross sectional analysis was performed to show coating thickness differences between the non-

stripe and striped areas, as well as microstructure of the steel.

() (b)

(c) (d)
Figure 4.35 Surface SEM micrographs of an area without a tiger stripe (a)-(b), and an
associated with a stripe (c)-(d).

A comparison of each area is shown in Figure 4.36, with (a) being an area without a streak, and

(b) being an area with a streak. It is seen that the coating thickness inside of the stripe is

55+089 P ZKLOH WKH FRDWLQJ IRU WKH iDUH PItRWMdbeE GH RI WK
noted that there are contrast differences in the coating, which may be related to a polishing

response due to insufficient edge retention, and or difference in coating phase. Because of the

large difference in coating thickness, chemical contribution is an important consideration. In
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order to identify coating phases present, EDS was performed and is shown in Figure 4.37, where
Figure 4.37 (a) and (b) are the same areas imaged in Figure 4.36. The delta and gamma phases
were characterized to be present in both coatings. Areas with Zn signal loss correspond to areas
that exhibit coating loss from polishing and not phase difference in the coating. The
microstructure of the steel was observed to be inter-critical ferrite, martensite and some bainite
as observed in Figure 4.38. From thermodynamic and Wagner analysis, silicate oxides are shown
to be stable, as well as having a high probability to form externally. This makes characterizing
these oxides important as these oxides would cause affect wettability and coating appearance.
Static SIMS on the hot-rolled condition within the red scale area is shown in Figure 4.39. It can
be seen from this analysis that the scale is high in Cr and Mn content, with some areas with high
Si content. To see which elements were higher in the red scale area when compared to outside of
the red scale area, comparative analysis within the TOF-SIMS was employed. This analysis is
outlined in section 3.4.3 and involves analyzing the samples simultaneously and comparing the
total counts of elements in question (Mn, Cr etc.) to see which condition contains a higher
concentration. Comparisons between Si, Cr, Mn, SiO and FeO are shown in Figure 4.40. These
graphs plot mass/charge ratio (specific to the element/cluster) against intensity of the detected
mass/charge ratio. The data is normalized to total counts, making comparative analysis possible.
It is seen that Si, Mn, Cr and SiO contents are higher in the red scale than in areas without;
however, FeO had the same content for both. This suggests that Mn, Cr, Si oxides are the
predominant elements in the red scale. It should be noted that the FeO signal in this analysis is
not exclusively wustite as ion clusters can be detected, meaning the FeO signal may be a cluster
from FeOs or FeOa. Distinction between E®s and FeO4could not be made as there was no

signal detected from these oxides. This same analysis was done on SiQwaasSiot detected.

FeO analysis was completed to see if Fe is oxidizing more readily in the areas associated with

the stripe.
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() (b)
Figure 4.36  Cross-sectional SEM micrographs of (a) an area without a tiger stripe and
area associated with a stripe. Orientation of both samples are the same.

(@) (b)

Figure 4.37 EDS mapping of Material D with Zn signals for (a) an area within the stripe
(b) an area outside of the stripe oriented with the transverse direction. Thes
the same areas as Figure 4.37. Delta and gamma intermetallic phases wer
characterized to be present for both coatings.

To see if pickling and cold-rolling can remove these oxides, the same analysis was
employed on cold-rolled bare material. This comparative analysis is included in
Figure 4.41(A)-(B). The analysis used for Figure 4.40(A)-(B) is the same that is used on
Figure 4.4(A)-(B). It is observed that after pickling and cold rolling, the Mn, Cr, Si and SiO

contents are still higher in the area with the stripe, however there is evidence that there was some
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degree of removal as the difference in the counts for each element are closer together. FeO and
SiO analysis showed that these were not removed after pickling and cold rolling for the area
associated with the stripe. This may suggest that fayalite is present on the surface as it has shown
to be difficult to remove [34]. Because there is evidence of oxide formation in areas that could be
associated with stripes in the coating, depth profiling was employed to elucidate if there are
oxides in areas associated with stripes after coating. Depth profiles for each area are shown in
Figure 4.42 (non-stripe) and Figure 4.43 (stripe). For the area associated with no stripes it can be
observed that there may be a globular particle on the coating-steel interface that is rich in Fe, Mn
and Si. There is an alike area for the area with a stripe, however this area is low in Fe, suggesting
that if an oxide is present, it is Mn and Si rich. This information may suggest that there are Mn

rich silicates present for both striped and non-striped areas of the caasrapbderved that

there is Si and Mn content within the coating for both the striped and non-striped areas. It may be
possible for silicates to aluminothermically reduce, and this may have happened during coating

in the area associated with stripes as there is no strong evidence of oxidation of the steel
substrate by means of depth profiling. Another way Mn and Si can get into the coating is through
interdiffusion during the galvannealing process. This is the more likely scenario as interdiffusion
during the coating and galvannealing process is driven by solubility of Mn and Si in delta phase,
where oxide reduction needs multiple steps to occur, including the presence of Al in the Zn bath.
From microstructural and chemical characterization, it is observed that the coating thickness for
the area associated with the stripe was thinner (5 ZKHUH DUHDV ZLWKRXW WKH \
WKLFNHU -SINAS of TH&)hot and cold rolled samples showed the presence of Cr, Mn,
Siand Fe rich scales, suggesting the oxides were not efficiently removed. If these oxides are
present before coating, they can act as an inhibitive layer for Fe diffusion into the coating,

leading to less coating growth. Literature has suggested that these oxides can be reduced into the
coating, which would lead to eventual coating, however there would be a delay, leading to
different amounts of growth [22]. This is supported by the variations in coating thicknesses

observed, as the area associated with the stripe has a significantly thinner coating.
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(©)
Figure 4.38  Cross-sectional SEM micrographs of Material D showing a microstructu
ferrite, martensite and some bainite. Etched with 1% nitol.
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Figure 4.39  Static SIMS analysis for the Material D hot rolled condition within an area
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Cr (e-f). Yellow is high intensity, bladk low intensity. Rolling direction is
horizontal to the micrographs.
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(b)

(c)
Figure 4.40(A) Static SIMS comparative analysis for the Material D hot rolled condition
comparing the red scale to areas with no red scale with comparisons for (
(b) Mn (c) Cr The blue line is the red scale area associated with the stripe
the black line is the non-red scale area.
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(@)

(b)

Figure 4.40B) Static SIMS comparative analysis for the Material D hot rolled condition
comparing the red scale to areas with no red scale with comparisons for4{
and (b) FeO. The blue line is the red scale area associated with the stripe
the black line is the non-red scale area.
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(@)

(b)

(©)

Figure 4.41(A) Static SIMS comparative analysis for the Material D cold rolled condition
comparing the striped areas with area associated with no stripe with
comparisons for (a) Si (b) Mn (c) Cr. The blue line is the area associated
the stripe, and the black line is the non-striped area.
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(d)

(e)

Figure 4.41(b) Static SIMS comparative analysis for the Material D cold rolled condition
comparing the striped areas with area associated with no stripe with
comparisons for (a) Si (b) Mn (c) Cr (d) Siénd (e) FeO. The blue line is the
area associated with the stripe, and the black line is the non-striped area.
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(c) (d)
Figure 4.42 TOF-SIMS depth profiling analysis including (a) Fe map (b) Zn map (c) Mi
(d) Si map for Material D-GA in an area without a tiger stripe. Yellow is higt
intensity, blacks low intensity. White is no signal.
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(@) (b)

(c) (d)
Figure 4.43 TOF-SIMS depth profiling analysis including (a) Fe map (b) Zn map (c) Mi
(d) Si map for Material D-GA in an area inside of a tiger stripe. Yellow is hic

intensity, blacks low intensity. White is no signal.
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CHAPTER 5
CONCLUSIONS

This section will cover conclusions for each material relating to thermodynamic
modeling as well as experimental characterization. Future work will be presented in the next
chapter.

Thermodynamic modeling was performed to predict oxide stability as well as oxidation
mechanism during annealing in a reducing atmosphere typical of industrial furnaces. It was
shown that for Material A, B and C, the corundum phase@y)evas the only oxide formation
thatwas predicted to be stable for industrially relevant annealing conditions (-30®).10 °
Material D showed that silicates (fayalite and rhodonite) are stable for these conditions, making
where during processing these oxides form important as they have been shown to be deleterious
to the coating proces R SUHGLFW R[LGDWLRQ PHFKDQLVP D PRGLILFCLC
oxidation was employed. Though Mn is the slower diffusing satuéach phase, it is predicted
to externally oxidize for each material under a dew point of approximately -25 °C except for
Material C. Analysis for Material C showed that Mn will externally oxidize at dew points less
than -40 °C in ferrite, and -50 °C for austenite, suggesting this material should not experience
external oxidation when annealing above these conditions. Analysis for the austenite phase
showed that dew point would have to be bel8&°C to result in external oxidation, making this
phase less susceptible to external oxidation at higher dew point atmospheres. The composition of
Material D shows the possibility of external oxidation of Si at dew points lower than -25 °C
making dew point control important when annealing this steel. Si was predicted to internally
oxidize for all other materials for each steel substrate phase and temperature when annealing at
industrially relevant dew points.

Material A was received as having a streaking defect along the rolling direction. LOM
and SEM of the surface of the GA state showed macroscopic periodicity of the streaking defects
( 81.5-2 mm). At higher magnification, there appeared to be smaller defects present suggesting
two mechanisms affecting the coating. No bare spots were observed from SEM analysis.
Substrate microstructure was ferritic/martensitic, with some bainite. TOF-SIMS analysis showed

that there are globular Mn rich oxides containing Si on the steel-coating interface. This was

77



predicted from both Therm&DOFS DQG :DJQHUYVY DQDO\WVLY KRZHYHU WKk
predicted from either analysis. Based on the observed macroscopic periodicity, the defect

formation in Material A was attributed the Zn pot sink roll affecting Zn solidification and

potentially affecting formed intermetallic layers. Another mechanisihmay have some effect

is Mn rich Si containing oxides inhibiting Fe-Zn interdiffusion. Bare material was analyzed using
TOF-SIMS, and it was observed that Mn and Si maps were uniform, suggesting the oxides are
formed during annealing.

Material B was received as having an acne type defect, and was the only material
supplied in the Gl state. External oxidation of Mn and Cr were predicted to be possible at low
dew points (< -25 °C for ferrite), and the corundum phase was the only stable oxide predicted.
The microstructure of the substrate was ferritic/martensitic. SEM showed that the coating was
uniform, and approximately 8n. TOF-SIMS analysis showed that the defects were Zn rich, and
depth profiling showed that defects are situated only on the surface of the coating. It also showed
that the inhibition layer formed has Zn content and may be#f &eZnx rather than FE&\ls.

Depth profiling showed the possibility of internal oxidation of Mn, Si and Cr. Oxidation
predictions matched experimental analysis as there was some evidence showing internal
oxidation of Mn, Cr and Si, with no evidence of external oxidation. This suggests that the defect
may have resulted from zinc splashing. As there was no Fe cantbetparticle, it was

determined that the defects do not appear related to dross pickup, suggesting that defect
formation is a function of other processing parametegsair knife settings.

Material C was received with two ends of the same coil, one exhibiting a sufficient
coating, the other exhibitinlame” type defects in the coating. The substrate microstructure
was ferritic/pearlitic. Surface SEM shows that the end with sufficient coating exhibits more areas
with a temper rolled surface finish, whast¢he end with defects has more areas with Fe-Zn
intermetallic crystal formations. It was observed that there were large grains and less colonies of
pearlite present near the substrate/coating interface on the end of the coil exhibiting defects. This
may suggest that there may be a substrate grain size or texture effect on coating nucleation and
growth. The coating thickness of the end with sufficient coating was shown torbélbnner
than the end with defects, which may sugdjest the temper rolling process is affecting these
defects differently at different ends of the coil. Chemical analysis showed that there were little to

no oxides present on the steel-coating interface, suggesting that chemistry does not have a strong
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effect on the coating. The predictions for oxidation showed to match experimental analysis, as no
oxides were shown to be present on the steel-coating interface. Defect formation may relate to
the difference in temper roll response from each end of the coil and/or Zn solidification and
coating growth due to differences in the substrate microstructure.

Material D was received with samples in the hot-rolled, as-pickled, cold-rolled, and
coated conditions, all exhibiting stripgsHIHUUHG W R DThe féfecdsivierd/angddsed V-
to form during the hot-rolling process as a red scale; and this oxide would survive the subsequent
processing and then affect the coating process. If oxides were present before annealing due to
survival of the removal process, they may have affected the nucleation and growth of the
coating. The coating thickness of the area with the stripe was shown to be abothidner
than the area outside of the stripe, suggesting a difference in growth of the coating. Chemical
analysis showed that the hot and cold rolled samples showed increased amounts of oxides,
specifically Cr, and Mn and Si, in the areas associated with tiger stripes. This may suggest that
Cr and Mn oxides are not being removed during pickling. However, depth profiling showed little
evidence of oxides present on the steel-coating interface for the GA condition. Depth profiling
did show increased signal of Mn and Si in the coating, which suggests that oxides present before
coating may have taken into the coating through aluminothermic reduction or removal. However,
Mn and Si can also enter the coating through interdiffusion, which is the more likely scenario.
Since the coating thickness is thinner in areas with the tiger stripe, and chemical analysis showed
the presence of oxides prior to coating, defect formation may result from oxidation of the strip
prior to coating. No bare spots were observed in this study, suggesting that Zn wettability was
not greatly influenced. The defect formation mechanism is not clearly understood but appears to

relate to pickling response of the strip.
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CHAPTER 7:
FUTURE WORK

One aspect that would be of particular interest is the texture effect on Zn solidification,
coating growth, and oxidation as well as defect formation. The employment oédocodeam
(FIB) as well as 3D-electron backscattered diffraction (EBSD) could show grain orientation
below the observed coating defect leading towards conclusions on grain size or texture effects on
defect formation. This can be paired with TOF-SIMS chemical analysis to make conclusions on
how texture affects oxide chemistry and formation, as well as defect formation in the coating.

Continued work on the TOF-SIMS will need to be done as there are some current short
comings with data processing. One of these limitations is how the 3D renderings are
automatically scaled to fit the lateral scale of the map. This means that if a 100 m?&@a is
profiled, the sputtering axis will be scaled to faarawbe. Since the sputtering depth will not be
100 m, this makes the 3D maps off scale in the z direction. Another shortcoming is that the 3D
maps do not include an intensity scale bar. This means that the relative signals cannot be
determined for different areas of the depth profile. This makes it difficult to determine the extent
of segregation of the element in question. Continued work with lonTof will help to alleviate
current data processing limitations.

The creation/acquisition of an annealing furnace with the possibility of strictly
controlling furnace conditions would be useful when trying to control surface oxidation
experiments and potentially control defect formation. This furnace could also be used when
WU\LQJ WR GHWHUPLQH LI :DIJQHUYV WKHRU\ RI-phps6GDWLRQ F
VWHHO FRQFHQWUDWLRQ OHYHOV ,I D VLPSOH PRGHO OLNH
would help in eliminating surface oxidation in industrially annealing steels as it gives

information on furnace conditions needed.
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